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The role of many phytochemicals in the modulation of the carcinogenesis process has been well
documented by combining in vitro and animal studies, as well as epidemiological evidence. When
acting in synergy, phytochemicals exert potential anti-cancer properties, and much progress has been
made in defining their many biological activities at the molecular level. However, an interesting feature
in the field of phytochemicals and cancer is the role of some phytochemicals in promoting cancer
development. This Special Issue of Toxins aims to provide a comprehensive look at the contribution of
dietary and non-dietary phytochemicals to cancer development and at the molecular mechanisms by
which phytochemicals inhibit or promote cancer.

Cancer stem cells represent a small subset of tumor cells endowed with uncontrolled proliferative
capacity and indefinite potential for self-renewal that drive tumorigenesis. Considering the potential
of cancer stem cells in the initial development of cancer, resistance to therapy and metastasis, they
have become a critical target for the identification and development of new approaches to fight cancer.
Oh et al. present an overview of phytochemicals targeting signaling pathways involved in stemness
maintenance and survival of cancer stem cells [1]. Some examples include cyclopamine from the corn
lily, curcumin from turmeric, and piperine from black and long peppers, sulforaphane from cruciferous
vegetables, the soy isoflavone genistein, and blueberry polyphenols. Lu et al. [2] report the effect of
ovatodiolide—a macrocyclic diterpenoid compound isolated from Anisomeles indica—of blocking the
self-renewal capability of breast cancer stem cells and downregulating the expression of stemness
genes on human breast cancer stem cells.

The detailed review by Ismail et al. [3] focuses on ellagitannins, a class of phytochemicals widely
investigated for their chemopreventive and anticancer activities. With the aim of delineating and
predicting their actual clinical potential, the authors present the dietary sources, the pharmacokinetics,
and the evidence on the chemopreventive efficacy and the anticancer activity of ellagitannins.
The chemopreventive effects of ellagitannins are linked to their antioxidant and anti-inflammatory
properties. Their anticancer activity is imputable to different mechanisms, including inhibition of
pro-inflammatory pathway, cell-cycle arrest ability, and proapoptotic properties. The pleiotropic nature
of the mechanisms behind the anticancer activity of ellegitannins is also demonstrated by their ability
to block angiogenesis and inhibit endothelial cell growth. However, as the authors point out, orally
administered ellagitannins are characterized by a limited bioavailability. Their widely recognized
anticancer efficacy may lead to the adoption of different administration routes to overcome their low
bioavailability, such as the intravenous route. However, their toxicological profile after intravenous
administration is lacking.

This Special Issue also features several research papers reporting selective effects of
phytochemicals against cancer cells, for which follow brief synopses.

The article by Farhan et al. [4] highlights mechanistic studies which provide insights into
the cytotoxic and anticancer activity of catechins. Catechin, epicatechin, epigallocatechin, and
epigallocatechin-3-gallate—the four major constituents of green tea—exert a prooxidant action
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through redox recycling of copper ions, and induce cellular DNA breakage in human peripheral
lymphocytes. The presence of copper ions boosts their genotoxic effect. Catechins (especially
epigallocatechin-3-gallate) have antiproliferative activity on breast cancer cells. Copper levels are much
higher in cancer cells than in non-transformed cells. Thus, cancer cells would be more susceptible
to redox cycling between copper ions and catechins to generate reactive oxygen species and thus
DNA breakage. Accordingly, the authors demonstrate that normal breast epithelial cells are quite
resistant to the treatment with catechins, but their culture in medium enriched with copper make them
more susceptible to catechins’ antiproliferative effect. Taking the results presented in the paper into
account, catechins exert their preferential prooxidant cytotoxic effect against cancer cells. Chen et al. [5]
investigate the effect of tenuifolide B—derived from the stems of Cinnamomum tenuifolium—on viability,
cycle progression, apoptosis, reactive oxygen species production, mitochondrial depolarization, and
DNA damage in transformed and non-transformed oral cells. Tenuifolide B reduces the viability of
cancer cells through the induction of apoptotic cell death. The production of reactive oxygen species
and the induction of DNA damage are probably involved in its cytotoxic effect. Of note, the effects
of tenuifolide B seem to be selective for cancer cells. Indeed, its effects on normal oral cells are much
less pronounced than on cancer cells. Nguyen et al. [6] show that papaya leaves are a potential source
of anticancer compounds. They actually contain flavonoids or flavonoid glycosides, particularly
compounds from the kaempferol and quercetin families. Moreover, aqueous and ethanolic extracts of
leaves reduce the survival of human oral squamous cell carcinoma cells. Interestingly, the two fractions
with acidic pH are selectively cytotoxic towards the cancer cells, and the phenolic and flavonoid
content positively correlates with the differential effect on cell viability.

However, it is worth noting that some phytochemicals can have an ambivalent character
(especially in the possible context of high dose therapeutic applications), and favor cancer development.
Some papers of this Special Issue deal with this important aspect.

Turrini et al. [7] provide new insights into the anticancer mechanisms of the root extract of
Withania somnifera, a plant used in Indian traditional medicine. The article presents the cytotoxic and
cytostatic effects of the extract on human leukemia cells and suggests the role of reactive oxygen
species in its cytotoxic activity. Of note, Withania induces the expression of specific molecules such as
calreticulin, Hsp-70, and Hsp-90 on cancer cells, thus boosting the immunogenic profile of tumor cells
and stimulating the innate immune system response. In order to elaborate a preliminary risk/benefit
profile, the authors analyze the genotoxicity of the extract through the quantification of histone H2A.X
phosphorylation (γ-H2A.X), a biomarker of double-strand DNA breaks. The extract is found to be
genotoxic. Bearing in mind that DNA damage plays a well-established role in cancer initiation and
poses serious risks for human safety [8], the genotoxicity of Withania should be carefully examined for
an accurate prediction of its risk–benefit profile.

Burgos-Morón et al. [9] examine the genotoxicity of caffeic acid and a commercial lyophilized
coffee extract in cells deficient in the critical DNA repair protein Fanconi anemia D2 and demonstrate
that this kind of cell is hypersensitive to the DNA damage induced by caffeic acid and coffee compared
to non-deficient cells. These results suggest that coffee and caffeic acid may increase the risk of cancer,
particularly in people with germline or sporadic mutations in the DNA repair protein Fanconi anemia
D2. Taking into account that caffeic acid accumulates in the urinary bladder, the risk of bladder
cancer development may be particularly high. The authors also discuss the key role that caffeic
acid and other coffee constituents—such as chlorogenic acid and hydroquinone, endowed with an
antioxidant activity at low concentrations and a pro-oxidant activity at higher concentrations—may
have in cancer development.

An overview of the effects of some phytoestrogens on cancer progression is presented by
Lee et al. [10]. Genistein, resveratrol, kaempferol, and 3,3′-diindolylmethane were extensively studied
for their anticancer effects and as alternatives for hormone replacement therapy. In particular, they can
inhibit the epithelial–mesenchymal transition, which plays a key role in cancer migration, invasion,
and metastasis, and modulate the signaling pathways and the expression of epithelial–mesenchymal
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transition-related markers, such as TGF-β and PI3K/Akt/mTOR/NF-κB. Nevertheless, phytoestrogens
like genistein and resveratrol can have a biphasic effect and lead to cancer cell growth at lower
concentrations and to inhibition of cancer cell growth at higher concentrations.

Kakehashi et al. [11] explore the estrogenic effects in the mammary gland and uterus and
the carcinogenetic activity of a diet containing Pueraria mirifica powder in female rats. To this
end, they use different experimental strategies: Pueraria administered to ovariectomized animals
at doses of 0.03%, 0.3%, and 3% in a phytoestrogen-low diet for 2 weeks; a 4 week application
to non-operated rats at a dose of 3% after 7,12-dimethylbenz[a]anthracene cancer initiation;
postpubertal administration of 0.3% to 5-week-old non-operated animals for 36 weeks following
initiation of mammary and endometrial carcinogenesis with 7,12-dimethylbenz[a]anthracene and
N-ethyl-N′-nitro-N-nitrosoguanidine, respectively. In the first experimental setting, Pueraria increased
uterus weight; in the second one, Pueraria stimulated cell proliferation in the mammary gland; in the
third experimental model, it boosted mammary adenocarcinoma incidence. These data raise very
important questions on the safety of long-term exposure to phytoestrogens with regard to effects on
the mammary gland and endometrium. Different products containing Pueraria mirifica are widely
available in the USA and Japan. Despite the data on its positive health effects, including increasing
hair growth, improving appetite, and providing relief for ailments like osteoporosis and even cancer, it
evokes an estrogen-like effect that should be considered to better understand its risk–benefit profile.
More research has to be performed to better define the relationship between the hazardous and
chemopreventive effects of phytoestrogens.

I hope that this Special Issue will provide readers a better understanding of the mechanism of
action of phytochemicals in modulating the carcinogenetic process. These aspects have advanced
particularly far in recent years, and are extremely useful for the definition of efficient preventive or
therapeutic strategies against cancer. I would also like to thank all authors contributing to this Special
Issue in Toxins for their commitment and time, and our reviewers for their expert input and critical
evaluation of the papers.
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Abstract: Understanding how to target cancer stem cells (CSCs) may provide helpful insights for
the development of therapeutic or preventive strategies against cancers. Dietary phytochemicals
with anticancer properties are promising candidates and have selective impact on CSCs. This review
summarizes the influence of phytochemicals on heterogeneous cancer cell populations as well as on
specific targeting of CSCs.

Keywords: cancer; cancer stem cells; anticancer; phytochemicals; polyphenols

1. Introduction

While cancer cells are heterogeneous in their tumorigenic potential, a small subset of tumor
cells—cancer stem cells (CSCs)—have uniquely high potency for initiating tumorigenesis. These CSCs
are postulated to proliferate with unlimited potential, exhibit high resistance to therapy, and have the
ability to fuel tumor regrowth post-treatment. Considering the potential of CSCs in both the initial
development of cancer and in post-treatment regrowth, they have become a critical focus for the
development of new therapeutic strategies. Numerous studies have demonstrated that phytochemicals
that have antioxidative properties have anticancer effects. This review summarizes the influence of
phytochemicals on cancer cell populations, highlighting the importance of those known to selectively
target CSCs and discussing their mechanisms of action.

2. Cancer Stem Cells

Cancer cells within a tumor consist of various clonal subpopulations, thereby exhibiting
heterogeneity across many properties, such as genetic variations, marker expression, and proliferative
and metastatic potential, and sensitivity to drugs [1]. Considering this heterogeneity of cancer cells, two
models have been proposed regarding the origin of tumorigenesis: (i) assembly of diverse cancer clones
(referred to as the “stochastic model”) and (ii) generation of multiple subclones from a single clone
(referred to as the “hierarchical model”) [2,3]. In the stochastic model, most cancer cells are capable of
proliferating extensively and forming new tumors in cooperation with intrinsic and extrinsic factors.
According to this model, tumorigenesis occurs randomly from somatic cells undergoing transformation.
In the hierarchical model, on the other hand, only a distinct subpopulation of cancer cells, CSCs, has
the ability to extensively proliferate and initiate tumor formation and growth. According to this model,

Toxins 2016, 8, 199 1 www.mdpi.com/journal/toxins
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tumorigenesis originates from the CSCs which can be enriched based on unique cellular features [4].
This means only the CSCs possess the cellular capacity to replenish the tumor population. It has
recently been shown that cancer non-stem and cancer stem cells may plastically interconvert under
particular conditions [5]. However, this does not diminish the fact that the achievement of CSC status,
either naturally or by cellular plasticity, is necessary and sufficient for tumorigenicity.

Current treatment approaches in cancer are grounded in the need to kill the majority of cancer
cells, based on the stochastic model. However, in many instances where such efforts have not been
successful in the treatment of solid cancers, it may be time to refocus our thinking around the hierarchy
model in trying to explain resistance to anticancer therapeutics and tumor recurrence [6].

2.1. Cancer Stem Cell Hypothesis

The hierarchical model for tumorigenesis maintains that CSCs are the origin of tumor formation,
metastasis, and relapse. In the past two decades, conclusive evidence has demonstrated the existence
of CSCs. In 1997, Bonnet and Dick reported a subset of cells—leukemic stem cells—that was isolated
from the blood of acute myeloid leukemia, originating from normal hematopoietic stem cells and
capable of self-renewing and differentiating into leukemic blasts in immunocompromised mice [7].
This study suggested that the hematopoietic stem cells may be susceptible to leukemic transformation
and progression, and was presumably responsible for the hierarchical organization of the leukemic
clone. Subsequently, CSCs from solid human tumors, such as breast cancer [8,9], prostate cancer [10]
and brain tumors [11], were also isolated and identified on the basis of their tumorigenic capability and
cell surface antigen expression. With accumulating evidence for the existence of CSCs within a myriad
of other solid tumors [12], the CSC hypothesis has been strongly considered to be a fundamental
underpinning of cancer biology that should be considered in thinking about the development of
effective cancer therapeutic strategies.

2.2. Cellular Properties of Cancer Stem Cells

Like normal tissue stem cells, CSCs are capable of self-renewal and differentiation into cancer
progenitors or mature cancer cells. CSCs can repopulate clonally by cell division (symmetric or
asymmetric) or uncontrolled proliferation [13]. Thus, it is thought that CSCs may derive either
from normal stem cells that undergo genetic or epigenetic alterations, or from cancer cells (not fully
differentiated; cancer progenitor cells) that acquire the potential for unrestrained proliferation [3,14,15].
Although the exact cellular origin of CSCs may be a critical issue in cancer research, it is still unresolved.

In terms of CSC phenotypes, CSCs can be recognized by specific antigens that are expressed,
or not, on the cell surface (Table 1). The antibodies against these antigens are generally used for
phenotypic characterization or prospective isolation of CSCs (reviewed in [16]). Thus, the specific
antigens are considered molecular markers for the validation of CSCs. However, one needs to be
cautious in defining the cells expressing these markers as CSCs, since none of these markers are
exclusively made by CSCs. Furthermore, CSC phenotypes, even from the same tumor, can exhibit
different markers owing to the possible presence of multiple CSC pools, technical variations, or the
occurrence of epigenetic alterations [6]. Thus, a combination of different molecular markers, together
with epigenetic profiling, may refine the identification of the CSC phenotype.

Table 1. Phenotypic markers for cancer stem cell identification in various tissues.

Tumor CSC Marker References

Leukemia CD34+/CD38´ [7]
Breast CD24´/CD44+/Lineage´/ALDH1+ [8,9]

Prostate CD44+/CD133+/Integrin α2β1high [10,17,18]
Brain CD133+ [11]

Stomach CD44+/CD133+ [19–22]
Pancreas CD24+/CD44+/CD133+/ESA+ [23–25]

2
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Table 1. Cont.

Tumor CSC Marker References

Colon CD44+/CD133+/ALDH1+ [26,27]
Ovary CD133+/ALDH1+ [28,29]
Lung CD133+ [30–32]
Liver CD90+ [33–35]

CSC: cancer stem cell; CD24: heat stable antigen; CD34: hematopoietic progenitor cell antigen; CD38: cyclic
ADP ribose hydrolase; CD44: hyaluronate receptor; CD90: Thy-1; CD133: prominin-1; ALDH1: aldehyde
dehydrogenase 1A1; ESA: epithelial surface antigen.

Furthermore, tumor tissues composed of malignant cells, including CSCs, reside in the
perivascular niche, which is the milieu that nourishes cancer cells and consists of vasculature,
hematopoietic cells, inflammatory cells, and myofibroblasts. Although the niche is not indispensable
for the sustainment of all types of cancer, mutual interactions between CSCs and the microenvironment
are known to profoundly influence cellular properties, such as cell fate and secretory profiles, for
certain types of cancer cells [36–38].

3. Anticancer Phytochemicals Targeting CSCs

CSCs are believed to be responsible for the initial formation and growth of cancer, as well as
the relapse of cancer after treatment, due to the fact that CSCs are more resistant to conventional
therapeutic treatment than differentiated cancer cells [39]. Thus, it would have important implications
for cancer prevention and further therapy if treatment could specifically target CSCs while avoiding
damage to normal stem cells. Based on their unique features [40,41] and dynamics [42] (reviewed
in [6]), CSCs can be targeted by several strategies, such as inhibition of self-renewal, induction of
differentiation into mature cancer cells, and sensitization to anticancer agents.

Among approved anticancer drugs, approximately 50% are either natural products or their
derivatives [43], primarily from plants, microorganisms, and seeds [44]. Numerous plants have been
reported to have anticancer effects [45] or to complement conventional therapeutics by targeting
various hallmarks of cancer [46]. Plant-derived natural chemicals, termed phytochemicals, that are
used for cancer treatment and that target CSCs are addressed in this section (Figure 1).

Figure 1. Selected phytochemicals that target signaling pathways involved in stemness maintenance
and survival of CSCs. PTCH: Patched, receptors for hedgehog; FZD: Frizzled, receptors for Wnt; Dsh:
disheveled, a downstream molecule of FZD; NICD: Notch intracellular domain, a Notch fragment
cleaved by γ-secretase; RTKs: receptor tyrosine kinases; GFs: growth factors.

3
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3.1. Anticancer Phytochemicals

A large number of phytochemicals, i.e., chemical compounds produced from plants, including
vegetables, fruits, and grains, have been reported to possess anticancer properties and are promoted
for cancer prevention and treatment [44,45,47–49] (Table 2). Phytochemicals have been shown to
interfere with stabilization of the microtubule structure, thereby inhibiting mitosis and cancer cell
propagation. Vincristine and vinblastine, isolated from the leaves of Madagascar periwinkle, were the
first phytochemicals to be used clinically in combination with other anticancer agents in lymphomas,
leukemias, and breast and lung cancers. Paclitaxel (Taxol), which was originally discovered in the bark
of the Pacific yew tree, is one of the most effective and widely used phytochemical compound against
breast and ovarian cancers [50,51].

Table 2. Examples of plant-derived anticancer phytochemicals.

Function Phytochemicals Plant Derived from

Interference of microtubule stabilization
Vincristine, vinblastine Madagascar periwinkle

Paclitaxel Pacific yew tree

Limitation of cell proliferation Epigallocatechin-3-gallate Camellia sinensis
Curcumin Turmeric

Disruption of chromatin structure
β-lapachone Lapacho plant
camptothecin Camptotheca

podophyllotoxin Mayapple plant

Another group of phytochemicals, known as polyphenols, has been shown to have free-radical
scavenging activity, working like antioxidants. Epigallocatechin-3-gallate (EGCG), a polyphenol
from the leaves of Camellia sinensis (processed to green tea), has been used effectively against breast
cancer [47]. EGCG was demonstrated to limit cancer cell proliferation by reducing DNA methylation
through the inhibition of DNA methyltransferase together with reactivation of the silenced tumor
suppressor genes. Curcumin (diferuloylmethane), a polyphenol isolated from the rhizome of the
turmeric plant, has also shown therapeutic efficacy on numerous disorders, including cancer [52].
Curcumin is reported to inhibit NF-κB signaling that triggers the intracellular inflammatory response
as well as cell-cycle-associated genes. By arresting the cell cycle and inducing apoptosis through the
relaying pathways, curcumin interferes with angiogenesis and reduces tumor invasion.

An additional group of anticancer phytochemicals functions as inhibitors of topoisomerase I or
II, which are the nuclear enzymes that control DNA supercoiling, eliminate tangles in the chromatin
structure, and allow DNA to be replicated and transcribed. Thus, topoisomerase inhibitors can act
as anticancer agents by inducing a delay of the cell cycle, followed by cell death [44]. β-Lapachone
from the bark of the lapacho plant [53], camptothecin from the bark/stem of Camptotheca (the Chinese
happy tree), and podophyllotoxin from the root of the Mayapple plant are examples of phytochemicals
inhibiting topoisomerases in cancer cells [54,55].

3.2. Phytochemicals Targeting CSCs

Several phytochemicals have been reported to intervene in signaling pathways critical for
stemness maintenance of CSCs or to modulate the CSC phenotype [56,57]. The hedgehog,
Wnt/β-catenin, and Notch-mediated signaling pathways play important roles in CSC self-renewal
and differentiation [58]. Considering that tumorigenesis might be derived from CSCs in which
these pathways are aberrantly regulated, the signaling molecules in these pathways may be of
particular interest for targeting CSCs [59]. Multiple studies have demonstrated that cancer cell growth
can be suppressed by specific inhibitors of these pathways [60,61]. Specific phytochemicals have
been reported to influence these signaling pathways. Cyclopamine, initially found in the corn lily
(Veratrum californicum), targets hedgehog signaling [62–65]. EGCG inhibits Wnt/β-catenin signaling,
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which affects the self-renewal and invasive abilities of certain CSCs [66–68]. In addition, retinoic acid,
the active molecule derived from vitamin A in animals, has been demonstrated to differentiate CSCs
or deplete their formation in glioblastoma by downregulating Notch signaling [69,70]. Vitamin D or its
analogs can inhibit Notch and/or Wnt/β-catenin signaling and thus induce CSC differentiation [71,72].
Furthermore, curcumin from turmeric and piperine from black and long peppers, well-known
anticancer phytochemicals, have also been shown to target breast CSCs by inhibiting Notch and/or
Wnt/β-catenin signaling [73]. However, it should be recognized that the inhibition of these self-renewal
pathways can affect normal stem cell function as well.

Akt/mTOR signaling is known to be critical for CSC survival and invasion. Akt inhibition
causes a preferential induction of apoptosis and reduction of CSC motility [57]. Selenium, as an
anticarcinogenic nutrient [74], functions biologically in a form of selenoproteins that are oxidoreductase
scavenging oxidants [75]. It was shown that selenium involvement in the modulation of arachidonic
acid metabolism could trigger apoptosis of leukemia CSCs [76], and that the apoptosis was regulated
through Akt/mTOR signaling [77,78]. However, another study indicated that the biological benefits of
selenium supplementation may not necessarily be due to its activity of lowering the level of reactive
species [79]. Thus, the exact mechanisms underlying selenium-mediated CSC apoptosis awaits further
elucidation. In addition, sulforaphane from cruciferous vegetables, such as broccoli, has been shown to
reduce breast and pancreatic CSC viability by affecting Wnt/β-catenin signaling [80,81] or hedgehog
signaling [82,83]. Several studies have also demonstrated that sulforaphane can downregulate Akt
signaling in various solid cancers [84,85] and breast CSCs [86].

As described above, the polyphenols EGCG and curcumin are known to exert their anticancer
effects though antioxidative activity. Polyphenols can inhibit proliferation and/or induce
caspase-3-dependent apoptosis of cancer cells via the above-mentioned vital signaling pathways
or their cross-talk [87,88]. Being ubiquitously present in nature, polyphenols can be richly extracted
from a broad range of fruits, grains, and vegetables, and include flavonoids (categorized into flavones,
isoflavones, catechins, and anthocyanins) and lignans. Several studies have suggested that phenolic
compounds or polyphenol-containing extracts can influence CSCs as well as cancer cells [89]. Montales
et al. reported that the soy isoflavone genistein or blueberry polyphenol treatment could reduce
the population of breast CSC-like cells in vitro [90]. Appari et al. showed that a mixture of green
tea catechins in combination with sulforaphane and quercetin remarkably inhibited the viability
and migration and induced apoptosis of pancreatic CSCs [91]. Lu et al. showed that anthocyanins
(i.e., phenolic compounds found in grapes, eggplants, red cabbages, and radishes) can inhibit cancer
invasion and epithelial-mesenchymal transition of uterine cervical cancer cells [92]. Quercetin, a
flavonol that can be enriched from apples, onions, teas, and berries, has demonstrated efficacy against
pancreatic and head/neck CSCs [93,94]. The synergistic effect of quercetin with EGCG or sulforaphane
in eliminating prostate or pancreatic CSCs has also been described [95,96]. Thus, polyphenols,
including flavonoids, may be considered promising anticancer agents for targeting various CSCs,
although further extensive investigation on their bioavailability and working mechanisms at the
cellular and molecular levels have yet to be done.

On the basis of the accumulating evidence supporting the anticancer activity of phytochemicals,
there have been some clinical studies. Recent clinical trials have shown the effectiveness of curcumin,
green tea catechins, including EGCG, and sulforaphane against various cancers (reviewed in [97,98]).
In particular, curcumin showed its therapeutic potency in human clinical trials [99] via targeting
CSCs [100]. However, the low bioavailability of curcumin makes its therapeutic use challenging.
To overcome this issue, several strategies such as structural modifications or special formulations
are being tried. It is expected that in vitro and in vivo functional studies using the compounds
or their derivatives targeting CSCs may provide useful information on eliminating CSCs and
inhibiting tumorigenesis.

Along with the emerging evidence supporting the beneficial effects against CSCs as well as
cancer cells, the beauty of phytochemicals is the fact that they are naturally present in edible plant
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materials. This warrants the assurance of safety for ingestion. In addition, certain phytochemicals
sensitize CSCs to conventional chemotherapeutic agents by interfering with the key signaling pathways
for cell survival, stemness maintenance of CSCs, or both. Thus, synergistic effects are expected
when the CSC-targeting phytochemicals and chemotherapeutic drugs are used combinatorially [98].
However, rigorous examinations are required to test the potential adverse effects, such as the
counteraction of phytochemicals against chemotherapeutic drugs and the additive toxicity of
phytochemicals [101].

4. Summary and Conclusions

Tumors comprise of phenotypically and functionally heterogeneous cells. Based on this feature,
two models have been established regarding tumorigenesis: the stochastic model and the hierarchical
model. The latter model postulates a hierarchical organization of diverse populations of cells and
premises the presence of CSCs that account for the sustainment of tumorigenesis. Thus, control of
CSCs may be a necessary first step in an effective strategy for cancer treatment. Dietary phytochemicals
can exert influence at all stages of cancer development. Since some of the phytochemicals are already
known to affect CSC viability and fate, extensive and intensive studies of these compounds should
provide insight into their pharmaceutical efficacy for cancer prevention and therapy.
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Abstract: Cancer stem/progenitor cells (CSCs) are a subpopulation of cancer cells involved in
tumor initiation, resistance to therapy and metastasis. Targeting CSCs has been considered as the
key for successful cancer therapy. Ovatodiolide (Ova) is a macrocyclic diterpenoid compound
isolated from Anisomeles indica (L.) Kuntze with anti-cancer activity. Here we used two human
breast cancer cell lines (AS-B145 and BT-474) to examine the effect of Ova on breast CSCs. We first
discovered that Ova displayed an anti-proliferation activity in these two breast cancer cells. Ova also
inhibited the self-renewal capability of breast CSCs (BCSCs) which was determined by mammosphere
assay. Ova dose-dependently downregulated the expression of stemness genes, octamer-binding
transcription factor 4 (Oct4) and Nanog, as well as heat shock protein 27 (Hsp27), but upregulated
SMAD ubiquitin regulatory factor 2 (SMURF2) in mammosphere cells derived from AS-B145 or
BT-474. Overexpression of Hsp27 or knockdown of SMURF2 in AS-B145 cells diminished the
therapeutic effect of ovatodiolide in the suppression of mammosphere formation. In summary, our
data reveal that Ova displays an anti-CSC activity through SMURF2-mediated downregulation of
Hsp27. Ova could be further developed as an anti-CSC agent in the treatment of breast cancer.

Keywords: ovatodiolide; cancer stem/progenitor cells; Hsp27; SMURF2

1. Introduction

Cancer stem/progenitor cells (CSCs) have been described for decades and these particular
cancer cells have been reported to be involved in tumor initiation, resistance to chemotherapy or
radiotherapy, and metastasis [1,2]. Breast CSCs were first identified by Al-Hajj et al. with the marker of
CD24-CD44+ [3]. Ginestier et al. later reported that breast cancer cells with high intracellular aldehyde
dehydrogenase (ALDH) activity also represented the population of BCSCs [4]. In addition to cell
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surface markers or intracellular enzyme activity, BCSCs could be enriched with a cultivation method
of the mammosphere, a clump of cancer cells with stem/progenitor cell properties [5]. The drug
screening results from tumorsphere assay have been reported to be more translatable than those from
the 2-dimensional adherent condition [6–9]. Targeting CSCs is considered as a key for successful
treatment in cancer [2,10].

Heat shock proteins (Hsps) are a group of stress-induced proteins with a molecular chaperone
function to maintain or correct the structure of intracellular proteins [11]. Several Hsps have been
reported to be overexpressed in cancers, such as Hsp90 and Hsp27 [12]. Hsp27 belongs to small
Hsps and its high expression in breast cancer tissues has been reported to be associated with lymph
node metastasis [13]. We previously discovered that Hsp27 was upregulated in ALDH+ BCSCs [14].
Knockdown of Hsp27 in ALDH+ BCSCs resulted in the inhibition of epithelial-mesenchymal transition
(EMT) and tumorigenicity [14]. We also demonstrated that the phosphorylation of Hsp27 was involved
in the epidermal growth factor (EGF)-induced vasculogenic mimicry activity of BCSCs [15]. Agents
that display the activity in Hsp27 inhibition are potentially being developed as anti-breast cancer drugs.

Ovatodiolide (Ova) is a macrocyclic diterpenoid compound extracted from Anisomeles indica
(L.) Kuntze [16] with activities of anti-inflammation [17], anti–Helicobacter pylori [18], dermatological
whitening [19], and anti-neoplasm [20–23]. Here we report that Ova displays an anti-CSC activity in
breast cancer. Ova dose-dependently suppressed the self-renewal property of BCSCs and inhibited
the expression of stemness genes, such as octamer-binding transcription factor 4 (Oct4) and Nanog.
We further demonstrated that the anti-BCSC activity of Ova was mediated by the downregulation of
Hsp27 through the induction of SMAD-specific E3 ubiquitin protein ligase 2 (SMURF2).

2. Results

2.1. Ovatodiolide Inhibited Self-Renewal Capability of BCSCs

We first determined the effect of Ova in cell proliferation of breast cancer cells. With the WST-1
assay, Ova displayed an anti-proliferation effect on AS-B145 and BT-474 human breast cancer cells and
the IC50 value was 6.55 ˘ 0.78 μM (Figure 1A) and 4.80 ˘ 1.06 μM (Figure 1B) for AS-B145 and BT-474,
respectively. Mammosphere cultivation is a method to enrich and to analyze the self-renewal capability
of BCSCs [8]. We next applied the mammosphere assay to evaluate the anti-self-renewal activity of
Ova. AS-B145 or BT-474 cells were cultivated into primary mammospheres in the presence of Ova at
the concentration of 1 or 4 μM, which was below the IC50 value in the proliferation inhibition effect,
and the self-renewal capability of primary spheres was determined by the formation of secondary
mammospheres without Ova treatment. As shown in Figure 2, Ova dose-dependently inhibited
the formation of the secondary mammosphere of AS-B145 (Figure 2A) and BT-474 (Figure 2B).
The CD24-CD44+ BCSCs were also analyzed in AS-B145 or BT-474 sphere cells. After treatment
of Ova at a concentration of 4 μM, the population of CD24-CD44+ cells in mammospheres of AS-B145
(Figure 2C) or BT-474 (Figure 2D) was decreased (from 99.8% to 48.5% for AS-B145 and from 87.1% to
29.9% for BT-474). From these results, Ova displayed an anti-self-renewal activity in BCSCs.
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Figure 1. The cytotoxic effect of ovatodiolide in human breast cancer cells. AS-B145 (A) or BT-474
(B) cells were seeded in a 96-well plate and treated with a different concentration of ovatodiolide
(0, 1.625, 3.125, 6.25, 12.5, 25, 50, 100 μM) for 72 h (n = 4 for each concentration). Cell proliferation was
determined by WST-1 reagent and the IC50 value was calculated by GraFit software. The experiments
were repeated two times and results from a representative experiment were presented.

Figure 2. Ovatodiolide suppresses the self-renewal property of BCSCs. AS-B145 (A) or BT-474 (B) cells
were seeded into ultralow attachment in a six-well plate under 0.1% DMSO or different concentrations
of ovatodiolide (1 or 4 μM) for seven days and the formed primary mammospheres were collected
and dissociated into a single cell suspension. The same number of dissociated primary sphere cells
was used to evaluate the effect of ovatodiolide on the self-renewal property of BCSCs by secondary
mammosphere formation without treatment of ovatodiolide (n = 3 for each treatment). The experiments
were repeated two times and results from a representative experiment were presented. Data were
presented as relative percentage of DMSO control. Scale bar = 50 μm. *, p < 0.05; **, p < 0.01.
The mammosphere cells of AS-B145 (C) or BT-474 (D) were harvested and dissociated into a single-cell
suspension. CD24-CD44+ cells were analyzed by flow cytometry.
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2.2. Ovatodiolide Downregulated the Expression of Stemness Genes and Hsp27 but Upregulated
SMURF2 Expression

We next examined the effect of Ova on the expression of stemness genes. With Western blot
analysis, Ova dose-dependently inhibited the expression of Oct4 (Figure 3C) and Nanog (Figure 3D) in
mammosphere cells derived from AS-B145 (Figure 3A) or BT-474 (Figure 3B) and the inhibitory
effect was significantly observed at a concentration of 4 μM. We previously demonstrated that
Hsp27 regulated the self-renewal and tumorigenicity of BCSCs through modulating EMT and NF-κB
activity [14]. The effect of Ova in Hsp27 expression in mammosphere cells was examined. As shown
in Figure 3, Ova dose-dependently downregulated Hsp27 expression (Figure 3E) in mammosphere
cells derived from AS-B145 (Figure 3A) or BT-474 (Figure 3B). However, the mRNA expression of
Hsp27 in mammosphere cells of AS-B145 or BT-474 was not inhibited by Ova treatment (Figure S1).
A previous report indicated that SMURF2 mediated the ubiquitin-dependent degradation of Hsp27 in
A549 lung cancer cells [24]. We further examined the expression of SMURF2 in mammosphere cells
after Ova treatment and results revealed that Ova dose-dependently upregulated SMURF2 expression
(Figure 3F) in AS-B145 (Figure 3A) or BT-474 (Figure 3B).

Figure 3. The change of protein expression in ovatodiolide-treated BCSCs. BCSCs were first enriched
by primary mammosphere cultivation from AS-B145 (A) or BT-474 (B), dissociated into a single-cell
suspension, and treated with different concentrations of ovatodiolide (0, 1, 4 μM) for 72 h (n = 2 for
each treatment). The expressions of Oct4, Nanog, Hsp27 and SMURF2 were determined by Western
blot. The quantification results of Oct4 (C), Nanog (D), Hsp27 (E) and SMURF2 (F) were determined
by Image J software. The experiments were repeated three times and results from two representative
experiments were used for quantifications. * p < 0.05; ** p < 0.01.

2.3. Overexpression of Hsp27 or Knockdown of SMURF2 Alleviated the Inhibitory Effect of Ovatodiolide

We next examined if overexpression of Hsp27 could alleviate the inhibitory effect of Ova on the
mammosphere formation capability of AS-B145 cells. Overexpression of Hsp27 in AS-B145 or BT-474
cells was performed by lentivirus-mediated gene delivery and confirmed by Western blot (Figure 4A).
Exogenous Hsp27 expression in AS-B145 (Figure 4B,C) or BT-474 (Figure 4D,E) significantly diminished
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the suppressive activity of Ova on mammosphere formation at a concentration of 4 μM (p = 2.9 ˆ 10´6

for AS-B145 and p = 1.6 ˆ10´4 for BT-474). We further performed the knockdown of SMURF2 in
AS-B145 or BT-474 cells by lentivirus delivery of two independent shRNA clones and both clones
efficiently knocked down the mRNA expression of SMURF2 (Figure 5A). The inhibitory effect of Ova
in mammosphere formation was alleviated in both sh-SMURF2 clone-transduced AS-B145 or BT-474
cells (Figure 5B,C). We also analyzed the protein expression of Hsp27 and SMURF2 in shRNA-carrying
lentviruse-transduced AS-B145 or BT-474 mammosphere cells after Ova treatment. As shown in
Figure 5D, these two sh-SMURF2 lentiviruses efficiently knocked down SMURF2 protein expression in
AS-B145 and BT-474 mammosphere cells and alleviated the inhibitory effect of Ova in Hsp27 protein
expression (Figure 5D). These results suggest the suppressive effect of Ova in the self-renewal of BCSCs
through the SMURF2-mediated downregulation of Hsp27 expression.

Figure 4. Overexpression of Hsp27 diminishes the inhibitory effect of ovatodiolide on the self-renewal
capability of BCSCs. AS-B145 or BT-474 cells were transduced with tRFP or Hsp27-tRFP lentivirus
and selected by 20 μg/mL blasticidin S for one week. The overexpression of Hsp27 was confirmed by
Western blot ((A) for AS-B145 and (D) for BT-474). BCSCs were first enriched by primary mammosphere
cultivation from tRFP- or Hsp27-overexpressed cells, dissociated into a single-cell suspension, and
underwent secondary mammosphere formation under treatment with 4 μM ovatodiolide (Ova) or
0.1% DMSO (n = 3 for each treatment). Formed mammospheres were pictured ((B) for AS-B145 and
(E) for BT-474) and were counted at Day 7 and displayed as the relative percentage of the DMSO
group ((C) for AS-B145 and (F) for BT-474). The experiments were repeated two times and results from
a representative experiment were presented. Scale bar = 50 μm.
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Figure 5. Knockdown of SMURF2 alleviates the suppressive effect of ovatodiolide on the self-renewal
capability of BCSCs. AS-B145 or BT-474 cells were transduced with shellacs, sh-SMURF2(3478),
or sh-SMURF2(10792) carrying lentivirus and selected by 2 μg/mL puromycin for three days.
The knockdown efficiency was determined by qRT-PCR (A). After puromycin selection, the surviving
cells were first cultured for primary mammosphere formation. The self-renewal capability of primary
mammospheres under 4 μM ovatodiolide (Ova) or 0.1% DMSO was determined by the formation
of secondary mammospheres (n = 3 for each treatment). Formed secondary mammospheres were
pictured (B) and were counted at Day 7 and displayed as the relative percentage of the DMSO-treated
sh-LacZ group (C). Scale bar = 50 μm. *, p < 0.05; **, p < 0.01. The expression of Hsp27 or SMURF2 was
further determined by Western blot (D). The experiments were repeated two times and results from a
representative experiment were presented.

3. Discussion

Recently, Bamodu et al. reported that Ova sensitized breast cancer cells to doxorubicin and
inhibited their CSC activity [22]. Here we also demonstrated the anti-self-renewal activity of Ova
in BCSCs (Figure 2). Hsp27 has been reported to be involved in the chemoresistant property of
CSCs [25,26]. Knockdown of Hsp27 increased the susceptibility of Herceptin-resistant SKBR3 cells to
Herceptin [27]. The survival role of Hsp27 has been reported to be mediated through the activation of
Akt [28] and inhibition of Bax activation [29]. Together with our findings, the sensitization activity of
Ova to chemotherapy drugs in breast cancer cells may also be mediated through the downregulation
of Hsp27.

Lin et al. previously demonstrated that Ova inhibited the metastatic ability of MDA-MB-231
breast cancer cells through suppression of p38 mitogen-activated protein kinase (MAPK) and
phosphatidylinositol 3-kinase/Akt activation [21]. p38-MAPK has been known as one of the upstream
kinases in Hsp27 phosphorylation [30]. We previously reported that the activation of p38 MAPK and
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Hsp27 phosphorylation was upregulated in BCSCs [14]. The knockdown of Hsp27 in BCSCs resulted in
the suppression of the EMT features [14]. Hsp27 has been demonstrated to be involved in transforming
growth factor β–induced EMT through the maintenance of Snail expression [31]. The emergence of
CSCs could be a result of EMT [32]. Here we reported the inhibitory activity of Ova on the Hsp27
expression of BCSCs (Figure 3). The anti-CSC activity of Ova may be mediated through its inhibitory
activity in EMT but remains to be further investigated. Ho et al. reported that Ova inhibited β-catenin
signaling in renal cell carcinoma [23]. Hsp27 has been reported to interact with cytoplasmic β-catenin
in breast cancer cells and clinical specimens [33]. It is worth investigating the effect of Ova on the
Hsp27–β-catenin interaction in BCSCs.

4. Conclusions

In conclusion, we observed that Ova displayed anti-self-renewal activity in the mammopshere
formation of human breast cancer cells as well as lead to the downregulation of stemness genes
such as Oct4 and Nanog. The anti-BCSC activity of Ova was mediated through SMURF2-mediated
downegulation of Hsp27. These findings reveal the potential of Ova in breast cancer treatment.

5. Materials and Methods

5.1. Reagents and Antibodies

Ovatodiolide was prepared as the previous report [17]. WST-1 cell proliferation reagent was
purchased from Roche Life Science (Indianapolis, IN, USA). Polyclonal rabbit anti-Oct4 (CST-2750) or
anti-Nanog (CST-3580) antibodies were purchased from Cell Signaling Technology, Inc. (Danvers, MA,
USA). Polyclonal rabbit anti-Hsp27 antibody (ADI-SPA-803) was purchased from Enzo Life Sciences,
Inc. (Farmingdale, NY, USA). Polyclonal rabbit anti-SMURF2 antibody (GTX110487) was purchased
from GeneTex International Corporation (Hsinchu City, Taiwan). Peroxidase conjugated ployclonal
goat anti-rabbit IgG secondary antibody (AP132P) was purchased from Merck Millipore (Temecula,
CA, USA).

5.2. Cell Culture and Cytotoxicity Assay

AS-B145 human breast cancer cells were established from a female breast cancer specimen as
our previous report [14,34] and maintained in MEMα (Gibco, Invitrogen Corporation, Carlsbad, CA,
USA) supplemented with 10% fetal bovine serum (FBS, Gibco) and 5 μg/mL insulin (Sigma-Aldrich,
St. Louis, MO, USA) at 37 ˝C, 5% CO2 incubator. BT-474 human breast cancer cells were obtained
from The Bioresource Collection and Research Center in Taiwan (Hsinchu City, Taiwan) and cultured
in DMEM/F12 (Gibco) supplemented with 10% FBS. For determination of cytotoxic effect of Ova,
AS-B145 or BT-474 cells were seeded as 2 ˆ 104 cells/well in 96-well plates in presence of different
concentration of Ova and cultured at 37 ˝C for 72 h. The proliferation/survival of cells was determined
by adding WST-1 reagent and measured the absorbance of 440 and 650 nm wavelength. IC50 values
were calculated by GraFit software (version 7, Erithacus Software Ltd., West Sussex, UK, 2012).

5.3. Mammosphere Cultivation

For primary mammosphere formation, AS-B145 or BT-474 cells were suspended as
1 ˆ 104/well/2 mL and cultured in ultralow attachment 6-well-plates (Corning, Lowell, MA, USA)
in DMEM/F12 medium supplemented with 0.4% bovine serum albumin (Sigma), 20 ng/mL EGF
(PeproTech, Rocky Hill, NJ, USA) , 20 ng/mL basic fibroblast growth factor (Sino Biological Inc., Beijing,
China), 4 μg/mL heparin (Sigma-Aldrich), 5 μg/mL insulin, 1 μM hydrocortisone (Sigma-Aldrich),
and 1X B27 supplement (Gibco). After 7 days, primary mammospheres with diameter larger than
50 μm were collected with 70 μm cell strainer (BD Biosciences, San Jose, CA, USA) and dissociated into
single cell suspension with HyQTase (GE Healthcare Life Sciences HyClone Laboratories, Logan, UT,
USA) for secondary mammosphere formation at a cell density as 2500 cells/well/2mL for further seven
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days. The form secondary mammospheres were pictured and counted with an inverted microscopy
(AE30, Motic Electric Group Co., Ltd., Xiamen, China).

5.4. Analysis of CD24-CD44+ Cells

Mammosphere cells were dissociated into single cell suspension with HyQTase solution. 1 ˆ 105

dissociated cells were stained by anti-human CD24-PE (Cat. No. 555428, BD Biosciences) and
anti-human CD44-APC (Cat. No. 559942, BD Biosciences) conjugated antibodies in staining buffer
(PBS containing 1% FBS and 0.05% NaN3) on ice for 30 min. PE conjugated mouse IgG2a κ (Cat.
No. 555574, BD Biosciences) and APC conjugated mouse IgG2b κ (Cat. No. 555745, BD Biosciences)
antibodies were used as isotype controls. After washing with 2 ml PBS/0.01% NaN3, the fluorescence
signals of stained cells were acquired with FACSAriaTM flow cytometer (BD Biosciences) and the data
were further analyzed by WinMDI software (version 2.9, The Scripps Research Institute, La Jolla, CA,
USA, 2000).

5.5. Western Blot

Mammospheres were collected by centrifugation and lysed in M-PER Mammalian Protein
Extraction Reagent (Pirece Thermo Fisher Scientific Inc., Waltham, MA, USA). Then 20 μg of total
protein were separated by SDS-PAGE and transferred onto PVDF membrane (Immobilon-P, Merck
Millipore). The membrane was then blocked with 5% skimmed milk (Sigma-Aldrich, St. Louis, MO,
USA) dissolved in Tris buffered slaine (Sigma-Aldrich) containing 0.05% Tween-20 (Sigma-Aldrich)
(TBS-T) at room temperature for 1 h followed by incubation with primary antibodies at 4 ˝C overnight.
After washing with TBS-T, the membrane was then incubated with peroxidase conjugated secondary
antibodies (PerkinElmer, Waltham, MA, USA) at room temperature for one hour. The signals were
developed by ECL-plus chemiluminescence substrate (PerkinElmer) and captured using a Luminescent
Image Analyzer (Fusion SOLO, Vilber Lourmat, Marne-la-Vallée, France). The band intensity was
quantified using ImageJ software (version 1.48a, NIH, Bethesda. MA, USA, 2013).

5.6. Lentivirus Production and Transduction

Hsp27 cDNA was amplified from pDsRed-Hsp27 [14] and cloned into pLAS5w.Pbsd-L-tRFP
lentiviral plasmid (obtained from the National RNAi Core Facility at the Institute of Molecular Biology,
Academia Sinica, Taipei, Taiwan) with following primers:

AfeI-Hsp27-F: 5’-AATAGCGCTATGACCGAGCGCCGCGTCCCC-3’
Hsp27-EcoRI-R: 5’-CGCGAATTCTTACTTGGCGGCAGTCTCATC-3’

The amplified DNA fragments and pLAS5w.Pbsd-L-tRFP plasmid were digested with AfeI
and EcoRI restriction enzymes followed by ligation and transformation into Stbl3 competent cells
(Life Technologies, Carlsbad, CA, USA). Lentiviral shRNA plasmids (TRCN00023122 for sh-LacZ,
TRCN0000003478 for sh-SMURF2(3478), or TRCN0000010792 for sh-SMURF2(10792)) were also
obtained from the National RNAi Core Facility. For lentivirus production, individual lentiviral
plasmid was mixed with pCMV-ΔR8.91 and pMD.G plasmids as a ratio of 1:0.9:0.1 and transfected into
293T cells by GenJetTM Transfection Reagent (SignaGen Laboratories, Ijamsville, MD, USA). Cells were
transduced with lentivirus as MOI = 1 in presence of 8 μg/mL polybrene (Sigma-Aldrich) for 24 h
and selected by blasticidin S (for Hsp27) or puromycin (for sh-LacZ or sh-SMURF2 clones) (TOKU-E
Company, Bellingham, WA, USA).

5.7. Quantitative Reverse Transcription Polymerase Chain Reaction (qRT-PCR)

Total RNA was extracted by Quick-RNATM MiniPrep Kit (Zymo Research Corporation, Irvine,
CA, USA). Then 1 μg of extracted RNA was used for cDNA synthesis with random hexamers
provided in RevertAid First Strand cDNA Synthesis Kit (Thermo Fisher Scientific Inc., Waltham,

19



Toxins 2016, 8, 127

MA, USA) followed by SYBR Green-based qPCR reaction (SYBR® FAST qPCR Kit, Kapa Biosystems,
Inc., Wilmington, MA, USA). The cycling conditions were as follows: 50 ˝C for 2 min, 95 ˝C for 10 min,
followed by 40 cycles of 95 ˝C for 10 sec and 60 ˝C for 1 min. The end-point used in the real-time
quantification was calculated by the StepOne software (v2.2.2, Applied Biosystmes, Carlsbad, CA,
USA, 2011), and the threshold cycle number (Ct value) for each analyzed sample was calculated.
The primer sets used in this study were listed as followed:

SMURF2
Forward: 5’-TAGCCCTGGCAGACCTCTTA-3’
Reverse: 5’- AATACACCTGGCCTTGTTGC-3’
MRPL19 (internal control)
Forward: 5’- GGGATTTGCATTCAGAGATCAG-3’
Reverse: 5’- GGAAGGGCATCTCGTAAG-3’
qPCR data were analyzed as previous described [35].

5.8. Statistical Analysis

Quantitative data were presented as the mean ˘ SD. The comparisons between two groups
were analyzed with Student’s t-test. The comparisons among multiple groups (more than three)
were analyzed with one-way ANOVA and performed post-hoc test with Tukey Multiple Comparison
analysis. A p-value of less that 0.05 was considered significantly different.

Supplementary Materials: The following are available online at www.mdpi.com/2072-6651/8/5/127/s1,
Figure S1: Ovatodiolide did not inhibit Hsp27 mRNA expression in BCSCs. BCSCs were enriched by primary
mammosphere cultivation from AS-B145 or BT-474 breast cancer cells and dissociated into single cell suspension
followed by treated with ovatodilide (1 or 4 mM) or 0.1% DMSO for 48 h. Total RNA were than extracted and the
Hsp27 mRNA expression was determined by SYBR Green-based qRT-PCR method.
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Abstract: It is universally accepted that diets rich in fruit and vegetables lead to reduction in the
risk of common forms of cancer and are useful in cancer prevention. Indeed edible vegetables
and fruits contain a wide variety of phytochemicals with proven antioxidant, anti-carcinogenic,
and chemopreventive activity; moreover, some of these phytochemicals also display direct
antiproliferative activity towards tumor cells, with the additional advantage of high tolerability
and low toxicity. The most important dietary phytochemicals are isothiocyanates, ellagitannins (ET),
polyphenols, indoles, flavonoids, retinoids, tocopherols. Among this very wide panel of compounds,
ET represent an important class of phytochemicals which are being increasingly investigated for
their chemopreventive and anticancer activities. This article reviews the chemistry, the dietary
sources, the pharmacokinetics, the evidence on chemopreventive efficacy and the anticancer activity
of ET with regard to the most sensitive tumors, as well as the mechanisms underlying their
clinically-valuable properties.
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1. Introduction

Despite the enormous efforts of the scientific and medical community, cancer still represents the
second leading cause of death and is nearly becoming the leading one in the elderly [1]. It is estimated
that, due to demographic changes alone, in the next 15 years the number of new cancer cases will
increase by 70% worldwide [2].

The lack of effective diagnostic tools for early detection of several tumors, the limited treatment
options for patients with advanced stages of cancer, and the onset of multiple drug resistance favor
poor prognosis and high mortality rates. The significant, but still unsatisfactory, improvement of
survival, the severe toxicity profile, and the high costs characterizing many current anticancer therapies
clearly show that a threshold in terms of clinical benefit and patients’ tolerance has been reached.
Thus, the identification and development of innovative, preventive as well as therapeutic strategies to
contrast cancer-associated morbidity and mortality are urgently needed.

Epidemiological, preclinical, and clinical studies have generally concluded that a diet rich
in phytochemicals can reduce the risk of cancer [2,3]. Due to their pleiotropism which includes
antioxidant, anti-inflammatory, and antiproliferative activities as well as modulatory effects on
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subcellular signaling pathways, phytochemicals from edible fruits and vegetables are recognized
as an effective option to counteract cancer incidence and mortality [3–5]. Plants constitute a
primary and large source of various chemical compounds including alkaloids, flavonoids, phenolics,
tannins, tocopherols, triterpenes, and isothiocyanates. Ellagitannins (ET) are an important class of
phytochemicals contained in a number of edible plants and fruits recommended by the traditional
medicine of a variety of cultures, both in the developing and developed countries, to treat common
health problems. ET biological and nutraceutical potential has received increasing attention over the
last several decades. ET exert multiple and clinically-valuable activities [4], and among them the
chemopreventive, anticarcinogenic, and antiproliferative activities are being receiving growing interest
and attention (Figure 1).

Figure 1. Fruits containing ET with chemopreventive, anticarcinogenic, and antiproliferative activities.

2. Dietary Sources, Types, and Occurrence

ET and their derivatives are noticeably contained in edible seeds, nuts, and various fruits of
nutritional interests. The structures of relevant ETs and of ellagic acid are shown in Figure 2. A wide
variety of fresh fruits including berries, like raspberries, black raspberries, strawberries, pomegranate,
longan, and dried nuts, are renowned for their ample polyphenols concentration in the form of ET [5].
Five species of berries including raspberry, strawberry, cloudberry, rose hip, and sea buckthorn were
identified by Koponen et al., [6] as significant carrier of ET in a range of 1–330 mg per 100 g of fruit.
Sanguiin H-6 and lambertianin C were reported from Glen Ample raspberries and Scottish-grown
red raspberries, along with some trace levels of ellagic acid [7,8]. Blackberries (fruit and seeds) have
been reported for a range of ET including pedunculagin, casuarictin, sanguiin H-6 (lambertianin A),
and lambertianin (C and D) [9–11]. Pomegranate and various fractions of the fruit are known for
their cancer chemopreventive properties owing to their unique phenolics composition in the form
of ET, which include punicalagin, punicalin, granatin A, granatin B, tellimagrandin I, pedunculagin,
corilagin, gallagic acid, ellagic acid, and casuarinin [12].
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Figure 2. Structures of ellagic acid and of three major and representative ellagitannins. EA, ellagic acid;
PED, pedunculagin; PUN, punicalagin; SAN, sanguiin H-6.

ET, predominately those isolated from pomegranate (e.g., punicalagin), have gained a wide
popularity as preventive and therapeutic ethnopharmacological approaches for cancer treatment.
However, a lot more has been added to this class of compounds from fruits other than pomegranate,
including raspberries, blueberries, strawberries, muscadine grapes, and longan [7,13–18]. Major
phenolic fractions recovered from longan include gallic acid, ellagic acid, and corilagin, much more
concentrated in the seed segment as compared to the fruit pulp and peel [17]. Good essential fatty
acid composition of nuts and fairly high concentrations of ET and their derived fractions, such as
ellagic acid and its glycosidic derivatives have been associated with the potential cardioprotective
properties of nuts. Ellagic acid (free and total) has been reported in a range of 0.37–823 mg per
100 g of dried nuts [19]. High concentrations of a variety of ET (ellagic acid, sanguiin H2 and 6,
lambertianin C, castalagin/vescalagin, galloyl-bis-HHDP glucose, pedunculagin) can be found in
blackberries (Rubus sp.) [20]. Shi et al., [21] identified agrimoniin as the second highest phenolic
compound of strawberries.

Irrespective of the edible fractions of fruiting plants, some inedible fractions like fruit peels,
bark and foliage have also been reported as good source of hydrolysable tannins including bioactive
ET [4,22]. Leaves extracts of Shepherdia argentea—a deciduous shrub commonly known as silver
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buffaloberry—were reported as a good reserve of gluconic acid core carrying the potential anti-HIV
novel ET, such as hippophaenin A, shephagenin A and shephagenin B [23].

3. Ellagitannins—Classification and Chemistry

Tannins are unique secondary metabolites of plant phenolics with relatively higher molecular
weight (300–30,000 Da) and bear the ability to generate complexes with some macromolecules, like
proteins and carbohydrates [24]. Chemistry and nomenclature of the tannins is complicated by virtue
of the frequent changes which parallel the advancement in this very specific field [25]. Taking into
account different definitions of tannins [26,27], these compounds may be referred as either galloyl
esters and their derivatives (ET, gallotannins, and complex tannins), or the oligomeric and polymeric
proanthocyanidins (condensed tannins). In a broader perspective, tannins may be classified most
satisfactorily and unambiguously on the basis of structural configuration and/or solubility [28]. C–C
coupling of galloyl units in absence of glycosidically-linked catechin make ETs structurally different
from the condensed tannins that are characterized by monomeric catechin linkages (C4–C8 or C4–C6)
to generate oligomeric likewise polymeric proanthocyanidins [27]. Gallotannins and ETs constitute a
major group of tannins i.e., hydrolysable tannins that are well known for their properties to hydrolyze
into hexahydroxydiphenol (HHDP) or gallic acid moieties. Gallotannins are the gallic acid derivatives
carrying ě six gallyol groups and might further be characterized on account of one or more than one
digalloyl group [29].

ETs (hydrolysable tannins) on their hydrolysis yield gallic acid and ellagic acid from the
compounds carrying gallyol groups and HHDP groups, respectively [28]. In vitro digestion models
declare ETs to remain stable under the normal physiological condition of the stomach [30]. However,
ETs hydrolysis to free ellagic acid or their degradation may proceed in the small intestine at neutral to
alkaline pH [31]. Biologically, condensed tannins and gallotannins are thought to deliver relatively
higher protein precipitation properties as compare to the ETs and hence are considered potential
antinutritional compounds from the class of plants polyphenolics [32]. Gallotannins and condensed
tannins have also been reported as oxidatively least active tannins as compared to the ETs and on the
same time gallotannins and condensed tannins have also been found to reduce pro-oxidant properties
of ETs [33,34].

3.1. Simple Ellagitannins

ET (M.W. 300–20,000 Da) are non-nitrogenous compounds with at least two C–C coupled
galloyl units with no glycosidically-bonded catechin unit [3,35]. ET are derivatives of
1,2,3,4,6-penta-O-galloyl-β-D-glucopyranose (PGG). Structurally, ET are esters of carbohydrates and or
cyclitols and also include metabolic compounds derived from oxidative cleavage of either condensed
or hydrolysable tannins [27,35,36]. The presence of hexahydroxydiphenol (HHDP) in a glucopyranose
ring in addition to acyl units and certain HHDP metabolites such as dehydrohexahydroxydiphenol
(DHHDP), valoneoyl and chebuloyl groups constitute simple ET. Tellimagrandin I and II, pedunulagin,
casuarictin, and chebulagic acid originate from the specific orientation and number of acyl groups
on glucose units. Variation in HHDP group originates by linking (C–C or C–O) one or more galloyl
groups to HHDP unit.

Structural diversity of ET has been reported to correlate with their carrier-plants’ taxonomy and
evolutionary hierarchy [37]. More often, monomeric ET or oligomeric ET constitute the major tannic
component of plant species. The monomeric compounds of the group include tellimagrandins I and II,
pedunculagin, casuarictin, and potentillin. Type I hydrolysable tannins (i.e., gallotannins) carrying
HHDP in stable conformation at either the 2,3 or 4,6 position on a D-glucopyranose may be referred to
as a simple ET [38–40]. Geraniin, a type III ET, is another example of monomeric simple ET carrying
a DHHDP unit linked to D-gluopyranose of HHDP unit via 1C4 conformation. Dimers of ET are
generated by intermolecular oxidative coupling/condensation of simple ET.
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3.2. Glycosidic Ellagitannins

Chemically, the C-glycosidic linkage of ET is established via intermolecular bonds between
two monomeric units, one carrying anomeric carbon while the second one galloyl or HHDP
group [3,35,41]. Most recently C-glycosidic ET including granadinin, vescalagin, methylvescalagin,
castalagin, stachyurin, and casuarinin have been reported from the peel and seed fraction of
camu-camu, a fruiting tree of Amazon rainforest [42]. Woody fractions of various fruits, particularly
the nuts and berries, have also been observed to hold novel C-glycosidic ET (e.g., castalagin and
vescalagin). Castacrenins D and F are two other forms of C-glycosidic ET isolated from the woody
fraction of Japanese chestnut and carry gallic acid/ellagic acid moieties [43]. Treating vescalagin
with Lentinula edodes generates quercusnins A and B that may be referred as fungal metabolites of
C-glycosidic ET [44]. Castacrenins D and F isolated from chestnut wood may generate oxidative
metabolites, namely castacrenins E and G, by replacing pyrogallol rings of C-glycosidic ET with
cyclopentone rings [43]. Rhoipteleanins H, I, and J were reported as novel C-glycosidic ET isolated
from the fruit and bark fractions of Rhoiptelea chiliantha. Structural configuration of rhoipteleanins
H revealed the presence of cyclopentenone carboxy moieties that are generated by oxidation and
rearrangement of C-glycosidic ET aromatic ring [45].

Condensate of C-glycosidic ET is another subclass of hydrolysable tannins, which includes
rhoipteleanin J produced by the intermolecular condensation (C–C or C–O) of monomeric C-glycosidic
ET followed by oxidation of aromatic rings of ET [45]. Wine aged in oak wood barrels is often reported
to carry oak ET, particularly the condensation products of monomeric C-glycosidic ET. The studies
infer C-glycosidic ET to play a significant role in modulation of organoleptic features of wine aged in
oak wood barrels [46].

4. Ellagitannins Pharmacokinetics

A precise knowledge of phytochemicals’ pharmacokinetics is very important to exploit their health
benefits, as well as the effects of their metabolites [47]. In vivo, ET, instead of being absorbed directly
into the blood stream, are physiologically hydrolyzed to ellagic acid, which is further metabolized
to biologically-active and bioavailable derivatives, i.e., urolithins, by the activity of microbiota in
gastrointestinal (GI) tract [5,48]. The biological properties of ET, such as free radical scavenging,
further depend on their metabolic transformation inside gut. ET recovered from pomegranate juice
may be metabolically converted by gut microbiota to urolithin A, B, C, D, 8-O-methylurolithin A,
8,9-di-O-methylurolithin C, and 8,9-di-O-methylurolithin D, and some of these metabolites display
higher antioxidant activity than the parental tannins themselves. For instance, urolithin C and D
show an antioxidant capacity—as determined in a cell-based assay—which is 10- to 50-fold higher
as compared to punicalagin, punicalin, ellagic acid, and gallic acid [49]. This finding suggests
that intestinal transformation products of ET are likely to play a central role for the antioxidant
properties at least inside the GI tract. Significant differences in urolithins’ profiles in individual
human subjects feed on raspberries—a renowned source of ET—have been attributed to gut microflora,
whose variations on an inter-individual basis affect their capacity of hydrolyzing ET and subsequent
metabolite synthesis [48,50]. The interaction of gut microbiota composition and the host endogenous
excretory system is also likely to play a further role in the observed inter-individual variability [51].
ET are highly stable under the acidic environment of stomach, and retain their composition without
being hydrolyzed to simpler compounds when exposed to various gastric enzymes. Consequently the
complex structure of ET impedes their gastric absorption: however, the stomach might serve as the
first site of absorption of free ellagic acid and pre-hydrolyzed forms of ET.

Contrary to stomach, the neutral or alkaline environments of duodenum and small intestines,
characterized by pH values ranging from 7.1 to 8.4, allow ET hydrolyzation [31,41]. In humans, ET are
rapidly absorbed and metabolized, as documented by [18,52]: following ingestion of pomegranate juice
(at a dose containing 25 mg of ellagic acid and 318 mg of ET), ellagic acid can be found in plasma for up
to 4 h while, at later times, it is no more detectable. In contrast, another study reported that no ellagic
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acid could be detected in plasma during the 4 h following the juice intake [53], a discrepancy which
has been attributed to inter-individual variability [54]. Ellagic acid is converted by catechol-O-methyl
transferase to dimethylellagic acid, which is then glucuronidated and excreted [52].

Finally, the microbiologically metabolized fraction of ET, i.e., urolithins, is further incorporated to
enterohepatic circulation system [18,53,55,56].

5. Ellagitannins for Tumor Chemoprevention and Therapy

The development of novel mechanism-based chemopreventive and antitumor approaches to fight
cancer through the use of dietary substances which humans can easily accept has become an important
goal. Along this line, ET have received increasing attention over the last two decades.

Similarly to other anticancer phytochemicals, ET display chemopreventive and chemotherapeutic
activities [3]. The chemopreventive activity of ET and derivatives, such as ellagic acid has been
primarily associated with their antioxidant capacity, that varies with the degree of hydroxylation [5,57]
and depends from both a direct radical scavenging and iron chelation activity.

The well-known anti-inflammatory capacity represents another important feature of ET
chemopreventive and antitumor activity [55], that being persisting inflammation involved both as
a causative and a facilitating factor in carcinogenesis and cancer development [58]. For example,
pomegranate ET inhibit pro-inflammatory pathways including, but not limited to, the NF-κB
pathway, whose activation leads to immune reactions, inflammation, and the transcription of genes
involved in cell survival, such as Bclx and inhibitors of apoptosis. Constitutive activation of NF-κB
has been observed in prostate cancers, where it sustains chronic inflammation and promotes the
development of high-grade prostate cancer. With respect to inflammation, it is worth noting that,
similarly to many polyphenols, the antioxidant activity of ET participates to an “anti-inflammatory
loop” with other mechanisms, since it lowers the levels of radicals which otherwise would act as
pro-inflammatory stimuli.

The direct antiproliferative effects of ET have been attributed to multiple mechanisms (see the next
subchapters) including the cell cycle arrest capacity and the properties enabling cancer cells to follow
apoptosis through the mitochondrial route and self-destruction after replication [59–62]. In addition to
directly targeting tumor cell survival, the cytotoxic/cytostatic activities of ET might also concur with
the chemopreventive potential, since they prevent tumor cells from converting into more malignant
phenotypes and from replicating.

A study on 1,3-di-O-galloyl-4,6-(s)-HHDP-β-D-glucopyranose (an ET from Balanophora
japonica MAKINO) points to the complexity and multiplicity of the mechanisms contributing
to the anticancer activity of ET, i.e., the same complexity and multiplicity characterizing also
other classes of phytochemicals. Indeed, the antiproliferative activity of 1,3-di-O-galloyl-4,6-
(s)-HHDP-β-D-glucopyranose in human Hep-G2 liver cancer cells was also associated to an altered
regulation of 25 miRNAs including the let-7 family members miR-370, miR-373, and miR-526b,
identified as likely targets with roles in cell proliferation and differentiation [63]. The fact that in cell
culture systems combinations of ET or of ET and other phytochemicals present in plant or fruit extracts
are more cytotoxic than any single ET [64], is suggestive of the multifactorial effects, chemical synergy,
and multiplicity of the mechanisms behind their antitumor activity. To this regard, the capacity of some
ET to inhibit angiogenesis, a fundamental event accompanying tumor growth, both in in vitro and
in vivo prostate cancer models [65], and to reduce endothelial cell growth through binding to vascular
endothelial growth factor receptors [66] represents a further and significant antitumor mechanism.

In analogy to other polyphenols, ET could also be utilized to increase the sensitivity of tumor
cells to standard chemotherapeutic drugs [67], with the aim of obtaining an increase of their antitumor
efficacy along with a reduction of their doses and, consequently, of their severe adverse effects which
often represent a limiting factor for the prosecution of the therapeutic regimens.

As a premise to the literature data discussed in the next paragraphs, it is important noting that,
since ET are not absorbed systemically after oral administration as such [48], the studies where ET
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extracts were given to cultured cancer cells are unlikely to be predictive of the effects which could
be attained after oral ingestion in vivo. Rather these data could be representative of intravenously
administered ET, but the toxicology of this administration route is not known.

The next sections of the review will discuss more in depth the ET anticancer mechanisms and
properties emerging from in vivo and in vitro studies on a panel of tumors or tumor cells which appear
as potentially sensitive targets for these phytochemicals.

5.1. Prostate Cancer

Prostate cancer is the second leading cancer-associated death risk factor among U.S. males [68].
Phytochemicals originating from various food sources slow down the progression of prostate cancer,
whereas a majority of other nutrients are reported to be non-effective in either preventing or curing
prostate cancer [69]. Evidence-based findings support the consolidated role of fruits, vegetables, and
various culinary herbs of different cultures in averting various forms of cancers, but relatively weak
and inconsistent relationships have been presented so far for prostate cancer [70,71]. Somehow
more promising seem to be the edible fruits containing high amounts of ET, which have been
extensively tested in vivo for their prostate cancer inhibitory properties. As it has been shown in
animal models, higher concentrations of ET are recorded in prostate and colon tissues as compared to
the others [72]. Pomegranate holds one of the highest concentration of ET [55]. Antitumor activities
of pomegranate fruit juice, peel extracts, and seed oil have been reported against prostate cancer
cells [73]. Dose-dependent anti-proliferative and pro-apoptotic effects of pomegranate fruit extracts
(10–100 μg/mL) have been documented against aggressive human prostate cancer cells (PC3) [74]:
induction of pro-apoptotic mediators (Bax and Bak), downregulation of Bcl-2 and Bcl-XL, and reduced
expression of cyclin-dependent kinases 2, 4, 6, and cyclins D1, D2, and E have been identified as the
mechanisms responsible for these effects.

Pomegranate extract inhibited proliferation of endothelial (HUVEC) and prostate (LNCaP) cancer
cells; the extract also reduced LNCaP prostate cancer xenograft size, tumor vessel density, VEGF
peptide levels and HIF-α expression after four weeks of treatment in severe combined immunodeficient
mice [65].

Oenothein B, a macrocyclic ET, and quercetin-3-O-glucuronide from Epilobium sp. herbs—used
in traditional medicine to treat benign prostatic hyperplasia and prostatic adenoma—have been
proven to strongly inhibit the proliferation of human prostate cancer cells [75]. Hibiscus sabdariffa leaf
extracts, which contain high amounts of ellagic acid, have been reported to inhibit the growth [76]
and the expressions of metastasis-related molecular proteins [75] of LNCaP cells via activation of
the mitochondrial pathway and suppression of the Akt/NF-kB signaling pathway, respectively.
Terminalia chebula—a common ayurvedic ethnic drug of the Indian subcontinent—has been recognized
for its potential biological and pharmacological properties [77]. Chebulinic acid is the predominant and
more characteristic ET among the various constituents of chebula fruit (T. chebula). Methanolic extract
(70%) of T. chebula fruits was shown to inhibit proliferation and induce cell death in PC3 prostate cancer
cells as well as in PNT1A non-tumorigenic human prostate cells in a dose-dependent manner [78].
At low concentrations, the extract promoted initiation of apoptotic cell death, while at higher doses
necrosis was the predominant type of cell demise; chebulinic acid, tannic acid, and ellagic acid were
the most cytotoxic phenolics, and are likely responsible for the antitumor activity of T. chebula fruit
extracts [78].

5.2. Colon Cancer

Cancer statistics, as reported from Centers for Disease Control and Prevention, rate colon cancer
as the fourth highest death factor in USA [68]. It is widely accepted that herbal sources may provide
therapeutically relevant compounds for the management of colorectal cancers. In this regard, it is
worth noting that World Health Organization estimates over 80% of the entire world population rely
on biomolecules with broad ethnopharmacological properties as a primary health care solution [79].
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The strict correlation between chronic inflammation, malignant transformation and development
of colorectal cancer is widely recognized [80]. Indeed, non-steroidal anti-inflammatory drugs
have proven to be effective in preventing the formation of colorectal tumors and their malignant
transformation in both preclinical and clinical studies [81]. However, unwanted, sometimes severe or
even fatal, side effects (ulceration, renal toxicity, gastric bleeding) represent a major limitation for the
use of these synthetic drugs: in search of alternative therapeutic options, exploration and utilization of
natural biomolecules as anti-inflammatory formulations are in progress [82]. Various phytochemicals
modulate inflammatory cell signaling in colon cancer: among them, pomegranate ET (i.e., punicalagin
and ellagic acid) have been shown to suppress cyclooxygenase-2 (COX-2) protein expression in human
colon cancer (HT-29) cells [83]. Exposing HT-29 cells to 50 mg/L of powdered pomegranate juice,
total pomegranate ET, or punicalagin reduces the expression of COX-2 protein by 79%, 55%, and
48%, respectively, and inhibits production of pro-inflammatory prostaglandins [83]. Another study
conducted by Kasimsetty et al., [84] reported that pomegranate ET and their metabolites, i.e., urolithins
A and C, inhibit HT-29 cells proliferation via G0/G1 and G2/M arrest, followed by induction of
apoptosis. Interestingly, urolithins display advantageous pharmacokinetics over other agents, in that
they tend to persist in the colon through enterohepatic circulation. Scarce information is available on
the mechanistic role of ET and their metabolites, mainly urolithins, in colon cancer chemoprevention.
Sharma et al., [85] showed that fruit ET and their metabolites inhibit canonical Wnt signaling pathway,
which is involved in the development of the majority (~90%) of colon cancers. In this light, ET and
their colon-derived metabolites may be most relevant in relation to cancer prevention rather than
treatment. To this regard, it is important noting that the concentrations of ET and their metabolites
such as ellagic acid or urolithin A resulting in a 50% inhibition of Wnt signaling in 293T human colon
cancer cells are comparable with those nutritionally attainable after regular consumption of ET-rich
fruits or beverages [85].

5.3. Breast Cancer

Breast cancer is the most prevalent, spontaneous hormone-associated malignancy in women and
is the most common gender-related cause of death around the globe [86,87]. Estrogen is the major
stimulating factor of breast cancer cells’ proliferation and tumor cells’ growth. Upregulation of growth
hormone receptors in breast malignant cells, as compared to the normal breast tissue, points to the
key role of the pituitary, as well as the growth hormones, in the development of breast cancer in
humans [88].

Complementary and alternative medicines in the form of bioactive fractions and raw decoctions
of herbs, edible and inedible segments of various fruits and vegetables, are under assessment for
their potential in treating breast cancer [89]. Pomegranate, its juice, and other fractions of the fruit
are the richest source of high-molecular-weight ET, in particular punicalagin, as compared to any
other known and commonly-consumed fruit [55]. Estrogen-induced expression of peptides growth
factors is the major concern in the development and growth of estrogen-responsive mammary cancer:
inhibition of this circuitry is the rationale for the use of antiestrogens and aromatase inhibitors to treat
these types of breast cancer [90,91]. Pomegranate ET-derived compounds have been shown to block
endogenous estrogen synthesis by inhibiting aromatase activity. Polyphenol-rich fractions derived from
fermented juice, aqueous pericarp extract and cold-pressed or supercritical CO2-extracted seed oil of
pomegranate (Wonderful cultivar) have been reported to inhibit aromatase and 17-beta-hydroxysteroid
dehydrogenase type 1 (a key determinant of the increase in estradiol/estrone ratio) activities [92].
The same authors found that the polyphenol-rich fractions from fermented juice and pericarp
inhibited the viability of MCF-7 estrogen-dependent tumor cells to a higher extent as compared
to estrogen-independent MB-MDA-231 cells; interestingly, normal human breast epithelial cells
(MCF-10A) were far less sensitive to the inhibitory effect of polyphenol-rich fractions. Among some
other fruits, the ripened fruit and seeds of Syzygium cumini (commonly known as jamun in Indian
subcontinent culture) and Eugenia jambolana have also been reported as good reservoir of ellagic
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acid/ET which, in addition to anthocyanins, can exhibit anti-proliferative properties against various
cancer cells [93]. Accordingly, and in strict analogy with the study by Kim et al., [92], Jamun fruit
extracts have been shown to inhibit over-expressing aromatase and estrogen-dependent MCF-7aro
cell proliferation (IC50 27 μg/mL) more effectively as compared to estrogen receptor-negative
MDA-MB-231 (IC50 40 μg/mL) breast cancer cells [94]. Pro-apoptotic effects were observed
(200 μg/mL) against both MCF-7aro and MDA-MB-231 breast cancer cells, but not toward the normal
MCF-10A breast cells.

Upregulation of the phosphoinositide-3 kinase (PI3K)/Akt signaling pathway is a common feature
in most human cancers, including breast cancer. Targeting the PI3K pathway with small molecule
inhibitors has been studied for therapeutic purposes, and inhibitors such as GDC-0941 or GDC-0980
have entered preclinical trials [95].

Cistaceae family—rock rose family—has been traditionally used in Mediterranean cultures since
ancient times. Aqueous extracts recovered from the leaves of C. populifolius, which contain high
amounts of punicalagin and other ET, have been shown to be cytotoxic against HER 2-dependent
(MCF 7/HER2) and -independent (JIMT-1) human breast cancer cells [96]. Since JIMT-1 cells are
representative of trastuzumab-resistant cells, C. populifolius extracts may be important in the treatment
of breast tumors insensitive to this targeted drug.

Finally, oenothein B has proven to exert in vitro inhibitory properties against mammary ascites
tumors (MM2) cells and Meth-2 solid tumors by releasing interlukin-1 and interlukin-1β-like
cytokines [97].

5.4. Oral, Esophageal, and Gastric Cancers

Enzinger and Mayer [98] in their report published in the New England Journal of Medicine
indicated esophageal cancer as the deadliest and least-studied type of cancer, with relatively small
advancements in diagnosis and treatment over a three decades period. Among other etiological factors
of esophageal cancer, inhalation of cigarette smoke is the most obnoxious one in exposing esophageal
mucosa to potential carcinogens (i.e., nitrosamines) [99]. Fruits, particularly berries, are a good
source of antioxidant including vitamins, anthocyanins, ET, and a wide range of phenolic acids [100].
Consumption of fruits and vegetables has been linked with lower risks of gastrointestinal tract cancer
development. This is one of the reasons that prompted researchers to exploit the nutraceutical potential
of berries and their biomolecules as chemopreventive food and dietary supplements [101].

As demonstrated by Yoshida et al., [23], high molecular weight oligomeric ET (eucarpanins
and elaeagnatins) and macrocyclic dimers including camelliin B, oentothein B, and woodfordin
C have cytotoxic properties and induce apoptosis through a pro-oxidant mechanism in tumor
cells of oral squamous cell carcinoma (HSC-2, HSG) to a higher extent as compared to normal
fibroblasts. These ET are contained in high amounts in flowering plants of Myrtaceae and Elaeagnaceae
family. Black raspberries possess conspicuous quantities of anthocyanins and ET that make them
rational candidates for a preventive and therapeutic approach against certain GI tract cancers [102].
Previous studies by Mandal and Stoner [103] and Daniel and Stoner [104] demonstrated that ellagic
acid (4 g/kg b.w.) significantly decreased (~60%) the number of N-nitrosomethylbenzylamine
(NBMA)-induced esophageal tumors in rats. Latter work by Stoner and Morse [105] confirmed
the potent anti-tumorigenic property of ellagic acid in rats exposed to NMBA and tobacco nitrosamines
through the inhibition of cytochrome P450, which is responsible for the metabolic activation of
these carcinogens. Another study by Stoner et al., [100] showed that a lyophilized mix of berries
(black raspberries, blackberries, and strawberries) inhibits tumor initiation and progression via
downregulation of COX-2 and inducible nitric oxide synthase, events leading to reduced prostaglandin
production and nitrate/nitrite levels in the esophagus, respectively.

In a more recent study [106], NBMA-treated rats fed 5%–10% freeze-dried black raspberries
showed fewer hyperplastic and dysplastic esophageal lesions, reduced tumor incidence (~54%),
multiplicity (~62%), and proliferation as compared to NBMA control rats; more interestingly, it was
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shown that black raspberries modulate the expression of a panel of genes and proteins involved in the
late stages of NMBA-induced rat esophageal tumorigenesis, such as genes involved in carbohydrate
and lipid metabolism, cell proliferation and death, inflammation, and proteins involved in cell-cell
adhesion, cell proliferation, apoptosis, inflammation, angiogenesis, and both COX and lipoxygenase
pathways of arachidonic acid metabolism.

However, the question of which is the relative contribution of ET and anthocyanins to the
above chemopreventive activity of berries in esophageal cancer is still open. Indeed, a study by
Wang et al., [107] reported that different berries suppress NMBA-induced tumorigenesis irrespective
of their ET and anthocyanin content. This finding suggests that also other components of the active
preparations of berries, such as lignans and fibers, contribute to the whole chemopreventive capacity,
which does not necessarily coincide with the simple sum of the intrinsic activity of each active
constituent, but rather depends on positive (or negative) interactions occurring at specific proportions.

Gemin A and B, two ET from Geum japonicum Thunb., were found to exert mild cytotoxic effects
on human BGC-823 gastric cancer cells [108].

As to oral cancer, Zhang et al., reported that strawberry crude extracts or their isolated components
including ellagic acid were toxic toward human oral CAL-27 and KB tumor cells [109]; ellagic acid
alone (50–200 μM) exhibited selective cytotoxicity against HSC-2 oral carcinoma cells [110].

Lyophilized strawberries (LS), which carry 42.9% ET and their derivatives and 48.8% anthocyanins,
have been referred as an effective option to prevent oral carcinogenesis: indeed a diet containing 5%
LS reduced the number of 7,12-dimethylbenz[a]anthracene (DMBA)-induced cheek pouch tumors
in hamsters inhibiting Ras/Raf/ERK-dependent cell proliferation, VEGF-dependent angiogenesis,
5-LOX/LTB4 pathway, and prevented oxidative damage [111]; LS was also found to modulate the
genetic signature related to DMBA-induced tumor development, such as p13Arf, p16, p53, and
Bcl-2 [112].

In the same experimental model of hamster buccal pouch carcinoma, it was demonstrated that
dietary supplementation of ellagic acid (up to 0.4%) modulated the expression profiles of 37 genes
involved in DMBA-induced oral carcinogenesis [113], blocked the development of carcinomas by
suppression of Wnt/β-catenin signaling associated with the inactivation of NF-κB and modulation
of key components of the mitochondrial apoptotic network [114], and prevented angiogenesis
by abrogating hypoxia-driven PI3K/Akt/mTOR, MAPK, and VEGF/VEGFR2 signaling pathways.
These effects were mediated by the suppression of histone deacetylase 6 and HIF-1α responses [115].

By virtue of these properties, LS and its major component ellagic acid are considered among the
most important and attractive nutraceutical tools for the prevention of oral cancer [116].

5.5. Liver Cancer

Primary liver cancer is, globally, the sixth most frequent cancer, and the second leading cause of
cancer death, with a 17% five year survival rate; the leading cause of liver cancer is cirrhosis due to
either hepatitis B, hepatitis C, or alcohol [117].

PGG, a major component of Paeonia suffruticosa ANDREWS and from Rhus chinensis Mill, was
found to exhibit in vitro antiproliferative activity on human SK-HEP-1 hepatocellular carcinoma
cells [118]. The growth-inhibitory effect was related to the ability to cause a G0/G1-phase arrest and
to suppress the activation of NF-κB, likely via an IκB-mediated mechanism. PGG was also shown to
induce atypical senescence-like S-phase arrest in HepG2 and Huh-7 human hepatocarcinoma cells at
sub-lethal doses, increased senescence-associated β-galactosidase activity, and loss of proliferative
capacity, through a mechanism involving intracellular generation of oxygen free radicals [119].
No evidence of necrosis or apoptosis was noticed in this study. Interestingly, a more recent report from
the same group showed that autophagy was involved in the PGG-induced senescence-like growth
arrest, and that activation of MAPK8/9/10 (mitogen-activated protein kinase 8/9/10/c-Jun N-terminal
kinases) was an essential upstream signal for autophagy to occur [120]; interestingly, these in vitro
results were also validated in vivo in a xenograft mouse model of human HepG2 liver cancer.

32



Toxins 2016, 8, 151

Intraperitoneal administration of corilagin from Phyllanthus urinaria was found to significantly
reduce the in vivo growth of xenografted Hep3B hepatocellular carcinoma cells in athymic nude
mice with no adverse effects on liver [121]. Corilagin inhibited the growth of normal or tumor
hepatic cells with remarkably different IC50s: indeed the values for normal Chang-liver cells vs. the
hepatocarcinoma cell lines Bel7402 and SMMC7721 were 131.4 vs. 24.5 and 23.4 μM, respectively [122].
The antiproliferative effect in SMMC7721 cells was causally associated with arrest at the G2/M phase
by the activation of phospho-p53-p21(Cip1)-cdc2/cyclin. Furthermore, a 47.3% growth inhibition was
recorded in hepatocarcinoma MHCC97-H cells xenografted in Balb/c mice intraperitoneally treated
with 30 mg/kg b.w. corilagin for five weeks.

In a parallel, but different direction, corilagin was found to enhance the cytotoxicity of the
reference antitumor drugs cisplatin and doxorubicin on Hep3B hepatoma cells at nutritionally-attainable
concentrations [67]. The association of corilagin with low dosages of standard anticancer drugs such
as cisplatin or doxorubicin could increment their anticancer effect, enhance their cytotoxic activity
toward multi-drug resistant cells, and reduce their toxicity.

Thonningianin A from Thonningia sanguinea inhibited the proliferation of HepG-2 human
hepatocellular carcinoma cells [123]. Thonningianin A induced caspase-dependent apoptotic cell
death, accompanied by an increase in the sub-G1 cell population and DNA fragmentation. Several
mechanisms contributing to the antitumor effects were identified: thonningianin A disrupted the
mitochondrial membrane potential promoting an increased generation of reactive oxygen species,
downregulated the Bcl-xL mRNA expression, induced cell-cycle arrest by changing the cyclin D1 and
CDK4 mRNA expression levels. Furthermore, thonningianin A significantly downregulated the NF-κB
cell survival pathway concomitantly with the upregulation of the expression level of phosphorylated
P38 and downregulation of the expression level of phosphorylated ERK.

5.6. Cervical Cancer

Cervical cancer has long remained a leading cause of malignancies-related death in women from
United States of America. However, the number of cervical cancer patients and associated death toll
has significantly decreased since last few decades, probably due to the regular Human Papilloma
Virus (HPV) screening [124]. Apart from other risk factors, strong association exists between cervical
cancers and HPV infection, and HPVs are indicated as central etiological factor in incidents of cervical
cancer, globally [125]. Ramasamy et al., [126] found that Phyllanthus watsonii extract induced apoptosis
in HPV-transformed CaSki epidermoid cervical carcinoma cells, and attributed to the high ellagic
content its cytotoxic effect. Raspberry extracts naturally enriched with ET inhibit proliferation of
cervical cancer cells (HeLa) in a dose-dependent manner [127]. The study further reported the bound
ET-enriched fraction of raspberry extracts as more effective (IC50 = 13 μg/mL) than the unbound
anthocyanin-enriched fraction (IC50 = 67 μg/mL).

Hydrolysable tannins improve dysfunctional gap junctions communication, which are involved
in carcinogenesis. Tellimagrandin I and chebulinic acid restore dysfunctional gap junctions in HeLa
cells. In vitro exposure of HeLa cells to tellimagrandin I inhibits their proliferation as well as their
substrate-independent growth [128].

Camelliin B, the hydrolysable tannin isolated from a non-edible plant (i.e., Gordonia axillaris or
fried eggplant), is another example of phytochemical useful for cervical cancer treatment. Camelliin B
isolated from G. axillaris inhibited the growth of HeLa cells with an IC50 of 46.3 μg/mL as compared to
the IC50 of 108.0 μg/mL observed in normal cervical fibroblasts [129]. The study showed that camelliin
B induces chromatin condensation, a hallmark of apoptosis. Furthermore, camelliin B also exhibited
DNA fragmentation properties and inhibited the DNA repair-associated enzyme poly (ADP-ribose)
polymerase in HeLa cells. Walnut extracts rich in tellimagrandin I and II induce cytotoxic effects
in human HeLa cancer cells by reducing mitochondrial respiration and promoting apoptosis [130].
Ellagic acid was shown to induce G1 arrest via induction of p21 and apoptosis in CaSki human cervix
carcinoma cells [59].
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The elevated risk of cervical cancer in cigarette smokers is thought to depend on the increased
mutations in cervical cells caused by the persistence of smoke habit-associated DNA damage in the
presence of HPV infection. Importantly, ellagic acid significantly attenuates cigarette smoke-induced
DNA damage in HPV16-transformed human ECT1/E6 E7 ectocervical cells [131], an effect which is
likely to derive from ellagic acid antioxidant and free-radical scavenging activity and that further
support its chemopreventive potential.

5.7. Lung Cancer

Lung cancer is the most prevalent cancer worldwide [68]. The prognosis of lung cancer patients
is still poor, and while it is not the most frequently diagnosed cancer in the United States, it is by far
the leading cause of cancer-related deaths in the US and also worldwide. Therefore, advances in the
treatment of lung cancer are urgently needed.

Although the relative importance of its major constituents, ET and anthocyanins, was not
addressed, pomegranate extracts have been found to exert antiproliferative and chemopreventive
activities against lung cancer in vitro and in animal models [132,133]. Other reports suggest a specific
and important role for ET in the pomegranate extract activity against this type of malignancy, in
both in vitro and animal experimental settings. In a study focusing on purified ellagic acid and
punicalagin, Zahin et al., [134] demonstrated that these two compounds were antimutagenic, prevented
the formation of benzo[a]pyrene-induced DNA adducts, and were antiproliferative in non-small cell
lung cancer A549 and H1299 lung cancer cells. It is worth noting that punicalagin, using the same
toxicity tetrazolium assay, had been shown to be far less antiproliferative toward the same A549 cell
line [135] as compared to the data reported by Zahin et al, [134]. This apparent discrepancy, which
points to the importance of standardizing the experimental settings in this kind of studies, is likely to
depend on the post-treatment incubation times before determining cell viability: in the first study, cell
viability was determined at 24 h [121], while in the second one at 48 h [122], a time which allows a
more accurate estimate of the growth inhibitory activity. Kuo et al., [136] found that the ET casuarinin
from the bark of Terminalia arjuna induced apoptosis in human breast adenocarcinoma MCF-7 cells
and in A549 cells by blocking cell-cycle progression in the G0/G1 phase.

Similarly, jamun (Syzygium cumini L.) seeds and pulp hydrolyzed extracts have been reported to
exert antiproliferative activity in A549 cells, which has been associated with the presence of ellagic
acid [93].

5.8. Skin Cancer

Prolonged exposure of skin to UV radiation is causally linked to several pathological conditions,
including photo-aging and photocarcinogenesis. UV damage is partly attributable to increased skin
reactive oxygen species generation. Pomegranate fruit extract, which contains very high amounts of
ET, has been shown to exert a significant protective effect against UV rays insult and pathological
consequences. Orally-administered pomegranate extract containing 90% ellagic acid, by virtue of its
antioxidant activity, has been shown to inhibit skin pigmentation induced by exposure to UV radiation
in brown guinea pigs [137]; under the same conditions, the extract decreased melanocyte proliferation
and melanin synthesis via inhibition of tyrosinase activity to a degree comparable to that of arbutin, an
established tyrosinase inhibitor.

Several studies have confirmed the ability of standardized pomegranate extract and pomegranate
ET (500–10,000 mg/L) to inhibit free radical generation in UVA- and UVB-irradiated human skin,
thus protecting it from DNA fragmentation, skin burns, and pigmentation, and finally decreasing
the risk of malignant transformation [4]. Various mechanisms involved include reduction of
DNA damage, prevention of UVB-caused matrix metalloproteinases induction, inhibition of matrix
metalloproteinases 2 and 9 activity, and decrease in UVB-induced c-Fos protein expression and c-Jun
phosphorylation [138].
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Animal studies further confirmed the chemopreventive and anticancer activity of ET-rich
pomegranate extract: in a UVB initiation-promotion protocol, SKH-1 hairless mice receiving oral
pomegranate extract supplementation showed reduced tumor incidence, prolonged latency periods of
tumor appearance, and lower tumor body burden compared to that of unsupplemented UVB-irradiated
control animals [139].

6. Risks and Safe Consumption Levels

In contrast with the widely accepted notion that ET, similarly to other phytochemicals, are
health-promoting, chemopreventive, and therapeutically-valuable compounds, data emerged from
some studies raised the question of the safety of their consumption [140]. In general, tannins may be
toxic to cells and tissues because of their protein precipitation, enzymes inhibition, and mineral binding
properties [140,141]. Furthermore, it was reported that pomegranate hydroalcoholic extract exerts
mutagenic, genotoxic and clastogenic effects in a panel of in vitro and in vivo assays [142]. In Chinese
hamster B14 cells, ellagic acid and gallic acid caused the production of DNA single-strand breaks with
no relation to the concentration used, cytotoxic effects and increased lipid bilayer fluidity, an event
which the authors suggested as contributing to DNA single-strand breakage [143]. However, these
results are controversial and contradicted by studies demonstrating the lack of mutagenicity of ellagic
acid in similar experimental settings [144] and by the hundreds of reports on the DNA protective
activity of polyphenols, including ET, against established genotoxic agents.

A study conducted by Filippich et al., [145] linked the generation of lesions on mice liver, early
and severe liver necrosis, to punicalagin. However, an update on punicalagin risk assessment
revealed neither hepatotoxic nor nephrotoxic effects following sub-chronic oral exposure (6% daily) to
Sprague–Dawley rats [146].

ET have been reported to act as α-glucosidase inhibitors and, thus, proposed as adjunctive agents
in type-2 diabetes management [147]: a caveat has been associated with this property since the dietary
intake of any α-glucosidase inhibitor in normal circumstances might generate risks of carbohydrate
malabsorption, gastrointestinal discomfort, flatulence, and diarrhea, such as for acarbose [148,149].
However, to the best of our knowledge, there is no report of such side effects causally linked to
ingestion of ET-rich food and fruits.

ET, alongside the condensed tannins, could be considered as antinutritional in animal diets due
to their ability of interacting with protein and inhibiting certain enzymes. Antinutritional effects have
been reported in animal models, where diet carrying tannins at dosages higher than 10 g/kg b.w.
affected animal growth and digestive capacity [150]. However, levels ě10 g/kg b.w. are unlikely to be
attained using standard nutritional regimens; furthermore, a study conducted for risk assessment of
chestnut hydrolysable tannins included in lamb diet revealed the lack of any toxic response in terms of
weight gain, protein conversion efficiency, and histopathological features [151].

To date, incomplete information is available on toxicity and risk assessment of individual ET.
However, the no observed effect levels (NOEL) and no observed adverse effect levels (NOAEL)
as determined in some reports are unlikely to portray dietary consumption-associated toxicity.
For example, a 90-day sub-chronic toxicity study performed in F344 rats showed that ellagic acid NOEL
was 3011 mg/kg b.w./day for males and the NOAEL and NOEL in females were 3254 mg/kg b.w./day
and ď778 mg/kg b.w./day, respectively, and there were no obvious histopathological changes in any
of the groups [152]. A 90-day sub-chronic study showed that the LD50 of a standardized pomegranate
fruit extract containing 30% punicalagin in Wistar rats was >5 g/kg b.w., with no visible sign of toxicity
in terms of feed consumption, weight gain, ophthalmic, and pathological evaluation [153].

Dietary intake of ET varies among cultures, communities and region as has been evidently
documented in studies from different countries [6,154]. A global report on the dietary consumption of
phytonutrients reveals that peoples from Western Europe have maximum ellagic acid consumption
trends in both genders (7.6 mg/day in males and 7.9 mg/day in females). Berries account
approximately for 90% of the daily ellagic acid intake [154]. A few reports on the nutritional habits of
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German and Finnish communities indicate that consumption of berries provides up to 5 mg and 12 mg
ET per day, respectively [6,155,156]. Correlating ET consumption trends from various dietary sources
with the so far identified NOEL or NOAEL for these biomolecules undoubtedly indicate that ET pose
negligible threats to the safety and health security of the consumers, consolidating the notion that ET,
either in individual or composite form, can potentially be exploited as health-promoting and potential
chemopreventive phytonutrients.

As a final consideration, it could be speculated that an increasing use of ET as anticancer
agents could pave the way to the adoption of administration routes different from oral one, such
as the intravenous administration: such a route, however, would need to be characterized from the
toxicological point of view since this kind of data is still lacking.

7. Concluding Remarks

The increasing awareness and knowledge of the capacity of plant-derived compounds to modify
cell transformation and cancer cell growth suggest that they could serve as new tools for either
preventive and therapeutic interventions. Today, ET are recognized as a class of phytochemicals
characterized by a strong potential for development as chemopreventive, and possibly as therapeutic,
agents against various human cancers. This could have a direct clinical and translational relevance to
cancer patients if consumption of ET-rich fruits and vegetables will unequivocally prove to contrast the
process of carcinogenesis and tumor growth, with positive outcomes in terms of survival and quality
of life of the patient. To this end, future research should be addressed to define the actual clinical
potential of ET through specific studies such as the determination of the systemic bioavailability from
either food sources or concentrated formulations, the optimal period of administration and dosing,
the toxicity and side effects (if any), the anticancer activity. The effects of single ET and of rational
combinations of different ET should also be addressed. A multidisciplinary and coordinated approach
will be needed and will involve basic research investigations, epidemiological and preclinical studies
including the effect of combining ET with conventional antineoplastic drugs.
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Abstract: Catechins, the dietary phytochemicals present in green tea and other beverages, are
considered to be potent inducers of apoptosis and cytotoxicity to cancer cells. While it is believed
that the antioxidant properties of catechins and related dietary agents may contribute to lowering the
risk of cancer induction by impeding oxidative injury to DNA, these properties cannot account
for apoptosis induction and chemotherapeutic observations. Catechin (C), epicatechin (EC),
epigallocatechin (EGC) and epigallocatechin-3-gallate (EGCG) are the four major constituents of
green tea. In this article, using human peripheral lymphocytes and comet assay, we show that C,
EC, EGC and EGCG cause cellular DNA breakage and can alternatively switch to a prooxidant
action in the presence of transition metals such as copper. The cellular DNA breakage was found
to be significantly enhanced in the presence of copper ions. Catechins were found to be effective in
providing protection against oxidative stress induced by tertbutylhydroperoxide, as measured by
oxidative DNA breakage in lymphocytes. The prooxidant action of catechins involved production
of hydroxyl radicals through redox recycling of copper ions. We also determined that catechins,
particularly EGCG, inhibit proliferation of breast cancer cell line MDA-MB-231 leading to a prooxidant
cell death. Since it is well established that tissue, cellular and serum copper levels are considerably
elevated in various malignancies, cancer cells would be more subject to redox cycling between copper
ions and catechins to generate reactive oxygen species (ROS) responsible for DNA breakage. Such
a copper dependent prooxidant cytotoxic mechanism better explains the anticancer activity and
preferential cytotoxicity of dietary phytochemicals against cancer cells.

Keywords: catechins; prooxidant; anticancer; copper; DNA breakage; reactive oxygen species;
epicatechin; epigallocatechin; epigallocatechin-3-gallate

1. Introduction

In recent years, there has been an increasing interest in understanding the potential of cancer
chemopreventive properties of plant derived polyphenolic compounds. Epidemiological evidence
suggests that a high consumption of dietary products derived from plant sources among certain
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populations may reduce their risk of cancer induction as compared to those with low intakes [1–3].
This has been associated with human food stuff found to be rich in a wide variety of biologically active
compounds [4]. Among such dietary constituents, catechins (a major component in green tea) are
considered to be the most effective in cancer chemoprevention in humans. Catechins are a sub class of
plant polyphenols that particularly include (+)-catechin (C), (´)-epicatechin (EC), (´)-epigallocatechin
(EGC), and (´)-epigallocatechin-3-gallate (EGCG) and are considered as the most effective cytotoxic
agents and inducers of apoptosis in cancer cells [5–8]. In recent years, several reports have documented
that plant polyphenols including catechins induce apoptosis in various cell lines [9–13]. Of particular
interest is the observation that a number of these polyphenols including catechins induce apoptotic cell
death in various cell lines but not in normal cells [5,10–12,14]. However, the mechanism by which these
compounds inhibit cell proliferation and induce apoptosis in cancer cells has been the subject of much
interest. These compounds possess both antioxidant as well as prooxidant properties [6,7,15]. Evidence
in the literature suggests that the antioxidant properties of such plant polyphenols may not fully
account for their observed antiproliferative and cancer therapeutic effects [16]. We earlier proposed
a hypothesis where we had explained that the prooxidant, rather than the antioxidant, activity of these
compounds is important for their anticancer effects [17–19]. Such a prooxidant effect is induced in the
presence of transition metals, such as copper. Copper is an important metal ion present in chromatin
and is closely associated with DNA bases, particularly guanine [20]. It is one of the most redox active
among the various metal ions present in biological systems facilitating rapid recycling, in the presence
of molecular oxygen and compounds such as plant polyphenols, leading to the formation of reactive
oxygen species (ROS) such as the hydroxyl radical.

In this article, we show that catechins can alternately behave as prooxidants in the presence of
Cu(II) leading to cytotoxic action. Identification of molecular targets, modulation of which is associated
with inhibition of malignantly transformed cells, is vital to cancer prevention and will greatly assist in
a better understanding of anticancer mechanisms by naturally occurring chemotherapeutic compounds.
A number of reports in the literature have established that tissue, serum, and cellular copper levels are
considerably elevated in various malignancies [21–24]. Therefore, cancer cells may be more subject to
electron transfer between copper ions and these catechins to generate ROS [25,26]. Such a mechanism,
which involves a copper-dependent pathway of cell death, better explains the anticancer properties
of polyphenols of diverse chemical structures, as also their preferential toxicity against cancer cells.
The structures of various catechins used in this study are shown in Figure 1.

Figure 1. Chemical structure of catechin, epicatechin, epigallocatechin and epigallocatechin-3-gallate.
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2. Results

2.1. Formation of Catechins-Cu(II) Complex

The possibility for the formation of C/EC/EGC/EGCG with Cu(II) complex was examined.
This was carried out by recording the absorption spectra of C, EC, EGC and EGCG with increasing
concentrations of Cu(II). The results given in Figure 2 show that the addition of Cu(II) to C, EC, EGC
and EGCG results in an enhancement in the peak appearing at their respective λmax. The absorption
spectra of C, EC, EGC and EGCG in the presence of copper suggests a simple mode of interaction
between these catechins and Cu(II). The absorption maxima of C, EC, EGC and EGCG lie in the range
of 260–280 nm.

Figure 2. Effect of increasing copper concentrations on the absorbance spectra of Catechin (C),
Epicatechin (EC), Epigallocatechin (EGC) and Epigallocatechin-3-gallate (EGCG). Catechins (in 10 mM
Tris-HCl, pH 7.5) absorption spectra were recorded in the presence of increasing concentration of Cu(II).

2.2. Formation of Complexes Involving Cu(II) with Catechins

Figure 3 shows the effect of addition of increasing molar base pair ratios of Cu(II) on the
fluorescence emission spectra of C, EC, EGC and EGCG excited at 273 nm (approximate absorption
maximum of catechins). The result shown in Figure 3 indicates binding as addition of Cu(II) causes
quenching of C, EC, EGC and EGCG fluorescence. These results support the result of absorption
studies shown in Figure 2 where formation of catechins-copper complex was demonstrated.

2.3. Detection of Catechins Induced Cu(I) Production by Bathocuproine

The production of Cu(I), formed as a result of reduction of Cu(II) by C, EC, EGC and EGCG, was
analyzed using bathocuproine which is a selective Cu(I) sequestering agent that binds specifically to
the reduced form of copper, i.e., Cu(I), but not to the oxidized form [27]. The Cu(I)-chelates exhibit
an absorption maximum at 480 nm. As shown in Figure 4, Cu(II) does not interfere with the maxima,
whereas C + Cu(II), EC + Cu(II), EGC + Cu(II) and EGCG + Cu(II) react to generate Cu(I) which
complexes with bathocuproine to give a peak appearing at 480 nm. The results show that these
catechins are able to reduce Cu(II) to Cu(I) and contribute to the redox cycling of the metal.
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Figure 3. Effect of increasing copper concentrations on the fluorescence emission spectra of C, EC, EGC
and EGCG. Catechins (in 10 mM Tris-HCl, pH 7.5) were excited at 273 nm in the presence of increasing
concentration of Cu(II) and the emission spectra were recorded between 510 and 580 nm.

Figure 4. Detection of catechin induced Cu(I) production by Bathocuproine. Reaction mixture (3.0 mL)
contained 3.0 mMTris-HCl (pH 7.5) along with 300 μM bathocuproine and indicated concentrations of
the following: (1) Bathocuproine + 100 μM Cu(II); (2) Bathocuproine + 100 μM Cu(I); (3) Bathocuproine
+ 50 μM C + 100 μM Cu(II); (4) Bathocuproine + 50 μM EC + 100 μM Cu(II); (5) Bathocuproine
+ 50 μM EGC + 100 μM Cu(II); and (6) Bathocuproine + 50 μM EGCG + 100 μM Cu(II). The
Bathocuproine alone or Bathocuproine in the presence of respective compounds did not interfere
with the Bathocuproine-Cu(I) complex peak at 480 nm (not shown).

2.4. Superoxide Production by Catechins

The production of superoxide anion was determined by the Nakayama method [28], which
involves reduction of NBT by C, EC, EGC and EGCG to a formazan. The time dependent generation
of superoxide anion by C, EC, EGC and EGCG as evidenced by the increase in absorbance at 560 nm
is shown in Figure 5. The fact that NBT was genuinely assaying superoxide was confirmed by SOD
(100 μg/mL) inhibiting the reaction (results not shown). It is known that superoxide may undergo
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automatic dismutation to form H2O2 which in the presence of transition metals such as copper favors
Fenton type reaction to generate hydroxyl radicals which could act as a proximal DNA cleaving agent
leading to oxidative DNA breakage.
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Figure 5. Photogeneration of superoxide anion by catechins on illumination under fluorescent light.
Reaction mixture contained 50 mM phosphate buffer (pH 7.5) and 50 μM of C, EC, EGC and EGCG.
The samples were placed at a distance of 10 cm from the light source. All values reported are means of
three independent experiments. Error bars represent standard error of mean.

2.5. Hydroxyl Radical Generation by Catechins

It has been previously shown that during the reduction of Cu(II) to Cu(I), reactive oxygen species
such as hydroxyl radicals are formed which serve as the proximal DNA cleaving agent [29]. Therefore,
the capacity of C, EC, EGC and EGCG to generate hydroxyl radical in the presence of Cu(II) was
examined. The assay is based on the fact that degradation of DNA by hydroxyl radicals results in
the release of TBA (2-thiobarbituric acid) reactive material, which forms a colored adduct with TBA
whose absorbance is read at 532 nm [30]. The results given in Figure 6 clearly show that increasing
concentrations of catechins lead to a progressive increase in the formation of hydroxyl radicals.
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Figure 6. Formation of hydroxyl radicals as a function of catechins concentration in the presence of
Cu(II). Reaction mixture (0.5 mL) contained 200 μg calf thymus DNA as substrate, 100 μM Cu(II) and
indicated concentrations of C, EC, EGC and EGCG. The reaction mixture was incubated at 37 ˝C for
1 h. Hydroxyl radical formation was measured by determining the TBA reactive material. All values
reported are means of three independent experiments. Error bars represent standard error of mean.

2.6. Breakage of Calf Thymus DNA by Catechins in the Presence of Cu(II)

C, EC, EGC and EGCG in the presence of Cu(II) were found to generate single strand specific
nuclease sensitive sites in calf thymus DNA. The reaction was assessed by recording the proportion
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of DNA converted to acid soluble-nucleotides by the nuclease. Table 1 gives the dose response
data of such a reaction. However, C, EC, EGC and EGCG in the absence of Cu(II) did not show
appreciable degradation of calf thymus DNA. Control experiments (data not shown) established
that heat denatured DNA underwent 100% hydrolysis following the treatment with nuclease. In the
presence of Cu(II) (50 μM), increasing concentrations of C, EC, EGC and EGCG resulted in an increase
in nuclease sensitive sites in DNA leading to increased DNA hydrolysis.

Table 1. Degradation of calf thymus DNA by the catechins in the presence of Cu(II) as measured by
the degree of single strand specific S1-nucleasedigestion. Reaction mixture (0.5 mL) containing 10 mM
Tris-HCl (pH 7.5) and 500 μg calf thymus DNA was incubated at 37 ˝C with indicated concentrations
of respective polyphenol alone or polyphenol with Cu(II) (100 μM). All values represent mean ˘ SEM
of three independent experiments.

Catechins Concentration (μM)
% DNA Hydrolyzed

without Cu(II) with Cu(II)

C

50 1.53 ˘ 0.21 8.87 ˘ 0.46
100 3.09 ˘ 0.37 11.93 ˘ 0.62
200 5.98 ˘ 0.26 17.65 ˘ 0.73
300 7.11 ˘ 0.67 26.34 ˘ 0.91

EC

50 2.62 ˘ 0.29 10.43 ˘ 0.41
100 4.18 ˘ 0.35 15.07 ˘ 0.48
200 7.26 ˘ 0.32 22.32 ˘ 0.81
300 9.12 ˘ 0.56 28.56 ˘ 0.98

EGC

50 3.03 ˘ 0.43 12.71 ˘ 0.51
100 5.21 ˘ 0.72 16.27 ˘ 0.81
200 8.11 ˘ 0.54 22.45 ˘ 0.94
300 10.87 ˘ 0.76 31.17 ˘ 1.13

EGCG

50 4.26 ˘ 0.43 14.11 ˘ 0.52
100 8.67 ˘ 0.59 18.19 ˘ 0.77
200 11.89 ˘ 0.74 29.58 ˘ 0.83
300 14.35 ˘ 0.93 38.74 ˘ 1.71

2.7. Cleavage of Plasmid pBR322 DNA by Catechins

In order to examine the efficacy of catechins-Cu(II) system in DNA cleavage, as shown in Figure 7,
we have tested the ability of C, EC, EGC and EGCG to cause cleavage of supercoiled plasmid pBR322
DNA in the presence of copper ions. As can be seen from the ethidium bromide stained agarose gel
pattern, C, EC, EGC and EGCG alone show only some degree of DNA cleavage. However, addition
of copper to these four catechins resulted in greater DNA cleavage, demonstrating that catechins are
capable of plasmid DNA cleavage in the presence of copper ions.

2.8. Cellular DNA Breakage by catechins-Cu(II) in Lymphocytes as Measured by Comet Assay

We have earlier shown that most of the dietary polyphenolic phytochemicals, which are generally
effective antioxidants, can switch to prooxidant action in the presence of transition metals such as
copper [17,18]. In the experiment shown in Figure 8, we have tested the ability of C, EC, EGC and
EGCG to cause DNA strand breaks in a cellular system of human peripheral lymphocytes both in the
absence and the presence of Cu(II), as measured by standard comet assay. As seen from the figure,
although all the compounds tested caused some breakage of cellular DNA, the degree of such breakage
is enhanced in the presence of copper. Cu(II) (50 μM) controls were similar to untreated lymphocytes
without any significant DNA breakage. The results clearly indicate that catechins-Cu(II) system is
capable of DNA breakage in isolated lymphocytes and that such cellular DNA breakage is found of
the order of EGCG > EGC > EC > C.
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Figure 7. Agarose gel electrophoretic pattern of ethidium bromide stained pBR322 plasmid DNA after
treatment with C, EC, EGC and EGCG in the absence and presence of copper. Lane 1: DNA alone;
Lane 2: DNA + Cu(II) (50 μM); Lane 3: DNA + C (50 μM); Lane 4: DNA + C (50 μM) + Cu (II) (50 μM);
Lane 5: DNA + EC (50 μM); Lane 6: DNA + EC (50 μM) + Cu (II) (50 μM); Lane 7: DNA + EGC (50 μM);
Lane 8: DNA + EGC (50 μM) + Cu (II) (50 μM); Lane 9: DNA + EGCG (50 μM); Lane 10: DNA + EGCG
(50 μM) + Cu (II) (50 μM).

Figure 8. DNA breakage by catechins in human peripheral lymphocytes in the absence and presence
of Cu(II). Comet tail length (μms) plotted as a function of increasing concentrations of catechins
(0–50 μM) in the absence and presence of 50 μM Cu(II). All points represent mean of three independent
experiments. Error bars denote Mean ˘ SEM. p value < 0.05 and significant when compared to control.

2.9. Determination of TBARS as a Measure of Oxidative Stress in Nuclei by Catechins in the Presence of
Neocuproine and Thiourea

According to our hypothesis, the DNA breakage observed in lymphocyte nuclei is the result
of the generation of hydroxyl radicals and other reactive oxygen species in situ. Oxygen radical
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damage to deoxyribose or DNA is considered to give rise to TBA reactive material [30,31]. We have
therefore determined the formation of TBA reactive substance (TBARS) as a measure of oxidative
stress in lymphocyte nuclei with increasing concentrations of C, EC, EGC and EGCG. The effect of
pre-incubating the nuclei with neocuproine and thiourea was also studied. Results given in Figure 9
show a dose-dependent increase in the formation of TBA reactive substance in lymphocyte nuclei
by C, EC, EGC and EGCG. However, a considerable decrease in the rate of formation of TBARS was
observed in the presence of neocuproine and thiourea among all the four catechins used. The results
indicate that DNA breakage in nuclei is inhibited by Cu (I) chelation and scavenging of reactive oxygen.
Thus, it may be concluded that the oxidative stress induced by polyphenols in lymphocyte nuclei is at
least in part mediated by chromatin bound copper.
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Figure 9. Effect of pre-incubation of lymphocyte nuclei with neocuproine and thiourea on
TBARS generated by increasing concentrations of catechins: Catechin alone (filled circle),
Catechin + neocuproine (1 mM) (filled square), and Catechin+thiourea (1 mM) (filled triangle).
The nuclei suspension was pre-incubated with fixed concentration of neocuproine and thiourea for
30 min at 37 ˝C, after which it was further incubated for 1 h in the presence of increasing catechins
concentration. Values reported are Mean ˘ SEM of three independent experiments.

2.10. Antioxidant Activity of Catechins against TBHP-Induced Oxidative Stress in Lymphocytes

TBHP is a well-known inducer of ROS-mediated oxidative stress that results in DNA damage [32,33].
In the present study, we have evaluated the antioxidant potential of C, EC, EGC and EGCG in
providing protection to lymphocytes against TBHP induced oxidative injury. Figure 10 shows
that whereas all the four catechins were able to inhibit the TBHP-induced lymphocyte DNA
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degradation, their relative antioxidant activities were different and appeared in the following
order: EGCG > EGC > EC > C. The results indicate that EGCG is the most effective antioxidant among
the four catechins used.
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Figure 10. A comparison of antioxidant activities of various catechins as a function of decreasing tail
length of comets against TBHP-induced oxidative DNA breakage in human peripheral lymphocytes as
assessed by Comet assay. p < 0.05 by comparison with TBHP-treated positive control. Values reported
are Mean ˘ SEM of three independent experiments.

2.11. Catechins Cause Inhibition of Cell Growth in MDA-MB-231 Breast Cancer Cells

In Figure 8, it was observed that catechins were able to cause strand breaks in cellular DNA.
Subsequently, the effects of the various catechins were tested on the proliferative potential of human
breast cancer MDA-MB-231 cells. As can be seen in Figure 11A, a dose-dependent inhibition of
proliferation of breast cancer cells MDA-MB-231 by catechins was observed, as assessed by MTT
assay. The order of activity was found to be EGCG > EGC > EC > C. These results complement the
cellular DNA breakage studies. Further, we observed (Figure 11B) that the normal breast epithelial
cells, MCF-10A, were quite resistant to EGCG treatment but their culture in copper-enriched medium
resulted in sensitization to EGCG action (p < 0.01). These results are in agreement with our earlier
published results [5] involving plant polyphenols.

Figure 11. (A) The effects of C, EC, EGC and EGCG on the growth of MDA-MB-231 breast cancer cells
as detected by MTT assay. The cells were incubated with indicated concentrations of catechins for 48 h,
and the results are expressed relative to control (vehicle-treated) cells. (B) MCF10A (normal breast
epithelial cells) and MCF10A+Cu (MCF-10A cells cultured in copper-enriched medium) were treated
with either vehicle (0 μM) or 50 μM EGCG for 72 h.
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3. Discussion

Studies mainly on anticancer mechanisms of plant polyphenols involve the induction of cell cycle
arrest and modulation of transcription factors that lead to anti-neoplastic effects [10,34]. In light of the
above findings in our laboratory and those of many others in the literature, it may be concluded that the
plant polyphenols, particularly present in dietary agents, possessing anticancer and apoptosis-inducing
activities are able to mobilize endogenous copper ions, possibly the copper bound to chromatin.
Essentially, this would be an alternative, non-enzymatic, and copper-dependent pathway for the
cytotoxic action of anticancer agents that are capable of mobilizing and reducing endogenous copper.
As such, this would be independent of Fas and mitochondria mediated programmed cell deaths. It is
conceivable that such a mechanism may also lead to internucleosomal DNA breakage (a hallmark
of apoptosis), as internucleosomal spacer DNA would be relatively more susceptible to cleavage by
ROS. Indeed, such a common mechanism better explains the anticancer effects of dietary molecules
(i.e., catechins) studied above with diverse chemical structures as also their preferential cytotoxicity
toward cancer cells. The generation of hydroxyl radicals in the proximity of DNA is well established
as a cause of strand scission. It is generally recognized that such a reaction with DNA is preceded
by the association of a ligand with DNA followed by the formation of hydroxyl radicals at that site.
The location of the redox-active metal is of utmost importance because the hydroxyl radical, owing to its
extreme reactivity, interacts exclusively in the vicinity of the bound metal [35]. Copper ions are known
to interact with both DNA phosphates and the bases through coordination binding [36]. Further, copper
is also present in chromatin and is closely associated with DNA bases, particularly guanine [20]. Direct
interaction of catechins with the DNA bound copper ions in a ternary complex and localized generation
of non-diffusible hydroxyl radicals is a likely mechanism involved in catechin/Cu(II)-induced DNA
cleavage. It has already been reported by us that the number of galloyl moieties present in catechinsplay
an important role in cellular DNA breakage and catechins on reducing copper lead to the formation of
“oxidized species” of the compounds. [26]. It may be presumed that the concentration of metals such as
copper in cells is a decisive factor in driving antioxidant property of catechins toward their prooxidant
action. As already mentioned, cancer cells are known to contain elevated levels of copper [37] and
therefore may be more subject to electron transfer with catechins to generate ROS [25,26]. In normal
cells, there exists a balance between the free radical generation and the antioxidant defense [38].
However, it has been clearly documented that tumor cells are under persistent oxidative stress and
have an altered antioxidant system [39] and thus further ROS stress in malignant cells reaching
a threshold level could result in apoptosis [37]. These observations further suggest that neoplastic cells
may be more vulnerable to oxidative stress because they function with a heightened basal level of ROS
because of increased rate of growth and metabolism [40]. Thus, in cancer cells, an enhanced exposure
to ROS generated through the antioxidant/catechin-induced redox activity of endogenous copper can
overwhelm the cells antioxidant capacity, leading to irreversible damage and apoptosis.

Beyond the preclinical findings, catechins such as EGCG show little promise as potent
chemopreventive agents in the clinical settings, mainly owing to their inefficient systemic delivery
and poor bioavailability. Catechins, like other polyphenols, are rapidly metabolized in vivo, resulting
in a short systemic half-life and low plasma concentrations in the free form. For instance, it has been
observed that the peak plasma concentrations reached up to 1.3 μM and 3.1 μM in healthy volunteers
receiving 687.5 mg EGCG and 663.5 mg of ECG, respectively [41]. In this context, it needs to be
emphasized that the significance of our work lies not so much in the potential therapeutic action of
catechins against cancer, but in establishing a principle, namely that it is possible to mobilize elevated
levels of endogenous copper in cancer cells by catechins to promote a pro-oxidant cell death. Once
such a principle is established, catechins can serve as lead compounds to synthesize/formulate novel,
anticancer drugs with superior bioavailability and extended systemic half-life. Presumably, such
anticancer drugs would have a better therapeutic impact than the catechins per se.

Nevertheless, a previous study from our lab has shown that oral administration of copper to
rats can induce a copper overload in their lymphocytes, rendering such isolated lymphocytes more
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susceptible to EGCG-induced pro-oxidant cellular DNA breakage [42]. This suggests that in cancer
cells, where there are considerably higher levels of copper, the concentration of catechins required
to elicit such a pro-oxidant cell death mechanism would be significantly lower. Therefore, based on
these observations, it is clear that the pro-oxidant action of polyphenols is physiologically feasible
provided an appropriate microenvironment with elevated copper levels is present, as is the scenario in
cancer cells.

Further, it should be noted that in real life situation, catechins like EGCG are only one of the several
polyphenols consumed as part of the diet. Since various other polyphenols present in diet, such as
flavonoids and tannins are also active as pro-oxidants [17], their cumulative plasma concentration,
bioavailability and anticancer effect should be much greater than a single polyphenol alone. In fact,
a combination of EGCG with luteolin, has been found to be more effective than either of the polyphenol
alone in inducing apoptosis in cancer cell lines in vitro and inhibition of tumor growth in nude mouse
xenograft model [43].

4. Materials and Methods

4.1. Chemicals, Reagents and Cell Line

(+)-Catechin, (´)-epicatechin, (´)-epigallocatechin, (´)-epigallocatechin-3-gallate, calf thymus
DNA, cupric chloride, neocuproine, thiourea, agarose, low melting point agarose, RPMI 1640, Triton
X-100, Trypan blue, Histopaque1077, and phosphate buffered saline (PBS) Ca2+ and Mg2+ free were
purchased from Sigma (St. Louis, MO, USA). All other chemicals were of analytical grade. Fresh
solutions of C, EC, EGC and EGCG were prepared as a stock of 3.0 mM in double distilled water
(ddH2O) before use as a stock of 1 mM solution. Upon addition to reaction mixtures, in the presence of
buffers mentioned and at concentrations used, all the catechins used remained in solution. The
volumes of stock solution added did not lead to any appreciable change in the pH of reaction
mixtures. Breast cancer cell line MDA-MB-231 was maintained in DMEM (Invitrogen, Carlsbad,
CA, USA) growth media. The medium was supplemented with 10% foetal bovine serum (FBS) and 1%
antimycotic antibiotic (Invitrogen, Carlsbad, CA, USA). Normal breast epithelial cells MCF10A were
cultured in DMEM/F12 (Invitrogen) supplemented with 5% horse serum, 20 ng/mL EGF, 0.5 μg/mL
hydrocortisone, 0.1 μg/mL cholera toxin, 10 μg/mL insulin, 100 units/mL penicillin and 100 μg/mL
streptomycin. Cells were cultured in a 5% CO2-humidified atmosphere at 37 ˝C. MCF10A+Cu cells
are MCF10A cells cultured with additional supplementation of 25 μM CuCl2 for at least 4 weeks.
A 5 mg/mL stock solution of 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) was
prepared in PBS.

4.2. Absorbance Studies

The effect of increasing concentrations of Cu(II) on absorption spectra of C, EC, EGC and EGCG
was observed. The reaction mixture (3.0 mL) contained 10 mMTris-HCl (pH 7.5), 50 μM C, EC, EGC,
EGCG and increasing concentrations of Cu(II). The spectra were recorded immediately after addition
of all components.

4.3. Flourescence Studies

The fluorescence studies were performed on a Shimadzu spectrofluorometer RF-5310 PC (Kyoto,
Japan) equipped with a plotter and a calculator. C, EC, EGC and EGCG were excited at their absorption
maxima (λmax) of 273 nm (approximate absorption maximum of catechins). Emission spectra were
recorded in the wavelength range shown in figures.

4.4. Detection of Cu(II) Reduction

The selective sequestering agent bathocuproine was employed to detect reduction of Cu(II)
to Cu(I) by recording the formation of bathocuproine-Cu(I) complex which absorbs maximally at
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480 nm. The reaction mixture (3.0 mL) contained 3.0 mM Tris-HCl (pH 7.5), fixed concentrations
(100 μM) of Cu(II) and Cu(I) (for positive control), bathocuproine (300 μM) and of catechins (C, EC,
EGC and EGCG) (50 μM). The reaction was started by adding Cu(II) and the spectra were recorded
immediately afterwards.

4.5. Detection of Superoxide Anion Generation

Superoxide (O2
´) was detected by the reduction of nitroblue tetrazolium (NBT) essentially as

described by Nakayama et al. [28]. A typical assay mixture contained 50 mM sodium phosphate buffer
(pH 7.5), 33 μM NBT, 100 μM EDTA and 0.06% triton X-100 in a total volume of 3.0 mL. The reaction
was started by the addition of catechins (C/EC/EGC/EGCG). After mixing, absorbance was recorded
at 560 nm at different time intervals, against a blank, which did not contain the compound.

4.6. Detection of Hydroxyl Radical Generation

In order to compare the hydroxyl radical production by increasing concentrations of C, EC,
EGC and EGCG in the presence of 100 μM Cu(II), the method of Quinlan and Gutteridge [30] was
followed. Calf thymus DNA (200 μg) was used as a substrate and the malondialdehyde generated
from deoxyribose radicals was assayed by recording the absorbance at 532 nm.

4.7. Degradation of Calf Thymus DNA

Single strand specific digestion was performed as described by Wani and Hadi [44]. Reaction
mixtures (0.5 mL) contained 10 mM Tris-HCl (pH 7.5), 500 μg of calf thymus DNA and varying amounts
of C, EC, EGC, EGCG and cupric chloride (50 μM). All solutions were sterilized before use. Incubation
was performed at 37 ˝C for one hour. The assay determines the acid soluble nucleotides released from
DNA as a result of enzyme digestion. Reaction mixture in a total volume of 1.0 mL contained 40 mM
Tris-HCl (pH 7.5), 1 mM Magnesium Chloride, water and enzyme. The reaction mixture was incubated
at 37 ˝C for 2 h. The reaction was stopped by adding 0.2 mL bovine serum albumin (10 mg/mL)
and 1.0 mL of 14% perchloric acid (chilled). The tubes were immediately transferred to 0 ˝C for
45 min before centrifugation at 2500 rpm for 10 min at room temperature to remove undigested DNA
and precipitated protein. Acid soluble deoxyribonucleotides were determined in the supernatant,
colorimetrically, using the diphenylamine method [45]. To a 1.0 mL aliquot, 2.0 mL diphenyl reagent
(freshly prepared by dissolving 1 gram of recrystallized diphenylamine in 100 mL glacial acetic acid
and 2.75 mL of concentrated H2SO4) was added. The tubes were heated in a boiling water bath for
30 min. The intensity of blue color was read at 600 nm.

4.8. Treatment of pBR322 DNA

Reaction mixture (30 μL) contained 10 mMTris-HCl (pH 7.5), 0.5 μg of plasmid DNA and other
components as indicated in legends. Incubation was performed at 37 ˝C for 2 h. After incubation, 10 μL
of solution containing 40 mM EDTA, 0.05% bromophenol blue (tracking dye) and 50% (v/v) glycerol
was added and the solution was subjected to electrophoresis in submarine 1% agarose gel. The gel was
stained with ethidium bromide (0.5 μg/mL), viewed and photographed on a UV-transilluminator.

4.9. Isolation of Lymphocytes

Heparinized blood samples (2 mL) from a single, healthy, non-smoking donor was obtained by
venepuncture and diluted suitably in Ca2+ and Mg2+ free PBS. Lymphocytes were isolated from blood
using Histopaque 1077 (Sigma Diagnostics, St Louis, MS, USA), and the cells were finally suspended
in RPMI 1640.
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4.10. Viability Assessment of Lymphocytes

The lymphocytes were checked for their viability before the start and after the end of the reaction
using Trypan Blue Exclusion Test by Pool-Zobel et al. [46]. The viability of the cells was found to be
greater than 93%.

4.11. Comet Assay

Comet assay was performed under alkaline conditions essentially according to the procedure of
Singh et al. [47] with slight modifications. Fully frosted microscopic slides precoated with 1.0% normal
melting agarose at about 50 ˝C (dissolved in Ca2+ and Mg2+ free PBS) were used. Approximately
10,000 cells were mixed with 75 μL of 2.0% LMPA to form a cell suspension and pipetted over the
first layer and covered immediately by a coverslip. The agarose layer was allowed to solidify by
placing the slides on a flat tray and keeping it on ice for 10 min. The coverslips were removed and
a third layer of 0.5% LMPA (75 μL) was pipetted and coverslips placed over it and kept on ice for
5 min for proper solidification of layer. The coverslips were removed and the slides were immersed
in cold lysing solution containing 2.5 M NaCl, 100 mM EDTA, 10 mM Tris, pH 10, and 1% Triton
X-100 added just prior to use for a minimum of 1 h at 4 ˝C. After lysis DNA was allowed to unwind
for 30 min in alkaline electrophoretic solution consisting of 300 mM NaOH, 1 mM EDTA, pH > 13.
Electrophoresis was performed at 4 ˝C in a field strength of 0.7 V/cm and 300 mA current. The slides
were then neutralized with cold 0.4 M Tris, pH 7.5, stained with 75 μL Ethidium Bromide (20 μg/mL)
and covered with a coverslip. The slides were placed in a humidified chamber to prevent drying of the
gel and analyzed the same day. Slides were scored using an image analysis system (Komet 5.5, Kinetic
Imaging, Liverpool, UK) attached to a Olympus (CX41) fluorescent microscope and a COHU 4910
(equipped with a 510–560 nm excitation and 590 nm barrier filters) integrated CC camera. Comets
were scored at 100ˆ magnification. Images from 50 cells (25 from each replicate slide) were analyzed.
The parameter taken to assess lymphocytes DNA damage was tail length (migration of DNA from the
nucleus, μm) and was automatically generated by Komet 5.5 image analysis system.

Treatment of intact lymphocytes with four catechins (C, EC, EGC and EGCG) and the subsequent
Comet assay was performed essentially as described earlier by Azmi et al. [48]. For antioxidant
study [49], the cells were preincubated with polyphenols in eppendorf tubes in a reaction volume of
1.0 mL. After the preincubation (for 30 min at 37 ˝C), the reaction mixture was centrifuged at 4000 rpm,
the supernatant was discarded and the pelleted lymphocytes were resuspended in 100 μL of PBS (Ca2+

and Mg2+ free) and layered for further treatment with TBHP (50 μM). The incubation period was
30 min at 37 ˝C in dark. The other conditions remained the same as described above.

4.12. Determination of TBARS

Thiobarbituric acid reactive substance was determined according to the method of
Ramanathan et al. [50]. A cell suspension (1 ˆ 105/mL) was incubated with C, EC, EGC and EGCG
(0–200 μM) at 37 ˝C for 1 h and then centrifuged at 1000 rpm. In some experiments the cells were
pre-incubated with fixed concentrations of neocuproine and thiourea. The cell pellet was washed
twice with phosphate buffered saline (Ca2+ and Mg2+ free) and suspended in 0.1 N NaOH. This cell
suspension (1.4 mL) was further treated with 10% TCA and 0.6 M TBA (2-thiobarbituric acid) in boiling
water bath for 10 min. The absorbance was read at 532 nm and converted into nmoles of TBA reactive
substance using the molar extinction coefficient (1.56 ˆ 9 ˆ 105 M´1¨ cm´1).

4.13. Cell Growth Inhibition Studies by MTT Assay

MDA-MB-231 cells were seeded at a density of 1 ˆ 104 cells per well in 96-well microtiter culture
plates. After overnight incubation, normal growth medium was removed and replaced with either
fresh medium (untreated control) or different concentrations of respective catechins in growth medium.
After the desired time of incubation (24 or 48 h), MTT solution was added to each well (0.1 mg/mL in

57



Toxins 2016, 8, 37

DMEM) and incubated further for 4 hours at 37 ˝C. Upon termination, the supernatant was aspirated
and the MTT formazan, formed by metabolically viable cells, was dissolved in a solubilisation solution
containing DMSO (100 μL) by mixing for 5 min on a gyratory shaker. The absorbance was measured
at 540 nm (reference wavelength 690 nm) on an Ultra Multifunctional Microplate Reader (Bio-Rad,
Hercules, CA, USA). Absorbance of control (without treatment) was considered as 100% cell survival.
Each treatment had four replicate wells and the mean values were plotted.

4.14. Statistics

The statistical analysis was performed as described by Tice et al. [51] and is expressed as
mean ˘ SEM/SD of three independent experiments. A student’s t-test was used for examining
statistically significant differences. Analysis of variance was performed using ANOVA. p values < 0.05
were considered statistically significant.
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Abstract: The development of drugs that selectively kill oral cancer cells but are less harmful to
normal cells still provide several challenges. In this study, the antioral cancer effects of tenuifolide
B (TFB), extracted from the stem of the plant Cinnamomum tenuifolium are evaluated in terms of
their effects on cancer cell viability, cell cycle analysis, apoptosis, oxidative stress, and DNA damage.
Cell viability of oral cancer cells (Ca9-22 and CAL 27) was found to be significantly inhibited by
TFB in a dose-responsive manner in terms of ATP assay, yielding IC50 = 4.67 and 7.05 μM (24 h),
but are less lethal to normal oral cells (HGF-1). Dose-responsive increases in subG1 populations
as well as the intensities of flow cytometry-based annexin V/propidium iodide (PI) analysis and
pancaspase activity suggested that apoptosis was inducible by TFB in these two types of oral cancer
cells. Pretreatment with the apoptosis inhibitor (Z-VAD-FMK) reduced the annexin V intensity of
these two TFB-treated oral cancer cells, suggesting that TFB induced apoptosis-mediated cell death
to oral cancer cells. Cleaved-poly (ADP-ribose) polymerase (PARP) and cleaved-caspases 3, 8, and 9
were upregulated in these two TFB-treated oral cancer cells over time but less harmful for normal
oral HGF-1 cells. Dose-responsive and time-dependent increases in reactive oxygen species (ROS)
and decreases in mitochondrial membrane potential (MitoMP) in these two TFB-treated oral cancer
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cells suggest that TFB may generate oxidative stress as measured by flow cytometry. N-acetylcysteine
(NAC) pretreatment reduced the TFB-induced ROS generation and further validated that ROS was
relevant to TFB-induced cell death. Both flow cytometry and Western blotting demonstrated that
the DNA double strand marker γH2AX dose-responsively increased in TFB-treated Ca9-22 cells
and time-dependently increased in two TFB-treated oral cancer cells. Taken together, we infer that
TFB can selectively inhibit cell proliferation of oral cancer cells through apoptosis, ROS generation,
mitochondrial membrane depolarization, and DNA damage.

Keywords: selective killing; oral cancer; natural product; apoptosis; ROS; DNA damage

1. Introduction

Oral cancer is the sixth most common type of cancer globally [1] and is especially prevalent in
areas that feature a high frequency of betel nut, alcohol, and cigarette consumption [2–4]. Oral cancer
is likely ignored by patients in early stages and is commonly detected at a later stage. Late detection,
combined with poor chemotherapy outcomes, leads to high morbidity and mortality rates of oral
cancer [5]. While several drugs have proven effective at killing cancer cells, they are also toxic to
normal tissue cells, and the need for selective antioral cancer drugs remains urgent.

A growing number of studies have reported that natural products are potent resources for
anticancer drug discovery [6–11]. Many bioactive extracts and isolated compounds have been extracted
from the bark of Cinnamomum of the Formosan Lauraceous family (C. zeylanicum and C. cassia) [12],
leaves (C. wilsonii [13], C. kotoense [14–17], C. subavenium [18]), stems (C. subavenium [19,20]),
and heartwood and roots (C. osmophloeum [21]). These findings indicate the antiproliferative effect
of Cinnamomum plants for several types of cancer, such as that of the colon [12,13,17], lung [14,16],
liver [15,21], breast [17], prostate [18,20], melanoma [19], and bladder [20]. However, the selective
killing effect of Cinnamomum plants on oral cancer cells remains undetermined.

To try to discover new compounds from other Cinnamomum plants, we extracted material from
C. tenuifolium Sugimoto form. nervosum (Meissn.) Hara [22], an evergreen form of the Lauraceae
plant family grown on Orchid Island of Taiwan. Methanol extracts were used to identify a new
benzodioxocinone, benzodioxocinone (2,3-dihydro-6,6-dimethylbenzo-[b][1,5]dioxocin-4(6H)-one),
from the leaves of C. tenuifolium [23]. The benzodioxocinone showed mild levels of cytotoxicity for
human oral cancer (OC2), with an IC50 value of 107.7 μM after 24 h of treatment.

Alternatively, we previously used the stems of C. tenuifolium [22] to identify several novel
compounds, including tenuifolide A, isotenuifolide A, tenuifolide B (TFB), secotenuifolide A,
and tenuifolin, along with some known compounds. Secotenuifolide A was found to provide the
best antiproliferative effect against two human prostate cancer cells (DU145 and LNCaP) with IC50

values < 7 μM after 24 h of treatment. For TFB (3-(1-methoxyeicosyl)-5-methylene-5H-furan-2-one),
its IC50 values were 246 and 22.2 μM for DU145 and LNCaP cancer cells after 24 h of treatment [22].
However, the biological effect of TFB against the oral cancer cells was not addressed as yet.

The current study first evaluates the possible selectively antiproliferactive effect and the
mechanism of C. tenuifolium stem-derived TFB on oral cancer cells by analyzing cell viability, cell cycle
progression, apoptosis, reactive oxygen species (ROS) induction, mitochondrial depolarization,
and DNA damage.

2. Results

2.1. Cell Viability and ATP Cellular Content

ATP content has been widely used to measure cell viability [24,25]. Figure 1 shows the ATP assay
of cell viability after 24 h of treatment with TFB (0, 5, 10, and 15 μM). The viability of TFB-treated oral
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cancer cells (Ca9-22 and CAL 27) decreased dose-responsively (p < 0.001). In contrast, the normal oral
cells (HGF-1) maintained a cell viability of about 100%.

Figure 1. Tenuifolide B (TFB) induced a significant decrease in ATP-based cell viability in oral cancer
cells (Ca9-22 and CAL 27) but not in normal oral cells (HGF-1). Cells were treated with 0, 5, 10,
and 15 μM TFB for 24 h. Data: mean ± SD (n = 4). ** p < 0.001 compared to the control.

2.2. Cell Cycle Progression

To examine whether the cell cycle was affected by TFB, the cell cycle progression was examined.
Figure 2A,B show dose-responsive pattern changes of the cell cycle progression of TFB-treated Ca9-22
and CAL 27 cells, respectively. The subG1 population in TFB-treated Ca9-22 and CAL 27 cells increased
in a dose-responsive manner after 24 h of THB treatment (Figure 2C,D) (p < 0.001).

Figure 2. TFB induced an increase in the subG1 population in oral cancer Ca9-22 and CAL 27 cells.
(A,B) Representative dose responses of cell phase profiles in TFB-treated Ca9-22 and CAL 27 cells using
flow cytometry. Cells were treated with 0, 5, 10, and 15 μM TFB for 24 h. (C,D) Quantification analysis
results for subG1 population in (A,B). Data: mean ± SD (n = 3). ** p < 0.001 compared to the control.

2.3. Annexin V-Based Apoptosis

To validate the role of apoptosis in the increase in the subG1 population in TFB-treated Ca9-22 and
CAL 27 cells, the annexin V/propidium iodide (PI) staining method was used. Figure 3A,B respectively
show the patterns of dose response changes of annexin V/PI staining profiles of TFB-treated Ca9-22
and CAL 27 cells. By calculating the percentages of annexin V positive (%), the apoptosis level
(Figure 3C,D) show a significant increase in a dose-responsive manner in TFB-treated Ca9-22 and
CAL 27 cells (p < 0.001). When the Ca9-22 and CAL 27 cells were pretreated with apoptosis inhibitor
Z-VAD-FMK, apoptosis induced by different doses of TFB was decreased.
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Figure 3E,F show the patterns of time course changes of annexin V/PI staining profiles of
TFB-treated Ca9-22 and CAL 27 cells. The degree of annexin V/PI staining in TFB-treated Ca9-22 and
CAL 27 cells increased in a time-dependent manner (p < 0.001) (Figure 3G,H).

Figure 3. TFB induced annexin V-based apoptosis in oral cancer Ca9-22 and CAL 27 cells.
(A,B) Representative flow cytometry-based dose response of apoptosis profiles of annexin V/PI double
staining for TFB-treated Ca9-22 and CAL 27 cells. Cells were treated with 0, 5, 10, and 15 μM TFB for
24 h with or without 0.1 mM Z-VAD-FMK treatment for 2 h. (C,D) Quantification analysis results for
apoptosis positive (%) in (A,B). Data: mean ± SD (n = 3). ** p < 0.001, comparing the Z-VAD-FMK to
the non-Z-VAD-FMK for each TFB dose. (E,F) Representative time course of annexin V-based apoptosis
profile in TFB-treated Ca9-22 and CAL 27 cells using flow cytometry. Cells were treated with 15 μM
TFB for 3, 6, 12, and 24 h. (G,H) Quantification analysis results for annexin V-based apoptosis in (E,F).
The regions of annexin V (+) including annexin V (+)/PI (+) and annexin V (+)/PI (−) were analyzed.
Data: mean ± SD (n = 3). ** p < 0.001 compared to the control.

2.4. Caspases-Based Apoptosis

To validate the role of apoptosis in the increase in annexin V intensity in TFB-treated Ca9-22
and CAL 27 cells, the pancaspase activity assay was used. Figure 4A,B respectively show the
dose-responsive pattern changes of pancaspase intensity profiles of TFB (0, 5, 10, and 15 μM)-treated
Ca9-22 and CAL 27 cells. For the pancaspase positive (%), Figure 4C,D respectively show a significant
increase in the apoptosis expression in TFB-treated Ca9-22 and CAL 27 cells at higher doses (p < 0.001).

Figure 4E,F show the patterns of time course changes of pancaspase intensity profiles of
TFB-treated Ca9-22 and CAL 27 cells. The pancaspase intensities in TFB-treated Ca9-22 and CAL
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27 cells increased in a time-dependent manner (Figure 4G,H) (p < 0.001). Moreover, Figure 4I shows
the protein expressions of apoptosis signaling proteins, such as cleaved-poly (ADP-ribose) polymerase
(PARP) and cleaved-caspases 3 and 8 gradually increased over 3–24 h and cleaved-caspase 9 was
detected at 24 h in TFB-treated Ca9-22 cells. In TFB-treated CAL 27 cells, the protein expressions of
cleaved-PARP and cleaved-caspases 3, 8, and 9 gradually increased from 3 to 6 h, moderately increased
at 12 h, and declined at 24 h. In contrast, these apoptosis signaling proteins in TFB-treated HGF-1
were weak.

Figure 4. TFB induced caspases-based apoptosis in oral cancer Ca9-22 and CAL 27 cells.
(A,B) Representative flow cytometry-based dose response of apoptosis profiles of pancaspase staining
for TFB-treated Ca9-22 and CAL 27 cells. Cells were treated with 0, 5, 10, and 15 μM TFB for 24 h
and subsequently stained with TF2-VAD-FMK. (C,D) Quantification analysis results for pancaspase
fluorescent intensity positive (%) in (A,B). (E,F) Representative time course of pancaspase-based
apoptosis profile in TFB-treated Ca9-22 and CAL 27 cells using flow cytometry. Cells were treated with
15 μM TFB for 12 and 24 h. (G,H) Quantification analysis results for pancaspase-based apoptosis in
(E,F). The regions of pancaspase (+) were analyzed. Data: mean ± SD (n = 3). ** p < 0.001 compared to
the control. (I) The apoptosis-related protein expressions in TFB-treated Ca9-22, CAL 27, and HGF-1
cells. Ca9-22 and CAL 27 cells were treated with 15 μM TFB for 3, 6, 12, and 24 h. HGF-1 cells were
treated with 15 μM TFB for 12 and 24 h. Apoptosis signaling proteins, such as cleavage forms of PARP,
procaspase 3, procaspase 8, and procaspase 9 were detected using Western blotting. The β-actin was
used as an internal control.
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2.5. ROS

To determine why TFB may inhibit cancer cell proliferation and induce apoptosis, the cellular
ROS level was examined. Figure 5A,B respectively show the dose-responsive pattern changes of
ROS change profiles of TFB (0, 5, 10, and 15 μM)-treated Ca9-22 and CAL 27 cells. By calculating the
percentages of DCFH-DA fluorescence-positive intensity and adjusting with control, the relative ROS
level was increased in a dose-responsive manner in TFB-treated Ca9-22 and CAL 27 cells (p < 0.001)
(Figure 5C,D). When cells were pretreated by N-acetylcysteine (NAC) in Ca9-22 and CAL 27 cells,
ROS generation induced by different doses of TFB was decreased.

Figure 5E–G show the time course pattern changes of ROS intensity profiles of TFB-treated
Ca9-22, CAL 27, and HGF-1 cells, respectively. The ROS intensities in TFB-treated Ca9-22 and CAL
27 cells dramatically increased in a time-dependent manner (Figure 5H,I) (p < 0.001). In contrast, ROS
intensities in HGF-1 cells increased only slightly after 24 h of THB treatment (Figure 5J).

Figure 5. TFB induced ROS generation in oral cancer Ca9-22 and CAL 27 cells. (A,B) Representative
dose responses of ROS profiles for TFB-treated cells using flow cytometry. Cells were treated with 0, 5,
10, and 15 μM of TFB for 24 h with or without 2 mM NAC pretreatment for 1 h. (C,D) Quantification
analysis of ROS intensity for DCFD-A positivity (%). (E–G) Representative time course of ROS profile
in TFB-treated Ca9-22, CAL 27, and HGF-1 cells using flow cytometry. Cells were treated with 15 μM
TFB for indicated times. (H–J) Quantification analysis results for ROS intensity for ROS positivity (%)
in (E–G). Data: mean ± SD (n = 3). ** p < 0.001 compared to the control.
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2.6. Mitochondrial Membrane Potentials (MitoMP)

DiOC2(3)-based MitoMP detection assay was performed to evaluate the impact of TFB (0, 5,
10, and 15 μM)-induced ROS generation. Figure 6A,B show the MitoMP profiles for TFB-treated
oral cancer Ca9-22 and CAL 27 cells, respectively, after a 24 h of treatment. By calculating the
percentages of DiOC2(3)-negative in Figure 6A,B and comparing with the control, it was found
that the MitoMP-negative (%) was gradually increased in TFB-treated Ca9-22 and CAL 27 cells in
a dose-responsive manner (p < 0.001) (Figure 6C,D). Therefore, the MitoMP level of Ca9-22 and
CAL 27 cells was significantly decreased after TFB treatment.

Figure 6E,F show the time course pattern changes of MitoMP intensity profiles of TFB-treated
Ca9-22 and CAL 27 cells. The MitoMP-negative intensities in TFB-treated Ca9-22 and CAL 27 cells
increased in a time-dependent manner (Figure 6G,H) (p < 0.001), suggesting that MitoMP levels of
Ca9-22 and CAL 27 cells decreased after TFB treatment.

Figure 6. TFB decreased mitochondrial membrane potential (MitoMP) in oral cancer Ca9-22 and CAL
27 cells. (A,B) Representative dose response of MitoMP profiles for TFB-treated Ca9-22 and CAL 27 cells
using flow cytometry. Cells were treated with 0, 5, 10, and 15 μM of TFB for 24 h. (C,D) Quantification
analysis of MitoMP-negative (%) intensity in (A,B). (E,F) Representative time course of MitoMP profile
in TFB-treated Ca9-22 and CAL 27 cells using flow cytometry. Cells were treated with 15 μM TFB for
3, 6, 12, and 24 h. (G,H) MitoMP-negative (%) intensity in (E,F). The regions of MitoMP-negative (%)
were analyzed. Data: mean ± SD (n = 3). * p < 0.05; ** p < 0.001 compared to the control.

2.7. γH2AX Expression

To examine the role of DNA damage in TFB-induced antiproliferation of Ca9-22 oral cancer cells,
the expression of DNA double strand break marker γH2AX was analyzed via both flow cytometry
and Western blotting. Figure 7A shows that the flow cytometry-based γH2AX/PI staining profiles of
TFB-treated Ca9-22 cells after 24 h of treatment. Figure 7B shows the γH2AX-positive intensity of TFB
(0, 5, 10, and 15 μM)-treated Ca9-22 cells increased in a dose-responsive manner (p < 0.001). Moreover,
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Figure 7C shows that the γH2AX expression by Western blotting of TFB-treated Ca9-22 cells after 24 h
of treatment with indicated doses were dramatically increased at higher doses.

Figure 7. Treatment with TFB induced γH2AX expressions in oral cancer Ca9-22 and CAL 27 cells.
(A) γH2AX expression of TFB-treated Ca9-22 cells was detected by flow cytometry. Cells were treated
with 0, 5, 10, and 15 μM TFB for 24 h. (B) Quantification analysis of γH2AX positive (%) intensity of
flow cytometry in (A). Data: mean ± SD (n = 3). ** p < 0.001 compared to the control. (C) Dose response
of γH2AX expression of TFB-treated Ca9-22 cells was detected by Western blotting. The β-actin was
used as an internal control. (D) Time course of γH2AX expression of TFB-treated Ca9-22, CAL 27,
and HGF-1 cells was detected by Western blotting. Oral cancer cells were treated with 15 μM TFB for 0,
3, 6, 12, and 24 h. HGF-1 cells were treated with 15 μM TFB for 12 and 24 h.

For the time course experiments, Figure 7D shows that γH2AX expression of TFB-treated Ca9-22,
CAL 27, and HGF-1 cells were increased in a time-dependent manner. The TFB-induced γH2AX levels
were dramatically induced in both oral cancer cells (Ca9-22 and CAL 27). In contrast, TFB-induced
γH2AX levels increased only slightly at 12 h in oral normal HGF-1 cells.

3. Discussion

TFB was previously found to be anti-atherosclerogenic in humans [26], but their possible
anticancer effect regarding oral cancer remained unclear. In general, Cinnamomum plants generally
have antiproliferative effects. For example, the cytotoxicity (IC50) is known for several Cinnamomum
plants. Cinnamaldehyde from C. zeylanicum and C. cassia barks is effective against colon cancer
(HT29) = 19.7 μM at 72 h [12], (3R,9S)-megastigman-5-ene-3,9-diol 3-O-β-D-glucopyranoside from
C. wilsonii leaves against colon cancer SW-480 cells = 12 μM at 48 h [13], isoobtusilactone A from
C. kotoense leaves against human hepatoma Hep G2 cells = 37.5 μM at 18 h [15], cinnakotolactone from
C. kotoense leaves against human colorectal cancer HT29 and breast MCF-7 cells = 25.8 and 24.4 μM
at 72 h [17], subamone from C. subavenium leaves against prostate cancer LNCaP cells = 7.01 μM at
24 h [18], subamolide B from C. subavenium stems against melanoma A375 cells = 17.59 μM at 48 h [19],
and subamolide A from C. subavenium stems against human prostate cancer PC3 cells = 10.1 μM at
72 h [20]. It has to be noted that some of the IC50 values were determined after 72 h of treatment.

Based on ATP content assays, the current study found that the IC50 values of TFB were 4.67 and
7.05 μM after 24 h of treatment in oral cancer cells (Ca9-22 and CAL 27), respectively. In general,
the sensitivity of TFB to oral cancer cells (Ca9-22 and CAL 27) was higher than that of other
Cinnamomum plants to other types of cancer cells. Moreover, TFB was less cytotoxic to human prostate
cancer DU145 and LNCaP cells [22]. These results suggest that TFB may have a cancer cell type-specific
antiproliferation effect.
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Following 24 h of treatment, the cytotoxicity (IC50) of taxol in human prostate cancer DU145 and
LNCaP cells is 4.84 and 6.32 μM, respectively [22]. The IC50 of cisplatin in oral cancer Ca9-22 cells
is 10.2 μM (data not shown). Therefore, our developed TFB (IC50 = 4.67 and 7.05 μM) has similar
sensitivity to these clinical drugs in oral cancer cells (Ca9-22 and CAL 27). Moreover, we found that
TFB is less harmful to normal oral HGF-1 cells (Figure 1), suggesting that TFB selectively kills oral
cancer cells and may prevent side effects of oral cancer therapy. Similarly, Cinnamomum stem bark
extract has been reported to selectively kill other types of cancer cells. In Cinnamomum burmannii
Blume stem bark extract after 24 h of treatment, the IC50 values of nasopharyngeal carcinoma cells
(HK1 and C666-1) were 108.32 and 224.32 μg/mL, respectively, whereas the IC50 of immortalized
human skin keratinocyte HaCaT cells was 320.29 μg/mL [27]. However, our study only tested one
normal oral cell line, and further study is needed to confirm these findings, including more normal
oral cell lines to further show the lack of possible side-effects of TFB.

Secotenuifolide A, also isolated from the same material of this study (C. tenuifolium stems),
has been reported to inhibit cell proliferation, increase the subG1 population, induce apoptosis and
ROS generation, and decrease mitochondrial membrane potential in human prostate cancer cells,
DU145 [22]. Secotenuifolide A also exhibited a release of cytochrome c from mitochondria and the
activation of caspase-9/caspase-3 [22]. Similarly, the TFB from C. tenuifolium stems showed the same
effect of oxidative stress (ROS induction and MitoMP depletion) on oral cancer Ca9-22 and CAL
27 cells (Figures 5 and 6). In contrast, the TFB-induced ROS generation in HGF-1 cells was only
slightly induced. These results suggest that TFB exhibited selective ROS induction in oral cancer cells
(Ca9-22 and CAL 27), but less induction in HGF-1 cells. NAC pretreatment experiments (Figure 5A,B)
validated that ROS was relevant to TFB-induced cell death because the ROS generation in the two
types of oral cancer cells was reduced by NAC pretreatment.

Annexin V and pancaspase results (Figures 3 and 4) support that TFB is apoptosis-inducible in
oral cancer cells. Moreover, the TFB-induced apoptosis was reduced by Z-VAD-FMK pretreatment
(Figure 3A,B), suggesting that apoptosis was involved in selective killing by TFB. However, the role
of apoptosis signaling in TFB-induced apoptosis was not addressed specifically. Caspases 8 and 9
involved in intrinsic and extrinsic apoptotic pathways, respectively. Both converge in activating the
executioner caspases 3 and 7 [28]. PARP is also involved in apoptosis [29,30]. To address the role of
apoptosis signaling, we found that both TFB-treated oral cancer cells (Ca9–22 and CAL 27) induced
activation of PARP and caspases 3, 8, and 9 by cleavage. However, these oral cancer cells displayed a
differential expression of these TFB-induced apoptosis proteins. For example, cleaved-caspase 8 was
mainly or early induced during 3–12 h in TFB-treated Ca9-22 cells, but cleaved-caspase 9 induction
showed a later response at 24 h (Figure 4I). For CAL 27 cells, cleaved-PARP and cleaved-caspases 3,
8 and 9 were upregulated early after 3 h. These caspases peaked at 6 h, gradually declining by 24 h.
Similarly, other drug-induced apoptosis also showed a similar tendency for cleaved-caspase expression.
For example, cleaved-caspase 3 increased at 6–12 h and declined at 24 h in 0.2 μM staurosporine-treated
human endothelial cornea cells [31]. After treatment of 0.2 μM staurosporine, cleaved-caspase 3 was
also increased at 2–8 h and declined at 12–24 h for human cervical cancer HeLa cells. Cleaved-caspase
3 increased at 0.5–1 h and declined at 2–24 h in cervical cancer C-33A cells [32].

Mounting evidence demonstrated that ROS generation and mitochondrial membrane
depolarization may lead to DNA damage [33–38] and apoptosis [38–41] in drug-treated cancer
cells. Accordingly, TFB also showed a correlation between oxidative stress and DNA damage in
its antiproliferative and apoptotic effects of two oral cancer cells (Ca9-22 and CAL 27) in our study.

4. Conclusions

TFB treatment induces apoptosis, ROS generation, mitochondrial depolarization, and DNA
damage, which ultimately results in the antiproliferation of oral cancer Ca9-22 cells. This study also
shows that TFB selectively kills the two oral cancer cell lines tested here and opts for its application in
anti-oral cancer therapies.
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5. Materials and Methods

5.1. Drug Information and Oral Cancer and Normal Cell Lines

The TFB (C26H46O3; MW: 406.3447; [3-(1-methoxyeicosyl)-5-methylene-5H-furan-2-one]) was
purified from methanol extracts of C. tenuifolium stem as previously described [22]. It was dissolved in
dimethyl sulfoxide (DMSO) for drug treatments. The oral cancer cell lines Ca9-22 [42] and CAL 27 [43]
were incubated in a mixed medium with Dulbecco’s Modified Eagle Medium (DMEM) and F12 (Gibco,
Grand Island, NY, USA) (3:2), 10% fetal bovine serum, antibiotics (penicillin and streptomycin), and
others under a humidified atmosphere with 5% CO2 at 37 ◦C. The normal oral cells (human gingival
fibroblasts, HGF-1) were incubated in a DMEM medium with a similar supplement with 1 mM
pyruvate as described above.

5.2. Measurement of Cell Viability—Cellular ATP Content

Cellular ATP level was determined by using the ATP-lite Luminescence ATP Detection Assay
System (PerkinElmer Life Sciences, Boston, MA, USA) according to the manufacturer’s instructions
with a slight modification [44]. Briefly, Ca9-22 cells were plated at 4000 cells/well in 96-well plates.
After seeding overnight, cells were treated with vehicle control (DMSO) or with TFB at indicated
concentrations (5, 10, and 15 μM) for 24 h. After removing the medium solution, 100 μL of serum-free
medium and 50 μL of a mammalian cell lysis solution was added per well of a microplate with orbital
shaking at 100 rpm for 5 min. Then, 100 μL of the cell lysates/well was transferred to white 96-well
plates and reacted with 50 μL of substrate solution (D-Luciferin and luciferase) under orbital shaking
at 100 rpm for 5 min and then left to stand in darkness for a further 10 min. Finally, the luminescence
was assayed using a microplate luminometer (CentroPRO LB 962, Berthold, ND, USA).

5.3. Measurement of Cell Cycle Progression

The cellular DNA was stained with PI as previously described [45]. Cells were plated at
3 × 105 cells/2 mL cell culture medium on a 6-well plate. Briefly, cells were added with vehicle
(DMSO only) or TFB. After collection for 70% ethanol fixation overnight, the centrifuged cell pellets
were resuspended in 1 mL of PBS containing 50 μg/mL PI for 15 min at room temperature in darkness.
Subsequently, these samples were examined using a FACSCalibur flow cytometer (Becton-Dickinson,
Mansfield, MA, USA) (excitation: 488 nm and emission: 617 nm) and BD Accuri C6 software.

5.4. Measurement of Apoptosis by Annexin V Staining

Annexin V (Strong Biotech Corporation, Taipei, Taiwan)/PI (Sigma, St. Louis, MO, USA)
double-staining for apoptosis analysis was performed as previously described [46]. Cells were plated
at 3 × 105 cells/2 mL cell culture medium on a 6-well plate with or without 0.1 mM Z-VAD-FMK
pretreatments for 2 h (Selleckchem.com; Houston, TX, USA). Briefly, cells were added with vehicle
or TFB. The cells were then resuspended in the binding buffer containing 5 μg/mL of annexin
V-fluorescein isothiocyanate and 50 μg/mL of PI and examined with a BD Accuri C6 flow cytometer
(Becton-Dickinson, Mansfield, MA, USA) (excitation: 488 nm and emission: 525 nm and 617 nm for
FITC and PI, respectively) and BD Accuri C6 software.

5.5. Measurement of Apoptosis by Caspase Activity

Apoptosis was also measured by caspase activation [47]. The generic caspase activity assay kit
(Fluorometric-Green; ab112130) (Abcam, Cambridge, UK) was used to detect the activity of caspase-1,
-3, -4, -5, -6, -7, -8, and -9 as described [42]. Briefly, cells were seeded as 3 × 105 cells per well in 6-well
plates with a 2 mL medium for overnight. The cells were then treated with vehicle or TFB. Subsequently,
cells were incubated at 37 ◦C, 5% CO2 for 2 h with 2 μL of 500X TF2-VAD-FMK. After PBS washing,
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cells were resuspended in 0.5 mL of an assay buffer for immediate flow cytometry measurement
(BD Accuri™ C6; Becton-Dickinson).

The apoptosis signaling expressions were further measured via Western blotting. 30 μg protein
lysates were resolved in 10% SDS-PAGE. After electrotransferring, the nonspecific bindings of PDVF
membranes (Pall Corporation, Port Washington, NY, USA) were blocked with 5% non-fat milk in
Tris-buffered saline with Tween-20 and incubated with primary antibodies (the cleaved caspase-8
(Asp391) (18C8) rabbit mAb and the rabbit mAb in the apoptosis antibody sampler kit (cleaved PARP
(Asp214) (D64E10) XP®; cleaved caspase-3 (Asp175) (5A1E); cleaved caspase-9 (Asp330) (D2D4) from
Cell Signalling Technology, Inc., Danvers, MA, USA, β-actin (#GTX629630, GeneTex Inc.)) under
1:10000 dilution as well as their matched secondary antibody. The WesternBright™ ECL HRP substrate
(#K-12045-D50, Advansta, Menlo Park, CA, USA) was chosen for signal amplification.

5.6. Measurement of Intracellular ROS

2′,7′-Dichlorodihydrofluorescein diacetate (DCFH-DA) (Sigma Chemical Co., St. Louis, MO,
USA) was used to detect intracellular ROS as previously described [33]. Cells were plated at
3 × 105 cells/2 mL cell culture medium on a 6 cm dish. Briefly, cells were added with vehicle or
TFB with or without 2 mM NAC pretreatment for 1 h (Sigma; St. Louis, MO, USA). After the collection
and PBS washing, cells were treated with 0.1 μM DCFH-DA in serum-free medium for 30 min at 37 ◦C
in darkness. Cells were resuspended in PBS after centrifugation and examined with a BD Accuri C6
flow cytometer (excitation: 488 nm and emission: 525 nm) and BD Accuri C6 software.

5.7. Measurement of MitoMP

A MitoProbe™ DiOC2(3) assay kit (Invitrogen, San Diego, CA, USA) was used to detect
mitochondrial membrane potential (MitoMP) as described previously [34]. Cells were plated at
3 × 105 cells/2 mL cell culture medium on a 6-well plate. Briefly, cells were added with vehicle or with
TFB. The TFB-treated cells were washed in 1 mL of PBS/well, provided with 1 mL of medium/well,
loaded with 10 μL of 10 μM DiOC2(3), and left to stand at 37 ◦C in 5% CO2 for 20–30 min. After
harvesting and washing, cells were resuspended in PBS and examined immediately using a FACSCalibur
flow cytometer (excitation: 488 nm and emission: 525 nm) and BD Accuri C6 software.

5.8. Measurement of DNA Damage by γH2AX Expression

DNA double strand breaks were detected by both flow cytometry [48] and Western blotting [35]
as described previously. For flow cytometry, TFB-treated cells were fixed, washed, and incubated
at 4 ◦C for 1 h in 2 μg/mL of p-Histone H2AX (Ser 139) (γH2AX) monoclonal antibody (sc-101696;
Santa Cruz Biotechnology, Santa Cruz, CA, USA). After washing, cells were suspended for 1 h in
a secondary antibody (Jackson Laboratory, Bar Harbor, ME, USA) for 30 min at room temperature.
Finally, the cells were resuspended in 20 μg/mL of PI for flow cytometry analysis (BD Accuri™ C6;
Becton-Dickinson).

For Western blotting of γH2AX expression, 30 μg protein lysates were resolved in 10%
SDS-PAGE. Except when p-Histone H2AX (Santa Cruz Biotechnology) was chosen for the primary
antibody, procedures were the same as those employing Western blotting for apoptosis proteins,
mentioned above.

5.9. Statistical Analysis

All data are shown as mean ± SD. The significant differences between test and control were
analyzed with a Student t-test.
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Abstract: In traditional medicine, Carica papaya leaf has been used for a wide range of therapeutic
applications including skin diseases and cancer. In this study, we investigated the in vitro cytotoxicity
of aqueous and ethanolic extracts of Carica papaya leaves on the human oral squamous cell carcinoma
SCC25 cell line in parallel with non-cancerous human keratinocyte HaCaT cells. Two out of four
extracts showed a significantly selective effect towards the cancer cells and were found to contain
high levels of phenolic and flavonoid compounds. The chromatographic and mass spectrometric
profiles of the extracts obtained with Ultra High Performance Liquid Chromatography-Quadrupole
Time of Flight-Mass Spectrometry were used to tentatively identify the bioactive compounds using
comparative analysis. The principal compounds identified were flavonoids or flavonoid glycosides,
particularly compounds from the kaempferol and quercetin families, of which several have previously
been reported to possess anticancer activities. These results confirm that papaya leaf is a potential
source of anticancer compounds and warrant further scientific investigation to validate the traditional
use of papaya leaf to treat cancer.

Keywords: Carica papaya; cytotoxicity; mass spectrometry; cancer; flavonoids; chromatography

1. Introduction

A book entitled “The most wonderful tree in the world—the papaw tree (Carica papaia)”, published
some 100 years ago, contains many anecdotes relating to the cure of breast, liver or rectal cancer after
“treatment” with Carica papaya preparations [1]. Subsequent reports have been published in various
media that have detailed “the healing capabilities of an old Australian Aboriginal remedy—boiled
extract of pawpaw leaves—against cancer” [2] and several other anecdotes relating “cancer cure”
following consumption of various preparations of papaya plant [3–6].

Recently, we undertook a comprehensive literature review [7] and found that research providing
scientific evidence for the effectiveness of Carica papaya in the treatment and prevention of cancer was
limited. However, in contrast to the limited number of studies that have been done to evaluate the
effects of papaya extracts on cancer, the abundance in Carica papaya of phytochemicals with reported
anticancer activities, such as carotenoids (in fruits and seeds), alkaloids (in leaves), phenolics (in fruits,
leaves, shoots) and glucosinolates (in seeds and fruits), suggests that there are opportunities for new
research to evaluate the anticancer potential of this medicinal plant [7].
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Squamous cell carcinoma (SCC) is the second most common type of skin cancer and also occurs in
many other epithelia such as lips, mouth, urinary bladder, prostate, lung and vagina. Skin squamous
cell carcinomas are not only more likely to metastasize but also to cause mortality, when compared
with skin basal cell carcinoma [8]. Although different parts of the Carica papaya plant have been
used as traditional medicine for the treatment of skin infections and wound healing in general,
and this widespread use has been scientifically validated [9–11], no information is available on the
activity of this plant on skin cancer. Furthermore, the effects of Carica papaya leaf extracts have
previously been reported being tested on the growth of different cancer cell lines: breast, stomach,
lung, pancreatic, colon, liver, ovarian, cervical, neuroblastoma, lymphoma, leukaemia and other blood
cancers [12–14]; to our knowledge, no skin cancer cell lines have been tested. We hypothesized that
Carica papaya leaf extracts exerted in vitro cytotoxicity on human squamous cell carcinoma. In this study,
human oral squamous cell carcinoma (SCC25) cells and immortal, non-cancerous human keratinocyte
cells (HaCaT) were selected for the cytotoxic studies of papaya extracts. The HaCaT cell line was
selected to permit experiments to be performed in parallel with SCC25 in order to screen for candidate
extracts with selective growth inhibition towards cancer cells, a highly desirable feature of potential
cancer preventative and therapeutic agents. Our aim was also to preliminarily identify the bioactive
compounds using liquid chromatography-quadrupole time-of-flight-mass spectrometry (LC-QToF-MS).

2. Results and Discussion

The MTT assay has been widely applied in proliferation and cytotoxicity studies to screen the
chemo-preventive potential of natural products. It provides preliminary data for further in vitro and
in vivo studies. The addition of organic solvents is required to solubilize the extracts from natural
products in cell culture media; therefore it is prudent to investigate the effect of the solvents on the
cell lines under experimentation to identify the most suitable solvent and its optimal concentration
in media. This information can then be used during sample preparation for rigorous cytotoxicity
studies using the MTT assay. Dimethyl sulfoxide (DMSO) has been reported to be the solvent of choice
for sample preparations with a final concentration in the medium from 0.1% to 1.0% but typically
data have not been reported relating to impact of such DMSO concentrations on cell viability [15–17].
In our investigation, we found that DMSO at a concentration as low as 0.05% causes significant toxicity
to SCC25 and a significantly different effect was observed between the two cell lines. In contrast,
ethanol (EtOH) up to a concentration of 1.0% did not significantly impact upon the viability of either
cell line (Figure 1).

Figure 1. Effect of a 48-h incubation with Dimethyl sulfoxide (DMSO) (A); or Ethanol (EtOH) (B) on the
survival of human squamous cell carcinoma (SCC25) and human keratinocyte (HaCaT) cells. Results
are shown as mean ˘ SEM (n = 3). * p < 0.05, ** p < 0.01; *** p < 0.001, HaCaT vs. SCC25 (two-way
analysis of variance (ANOVA) with Bonferroni post-tests).
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Therefore, in this study, ethanol at a concentration of 0.3% was chosen as the solvent for the
preparation of ethanolic extracts in media for cell experiments. To investigate the effect of the
papaya leaf extracts on SCC25 and HaCaT cells, cells were treated with extracts over a range of
concentrations (5–100 μg/mL) for 48 h and the percentage cell viability was analyzed. As revealed in
Figure 2, all four extracts showed a significant effect on SCC25 cancer cell viability, starting at different
concentrations: 25 μg/mL for serial basic ethanol (SBE), 10 μg/mL for serial acidic ethanol (SAE), and
5 μg/mL for both serial acidic water (SAW) and serial basic water (SBW) fractions. However, when
the cell viability effects between SCC25 cancer cells and non-cancerous HaCaT cells were compared,
the two fractions with acidic pH showed a significantly selective cytotoxicity towards the SCC25 cells
with an effective range from 25–100 μg/mL for SAE and 5–20 μg/mL for SAW fractions (Figure 3).

Figure 2. Effect of papaya leaf extracts (serially extracted in the listed order, with basic ethanol (A);
acidic ethanol (B); acidic water (C); and basic water (D)) on the survival of SCC25 cells. Results are
shown as mean ˘ SEM (n = 3). * p < 0.05; ** p < 0.01; **** p < 0.0001, vs. EtOH-treated control (one-way
ANOVA with Kruskal-Wallis test).

The IC50 values clearly showed the selective effect of two acidic extracts with IC50 values for
SCC25 cells smaller than thosefor HaCaT cells.This was not observed to be the case for either of the
two basic extracts (Table 1). To eliminate the possibility that this selective effect might due to cancer
cells being more sensitive to acidic pH than the non-cancerous cells, the pH of the medium containing
extracts at the highest tested concentration (100 μg/mL) was measured. The pH of the media was
unaffected by the addition of either acidic or basic extracts, likely due to the buffer capacity of the
medium and the small addition of the extracts. Therefore, we conclude here that the acidic conditions
provided extracts containing important compounds with selective effects on skin cancer cell viability.
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Figure 3. Effect of papaya leaf extracts (serially extracted in the listed order with basic ethanol (A);
acidic ethanol (B); acidic water (C); and basic water (D)) on the survival of SCC25 and HaCaT cells.
Results are shown as mean ˘ SEM (n = 3). * p < 0.05; ** p < 0.01; *** p < 0.001, HaCaT vs. SCC25
(two-way ANOVA with Bonferroni post-test).

Table 1. IC50 values of tested extracts for SCC25 and HaCaT cells.

Cell Lines

IC50 (μg/mL) (95% Confidence Interval)

Serial Basic
Ethanol Extract

Serial Acidic
Ethanol Extract

Serial Acidic
Water Extract

Serial Basic
Water Extract

SCC25
172.9 77.18 57.72 40.14

(151.6–197.3) (62.71–94.99) (41.99–79.35) (27.03–59.61)

HaCaT
157.6 199.5 85.74 34.24

(119.8–207.4) (155.4–256.2) (71.63–102.6) (21.47–54.60)

Interestingly, examination of the phenolic and flavonoid content of the same four fractions
(Figure 4) indicated that the phenolic and flavonoid contents positively correlated with the differential
effect on cell viability as shown in Figure 3. Acidic ethanolic and water fractions had much
higher flavonoid content (SAE = 15.60 ˘ 0.07; SAW = 9.95 ˘ 0.05 mg quercetin equivalents (QE)/g
extract) compared to the basic fractions that contained less than 2.00 mg QE/g (SBE = 0.63 ˘ 0.30;
SBW = 1.90 ˘ 0.23 mg QE/g extract). The phenolic content of acidic fractions was also found to be higher
than that in basic fractions but to a lesser extent than the flavonoid content (SAW = 62.98 ˘ 0.30; SAE =
44.26 ˘ 0.27 mg gallic acid equivalents (GAE)/g extract and SBW = 40.18 ˘ 0.16; SBE = 26.92 ˘ 2.53 mg
GAE/g extract).
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Figure 4. Total flavonoid and phenolic content in the extracts. Results are shown as mean ˘ SEM (n = 3).

The apparent positive correlation between the selective effects on the SCC25 cancer cells and the
content of flavonoids and phenolic compounds initiated further comparative analysis of the chemical
constituents to identify the compounds that are present exclusively or at higher concentrations in
the acidic extracts compared to basic extracts. The chromatographic data were extracted to features
by Molecular Feature Extractor algorithms and then aligned by Mass Profiler Professional software
(Version 12.1, Agilent Technologies, Santa Clara, CA, USA, 2012). In positive ionization mode, a total
of 432 and 191 features were detected in acidic water and acidic ethanolic extracts, respectively;
118 features were common to both extracts. These 118 features were compared to the 586 features that
appeared in either of the basic extracts in order to search for the features detected specifically in acidic
extracts or with higher intensity than in basic extracts. A total of 59 features were found to fit these
criteria (Scheme 1).

Scheme 1. Diagrammatic representation of the selection of features obtained from comparative analysis
of chromatographic profiles between acidic and basic extracts in positive ionization mode ((A) Acidic
extracts; (B) Basic extracts).

A similar procedure was then applied to the features obtained in negative ionization mode,
resulting in five features of interest. The neutral mass of the 64 features obtained in both modes
was queried against the METLIN Personal Metabolite Database (https://metlin.scripps.edu) and
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the customized NPACT database (http://crdd.osdd.net/raghava/npact) to match to compounds
using a mass tolerance window of ď10 ppm. The METLIN database contains 64,092 structures of
endogenous and exogenous metabolites (as of June 2015) whereas the customized NPACT database
consists of 1,574 entries of plant-derived natural compounds that exhibit anti-cancerous activity [18].
The METLIN-based search resulted in several candidates (a total of 880 hits for 64 features) and
directed further investigation with MS fragmentation spectra to confirm the identities of bioactive
compounds in the extracts (Table 2).

Table 2. Tentative identification of compounds which appear in acidic extracts exclusively or at greater
extent than in basic extracts.

Formula Experimental
Mass Error (ppm) * Number of Candidates

from Metlin Database
Putative Compounds from

NPACT Database

C4H5NO3 115.0269 0 1 -
C5H7NO3 129.0428 1 7 -

C14H25NO3 255.1835 0 1 -
C14H25NO3 255.1846 4 1 -

C15H10O6 286.0486 3 28 Fisetin, Kaempferol, Luteolin,
Scullarein, Tetrahydroxyflavone

C18H33NO2 295.252 2 1 -
C15H10O7 302.0436 3 22 Quercetin; Morin;Viscidulin I

C18H19NO3 307.2158 3 4 -
C22H43NO 337.335 1 3 -
C22H41NO2 351.3145 2 1 -
C21H30O10 442.1843 0 1 -

C21H20O11 448.1009 0 74 Kaempferol β-D-glucopyranoside,
Luteolin β-D-glucopyranoside

C21H20O12 464.0958 0 56 Myricetin 3-O-rhamnoside
C20H26O13 474.1373 0 1 -

C28H46N2O4 474.346 0 1 -
C28H46N2O4 474.3467 1 1 -
C28H46N2O4 474.3468 2 1 -
C28H48N2O4 476.3624 2 1 -
C30H48N2O4 500.3617 0 1 -
C26H55O8P 526.3631 0 1 -
C33H50O5 526.3631 5 1 -

C34H56N2O4 556.4245 0 1 -
C29H44O12 584.2809 4 2 -
C34H48O8 584.3322 4 3 -
C27H30O15 594.158 0 120 -
C27H30O16 610.153 0 109 Rutin
C27H30O16 610.1531 0 109 -
C28H32O16 624.1686 0 78 -
C28H32O16 624.1689 0 78 -

C34H65O13P 712.4155 1 1 -
C33H40O19 740.2154 1 33 -
C33H40O20 756.2107 0 81 -
C33H40O21 772.2069 0 56 -
C46H77O9P 804.5319 1 1 -

* Error (ppm): the difference between experimental mass and theoretical mass of compound.

Among the tentatively identified metabolites from the METLIN database, the most remarkable
were the flavonoids or flavonoid glycosides (kaempferol, quercetin, rutin, manghaslin, nicotiflorin,
clitorin, quercetin 7-galactoside, myricetin 7-rhamnoside, luteolin 3,7-diglucoside). These correlated
with the results of the total flavonoid content in acidic extracts compared to basic extracts.
Furthermore, the search within NPACT database revealed several compounds with previously
reported anti-cancer activities including fisetin, kaempferol, luteolin, scullarein, tetrahydroxyflavone,
quercetin, morin, viscidulin I, kaempferol β-D-glucopyranoside, luteolin β-D-glucopyranoside,
myricetin 3-O-rhamnoside, and rutin [18]. Kaempferol and quercetin have been detected and
quantified in Carica papaya leaves by gas chromatography-mass spectrometry analysis with quantities

80



Toxins 2016, 8, 7

of 0.03 ˘ 0.001 mg/g and 0.04 ˘ 0.001 mg/g dry leaf, respectively [19]. Due to the presence of aromatic
phenol groups, these flavonoids are considered weak acids; therefore they would be more readily
extracted into an acidic environment in preference to a basic environment. Quercetin has been found to
selectively affect the viability of SCC25 cells without causing toxicity to human gingival fibroblasts [20].
The mechanism by which quercetin inhibited the proliferation of SCC25 cells included both G1 phase
cell cycle arrest and mitochondria-mediated apoptosis. Quercetin further decreased the migration and
invasion of SCC25 cells in a dose-dependent manner [20]. For other flavonoids, many mechanisms
of action on tumours have been identified such as inhibition of proliferation, apoptosis induction,
carcinogen inactivation, impairment of invasion and angiogenesis [21,22]. The molecular mechanisms
by which flavonoids exert these effects have been proposed to include the signalling pathways of
PI3-kinase (phosphoinositide 3-kinase), Akt/PKB (protein-kinase B), tyrosine kinase P1KC (protein-1
kinase C) and MAP (mitogen-activated protein) kinase as reviewed elsewhere [23]. Using primary
SCC cells and normal oral mucosa cells as a control, the flavonoid morin was shown to cause G2/M
arrest without causing apoptosis, and to impact kinases AKT, JNK and p38 signaling pathways [24].
However, of the three kinases, AKT was the only one that was selectively inhibited in cancer cells
compared to non-cancer cells, and the authors suggested that AKT might mediate the enhanced
tumour sensitivity to morin [24].

Although our study presents limitations inherent to this type of research, in which database
searching and matching based on accurate mass data alone provides numerous compound identities for
each mass, the results revealed that papaya leaf acidic extracts contain numerous bioactive compounds
with selective activities on SCC cells. Further studies are required to confirm the identities of these
compounds by wider variety of isolation, purification and identification techniques (MSn, NMR) and
to investigate the possible mechanism of anticancer activities of Carica papaya leaf extracts.

3. Experimental Section

3.1. Chemicals and Reagents

Dulbecco’s Modified Eagle’s Medium (DMEM), DMEM-F12, penicillin/ streptomycin, trypsin,
foetal bovine serum (FBS) were purchased from Invitrogen (Life Technologies, Mulgrave, VIC,
Australia). 3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT), dimethyl sulfoxide
(DMSO), LC-MS grade ammonium bicarbonate and formic acid, Folin-Ciocalteu’s phenol reagent,
gallic acid (>97.5% purity), quercetin (98% purity) and epigallocatechin-3-gallate (EGCG) (99%) were
obtained from Sigma-Aldrich (Castle Hill, NSW, Australia). HPLC grade methanol and acetonitrile
were obtained from Merck (Darmstadt, Germany). Other chemicals such as hydrochloric acid, sodium
hydroxide were of analytical grade purchased from Ajax Finechem (Cheltenham, VIC, Australia).
Purified water was generated using a Milli-Q system (Millipore, Billerica, MA, USA).

3.2. Preparation of Papaya Leaf Extracts

Fresh Carica papaya leaves were collected from Tropical Fruit World (TFW), a privately-owned
plantation orchard farm and research park in northern New South Wales, Australia
(http://www.tropicalfruitworld.com.au/). Permission for the use of the Carica papaya leaves was
granted by Aymon Gow, manager of TFW. The papaya plants in this facility are neither protected
nor endangered species and had not been sprayed with any chemicals. The leaves were thoroughly
washed under running tap water to remove any particulate matter, and then rinsed with deionized
water to obtain clean leaves. A Christ Alpha 2-4 LD freeze-dryer was used to lyophilize the leaves at
´60 ˝C and 0.1 mbar, for 24 h. Dried leaves were then ground into powder using a food processor
(Oskar Mini, Sunbeam, NSW, Australia). The dried powder was portioned and stored at ´80 ˝C
until extraction.

A mass of 20 g of the freeze-dried leaf powder was extracted sequentially with ethanol and
water in acidic or basic conditions in the order: basic ethanol, acidic ethanol, acidic water, basic water
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(2 ˆ 200 mL for each solvent; pH was maintained at pH 1–2 or 10–11 during the extraction process by
adjusting with either 10% hydrochloric acid or 5 M sodium hydroxide solution). The obtained ethanolic
extracts were concentrated at 30 ˝C and 120 rpm under vacuum by a rotary evaporator (IKA�RV 10,
IKA-Werke, Staufen im Breisgau, Germany). The resulting concentrates of ethanolic extracts and water
extracts were lyophilised using the freeze-dryer. All lyophilised fractions (Basic ethanol: SBE, Acidic
ethanol: SAE, Acidic water: SAW, Basic water: SBW) were stored at ´80 ˝C prior to analysis.

3.3. Cell Culture Conditions

SCC25 cells (ATCC� CRL-1628™, Manassas, VA, USA) were maintained in DMEM/F12 medium
supplemented with 10% v/v heat-inactivated foetal bovine serum, 1% penicillin-streptomycin and
0.4 μg/mL hydrocortisone. HaCaT cells (a generous gift from Professor Fusenig) [25] were propagated
in DMEM medium supplemented with 10% foetal bovine serum and 1% penicillin-streptomycin.
The cells were grown in a humidified incubator at 37 ˝C in a 5% CO2 atmosphere. Cells were
passaged every 3 days and cultures were allowed to reach 70%–90% confluence before experiments
were performed.

3.4. Cell Viability Assays

The effect of extracts on SCC25 and HaCaT viability was evaluated using the colorimetric
tetrazolium dye procedure commonly referred to as the 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide (MTT) assay developed by Mosmann with minor modification [26].
SCC25 or HaCaT cells were plated into 96-well plates at densities of 6 ˆ 103 cells per well in 100 μL
of DMEM/F12 (10% serum) and 3 ˆ 103 cells well in 100 μL of DMEM (10% serum), respectively.
Cells were incubated at 37 ˝C for 24 h and were subsequently treated for 48 h with 0.5% serum
medium containing increasing concentrations (5–100 μg dry mass/mL) of extracts in ethanol (0.3% final
concentration in medium). Control cells were exposed to an equivalent volume of ethanol (0.3% final
concentration). Cells were then incubated in 100 μL of MTT-containing medium (0.2 mg/mL MTT in
0.5% serum medium) at 37 ˝C for an additional two hours. The medium was then removed and the
formazan crystals trapped in cells were dissolved in 100 μL of DMSO by gentle shaking for 20 min
on an orbital shaker. Absorbance of the solubilized product was measured at 595 nm using an Imark
plate reader (BioRad, Hercules, CA, USA). The absorbance of cells exposed to medium containing
0.3% ethanol only was taken as 100% cell viability (i.e., the control). The results are expressed as percent
of the viability of control cells ˘ standard error of the mean (SEM) from 4–8 parallel determinations
in three independent experiments (n = 3). Dose-effect analysis on SCC25 cells was performed by
one-way analysis of variance (ANOVA) with Kruskal-Wallis test (as the data were non-parametric).
Differences between the SCC25 and HaCaT cell lines, and interaction between cell line and extract
effects were analysed by two-way ANOVA with Bonferroni post-tests. All statistical analyses were
carried out using GraphPad Prism 6.0 (GraphPad Software Inc., San Diego, CA, USA, 2014).

3.5. Determination of Total Phenolic Content

Total phenolic content of ethanol and water extracts was determined using the Folin-Ciocalteu
assay as described previously [27] with minor modifications. Briefly, 0.5 mL of diluted extract was
mixed with 2.5 mL of freshly prepared Folin-Ciocalteu’s phenol reagent, followed by the addition
of 2 mL of 7.5% Na2CO3. The mixture was vortex mixed for 2 min and left in the dark at room
temperature for 30 min. The absorbance was then measured at the maximum wavelength of 758 nm
against a blank comprising 0.5 mL diluted extract, 2.5 mL water and 2 mL of 7.5% Na2CO3. Gallic acid
was used as the standard, and results were expressed as gallic acid equivalents (GAE) in mg/g of dry
weight of each extract.
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3.6. Determination of Total Flavonoid Content

Total flavonoid content of the extracts was determined using a colorimetric assay developed
previously [27]. Diluted extract was mixed with 2% AlCl3 in ethanol in equal volume and absorbance
was measured after 15 min at 425 nm, against the blank sample consisting of equal volume of dilute
extract and ethanol without AlCl3. Quercetin was used as the standard, and results were expressed as
quercetin equivalents (QE) in mg/g of the dry weight of each extract.

3.7. UHPLC-ToF-MS Analysis

Chromatographic analysis of compounds in papaya leaf extracts was performed on an Agilent
1290 UHPLC system (Agilent Technologies, Santa Clara, CA, USA). Chromatographic separation was
achieved on a 2.1 ˆ 150 mm, 3.5 μm ECLIPSE PLUS C18 analytical column (Agilent) with guard
protection. Mobile phase A was purified water containing 5 mM ammonium bicarbonate and 0.1%
formic acid, adjusted to pH 7.0 ˘ 0.1 and mobile phase B was 95% acetonitrile and 5% water (v/v)
containing 5 mM ammonium bicarbonate and 0.1% formic acid. The following gradient elution was
adopted: 10% to 80% B for the first 42 min; 80% to 90% B from 42 to 45 min; 90% to 100% B from
46 to 48 min; held at 100% B from 48 to 50 min; returned to 10% B over the next 2 min, and the column
re-equilibrated with 10% B for 10 min prior to the next injection. Thus the total chromatographic run
time was 60 min. A flow rate of 0.2 mL/min was applied and 20 μL of sample was injected.

Each extract was run in triplicate in both positive and negative ionization mode.
Mass spectrometric detection was performed on an Agilent 6520 high-resolution accurate mass
quadrupole time-of-flight (Q-ToF) mass spectrometer equipped with a multimode source in both
Electrospray Ionisation (ESI) and Atmospheric Pressure Chemical Ionization (APCI). Mass spectra
were controlled using MassHunter acquisition software (Version B.02.01 SP3, Agilent Technologies,
Santa Clara, CA, USA, 2010). The mass spectrometer was operated in the range of m/z 100–1700, at
a scan rate of 0.8 cycles/second under the following conditions: capillary voltage 2500 V, nebulizer
pressure 30 psi, drying gas flow 5.0 L/min, gas temperature 300 ˝C, fragmenting voltage 175 V,
skimmer voltage 65 V. To ensure the desired mass accuracy of recorded ions, continuous internal
calibration was performed during analysis with the use of reference ions—m/z 121.050873 (protonated
purine) and m/z 922.009798 (protonated hexakis) in positive mode; in negative mode, ions with m/z
119.0362 (deprotonated purine) and m/z 966.000725 (formate adduct of hexakis) were used to correct
for scan to scan variations.

3.8. MS Data Analysis

Data analysis was performed using Agilent MassHunter Qualitative software (Version B.05.00,
Agilent Technologies, Santa Clara, CA, USA, 2012) with Molecular Feature Extractor (MFE) algorithms
in concert with Mass Profiler Professional software (Version 12.1, Agilent Technologies, Santa Clara, CA,
USA, 2012) to align features from the chromatograms of all samples from four extracts of papaya leaves.
The following cut-off settings were employed: minimum peak filters of 500 counts, peak spacing
tolerance of 0.0025 m/z plus 7.0 ppm, assigned charge states limited to a maximum of two, minimum
compound filters of 3000 counts. The Molecular Feature Generator algorithm was utilised to generate
putative molecular formulae from the following common elements C, H, N, O, P and S. Compound
identification was carried out by using a Personal Compound Database Library (PCDL) (Agilent, Santa
Clara, CA, USA) with the METLIN Personal Metabolite Database and a customized PCDL database
which was compiled using the PCDL platform with compounds obtained from Naturally occurring
Plant-based Anticancerous Compound-Activity-Target Database (NPACT) [18].
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Abstract: Cancer chemotherapy is characterized by an elevated intrinsic toxicity and the development
of drug resistance. Thus, there is a compelling need for new intervention strategies with an improved
therapeutic profile. Immunogenic cell death (ICD) represents an innovative anticancer strategy where
dying cancer cells release damage-associated molecular patterns promoting tumor-specific immune
responses. The roots of Withania somnifera (W. somnifera) are used in the Indian traditional medicine for
their anti-inflammatory, immunomodulating, neuroprotective, and anticancer activities. The present
study is designed to explore the antileukemic activity of the dimethyl sulfoxide extract obtained from
the roots of W. somnifera (WE). We studied its cytostatic and cytotoxic activity, its ability to induce ICD,
and its genotoxic potential on a human T-lymphoblastoid cell line by using different flow cytometric
assays. Our results show that WE has a significant cytotoxic and cytostatic potential, and induces ICD.
Its proapoptotic mechanism involves intracellular Ca2+ accumulation and the generation of reactive
oxygen species. In our experimental conditions, the extract possesses a genotoxic potential. Since the
use of Withania is suggested in different contexts including anti-infertility and osteoarthritis care, its
genotoxicity should be carefully considered for an accurate assessment of its risk–benefit profile.

Keywords: Withania somnifera; apoptosis; cell cycle; leukemia; oxidative stress; immunogenic cell
death; genotoxicity

1. Introduction

Cancer causes millions of deaths every year. Only in 2012, cancer deaths have reached 8.2 million.
In 2030, 12.6 million cancer deaths have been estimated [1].

Cancer originates from multiple alterations induced by a direct interaction between toxic agents
and DNA. This triggers gene and chromosome mutations. Altered expressions of oncogenes and
tumor suppressor genes are found in different cancer types. The consequence is an uncontrollable
proliferation mediated by growth signals released from the tumor cells themselves, resistance against
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antigrowth signals, and inhibition of apoptosis. Furthermore, cancer expansion is helped by the release
of various growth factors which lead to the formation of new blood vessels that provide nutrients and
oxygen thus favoring cancer spread and metastasis dissemination [2]. Despite the progress made in
anticancer research, traditional cytotoxic chemotherapy continues to serve as the basis for the current
standard therapeutic regimen. This is characterized by an elevated intrinsic toxicity, mainly due to its
poor selectivity for cancer cells. Furthermore, cancer cells’ ability to develop drug resistance represents
a major problem in anticancer therapy [3]. Thus, there is a compelling need for new intervention
strategies with an improved therapeutic profile. Cancer cells create a favorable microenvironment
allowing them to survive, proliferate, and counteract immunosurveillance. A promising anticancer
strategy could be represented by the use of cytotoxic drugs that are not only able to induce tumor cell
death, but also promote tumor-specific immune responses, potentially preventing tumor progression
and relapse [4]. Very recent studies have introduced the concept of immunogenic cell death (ICD),
a modality of cell death where, after the exposure to some cytotoxic agents, dying cancer cells release
endogenous damage-associated molecular patterns (DAMPs) including calreticulin, heat shock protein
(Hsp)-70 and Hsp-90 recognized by antigen-presenting cells such as dendritic cells (DCs). This is
followed by T-cell-mediated adaptive immunity [5].

Natural products represent a rich source of biologically active compounds that can be able to
interact simultaneously with different targets involved in cell growth, cell differentiation, and apoptosis
regulation [6]. In 2015, the Food and Drug Administration (FDA) released an updated guidance
on botanical drug development. Unlike drugs that are constituted by a single active ingredient,
botanical drugs have a heterogeneous nature, which may lead to uncertainty in relation to their active
constituents. The number of botanical products submitted to the FDA is particularly high in the
oncological area [7]. The first botanical drug in this area is Polyphenon E, a standardized extract
obtained from the leaves of green tea (Camellia sinensis), approved by the FDA in 2007 for treatment of
genital warts linked to human papilloma viruses. The well-defined make-up, standardization, and
cheap cost make Polyphenon E a very interesting candidate for human clinical studies. Polyphenon
E is currently in several trials as a chemopreventive and chemotherapeutic agent against chronic
lymphocytic leukemia, bladder and lung cancers (phase II), and in breast cancer (phase I) [8–10].

Many recent studies focus on the potential anticancer effect of crude extracts from plants used
in traditional medicine and their isolated compounds. The roots of Withania somnifera (W. somnifera),
a plant originating from Asia and South Africa [11], are used in the Indian traditional medicine [12].
A wide range of biological activities is reported for W. somnifera including anti-inflammatory [13],
immunomodulating [14], neuroprotective [15], and anticancer activities [16]. The present study
is designed to explore the antileukemic activity of the DMSO extract obtained from the roots of
W. somnifera (WE). Particular emphasis is given to the role of reactive oxygen species (ROS) in its
anticancer effect. With the aim to extend the potential clinical impact of Withania, we investigated its
ability to induce ICD and assessed on a preliminary basis the risk–benefit profile associated with the
use of this plant through the analysis of its genotoxic potential.

2. Results

2.1. WE Contains Withaferin A (WFA), Whitanolide A (WDA), Withanolide B in Trace Amount

We detected and quantified WFA and WDA (Table 1), which are among the most representative
markers of Withania somnifera [17]. WFA was also described as highly soluble in DMSO, confirming
our results. Withanolide B was instead under the Limit Of Quantification (LOQ = 4.36 ˘ 0.65 μg/mL)
and withanone undetectable.
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Table 1. Quantification of withaferin A (WFA) and withanolide A (WDA).

Compound Amount
(μg/mL) LOD LOQ Amount (mg/g of

Dried Extract) Recovery %

WFA 113.65 ˘ 2.84 6.54 ˘ 0.11 19.81 ˘ 0.63 5.68 ˘ 0.14 96.85 ˘ 1.98
WDA 39.42 ˘ 1.44 1.64 ˘ 0.07 4.96 ˘ 0.26 1.97 ˘ 0.07 110.57 ˘ 2.11

withanolide B tr 2.03 ˘ 0.34 6.36 ˘ 0.65 - -
withanone - 1.99 ˘ 0.29 15.95 ˘ 1.18 - -

LOD: limit of detection, LOQ: limit of quantification, tr = trace.

2.2. WE Induces Apoptosis and Alters Cell-Cycle Residence

WE causes a dose-dependent reduction of cell viability. For example, after 24 h treatment of Jurkat
cells with 1.6 mg/mL of WE, the percentage of viable cells was 64.4% and at 3.2 mg/mL cells viability
achieved 16.6%. The calculated IC50 value (the inhibitory concentration causing cell toxicity by 50%
following one cell-cycle exposure) was 2.3 mg/mL. Concentrations similar or smaller than the IC50

were used in the following experiments.
Further analyses were carried out to discriminate whether the inhibitory effect of WE on cell

viability was the result of apoptotic cell death. After 6 h of treatment at 0.4 and 0.8 mg/mL, WE
significantly increased the percent of apoptotic cells (3.4- and 4.1-fold increase, respectively, versus
untreated cells). After 24 h of treatment, the percent of apoptotic cells was statistically significant
starting from 0.4 mg/mL, where 33.1% ˘ 3.7% of apoptotic events was observed versus 3.1% ˘ 0.2% of
untreated cells (Figure 1). An increase in necrotic events was also recorded starting from 0.80 mg/mL
(11.6% ˘ 1.9% versus 1.7% ˘ 0.2% of untreated cells). At the highest tested concentration of WE
(1.6 mg/mL), both apoptotic and necrotic events markedly increased, but the percentage of apoptotic
cells was significantly higher than that of necrotic cells (53.2% versus 28.2%, respectively) (Figure 1A).
When cells were treated with WFA, WDA or their association, we observed an increase in the fraction
of apoptotic cells only for WFA at all the concentrations tested (Figure 1B). The proapoptotic effect
of the association WFA plus WDA was very similar to that of WFA (Figure 1B). In Figure 1C, we
compared the fold increase in the percent of apoptotic cells recorded after treatment with WE, WFA
or WFA plus WDA. The concentrations of WFA and WDA are those found in the extract at 0.20, 0.40
and 0.80 mg/mL. Even if WFA and WFA plus WDA possess a proapoptotic effect, the effect of WE is
significantly higher than that observed for WFA or the association.

In the following experiments, we highlighted the cytostatic effect of WE. After 24 h treatment at
increasing concentrations of WE, we observed an increasing number of cells in G2/M phase starting
from 0.1 mg/mL (39.6% ˘ 0.1% versus 22.4% ˘ 1.2% of untreated cells), accompanied by a decrease in
cells in phase G0/G1 (45.7% ˘ 0.1% versus 63.0% ˘ 2.2% of untreated cells) (Figure 2). WE showed the
same trend up to 0.4 mg/mL, where we detected an increase in cells in G2/M phase (30.3% ˘ 0.9%)
and a decrease in cells in G0/G1 phase (50.1% ˘ 2.2%). At the highest concentrations tested, the
cell-cycle distribution was similar to that of untreated cells (Figure 2).

2.3. WE Increases Intracellular Ca2+ ([Ca2+]i)

We explored the ability of WE to modulate [Ca2+]i on viable cells after 6 and 24 h of Jurkat
treatment with WE. The extract increased [Ca2+]i in a dose- and time-dependent manner. At 6 h, [Ca2+]i
was significantly enhanced only at the highest concentration (0.4 mg/mL) tested [837.5 ˘ 86.9 MFI
(mean fluorescence intensity) versus 410.5 ˘ 12.4 MFI of untreated cells] (Figure 3). After 24 h of WE,
we recorded a significant increase in [Ca2+]i at all tested concentrations, starting from 0.1 mg/mL
(535.5 ˘ 61.5 MFI versus 399.7 ˘ 26.9 MFI of untreated cells) and becoming 3.7 fold higher than control
at the highest tested concentration (1530 ˘ 27.7 MFI). Dead cells were analyzed separately as unique
cluster. We observed an increase in [Ca2+]i (data not shown) that confirms the involvement of Ca2+ in
the antileukemic effect of WE.
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Figure 1. Percentage of viable, necrotic and apoptotic cells after 24 h treatment of Jurkat cells with
increasing concentrations of: DMSO extract obtained from the roots of W. somnifera (WE) (A); and
withaferin A (WFA), withanolide A (WDA) or WFA plus WDA (B). Fold increase in the percent of
apoptotic cells after treatment with different concentrations of WE, WFA, or WFA plus WDA (C).
* p < 0.05; ** p < 0.01; *** p < 0.001 versus untreated cells.
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Figure 2. Cell-cycle distribution following 24 h treatment of Jurkat with increasing concentrations of
WE. * p < 0.05; ** p < 0.01; *** p < 0.001 versus untreated cells.

2.4. WE Induces Oxidative Stress

WE extract increased ROS production in a dose-dependent manner in Jurkat cells (Figure 4A).
Most of the ROS were generated between 3 and 6 h of incubation. After 6 h treatment with WE,
0.8 and 1.6 mg/mL of WE led to ROS levels similar or even higher than those promoted by a mildly
toxic dose of H2O2 (0.1 mM for 15 min), included as a positive control. After longer times of treatment
(18 and 24 h), ROS generation reached a plateau (data not shown). N-acetylcysteine (NAC) and
o-phenantroline (o-Phe) significantly inhibited the ROS generation induced by WE (0.8 mg/mL for
6 h), while rotenone (Rot) was unable to afford a protective effect (Figure 4B).
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Figure 3. Fraction of living cells with increased [Ca2+]i following 6 and 24 h exposure to increasing
concentrations of WE. * p < 0.05; ** p < 0.01; *** p < 0.001 versus untreated cells.

Figure 4. Reactive oxygen species (ROS) generation in WE-treated cells: (A) Jurkat exposed to
increasing concentrations of WE for 1 h, 3 h or 6 h. Cells treated with H2O2 0.1 mM for 15 min
represent the positive control (dotted line parallel to x-axis). (B) Cells were treated for 6 h with WE
0.8 mg/mL in the absence or presence of o-phenanthroline (o-Phe, 10 μM), rotenone (Rot, 2 μM) or
N-acetylcysteine (NAC, 10 mM). Cells treated with H2O2 0.1 mM for 15 min represent the positive
control. * p < 0.05, ** p < 0.01, *** p < 0.001 versus control, and ˝˝˝ p < 0.001 versus WE.

2.5. Co-Treatment of Cells with WE and NAC Significantly Decreases WE-Induced Apoptosis

Because of the crucial role of ROS in the bioactivity of WE, we investigated whether the alteration
of the redox state induced by NAC treatment could play a role in the apoptosis induced by WE.
We observed a significant decrease in the WE-induced apoptotic events following 24 h of Jurkat
co-treatment with WE plus NAC (10 mM). The WE-induced apoptotic events were significantly
reduced from 35% after 0.40 mg/mL of WE to 10% after WE plus NAC and from 38% after 0.80 mg/mL
of WE to 12% after WE plus NAC (Figure 5).

0.40 0.80
0

20

40

60
WE
WE + NAC

* **

WE concentrations (mg/mL)

%
 a

po
pt

ot
ic

 c
el

ls

Figure 5. Apoptotic events after 24 h of Jurkat treatment with WE in the absence and presence of
N-acetyl cysteine (NAC) (10 mM). * p < 0.05; ** p < 0.01 versus WE.
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Moreover, we co-treated cells with WE and L-asparagine (1–2 mM): under this condition, we did
not record any modulation of the proapoptotic potential of WE (data not shown).

2.6. WE Induces ICD

Based on the cytotoxic activity of WE and its ability to increase intracellular ROS and Ca2+ levels,
we preliminarily explored the capacity of WE to induce ICD. To this aim, the exposure of some DAMPs
on the extracellular membrane of Jurkat cells was examined. After 6 h of treatment, we did not observe
any effect of WE on calreticulin translocation (data not shown). Longer treatment times (24 h) caused
calreticulin translocation on the extracellular membrane (Figure 6A,D), with a mean fluorescence of
8.39 at 0.2 mg/mL and 8.72 at 0.4 mg/mL compared to 6.83 of the control (Figure 6A). Similarly, cells
treated with WE showed an increase in both Hsp-70 and Hsp-90 expression only after 24 h of treatment
(Figure 6E,F, respectively). As an example, at 0.2 mg/mL Hsp-70 fluorescence was 57.92 compared to
42.17 of the control and Hsp-90 mean fluorescence was 144.14 compared to 58.45 of untreated cells; at
0.4 mg/mL, the fluorescence of both Hsp-70 and Hsp-90 increased to 85.22 and 151.09, respectively
(Figure 6B,C, respectively). Finally, we measured the release of adenosine triphosphate (ATP) from
dying cells after 6 and 24 h of treatment with WE. At 6 h, we did not record any modulation of ATP
levels (data not shown). After 24 h, we observed a significant increase in ATP levels at both the tested
concentrations of the extract (2- and 2.45-fold increase, respectively) (Figure 6G).

Figure 6. Fluorescence hystograms of: immunolabeled calreticulin (A); Hsp-70 (B); and Hsp-90 (C).
Modulation of the expression of: calreticulin (D); Hsp-70 (E); Hsp-90 (F); and of ATP release (G)
after treatment with WE, WFA, WDA or WFA plus WDA. Histograms are representatives of three
independent experiments. * p < 0.05, ** p < 0.01 versus untreated cells.

We also tested the induction of ICD by the two main constituents of WE extract (i.e., WFA and
WDA), used at the concentrations found in the WE extract at 0.40 mg/mL. Treatment with WFA and
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WDA alone or in association for 24 h did not cause a statistically significant modulation of calreticulin
translocation, Hsp-70 and Hsp-90 expression or ATP release (Figure 6D–G).

2.7. WE Induces DNA Damage

To evaluate the ability of WE to induce DNA damage, H2A.X phosphorylation was analyzed.
H2A.X phosphorylation at Ser 139 represents a sensitive marker for DNA strand breakage [18]. WE
induced a dose-dependent increase in H2A.X phosphorylation, which was eight times higher than
untreated cells at the highest tested concentration (0.80 mg/mL). This increase was similar to the
phosphorylation induced by etoposide 10 μM, used as positive control (Figure 7).
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Figure 7. Relative expression of phosphorylated H2A.X (P-H2A.X) induced by WE in Jurkat cells after
6 h of treatment. Etoposide (10 μM) was used as positive control. *** p < 0.001 versus untreated cells.

3. Discussion

In this study, we demonstrated the in vitro antileukemic effect of the root extract of W. somnifera in a
T-lymphoblastoid cell line. The high-performance liquid chromatography (HPLC) analysis performed
on WE revealed the presence of WFA, WDA and to a lesser extent withanolide B. Withanolides, in
particular WFA and its acetyl derivative, are highly bioactive and show anticancer activity [19–21].
Of note, its dihydroderivative is not active, thus suggesting that an unsaturated lactone moiety in
ring A of WFA is important for its biological activity. In our experimental settings, WE significantly
induced apoptosis in a remarkable proportion of cells. Moreover, it blocked cell proliferation through
an accumulation of cells in the G2/M phase starting from the lowest tested concentrations. Cell-cycle
dysregulation represents a hallmark of cancer [22] and targeting the checkpoint signaling pathway,
which usually leads to an arrest at G1/S or G2/M boundaries, is an effective therapeutic strategy [23].
Our results confirm the antiproliferative and proapoptotic effect reported for withanolides and for
a methanolic crude Withania leaf extract in different leukemia cell lines [24,25]. However, the IC50

calculated for the above mentioned methanolic leaf extract was much lower than that calculated in our
study. The difference could be imputable to the different part of plant (root versus leaf) used and/or
the method of extraction (the methanolic leaf extract was subjected to a sequential solvent extraction,
which progressively concentrated the active components of Withania leaves).

Different mechanisms can be involved in the proapoptotic activity of our WE. Numerous studies
reported that intracellular Ca2+ mobilization plays a crucial role in apoptosis [26,27] and that calcium
ionophores exhibit proapoptotic activity [28]. Since WE exhibited a marked proapoptotic ability, we
measured [Ca2+]i and demonstrated that further to the treatment of Jurkat cells with WE, [Ca2+]i
significantly increased. The underlying mechanisms need to be explored, however we can hypothesize
that the proapoptotic mechanism of WE involves intracellular Ca2+ accumulation.
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Fruits of W. somnifera contain different enzymes including L-asparaginase, which catalyzes
the conversion of the aminoacid asparagine to aspartate and ammonia. Through this mechanism,
L-asparaginase depletes the cellular levels of asparagine and induces the death of leukemic cells
that are unable to synthesize asparagine. L-asparaginase exhibits cytotoxic effects on patient-derived
leukemic blasts [29]. A specific phytochemical analysis should be performed to detect the presence
of L-asparaginase in our extract. However, in our experimental conditions, the co-treatment of cells
with WE plus L-asparagine did not affect the proapoptotic potential of WE. The latter finding may
suggest that our extract does not contain L-asparaginase. Thus, it is conceivable that the presence of
L-asparaginase does not play a critical role in the cytotoxic activity of WE.

As already mentioned, the main component of our WE is WFA. Many studies have demonstrated
the role of WFA inducing oxidative stress as an anticancer strategy on different tumor cell lines, such
as prostate cancer, breast cancer, pancreatic cancer, leukemia, and melanoma [30–34]. ROS-mediated
apoptosis by WFA was shown to depend on both intrinsic and extrinsic pathways. Mitochondrial
membrane potential loss, release of cytochrome c and translocation of Bax, as well as increase in
caspase-8 activity were observed together with the decrease of Bid, as crosstalk between intrinsic and
extrinsic pathways [32]. Accordingly, we demonstrated that WE increased intracellular ROS levels.
The remarkable inhibition of the proapoptotic potential of WE after co-treatment with NAC confirms
the key role of ROS production in the apoptosis induced by WE. Similar data were obtained in both
estrogen receptor (ER) positive- and ER negative-breast cancer cell lines, where the apoptotic effect of
WFA was blunted by the presence of antioxidants [30].

Notably, selectivity by WFA towards cancer cells was observed in pancreatic and breast cancer
cells, as compared to normal human fibroblasts and normal human mammary epithelial cell line [30,34].
ROS levels in cancer cells are close to the threshold and a ROS-mediated apoptotic mechanism
represents an established indicator of cancer selectivity for an anticancer compound [35].

WE extract caused a dose-dependent ROS generation in Jurkat cells. This finding is in agreement
with previous studies reporting the ROS-generating ability of a similar WE extract [32] and some of its
components such as WFA [32,33,36–38]. ROS generation induced by WE extract reached a plateau after
6 h of incubation. This suggests that the extract rapidly induces a pro-oxidative status in intoxicated
cells. Similar results were obtained by Malik [32], who found a significant ROS increase following
1 to 3 h of exposure to WFA [38]. The co-incubation of cells with WE extract and NAC, an established
ROS scavenger, quenched the ROS generation induced by WE. This finding is in conformity with
previous data that reported that NAC attenuates Withania-induced ROS production in several cell
lines [32,36–38]. Co-incubation with o-Phe, an iron chelator that breaks Fenton reaction and stops
ROS generation [39], attenuated ROS generation to a similar extent as NAC. These data strengthen
the notion that WE causes the cellular formation of ROS. Since analyses performed on melanoma cell
lines treated with WFA recorded mitochondrial ROS generation [33], we investigated whether the
mitochondrial respiratory chain is involved in this process. Rot, a prototypical Complex I inhibitor [40],
did not affect WE-induced ROS production, suggesting that this complex is not involved in this process
and that further studies will be needed to individuate the exact site of ROS production.

ROS production and endoplasmic reticulum (ER) stress are critical event promoting ICD, which
is also associated with the expression and/or release of DAMPs [41]. For example, calreticulin is a
DAMP usually located on the lumen of ER and translocated on the extracellular membrane in case
of ER stress [41]. ER regulates many cellular events including [Ca2+]i levels. Alterations in Ca2+

homeostasis causes ER stress [42]. In our experimental settings, WE treatment causes ROS production
and increases [Ca2+]i levels. Accordingly, to the best of our knowledge, we demonstrated for the
first time the ability of Withania to induce ICD starting from the lowest tested concentrations, as
indicated by the up-regulation of calreticulin, Hsp-70, Hsp-90, and ATP release. The expression of
these molecules increases the immunogenic profile of tumor cells, thus promoting the innate immune
system response [43]. However, WFA and WDA that represent the two main constituents of our WE
extract did not induce ICD either alone or in association. Recent evidence shows that WFA does not
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alter the expression of Hsp-90 either in lymphoma or in pancreatic cells, and inhibits Hsp-90 with an
ATP-independent mechanism [44–46]. The anticancer activity of WFA depends on the inhibition of
critical kinases and cell-cycle regulators controlled by Hsp-90 [44,45]. Hsp-90 is a molecular chaperone
involved in regulating protein folding and modulating a number of oncogenic client proteins playing
a critical role in oncogenesis and cancer progression. Hsp-90 depends upon different co-chaperones
for its function. WFA blocks the association of Hsp-90 to Cdc37, i.e., its co-chaperone, thus acting as a
potent Hsp-90-client modulating agent [46]. The different activity of the two withanolides and WE
could be imputable to the complex nature of WE. In other words, the combined effects of the bioactive
molecules of the extract could differently influence DAMPs’ expression.

An immunostimulatory activity of an aqueous/alcoholic (1:1) root extract of Withania has been
reported on BALB/c mice and on ex vivo and in vitro macrophages [47]. The immunostimolatory
activity of Withania together with the induction of ICD represents a promising strategy for the
generation of a tumor-specific response.

Finally, we analyzed the genotoxic potential of WE. Our results showed that the treatment of
Jurkat cells with WE significantly boosts H2A.X phosphorylation, which is an index of the ability of
a compound to interact with DNA thus triggering a genotoxic lesion. However, some recent in vivo
studies reported the lack of genotoxicity of one of the most important constituents of Withania, i.e., WFA,
and demonstrated its ability to provide protection against the 7,12-dimethylbenz(a)anthracene-induced
genotoxicity [48,49]. As with the different behavior of WE and withanolides in ICD induction, the
different genotoxic profile of WE and WFA could be due to the matrix effects. Genotoxic studies on
complex products of natural origin are usually performed on single phytochemicals rather than on
the product in its complexity. The matrix effect can cause an incomplete release of a key constituent
from the vegetal matrix or modulate its bioavailability. This means that the use of toxicity data
concerning the pure phytochemical are unsuited for the purposes of assessing the risk derived from
the use of the same phytochemical within the complex vegetal matrix [2]. The use of Withania is
suggested in different contexts including naturopathic care for anxiety [50], anti-infertility care [51],
and osteoarthritis care [52]. Its genotoxicity should be carefully considered for an accurate assessment
of its risk–benefit profile. It is important to note that the H2A.X phosphorylation test used in our study
is able to detect only premutational, thus reparable DNA lesions. For this reason, further experiments
are needed to define the net and actual mutagenic effect of the lesions caused by WE and to directly
relate the DNA damage to the mutagenic effect.

4. Experimental Section

4.1. WE Preparation

Withania somnifera roots were collected during the balsamic period (summer) and authenticated
by Dr. Paolo Scartezzini, Maharishi Ayurveda Product Ltd., Noida, India. The quality control was
performed by Vedic Herbs s.r.l. (Caldiero, VR, Italy), which gifted us with a sample of root powder
(voucher #12/11). The extract was prepared by mixing 10 g of Withania root powder with 100 mL
of DMSO. The extract was vortexed for 15 min at room temperature and centrifuged to discard any
insoluble part. The experiments and the HPLC analysis were performed using this stock solution
of 100 mg/mL.

4.2. HPLC Analysis

WE was subjected to RP-HPLC-DAD analysis to identify and quantify the main phytomarkers.
The reference compounds WFA, WDA, withanolide B, and withanone were purchased from
Extrasynthese, Lyon, France. WFA and WDA were used as external standards to set up and
calculate appropriate calibration curves. The analyses were performed using a Jasco modular HPLC
(model PU 2089, Jasco Corporation, Tokyo, Japan,) coupled to a diode array apparatus (MD 2010 Plus)
linked to an injection valve with a 20 μL sampler loop. The column used was a Kinetex XB-C18 (5 μm,
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15 cm ˆ 0.46 cm) with a flow rate of 0.6 mL/min. The analyses were performed at 25 ˝C with mobile
phase and gradient chosen according to literature [17].

Following chromatogram recording, sample peaks were identified by comparing their ultraviolet
(UV) spectra and retention time with those of the pure standards. Dedicated Jasco software
(PDA version 1.5, Jasco Corporation, 2004) was used to calculate peak area by integration.

4.3. Validation

The individual stock solutions of each phytomarkers were prepared in ethanol or acetonitrile. The
calibration curves of the considered compounds were prepared within different range: 500–50 μg/mL
for WFA, and 100–10 μg/mL for WDA. Each calibration solution was injected into HPLC in triplicate.
The calibration graphs were provided by the regression analysis of the peak area of the analytes versus
the related concentrations. The analysis of the extract was performed under the same experimental
conditions. The obtained calibration graphs allowed the determination of the concentration of the
phytomarkers inside the extract.

Limit Of Detection (LOD) and LOQ were calculated following the approach based on the standard
deviation of the response and the slope for WFA and WDA, on signal and noise ratio for withanolide B
and withanone, as presented in the “Note for guidance on validation of analytical procedures: text and
methodology”, European Medicine Agency ICH Topic Q2 (R1). The accuracy was reported as percent
of recovery and was estimated by adding known amount of analyte in the studied sample.

4.4. Cell Cultures

Human T-lymphoblastoid cells (Jurkat) were provided from LGC standards (LGC Group,
Middlesex, UK). Cells were grown in suspension in Roswell Park Memorial Institute (RPMI) 1640
supplemented with 10% heat-inactivated bovine serum, 1% penicillin/streptomycin solution, and 1%
L-glutamine solution (all obtained from Biochrom, Merck Millipore, Darmstadt, Germany). Cells were
incubated at 37 ˝C with 5% CO2. To maintain exponential growth, the cultures were diluted to never
exceed the maximum suggested density of 3 ˆ 106 cells/mL.

4.5. Cell Treatment

Cells were treated with increasing concentrations of WE (0.0–1.6 mg/mL) for 1, 3, 6 or 24 h,
according to the experimental requirements, or with WFA, WDA or WFA plus WDA for 24 h. WFA
and WDA were tested at the concentrations found in the WE extract at 0.2, 0.4 and 0.8 mg/mL:
0.23–0.92 μg/mL for WFA; 0.08–0.32 μg/mL for WDA. Etoposide 10 μM and hydrogen peroxide
0.1 mM were used as positive controls. In some experiments, a co-treatment of WE with NAC or
L-asparagine was performed.

4.6. Analysis of Cell Viability and Induction of Apoptosis

To determine cells’ viability, Guava ViaCount Reagent (Merck Millipore, Darmstadt, Germany)
was used according to manufacturer’s instructions. Briefly, cells were appropriately diluted with the
reagent containing 7-amino-actinomycin D (7-AAD) and incubated at room temperature in the dark
for 5 min before detection with flow cytometer. Furthermore, to discriminate between necrotic and
apoptotic events, Guava Nexin Reagent (Merck Millipore) was used. Through the use of 7-AAD and
annexin V-phycoerythrin, the assay allows the discrimination of apoptotic and necrotic events. Cells
were incubated with the reagent for 20 min at room temperature in the dark and then analyzed via flow
cytometry. IC50 was calculated by interpolation from dose–response curve. Concentrations ď IC50

were used in the subsequent experiments.
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4.7. Cell-Cycle Analysis

After treatment with WE for 24 h, cells were fixed with 70% ice-cold ethanol and, after washing,
suspended in 200 μL of Guava Cell Cycle Reagent (Merck Millipore), containing propidium iodide.
At the end of incubation at room temperature for 30 min in the dark, samples were analyzed via
flow cytometry.

4.8. Measurement of [Ca2+]i

After WE treatment for 6 or 24 h, [Ca2+]i was analyzed by using Fura Red™, AM (Thermo Fisher
Scientific, Carlsbad, CA, USA), according to manufacturer’s instructions. Briefly, after treatment, cells
were incubated with the dye that freely permeates the cytoplasmic membrane but, once inside the
cells, is hydrolyzed by the intracellular esterases and trapped into the cells. The fluorescence of this
molecule is enhanced once it binds Ca2+. To determine the optimal concentration of dye, a titration of
Fura RedTM, AM was performed by loading Jurkat cells with a range of concentrations recommended
by the manufacturer (1–10 μM). The exposure of cells to Fura Red can cause cell death [53]. Thus, the
use of the lowest concentration of Fura Red is recommended. Following this experimental phase, the
concentration of 1 μM was adopted.

To detect intracellular calcium levels, Jurkat cells were incubated at 37 ˝C for 30 min in PBS
without calcium and magnesium. This buffer condition allows to detect the intracellular calcium stores
and exclude the secondary increase in [Ca2+]i due to Ca2+ entry [54]. Moreover, the removal of external
Ca2+ reduces the non-specific fluctuations in [Ca2+]i normally observed during the first 20–30 s of
sample acquisition via flow cytometry. Results are expressed as MFI.

4.9. Detection of ROS Production

ROS production was determined after 1, 3, 6, 18 or 24 h of WE treatment by using the probe
dihydrorhodamine (DHR, 10 μM) [55], which was added during the last 15 min of incubation.
Hydrogen peroxide was used as positive control. Additionally, cells were pre- treated for 30 min with
Rot (2 μM) or o-Phe (10 μM) and co-treated for 6 h with WE (0.8 mg/mL). In some experiments, cells
were co-treated for 6 h with WE (0.8 mg/mL) plus NAC (10 mM). After three washing in PBS, cellular
fluorescence was imaged using a Leica DMLB/DFC300F fluorescence microscope (Leica Microsystems,
Wetzlar, Germany) equipped with an Olympus ColorviewIIIu CCD camera (Polyphoto, Milan, Italy).
Fluorescence images (100 cells per sample from randomly selected fields) were digitally acquired
and processed for fluorescence determination at the single cell level on a personal computer using
the public domain program, Image J. Mean fluorescence values were determined by averaging the
fluorescence of at least 100 cells/treatment condition/experiment.

4.10. Analysis of Calreticulin Translocation, Hsp-70 and Hsp-90 Expression, and ATP Release

After 6 or 24 h of treatment, cells were washed and incubated with phycoerythrin-labeled
calreticulin antibody (1:100, Abcam, San Francisco, CA, USA) or isotope-matched negative control
(isotypic mouse IgG1 K Alexa Fluor 488®) (eBioscience, San Diego, CA, USA).

To analyze Hsp-70 and Hsp-90 expression, cells were incubated with an anti-Hsp-70 or anti-Hsp-90
antibody (1:100, Abcam, for both antibodies) and, after washing, incubated with fluorescein
isothyocianate-labeled secondary antibody (1:100, Sigma, Merck Millipore, Darmstadt, Germany)
or the isotype control. Mean fluorescence was detected via flow cytometry.

The kit ATPLite™ 1step (Perkin Elmer, Waltham, MA, USA) was used for the detection of
ATP extracellular concentration. Jurkat cells were seeded and treated with WE in Hank's Balanced
Salt Solution (HBSS) or complete medium for 6 and 24 h, respectively. At the end of incubation,
supernatants were collected and treated with 100 μL of ATPLite 1step reagent containing luciferase
and D-luciferin. After shaking for 2 min at 700 rpm using the orbital microplate shaker 711/+
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(Asal srl, Florence, Italy), luminescence of the samples was measured in a 96-well black plate using
the microplate reader Victor X3 (Perkin Elmer).

4.11. DNA Damage Analysis

Phosphorylation of histone P-H2A.X was used as marker of WE genotoxic potential. After, 6 h
of treatment with WE, cells were fixed, permeabilized and incubated for 30 min in the dark at room
temperature with an anti-P-H2A.X-Alexa Fluor® antibody (Merck Millipore). Etoposide 10 μM was
used as positive control. Samples were analyzed via flow cytometry.

4.12. Flow Cytometry

EasyCyte 5HT (Merck Millipore) was used to perform all flow cytometric analyses, with the
exception of the measurements of [Ca2+]i performed by using a FACSCanto II (BD Bioscience, Franklin
Lakes, NJ, USA). For each sample, approximately 5000 events were evaluated.

4.13. Statistical Analysis

All results are expressed as mean ˘ SEM of at least three independent experiments. Differences
between treatments were assessed by t test or one-way ANOVA and Dunnet or Bonferroni was used
as post-tests. All statistical analyses were performed using GraphPad InStat 5.0 version (GraphPad
Prism, San Diego, CA, USA, 2007). p < 0.05 was considered significant.
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Abstract: Epidemiological studies have found a positive association between coffee consumption and
a lower risk of cardiovascular disorders, some cancers, diabetes, Parkinson and Alzheimer disease.
Coffee consumption, however, has also been linked to an increased risk of developing some types
of cancer, including bladder cancer in adults and leukemia in children of mothers who drink coffee
during pregnancy. Since cancer is driven by the accumulation of DNA alterations, the ability of the
coffee constituent caffeic acid to induce DNA damage in cells may play a role in the carcinogenic
potential of this beverage. This carcinogenic potential may be exacerbated in cells with DNA repair
defects. People with the genetic disease Fanconi Anemia have DNA repair deficiencies and are
predisposed to several cancers, particularly acute myeloid leukemia. Defects in the DNA repair
protein Fanconi Anemia D2 (FANCD2) also play an important role in the development of a variety
of cancers (e.g., bladder cancer) in people without this genetic disease. This communication shows
that cells deficient in FANCD2 are hypersensitive to the cytotoxicity (clonogenic assay) and DNA
damage (γ-H2AX and 53BP1 focus assay) induced by caffeic acid and by a commercial lyophilized
coffee extract. These data suggest that people with Fanconi Anemia, or healthy people who develop
sporadic mutations in FANCD2, may be hypersensitive to the carcinogenic activity of coffee.

Keywords: coffee; caffeic acid; cancer; DNA damage; carcinogenesis; FANCD2; Fanconi anemia

1. Introduction

Coffee, one of the most widely consumed beverages in the world, can affect human health.
Observational studies suggest that coffee consumption may lower the risk of developing diabetes,
cardiovascular disorders, cirrhosis, and degenerative disorders such as Parkinson and Alzheimer
disease [1,2]. Coffee consumption has also been associated with a decreased risk of total mortality;
coffee drinkers had a lower risk of death from heart disease, chronic respiratory diseases, diabetes,
pneumonia and influenza, and intentional self-harm [3]. No significant association between coffee
consumption and total cancer mortality was found, however [3]. The effect of coffee consumption
on the risk of cancer is inconclusive; some studies indicate that coffee may reduce the risk of some
types of cancers [4–6], while others suggest that it may increase the risk of developing the disease [6,7].
According to the International Agency for Research on Cancer (IARC), coffee is classified as possibly
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carcinogenic to the human urinary bladder (IARC, Vol. 51). Several recent epidemiological studies
have also revealed that maternal consumption of coffee during pregnancy may be associated with
childhood leukemia [8–11]. A recent meta-analysis found that maternal coffee consumption during
pregnancy significantly increased the risk of childhood acute lymphoblastic leukemia (ALL) and acute
myeloid leukemia (AML) in a dose-response manner [11].

Caffeic acid is present in coffee in low amounts, but it is an important metabolite found in plasma
and urine after coffee consumption [1,12]. In coffee, caffeic acid is typically bound to quinic acid to
form an ester called 5-caffeoylquinic acid or chlorogenic acid [13]. Some studies have shown that
caffeic acid possesses antioxidant and anti-genotoxic activities [14–19]. However, other investigations
have revealed that this polyphenol generates reactive oxygen species (ROS) and produces carcinogenic
effects [20–26]. In vivo studies have also found that diets containing caffeic acid induced tumors in
animals [2]. Caffeic acid is therefore classified as possibly carcinogenic to humans (IARC, Vol. 56).
This carcinogenic activity may be due to its ability to induce DNA damage [21–23], probably through
a pro-oxidant mechanism [22,24–26].

Cancer is a disease caused by the accumulation of DNA alterations in our cells [27–30]. When our
cells suffer DNA alterations, the DNA damage response machinery activates a variety of mechanisms to
repair the damage [3]. These mechanisms are necessary for maintaining the integrity of the DNA, and
therefore provide a fundamental biological barrier against carcinogenesis. Mutations in DNA repair
genes result in the accumulation of cellular DNA damage and in predisposition to cancer. Some people
are born with defects in genes involved in the DNA damage response machinery. People without
germline mutations in DNA repair genes can also acquire them during a possible carcinogenic process.
People with these mutations are particularly sensitive to the carcinogenic activity of compounds that
induce types of DNA damage requiring these genes for repair.

The Fanconi anemia (FA) pathway plays an important role in the repair of several types of DNA
damage, including interstrand crosslink, replication fork stalling and double strand breaks. The FA
protein Fanconi Anemia D2 (FANCD2) is essential for proper functioning of this pathway; this protein
is considered a surrogate marker for FA network activation. Mutations in a cluster of proteins of this
pathway cause Fanconi Anemia, a rare autosomal recessive genetic disease characterized by bone
marrow failure, congenital abnormalities, genomic instability and predisposition to several types of
cancer, particularly acute myeloid leukemia [31–33]. Defects in proteins implicated in this DNA repair
pathway has been described in several kinds of sporadic cancers, including bladder cancer and acute
myeloid leukemia [34–37]. Deficiency in this DNA repair pathway makes cells hypersensitive to the
cytotoxicity and DNA-damaging activities of a variety of agents, including ROS [38–40].

Since caffeic acid induces ROS-mediated DNA damage, and since the FA pathway participates in
the repair of this type of DNA damage, we hypothesized that cells deficient in this pathway would
be more susceptible than normal cells to the DNA-damaging effect of this dietary phytochemical.
We report that human cells deficient in FANCD2 are hypersensitive to the cytotoxicity (clonogenic
assay) and DNA damage (γ-H2AX and 53BP1 focus assay) induced by caffeic acid and by a commercial
lyophilized coffee extract, and discuss the possible relevance of these results.

2. Results

2.1. Cells Deficient in FANCD2 Are Hypersensitive to the Cytotoxicity of Coffee and Caffeic Acid

Cells lacking the FA protein FANCD2 (PD20´/´) and cells complemented with FANCD2
(PD20+/+) were exposed for 4 h to caffeic acid and to a commercial lyophilized coffee extract. After
7 days of recovery in drug-free medium, cell survival was determined with the clonogenic assay.
Figure 1 shows that the survival of cells lacking FANCD2 was significantly lower than that of proficient
cells when exposed to several concentrations of caffeic acid (A) and coffee (B). This means that the
cellular toxicity of coffee and caffeic acid is increased in cells lacking the DNA repair protein FANCD2.

102



Toxins 2016, 8, 211

Figure 1. Cells deficient in Fanconi Anemia D2 (FANCD2) are hypersensitive to the cytotoxicity of
caffeic acid (A) and a commercial lyophilized coffee extract (B). Parental PD20 cells with functional
FANCD2 (PD20+/+) and PD20 cells lacking FANCD2 (PD20´/´) were treated with caffeic acid or
coffee for 4 h. Then, the cells were allowed to form colonies in drug-free medium for 7 days, and
the percentage of cell survival with respect to untreated cells was determined with the clonogenic
assay. Data show the mean and standard deviation (SD) from at least 3 independent experiments.
For statistical analysis, the t-test (paired, two-tailed) was used (* p < 0.05, ** p < 0.01).

2.2. Cells Deficient in FANCD2 Are Hypersensitive to the DNA Damage Induced by Coffee and Caffeic Acid

We used the immunofluorescence focus assay to measure the levels of DNA damage in FANCD2
deficient and proficient cells exposed to coffee and caffeic acid. We used specific antibodies to determine
the levels of γ-H2AX and 53BP1 foci. An increase in the cellular levels of γ-H2AX foci is associated
with the formation of double strand breaks (DSBs) in the DNA, but also with the formation of other
types of DNA damage; γ-H2AX can therefore be considered as a marker of general DNA damage [4,41].
Formation of γ-H2AX foci is associated with recruitment of p53-binding protein 1 (53BP1), a regulator
of the cellular response to DNA double-strand breaks. Therefore, the presence of 53BP1 foci is a specific
marker of DSBs. Figure 2 shows that cells lacking FANCD2 developed higher levels of γ-H2AX foci
and 53BP1 foci than non-deficient cells when exposed to coffee and caffeic acid.

Figure 2. Cont.
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Figure 2. Cells deficient in FANCD2 (PD20´/´) are more sensitive than non-deficient cells (PD20+/+)
to the DNA damage induced by a commercial lyophilized coffee extract and by caffeic acid. Cells
were exposed for 4 h to caffeic acid 100 μM or coffee 100 μg/mL, and the levels of γ-H2AX
and 53BP1 foci were measured with the Immunofluorescence focus assay. In (A), quantification
of nuclear foci is presented. Data show the mean and standard deviation (SD) from at least
3 independent experiments; p > 0.05 (t-test, paired, two-tailed). Representative micrographs are
shown in (B), where γ-H2AX foci appear as green spots, 53BP1 foci appear as orange spots and
DAPI (41,6-diamidino-2-phenylindole)-stained nucleus appear in blue. γ-H2AX foci colocalized with
53BP1 appear as yellow spots. Pictures were taken with an Olympus BX 61 microscope at 40-fold
magnification (Figure 2B shows the part of the pictures that contained cells). In (C), the percentage of
γ-H2AX foci colocalized with 53BP1 is represented. In (D), representative photographs of control cells
and cells exposed for 4 h to caffeic acid 100 μM or coffee 100 μg/mL are shown.

3. Discussion

Coffee consumption may increase the risk of developing some types of cancer, including bladder
cancer and childhood leukemia. Caffeic acid, a phenolic compound found in plasma and urine after
coffee consumption, may contribute to the carcinogenic potential of coffee. Although the effect of
coffee consumption on the risk of cancer is inconclusive, the International Agency for Research on
Cancer has classified both coffee and caffeic acid as possibly carcinogenic to humans.

The ability of caffeic acid to induce DNA damage in cells [22–26] may play a key role in the
carcinogenic potential of caffeic acid and coffee. It is well-known that dividing cells are more susceptible
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to DNA-damaging agents than non-dividing cells. Because cells divide actively during embryonic
and fetal development, coffee consumption could be particularly carcinogenic during pregnancy.
In addition, the carcinogenic potential of coffee would be higher in cells deficient in particular DNA
repair proteins. Figure 1 shows that cells deficient in FANCD2, a critical DNA repair protein of the
Fanconi Anemia pathway, are hypersensitive to the cytotoxicity of caffeic acid and coffee. This suggests
that coffee and caffeic acid cause more DNA damage in cells deficient in this DNA repair protein.
Figure 2 shows that cells lacking FANCD2 developed higher levels γ-H2AX foci than non-deficient
cells when exposed to coffee and caffeic acid. This suggests that the DNA-damaging effects of coffee
and caffeic acid are increased in cells with defects in the DNA repair protein FANCD2. The levels of
53BP1 foci were also increased in cells lacking FANCD2, therefore indicating that coffee and caffeic acid
induce more DSBs in cells deficient in this DNA repair protein. Together, this data indicate that cells
deficient in FANCD2 are hypersensitive to the cytotoxicity and DNA-damaging activities of caffeic
acid and coffee, and suggest that people with mutations in FANCD2 may be hypersensitive to their
carcinogenic activity.

The bioavailability of caffeic acid in humans is relatively high. The plasma and urinary levels of
caffeic acid in humans after coffee consumption are typically in the nanomolar and low micromolar
range [12,42,43]. For example, a study showed that the peak concentration of caffeic acid in the plasma
of ten healthy adults was 1.1 ˘ 0.9 μM; its concentration in urine was highly variable, ranging from
0.07 to 9.43 μM [5]. Figure 2 shows that the concentration of caffeic acid required to detect DNA
damage in cells is high (100 μM), probably because the sensitivity of the immunofluorescence focus
assay is relatively low. But Figure 1 shows that, when treated with caffeic acid 10 μM, the survival of
cells deficient in the DNA repair protein FANCD2 is approximately 60% of that of untreated cells. This
suggests that caffeic acid 10 μM induces cytotoxic levels of DNA damage, and that non-cytotoxic levels
of DNA damage probably occur at lower concentrations; these concentrations are possibly similar to
those achieved in plasma and urine after coffee consumption.

The high concentrations of caffeic acid detected in the urine of some healthy volunteers after
coffee consumption [6] indicate that this phytochemical can be accumulated in the urinary bladder.
This may explain why coffee is classified as possibly carcinogenic to the human urinary bladder (IARC,
Vol. 51). FANCD2 deficiencies have been described in bladder cancer [34–36]. Together, this supports
the idea that coffee and caffeic acid may increase the risk of bladder cancer, particularly in people with
germline or sporadic mutations in the DNA repair protein FANCD2.

The carcinogenic activity of coffee may be mediated not only by the pro-oxidant activity of caffeic
acid [22,24–26], but also by other pro-oxidant coffee constituents. Several coffee constituents, including
chlorogenic acid and hydroquinone, are known to generate hydrogen peroxide [44–47], and hydrogen
peroxide induces DNA damage and plays a key role in cancer development [48]. The cytotoxicity and
DNA-damaging activities of hydrogen peroxide and other ROS are higher in cells deficient in DNA
repair proteins of the Anemia Fanconi pathway [38–40]. This suggests that the carcinogenic potential
of coffee is mediated by the ability of caffeic acid and other coffee constituents to induce pro-oxidant
DNA damage, and that this carcinogenic potential is higher in cells lacking DNA repair proteins of
the Anemia Fanconi pathway. It is important to clarify that some polyphenols can both prevent and
induce oxidative DNA damage, mainly depending on their concentration. At low concentrations, they
can reduce the levels of ROS and prevent DNA damage. At higher concentrations, however, some
polyphenols (particularly those containing catechol or pyrogallol moieties in their structure, such as
caffeic acid) can generate hydrogen peroxide by an autoxidation mechanism. This mechanism involves
the oxidation of polyphenols to semiquinones in a process in which oxygen is reduced to superoxide
anion and hydrogen peroxide. Through the Fenton reaction, hydrogen peroxide produces hydroxyl
radicals that cause oxidative DNA damage [49,50].

In summary, although the effect of coffee consumption on the risk of cancer is inconclusive,
some studies indicate that coffee may increase the risk of developing some cancers [6,7]. Here we
report that cells deficient in the DNA repair protein FANCD2 are hypersensitive to the cytotoxic and
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DNA-damaging activities of a commercial lyophilized coffee extract and caffeic acid (an important
metabolite found in plasma and urine after coffee consumption). These data suggest that people
with Fanconi Anemia, or healthy people who develop sporadic mutations in FANCD2, may be
hypersensitive to the carcinogenic activity of coffee.

4. Materials and Methods

4.1. Chemicals and Cell Lines

Caffeic acid was purchased from Sigma (ě98.0%, Sigma-Aldrich, St. Louis, MO, USA).
A commercial lyophilized coffee extract (NESCAFÉ® Classic, Barcelona, Spain) was used.
In all experiments, caffeic acid and the coffee extract were tested individually, not mixed together.
The human Fanconi deficient (PD20 FANCD2´/´) and proficient (PD20 FANCD2´/´ complemented
with FANCD2) cells were kindly provided by Dr. Thomas Helleday and by Dr. Jordi Surrallés Calonge.
Cells were maintained in DMEM supplemented with 2 mM glutamine, 50 μg/mL penicillin, 50 μg/mL
streptomycin and 20% fetal bovine serum. Cells were cultured at 37 ˝C in a humidified atmosphere
containing 5% CO2.

4.2. Clonogenic Assay

Cell survival was measured with the clonogenic assay. Cells were plated at low density onto 6 cm
Petri dishes. Cells were treated with caffeic acid or coffee for 4 h; then drugs were removed and fresh
media was added to allow the cells to grow for 7 days. Colonies were stained with methylene blue
prepared in methanol (4 g/L). Surviving colonies made up 50 cells per colony were counted and the
data were corrected according to cloning efficiencies of control cells.

4.3. Immunofluorescence γ-H2AX and 53BP1 Focus Assay

To evaluate DNA damage, detection of γ-H2AX and 53BP1 foci were quantified by
immunofluorescence using the focus assay. The γ-H2AX focus assay is based on the ability of
double-strand breaks (DSBs) to trigger phosphorylation of histone H2AX on Ser-139, which leads to the
formation of nuclear foci that can be visualized with anti-γ-H2AX antibodies. Following the induction
of double strand breaks, formation of γ-H2AX foci is associated with recruitment of p53-binding
protein 1 (53BP1). Accumulation of 53BP1 can also be visualized as foci with anti-53BP1 antibodies.
After treatments, cells were washed three times with PBS, and incubated for 30 s with cold 0.1%
Triton-X in PBS to pre-extract soluble proteins. Afterward, cells were fixed with 4% paraformaldehyde
in PBS for 10 min at room temperature and washed three times with PBS. After fixation, cells were
permeabilized with 0.5% Triton X-100 in PBS for 5 min and then blocked three times with 0.1% Tween
20, 1% BSA in PBS for 5 min each. Cells were then incubated for 1 h with a mouse anti-γ-H2AX
monoclonal antibody (Upstate; 1:800 dilution). Cells were washed three times with PBS and blocked
three times prior to the incubation with a secondary anti-mouse antibody linked to Alexa Fluor 488
(Invitrogen; 1:500 dilution) for 1 h. Cells were washed with PBS, blocked, and incubated overnight
with the rabbit anti-53BP1 primary antibody (Bethyl, 1:1000 dilution). After incubation, cells were
washed with PBS, blocked and washed again with PBS as indicated before. DNA was stained with
DAPI (41,6-diamidino-2-phenylindole) and immunofluorescence was observed at 40-fold magnification
with an Olympus BX 61 microscope. A total of at least 100 cells/dose were scored, and cells with 10 or
more foci were scored as positive [44,51].
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DSBs double strand breaks
FA Fanconi anemia
IARC International Agency for Research on Cancer
ROS reactive oxygen species
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Abstract: Epithelial-mesenchymal transition (EMT) plays a key role in tumor progression. The cells
undergoing EMT upregulate the expression of cell motility-related proteins and show enhanced
migration and invasion. The hallmarks of EMT in cancer cells include changed cell morphology
and increased metastatic capabilities in cell migration and invasion. Therefore, prevention of
EMT is an important tool for the inhibition of tumor metastasis. A novel preventive therapy is
needed, such as treatment of natural dietary substances that are nontoxic to normal human cells, but
effective in inhibiting cancer cells. Phytoestrogens, such as genistein, resveratrol, kaempferol and
3,31-diindolylmethane (DIM), can be raised as possible candidates. They are plant-derived dietary
estrogens, which are found in tea, vegetables and fruits, and are known to have various biological
efficacies, including chemopreventive activity against cancers. Specifically, these phytoestrogens
may induce not only anti-proliferation, apoptosis and cell cycle arrest, but also anti-metastasis by
inhibiting the EMT process in various cancer cells. There have been several signaling pathways
found to be associated with the induction of the EMT process in cancer cells. Phytoestrogens were
demonstrated to have chemopreventive effects on cancer metastasis by inhibiting EMT-associated
pathways, such as Notch-1 and TGF-beta signaling. As a result, phytoestrogens can inhibit or reverse
the EMT process by upregulating the expression of epithelial phenotypes, including E-cadherin,
and downregulating the expression of mesenchymal phenotypes, including N-cadherin, Snail, Slug,
and vimentin. In this review, we focused on the important roles of phytoestrogens in inhibiting
EMT in many types of cancer and suggested phytoestrogens as prominent alternative compounds
to chemotherapy.

Keywords: dietary phytoestrogens; DIM; kaempferol; resveratrol; genistein; epithelial-mesenchymal
transition; cancer metastasis

1. Introduction

Phytochemicals are chemical compounds that occur naturally in plants, amounting to as many
as 4000 different chemicals. Some phytochemicals have the biological significance of inhibiting the
invasion of different species of plants by acting as toxic compounds [1,2]. This characteristic of
phytochemicals has been utilized in curing diverse human diseases. A vast array of plant-derived
natural compounds has been reported to have substantial chemopreventive effects against cancer,
in opposition to the health risk of environmental carcinogens [3]. At present, inhibiting human
carcinogenesis using plant-derived compounds is considered as a vital and urgent challenge, despite
some phytochemicals having been used for targeting many forms of cancer as major sources of highly
effective conventional drugs [4–6].
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Among diverse groups of phytochemicals, phytoestrogens, which are plant-derived xenoestrogens
and mostly found in soy, vegetables and fruits, are considered as strong sources of cancer-preventive
phytonutrition to inhibit the development and progression of many types of cancer [4,7].

As a kind of xenoestrogen, phytoestrogens specifically have distinctive cancer-preventive effects on
estrogen-related cancers. In general, sex hormones, including estrogens, have been known to be closely
linked to the pathogenesis of several types of cancer in the reproductive organs [8–10]. Many diseases,
like breast, ovarian, endometrial and cervical cancers, have been called estrogen-receptor (ER)-positive
cancers, because the actions of estrogen related to cancer biology are mediated via ERs, which comprise
ERα and ERβ, mostly present in the nucleus [11,12]. Independently of endogenous estrogens,
selective estrogen receptor modulators (SERMs), which are a class of drugs that act on ER, act
with agonistic or antagonistic actions in several target tissues [13]. Phytoestrogens, which are
also a kind of SERM, are known to bind ER with affinities at least 10,000-times lower than that
of 17β-estradiol (E2) and also act as ER agonists or antagonists [14]. The chemopreventive effects of
phytoestrogens are associated with their antagonistic effects on ER [15]. In addition to the actions
of phytoestrogens via ERs, they could have protective effects on the initiation and progression of
estrogen-related cancers by specifically inhibiting the circulating precursors of estrogens [16–20].
In addition, they can inhibit crucial steroidogenic enzyme activity, including the conversion of E2
from circulating hormones, such as androgens and estrogen sulfate [20]. In estrogen biosynthesis and
metabolism, phytoestrogens have been shown to inhibit several crucial enzymes in aromatase pathway,
such as 17β- and 3β-hydroxysteroid dehydrogenase (HSD), which catalyze the dehydrogenation
of 17-hydroxysteroids in steroidogenesis and control the interconversion of androstenedione and
testosterone, and E2 and estrone, respectively [21,22].

Phytoestrogens are generally classified into four main classes: isoflavones (genistein, daidzein,
kaempferol), lignans (secoisolariciresinol, matairesinol, pinoresinol, lariciresinol), coumestan (coumestrol)
and stilbenes (resveratrol) [23,24]. Western populations have been known to intake more foods
containing lignans, while Asian populations eat more soy foods containing isoflavones [25]. Lignans are
included in diverse groups of non-flavonoid compounds widely distributed in whole grain cereals,
beans, berries, nuts and various seeds [26,27]. A wealth of lignans exists as secoisolariciresinol,
matairesinol, lariciresinol and pinoresinol, and they are converted into enterolignans by the intestinal
microbiota to be absorbed into the human body [27,28]. Tea, fruits, vegetables and grains account for
over 85% of the daily intake of lignans, such as matairesinol and secoisolariciresinol [29]. Isoflavones
are naturally-occurring phenolic flavonoid compounds, known to act as phytoestrogens in mammals.
Soybeans are the most common source of isoflavones among vegetables; the major isoflavones in
soybean are genistein and daidzein, which are well-known phytoestrogens [30]. Coumestans occur
mainly in bean sprouts during germination, and the main compound in this subgroup is coumestrol,
mostly found in peas and beans [23]. Stilbenoids are hydroxylated derivatives of stilbene and belong
to the family of phenylpropanoids [31]. Resveratrol is a typical stilbenoid, which is mainly found in
grapes and wines [32].

In the present article, we will review the effect of four kinds of phytoestrogens, genistein, resveratrol,
kaempferol and 3,31-diindolylmethane (DIM), on cancer progression via epithelial-mesenchymal
transition (EMT). As shown in Figure 1, genistein, kaempferol and resveratrol are phenolic compounds:
genistein and kaempferol are isoflavones, having a common flavone structure; resveratrol is a
derivative of diphenylethane; and DIM is an active indole compound originated from indole-3-carbinol
(I3C), an inactive form of indole. They are actively-studied phytoestrogens that have great potential to
display anti-cancer effects.
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Figure 1. Chemical structures of phytoestrogens, genistein, resveratrol, kaempferol and
3,31-diindolylmethane (DIM).

EMT plays a key role in tumor progression. The cancer cells undergoing EMT increase the
expression levels of cell motility-related proteins and show enhanced migration and invasion to other
sites of the body, resulting in cancer metastasis [33]. It has been found that crucial EMT markers,
such as E-cadherin and Snail, are identified to secure positive evidence of EMT, and several signaling
pathways are associated with the induction of EMT process in cancer cells, including Not-1 and
TGF-beta signalings. In the next section, the importance of EMT in cancer progression, diverse EMT
markers and related signaling pathways are briefly introduced to further highlight the impact of these
phytoestrogens in chemoprevention against cancer.

2. Epithelial-Mesenchymal Transition in Cancer Metastasis

According to the World Cancer Report 2014 of the World Health Organization (WHO), about
14.1 million new cases of cancer occurred globally in 2012, leading to 14.6% of all human deaths.
Approximately 90% of all cancer-related deaths are reported to be associated with tumor metastasis [34].
The chance of having an invasive cancer in one’s lifetime is estimated to be 42% for men and 38% for
women [35]. The characteristic of cancer malignancy and metastasis is the propagation of primary
tumors through migrating to and invading the surrounding tissues [36]. Tumor cells have the
potential to invade other tissues and to form metastasis through multiple steps known as malignant
progression [37].

The program responsible for profound modification for metastasis that enables detaching from
the junctions and dismissing the lateral cell-cell adhesions of cancer cells is EMT [38]. Tumor cells
undergoing EMT display unique phenotypes, express higher levels of cell motility proteins and show
promoted migration and invasion abilities [39].

EMT is associated with several major characteristics of cellular phenotypes. Through this process,
epithelial cells change the morphology from a cobblestone-like monolayer with apical basal polarity to flat
and spindle-shaped mesenchymal cells in the absence of polarization to gain the ability to move [40].

To acquire the moving ability, epithelial cells lose their ability to maintain the entire junction
complex that connects them to the neighboring ones, of which basolateral surfaces are regularly spaced
through membrane-associated specialized junctions [41]. In the process in which epithelial cells are
switched to mesenchymal cells, the formation of a space where a barrier and rigidity are maintained is
inhibited due to the lack of intercellular junctions [42]. A number of cells undergoing EMT develop
interactions with the extracellular environment in localized areas of the carcinoma, where they
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involve the loss of intercellular cohesion, the disruption of extracellular matrix (ECM), modifications
of the cytoskeleton, increased motility and invasion into the extracellular space [43]. Particularly,
EMT is related to the expression of extracellular matrix proteases, such as matrix metalloproteases
(MMPs) and urokinase-type plasminogen activator (uPA), which can degrade the ECM linked to the
plasma membrane and localized to invadopodia during metastasis [44–46]. Meanwhile, EMT is a
reversible process that can convert to its inverse process, called the mesenchymal-epithelial transition
(MET). The cells undergoing MET increase cell-cell adhesion and return to epithelial phenotypes,
which also play a role during embryonic development and pathological processes [47,48]. As a result,
primary cancer cells lose cell-cell adhesion via EMT by E-cadherin repression, break through the
basement membrane and enter the bloodstream through intravasation. Later, the circulating tumor
cells exit the bloodstream to migrate to the specific metastatic sites where they undergo MET for clonal
outgrowth [49].

A diversity of molecules associated with the process of EMT has been established, and some crucial
molecules have been employed as biological markers to determine the process. As a typical molecule
in the adherent junctions, E-cadherin, which is a transmembrane glycoprotein of the type I cadherin
family and a crucial epithelial marker, has been found to inactivate and repress tumor progression
by maintaining intact cell-cell interactions and inhibiting cell mobility, invasion and metastasis in
human cancer [50,51]. The loss of E-cadherin expression is allowed for a critical step in the progression
of invasive carcinoma by causing the EMT event. The loss of many epithelial markers (including
E-cadherin, occludin, claudins and beta-catenin) induces the expression of mesenchymal markers
(including N-cadherin, Snail, vimentin, R-cadherin and cadherin-11) and acquisition of mesenchymal
characteristics, such as cell motility and invasion [52,53]. Additionally, the zinc-finger transcription
factors, including Snail, Slug, and ZEB 1 and 2, have been shown to induce the EMT process by directly
binding to the E-box of the E-cadherin promoter and suppressing the activity of E-cadherin [54], while
Twist, another type of E-cadherin repressor, indirectly downregulates E-cadherin transcription [55].

It has been found that crucial EMT markers are associated with several signaling pathways in
the induction of the EMT process in cancer cells. Snail has been found to be a critical factor in TGF-β
signaling to resist cell death and to inhibit apoptosis [56]. As the most important factor that triggers
EMT, TGF-β1 mediates the EMT process via numerous intracellular signaling pathways, including the
Smad pathway, mitogen-activated protein kinases (MAPK), PI3K/Akt and small GTPases in HL-60
leukemia, Panc-1 human pancreatic and MDA-MB-231 breast cancer cells [57–59]. The overactivation
of the TGF-β pathway in hepatocellular carcinoma cells confers a mesenchymal-like and an increased
migratory capacity to the cells and finally contributes to tumor progression thorough the crosstalk
with the chemokine CXCL12 pathway in liver tumor cells [60]. The Wnt signaling pathway activates
β-catenin and several EMT-inducing transcription factors, such as Slug and Twist [34]. This signaling
pathway induces cancer cell proliferation, motility and intravasation. Furthermore, in in vivo studies,
the Wnt pathway displayed an important role in regulating EMT progression of colorectal cancer [61],
and the Wnt-β-catenin was activated in the mesenchyme of the cardiac cushion during EMT in
zebrafish and mouse embryo [62,63]. The cancer development of organs has been regulated by Notch-1
signaling, which directly promotes Snail, Slug and NF-κB in BxPC-3 human pancreatic cancer cell [64].
Notch-1 signaling also induced cell proliferation, survival and EMT by increasing NF-κB transcriptional
activity in many human malignancies, including pancreatic and breast cancer cells [65,66]. In addition,
the Hedgehog (Hh) signaling pathway is currently considered as a therapeutic target for anti-cancer
treatment, because this pathway is abnormally activated in various types of cancer and contributes
to tumor metastasis by inducing EMT. The misregulation of Hh signaling has been implicated as an
important mediator in human pancreatic carcinoma, and specifically the sonic hedgehog pathway
promotes metastasis and lymphangiogenesis via activation of Akt, EMT and the MMP-9 pathway in
gastric cancers [67,68].

Recently, microRNAs (miRNAs) are being considered as an important regulator of EMT in various
cancer cells. They incompletely bind to the 31untranslated region (31UTR) of mRNA to inhibit the
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translations [69]. The incomplete accordance between miRNAs and their targets allows the chances
for miRNAs to control multiple genes. Moreover, miRNAs have been shown to play a crucial role
during caner development and progression via the modulation of the expression of their target mRNA
transcripts [70]. High miR-34a levels stimulate MET by reversing Snail and TCF-β-induced EMT [71].
As a negative regulator in the EMT process, miR-125a induced MET by the epidermal growth factor
receptor (EGFR) signaling pathway [72]. miR-506 suppresses EMT, cell proliferation, migration and
invasion by upregulating E-cadherin [73]. miR-138 also has a role in the inhibition of EMT and
invasion in SKOV-3 ovarian cancer cells [74]. Another miRNA, miR-30a, was reported to suppress
cell motility and EMT via targeting the expression of mesenchymal markers, thereby increasing the
epithelial marker in A549 lung and BGC-823 gastric cancer cells [75,76]. On the other hand, miR-106a
is associated with cell proliferation and tumor differentiation, and miR-7 is linked with metastasis
and EMT [77]. In the case of miR-10b, its high expression upregulated the EMT and the expression
of EMT-related proteins in metastatic tumors and induced the changed spindle-like morphology,
cell migration and overexpression of N-cadherin, Snail, Slug and Twist [78,79]. Specifically, the miR-200
family is significant for reducing the ZEB levels, cell migration and TGF-β-induced EMT [80,81].
Expression of the miR-200 family was increased or decreased in the process of metastasis: miR-200
was downregulated in the EMT process, while it was upregulated during the re-epithelialization of
distal metastasis [82].

3. Phytoestrogens and Their Actions on Cancer Cells Undergoing EMT

Since the dysregulation of proteins in signaling pathways involved in EMT is associated with
cancer progression, they could be potentially targeted as prognostic markers or therapeutic targets of
cancer metastasis [83]. Phytoestrogens having a chemopreventive effect on cancer progression seem to
inhibit the EMT process through various channels.

3.1. Genistein

Genistein (40,5,7-trihydroxyisoflavone), having a heterocyclic diphenolic structure similar to
estrogen, is a typical isoflavonoid found in a number of plants, including soybeans, peas, lentils and
other beans [84,85]. As a phytoestrogen, it has an ability to bind and activate ERs, preferentially
ERβ rather than ERα [86,87]. The higher binding affinity for ERβ of genistein has been associated
with its action as an estrogen antagonist and having chemopreventive activity in estrogen-responsive
cancers [88].

Anti-proliferative and chemopreventive effects of genistein have been extensively investigated
in hormone-related, as well as non-hormone-related cancers in which genistein affects many
crucial cellular functions related to carcinogenesis, including cell proliferation, apoptosis, cell cycle
progression, migration, metastasis and invasion [89]. Recent studies have elucidated that genistein
may have the potential to inhibit cancer metastasis by specifically regulating the EMT process via
diverse signaling pathways.

Notch-1 signaling is an important pathway to upregulate the expression of EMT markers, ZEB1
and 2, Slug and vimentin, leading to the EMT, migration and drug resistance of pancreatic cancer
cells [90,91]. In AsPC-1 pancreatic cancer cells, Notch-1 overexpression affected the expression of
miRNAs: overexpression of Notch-1 led to increased expression of miR-21 and decreased expression
of miR-200b. Re-expression of miR-200b led to inhibition of the EMT process by inducing decreased
expression of ZEB1 and vimentin and increased expression of E-cadherin. Genistein treatment was
found to attenuate the acquisition of EMT by AsPC-1 cells by promoting re-expression of miR-200b,
which was repressed by Notch-1 signaling [90].

In a recent study, genistein suppressed the EMT of BG-1 ovarian cancer cells, which was
activated by E2 and endocrine-disrupting chemicals, such as bisphenol A (BPA) and nonylphenol (NP),
by downregulating the TGF-β pathway [92]. As a result, genistein not only suppressed the migration
of BG-1 cells, but also diminished the expression of mesenchymal markers (vimentin) and metastasis
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markers (MMP-2 and cathepsin D) [92]. Genistein also effectively inhibited TGF-β-induced invasion
and metastasis in the Panc-1 pancreatic cancer cell line through Smad4-dependent and independent
pathways through p38 MAPK [58]. The EMT process was also reversed by genistein in the HepG2
hepatocellular carcinoma cell line by downregulating the nuclear factor of activated T cells 1
(NFAT1) [93]. NFAT1 was known to function in cell-autonomous actions, like invasion, migration,
differentiation and proliferation in tumors [94]. Although the underlying mechanism has not been
found yet, genistein suppressed invasive growth of LNCaP prostate cancer cells through the reversal
of EMT, even at low concentrations (less than 15 micromoles/L genistein), which did not affect cell
proliferation [95].

3.2. Resveratrol

Resveratrol (trans-3,4,5-trihydroxystilbene) is one of the stilbene phytoalexins, first found in
the roots of the oriental medicinal plant Polygonum cuspidatum (Kojo-kon in Japanese) [96], and also
exists in diverse vegetables, including berries, peanuts and red grape [97]. Resveratrol is known
to be produced naturally when the plant is injured under attack by pathogens, such as bacteria or
fungi [98]. Therefore, the proper infection of Botrytis cinerea (the fungus responsible for grey mold)
is needed to obtain maximal concentrations of resveratrol within wine [99]. The characteristic of
resveratrol as a phytoestrogen has been verified by its capability to mainly bind to ER and to regulate
the transcription of estrogen-responsive target genes [100]. Many studies showed that resveratrol
binds to ERβ with a higher affinity than to ERα, though it binds with 7000-fold lower affinity than E2,
and that it acts as an agonist or an antagonist in the cells expressing ER [101,102]. Resveratrol can also
regulate androgen receptor (AR)-mediated actions as a chemopreventive agent against prostate cancer:
it inhibited androgen-stimulated cell growth and gene expression by repressing the expression and
function of the AR in LNCaP prostate cancer cells [103].

In addition to its sex hormone-related actions, resveratrol has been found to be very helpful in
inhibiting diabetes, heart disease and diverse cancers, because it possesses various bioactive properties,
such as anti-oxidation, anti-proliferation, anti-inflammation and induction of apoptosis [104].
Specifically, the anti-oxidative efficacy of resveratrol to prevent the ROS generation and oxidative stress
that may drive epithelial cells into an EMT program can be an effective characteristic of resveratrol to
prevent the EMT of cancer cells. Actually, modulation of oxidative stress may be an efficient therapeutic
tool for the inhibition of cancer progression [105]. Resveratrol inhibited the hypoxia-enhanced
proliferation, invasion and EMT process in Saos-2 osteosarcoma cells via downregulation of the
HIF-1α protein [106]. A previous study also revealed that resveratrol effectively suppressed the
hypoxia-driven ROS-induced invasive and migratory ability of pancreatic cancer cells by inhibiting
the Hh signaling pathway, which is able to regulate the EMT [107].

In addition, a recent finding indicated that resveratrol suppressed invasion and metastasis
in gastric cancer by inhibiting the Hh signaling pathway and EMT [108]. In PC-3 and LNCaP
prostate cancer cell lines, lipopolysaccharide (LPS) was used to trigger EMT, but resveratrol inhibited
LPS-induced morphological changes, cell motility and invasiveness, the expression of EMT markers
and inhibited the expression of glioma-associated oncogene homolog 1 (Gli1), suggesting that
resveratrol has in part the ability to inhibit the EMT process through the Hh signaling pathway [109].

Similar to genistein, resveratrol abrogates the TGF-β1-induced EMT process for cancer progression.
In LoVo colorectal cancer cells, resveratrol inhibited the invasive and migratory ability of LoVo cells,
increased the expression of E-cadherin and repressed the expression of vimentin, via the inhibition
of the TGF-β1/Smads signaling pathway [110]. Other studies also support the role of resveratrol
in EMT inhibition. Xu et al. reported that resveratrol reversed EMT by inhibiting AKT signaling in
pancreatic cancer [111]. Previously, AKT1 was also shown to promote EMT, as well as to increase
metastasis in squamous cancer and sarcoma [112]. On the contrary, AKT1, but not AKT2 and AKT3,
inhibited EMT in breast cancer, depressing Twist1 activation [112]. In the MCF-7 breast cancer cell line,
resveratrol was found to inhibit EGF-induced EMT via inhibition of the EGF-mediated Erk pathway
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activation [113]. The role of resveratrol in inhibiting EMT induction was demonstrated in A549 lung
cancer cells [114].

3.3. Kaempferol

Kaempferol (3,5,7-trihydroxy-2-(4-hydroxyphenyl)-4H-1-benzopyran-4-one) is one of the
flavonoids found in many edible plants, like tea, broccoli, cabbage, beans and tomato, and its
name was derived due to its specific source of the rhizome of Kaempferi galangal L., known as a
popular traditional aromatic plant [115,116]. As one of the phytoestrogens due to its polyphenolic
structure, kaempferol also exerts anti-proliferative and anti-carcinogenic actions though ER, AR,
the aryl hydrocarbon receptor (AhR) and the progesterone receptor (PR) signaling pathways in many
types of cancer [117–119].

Apoptosis is one of the main pathways for kaempferol to induce the anti-carcinogenic effect.
In some cells, kaempferol induced apoptosis by stimulating the enzyme activity of caspases, which are
a group of the cysteine proteases that are important initiators or effectors of the apoptosis process [65].
For caspase-3, it activates apoptosis by inducing DNA fragmentation and chromatin condensation in
nucleus [120]. Kaempferol decreased the mitochondria potential by the stimulation of caspase-3 activity,
resulting in the apoptosis of human lung non-small carcinoma cells [121,122]. In caspase independent
pathways, kaempferol also promoted apoptosis by translocating apoptosis-inducing factor (AIF) into
nucleus. AIF, which exists mainly in the space between the inner and outer mitochondrial membrane,
was translocated into nuclei by kaempferol to induce nuclear condensation and large-scale DNA
fragmentation [123,124].

Kaempferol also seems to inhibit cancer invasion and metastasis via the inhibition of EMT.
Specifically for lung cancer, kaempferol was well known to suppress cancer migration, invasiveness
and metastasis by modulating the expression of EMT proteins. Kaempferol significantly reduced
the expression of MMP and mesenchymal markers and repressed metastasis and EMT by the
TGF-β-dependent signaling pathway in non-small cell lung cancer [125]. In A549 lung cancer cells,
kaempferol exerted the suppression of TGF-β1-induced EMT, migration and metastasis by blocking
Smad3 as an important mediator of TGF-β signaling. In this study, PI3K/Akt signaling stimulated
EMT and cell migration by directly phosphorylating Smas3, but kaempferol repressed EMT and cell
migration by inhibiting Akt1-mediated phosphorylation of Smad3 [126]. The effect of kaempferol on
EMT in relation to cancer progression has not been fully demonstrated yet, except for lung cancer.
Although not in cancer, kaempferol was found to alleviate fibrotic airway remodeling via bronchial
EMT by modulating protease-activated receptor-1 (PAR1) activation, which was entailed by TGF-β,
suggesting that it may be a potential therapeutic agent targeting asthmatic airway constriction [127].
Since kaempferol is considered to have obvious anti-EMT efficacies, it will be applicable to other
cancers for the prevention of cancer metastasis induced by EMT. According to a recent review on
ribosomal S6 kinase (RSK) isoforms, the synthetic version of kaempferol, kaempferol-glycoside, can
effectively target the invasion and metastasis of cancer by inhibiting RKS isoforms that promote
invasion and tumor metastasis [128].

3.4. DIM

Brassica vegetables, such as cabbage, Brussels sprouts and broccoli, are rich in indole-3-carbinol
(I3C), which is one of the active phytonutrients and a precursor of many different compounds,
especially DIM. I3C undergoes acid-catalyzed dehydration and polymerization to be DIM in an
acidic environment [129].

DIM has been shown to abrogate the proliferation of human cancer cells of prostate, breast,
colon, ovary and pancreas [130]. Especially, it has the potential role of AhR signaling by acting
as one of the selective AhR modulators (SAhRMs) in mammary carcinogenesis prevention [131].
With respect to anti-cancer mechanisms, DIM encourages apoptotic cell death by downregulation
of NF-κB, survivin and Bcl-2 as anti-apoptotic factors and upregulation of Bax, a pro-apoptotic
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factor [132,133]. One surprising ability of DIM as a potential anti-cancer compound is its selective
induction of apoptosis in cancerous cells, but not in normal cells [134]. Furthermore, DIM activates cell
cycle modulators, p21 and p27, leading to G1 cell cycle arrest in breast, ovarian, prostate and colon
cancer cell lines [132,135].

In addition to the protective effects of DIM against tumorigenesis, DIM has more effects in
inhibiting chemotaxis and metastasis by inactivating of CXCR4 and CXCL12 at low concentrations
by affecting AhR and ER in carcinogenesis [136]. The urokinase plasminogen activator (uPA) system
is confirmed to have potential effects in cell migration, angiogenesis, cancer invasion and metastasis.
Some studies have shown that DIM can downregulate uPA in the inhibition of tumor progression
in prostate and breast cancer [137,138]. Furthermore, DIM inhibited cell proliferation, migration
and metastasis by directly inactivating vascular endothelial growth factor (VEGF) and MMP and by
involving the degradation of the basement membrane in original vessels, endothelial cell activation
and migration [139].

DIM has been reported to repress tumor malignancy via inhibiting the EMT process. DIM deterred
EMT in prostate cancer cells by blocking AR signaling and the expression of prostate-specific antigen
(PSA), an AR-target gene, resulting in the reduction of the expression of EMT markers, ZEB1, N-cadherin
and fibronectin [140]. DIM upregulated the protein expression of E-cadherin and downregulated
the protein expression of vimentin by attenuating miR-92a and the NF-κB receptor activator.
The PI3K/Akt/mTOR/NF-κB signaling pathway has been known to induce migration, invasion
and EMT. However, DIM reversed EMT by modulating the PI3K/Akt/mTOR/NF-κB signaling.
DIM also decreased the expression of mesenchymal markers ZEB1, vimentin and Slug and changed
the morphology of pancreatic cancer cells into the epithelial form [141,142].

Recently, miRNA has been shown to have a crucial role in the initiation, progression and metastasis
of cancer, and DIM has been shown to function as miRNA regulators affecting cancer metastasis and
growth by modulating EMT [143]. DIM can repair the miRNA deformity and inhibit the mutation
of miRNA in vinyl carbamate-induced mouse lung cancer [144]. According to a recent study by
Li et al., DIM treatment decreased the expression of vimentin, ZEB1 and Slug as EMT markers with
reversal of EMT in pancreatic cancer cells via the increased expression of miR-200 [145]. DIM promoted
the expression of the let-7 family, while it reversed the tumor progression and EMT by preventing
ZEB1 [145], and it conducted the reduction of enhancer of zeste homolog 2 (EZH2) intervening in EMT
phenotypic cells [146]. In a recent study, DIM also showed depression of miR-34a and inhibition of
cancer growth via AR signaling in vivo [147]. In addition, DIM upregulated the protein expression of
E-cadherin and downregulated the protein expression of vimentin by attenuating miR-92a and the
NF-κB receptor activator [148]. In this way, DIM as an miRNA controller can lead to the repression of
EMT and to a new therapy in prostate cancer.

Li et al. also demonstrated that DIM could be effective against pancreatic cancer by reversing
the EMT phenomenon by upregulating the expression of miR-200 and the let-7 family, which are
typically lost in many other cancers [145]. Wu et al. showed that DIM inhibited the metastasis of
nasopharyngeal carcinoma (NPC) and EMT by promoting the expression of mesenchymal markers,
Snail and Slug [149]. Moreover, DIM reversed E-cadherin expression in NPC, which experienced the
EMT process, and DIM-induced E-cadherin expression has confirmed as having a significant positive
correlation with the long-time outcome of NPC patients [150].

4. Conclusions

The phytoestrogens have generated considerable interests as alternatives for hormone replacement
therapy (HRT) and chemopreventive compounds for recent years, because they have diverse
bioactivities, low toxicity for the human body and easy acceptance as dietary supplements.

In the present study, we suggested significant roles of phytoestrogens in the inhibition of cancer
progression via EMT, which is a crucial process inducing cancer migration, invasion and metastasis.
Genistein, resveratrol, kaempferol and DIM have been evaluated to effectively repress the EMT process
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in diverse cancers by affecting the signaling pathways and the expression of EMT-related markers,
as shown in the diagram of Figure 2. Specific signaling pathways and EMT markers regulated by
genistein, resveratrol, kaempferol and DIM, are summarized in Table 1. In addition, since these
phytoestrogens have been also reported to exert anti-carcinogenic effects by controlling cell cycle,
cell proliferation and apoptosis in hormone-related, as well as non-hormone-related cancers, they may
be considered as effective anti-cancer agents to inhibit the whole process of cancer progression.

Figure 2. Schematic diagram of the EMT process and the roles of phytoestrogens, genistein, resveratrol,
kaempferol and DIM, in the regulation of the EMT process in cancer metastasis. EMT plays a key role
in tumor progression. The cells undergoing EMT show E-cadherin repression, but increased expression
of EMT markers, such as Snail, Slug and vimentin, and cell motility-related proteins, including MMPs
and uPA. As a result, they gain enhanced migration and invasion capabilities: primary cancer cells
lose cell-cell adhesion, break through the basement membrane and enter the bloodstream through
intravasation. Later, the circulating tumor cells exit the bloodstream to migrate to the specific metastatic
sites, where they undergo MET for clonal outgrowth. On the other hand, genistein, resveratrol,
kaempferol and DIM may inhibit cancer metastasis by repressing the EMT process through affecting
the signaling pathways associated with EMT and regulating the expression of EMT markers.

Table 1. Potential signal transductions related to EMT targeted by dietary phytoestrogens.

Phytoestrogen EMT-Related Signalings Reference

Genistein TGF-β, Smad, PI3K, Akt, NF-kB, Notch-1, MAPK, ER [58,90,92]

Resveratrol Hedgehog, TGF-β, Smad, AKT, EGF [107,108,110,111,113,114]

Kaempferol ER, AR, AhR, PR, TGF-β, Smad3, PI3K/Akt, RAF/ERK [117–119,125,126,128]

Diindolylmethane AR, PI3K/Akt/mTOR/NF-κB, Hedgehog, miR-200,
RANKL, β-catenin [140,141,143,145,147,148,150]

Nevertheless, controversies about the chemopreventive effect of phytoestrogens have existed
because their cancer promoting effects have been also reported. Several phytoestrogens, including
genistein and resveratrol, were known to have a biphasic effect, especially in hormone-dependent
cancers: based on the specific concentration, cancer cell growth is stimulated at lower concentrations
and inhibited at higher concentrations [19]. More skepticism regarding the chemopreventive effects of
phytoestrogens came from the in vitro concentration of phytoestrogen being generally 10 μM, and plasma
concentrations of >10 μM cannot be attainable by the dietary intake of phytoestrogen-containing food;
thus, low levels of phytoestrogen, rather, may stimulate cancer growth. However, this insistence
is still incompetent to abrogate the experimental and epidemiological evidence of phytoestrogens
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supporting anti-proliferative and anti-carcinogenic effects. Accordingly, more investigations of the
relationship between the hazardous and chemopreventive effects of phytoestrogens in the body
are needed at this stage. Besides, the poor bioavailability of phytoestrogens, such as resveratrol,
in the body is another pitfall in the application of phytoestrogens, which has to be improved [97].
The toxicological issues posed by phytoestrogens also should be considered in their applications. For
instance, the possibility that serum genistein concentrations found in soy-fed infants may induce
thymic and immune abnormalities was raised [151]. High doses of genistein (>5 μM) may act as a
topoisomerase II inhibitor and a DNA damaging genotoxin [152]. Genistein was reported to be capable
of altering the toxicological behaviors of the endocrine-active pesticide methoxychlor and likely other
endocrine-active compounds, as well [153]. In this way, the adverse effects of phytoestrogens on
normal cellular function have been found. As with many other compounds, there are many pros and
cons associated with phytoestrogens, and thus, it is urgently needed to shape the development of
guidelines for the use of phytoestrogens for maximizing health benefits, as well as minimizing the
adverse effects [154].

From this review, we may suggest that phytoestrogens are potent compounds that abrogate
the cell migration, invasion and metastasis of cancer by effectively suppressing the EMT process.
Phytoestrogen treatments are a promising way to prevent cancer development as safer alternatives for
the natural strategies against cancers, though we need more research and interest for going forward to
clinical trials.
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Abstract: Pueraria mirifica (PM), a plant whose dried and powdered tuberous roots are now
widely used in rejuvenating preparations to promote youthfulness in both men and women,
may have major estrogenic influence. In this study, we investigated modifying effects of PM at
various doses on mammary and endometrial carcinogenesis in female Donryu rats. Firstly, PM
administered to ovariectomized animals at doses of 0.03%, 0.3%, and 3% in a phytoestrogen-low
diet for 2 weeks caused significant increase in uterus weight. Secondly, a 4 week PM application to
non-operated rats at a dose of 3% after 7,12-dimethylbenz[a]anthracene (DMBA) initiation resulted in
significant elevation of cell proliferation in the mammary glands. In a third experiment, postpubertal
administration of 0.3% (200 mg/kg body weight (b.w.)/day) PM to 5-week-old non-operated
animals for 36 weeks following initiation of mammary and endometrial carcinogenesis with DMBA
and N-ethyl-N′-nitro-N-nitrosoguanidine (ENNG), respectively, resulted in significant increase of
mammary adenocarcinoma incidence. A significant increase of endometrial atypical hyperplasia
multiplicity was also observed. Furthermore, PM at doses of 0.3%, and more pronouncedly, at 1%
induced dilatation, hemorrhage and inflammation of the uterine wall. In conclusion, postpubertal
long-term PM administration to Donryu rats exerts estrogenic effects in the mammary gland and
uterus, and at a dose of 200 mg/kg b.w./day was found to promote mammary carcinogenesis initiated
by DMBA.

Keywords: Pueraria mirifica; mammary gland; uterus; carcinogenesis; estrogenic activity; Donryu rat

1. Introduction

Pueraria mirifica (PM), also known as white Kwao Krua, is a plant found in northern and
northeastern Thailand which belongs to the family of Leguminosae, and the soy, bean, and pea
subfamily Papilionoideae. Previously, PM application for treatment of a range of conditions, including
those related to the aging process, has been reported [1]. Dried and powdered tuberous roots of
PM contain at least 17 chemical compounds with estrogenic biological activities, usually divided
into three groups: the first group includes teniso flavonoids such as genistin, genistein, daidzein,
daidzin, kwakhurin, kwakhurin hydrate, tuberosin, puerarin, mirificin, and puemiricarpene [2,3];
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the second group of coumestans comprises coumestrol, mirificoumestan, mirificoumestan glycol,
and mirificoumestan hydrate; and the third features chromenes, such as miroestrol, deoxymiroestrol,
and isomiroestrol [2]. All these substances are phytoestrogens with structures similar to that of
17 β-estradiol. Miroestrol, the phytoestrogen with the highest estrogenic activity among all those
isolated from PM, is considered similar to estriol, which is considered the safest estrogen for
humans [4–7]. Furthermore, PM has been reported to contain phytoestrogens like β-sitosterol,
stigmasterol, campesterol, as well as the cytotoxic non-phytoestrogen spinasterol [3,8]. Puerarin
might account for about half of the total isoflavone content of PM, with lower amounts of genistin and
daidzin present, all these being glycoside forms which can be partially hydrolyzed in the intestine by
C-glycosyl bond cleavage to give the respective aglycoside forms: genistein, daidzein, and daidzein [2].

Nowadays, PM is available in tablets, extracts, creams, sprays, and powdered forms, so that it
can be added to other medicinal preparations or herbs, and individual conditions require different
applications and dosages [1]. It can be readily obtained from internet resources in many countries,
including the USA and Japan, and is primarily used for supporting memory, smoothing the skin,
increasing hair growth, improving appetite, and providing relief for ailments like osteoporosis and even
cancer [9–12]. Continuous administration of PM at 20–100 mg/day for 6 months, or at 100–200 mg/day
for 12 months, was found to help women having menopause symptoms, while no significant changes
were detected in their hepatic, hematologic, and renal functions [3]. Pretreatment with PM at a high
dose (1000 mg/kg body weight (b.w.)/day) for 4 weeks was shown to suppress the development of
mammary tumors induced by 7,12-dimethylbenz[a]anthracene (DMBA) in Sprague–Dawley rats [13].
However, the effect of long-term administration at different doses has not yet been clarified in detail.
Based on available studies, a safe dosage of PM as a dietary supplement for humans was suggested at
1–2 mg/kg b.w./day or about 50–100 mg/day [3]. Nowadays, doses of 20–100 mg/day are commonly
used, but in some cases 200–900 mg/day or even higher (up to 3000 mg/day) are applied. Until now,
no serious side effects have been recorded with the prescribed safe dosage, although at high doses PM
may cause epilepsy, diabetes, asthma, and migraine [3].

Despite the data on the benefits of PM, there are reasons for concern that a herb which
exhibits strong estrogen-like properties may stimulate the growth of existing estrogen-sensitive
breast or endometrial tumors, pointing out questions such as: what is a safe dose? Previously,
nanomolar concentrations of genistein, present in PM, was shown to induce acid ceramidase
(ASAH1) transcription through a GPR30-dependent, pertussis toxin-sensitive pathway that requires
the activation of c-Src and extracellular signal regulated kinase 1/2 (ERK1/2), thus stimulating breast
cancer cell growth [14]. Recently, we further demonstrated that postpubertal administration of soy
isoflavones at estrogenic doses promotes mammary and endometrial carcinogenesis in Donryu rats [15].
These data call into question the safety of long-term exposure to phytoestrogens with regard to effects
on the mammary gland and endometrium. It is of particular importance that concentrations of PM
which might exert promoting effects on mammary gland and uterine carcinogenesis be determined.
Therefore, the present study was carried out to investigate the modifying effects of various doses of
PM on mammary and uterine endometrial carcinogenesis using the Donryu rat model.

2. Results

2.1. Estrogenic Effect of Test Compounds (Short-Term Experiment 1)

After ovariectomy, PM treatment at doses of 0.3% and 3% and isoflavone aglycon (IA) treatment
at a dose of 0.2% resulted in cornification, evident on examination of vaginal smears (Figure 1).

The 0.3% PM treatment was found to exert even stronger estrogenic activity than 0.2% IA.
Mean relative uterus weights were significantly elevated in 0.03% (0.13% ± 0.01%, p < 0.05),
0.3% (0.31% ± 0.03%, p < 0.05), 3% PM (0.35% ± 0.08%, p < 0.05) and 0.2% IA (0.19% ± 0.04%,
p < 0.05) administered ovariectomized rats as compared to the control (0.08% ± 0.01%). Thus,
weak, medium, and strong estrogenic activities of PM at doses of 0.03% (20 mg/kg b.w./day),
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0.3% (200 mg/kg b.w./day), and 3% (2000 mg/kg b.w./day), respectively, were demonstrated in the
rat uterus. In this experiment, significant decreases of body weights were observed in the 0.3% and
3% PM groups (p < 0.001) as well as 0.2% IA group (p < 0.01). Because of the very strong estrogenic
effect of 3% PM detected in the short-term study, in the succeeding long-term experiment the highest
dose was changed from 3% to 1%. Thus, the test doses of PM in experiment 3 were set as: low, 0.03%;
medium, 0.3%; and high, 1%.

Figure 1. Vaginal cytology for non-treated (A,B) and ovariectomized (C–L) female Donryu rats
administered Pueraria mirifica (PM) and isoflavone aglycon (IA) for the first 4 days. Animals were given
PM at doses of 0 (C,D), 0.03 (E,F), 0.3 (G,H) and 3% (I,J), or 0.2% IA (K,L) 2 weeks after the ovariectomy.
Vaginal smears were obtained daily before and after starting the treatment, dried and stained with an
aqueous solution of methylene blue. In the ovariectomized rats the absence of cyclicity was confirmed
by castration smears typical of diestrus. Note that 0.3% and 3% PM as well as 0.2% IA rats exerted
estrogenic activities confirmed by cornification which was similar to estrus status.

2.2. Cell Proliferation in the Mammary Gland (Short-Term Experiment 2)

Bromodeoxyuridine (BrdU) immunohistochemistry revealed a dose-dependent increase of cell
proliferation in the terminal end buds of mammary glands of PM-treated rats after 4 weeks of
administration (Figure 2). Significant elevation of the number of BrdU positively (BrdU+)-stained
cells was noted in 3% PM (p < 0.001) and 0.2% IA groups (p < 0.001), as compared to the DMBA
control group.
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Figure 2. Bromodeoxyuridine (BrdU) labeling indices in the mammary glands of rats administered
PM and IA after the 7,12-dimethylbenz[a]anthracene (DMBA) initiation (A); representative pictures of
BrdU immunohistochemistry of mammary glands of rats (B). Note the dose-dependent induction of
cell proliferation by the short-term application of PM as compared to the DMBA initiation control rats.

2.3. Long-Term Study (Experiment 3)

2.3.1. Body, Organ Weights, Food, and Water Consumption

Rat body weight curves are presented in Figure 3A. Body weights of 0.3% PM-, 1% PM-, and
0.2% IA-administered rats were lower than in the initiation control group, with significant differences
detected at the termination of the experiment. No variation in food intake was observed among groups
but decreased water consumption was noted in PM- and IA-treated animals.

Significant increases of relative uterus weight were found with 0.3 and 1% PM, and a trend
for increase was found in the vehicle 1% PM group, as compared to the respective control groups
(Supplementary Materials Table S1). Relative liver weights were significantly decreased in 0.3 and
1% PM-treated rats. Moreover, significant elevation of relative kidney weights was found in the 1% PM
group. In addition, significant increase of relative thymus weights at 0.03% PM and elevation of
relative adrenal weights in the vehicle 1% PM group as compared to the respective controls were noted.
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Figure 3. Body weight (A) and survival (B) curves of female Donryu rats in experiment 3; incidences
of mammary adenocarcinomas (C), benign tumors (D), and volumes of mammary adenocarcinomas
(E) and benign tumors (F). Note the significant decreases of body weights in the 0.3 and 1% PM- and
0.2% IA-treated Donryu rats. Trends for decrease in survival were found for 0.03 and 0.3% PM and
0.2% IA groups. Significant increases of mammary adenocarcinoma incidence were observed in 0.3%
PM- and 0.2% IA-treated rats. Adenocarcinomas in PM- and IA-treated rats appeared earlier, and
their volumes were higher than in the initiation control group. Development of benign tumors in the
initiation control group starting at week 32 was evident. Mammary tumors were larger in animals with
higher body weights.

2.3.2. Survival

Changes in rat survival are shown in Figure 3B. Four animals in the initiation control, 6 rats
in the 0.03% PM, 7 rats in the 0.3% PM, 2 rats in the 1% PM, and 6 rats in the 0.2% IA groups died
during the study. One rat each in the vehicle control, 0.03% PM, and 0.3% PM groups were found dead
with no discernible cause. The apparent causes of death in the initiation control group were zymbal
gland tumor (1 rat) and malignant lymphoma/leukemia (3 rats). In contrast, causes of death in the
0.03%, 0.3%, 1% PM and 0.2% IA groups were mammary adenocarcinomas (0.03% PM, 2 rats; 0.3% PM,
2 rats; 1% PM, 1 rat; IA, 3 rats), with bleeding from large necrotic mammary tumors (0.03% PM,
2 rats; 0.3% PM, 1 rat; 1% PM, 1 rat), lymphoma/leukemia (0.03% PM, 2 rats; 0.3% PM, 1 rat; IA,
2 rats), thymoma (0.3% PM, 1 rat), and uterine carcinoma (IA, 1 rat). Two rats in the 0.03% PM group,
1 rat receiving 0.3% PM, and 3 animals in the IA-treated group featured metastasis from mammary
adenocarcinomas in the lung.
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The first rat was found dead at week 9, from the 0.03% PM group, and the cause of death was
lymphoma/leukemia. Subsequently, one rat in the 0.3% PM group at week 10 and one rat from the
initiation control group at week 15 died from lymphoma/leukemia. The numbers of animals in the 0.03
and 0.3% PM- and IA-treated groups, but not the 1% PM group, then started to decrease mostly due to
the development of mammary adenocarcinomas (Figure 3B). Survival rates of 0.03 and 0.3% PM- and
IA-administered rats showed a nonsignificant trend for decrease at the termination of the experiment.

2.3.3. Histopathological Analysis of Mammary Glands

Data for changes in mammary gland adenocarcinoma and benign tumor incidences, multiplicities,
and volumes—with representative pictures—are shown in Figure 3C–F, Figure 4A(c,d) and Table 1.

Figure 4. (A) Histopathological changes observed in mammary glands (a–d) and uteri (e–l)
of initiation control, PM-, and IA-administered rats in experiment 3 (hematoxylin and eosin).
Moderate atypical hyperplasia featuring an increased number of glands under the lining epithelium
(e,f). Well-differentiated endometrial adenocarcinoma (AdCa) (g,h). Atypical glands present in
the endometrium proliferating irregularly and invading the muscle layer (arrows). Stromal polyp
(i,g) and adenomatous polyp (k,l); (B) histopathological changes in the uteri of the DMBA,
N-ethyl-N′-nitro-N-nitrosoguanidine (ENNG) control (a,b), 0.03 (c,d), 0.3 (e,f), and 1% (g,h) PM-treated
Donryu rats after initiation; vehicle control (i,j) and vehicle 1% PM (k,l)-administered rats in experiment
3. Note the development of atypical hyperplasia (DMBA, ENNG → 0.3% PM group), uterus dilatation
(0.3 and 1% PM-treated rats), inflammation and hemorrhage (DMBA, ENNG → 0.3 and 1% PM groups)
induced by the PM treatment. (Magnifications in (A) and (B): ×20 (a,c,e,g,i,k) and ×200 (b,d,f,h,j,l)).
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Results of histopathological analysis demonstrated significant increase of incidence (p < 0.05)
and the strong trend for increase of multiplicity of mammary adenocarcinomas in 0.3% PM- (p = 0.05)
and IA-administered rats (Figure 3C and Table 1). There was a significant negative linear trend for
multiplicity of fibroadenoma in PM-treated rats, and significant inhibition in IA-treated rats (p < 0.05)
(Figure 3D and Table 1).

Macroscopically measured mammary adenocarcinoma volumes were elevated in the 0.03, 0.3,
and 1% PM and 0.2% IA groups starting from week 16 as compared to the initiation control rats, with
the highest value observed in the 0.03% PM dose group and the lowest increase induced by PM at a
dose of 1% (Figure 3E). Unexpectedly, sudden development of benign tumors in the mammary glands
of the initiation control rats was observed at weeks 32–36. Animals with higher body weights had
larger mammary tumors (Figure 3F).

2.3.4. Histopathological Analysis of Uteri

Data from histopathological examination of rat uteri are shown in Table 1 and Figure 4A(e–l),B(a–l).
At termination, the uteri of 0.3 and 1% PM- as well as IA-treated rats after initiation of endometrial
carcinogenesis demonstrated dilatation, increased hemorrhage, and higher numbers of nodules
macroscopically. In the uteri of N-ethyl-N′-nitro-N-nitrosoguanidine (ENNG)-initiated rats, we
observed various proliferative lesions, with a sequence of changes from atypical hyperplasias to
adenocarcinomas (Figure 4A(e–h). In addition, stromal and adenomatous polyps were apparent
(Figure 4A(i–l). A significant increase in the multiplicity of total atypical hyperplasias (HPLs)
(mild, medium, and severe) was found in 0.3% PM- and IA-administered rats (Table 1). Furthermore,
significant elevation of multiplicity of mild atypical HPLs was detected in the uteri of 0.03 and 0.3%
PM groups. In addition, multiplicities of stromal and adenomatous polyps tended to increase with the
0.3% and 1% PM treatment, while significant elevation was detected in the uteri of the IA-administered
rats (Table 1).

2.3.5. Blood Hematology and Biochemistry

The results of hematological and biochemical examinations of the blood are presented in
Supplementary Materials Table S2.

Significantly decreased red blood cell count, Hb, and Ht, but increased platelet count, were
observed in DMBA- and ENNG-initiated rats as compared to the vehicle control rats. When PM was
administered at a dose of 1% without initiation, Ht and lymphocyte count were significantly suppressed
but neutrophils elevated, indicating higher levels of inflammation. Furthermore, PM administration
after the initiation of mammary and uterine carcinogenesis significantly and dose-dependently
suppressed the platelet counts.

In blood biochemistry, significant inhibition and a trend for decrease in total cholesterol and
triglyceride levels were found in PM- and IA-administered rats after initiation and in the vehicle
1% PM group. Moreover, in 1% PM- and IA-treated rats, aspartate aminotransferase (AST) and
alanine aminotransferase (ALT) were suppressed, whereas alkaline phosphatase (ALP) and γ-glutamyl
transpeptidase (γ-GTP) were elevated. Furthermore, in the initiation control and 1% PM vehicle
groups, the blood urea nitrogen (BUN) level was increased as compared to the vehicle control group.
In addition, significant reduction and trends for decrease of blood calcium levels were found in 1% PM
and other PM groups, respectively, as compared to the controls.

3. Discussion

The present results demonstrated that long-term postpubertal exposure to PM at doses higher than
200 mg/kg b.w./day exerts estrogenic activity and induces cell proliferation in the mammary glands of
Donryu rats. Furthermore, long-term treatment with PM at 200 mg/kg b.w./day promoted mammary
and endometrial carcinogenesis after DMBA and ENNG initiation. Mammary adenocarcinomas
metastasizing to the lungs were found in 0.03 and 0.3% PM-treated rats, as well as 0.2% IA treated
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rats. In this study, the modifying effects of 0.3% PM on mammary gland and uterus were comparable
with those of 0.2% IA. In the medium and especially in the high dose PM groups, decreases of rat body
weights, adipose deposition, and total cholesterol and triglyceride levels in the blood were obvious,
likely due to antilipogenic effects of estrogenic compounds described previously, or perhaps to the
decrease of water intake of rats given PM [16]. In the long-term experiment, we observed significant
increase of mammary adenocarcinoma development induced by PM at a dose of 0.3%. The absence of
dose-dependence in the effects of PM on mammary adenocarcinomas may be related to side effects
exerted at high doses, with best incorporation of its ingredients reaching working “physiological”
intracellular concentrations at a dose of 0.3%.

Interestingly, short- and long-term administration of PM applied at medium and high doses
resulted in increase of uterus weight, and dilatation, hemorrhage, and inflammation of the uterine
wall. However, the influence of PM on lesion development in the uterus was much less pronounced as
compared to that in the mammary gland—and only atypical hyperplasia was elevated—at 0.3% PM.

Trophic effects of estrogenic compounds on the mammary gland and uterus were previously
suggested to be due to activation of signaling through estrogen receptors (ERs) ERα and ERβ [17].
It was reported that PM phytoestrogens at high doses could effectively outcompete 17 β-estradiol
binding to ERα in MCF-7 cells [3]. We have previously shown that IA at an estrogenic dose of
150 mg/kg b.w./day activated ERα or ERβ and downstream AP1 and NF-κB transcriptional factors,
also potentiating F-actin signaling in mammary and uterine adenocarcinomas [15]. However, the
effects of biological substances possessing estrogenic activity generally appear to be dependent on the
dose. In case of IA intake, “physiological” concentrations are known as those achieved in the serum of
persons consuming commonly recommended daily doses of isoflavones of 50–100 mg [18]. However,
in the case of PM, there are almost no data concerning the concentration of ingredients in the blood
and tissues. The safe dose for humans is considered as 1–2 mg/kg b.w./day. From our results, the
dose of PM exerting promoting effects on mammary and uterine carcinogenesis in rats was close to
200 mg/kg b.w./day (0.3%).

In female monkeys, daily treatment with 100 mg and 1000 mg/day (about 20 and
200 mg/kg b.w./day) of PM for 90 days produced a dose-dependent reduction in the urinary follicular
stimulating hormone (FSH), luteinizing hormone (LH) and estradiol levels in the blood, and the
single dose of 1000 mg disturbed ovarian function and menstrual cycling [19–22]. Furthermore, recent
experiments in mice demonstrated that oral exposure to a nontoxic PM dose of 100 mg/kg b.w./day
for 8 weeks resulted in prolonged estrous cycles, while 10 mg/kg b.w./day did not induce any
changes in the hypothalamic–pituitary–ovarian–uterine axis, and did not exert estrogenic activity
or adverse effects on mating efficiency or reproduction [23]. In addition, development of uterine
endometrial hyperplasia and a decrease in the number of growing ovarian follicles, possibly related
to reduction in the luteinizing hormone (LH) and follicle stimulating hormone (FSH) levels, were
detected after PM application to mice at a dose of 100 mg/kg b.w./day but not at 10 mg/kg b.w./day.
Moreover, in studies with gonadectomized female rats, oral treatment with water-suspended PM at
doses of 100 and 1000 mg/kg b.w./day for 2 weeks resulted in a significant increase of uterine weight,
remarkable vaginal and uterine proliferation, vaginal cornification, and suppression of reproductive
functions [24–28]. Recovery after cessation of treatment was dependent on the dosage of PM.

In line with the previous results in rats and mice, in our short-term study we observed estrogenic
effects of PM applied to ovariectomized rats at doses of 200 and 2000 mg/kg b.w./day for 2 weeks.
Long-term PM administration at a dose of 0.3% (200 mg/kg b.w./day) was found not only to exert
estrogenic activity in the mammary gland and uterus, but also to promote mammary carcinogenesis
and induce atypical hyperplasia in the uteri of Donryu rats.

It is important to further mention that the timing of exposure to substances with estrogenic
bioactivities is thought to be critical for effects on breast cancer risk. Thus, prepubertal and postpubertal
exposure to estrogenic compounds such as genistein could have different effects on cell proliferation
in the terminal ductules of mammary glands [29]. In the present case, postpubertal exposure to
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PM, isoflavones or other test compounds with estrogenic activity induced cell proliferation and
promoted mammary and uterine carcinogenesis in our two-step carcinogenesis model with DMBA
and ENNG initiation.

We also observed that 1% PM suppressed lymphocyte and platelet counts but elevated neutrophil
levels, presumably reflecting effects on the immune system, promoting inflammation, and bone marrow
suppression. Moreover, 1% PM elevated the ALP and γ-GTP as well as the BUN in the blood, which
could occur if kidneys or liver were damaged. In addition, the present results demonstrated that 1% PM
induced a decrease in blood calcium levels. These data are in line with recent results demonstrating
that long-term treatment of aged menopausal monkeys with 1000 mg/day of PM decreased serum
parathyroid hormone (PTH) and calcium levels in the blood likely due to the amelioration of the bone
loss caused by estrogen deficiency [11,12].

In conclusion, in the present study long-term postpubertal treatment of Donryu rats with PM at a
dose of 200 mg/kg b.w./day exerted promoting effects on mammary carcinogenesis after the initiation
with DMBA. Furthermore, PM elevated cell proliferation in the mammary glands of DMBA-initiated
rats, which might lead to the promotion and progression of mammary tumors to greater malignancy.
In addition, it inhibited the levels of calcium in the blood, and induced inflammation, hemorrhage,
and dilatation of the uterine wall in rats.

4. Experimental Section

4.1. Chemicals

N-ethyl-N′-nitro-N-nitrosoguanidine (ENNG) was obtained from Nakalai Tesque (Kyoto, Japan),
7,12-dimethylbenz[a]anthracene (DMBA) from Tokyo Chemical Industry Co. Ltd. (Tokyo, Japan) and
polyethylene glycol (PEG) from Wako Pharmaceutical, Osaka, Japan. Other chemicals were from
Sigma Chemical Co. (St Louis, MO, USA) or Wako Pharmaceutical (Osaka, Japan).

4.2. Test Compounds

The Pueraria mirifica powder (Lot No.: PM490621) was produced by Seiko Yakuhin Kogyo
K.K. (Narashino, Chiba, Japan) and consigned by Shiratori Pharmaceutical Co., Ltd., (Narashino,
Chiba, Japan) and Pias Corporation (Osaka, Japan). The taxonomic and content identification
was performed by the Seiko Yakuhin Kogyo K.K. The sample contained miroestrol (5.3 mg/kg;
0.00053%), deoxymiroestrol (6.3 mg/kg; 0.00063%), puerarin (6′-O-beta-apiofuranoside: 21.7 mg/kg;
0.00217%), daidzin (daidzein-7-O-glucoside: 12.9 mg/kg; 0.00129%), genistin (genistein-7-O-glucoside:
8.7 mg/kg; 0.00087%), daidzein (7,4′-dihydroxyisoflavone: 48.2 mg/kg; 0.00482%), genistein
(25.5 mg/kg; 0.00255%) and kwakhurin (3-[2-(3,3-dimethylallyl)-4,6-dihydroxy-3-methoxyphenyll-7-
hydroxyisoflavone: 3.5 mg/kg; 0.00035%).

Isoflavone aglycon (IA) extract (SoyAct) was from Kikkoman Corporation (Noda City, Chiba,
Japan). In the present experiment, test powder diets were prepared as follows: 0.03%, 0.3%, 1, and
3% PM diets contained 0.03%, 0.3%, 1, and 3% Pueraria mirifica powder, respectively, in NIH-07PLD
powder diet (Phytoestrogen Low Diet, Oriental Yeast, Tokyo, Japan). The accuracy of dose formulation
and uniformity of blending of the diets was confirmed by the analytical chemistry laboratories at
Oriental Yeast Co., Tokyo, Japan. For the production of IA extract fermentation of soy was performed
followed by ethanol/water extraction and purification [15].

4.3. Animals

One hundred and seventeen female 4-week-old Crlj:DON (Donryu) rats (Japan SLC, Shizuoka,
Japan) were obtained at 5 weeks of age and quarantined for 1 week before the experiment started.
The rats were kept in an animal house with a 12 h (8:00–20:00) light/dark cycle, humidity of 50% ± 2%
and temperature of 23 ± 1 ◦C. Tap water and NIH-07PLD diet (Phytoestrogen Low Diet, Oriental Yeast,
Tokyo, Japan) was given ad libitum. NIH-07PLD diet constituents were carbohydrate, crude protein,
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crude fiber, fat, neutral detergent fiber, ash, fatty acids, amino acids, vitamins, and trace elements with
no phytoestrogens. All animals were checked once daily for general behavior and signs of toxicity
or a moribund state. Body weights, water and food intakes were measured every week for the first
12 weeks, and thereafter every 4 weeks. During the experiment, the specific signs used to determine
when the animals should be euthanized included no response to stimuli or a comatose condition,
changes in heart rate and physical appearance, dyspnea or severe breathing problems, hypothermia,
prostration, body weight loss, and changes in food and water intakes. If significant body weight
loss or the water and food consumption changes were detected, the relevant animals were checked
more precisely for other signs of sickness. At euthanization, a systemic macroscopic pathological
examination of liver, kidneys, spleen, adrenals, thymus, mammary glands, and uterus was performed.
All experimental procedures were conducted with approval and according to the Guidelines of Animal
Care and Use Committee of the Osaka City University Medical School.

4.4. Short-Term Experiment 1

We performed ovariectomies on 25 female Donryu rats (5 weeks of age) with normal estrous cycles.
All animals were checked by vaginal cytology to confirm the absence of estrous cycles. Two weeks
after the ovariectomy, for 2 weeks the rats were given (1) PM at doses of 0.03%, 0.3%, and 3%; (2) 0.2%
isoflavone aglycone (IA) extract in basal NIH-07PLD diet; or (3) only control diet. Vaginal smears
stained with aqueous solution of methylene blue were used to check the estrogenic activity of the test
compounds. Animal body weights were measured once a week, and general condition was examined
once a day. The weights of uteri were measured at final necropsy to determine estrogenic effects of test
compounds. Mammary gland, uterus, liver, kidneys, spleen, adrenals, and thymus were subjected to
histopathological analysis.

Donryu rats with a mean body weight of 200 g consumed PM in 15 g diet at doses of 20 (0.03%),
200 (0.3%), 667 (1%), and 2000 (3%) mg/kg b.w./day, considered equal to about 0.2, 2.0, and
20.0 mg/kg b.w./day (10, 50, and 1000 mg/day) intake by women with mean body weight of 50 kg
(the acceptable daily intake (ADI) for rats is considered to be 100 times that of humans as the safety
factor is 100 (World Health Organization)). As the ADI of PM for humans is 1–2 mg/kg b.w./day,
with this extrapolation, the 0.3% PM dose used in our experiment would be accepted as safe for
humans (2 mg/kg b.w./day). In addition, the dose for rats could be also extrapolated to a human
equivalent dose by the body surface area (BSA) normalization method (mg/m2 conversion) [30,31], in
which multiplication of the human dose by 6.16 is applied (Km human/Km animal = 37/6). In case of
BSA normalization, PM doses of 20, 200, and 2000 mg/kg b.w./day would be equal to 3.2, 32.5, and
325 mg/kg b.w./day intake in humans, and the accepted safe dose of PM is close to 0.03%.

Because of the very strong estrogenic effect of 3% PM observed in this experiment, the
largest dose applied in the long-term experiment was changed to 1% (667 mg/kg b.w./day),
equal to about 7 mg/kg b.w./day (350 mg/day) for humans, or in the case of BSA normalization,
108 mg/kg b.w./day intake.

4.5. Short-Term Experiment 2

DMBA in sesame oil at a dose of 50 mg/kg b.w. was administered by gavage (i.g.) to
20 female Donryu rats (5 weeks of age). Another 5 rats were given an equivalent volume of sesame
oil alone (~0.5 mL/rat). PM at doses of 0.03%, 0.3%, and 3% and 0.2% IA were administered
in NIH-07PLD diet for 4 weeks starting from the day of DMBA injection. At euthanasia, liver,
kidneys, spleen, adrenals, thymus, and uterus were weighed, and samples of mammary glands
were fixed in 10% phosphate-buffered formalin for the histopathological and bromodeoxyuridine
(BrdU) immunohistochemical examination.
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4.6. Long-Term Experiment (Experiment 3)

One hundred and seventeen 5-week-old female Donryu rats were divided into seven groups.
It is known that soon after weaning, about postnatal day 35, pubertal development of Donryu rats
starts. Since the onset of puberty is defined as the age (in days) at which vaginal opening occurs,
rats were inspected daily for this purpose. At the commencement of the experiment, 5-week-old rats
from PM-treated, IA-treated, and initiation control groups (21 rats/group) were given a single dose
of DMBA by i.g. (50 mg/kg b.w.) for initiation of mammary carcinogenesis. On experimental days
7 and 11, ENNG (10 mg/kg b.w.) in PEG was injected via the vagina using a stainless catheter to
initiate uterine carcinogenesis. Six rats each in vehicle and 1% PM vehicle groups received sesame
oil by i.g. and PEG via the vagina. PM was administered to rats at doses of 0.03%, 0.3%, and 1%,
and IA was applied for comparison at a dose of 0.2% in NIH-07PLD basal diet for 36 weeks from the
commencement of the experiment. Rats in the vehicle control group received the basal diet. One of
the characteristics of Donryu rats is age-related persistent estrus followed by anovulation starting at
the age of 5 months, the incidence of which rises until 8 months [32]. Mammary tumor number and
volume (cm3/rat; the formula: tumor length/2 × (width/2)2) were assessed once weekly, and the
location of each nodule was recorded. Malignant tumors usually metastasized to the lung, contained
abscesses and ulcers, and were of dark color. Histopathologic analysis was performed according to the
previously published classification of mammary tumors [33].

All surviving animals were euthanized at week 36 and the test organs—including mammary
glands with skin, uterus, vaginas, ovaries, liver, pituitary, adrenals, and thymus—were removed,
weighed, and fixed in 10% formalin for histopathological analysis. Twelve specimens were obtained
from each uterus in cross-section and proliferative endometrial lesions were classified using the
categories reported previously [34] into three degrees (mild, moderate, and severe) of atypical
hyperplasia, stromal and adenomatous polyps, and adenocarcinoma.

4.7. BrdU Immunohistochemistry

In short-term experiment 2, for evaluation of cellular proliferation, BrdU staining was
performed for rat mammary glands by the avidin-biotin-peroxidase complex (ABC) method reported
previously [35]. Sections were incubated with mouse monoclonal anti-BrdU antibody (Dako Japan,
Kyoto, Japan) at 1:500 dilution. Immunoreactivity was detected using a Vectastain Elite ABC Kit
(PK-6102; Vector Laboratories, Burlingame, CA, USA) and 3,3′-diaminobenzidine hydrochloride
(Sigma Chemical Co., St. Louis, MO, USA). A negative control was also included with the staining
procedure by omitting the primary antibody. At least 3000 mammary epithelial cells’ nuclei were
counted in each rat, and labeling indices were calculated as numbers of positive nuclei per 1000 cells.

4.8. Blood Hematology and Biochemistry

Blood samples were collected directly from the hearts of all surviving rats at the end of the study
after overnight fasting. An automated hematology analyzer (Sysmex XE-2100, Mitsubishi Chemical
Visuals, Osaka, Japan) and an automatic analyzer (Olympus AJ-5200, Tokyo, Japan) were employed
for hematological and biochemical analyses of blood serum as previously described [36].

4.9. Statistical Analysis

Statistical analysis was performed using the StatLight-2000(C) program (Yukms Corp., Tokyo,
Japan) or with GraphPad Prism 5 Software Inc. (San Diego, CA, USA). Incidences of histopathological
lesions were compared by the Fisher’s exact probability test or the χ2-test, and the log rank test.
The Kaplan–Meier method was employed for assessment of differences in survival. Numerical data for
control and experimental groups were statistically compared using the Bartlett’s test. The Dunnett’s
multiple comparison test (two-sided) was used in case of homogeneous data, otherwise the Steel’s test
(two-sided) was applied [37]. For all data, P values less than 0.05 were considered significant.
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Supplementary Materials: The following are available online at www.mdpi.com/2072-6651/8/11/275/s1,
Table S1: Final body, relative organ weights and chemicals intakes of Donryu rats in Exp. 3, Table S2: Results of
the hematological and blood biochemical analyses.
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