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Recent years have seen the idea of a close association between nutrition and the modulation
of cancer development/progression reinforced. In fact, an increasing number of experimental and
epidemiological evidence has been produced, supporting the concept that many different bioactive
components of food (e.g., polyphenols, mono- and polyunsaturated fatty acids, methyl-group donors
. . . ) may be implicated in either the promotion of or the protection against carcinogenesis. At the cellular
level, such compounds can have an impact on different but sometimes intertwined processes, such as
growth and differentiation, DNA repair, programmed cell death, and oxidative stress. In addition,
compelling evidence is starting to build up of the existence of primary epigenetic targets of dietary
compounds, such as oncogenic/oncosuppressor miRNAs or DNA-modifying enzymes, which in
turn impair gene expression and function. This editorial aims to summarize the themes of the 31
papers (20 original articles and 11 reviews) published in the Special Issue “Role of Natural Bioactive
Compounds in the Rise and Fall of Cancers” presenting the latest findings on the intracellular pathways
and mechanisms affected by selected natural molecules influencing the fine-tuning of cancer phenotype.

Plant polyphenols have been among the most studied natural compounds by the contributors to
this issue.

In the original article group, Polonio-Alcalà et al. [1] showed the additive and synergistic
effects of the flavonoids (−)-epigallocatechin-3-gallate (EGCG) from green tea and its naphthalene
derivative G28, which are fatty acid synthase inhibitors, in combination with epidermal growth factor
receptor tyrosine kinase inhibitors on gefitinib-resistant lung adenocarcinoma models. Moreover,
Wei et al. [2] examined the effect and mechanism of action of EGCG alone and in combination
with current chemotherapeutics on pancreatic cancer cell growth, demonstrated the impairment of
cell proliferation via the phosphofructokinase inhibition-mediated suppression of glycolysis in a
ROS-dependent manner, and the additive enhancement of the anticancer effect of gemcitabine both
in vitro and in pancreatic xenografts by the further inhibition of glycolysis and the impairment of cell
kinetics. In the Review section, Farooqi et al. [3] analyzed the pleiotropic abilities of EGCG to regulate
intracellular signalizations such as those related to JAK/STAT, Wnt/β-catenin, TGF/SMAD, SHH/GLI
and NOTCH pathways, also commenting on the ability of EGCG to modulate non-coding RNAs and
the methylation-associated machinery in different cancers.

Other natural phenolic compounds whose activity is discussed in the original articles of this
issue are:

– Gallic acid (3,4,5-trihydroxybenzoic acid), widely distributed in natural plants, fruits, and green
tea, whose tumor-suppressive effect via the p53-mediated downregulation of the transmembrane
protein PD-L1 was demonstrated by Kang et al. [4] in non-small-cell lung cancer models;

– Oleuropein, the main bioactive phenolic component of Olea europaea L., whose presence in
enriched extracts from olive leaves was proven to reduce the glycolytic rate of a wide range of
solid and liquid tumor cells via the downregulation of the three key effectors of the glycolytic
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pathway, GLUT-1, PKM2 and MCT4, likely resulting in a decreased glucose entrance and biomass
production [5];

– Oleacein (3,4-dihydroxyphenylethanol), the main secoiridoid contained in extra virgin olive oil,
able to elicit significant anti-tumor activity by promoting cell cycle arrest and apoptosis in multiple
myeloma cells due to its histone deacetylase inhibitory properties [6];

– Dadzein (7,4′-dihydroxyisoflavone), present in soybeans, whose 4-sulphate metabolite produced
by gut microbiota was found to exert an anti-estrogenic effect on ERα-positive breast cancer cells
via the downregulation of the anti-apoptotic neuroglobin protein thus rendering cells more prone
to the paclitaxel treatment [7];

– Gigantol, a bibenzyl compound from orchid species, whose ability to destabilize tumor integrity
via the suppression of the PI3K/AKT/mTOR and JAK/STAT pathways was demonstrated by
Losuwannarak et al. [8] in non-small-cell lung cancer models in vitro and in vivo;

– Lonchocarpin, a chalcone isolated from Lonchocarpus sericeus, proven to be a powerful inhibitor of
the Wnt/β-catenin pathway able to selectively suppress the migration and proliferation of a panel
of colorectal cancer cell lines in vitro and in a preclinical colorectal cancer mouse model [9];

– Isorhamnetin, (3′-methoxy-3,4′,5,7-tetrahydroxyflavone), a flavonol aglycone found in some
medicinal plants, able to exert an anti-proliferative effect on human bladder cancer cells via the
induction of cell cycle arrest during the G2/M phase and apoptosis, accompanied by the activation
of the AMPK signaling pathway and ROS overproduction [10];

– Erioquinol, eriopodol A and gibbilimbol B, derived from Piper genus plants, whose ability to
inhibit XIAP protein, involved in the regulation of caspase-dependent/independent cell death
pathways, was reported by Muñoz et al. [11] in breast cancer cell lines;

– Vatein, isolated from Calocedrus formosana Florin leaves extract, proven to interfere with cell
cycle and microtubule dynamics in lung adenocarcinoma cells, also inhibiting tumor growth in a
xenograft mouse model [12].

In the Review section, Perrone et al. [13] discussed the effects of polyphenols in preventing the
progression of central and peripheral nervous system tumors underlining the beneficial effect of dietary
compounds on the microbioma–intestine–brain axis. Barbosa and Martel [14] examined the role played
by a wide variety of synthetic and natural substances, including polyphenols, on the impairment of
glucose uptake by neoplastic breast cells thereby resulting in a tumor-restraining effect. Ong et al. [15]
reported the broad-range in vitro/in vivo anticancer properties of the Magnolia-derived polyphenol
honokiol based upon its ability to impair cell cycle progression, inhibit epithelial–mesenchymal
transition, and suppress cell motility, invasion, metastasis and angiogenesis. Zhou et al. [16]
summarized the late preclinical studies on the applications of bioactive polyphenols in lung cancer
therapy, focusing on the molecular mechanisms at the basis of their therapeutic effects and also
discussing the potential of the polyphenol-based combination therapy. Goh et al. [17] reviewed
data on the anti-colon cancer properties of nobiletin, a polymethoxyflavone extracted from citrus
peel, and its derivatives which are able to arrest the cell cycle, inhibit cell proliferation, induce
apoptosis, prevent tumor formation, reduce inflammatory effects and limit angiogenesis, also exploring
better drug delivery strategies due to the low oral bioavailability of the compounds. Ong et al. [18]
focused their review on the pharmacological properties and therapeutic potential of formononetin
[7-hydroxy-3-(4-methoxyphenyl)-4H-1-benzopyran-4-one], one of the main bioactive components
of red clover, which regulates various transcription factor- and growth factor-mediated oncogenic
pathways attenuating metastasis and tumor growth in vivo in multiple cancer cell models and also
alleviating the possible causes of chronic inflammation that are linked to the cancer survival of
neoplastic cells and their resistance against chemotherapy.

The other articles and reviews addressed further cancer-related issues relevant to types of
compounds of a different nature, specifically:
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– The methanolic extract of Malva pseudolavatera leaves, which showed a promising selective
anti-proliferative and pro-apoptotic effect on acute myeloid leukemia cell lines, determining PARP
cleavage, cytochrome-c release, Bax/Bcl-2 ratio increase and ROS overproduction [19];

– Eicosapentaenoic acid, an ω-3 polyunsaturated fatty acid, which played a protective role,
both alone and in combination with angiotensin-converting enzyme inhibitors, in attenuating
adipocyte-induced proinflammatory cytokine expression and the migration of breast cancer cells
in an in vitro model of obesity-induced breast cancer [20];

– Fucoidan, a sulphated polysaccharide derived from brown seaweed, whose combination with
gemcitabine determined an enhanced pro-apoptotic and cell cycle-inhibitory activity on selected
uterine carcinosarcoma and stromal sarcoma cell lines [21];

– Nicotin, whose mechanisms underlying the promotion of melanoma cell proliferation and
migration mediated through α9-nAChR-initiated carcinogenic signaling and PD-L1 expression
were reported by Nguyen et al. [22];

– The ethyl acetate fraction of the crude extract of Streptomyces sp. MUM256, isolated from mangrove
soil in Malaysia, and the cyclic dipeptides contained whose ability to induce cell cycle arrest and
apoptosis was demonstrated by Tan et al. [23] in colon cancer cells;

– Manoalide, an antibiotic sesterterpenoid isolated from the marine sponge Luffariella variabilis,
which preferentially inhibits the proliferation of oral cancer cells inducing apoptosis and DNA
damages via oxidative stresses, such as intracellular ROS and MitoSOX/MitoMP [24];

– λ-carrageenan, a family of linear sulfated polysaccharides, proven to enhance the effect of
radiotherapy by suppressing the survival and invasiveness of different cancer cell lines in vitro
and in vivo through the Rac GTPase-activating protein 1 pathway [25];

– Ethanol, which was found to trigger a pro-survival autophagic response following the induction
of oxidative and endoplasmic reticulum stress in colon cancer cells, and the activation of Nrf2
and HO-1 also leading to the acquisition of a more aggressive phenotype [26];

– Colchicine, an alkaloid present in the medicinal plant Colchicum autumnale, whose enhanced
anticancer effects and reduced cytotoxicity on colon cancer cells when delivered in the
nanoformulated form was reported by AbouAitah et al. [27].

In the Review section, Del Cornò et al. [28] discussed the modulatory effects of dietary β-glucans,
present in diverse edible mushrooms, baker’s yeast, cereals and seaweeds, on human innate immunity
cells and their potential role in cancer control. Lee et al. [29] reviewed a large number of data on
the role played by different cytokines, lipids and other natural molecules on the suppression of
epithelial–mesenchymal transition in cancer progression. Ennour-Idrissi et al. [30] focused their
attention on the bioaccumulation of persistent organic pollutants in the food chain and the association
of exposure with breast cancer risk. Farooqi et al. [31] presented the current views about the ability of
berberine, a natural alkaloid compound found in several medicinal plants, to target different signaling
cascades in various cancers, also discussing the nanocarrier strategies developed to improve the
delivery of the compound.

The number of manuscripts published in this Special Issue indicates an active interest in research
about the molecular/pharmacological mechanisms used by natural products exerting anti-tumoral
effects which deserve further and deeper studies. I wish to thank all the contributors of this issue for
sharing with us their experimental or reviewed data which will surely attract readers’ attention and
encourage the publication of other high-quality papers in this field.

Funding: This research received no external funding.

Conflicts of Interest: The authors declare no conflict of interest.
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Abstract: Epidermal growth factor receptor (EGFR) tyrosine kinases inhibitors (TKIs) are effective
therapies for non-small cell lung cancer (NSCLC) patients whose tumors harbor an EGFR activating
mutation. However, this treatment is not curative due to primary and secondary resistance such
as T790M mutation in exon 20. Recently, activation of transducer and activator of transcription 3
(STAT3) in NSCLC appeared as an alternative resistance mechanism allowing cancer cells to elude the
EGFR signaling. Overexpression of fatty acid synthase (FASN), a multifunctional enzyme essential
for endogenous lipogenesis, has been related to resistance and the regulation of the EGFR/Jak2/STAT
signaling pathways. Using EGFR mutated (EGFRm) NSCLC sensitive and EGFR TKIs’ resistant
models (Gefitinib Resistant, GR) we studied the role of the natural polyphenolic anti-FASN compound
(−)-epigallocatechin-3-gallate (EGCG), and its derivative G28 to overcome EGFR TKIs’ resistance.
We show that G28’s cytotoxicity is independent of TKIs’ resistance mechanisms displaying synergistic
effects in combination with gefitinib and osimertinib in the resistant T790M negative (T790M−)
model and showing a reduction of activated EGFR and STAT3 in T790M positive (T790M+) models.
Our results provide the bases for further investigation of G28 in combination with TKIs to overcome
the EGFR TKI resistance in NSCLC.

Keywords: NSCLC; EGFR TKI; FASN inhibitors; resistance; STAT3; EGCG

1. Introduction

Lung cancer is the most incident and the leading cause of cancer death worldwide. Non-small cell
lung cancer (NSCLC) subtype is the most common and it represents 80–85% of lung cancers diagnosed.
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Early-stage NSCLC patients have long-term survival after surgery. However, approximately 75% of
patients are diagnosed in advanced stages [1,2].

Gefitinib is a first generation epidermal growth factor receptor (EGFR) tyrosine kinase inhibitor
(TKI). It was approved in 2003 by the Food and Drug Administration (FDA) for the treatment of
patients whose tumors harbor an EGFR sensitizing/activating mutation (EGFRm) i.e., exon 19 deletion
(ΔE746-A750) or the point mutation in exon 21 that leads to the amino acid substitution L858R [3–5].
Despite this therapy represents a breakthrough in the treatment of EGFRm NSCLC patients, in a
median time of 9–16 months nearly all patients do not achieve a complete response. One of the
most common resistance mechanisms described is the EGFR point mutation in exon 20 that leads to
the replacement of threonine 790 by methionine (T790M), which normally derives to lethal disease
progression [6]. Osimertinib is an irreversible third generation TKI effective in EGFRm T790M positive
(T790M+) patients. However, the point mutation C797S in exon 20 has appeared as the main resistance
mechanism to the latest FDA-approved TKI [6]. Other mechanisms for EGFR TKI resistance include
Met amplification, phosphatidylinositol-4,5-bisphosphate 3-kinase catalytic subunit alpha (PI3KCA)
mutations, appearance of stem-like properties as evidenced by increase in epithelial–mesenchymal
transition (EMT) and histological transformation, epidermal growth factor receptor type 2 (ErbB2)
gene amplification, increase of insulin-like growth factor 1 receptor (IGF-1R) signaling pathway
through the loss of inhibitory insulin-like growth factor-binding protein (IGF-BP) and loss or reduction
of phosphatase and tensin homolog (PTEN), activation of AXL tyrosine kinase receptor or B-Raf
proto-oncogene, and serine/threonine kinase (BRAF) mutations [6–12].

Recently, the activation of a signal transducer and activator of transcription 3 (STAT3) has
been described as an alternative resistance mechanism allowing cancer cells to escape the EGFR
signaling or the TKI suppression [13]. STAT3 is involved in the transcription of many genes related
to cell differentiation, proliferation, resistance to apoptosis, angiogenesis, metastasis, and immune
response [14–16]. Besides being phosphorylated by EGFR [17], STAT3 can also be activated in response
to different cytokines and growth factors such as interleukin 6 (IL-6), interferon-alpha (IFN-α) or
epidermal growth factor (EGF), among others [18]. Approximately 60% of patients show STAT3
activation, which correlates with poorly differentiated tumors, the presence of metastasis, and the late
clinical stage [19,20]. STAT3 phosphorylation has been related to disease progression in a small cohort
of patients after EGFR TKI treatment [21]. Additionally, neither gefitinib nor osimertinib are able to
inhibit STAT3 activation [22,23].

Energy metabolism deregulation has been described as a hallmark of cancer, allowing cell growth
and proliferation [24]. Fatty acid synthase (FASN) is an essential enzyme for the de novo synthesis of
long-chain fatty acids from acetyl-CoA, malonyl-CoA, and NADPH [25]. Unlike most normal cells,
highly-proliferative cancer cells overexpress this lipogenic enzyme, being an interesting target in cancer
therapy [26,27]. FASN is strongly associated to poor prognosis and resistance to treatment in different
human tumors such as breast [28], bladder [29], pancreatic [30], or lung cancer [31]. Moreover, FASN
overexpression has also been proposed as a multidrug resistance mechanism, protecting cells from
drug-induced apoptosis through the overproduction of palmitic acid [32]. The natural compound
(−)-epigallocatechin-3-gallate (EGCG) is a polyphenolic flavonoid from green tea that has been broadly
studied for its cardiovascular, neuroprotective, anticancer, and antimicrobial properties [33,34]. EGCG
has been reported to compete with NADPH to bind the β-ketoacyl reductase domain of FASN [35].
The ability of several FASN inhibitors to regulate the canonical EGFR/Jak2/STAT pathway has also
been stated in the literature [36,37]. We and others have shown that FASN inhibition is mainly related
to EGFR/HER2 signaling pathways, leading to cytotoxic effects in vitro and in vivo in a wide range of
carcinomas, including breast and lung [38–42]. To date, many EGCG derivatives have been developed
to improve efficacy and increase stability in physiological conditions. Among them, the naphthalene
derivative G28 has shown interesting antiproliferative features against sensitive and resistant breast
cancer cells [38,43,44].
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The purpose of this work was to study the role of FASN inhibitors (EGCG and G28) to overcome
TKI resistance in NSCLC. FASN inhibitors were tested alone and in combination with EGFR TKIs
(gefitinib and osimertinib) in EGFRm NSCLC models resistant to EGFR TKIs (Gefitinib Resistant,
GR). In addition, we also evaluated gene and protein expression changes of FASN, EGFR, and
STAT3 resulting from treatments with FASN inhibitors and EGFR TKIs alone or in combination.
We show that FASN inhibitor G28 cytotoxicity is independent of EGFR TKI resistance mechanisms.
Interestingly, G28 compound exhibited a cytotoxic effect in combination with gefitinib showing changes
in EGFR/STAT3 pathway in T790M positive (T790M+) GR models and strong synergism in combination
with gefitinib or osimertinib in T790M negative (T790M−) GR model.

2. Results

2.1. EGFRm GR NSCLC Models Are Sensitive to FASN Inhibition

In order to study the role of FASN in the acquisition of EGFR TKI resistance in NSCLC, we used the
sensitive PC9 cell line carrying the EGFR exon 19 deletion (ELREA) and three GR models, two T790M+
models (PC9-GR1 and PC9-GR4), and one T790M−model (PC9-GR3) [45].

2.1.1. EGFRm NSCLC Models Overexpress FASN

Firstly, we determined whether EGFRm NSCLC models express FASN enzyme. Hence, FASN
protein (Figure 1a) and mRNA expression levels (Figure 1b) were analyzed by immunoblotting and
quantitative real time PCR (qRT-PCR), respectively.

Figure 1. FASN protein and mRNA expression levels in sensitive (PC9) and Gefitinib Resistant (GR)
models (PC9-GR1, PC9-GR3, and PC9-GR4). (a) Western blot analysis (quantification in upper panel
and bands in lower panel) of FASN protein expression. GAPDH was used as a loading control. Results
shown are representative from at least three independent experiments. (b) FASN endogenous mRNA
levels were obtained by qRT-PCR and normalized against the GAPDH gene. FASN expression in the
sensitive cells was normalized to 1 an expressed as a fold change, to which all other conditions were
compared. Results shown are mean ± SE from three independent experiments. * p < 0.050, *** p < 0.001
indicate levels of statistically significance.
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All models showed FASN protein and mRNA expression. Despite no differences in mRNA,
GR models presented significantly higher protein expression levels (PC9-GR1 p= 8.710× 10−4; PC9-GR3
p = 3.160 × 10−4, and PC9-GR4 p = 0.049) in comparison to PC9.

2.1.2. PC9-GR3 Model Is Resistant to Gefitinib and Osimertinib

We confirmed the resistance to EGFR TKIs in PC9 and GR models. For that, we measured the
cytotoxic effect of gefitinib and osimertinib on all models by determining the half-maximal inhibitory
concentration (IC50) using the MTT assay (Figure 2).

 
Figure 2. Cell proliferation inhibition of EGFR TKIs (gefitinib and osimertinib) in parental and Gefitinib
Resistant (GR) models. Sensitive (PC9) and GR models (PC9-GR1, PC9-GR3, and PC9-GR4) were
treated with increasing concentrations of (a) gefitinib (from 2.5 × 10−3 to 1 μM for PC9 and 1–40 μM for
GR models) and (b) osimertinib (0.02–2000 nM for PC9, PC9-GR1, and PC9-GR4 and 500–7500 nM for
PC9-GR3) for 72 h. Results shown are expressed as percentage of surviving cells after drug treatment
(mean ± SE) and are representative from at least three independent experiments.

As expected, GR models were significantly more resistant to gefitinib with IC50 values in the
micromolar range compared to the nanomolar IC50 found in the PC9 cell line (PC9-GR1 p = 2.793 × 10−7;
PC9-GR3 p = 1.631 × 10−10, and PC9-GR4 p = 1.000 × 10−6). Although no significant differences
were found in the IC50 value for gefitinib between the two T790M+ GR models, the IC50 value of the
PC9-GR3 model for gefitinib was significantly greater than PC9-GR1 (p = 7.953 × 10−7) and PC9-GR4
(p = 1.659 × 10−7). PC9-GR3 model was also resistant to osimertinib compared to other models (PC9
p = 2.799 × 10−9; PC9-GR1 p = 3.749 × 10−8, and PC9-GR4 p = 5.200 × 10−9).

2.1.3. FASN Inhibitors Present Cytotoxic Effects in NSCLC Models

Cancer cells have been described to increase the de novo lipogenesis through the activation of
FASN and its inhibition has proven to cause cell death. Therefore, this enzyme has become a promising
candidate for the development of new anticancer therapies. Here we tested the cytotoxic activity
of the two FASN inhibitors, EGCG and its derivative G28. MTT cell viability assays showed that
the natural polyphenolic compound EGCG was cytotoxic for PC9 (IC50 = 77.9 ± 1.9 μM), PC9-GR1
(IC50 = 74.3 ± 4.3 μM), PC9-GR3 (IC50 = 91.0 ± 5.5 μM), and PC9-GR4 (IC50 = 75.6 ± 2.4 μM) NSCLC
models with no significant differences (p = 0.358; Figure 3a).

The synthetic EGCG derivative G28 showed higher cytotoxicity in all tested models with IC50 of
12.8 ± 1.3 μM for PC9, 12.0 ± 0.8 μM for PC9-GR1, 17.8 ± 1.3 μM for PC9-GR3, and 11.2 ± 1.2 μM for
PC9-GR4 (Figure 3b). Besides, only PC9-GR3 showed a significantly higher IC50 value compared to
PC9 (p = 0.030), PC9-GR1 (p = 0.005), and PC9-GR4 (p = 0.002).
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Figure 3. Cell proliferation inhibition of FASN inhibitors in parental and Gefitinib Resistant (GR) models.
Sensitive (PC9) and GR models (PC9-GR1, PC9-GR3, and PC9-GR4) were treated with increasing
concentrations of (a) EGCG (5–150 μM) and (b) G28 (2–40 μM) for 72 h. Results shown are expressed as
the percentage of surviving cells after drug treatment (mean ± SE) and are representative from at least
three independent experiments.

2.1.4. G28 Inhibits FASN in EGFRm NSCLC Models

The ability to internalize and inhibit FASN activity of EGCG and G28 after being exogenously
added to the media was tested in sensitive and GR models (Figure 4). EGCG and G28 inhibited FASN
in PC9 cells, resulting in a similar FASN activity reduction of roughly 80% (p = 0.265). Moreover,
G28 significantly reduced FASN activity in all GR models in comparison with EGCG (PC9-GR1
p = 3.000 × 10−5; PC9-GR3 p = 0.001; PC9-GR4 p = 0.008) while the EGCG compound was not able to
diminish FASN activity.

 
Figure 4. G28 compound inhibits FASN activity in Gefitinib Resistant (GR) models. Cells were treated
for 72 h with EGCG or G28 at a concentration equal to their IC50 and with DMSO as control. FASN
activity was assayed by counting radiolabeled fatty acids synthesized de novo. Bars represent the
remaining activity as a percentage in treated versus untreated cells (control, Ctrl). Data are mean
± SE from at least three independent experiments. ** p < 0.010, *** p < 0.001 indicate levels of
statistically significance.

2.1.5. Apoptosis Induction of FASN Inhibitors and EGFR TKIs Treatments

We also investigated whether the cell death caused by treatment with EGFR TKIs or FASN
inhibitors was the result of apoptosis induction in both sensitive and GR models. Poly(ADP-ribose)
polymerase (PARP) terminal proapoptotic protein activated after cleavage was used as an apoptosis
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marker. The effects of all compounds on PARP was determined by Western blot analysis in all models
(Figure 5). The uncropped Western blots can be found in Figure S2a.

Figure 5. Effects of FASN inhibitors and EGFR TKIs on apoptosis determined by PARP cleavage.
Sensitive (PC9) and Gefitinib Resistant (GR) models (PC9-GR1, PC9-GR3, and PC9-GR4) were treated
for 72 h with a concentration equivalent to IC50 of each drug. Untreated cells were used as an internal
control (Ctrl) and GAPDH as a loading control. Results shown are representative from at least three
independent experiments.

The cleaved form of PARP (89 kDa) appeared in either sensitive or resistant T790M− models
after treatment with the IC50 concentration of both EGFR TKIs (gefitinib and osimertinib) and FASN
inhibitors (EGCG and G28), indicating the induction of apoptosis. Gefitinib treatment led to PARP
cleavage in T790M+ GR models. Additionally, EGCG and osimertinib led to the formation of cleaved
PARP in PC9-GR1 model.

2.2. G28 Increases EGFR Activation in EGFRm NSCLC Models

FASN has been previously related to AKT/ERK/EGFR signaling pathways [46] and the inhibition
of the transcription factor STAT3 [36] in lung adenocarcinomas. Thus, differences in FASN, EGFR,
and STAT3 protein and mRNA expression levels after FASN inhibitors or EGFR TKIs treatment were
analyzed through immunoblotting (Figure 6a) and qRT-PCR (Figure 6b) in PC9 and GR models.
The uncropped Western blots can be found in Figure S2b.

A reduction of FASN mRNA expression levels was observed in sensitive and GR models treated
with FASN inhibitors, being statistically significant in the PC9-GR4 treated with G28 (p = 0.004) and PC9
cells treated with G28 (p = 7.370 × 10−4) and gefitinib (p = 3.210 × 10−4). T790M+ GR models presented
a basal hyperactivation of EGFR that was inhibited after treatment with EGFR TKIs. Regarding FASN
inhibitors, EGCG and G28 increased its activation in PC9 cells contrary to the PC9-GR1 model, while
no changes were observed in PC9-GR3 and PC9-GR4 models.

EGCG reduced EGFR protein levels in sensitive and T790M+ GR models that did not correlate
with mRNA expression levels. Contrary, G28 significantly increased EGFR mRNA expression in all
models, without protein level modification. No changes in EGFR mRNA levels were observed after
gefitinib treatment, however higher protein levels were detected in T790M− GR models. Osimertinib
treatment did not lead to EGFR protein nor mRNA expression alteration. EGFR TKIs treatment
increased STAT3 activation in all GR models. Gefitinib increased p-STAT3 levels in sensitive cells,
while the highest STAT3 activation in GR models was found with osimertinib treatment. No STAT3
protein or mRNA expression differences were found in any of the models and treatments assayed.

Lung carcinomas are highly proliferative and resistance acquisition after EGFR TKI-based therapy
is a major problem. Overproduction of palmitic acid by FASN emerges as a resistance mechanism,
protecting cells from drug-induced apoptosis [47]. The combination of these drugs with a different
mechanism of action may decrease resistance development and improve treatment response.
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Figure 6. FASN, EGFR, and STAT3 protein and mRNA expression levels after FASN inhibitors (EGCG
and G28) and EGFR TKIs (gefitinib and osimertinib) treatment in sensitive (PC9) and Gefitinib Resistant
(GR) models (PC9-GR1, PC9-GR3, and PC9-GR4). (a) Western blot analysis of FASN, EGFR, and
STAT3 protein expression after 72 h of FASN inhibitors (IC50) and EGFR TKIs (IC50) treatment in EGFR
TKI sensitive and GR models. Untreated cells were used as an internal control (Ctrl) and GAPDH
as a loading control. Results shown are representative from at least three independent experiments.
(b) FASN, EGFR, and STAT3 mRNA levels after treatment with FASN inhibitors and EGFR TKIs in
sensitive and GR models. mRNA levels were obtained by qRT-PCR and normalized against the GAPDH
gene. All conditions were compared to control (untreated cells), which was normalized to 1 (indicated
by the dotted line) and expressed as a fold change. Experiments were performed at least three times.
* p < 0.050, ** p < 0.010, *** p < 0.001, indicate levels of statistically significance.2.3. G28 Combined with
EGFR TKIs Outcomes in Synergistic Effects.
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Once the effects of FASN inhibitors and EGFR TKIs alone were analyzed in all models, the
combinatorial treatment between FASN inhibitors and EGFR TKIs was also studied in order to evaluate
the possible synergistic interactions (Figure 7 and Figure S1). Despite the fact that EGCG did not
reduce FASN activity in GR models, no IC50 differences were found in comparison with sensitive cells.
Therefore, GR models were treated with EGCG or G28 in combination with the EGFR TKI to which
they were resistant. Three EGFR TKIs concentrations were chosen based on MTT assays (vide supra).
The combination of EGCG with either gefitinib or osimertinib resulted in mostly additive effect as
shown by the combination index (CI; Figure 7a). The combination of G28 with gefitinib generally led
to additivism in T790M+ GR models, with some synergism found in G28 concentrations ranging from
10 to 20 μM. Remarkably, T790M− GR model treated with G28 combined with gefitinib or osimertinib
showed greater synergistic effects (Figure 7b).

2.3. G28 Reduces STAT3 Activation in T790M+ GR Models Alone or in Combination with Gefitinib

In order to discern whether G28 is able to reduce the STAT3 activation produced by EGFR
TKIs, a combinatorial analysis was performed (Figure 8). As before, FASN, EGFR, and STAT3
protein and mRNA levels were analyzed using Western blot (Figure 8a) and qRT-PCR (Figure 8b)
in GR models treated with synergistic drug concentrations (all of them under the IC50 value).
The uncropped Western blots can be found in Figure S2c. Therefore, GR models were treated with
G28 at 15 μM in combination with 1 μM gefitinib, which is the highest clinically achievable plasma
concentration [5]. Osimertinib-resistant PC9-GR3 model was co-treated with 15 μM G28 and 0.5 μM
osimertinib. All concentrations were also used in single-treatment to elucidate the effects produced by
the combination.

T790M+ GR models treated with G28 alone and in combination with gefitinib showed both
FASN protein and mRNA expression decrease. In the PC9-GR3 model, the FASN protein was slightly
diminished in mono- and co-treatments. This decrease is in accordance to FASN mRNA expression,
which was significantly reduced in combination with osimertinib. Although G28 alone showed more
activated EGFR compared to control in all GR models, the combination of G28 with both EGFR TKIs
decreased p-EGFR levels. Regarding the total EGFR, co-treatment resulted in higher protein levels
compared to monotreatment in all GR models. However, only T790M+ GR models treated with
G28 in combination with gefitinib presented significantly higher EGFR mRNA expression (PC9-GR1
p = 0.036 and PC9-GR4 p = 0.040). Moreover, G28 both alone and in combination with gefitinib reduced
STAT3 activation in T790M+ GR models. No changes in STAT3 activation were seen in PC9-GR3
in any treatment. None of the models analyzed showed alterations in the STAT3 protein or mRNA
expression levels.
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Figure 7. Combination index (CI) of FASN inhibitors (EGCG and G28) and EGFR TKIs (gefitinib
and osimertinib) treatment in Gefitinib Resistant (GR) models (PC9-GR1, PC9-GR3, and PC9-GR4).
(a) CI of EGCG and gefitinib in PC9-GR1, PC9-GR3, and PC9-GR4 models or osimertinib in PC9-GR3.
(b) CI of G28 and gefitinib in PC9-GR1, PC9-GR3, and PC9-GR4 models or osimertinib in PC9-GR3.
PC9-GR1, PC9-GR3, and PC9-GR4 models were treated with EGCG (10–150 μM) or G28 (2-30 μM) in
combination with gefitinib (1, 2.5, and 5 μM) for 72 h. PC9-GR3 cells were also treated with EGCG
(10–150 μM) or G28 (2–30 μM) in combination with osimertinib (0.5, 1, and 2 μM) for 72 h. Results
were determined using the MTT assay and are expressed as the CI based on the Chou and Talalay
method [48]. The dotted line indicates additivism (CI approximately equal to 1). CI > 1 designates
antagonistic effects and CI < 1 synergistic effects. Experiments were performed at least three times.
Results shown are mean ± SE.
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Figure 8. FASN, EGFR, and STAT3 protein and mRNA expression in sensitive (PC9) and Gefitinib
Resistant (GR) models (PC9-GR1, PC9-GR3, and PC9-GR4) treated with FASN inhibitors (EGCG
and G28) in combination with EGFR TKIs (gefitinib and osimertinib). (a) Western blot analysis of
FASN, EGFR, and STAT3 in PC9-GR1, PC9-GR3, and PC9-GR4 models treated with G28 alone and
in combination with gefitinib, and PC9-GR3 treated with G28 and osimertinib for 72 h. Results
shown are representative from three independent experiments. Untreated cells are used as internal
control (Ctrl) and GAPDH as a loading control. (b) FASN, EGFR, and STAT3 mRNA levels analysis in
PC9-GR1, PC9-GR3, and PC9-GR4 models treated with G28 in combination with gefitinib, PC9-GR3
model treated with the combination G28 and osimertinib for 72 h. mRNA levels were obtained by
qRT-PCR and normalized against the GAPDH gene. All conditions were compared to the control
(untreated cells), which was normalized to 1 (indicated by the dotted line) and expressed as a fold
change. Experiments were performed at least three times. * p < 0.050, ** p < 0.010, *** p < 0.001 indicate
levels of statistical significance.
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3. Discussion

Despite significant advances in EGFRm NSCLC treatment, current therapy is still ineffective to
many patients due to the late stage of diagnosis and acquisition of resistance to EGFR TKIs [2,6]. Hence,
several efforts have been made on the identification of EGFR TKIs resistance mechanisms to develop
an effective treatment for these patients. Some authors pointed out the important role of FASN in drug
resistance due to its capacity to allow fast synthesis of new phospholipids for membrane remodeling
and plasticity [49,50]. Although the relationship between EGFR and FASN remains unclear, it has
recently been described that EGFR upregulates FASN in TKI-resistant EGFRm NSCLC [41]. In addition,
FASN inhibition showed cytotoxic effects in lung cancer [40] and resensitized cells to chemotherapy,
anti-EGFR and anti-HER2 therapies in breast cancer [38,51]. Therefore, the FASN enzyme may become
a promising target for anticancer therapy in EGFRm NSCLC.

Here we studied the effects of natural polyphenolic compound EGCG and its derivative G28 to
overcome EGFR TKI resistance in sensitive and GR models. The higher FASN protein levels observed
in EGFR TKI resistant models (Figure 1) demonstrated its potential involvement in EGFR TKI resistance
acquisition. FASN inhibitors showed similar cytotoxic effects between sensitive and resistant models
with IC50 values ranging from 75 to 90 μM for EGCG and from 12 to 18 μM for G28 (Figure 3).
As determined by K. Jacobsen and coworkers, PC9-GR1 is a T790M+ GR model that also presents MET
and EphA2 activation, the PC9-GR3 model exhibits AXL overexpression, and the T790M+ PC9-GR4
model shows EphA2 activation and AXL overexpression [45]. In correlation with this, the higher G28
IC50 found in PC9-GR3 model and the significantly similar IC50 values in the two T790M+ GR models
indicate that none of the known resistance mechanisms described are related to FASN inhibition.

Both compounds have the ability to internalize and inhibit FASN activity as observed in parental
PC9 cells (Figure 4), however G28 was of average 5.5 times more effective than EGCG. We have
previously shown the ability of the natural compound EGCG to inhibit FASN activity in wild type
EGFR NSCLC cells and different breast cancer subtypes [40,43]. Despite their cytotoxicity, only the
synthetic compound significantly reduced FASN activity in GR models (Figure 4). Other studies proved
the ability of G28 to inhibit FASN activity in triple-negative breast cancer (TNBC) cells [43]. Nevertheless,
our study demonstrated that EGCG anticancer activity was independent of FASN inhibition in GR
models. It has been extensively described that EGCG has multiple targets and it is involved in multiple
signaling pathways and transcription factors, membrane-associated receptors tyrosine kinase (RTKs),
or DNA methylation [33]. Some authors exposed that the mechanism underlying EGCG antitumor
potency is due to the suppression of the EGFR signaling pathway in NSCLC [52]. Others observed a
very stable complex between EGCG and EGFRm (exon 19 ELREA deletion) that was lost with the T790M
substitution [53]. Kozue and coworkers showed that EGCG reduced stemness and immunogenicity in
EGFR wild type NSCLC cells in vitro and in vivo through the inhibition of AXL [54]. AXL is a tyrosine
kinase receptor that has been related to drug resistance and the induction of malignant properties [55]
and is overexpressed in GR models [45].

The apoptosis induction was verified by PARP cleavage for all treatments in sensitive and
T790M− GR models (Figure 5). However, no PARP cleavage was observed through Western
blot analysis in T790M+ GR models after G28 treatment. These results suggest that G28 might
cause an apoptosis-independent proliferation reduction in T790M+ GR models as found by
others in NSCLC wild-type EGFR models treated with the natural plant polyphenol resveratrol
(3,5,40-trihydroxystilben) [56]. The anticancer activity of polyphenols has been shown to be mediated
by numerous mechanisms including cell cycle arrest. EGCG, among other natural compounds, showed
down-regulation of cyclin-dependent kinases (CDK) and modulation in CDK inhibitors in different
human carcinomas [33,57]. The lack of PARP cleavage in some of the treatments and models could be
due to the activation of other programmed cell death mechanisms such as autophagy [58].

Alteration in EGFR expression was observed after treatment with FASN inhibitors. EGCG
produced a decrease in EGFR protein levels in T790M+ GR models, which is in agreement with
Ali et al., who observed an EGFR decrease in sensitive and resistant PC9 cells treated with Orlistat,
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a FDA-approved FASN inhibitor for obesity management [41]. The synthetic G28 compound increased
EGFR mRNA levels in all models, indicating that EGFR overexpression could be an alternative pathway
to FASN inhibition. The EGFR activation after FASN gene overexpression in epithelial breast cells
has been previously shown [42]. Furthermore, our results suggest that the EGFR pathway could
be implicated in FASN regulation at a transcriptional or translational level as exposed before [40].
Despite all models increased EGFR mRNA expression after G28 treatment, only PC9 cells seemed to
compensate the effect of G28 by increasing EGFR activation. Therefore, cell proliferation reduction
found in all models after FASN inhibition (Figure 3) could be due to the lack of post-translational
palmitoylation substrate [41].

It seems increasingly clear that persistent STAT3 activation is related to EGFR-based therapies
resistance [13]. STAT3 is under the control of different cytokines and growth factors playing an
important role in metastasis, proliferation, survival, invasion, migration, and angiogenesis [14–16].
Natural polyphenols, normally multitarget inhibitors, are now emerging as promising STAT3 inhibitors
or its upstream signaling molecules Src, gp130, or NFкB [18]. Among them, EGCG has been reported
to reduce STAT3 phosphorylation in head and neck carcinomas [59] and pancreatic cancer [60]. Based
on the above, we hypothesized that EGCG and its derivative G28 would diminish the STAT3 activation
produced by EGFR TKIs in NSCLC cells. Both compounds reduced p-STAT3 levels in a dose-dependent
manner when used alone in comparison to control samples. In agreement with previous studies, STAT3
was activated by EGFR TKIs (Figure 6) [22].

Combinatorial treatments of EGCG and G28 with EGFR TKIs were performed in order to study
their effects on GR models (Figure S1). The combination of gefitinib and osimertinib with EGCG
showed additivism whereas synergistic effects were identified in combination with G28 (Figure 7).
Other authors have previously reported synergistic outcomes after co-treatment with a STAT3 inhibitor
(TPCA-1) and EGFR TKI in EGFRm NSCLC models [61]. Previous results from our group demonstrated
that G28 compound had a synergistic interaction with pertuzumab and temsirolimus in HER2+ breast
cancer cells [38] and EGCG with cetuximab in TNBC [51]. Interestingly, G28 in combination with
gefitinib decreased the activation of STAT3 to the same extent as when used alone in T790M+ GR
models. Thus, other mechanisms must be involved in the synergistic effects found. On the other
hand, no differences in p-STAT3 were observed in PC9-GR3. This could be, in part, due to the
multiple pathways that can be altered in the acquisition of gefitinib and osimertinib double-resistance
in PC9-GR3 model such as mutations in EGFR/STAT3 or other related up- or downstream signaling
molecules, leading to the constitutive activation of STAT3. The analysis of the main genes regulated
by the STAT3 transcription factor could provide relevant information to identify some pathways
alterations after FASN inhibitors treatment. The synergistic effects found in GR models co-treated with
FASN inhibitor G28 and EGFR TKIs supports the idea that EGFR palmitoylation mediated by FASN
leads to TKI resistance acquisition in EGFRm NSCLC [41]. However, the specific G28 mechanism of
action and possible targets are still unknown and further studies are needed. Wu et al. suggested
that FASN inhibition may cause an imbalance in the membrane lipids levels, which may produce a
membrane localization decrease of IGF-1R, and the inactivation of the downstream STAT3 signaling
pathway [36]. Furthermore, the IGF-1R is a transmembrane tyrosine kinase linked to MAPK and
PI3K/AKT pathways, shared with EGFR, which could explain the effects found only in T790M+ GR
models [62].

Taken together, our observations suggest that FASN has a key role in acquired TKI-resistant
EGFRm NSCLC. The inhibition of this enzyme resensitizes cells to EGFR TKIs treatments. These
results encourage for further studies to analyze the combinatorial treatment of FASN inhibitors and
EGFR TKIs to overcome the EGFR TKI resistance in NSCLC.
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4. Materials and Methods

4.1. Cell Lines and Culture Conditions

Human adenocarcinoma PC9 cells and its gefitinib resistant derivatives PC9-GR1, PC9-GR3, and
PC9-GR4 models [45] were kindly provided by Dr. R. Rosell and Dr. M. A. Molina (Barcelona, Spain).
All cells were routinely grown in RPMI-1640 medium (Lonza, Basel, Switzerland), supplemented
with 10% fetal bovine serum (FBS; HyClone Laboratories, GE Healthcare, Chicago, IL, USA), 50 U/mL
penicillin, and 50 μg/mL streptomycin (Lonza). In all cases, the cells were used immediately after
resuscitation and were maintained at 37 ◦C in a humidified atmosphere with 5% CO2, propagated
following established protocols, remaining free of mycoplasma throughout the experiments.

4.2. Cell Proliferation Assays

To investigate the effect of EGFR TKIs or FASN inhibitors cells were seeded into 96-well
plates at the appropriate density in their growth medium. Gefitinib and osimertinib were
kindly provided by AstraZeneca. EGCG was purchased from Sigma (USA) and G28 was
synthesized as described elsewhere [43]. For monotreatment assays, after 24 h cells were treated
with different concentrations of each drug for 72 h. Cell viability was determined by the
3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-tetrazolium bromide (MTT) assay (Sigma) as described
elsewhere [44]. For drug combination experiments, cells were treated with three fixed concentrations
of gefitinib (1, 2.5, and 5 μM) or osimertinib (0.5, 1, and 2 μM) in combination of a series of increasing
concentrations of EGCG or G28 for 72 h. Following treatment, cell proliferation was measured using
the standard colorimetric MTT assay. Using the multi-well plate reader Benchmark Plus (Bio-Rad
Laboratories, Inc., CA, USA), absorbance was determined at 570 nm. Combinatorial effects were
evaluated using the combination index (CI) based on the Chou and Talalay method [48] using the
CompuSynTM software (Biosoft, MO, USA). CompuSynTM calculates the CI values; if the value equals
1 the effect is considered additive, if above 1 antagonistic and below 1 synergistic. Data presented are
from three separate wells per assay, and the assay was performed at least three times.

4.3. Western Blot Analysis of Cell Lysates

Gefitinib-sensitive and -resistant models were treated with EGFR TKI, FASN inhibitor, or the
combination of both drugs for 72 h. Afterwards, attached and floating cells were harvested and
lysed in ice-cold lysis buffer (Cell Signaling Technology Inc., MA, USA) containing 100 μg/mL
phenylmethylsulfonylfluoride (PMSF; Sigma) by vortexing every 5 min for 30 min. Protein concentration
was determined by the Lowry method (DC Protein Assay, Bio-Rad Laboratories, Inc.). Equal amounts
of protein were heated in lithium dodecyl sulfate (LDS) sample buffer with a sample reducing agent
(Invitrogen, CA, USA) for 10 min at 70 ◦C, separated by SDS-PAGE and transferred to nitrocellulose
membranes (ThermoFisher Scientific Inc., MA, USA). Membranes were incubated for 1 h at room
temperature in blocking buffer (5% skim milk powder in Tris-buffered saline (TBS)) 0.05% Tween
(TBS-T) and overnight at 4 ◦C with the following primary antibodies diluted in blocking buffer:
FASN (Cell Signaling Technology Inc.; #3180), p-STAT3Tyr705 (Cell Signaling Technology Inc.; #9131),
p-EGFRTyr1068 (Cell Signaling Technology Inc.; #2234), PARP (Cell Signaling Technology Inc.; #9542),
EGFR (Cell Signaling Technology Inc.; #2232), STAT3 (Cell Signaling Technology Inc.; #4904), and
GAPDH (Proteintech, Manchester, UK; #60004-1-IG). Specific horseradish peroxidase (HRP)-conjugated
secondary antibodies were incubated for 1 h at room temperature. The immune complexes were detected
using chemiluminescent HRP substrate ClarityTM Western ECL Substrate (Bio-Rad Laboratories, Inc.)
or West Femto Maximum Sensitivity Substrate (ThermoFisher Scientific Inc.) in a Bio-Rad ChemiDocTM

MP Imaging System (Bio-Rad Laboratories, Inc.). Western blot analyses were repeated at least three
times and representative results are shown.
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4.4. Quantitative Real-Time PCR (qRT-PCR) Analysis

Cells were treated with EGFR TKIs or FASN inhibitors as a single agent or in combination for 72 h.
Then, cells were PBS washed and resuspended in 1 mL of Qiazol (Qiagen, Hilden, Germany). GeneJET
RNA Purification Kit (ThermoFisher Scientific Inc.) was used to isolate total RNA following the
manufacturer’s instructions. RNA samples were quantified using a Nano-Drop 2000 Spectophotometer
(ThermoFisher Scientific). Total RNA was reverse-transcribed into complementary DNA (cDNA)
using a High Capacity cDNA Archive Kit (Applied Biosystems, CA, USA). Different gene expression
levels were determined using QuantStudio3 Real-time PCR System (ThermoFisher Scientific Inc.) with
qPCRBIO SyGreen Mix Lo-Rox real-time PCR (PCR Biosystems Inc., PA, USA), following manufacture
instructions. Primers used are shown in Table 1. qRT-PCR analyses were performed at least four times
and each gene was run in triplicate. Gene expression levels were quantified using the standard formula
2ˆdCT and normalized to the housekeeping GAPDH (2ˆdCT).

Table 1. Primer design.

FASN
Forward CAGGCACACACGATGGAC
Reverse CGGAGTGAATCTGGGTTGAT

STAT3
Forward CACCTTCAGGATGTCCGGAA
Reverse ATCCTGGAGATTCTCTACCACTTTCA

EGFR7
Forward CATGTCGATGGACTTCCAGA
Reverse GGGACAGCTTGGATCACACT

GAPDH
Forward TCTTCCAGGAGCGAGATC
Reverse CAGAGATGATGACCCTTTTG

4.5. Inhibition of Fatty Acid Synthase Activity

Cells were seeded in 24-well plates at a density of 3 × 104 cells/well in RPMI supplemented with
10% fetal bovine serum (FBS). 24 h later, the maintenance medium was replaced by the treatment
medium (RPMI-1640 supplemented with 1% lipoprotein-deficient FBS (Sigma-Aldrich)) along with the
assayed compounds or vehicle (dimethyl sulfoxide, DMSO, Sigma-Aldrich). Cells were treated with
a concentration corresponding to the previously determined IC50 for 72 h. For the last 6 h (1,2-14C)
acetic acid sodium salt (53.9 mCi/mmol, Perkin Elmer Biosciences, Waltham, MA, USA) was added
to the medium (0.5 μCi/mL). The lipid extraction was performed as previously described [43]. Cells
were washed twice with phosphate-buffered saline (PBS, HyClone Laboratories, Logan, UT, USA)
and once with MeOH/PBS (2:3). Cell pellets were resuspended in 0.2 M NaCl and lysed with freeze
(liquid N2)—thaw (37 ◦C) cycles. Then, lipids were extracted with CHCl3/MeOH (2:1) and 0.1 M KOH.
The organic phase was washed with CHCl3/MeOH/H2O (3:48:47) and the solvents were evaporated
under vacuum conditions. Finally, pellets were resuspended in EtOH and counted by scintillation.
The total protein content was quantified by the Bradford assay (Sigma-Aldrich).

4.6. Statistical Analysis

Parametric data were analyzed by the Student’s t test when comparing two groups or the one-way
analysis of variance (ANOVA) followed by Bonferroni or Tamhane’s T2 post hoc test for multiple
comparisons. The non-parametric data were analyzed with the Mann–Whitney U tests for non-normally
independent variables; otherwise, the Kruskal–Wallis test was used for more than two groups. All data
are expressed as mean ± SE. Levels of significance were set at p < 0.050 and are represented by
asterisks, as follows: p < 0.050 (denoted as *), p < 0.010 (denoted as **), and p < 0.001 (denoted as ***).
The statistical analysis was performed using the IBM SPSS software (Version 21.0; SPSS Inc., IL, USA).
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5. Conclusions

The need to find more effective and less toxic therapeutic treatments for EGFRm NSCLC patients
is one of the major challenges in lung cancer research. Natural compounds are emerging as potential
anticancer candidates for their safety and multitarget intrinsic features. Improvement of the properties
of natural compounds through the design of synthetic derivatives is aimed at maintaining these
features while increasing, efficacy, bioavailability, and stability in physiological conditions.

Here we show additive and synergistic effects of the polyphenolic plant-derived EGCG compound
and its derivative G28, respectively, in combination with EGFR TKIs in GR models. Despite the
exact mechanism by which these compounds are cytotoxic is still unknown, our results shed light
on their ability to modulate FASN/EGFR/STAT3 pathways. The capacity to affect multiple pathways
might prove useful in overcoming other drug resistances. Further analyses are required to completely
understand the mechanism of action.

Taken together, this paper supports the inhibition of the metabolic enzyme FASN by G28 compound
in combination with EGFR TKIs as a new potential strategy for resistant EGFRm NSCLC.

Supplementary Materials: The following are available online at http://www.mdpi.com/2072-6694/12/5/1283/s1,
Figure S1: Proliferative curves of FASN inhibitors (EGCG and G28) alone and in combination with EGFR TKIs
(gefitinib and osimertinib) in EGFR TKIs resistant models, Figure S2. Whole Western blot figures showing PARP,
FASN, EGFR, STAT3 and GAPDH protein bands with molecular weight markers (merge of colorimetric and
chemiluminescence). (a) Western blot images from Figure 5. (b) Western blot images from Figure 6. (c) Western
blot images from Figure 8.
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Abstract: Pancreatic cancer is a complex disease, in need of new therapeutic approaches. In this
study, we explored the effect and mechanism of action of epigallocatechin-3-gallate (EGCG), a major
polyphenol in green tea, alone and in combination with current chemotherapeutics on pancreatic
cancer cell growth, focusing on glycolysis metabolism. Moreover, we investigated whether EGCG’s
effect is dependent on its ability to induce reactive oxygen species (ROS). EGCG reduced pancreatic
cancer cell growth in a concentration-dependent manner and the growth inhibition effect was
further enhanced under glucose deprivation conditions. Mechanistically, EGCG induced ROS levels
concentration-dependently. EGCG affected glycolysis by suppressing the extracellular acidification
rate through the reduction of the activity and levels of the glycolytic enzymes phosphofructokinase
and pyruvate kinase. Cotreatment with catalase abrogated EGCG’s effect on phosphofructokinase
and pyruvate kinase. Furthermore, EGCG sensitized gemcitabine to inhibit pancreatic cancer cell
growth in vitro and in vivo. EGCG and gemcitabine, given alone, reduced pancreatic tumor xenograft
growth by 40% and 52%, respectively, whereas the EGCG/gemcitabine combination reduced tumor
growth by 67%. EGCG enhanced gemcitabine’s effect on apoptosis, cell proliferation, cell cycle and
further suppressed phosphofructokinase and pyruvate kinase levels. In conclusion, EGCG is a strong
combination partner of gemcitabine reducing pancreatic cancer cell growth by suppressing glycolysis.

Keywords: pancreatic cancer; epigallocatechin-3-gallate (EGCG); gemcitabine; glycolysis; ROS;
phosphofructokinase

1. Introduction

Pancreatic cancer is one of the top five causes of cancer-related death in the United States, with
an overall five-year survival rate of approximately eight percent [1]. While surgery, which offers
the only realistic hope, is a viable option in a limited number of patients, current radiation therapy
and chemotherapy regimens offer no significant clinical benefit [2]. For example, gemcitabine is
an antimetabolite recognized as the current standard of care for unresectable locally advanced or
metastatic pancreatic cancer, but its therapeutic effect for patients is limited [3]. Thus, an urgent need
exists for new ways to combat pancreatic cancer, with the exploration of novel therapeutic strategies
being a critical component.

Deregulated energy metabolism is recognized as one of the hallmarks of cancer [4]. Unlike normal
cells, tumor cells prefer to rely on aerobic glycolysis to produce energy and to obtain intermediate
metabolites that can then be directed to other biosynthetic pathways that promote tumor growth [5,6].
Moreover, the higher glycolytic rate in cancer cells has been shown to correlate to chemotherapeutic
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resistance [7]. Therefore, targeting tumor glycolysis remains attractive for therapeutic interventions,
not only as a main target, but also for its ability to sensitize cancer cells to chemotherapeutics.

Epigallocatechin-3-gallate (EGCG), the most active polyphenol component found in green tea,
presents several anticancer properties [8–10]. Accumulating evidence, including a previous study by our
group, has shown that EGCG can inhibit cancer cell growth by modulating metabolic pathways [11–13].
An important consideration when exploring EGCG’s mechanism of action is that in the presence of
oxygen, EGCG undergoes auto-oxidation to generate reactive oxygen species (ROS) [14]. Since cancer
cells are more susceptible to an increase in ROS levels [15], this has been proposed as a potential
mechanism of action for the inhibitory cell growth effect by EGCG. However, to date, whether the
glycolytic pathway is modulated by EGCG in pancreatic cancer, and whether it is ROS-dependent is
not completely elucidated.

In the present study, we explored the effect and mechanism of action of EGCG alone and in
combination with current chemotherapeutics on pancreatic cancer cell growth, focusing on glycolysis
metabolism involved in pancreatic cancer cell growth, and investigated whether it is dependent on
the ability of EGCG to induce ROS. Our results show that EGCG strongly reduced pancreatic cancer
cell growth by suppressing glycolysis in a ROS-dependent manner. Moreover, EGCG enhanced the
anticancer effect of gemcitabine in vitro and in vivo by inhibiting glycolysis and affecting cell kinetics.

2. Results

2.1. EGCG Affects Glycolysis in Pancreatic Cancer Cells

We initially evaluated the efficacy of EGCG on pancreatic cancer cells in culture. For this purpose,
we treated multiple human pancreatic cancer cells with or without increasing concentrations of EGCG
(20–100 μM) for 72 h. In parallel, we also compared the effect of EGCG in human pancreatic cancer
cells to that of human pancreatic normal epithelial cells (HPNE). EGCG reduced human pancreatic
cancer cell growth in a concentration-dependent manner. Of note, EGCG reduced cell growth more
potently in human pancreatic cancer cells compared to HPNE cells. For instance, at 72 h, EGCG 80
μM reduced MIA PaCa-2 and Panc-1 cell growth by 84% and 64% (p < 0.05), respectively. In contrast,
EGCG at 80 μM for 72 h had significantly less effect on the HPNE cells, reducing cell growth by only
24% (Figure 1A).

Given that alterations in cancer cell metabolism can lead to an inhibition of cell growth [16], and
because EGCG has been shown to affect glycolysis in other tumor types [11–13], we evaluated the
effect of EGCG on glucose metabolism in two human pancreatic cancer cells and one murine pancreatic
cancer cell line (KPC). We assessed the impact of EGCG on glycolysis by measuring the extracellular
acidification rate (ECAR) in the MIA PaCa-2, Panc-1, and KPC cell lines. After 24 h of treatment, EGCG
strongly reduced ECAR in all three cell lines, revealing an inhibitory effect of EGCG on glycolysis
(Figure 1B and Figure S1).

Next, we determined the effect of EGCG on pancreatic cancer cell growth under the conditions of
either glucose deprivation or treatment with 2-Deoxy-D-glucose (2-DG), a glucose analog. As shown in
Figure 1C, the reduction in cell growth induced by EGCG was enhanced under glucose deprivation or
2-DG treatment. For example, 2-DG alone reduced the cell growth rate by 5%, 27%, and 8% in Panc-1,
MIA PaCa-2, and KPC cells, respectively, whereas when combined with EGCG, the cell growth was
reduced by 71%, 58%, and 89%, respectively (p < 0.01; Figure 1C). Moreover, EGCG treatment reduced
ATP levels concentration-dependently (Figure 1D). Treatment with EGCG at 40 μM for 24 h reduced
ATP levels in Panc-1 and MIA PaCa-2 cells by 35% and 32%, respectively (p < 0.01 for both, Figure 1D).
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Figure 1. Epigallocatechin-3-gallate (EGCG) inhibits pancreatic cancer cell growth through glycolysis
suppression. (A) EGCG inhibits human pancreatic cancer cell growth in a concentration-dependent
manner. Cell growth was determined in Panc-1, MIA PaCa-2, HPAF-II, BxPC-3, SU-86.86, CFPAC-1,
and KPC pancreatic cancer cells, and in the human pancreatic normal epithelial (HPNE) cells after
treatment with increasing EGCG concentrations for 72 h. Results are expressed as a percentage of
control. (B) EGCG suppresses glycolysis capacity in Panc-1, MIA PaCa-2, and KPC cells after 24 h.
Glucose (25 mM), Oligomycin (1 μM) and 2-Deoxy-D-glucose (2-DG) (75 mM) were injected and the
extracellular acidification rate (ECAR) of live cells was monitored during the experimental period.
Results are presented as the mean ± SD of ECAR. (C) Cell growth was measured in Panc-1, MIA PaCa-2,
and KPC cells treated with or without EGCG (40 μM) under glucose deprivation or 2-DG (10 mM)
treatment condition. Results are expressed as a percentage of control. * p < 0.05, ** p < 0.01 vs. control.
(D) EGCG reduced ATP levels in Panc-1 and MIA PaCa-2 cells after 24 h. Results are expressed as a
percentage of control. * p < 0.05, ** p < 0.01 vs. control.
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2.2. EGCG Inhibits Glycolysis through Suppressing Rate-Limiting Enzymes

Given the effect of EGCG on glycolysis, we evaluated whether EGCG could affect any particular
step in the glycolytic pathway by measuring the activity and levels of glycolytic enzymes. EGCG
treatment reduced both the activity and expression levels of phosphofructokinase (PFK) and pyruvate
kinase (PK) in Panc-1 and MIA PaCa-2 cells, having a stronger effect on PFK (Figure 2A–C, Figure
S5). For instance, EGCG at 40 μM reduced the levels of platelet-type phosphofructokinase (PFKP) and
the pyruvate kinase M2 (PKM2), an isoform of PK, by 65% and 49%, respectively, in Panc-1 cells, and
by 57% and 34%, respectively in MIA PaCa-2 cells (Figure 2B, Figure S4). However, EGCG failed to
reduce hexokinases II (HK2) and lactate dehydrogenase A (LDHA) protein expression levels (Figure
S2, Figure S12). In agreement with the in vitro results, EGCG reduced the levels of PFKP and PKM2 (p
< 0.01 for both) in pancreatic tumor xenograft homogenates, obtained from mice treated with EGCG
(Figure 2D, Figure S6).

 

 

Figure 2. Cont.
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Figure 2. EGCG inhibits glycolysis through suppressing rate-limiting enzyme activity and expression.
(A) Phosphofructokinase (PFK) and pyruvate kinase (PK) activities were determined in Panc-1 and
MIA PaCa-2 cells after treatment with EGCG for 24 h. Results are expressed as a percentage of control.
* p < 0.05, ** p < 0.01 vs. control. (B) Immunoblots for platelet-type phosphofructokinase (PFKP) and
pyruvate kinase M2 (PKM2) in total cell protein extracts from Panc-1 and MIA PaCa-2 cells treated
with escalating concentrations of EGCG, as indicated, for 24 h. Loading control: β-Actin. Bands were
quantified and results are expressed as a percentage of control. * p < 0.05, ** p < 0.01 vs. control.
(C) EGCG (40 μM) inhibited PFKP and PKM2 protein expression in a time-dependent manner in Panc-1
and MIA PaCa-2 cells. Results are expressed as percentage of control and presented as the mean ±
SD. * p < 0.05, ** p <0.01 vs. control. (D) Immunoblots of PFKP, PKM2 expression on tumor tissue
from control- and EGCG-treated (10mg/kg/d) mice. Results are expressed as a percentage of control.
* p < 0.05, ** p < 0.01 vs. control. (E) Effect of silencing PFKP on EGCG-induced cell growth reduction.
Panc-1 and MIA PaCa-2 cells were transfected with either control or PFKP siRNA. After transfection,
cells were treated with EGCG for 72 h and cell growth was evaluated. Results are expressed as
percentage of control; * p < 0.05, ** p < 0.01 vs. control. Immunoblots to verify PFKP silencing were
performed on whole cell extracts obtained from these cells (top panel).

To confirm the role of PFKP on EGCG-induced cell growth inhibition, we silenced PFKP in Panc-1
and MIA PaCa-2 cells. Knocking-down PFKP reduced Panc-1 and MIA PaCa-2 cell growth by 15% and
19%, respectively. In Panc-1 and MIA PaCa-2 cells transfected with nonspecific siRNA, EGCG 40 μM
decreased the number of viable cells by 49% and 42%, whereas in PFKP-silenced cells, EGCG reduced
cell growth by 57% and 54% in Panc-1 and MIA PaCa-2 cells, respectively (Figure 2E, Figure S6). Taken
together, these findings indicate that silencing PFKP function has a slight additive effect on the growth
inhibitory response of EGCG in both cell lines, and suggest that regulating glycolysis represents an
important mechanism of EGCG in inhibiting pancreatic cancer cell growth.

2.3. EGCG Affects the Glycolytic Pathway in Pancreatic Cancer Cells through a ROS-Dependent Manner

Because EGCG and other polyphenols have been shown to undergo rapid oxidization to generate
free radicals in the presence of oxygen [17], we evaluated the ability of EGCG to induce reactive
oxygen species (ROS) in pancreatic cancer cells. Compared to the control, treatment with EGCG
significantly increased ROS levels concentration-dependently, as determined with the general probe
2′,7′-Dichlorodihydrofluorescein diacetate (H2DCFDA). For example, EGCG at 40 μM increased ROS
levels by 1.4- and 1.6-fold in Panc-1 and MIA PaCa-2 cells, respectively (p < 0.01 for both; Figure 3A).

Next, we determined the levels of hydrogen peroxide (H2O2) using the Amplex™ Red indicator
probe. EGCG strongly increased H2O2 levels in pancreatic cancer cells. Compared to controls, EGCG
at 40 μM increased H2O2 levels by 1.5- and 1.9-fold in Panc-1 and MIA PaCa-2 cells, respectively
(Figure 3B). In both cell lines, cotreatment with catalase significantly abrogated the increase in H2O2

levels induced by EGCG (Figure 3B). Moreover, EGCG increased the levels of mitochondria superoxide
anion in a concentration and time-dependent manner in both Panc-1 and MIA PaCa-2 cells (Figure 3C).
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Figure 3. EGCG affects the glycolytic pathway in pancreatic cancer through a reactive oxygen species
(ROS)-dependent manner. (A) 2′,7′-Dichlorodihydrofluorescein diacetate (H2DCFDA) fluorescence
was measured in Panc-1 and MIA PaCa-2 cells treated without (control) or with EGCG at various
concentration for 24 h. Results are expressed as fold change of control. * p < 0.05, ** p < 0.01 vs. control.
(B) AmplexTM Red was used to evaluate the levels of hydrogen peroxide level released by Panc-1 and
MIA PaCa-2 cells. Results are expressed as fold change of control. * p < 0.05, ** p < 0.01 vs. control.
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(C) EGCG induces a concentration- and time-dependent increase in mitochondrial superoxide anion
levels. The levels of superoxide anion in the mitochondria were determined by flow cytometry using
the MitoSOX-Red fluorescent probe. Black, red and blue lines represent control, EGCG 40 μM, and
EGCG 60 μM groups, respectively. (D) The reduction in the expression levels of PFKP and PKM2
triggered by EGCG (E) was reversed by catalase (CAT). Immunoblots for PFKP and PKM2 in total cell
protein extracts from Panc-1 and MIA PaCa-2 cells treated with 40 μM EGCG (E), 1500 U/mL catalase
(CAT) or both, for 12 h. Loading control: β-Actin. Bands were quantified and results are expressed as a
percentage of control. * p < 0.05, ** p < 0.01 vs. control. (E) Catalase (CAT) partly ameliorated the cell
growth inhibitory effect induced by EGCG (E). Cells were treated with 40 μM EGCG (E), 1500 U/mL
CAT or both, for 24 h or 48 h. Results are expressed as a percentage of control. * p < 0.05, ** p < 0.01 vs.
control. (F) N-Acetyl-L-Cysteine (NAC) partly reversed cell inhibition effect of EGCG after 48 h. Cells
were treated with 40 μM EGCG (E), 5 mM NAC or both for 48 h. Results are expressed as percentage of
control. * p < 0.05, ** p < 0.01 vs. control. (G) L-Buthionine Sulfoximine (BSO) further aggravated cell
inhibition effect of EGCG after 24 h. Cells were treated with 40 μM EGCG (E), 1 mM BSO or both for 24
h. Results are expressed as a percentage of control. * p < 0.05, ** p < 0.01 vs. control.

To elucidate whether the effect of EGCG on glycolysis is mediated through the increase in ROS,
Panc-1 and MIA PaCa-2 cells were incubated with or without EGCG at 40 μM in the presence or
absence of catalase for 12 h. In both cell lines, catalase mostly abrogated the inhibitory effect of EGCG
on PFKP and PKM2, suggesting that the effect of EGCG on glycolytic enzymes is dependent on the
ability of EGCG to induce ROS (Figure 3D, Figure S7).

However, catalase could only, in part, prevent the reduction in pancreatic cancer cell growth
induced by EGCG (Figure 3E). Somewhat similar results were obtained when cotreating with
N-Acetyl-L-Cysteine (NAC) (Figure 3F). In contrast, treatment with L-Buthionine Sulfoximine (BSO),
an inhibitor of glutamylcysteine synthetase, strongly enhanced the reduction in cell growth induced by
EGCG in both cell lines (Figure 3G). For example, in Panc-1 cells at 24 h, BSO and EGCG alone reduced
cell growth by 22% and 12%, respectively, and by 54% when combined. These results suggest that
EGCG reduces pancreatic cancer growth, partly, through an ROS-dependent mechanism.

2.4. EGCG Sensitizes Pancreatic Cancer Cells to Gemcitabine In Vitro

Because chemotherapeutics often display limited effects, show resistance, and cause side-effects,
we evaluated whether EGCG would represent a useful partner in combination with commonly
used drugs. For this purpose, we treated Panc-1 and MIA PaCa-2 cells with EGCG alone or in
combination with gemcitabine, Abraxane®, 5-Fluorouracil, irinotecan, or oxaliplatin, five commonly
used chemotherapeutics in pancreatic cancer patients, for 72 h and analyzed their combination index
(CI) by means of the Chou–Talalay method. In both Panc-1 and MIA PaCa-2 cells, EGCG strongly
synergized with gemcitabine (Figure 4 and Table S1). For example, in Panc-1 cells, the CI of all tested
groups, except one, showed synergistic effects. In MIA PaCa-2 cells, the CI effects between EGCG and
gemcitabine were also indicative of a strong additive effect (Figure 4). The combination effect of EGCG
with the other four chemotherapeutics tested presented effects that were more variable with some
showing an additive effect (Figure 4 and Table S1).
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Figure 4. EGCG enhances the cell growth inhibitory effect of gemcitabine in pancreatic cancer cells.
Combination index (CI) plots of EGCG (20, 40, 60 μM) in combination with gemcitabine (1, 10, 20 and
40 nM), abraxane (1, 10, 20 and 40 nM), 5-Fluorouracil (1, 10, 20 and 40 μM), irrinotecan (1, 10, 20
and 40 μM), and oxialiplatin (1, 10, 20 and 40 μM) in Panc-1 (left) and MIA PaCa-2 (right) cells. Drug
interactions were quantitatively determined using the Chou–Talalay method, and CI < 1, =1, and >1
indicates synergism, additive and antagonism effect, respectively. Of note, the CI value dots depicted
are based on concentrations of EGCG and the chemotherapeutic drugs shown on Table S1.
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2.5. EGCG Enhances the Anticancer Effect of Gemcitabine in Pancreatic Cancer Xenografts through a Strong
Cytokinetic Effect

Next, we evaluated whether EGCG could enhance the chemotherapeutic effect of gemcitabine
in vivo. For this purpose, murine pancreatic cancer KPC cells were injected subcutaneously into
immunocompetent mice, which gave rise to exponentially growing tumors. Once the tumors reached
~300 mm3, the mice were treated either with EGCG (10 mg/kg) suspended in phosphate buffered
saline (PBS) pH 7.4 given intraperitoneally (I.P.) once daily, gemcitabine (100 mg/kg) given I.P. twice
per week, or both drugs. On day 16 of treatment, EGCG and gemcitabine, given as single agents,
reduced tumor weight by 40% and 52%, respectively, compared to vehicle-treated controls (p < 0.05
and p < 0.01). In combination, EGCG plus gemcitabine reduced tumor weight by 67%, compared to
controls (p < 0.01). Of note, the effect of the EGCG plus gemcitabine combination was significantly
different from that of gemcitabine alone (p < 0.05; Figure 5A). Importantly, the drug combination was
well tolerated by the mice, as indicated by the comparable mean body weight of the experimental
groups throughout the treatment period (Figure 5B).

Figure 5. EGCG enhances the anticancer effect of gemcitabine in pancreatic cancer xenografts. (A) EGCG
(E) promoted tumor weight lost with gemcitabine (G). Results are presented as the mean ± SD. * p < 0.05,
** p < 0.01 vs. control. (B) Mice body weight during treatment days for control, gemcitabine-treated
groups (G), EGCG-treated groups (E), and the combination (G + E). Results are presented as the mean ±
SD. (C) Immunostaining of the cell proliferation marker Ki-67 and of cleaved Caspase 3 were performed
on KPC tumor sections and photographs were taken at 100×magnification. Representative images are
shown. The consecutive section was stained with isotype Immunoglobulin G (IgG) as negative staining
control and it is shown in the upper left corner. Results were expressed as percent of positive (+) cells ±
SD per 100x field. * p < 0.05, ** p < 0.01 vs. control.

33



Cancers 2019, 11, 1496

Because EGCG has been shown to be hepatotoxic at higher doses [18], and to further evaluate the
safety of EGCG plus gemcitabine, we performed an acute toxicity study and determined the levels
of multiple liver enzymes and kidney markers. After 16 days of EGCG plus gemcitabine treatment,
liver and kidney function markers (including activity of Alanine Transaminase, Alkaline Phosphatase,
Aspartate Transaminase, and the levels of blood urea nitrogen, creatinine, etc.) were in the normal
range (Table S2). Consistent with the efficacy study, the mean body weights were comparable between
the groups (Figure S3).

To investigate the mechanism by which EGCG plus gemcitabine reduced tumor growth,
we determined cell proliferation (Ki-67 expression), and apoptosis (cleaved Caspase 3 expression)
levels by immunohistochemistry in tumor tissue sections from control and EGCG plus/minus
gemcitabine-treated mice (Figure 5C). Compared to controls, EGCG alone and EGCG plus gemcitabine
inhibited cell proliferation (Ki-67 positive cells) by 45% and 83% in the KPC xenografts, respectively
(p < 0.01, Figure 5C). In addition, EGCG increased the percentage of cleaved Caspase 3 positive cells
by 1.6-fold when given alone and by 2.7-fold when given in combination (p < 0.01, Figure 5C).

In vitro, we determined the effect of EGCG and gemcitabine on cell cycle progression and cell
death by apoptosis. As expected, gemcitabine, an inhibitor of DNA synthesis [19], strongly induced
Synthesis/Gap2 (S/G2) phase arrest after 48 h of treatment. While EGCG at 40 μM only slightly arrested
cell cycle progression, it strongly enhanced the effect of gemcitabine, with the combination further
blocking the cell cycle at S/G2 in Panc-1 and MIA PaCa-2 cells (Figure 6A). Concomitant with cell cycle
arrest, expression levels of S/G2 checkpoint proteins, including phosphorylated checkpoint kinases 1
(p-Chk1), phosphorylated tumor protein p53 (p-p53), and cyclin-dependent kinase (cdk) inhibitor p21
Waf1/Cip1 (p21) further increased, while cdc2 and CyclinB1 were further reduced in the EGCG plus
gemcitabine-treated cells compared to those treated with gemcitabine alone (Figure 6B, Figure S8).

Figure 6. Cont.

34



Cancers 2019, 11, 1496

 

 

Figure 6. Cont.

35



Cancers 2019, 11, 1496

 

Figure 6. EGCG and gemcitabine together further affected cell kinetic in pancreatic cancer cells.
(A) EGCG (E) enhanced the effect of gemcitabine (G) on the cell cycle. Following treatment with 40 μM
EGCG (E), 20 nM gemcitabine (G), or both (G + E) for 48 h, cells were stained with propidium iodide
(PI) and the number of cells in each phase of the cell cycle was measured by flow cytometry. Results
are expressed as a percentage of control. (B) EGCG (E) and gemcitabine (G) modulated S/G2 phase
protein expression. Immunoblots for phosphorylated checkpoint kinases 1 (p-Chk1), phosphorylated
and total tumor protein p53 (p53), cyclin-dependent kinase (cdk) inhibitor p21 Waf1/Cip1 (p21), cell
division cycle 2 (cdc2) and Cyclin B1 in total cell protein extracts from Panc-1 and MIA PaCa-2 cells
treated with EGCG (E), gemcitabine (G), or both (G + E), for 48 h. Loading control: β-Actin. Bands
were quantified and results are expressed as a percentage of control. * p < 0.05, ** p < 0.01 vs. control.
(C) Panc-1 and MIA PaCa-2 cells were treated with EGCG (E), gemcitabine (G), or both (G + E) for
48 h, and the percentage of apoptotic cells were determined by flow cytometry using dual staining
(Annexin V and propipium iodide). The percentages of Annexin V (+) cells was calculated, and results
are expressed as the fold-increase over control. Co-treatment with EGCG (E) further increased the
apoptosis rate induced by gemcitabine (G) alone after 48 h. Results are expressed as percentage of
control. * p < 0.05, ** p < 0.01 vs. control. (D) Immunoblots for full length and cleaved Caspases 3,
7 and 9 as well as full length and cleaved poly (ADP-ribose) polymerase (PARP) in total cell protein
extracts from Panc-1 and MIA PaCa-2 cells treated with EGCG (E), gemcitabine (G), or both (G + E)
for 48 h. Loading control: β-Actin. Bands were quantified and results are shown as the ratio between
the cleaved/full length protein; * p < 0.05, ** p < 0.01 vs. control. (E) EGCG sensitized gemcitabine on
apoptosis induction by regulating B-cell lymphoma 2 (Bcl-2) family and Inhibitors of apoptosis proteins
(IAP) family protein expression in Panc-1 and MIA PaCa-2 cells after 48 h. Results are expressed as
percentage of control. * p < 0.05, ** p < 0.01 vs. control.

Besides blocking cell cycle progression and consistent with the in vivo results, gemcitabine
also induced apoptosis in pancreatic cancer cells in culture. Compared to controls, treatment with
gemcitabine for 48 h resulted in a 2.4- and 1.6-fold increase in apoptosis in Panc-1 and MIA PaCa-2
cells, respectively (Figure 6C). While EGCG at 40 μM induced apoptosis by 3.9- and 2.7-fold, the effect
of EGCG plus gemcitabine was enhanced 4.7- and 3.4-fold over control in Panc-1 and MIA PaCa-2
cells, a response that was approximately two times that of gemcitabine alone (p < 0.01).

We then determined the expression of proteins involved in the mechanism of apoptosis by Western
blot. Compared to controls, EGCG plus gemcitabine significantly affected the expression of cleaved
Caspase 3, 7, 9, cleaved poly (ADP-ribose) polymerase (PARP), proapoptotic member of the Bcl-2
family protein Bad, antiapoptotic member of the Bcl-2 family protein Bcl-xl, and X-linked inhibitor of
apoptosis protein (XIAP) levels, but not survivin (Figure 6D,E and Figure S9). Of note, no additive
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effect was observed on the expression of cleaved Caspase 3, 7, 9, Bad, Bcl-xl, or XIAP between EGCG
plus gemcitabine and EGCG alone (Figure 6E, Figure S10), suggesting that the effect of the combination
is most likely being driven by EGCG.

2.6. EGCG Plus Gemcitabine Further Inhibits Glycolysis

Given that EGCG strongly affected the glycolytic pathway, we evaluated whether combining
EGCG with gemcitabine would lead to any additional glycolysis inhibitory effect. For this purpose,
we determined the activity and levels of glycolytic enzymes in Panc-1 and MIA PaCa-2 cells, treated
with EGCG and gemcitabine alone or in combination. The activity and levels of PFK and PK were
significantly reduced compared to controls and gemcitabine alone groups. However, the effect of the
combination group was not significant compared to the EGCG group (Figure 7A,B and Figure S11).

 

Figure 7. EGCG plus gemcitabine inhibit glycolysis. (A) The activity of PFK and PK was determined in
Panc-1 and MIA PaCa-2 cells treated with 40 μM EGCG (E), 20 nM gemcitabine (G), or both (G + E) for
24 h. Results are expressed as a percentage of control. * p < 0.05, ** p < 0.01 vs. control. (B) Immunoblots
for PFKP and PKM2 in total cell protein extracts from Panc-1 and MIA PaCa-2 cells treated with EGCG
(E), gemcitabine (G), or both (G + E) for 12 h. Loading control: β-Actin. Bands were quantified and
results are expressed as a percentage of control. * p < 0.05, ** p < 0.01 vs. control.

3. Discussion

Pancreatic cancer continues to be a significant health problem around the world. Given the
lack of effective treatments that can meaningfully prolong a patient’s life, an active search for agents
that have additive or synergistic effect with chemotherapeutic drugs is critical in order to enhance
their efficacy. In this study, we show that EGCG sensitizes pancreatic cancer cells to gemcitabine by
suppressing glycolysis.

Our work identified the glycolytic pathway as one of the major signaling mechanisms involved in
eliciting the growth inhibitory effect of EGCG. Glycolysis supports cell growth by rapidly generating
ATP and metabolic intermediates for other biosynthetic pathways. A high rate of glycolysis is
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characteristic of cancer cells, even in the presence of sufficient oxygen [20]. EGCG strongly inhibited
the glycolytic rate in pancreatic cancer cells by affecting the activity and expression of PFK and PK,
two essential rate-limiting enzymes involved in glycolysis. The finding that glucose deprivation or
2-DG treatment enhances the growth inhibition effect of EGCG indicates that glycolysis is related to
pancreatic cancer cell growth.

PFK catalyzes the first irreversible reaction of glycolysis and is usually highly expressed in
tumor tissues. The platelet isoform of PFK, PFKP, functions as an important mediator in cancer cell
proliferation and metastasis [21,22]. On the other hand, PKM2, an isoform of PK, is involved in
regulating cell growth and metastasis [23]. Our results showed that EGCG decreased the enzyme
activity and protein expression of PFK and PK in vitro and in vivo, but not HK2 or LDHA. Of note,
silencing PFKP had a slight additive effect on the growth inhibitory effect of EGCG, suggesting that
regulating glycolysis represents an important mechanism of EGCG in inhibiting pancreatic cancer cell
growth. These results are consistent with other studies that also report inhibition of growth through
the suppression of glycolysis by EGCG, such as in breast and hepatocellular cancer cell models [11,12].

The induction of oxidative stress plays a significant role in the effect of many anticancer agents [24].
Compared with normal cells, cancer cells exhibit higher levels of ROS and antioxidant levels to maintain
redox homeostasis. Cancer cells are thus more susceptible to oxidative stress [15], which precedes the
induction of apoptotic cell death [25]. EGCG induced ROS levels in pancreatic cancer cells in culture,
consistent with its known pro-oxidant activity [26]. Interestingly, the inhibitory effect of EGCG on PFKP
and PKM2 levels was mostly reversed by catalase, suggesting that the effect of EGCG on glycolytic
processes is ROS-dependent. However, catalase only partly prevented the growth inhibition effect of
EGCG, indicating that the ROS produced by EGCG could only explain part of the growth inhibitory
effect by EGCG. Interestingly, we have recently shown that EGCG inhibits the protein kinase B (PKB,
also known as Akt) pathway though a ROS-independent effect [27]. Thus, the effect of EGCG on the
growth of pancreatic cancer cells appears to be the result of the sum of EGCG’s ROS-dependent and
independent effects. Moreover, the significance of oxidative stress in the reduction of cell growth can be
further evidenced by two manipulations of the system affecting the levels of glutathione. Pretreatment
with BSO, which depletes intracellular glutathione, strongly enhanced the growth inhibitory effect
of EGCG. Alternatively, supplementing the cells with NAC attenuated the growth inhibitory effect
of EGCG.

A common practice in the clinic is to administer multiple drugs concomitantly to cancer patients
to help enhance a beneficial effect at lower doses while reducing side effects. The combination of
gemcitabine with Abraxane® is the most widely used regimen for patients with newly diagnosed
pancreatic cancer [28]. Another option is the combined therapy of leucovorin-modulated 5-Fluorouracil
(5-FU), irinotecan, and oxaliplatin (FOLFIRINOX). Unfortunately, this regimen is given only to patients
that can tolerate its toxicity, which includes a higher degree of neutropenia, diarrhea, and sensory
neuropathy [29]. In this work, we explored whether EGCG could enhance the anticancer efficacy of
the Food and Drug Administration (FDA)-approved drugs mentioned above. EGCG successfully
enhanced the cell growth inhibition effect of gemcitabine in vitro and in vivo. Importantly, EGCG plus
gemcitabine, at their effective doses, appeared to be safe to mice, being well tolerated and showing no
signs of liver toxicity. As an analog of deoxycytidine, gemcitabine enters the cells, embeds into DNA,
inhibits DNA synthesis, and induces cell cycle arrest. EGCG enhanced gemcitabine’s suppression of
cell growth through the inhibition of cell proliferation, the arrest of the cell cycle, and the induction
of apoptosis through activation of execution Caspases [30], modulation of Bcl-2, and inhibition of
apoptosis protein families. Mechanistically, the two agents together showed an additive effect of
inhibiting glycolysis in pancreatic cancer cells. Of note, additional studies in complementary preclinical
pancreatic cancer models are needed to validate the anti-tumor effect of EGCG with gemcitabine and
advance the preclinical development of this drug combination. In summary, these results suggest the
possibility to utilize EGCG as a useful adjuvant drug with gemcitabine to inhibit pancreatic cancer by
further modulating cell kinetics and suppressing glycolysis.
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4. Materials and Methods

4.1. Chemicals and Reagents

EGCG (≥98% purity) was purchased from Tocris (Minneapolis, MN, USA).
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) (≥97.5%), D-(+)-Glucose
(≥99.5%), Oligomycin (≥90%), 2-Deoxy-d-glucose (≥99%), Irinotecan hydrochloride, Oxaliplatin,
Catalase, N-Acetyl-l-cysteine (≥99%), DL-Buthionine-sulfoximine (≥99%), RIPA lysis buffer, Halt
Protease Inhibitor Cocktail, Phosphatase Inhibitor Cocktail, and the following kits: Phosphofructokinase
Activity Colorimetric assay and Pyruvate Kinase Activity assay were purchased from MilliporeSigma
(St. Louis, MO, USA). Seahorse XF24 Extracellular Flux assay kits were purchased from Agilent
(Santa Clara, CA, USA). CellTiter-Glo® reagent and rATP were purchased from Promega (Madison,
WI, USA). PFKP siRNA plasmid was purchased from Santa Cruz Biotechnology (Dallas, TX, USA).
Gemcitabine-HCL (>99%) was purchased from BIOTANG (Waltham, MA, USA). 5-Fluorouracil (≥99%)
was purchased from Alfa Aesar (Haverhill, MA, USA). Annexin V-FITC conjugate, propidium iodide
(PI), 2’,7’-dichlorodihydrofluorescein diacetate (H2DCFDA), Amplex® Red Hydrogen Peroxide kit,
MitoSOX™ Red Mitochondrial Superoxide Indicator, Lipofectamine™ 3000 Transfection reagent, and
SuperSignal™West Dura Extended Duration Substrate were purchased from ThermoFisher Scientific
(Waltham, MA, USA). Antibodies for Western blot were purchased from Cell Signaling Technology
(Danvers, MA, USA). Bradford protein assay reagent, 30% (w/v) Acrylamide/Bis Solution, 4xLaemmli
sample buffer, and Immun-Blot® PVDF Membranes were purchased from Bio-Rad (Hercules, CA,
USA).

4.2. Cell Culture

Human pancreatic cancer cell lines (BxPC-3, HPAF-II, CFPAC-1, Su.86.86, Panc-1 and MIA PaCa-2),
and human pancreatic normal epithelial (HPNE) cells were sourced from the American Type Culture
Collection (Manassas, VA, USA). FC1245 cells (KPC, murine pancreatic cancer cells) were a gift from
Dr. David Tuveson (Cold Spring Harbor Laboratory, Cold Spring Harbor, NY, USA). All cell lines were
grown as monolayers in a specific medium under conditions suggested by the vendor. Although these
cells lines were not authenticated in our lab, they were characterized by cell morphology and growth
rate, and cultured in our laboratory less than six months after being received. We also routinely test for
mycoplasma contamination in all cell lines every three months.

4.3. Cell Viability

Following the treatment with EGCG or the various chemotherapeutic drugs for 72 h, the reduction
of 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide dye (MTT) was determined according
to the manufacture’s protocol (MilliporeSigma, St. Louis, MO, USA).

4.4. Cellular Glycolytic Rate Measurements

The cellular glycolytic rate, represented as the extracellular acidification rate (ECAR), was
measured using a Seahorse XF24 Extracellular Flux Analyzer (Agilent, Santa Clara, CA, USA). Briefly,
Panc-1 and MIA PaCa-2 cells, plated on XF24 cell culture plates, were incubated with the agents
for 24 h, and then assayed with a glycolytic stress test kit, following the manufacturer’s instruction
(Agilent, Santa Clara, CA, USA).

4.5. Cellular ATP Levels

Cells, plated in white 96-well plates, were treated with test drugs for 24 h. After treatment, ATP
levels were measured with the CellTiter-Glo® reagent, following the manufacturer’s protocol (Promega,
Madison, WI, USA). A standard curve was generated using escalating concentrations of ATP.
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4.6. Glycolysis-Related Enzymes Activity

Cells were seeded into the 6-well plates overnight and treated with EGCG for 24 h. Following
the incubation, cells were collected, washed with cold PBS, and homogenized. After centrifugation,
the supernatant was collected and used to measure the phosphofructokinase (PFK) and pyruvate
kinase (PK) enzyme activities following the manufacturer’s protocol (MilliporeSigma, Saint Louis, MO,
USA). Protein concentration was determined using the Bradford protein assay.

4.7. Gene Silencing

Cells were plated in 6-well plates overnight, and transiently transfected with PFKP siRNA or
nonspecific control siRNA for several hours using LipofectamineTM 3000 reagent according to the
manufacturer’s instructions (ThermoFisher Scientific, Waltham, MA, USA). Following transfection,
cells were replated and treated with EGCG for up to 72 h and cell viability was tested. The gene
silencing efficiency was determined by immunoblotting.

4.8. Determination of ROS Levels

After treatment with EGCG for 24 h, cells were incubated with 10 μM H2DCFDA for 30 min at
37 ◦C and their fluorescence intensity was analyzed using a Synergy H1 microplate reader (Biotek,
Winooski, VT, USA). Hydrogen peroxide (H2O2) levels were detected using an Amplex™Red hydrogen
peroxide kit according to the manufacturer’s instruction (ThermoFisher Scientific, Waltham, MA, USA).

4.9. Mitochondrial Superoxide Level Analysis

After treatment with EGCG for 24 or 48 h, cells were collected and incubated with 5μM MitoSOXTM

Red mitochondrial superoxide probe at 37 ◦C for 30 min. The fluorescence intensity was determined
by FACScan flow cytometry (Becton Dickinson, San Jose, CA, USA) and results were analyzed with
FlowJo software (v7.6, Tree Star, Inc., Ashland, OR, USA).

4.10. Cell Apoptosis

After cells were treated with the test agents in 6-well plates, they were trypsinized and stained with
Annexin V-FITC (100× dilution) and PI (0.5 μg/mL) for 15 min. Annexin V-FITC and PI fluorescence
intensities were analyzed by FACScan (Becton Dickinson, San Jose, CA, USA). Annexin V (+)/PI (-)
cells are apoptotic cells, Annexin V (+)/ PI (+) cells have undergone secondary necrosis, and Annexin
V (-)/ PI (+) cells are necrotic cells. Results were analyzed by using FlowJo software.

4.11. Cell Cycle Analysis

Cells were seeded in 6-well plates and treated for 48 h. After each treatment, cells were trypsinized
and fixed in 70% (v/v) ethanol overnight, stained with PI (50 μg/mL) and RNase A (10 mg/mL) for
15 min, and subjected to flow cytometric analysis (Becton Dickinson, San Jose, CA, USA).

4.12. Western Blot

Whole cell protein lysates were prepared, and electrophoresis and electroblotting were performed
as previously described [31]. Membranes were probed overnight with the following primary antibodies
(1:1000 dilution) from Cell Signaling Technology (Danvers, MA, USA): PFKP (Cat #8164), PKM2
(Cat #4053), HK2 (Cat #2867), LDHA (Cat #3582), phospho-Chk1 (Ser345) (Cat #2348), phospho-p53
(Ser15) (Cat #9286), p53 (Cat #2527), p21 Waf1/Cip1 (Cat #2947), cdc2 (Cat #28439), Cyclin B1 (Cat
#12231), Caspase-3 (Cat #14220), Caspase-7 (Cat #12827), Caspase-9 (Cat #9508), and PARP (Cat #9542).
β-Actin (Cat #8457) was used at the same time as a loading control. After incubation for 60 min
at room temperature in the presence of the secondary antibody (HRP-conjugated; 1:5000 dilution),
the conjugates were developed and visualized using a Molecular Imager FXTM System (BioRad;
Hercules, CA, USA).

40



Cancers 2019, 11, 1496

4.13. Animal Studies

All animal studies were approved by the Institutional Animal Care and Use Committee at the
University of California, Davis (protocol # 20716; approved on September 6, 2018). For the efficacy
study, C57BL/6J mice (4–6 weeks) were bilaterally, s.c injected with 0.3× 106 KPC cells/tumor suspended
in 0.1 mL sterile PBS. When KPC cells reached palpable tumor size (~300 mm3), mice (n = 5/group)
were divided randomly into four groups. Mice were either given vehicle, EGCG 10 mg/kg, 7x/week by
intraperitoneal injection (I.P.) injections, gemcitabine 100 mg/kg, 2x/week by i.p injections, or EGCG
in combination with gemcitabine at the above doses. The dose of EGCG was based on our previous
studies [11,27]. Mice were treated for 16 days. Tumor size and body weight were measured every two
days, and tumor size was determined by the equation length ×width × (length +width/2) × 0.56, in
millimeters [32]. At the end of the study, animals were euthanized by carbon dioxide asphyxiation,
and tumor weights measured. Tumor and liver tissues were collected for analysis. For the drug
combination toxicity study, C57BL/6J mice (n = 4/group) were treated either with PBS (vehicle control),
or EGCG 10 mg/kg, 7x/week by i.p injections, in combination with gemcitabine 100 mg/kg, 2x/week
by i.p injections. On day 16, mice were euthanized, blood was drawn, serum was collected, and a
liver-kidney function panel was performed.

4.14. Immunohistochemistry

Immunohistochemical staining for for Ki-67 (Cat #12202) and cleaved Caspase-3 (Cat #9661, both
from Cell Signaling Technology, Danvers, MA, USA) was performed as previously described [33].
Briefly, paraffin-embedded sections (5 μm thick) were deparaffinized and rehydrated, followed by
antigen retrieval performed by microwave-heating in 0.01 M citrate buffer (pH 6.0). 3% H2O2 was used
to block endogenous peroxidase activity for 10 min at room temperature. Slides were blocked for 60 min
with serum, and incubated with primary antibody overnight at 4 ◦C. The following morning, slides
were washed thrice with PBS, and then incubated with the biotinylated secondary antibody and the
streptavidin-biotin complex (Invitrogen, Carlsbad, CA, USA) for 1 h of each at room temperature. After
washing with PBS three times, slides were stained with 3,3′-Diaminobenzidine tetrahydrochloride
hydrate (DAB) solution, and then counterstained with hematoxylin. Images were taken at 100×
magnification. At least five fields per sample were scored and analyzed using Image J software (v1.46,
NIH, Bethesda, MD, USA).

4.15. Statistical Analysis

Data were obtained from at least three independent biological experiments and results expressed
as mean ± SD. One-way analysis of variance (ANOVA) and the Duncan test were used to analyze
differences among multiple groups. T-tests were performed to compare the difference between two
groups. p < 0.05 was regarded as being statistically significant.

5. Conclusions

EGCG strongly suppresses glycolysis through the inhibition of PFK, an effect that is ROS-dependent.
In addition, EGCG presents a strong additive effect when combined with gemcitabine in pancreatic
xenografts by further inhibiting glycolysis and affecting cell kinetics. Although additional studies
to validate the above findings in complemmentary preclinical models of pancreatic cancer are
warranted, our results suggest that EGCG is a useful combination partner of gemcitabine in pancreatic
cancer treatment.

Supplementary Materials: The following are available online at http://www.mdpi.com/2072-6694/11/10/1496/s1,
Figure S1: EGCG reduced cell glycolysis, glycolytic capacity and glycolytic reserve in Panc-1, MIA PaCa-2 and
KPC cells. Figure S2: Effect of EGCG on HK2 and LDHA protein expression. Table S1: Cell growth combination
effects of EGCG with various chemotherapeutics in MIA PaCa-2 and Panc-1 cells. Table S2: Serum levels of
multiple biochemical enzymes and markers of liver and kidney function for control and EGCG plus gemcitabine
the end of the treatment period. Figure S3: Mice body weight progression for control and gemcitabine+EGCG
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treated groups. Figure S4. Western blot images with molecular weight for PFKP and PKM2 shown in Figure 2B.
Figure S5. Western blot images with molecular weight for PFKP and PKM2 shown in Figure 2C. Figure S6. Western
blot images with molecular weight for PFKP and PKM2 shown in Figures 2D and 2E. Figure S7. Western blot
images with molecular weight for PFKP and PKM2 shown in Figure 3D. Figure S8. Western blot images with
molecular weight for p-Chk1, p53, p21, cdc2 and CyclinB1 shown in Figure 6B. Figure S9. Western blot images
with molecular weight for Caspase 3, Caspase 7, Caspase 9 and PARP shown in Figure 6D. Figure S10. Western
blot images with molecular weight for Bcl-xl, Bad, XIAP, Survivin shown in Figure 6E. Figure S11. Western blot
images with molecular weight for PFKP and PKM2 shown in Figure 7B. Figure S12. Western blot images with
molecular weight for HK2 and LDHA shown in Figure S2.
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Abstract: Decades of research have enabled us to develop a better and sharper understanding
of multifaceted nature of cancer. Next-generation sequencing technologies have leveraged our
existing knowledge related to intra- and inter-tumor heterogeneity to the next level. Functional
genomics have opened new horizons to explore deregulated signaling pathways in different cancers.
Therapeutic targeting of deregulated oncogenic signaling cascades by products obtained from
natural sources has shown promising results. Epigallocatechin-3-gallate (EGCG) has emerged as a
distinguished chemopreventive product because of its ability to regulate a myriad of oncogenic
signaling pathways. Based on its scientifically approved anticancer activity and encouraging
results obtained from preclinical trials, it is also being tested in various phases of clinical trials.
A series of clinical trials associated with green tea extracts and EGCG are providing clues about
significant potential of EGCG to mechanistically modulate wide ranging signal transduction
cascades. In this review, we comprehensively analyzed regulation of JAK/STAT, Wnt/β-catenin,
TGF/SMAD, SHH/GLI, NOTCH pathways by EGCG. We also discussed most recent evidence
related to the ability of EGCG to modulate non-coding RNAs in different cancers. Methylation
of the genome is also a widely studied mechanism and EGCG has been shown to modulate DNA
methyltransferases (DNMTs) and protein enhancer of zeste-2 (EZH2) in multiple cancers. Moreover,
the use of nanoformulations to increase the bioavailability and thus efficacy of EGCG will be also
addressed. Better understanding of the pleiotropic abilities of EGCG to modulate intracellular
pathways along with the development of effective EGCG delivery vehicles will be helpful in getting
a step closer to individualized medicines.

Cancers 2020, 12, 951; doi:10.3390/cancers12040951 www.mdpi.com/journal/cancers45



Cancers 2020, 12, 951

Keywords: EGCG; signaling pathways; non-coding RNAs; anti-cancer drug

1. Introduction

Genomic approaches such as whole genome sequencing and genetic mapping have helped
considerably in the identification of many genetic variants in multiple components of cell signaling
pathways. Moreover, advancements in functional genomics have marked a new frontier in molecular
oncology. Epigallocatechin-3-gallate (EGCG) is a phenolic compound present in tea and has captivated
tremendous attention in the past two decades because of its premium pharmacological properties.
There is a wide variety of reviews published with reference to EGCG mediated anticancer effects [1–4].
However, in this review we focused on EGCG mediated modulation of deregulation cell signaling
pathways in different cancers. We partitioned this multi-component review into different sections.
We will open the review by critical analysis of layered regulation of the JAK-STAT pathway by EGCG.

2. Targeting of JAK/STAT Signaling

The JAK-STAT pathway constitutes a rapid membrane-to-nucleus signaling module that has
been shown to play fundamental role in cancer development and progression (shown in Figure 1).
In this section, we will discuss in detail how EGCG modulated JAK/STAT signaling. EGCG has been
shown to interfere with the JAK/STAT pathway at different steps, which includes inhibition of STAT
phosphorylation and restriction of nuclear transportation of STAT proteins.

EGCG remarkably reduced tyrosine and serine phosphorylation of signal transducer and activator
of transcription 1 (STAT1) [5]. Moreover, phosphorylation of protein kinase C delta PKC-delta, Janus
kinase 1 (JAK1), and Janus kinase 2 (JAK2), which are the upstream activators of STAT1 are also
inhibited by EGCG in interferon gamma (IFNγ)-stimulated oral cancer cells (shown in Figure 1) [5].
EGCG-mono-palmitate (EGCG-MP), a highly active derivative of EGCG effectively activated Src
homology 2 domain-containing tyrosine phosphatase-1 (SHP-1) which consequentially resulted in
reduction of phosphorylated levels of BCR-ABL and signal transducer and activator of transcription 3
(STAT3) in human chronic myeloid leukemia (CML) cells (shown in Figure 1) [6]. EGCG-MP treatment
more efficiently induced regression of tumor growth in BALB/c athymic nude mice [6]. EGCG potently
inhibited BCR/ABL oncoprotein and the JAK2/STAT3/AKT pathway in BCR/ABL+ CML cell lines [7].
Curcumin worked synchronously with EGCG and considerably interfered with tumor conditioned
media-induced transition of normal endothelial cells toward tumor endothelial cells by inhibition of
the JAK/STAT3 signaling pathway [8].

EGCG significantly reduced phosphorylation of STAT3 on the 705th tyrosine residue and improved
sensitivity of cisplatin-resistant oral cancer cells [9]. Fundamental role-play of STAT signaling had
previously been studied in invasive breast cancers and matched lymph nodes using quantitative
immunofluorescence [10]. STAT proteins were analyzed in lymph nodes and paired primary breast
cancer tissues. There was higher expression of cytoplasmic STAT1, p-STAT3 (Ser727), STAT5, and nuclear
p-STAT3 (Ser727) in the nodes [10]. c-Myb overexpression induced activation of NF-κB and STAT3
signaling to enhance proliferation, invasion, and resistance against cisplatin [11]. However, c-Myb
silencing inhibited proliferation, invasive potential, and sensitized ovarian cancer cells to cisplatin.
EGCG completely inhibited c-Myb-mediated proliferative and invasive abilities of ovarian cancer
cells [11].

EGCG dose-dependently reduced phosphorylated levels of STAT1 and STAT3 [12]. Quercetin and
EGCG worked synergistically and exerted inhibitory effects on cytokine-mediated upregulation of
iNOS (inducible nitric oxide synthase) and ICAM-1 (intercellular adhesion molecule-1) via JAK/STAT
cascade in cholangiocarcinoma cells (Figure 1) [12].

Indoleamine 2,3-dioxygenase (IDO) is a tryptophan catabolic enzyme. IDO mechanistically
regulates immunological response and enables tumor cells to evade the immune system [13].
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IFN-γ increased mRNA and protein levels of IDO in HT29 and SW837 colorectal cancer cells.
EGCG dose-dependently decreased IFN-γ-induced expression of IDO in SW837 cells. Increase
in p-STAT1 level induced by IFN-γ was also found to be markedly repressed by EGCG. Data obtained
from reporter assays clearly revealed that EGCG inhibited the transcriptional activity of IDO promoter
and blocked binding of p-STAT1 to gamma-activated sequence (GAS) sites on the promoters of target
genes (Figure 1) [13].

Toxicological analysis of EGCG highlighted its efficacy and minimum off-target effects. Orally
administered EGCG mitigated cisplatin-induced hearing loss along with a marked reduction in the loss
of outer hair cells in the basal cochlear region. Importantly, chemotherapeutic drug-induced toxicity
was also reduced mainly though suppression of apoptotic markers and oxidative stress [14].

Figure 1. Regulation of the JAK/STAT pathway by epigallocatechin-3-gallate (EGCG). (A,B) Janus
kinase (JAK) mediated phosphorylation of STAT proteins promoted their accumulation in nucleus
to regulate expression of a plethora of genes. (C–E) EGCG showcased remarkable ability to shut
down the JAK/STAT pathway by inhibition of Janus kinase 1 (JAK1), Janus kinase 2 (JAK2), signal
transducer and activator of transcription 1 (STAT1), signal transducer and activator of transcription
3 (STAT3). EGCG also activated negative regulators of STAT-driven signaling. Activation of Src
homology 2 domain-containing tyrosine phosphatase-1 (SHP-2) was effective in inhibition of JAK/STAT
signaling. Different oncogenes particularly, inducible nitric oxide synthase (iNOS), intercellular
adhesion molecule-1 (ICAM-1), and indoleamine 2,3-dioxygenase have been shown to be under direct
control of STAT signaling. (F,G) Vascular endothelial growth factor vascular endothelial growth
factor receptor (VEGF/VEGFR) signaling is also regulated by EGCG. EGCG interacted with VEGF.
Additionally, EGCG inhibited phosphorylation of VEGFR.

It has recently been reported that IFNγ-mediated PD-L1 levels were noted to be downregulated
after treatment with green tea extracts and EGCG mainly through inhibition of JAK2/STAT1 signaling in
A549 cells [15]. Likewise, EGF-stimulated PD-L1 upregulation was reduced in EGCG-treated Lu99 cells
by inactivation of EGFR/AKT transduction cascade. Additionally, green tea extracts notably reduced
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average number of tumors and percentage of PD-L1+ cells in lungs of A/J mice intraperitoneally
injected with a cigarette smoke toxin. EGCG reduced mRNA levels of PD-L1 in F10-OVA cells and
enhanced expression of interleukin-2 in tumor-specific CD3+ T cells [15]. Collectively these findings
suggested that green tea catechin acted as a useful immunological checkpoint inhibitor.

Confluence of information suggested central role of JAK/STAT signaling in different cancers.
EGCG mediated inhibition of JAK/STAT signaling via activation of negative regulators (SHP-2) and
inactivation of positive regulators (JAK1, JAK2) has gradually gained appreciation. Additionally,
different fusion oncoproteins (BCR-ABL) are also exclusively targeted by EGCG.

3. VEGF/VEGFR Signaling

EGCG and silibinin worked synergistically and inhibited vascular endothelial growth
factor/vascular endothelial growth factor receptor (VEGF/VEGFR) signaling. EGCG and Silibinin
also reduced migratory potential of A549 cells [16]. EGCG interacted with VEGF mainly through
hydrophobic interactions and induced a change in the secondary structure of the protein (Figure 1) [17].

Vandetanib (ZD6474), a VEGFR inhibitor was co-loaded with EGCG in mesoporous Silica-Gold
nanoclusters for effective targeting of tamoxifen-resistant breast cancer cells [18]. Vandetanib and
EGCG effectively reduced phosphorylated levels of EGFR2 and VEGFR2 in drug-resistant breast
cancer cells [18]. EGCG also worked with superior efficacy when used in combination with tamoxifen.
Tamoxifen worked powerfully with EGCG and reduced the levels of EGFR1, VEGF, and VEGFR1
in breast cancer cells [19]. SU5416 (Semaxanib) also worked remarkably with EGCG and induced
apoptosis in malignant neuroblastoma SK-N-BE2 and SH-SY5Y cells [20]. SU5416 and EGCG also
inhibited VEGFR2 expression [20].

EGCG dose-dependently decreased levels of VEGFR2 and p-VEGFR2 in HCC and colorectal cancer
cells (Figure 1) [21,22]. EGCG induced regression of tumors in mice xenografted with either HuH7 or
SW837 cells. EGCG decreased total and phosphorylated levels of VEGFR2 in these xnografts [21,22].

Detailed mechanistic insights revealed that p-STAT1 and p-STAT3 formed complexes with VEGFR1
and VEGFR2 in chronic lymphocytic leukemia (CLL) cells [23]. VEGF induced nuclear accumulation
of p-STAT3 in primary CLL B cells. VEGF/VEGFR complex facilitated shuttling of STAT3 from the
plasma membrane to perinuclear regions. VEGF induced co-localization of STAT3, VEGFR1 and
VEGFR2 to the same perinuclear regions. Collectively these findings provided clear evidence that
the VEGF/VEGFR pathway “switched on” STAT proteins which induced resistance against apoptosis.
EGCG decreased levels of p-STAT3 [23]. EGCG also remarkably reduced phosphorylated levels of
VEGFR1 and VEGFR2 in B-cell chronic lymphocytic leukemia cells [24].

4. Regulation of Methylation-Associated Machinery

PRC2 (Polycomb repressive complex-2) is a transcriptional repressive complex that consists of three
essential proteins: EZH2 (enhancer of zeste-2), EED (embryonic ectoderm development), and SUZ12
(suppressor of zeste 12). A series of structural studies have shown that EZH2 context-dependent
trimethylates lysine 27 on histone 3 (H3K27) to promote transcriptional inactivation of target genes
(shown in Figure 2).

EZH2-mediated trimethylation of H3K27 induced transcriptional repression of TIMP3 (tissue
inhibitor of metalloproteinases-3). However, EGCG demonstrated remarkable ability to inhibit
EZH2-mediated trimethylation. There was a considerable reduction in the levels of enhancers of zeste
homolog 2 (EZH2) and H3K27me3 repressive marks at the promoter region of TIMP-3. Additionally,
there was an evident increase in histone H3K9/18 acetylation [25]. Essentially, green tea polyphenols
and EGCG treatment significantly reduced class I histone deacetylases (HDAC) activity/expression in
prostate cancer cells. Furthermore, levels of EZH2 and H3K27me3 were also found to be reduced in
prostate cancer cells [25]. Data clearly suggested that EGCG efficiently demonstrated multi-layered
regulation of HDACs and EZH2.
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Due to the fundamental role of EZH2 in cancer progression, different inhibitors of EZH2 have
been designed and tested for evaluation of efficacy. EGCG and GSK343 (EZH2 inhibitor) exerted
inhibitory effects on the proliferation, invasive and migratory potential of the cells, and suppressed
EZH2-mediated trimethylation of H3K27 [26].

Recent advancements in the biochemical characterization of polycomb-group (PcG) complexes
have revealed a broad range of new proteins, which assemble to form multi-protein complexes. All PRC1
complexes contain Ring1B, which has the E3 ubiquitin ligase activity of the complex. Complexes
also include PCGF4/BMI-1 in association with Ring1B to regulate epigenetic modifications [27].
EGCG reduced BMI-1 and EZH2 levels in SCC-13 cells [28].

PML–RARα homodimers worked synchronously with co-repressors and histone deacetylases
(HDACs) and consequentially enhanced DNA methylation [29]. EGCG reduced the levels of HDAC1
and PML/RARα in leukemic cells (Figure 2) [30].

Groundbreaking discoveries in biology of epigenome have enabled us to develop a
sharp comprehension of highly intricate and well-coordinated interplay of HDACs, histone
methyltransferases, and DNA methyltransferases. EGCG has emerged as a master-regulator
of epigenetic-associated machinery.

Chromatin immunoprecipitation (ChIP) analyses revealed that EGCG enhanced hyperacetylated
H4 and acetylated H3K14 histones within promoter regions of p27, PCAF, C/EBP and reduced binding
of PRC2 core component genes EZH2, SUZ12, and EED [31].

EGCG significantly reduced enzymatic activities of DNA methyltransferase (DNMT) and HDAC
in HeLa cells [32]. Moreover, EGCG also reduced expression level of DNMT3B whereas expression
levels of HDAC1 remained unchanged [32]. GTP/EGCG-promoted acetylation of p53 and enhanced its
binding to the promoters of Bax and p21/waf1. Treatment of cells with GTPs and EGCG dose- and
time-dependently inhibited class I HDACs [33].

Am80 is a structurally different synthetic retinoid from all-trans-retinoic acid. EGCG and
Am80 increased acetylated-p53 and acetylated-α-tubulin through suppression of HDAC activity.
Use of specific inhibitors against HDAC4 and HDAC5 strongly induced p21waf1 gene expression.
Additionally, HDAC6 inhibition induced upregulation of GADD153 and p21waf1 [34].

UHRF1 (ubiquitin-like containing PHD and Ring finger 1) contributed to inactivation of tumor
suppressor genes by directing the binding of DNA methyltransferase 1 (DNMT1) to hemi-methylated
promoters [35]. EGCG downregulated DNMT1 and UHRF1 expression and consequently upregulated
p73 and p16 (INK4A) in Jurkat cells. UHRF1 downregulation was dependent upon the generation
of ROS by EGCG. Upregulation of p16 (INK4A) correlated strongly with reduction in the binding of
UHRF1 to the promoter region. UHRF1 overexpression counteracted EGCG-induced apoptosis and
upregulation of p73 and p16 (INK4A) [35].

EGCG effectively reduced 5-methylcytosine, DNMT activity, mRNA and protein levels of
DNMT1, DNMT3a, and DNMT3b [36]. EGCG decreased HDAC activity and increased levels
of acetylated H3K9 and H3K14, H4K5, H4K12, and H4K16 but decreased levels of methylated H3-Lys 9.
Collectively, because of inhibition of DNMTs and HDACs, EGCG induced re-expression of p16INK4a
and Cip1/p21 [36].

Gazing through a molecular lens clearly highlighted contextual push and pull between various
versatile regulators associated with methylation. Substantial fraction of information gathered through
high-quality research has unraveled that a broad range of tumor suppressors are epigenetically silenced
during cancer progression. Selective targeting of DNMTs and HDACs specifically in cancer cells is
very challenging and needs to be comprehensively investigated in EGCG-treated preclinical models.
In the upcoming section we will analyze how EGCG modulated deregulated TGF/SMAD signaling.
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Figure 2. Interconnected and orchestrated interplay among various regulators of epigenetic modifying
machinery. (A) Protein enhancer of zeste-2 (EZH2), embryonic ectoderm development (EED),
and suppressor of zeste 12 (SUZ12) worked synchronously to trimethylate H3K27 and transcriptionally
repressed tissue inhibitor of metalloproteinases-3 (TIMP-3). (B) Class 1 histone deacetylases (HDACs)
were inhibited by EGCG to increase acetylation at H3K9 and H3K18. (C) PML–RARα homodimers
worked collaboratively with HDAC to regulate expression of target genes. However, EGCG effectively
inhibited PML–RARα and HDAC. (D) Acetylation of proteins has also been investigated. Acetylated
p53 stimulated expression of Bax and p21. (E) Ubiquitin-like containing PHD and Ring finger 1 (UHRF1)
and DNA methyltransferase (DNMT) also notably downregulated p16 and p73.

5. TGF/SMAD Signaling

Binding of TGFβ superfamily ligands to a type II receptor facilitated closer positioning of type I
receptor and phosphorylated it [37]. More importantly, type-I receptor mediated phosphorylation of
receptor-regulated SMADs (R-SMADs), which promoted formation of a complex with common mediator
SMAD (co-SMAD) (shown in Figure 3). Structural studies had shown that the R-SMAD/co-SMAD
complex accumulated in the nucleus to transcriptionally modulate the expression of target genes [38].
Epithelial to mesenchymal transition (EMT) is a highly complex mechanism induced by TGF/SMAD
signaling. SMAD2/3 proteins have been shown to stimulate the expression of Snail and Slug in different
cancers [39].

In this section, we will provide an overview of multi-layered regulation of TGF/SMAD signaling by
EGCG in different cancers. Inhibition of phosphorylation of R-SMADs will inhibit TGF/SMAD signaling.
Consequentially, TGF/SMAD signaling inhibition will result in repression of EMT-associated markers.

EGCG effectively reduced p-SMAD3, Snail, and Slug levels in ovarian cancer cells [40].
EGCG considerably suppressed EMT, invasive and migratory capacity of anaplastic thyroid carcinoma
(ATC) 8505C cells by regulation of the TGFβ/SMAD pathway [41]. EGCG exerted inhibitory effects on
TGFβ1-induced expression of EMT markers (vimentin) in 8505C cells. EGCG was noted to completely
block the phosphorylation of SMAD2/3 and nuclear accumulation of SMAD4 [41].

Apart from phosphorylation, acetylation of SMAD proteins is also an intricate mechanism.
p300/CBP, a histone acetyltransferase, has been shown to post-translationally modify SMAD proteins.
TGFβ1-driven activation of p300/CBP mediated EMT mainly through acetylation of SMAD2 and
SMAD3 [42]. EGCG inhibited p300/CBP activity in lung cancer cells. EGCG strongly repressed
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TGFβ1-induced EMT and reversed the upregulation of different target genes associated with EMT.
EGCG inhibited TGFβ1-mediated activation of p300/CBP. EGCG inhibited TGFβ1-mediated EMT by
interfering with the acetylated state of SMAD2 and SMAD3 in lung cancer cells [42].

TGFβ potently induced epithelial–mesenchymal transition (EMT) in NSCLC cells but EGCG
reversed TGFβ-induced morphological alterations [43]. EGCG upregulated the expression of E-cadherin
and downregulated the expression of vimentin. Data obtained through immunofluorescence also
provided clear clues that E-cadherin was upregulated, and vimentin was downregulated by EGCG [43].
Moreover, EGCG effectively inhibited TGFβ-induced migratory and invasive potential of NSCLC
cells. EGCG inhibited TGFβ-induced EMT at the transcriptional level. Expectedly, EGCG reduced
phosphorylated levels of ERK1/2 (extracellular signal-regulated protein kinases 1/2) and SMAD2
and also inhibited the accumulation of SMAD2 in the nucleus. EGCG repressed the expression
of transcriptional factors Slug, Snail, Twist, and ZEB1 and upregulated E-cadherin expression
(Figure 3) [43].

Interestingly, different peptide aptamers have been designed to effectively inhibit interaction
of SMAD2 and SMAD3 with SMAD4. Therefore, it might be advantageous to combine EGCG with
different TGFβ signaling inhibitors to inhibit tumor growth in xenografted mice. More importantly,
it will also be exciting to evaluate EGCG-mediated regulation of negative regulators (SMURFs and
NEDDs) of the TGF/SMAD pathway.

 
Figure 3. (A,B) Binding of TGFβ superfamily ligands to a type II receptor induced juxtapositioning of
type I receptor. Phosphorylation of SMAD2/3 promoted its accumulation in the nucleus. SMAD2/3
have been shown to stimulate expression of Snail and Slug. Apart from phosphorylation, additional
post-translational modifications, particularly acetylation, have also been observed in TGF/SMAD
signaling. EGCG inhibited acetylation of SMAD proteins.

6. Regulation of Wnt/β-Catenin Pathway

Detailed mechanistic insights revealed that in the absence of Wnt signal, β-catenin was
phosphorylated by APC (adenomatous polyposis coli)/Axin/GSK3β complex and degraded by
proteasome [44]. However, activation of the membrane receptors by Wnt signal resulted in the
phosphorylation and degradation of GSK3β. EGCG inhibited phosphorylation of GSK3β, upregulated
GSK3β expression, and decreased the levels of β-catenin in colorectal cancer cells [44].
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O6-methylguanine (O6-meG) DNA-methyltransferase (MGMT) is a versatile mediator of
temozolomide resistance in glioblastomas. TCF/LEF-binding sites within the promoter region of the
MGMT gene have previously been identified [45]. Intriguingly, there is evidence of regulation of MGMT
by WNT/β-catenin signaling. EGCG not only prevented translocation of β-catenin into the nucleus but
also reduced the levels of transcriptional factors TCF1 and LEF1 [46]. Overall these findings clearly
suggested that EGCG repressed MGMT expression via inhibition of the β-catenin-driven pathway.

EGCG not only reduced mRNA levels and transcriptional activities of β-catenin in p53
wild-type-expressing KB cells but also promoted ubiquitylation and degradation of β-catenin [47].
EGCG dose-dependently suppressed β-catenin expression in MDA-MB-231 cells [48]. EGCG worked
synergistically with gemcitabine and exerted stronger inhibitory effects on β-catenin and N-cadherin
in pancreatic cancer cells [49].

Clinical trials of CWP232291 (NCT01398462) and PRI-724 (NCT01302405; NCT01764477) are
providing important clinically relevant information and it will be interesting to combine these agents
with EGCG for evaluation of robust inhibition of β-catenin-driven signaling and tumor growth
inhibitory effects in xenografted mice.

7. Regulation of Notch Pathway

The Notch signaling pathway consists of the Notch receptor, Notch ligand, DNA-binding protein,
and Notch regulatory molecules. Notch is a transmembrane protein that mediates communication
between neighboring cells. Binding of the ligands to a Notch receptor promoted proteolytic cleavage
of NICD (Notch intracellular domain) and its consequential nuclear translocation where it complexed
with CSL and formed NICD/CSL transcriptional activation assembly for stimulation of HES and HEY.

EGCG decreased mRNA levels of Notch1, Hey1, and Hes1 [50]. Western blot assay clearly
indicated that EGCG dose-dependently reduced protein levels of Notch1 in cancer stem cells (CSCs) of
head and neck squamous carcinoma (HNSC). Additionally, EGCG dose-dependently decreased the
Notch promoter activity [50].

Tumor growth was significantly reduced in HuCC-T1 tumor-bearing mice subcutaneously injected
with EGCG. Notch1 was found to be markedly reduced by EGCG treatment [51].

Expression levels of Hes1 and Notch2 were observed to be considerably reduced in EGCG
treated colorectal cancer cells [52]. More importantly, EGCG inhibited Notch1 and cleaved-Notch1 in
5-fluorouracil-resistant colorectal cancer cells [53].

8. Regulation of TRAIL Mediated Apoptosis

Increasingly it is being realized that cancer cells harbor highly complex signaling networks that
resist apoptotic programming. High-quality research works related to the TRAIL-mediated pathway
in the past two decades have ignited the field of molecular oncology and yielded a stream of preclinical
and clinical insights that have reshaped current knowledge of apoptotic cell death.

GCG and TRAIL synergistically reduced Bcl-XL, Bcl-2, and FLIP. Whereas, combinatorial treatment
activated capase-8, -9, and -3 in nasopharyngeal carcinoma cells [54].

EGCG and TRAIL also worked effectively against renal cell carcinoma and pancreatic cancer
cells [55,56].

EGCG restored sensitivity of HCC cells to TRAIL-induced apoptosis [57]. EGCG upregulated
caspase-3 activity and simultaneously downregulated Bcl-2 levels. EGCG also induced upregulation
of DR4 and DR5 [57]. EGCG and TRAIL robustly enhanced DR4 levels. Furthermore, FLIP levels were
reduced in prostate cancer cells treated in combination with EGCG and TRAIL [58]. Collectively these
findings suggested that EGCG might be helpful in increasing the protein levels as well as cell surface
expression of death receptors. There is sufficient experimental evidence related to reduction in the cell
surface levels of death receptors. Death receptors are internalized and degraded in various cancers.
Therefore, EGCG might play its role in stabilizing the levels of death receptors.
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PEA15 (phosphoprotein-enriched in astrocytes) is an oncoprotein [59]. It has previously been
reported that AKT-induced PEA15 phosphorylation and increased its stability. EGCG downregulated
PEA levels mainly through inactivation of AKT. However, overexpression of PEA15 severely impaired
apoptotic cell death induced by EGCG and TRAIL [59].

Certain hints had emerged which highlighted that EGCG inhibited TRAIL-induced apoptosis
and activated autophagic flux in colon cancer cells. Inhibition of autophagic flux induced death
receptor-driven apoptosis in colon cancer cells [60].

These scientific findings are intriguing and future research must converge on identification of
additional protein targets in the TRAIL-driven pathway. Essentially, the TRAIL mediated pathway is
regulated by long non-coding RNAs as well. Therefore, it will be paramount to unravel underlying
mechanisms of TRAIL resistance and identification of proteins, which can be targeted to restore
apoptosis in TRAIL-resistant cancers. Keeping in view the fact that TRAIL-based therapeutics and
death receptor-targeting agonistic antibodies have entered into various phases of clinical trials, any
progress in improving the efficacy of TRAIL-based therapeutics will be advantageous.

9. Regulation of Non-Coding RNAs by EGCG in Different Cancers

Discovery of non-coding RNAs has revolutionized our current understanding of the mechanisms
that regulate post-transcriptional processes. The field of non-coding RNA has been extensively explored
and researchers have witnessed groundbreaking advancements in disentangling the complicated
web ranging from biogenesis of non-coding RNAs to post-transcriptional regulation of a myriad of
target mRNAs.

A wealth of information has unveiled a fundamental role of non-coding RNAs in different
cancers and researchers have experimentally verified the effects of natural and synthetic products on
wide-ranging microRNAs and long non-coding RNAs in different cancers.

9.1. Tumor Suppressor miRNAs

miR-485, a tumor suppressor microRNA, has been found to be frequently downregulated in
various cancers. CD44 was directly targeted by miR-485 in A549-cisplatin resistant lung cancer cells.
CD44 was overexpressed in A549-cisplatin resistant lung cancer cells but EGCG treatment exerted
repressive effects on CD44 levels by enhancing miR-485-mediated targeting of CD44 [61]. EGCG also
induced regression of tumors in mice xenografted with A549-cisplatin resistant lung cancer cells.

miR-485-5p directly targeted RXRα in drug-resistant lung cancer cells. EGCG repressed CSC-like
properties via modulation of the miR-485-5p/RXRα axis [62]. miR-155 is a tumor suppressor miRNA
reportedly involved in enhancing drug sensitivity of cancer cells [63]. EGCG promoted NF-κB mediated
upregulation of miR-155. Resultantly, miR-155 enhanced drug sensitivity of colorectal cancer cells
by directly targeting MDR1 [63]. IGF2BP1 and IGF2BP3 are direct targets of miR-1275 in different
cancers [64]. EGCG stimulated the expression of miR-1275 and potentiated targeting of IGF2BP1 and
IGF2BP3 by miR-1275 in HCC cells [65].

9.2. Oncogenic miRNAs

miR-221/222 played a central role in drug resistance. Knockdown of miR-221/222 inhibited
proliferation of drug-resistant breast cancer cells [66]

Suberoylanilide hydroxamic acid (SAHA), an HDAC inhibitor worked effectively with EGCG and
markedly reduced expression of miR-221/222 in triple-negative breast cancer cells [67].

9.3. Targeting of Oncogenic LncRNAs

SOX2OT variant 7 effectively promoted Notch3/DLL3 signaling in osteosarcoma stem cells
(OSCs) [68]. NOTCH target genes HEY1 and HES1 were found to be notably enhanced in variant
7-expressing OSCs. EGCG efficiently inhibited the levels of HEY1 and HES1 in OSCs. However,
EGCG mediated inhibitory effects were noted to be impaired in variant 7-expressing cells [68]. EGCG
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mediated tumor regression was not observed in mice xenografted with variant 7-expressing OSCs.
However, EGCG treatment and NOTCH3 knockdown induced reduction in tumor growth in mice
inoculated with variant 7-expressing OSCs [68].

EGCG also downregulated lncRNA-AF085935 in HCC cells. It was suggested that lncRNA-AF085935
promoted proliferation of HCC cells [69]. However, the study did not clearly provide a link between
lncRNA-AF085935 and its targets and how lncRNA-AF085935 regulated apoptosis and proliferation in
HCC cells.

9.4. Tumor Suppressor LncRNAs

EGCG had been shown to induce the expression of cisplatin transporter CTR1 (copper transporter
1) in cancer cells [70]. EGCG upregulated CTR1 and enhanced accumulation of intracellular platinum in
NSCLC cells. hsa-miR-98-5p suppressed CTR1, whereas NEAT1 (nuclear enriched abundant transcript
1) enhanced its expression. hsa-miR-98-5p had specific complementary binding sites for NEAT1.
Essentially, NEAT1 acted as a competitive endogenous RNA and upregulated EGCG-triggered CTR1
by sponging away hsa-miR-98-5p in NSCLC cells [70].

It seems surprising to note that available scientific proof related to regulation of non-coding RNAs
by EGCG is limited. Keeping in view the wealth of information about remarkable pharmacological
properties of EGCG, it is paramount to uncover how EGCG modulated different miRNAs, lncRNA,
and circular RNAs in different cancers. Identification of the list of tumor suppressor and
oncogenic non-coding RNAs regulated by EGCG in different cancers will be highly valuable in
combinatorial treatments.

10. Nanotechnological Approaches for Effective Delivery of EGCG to the Target Sites

Despite the ability of EGCG to modulate several cancer-related mechanisms there are still major
hurdles for the establishment of EGCG in clinical settings. The therapeutic concentrations of EGCG
(between 1 and 10 μM) in the majority of the studies are much higher than the concentrations monitored
in the plasma or tissues of animals or in human plasma (usually lower than 1 μM) after tea ingestion.
In fact, even after the consumption of 7–9 cups of tea the EGCG concentration in plasma was still
lower than 1 μM [71] and for that reason the use of nanotechnology, particularly the development
of nanoparticles (NPs) as drug delivery systems, represent a promising approach to increase the
bioavailability of EGCG. Nanotechnology corresponds to the science that studies and creates materials
with dimensions between 1 and 1000 nm. NPs have at least one of the dimensions in the nanoscale
range [72]. There are several types of NPs and for more comprehensive and detailed information the
reader can consult the following revisions [73–76]. The different properties of the NPs can be used
for medical purposes. Due to their small scale, NPs are excellent drug carriers, and since they can
be modified in various factors such as size, chemical composition, outer layer, and others they are
very versatile [77]. Furthermore, NPs can modify the pharmacokinetics and the stability of the carrier
compound, being, for that reason, a promising strategy to improve EGCG bioavailability profile [78].
Another interesting characteristic of NPs is the possibility to enhance the cellular uptake or even the
cellular targeting by modifying the outer layer with different ligands expressed in the target cells to
assign particular characteristics in a strategy known by active targeting [79]. This is a useful strategy to
improve the bioavailability and stability of EGCG even further, enhancing the utilization options and
ultimately enhancing the anti-cancer properties of EGCG. The main types of NPs used for the delivery
of EGCG reported in the literature are gold, polymeric, lipid-based, and inorganic NPs (shown in
Figure 4). The majority of the NPs are designed to be at the range of approximately 200 nm since this
size allows the administration of the NPs by the oral and intravenous routes. Other types of NPs were
also used for the encapsulation of EGCG for the purpose of cancer therapy, including carbohydrates,
transition metals, and inorganic materials [80–82]. The use of targeting ligands further increased cancer
cell specificity and improved the anti-tumor effects of EGCG and, for that reason, folic acid has been
used frequently to functionalize the NPs, since the folic acid receptor is overexpressed in tumor cells.
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However, other ligands can also be used, including antibodies, carbohydrates, or polysaccharides
and other molecules [83]. A summary of the studies using different EGCG nanocarriers for cancer
management and carried out in cell lines and in animals is depicted in Table 1.

Table 1. Different types of EGCG nanocarriers for cancer management.

Type of
Nanoparticles

Route of
Administration

Target Organ Outcome Ref.

Gold Oral, intra-tumoral
and intra-peritoneal Bladder Tumor volume reduction in a bladder

xenograft model [84]

Gold Intra-tumoral Skin Tumor volume reduction in a
melanoma cells in a mouse model [85]

Gold N/A Autonomic
nervous system

Induction of apoptosis in
neuroblastoma cells [86]

Gold N/A Liver Toxicity in tumor cells and protection
of normal mouse hepatocytes [87]

Polymeric N/A Prostate Toxicity in prostate cancer cell line [88]

Polymeric N/A Colon and rectum
DNA damage levels in samples of

lymphocytes from colorectal cancer
patients

[89]

Polymeric N/A Breast Toxicity in breast cancer cell line and
patient-derived cells [90]

Polymeric Intra-tumoral Prostate Tumor size reduction in mice model
of prostate cancer [91]

Polymeric Oral Prostate Tumor size reduction in mice model
of prostate cancer [92]

Polymeric Oral Skin Toxicity in human melanoma cells [93]

Polymeric N/A Stomach and
intestine

Anti-tumoral activity in
gastrointestinal cancer cell line [94]

Polymeric N/A Breast Inhibition of breast cancer cell
line viability [95]

Lipid-based Topic and
intra-tumoral Skin

Accumulation of EGCG in the tissues
in a mice model of basal

cell carcinoma
[96]

Lipid-based Intra-tumoral Skin Apoptosis in a mice model of basal
cell carcinoma [97]

Lipid-based N/A Breast Anti-proliferative and pro-apoptotic
effect in a breast cancer cell line [98]

Lipid-based N/A Breast Cell apoptosis and cell invasion
inhibition in a breast cancer cell line [99]

Sugar-based N/A Prostate Cell viability inhibition in a prostate
cancer cell line [80]

Inorganic Intra-tumoral Liver Tumor growth reduction in a mouse
model of liver cancer [81]

Inorganic N/A Prostate Anti-tumoral activity in prostate
cell line [82]

Figure 4. Main types of nanoparticles (NPs) used for the delivery of EGCG.
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Gold NPs as EGCG delivery systems have been exploited in several types of cancer since gold
has anti-cancer properties per se [85,100]. Several reports have described the in vitro and in vivo
efficacy of gold NPs in conjugation with EGCG for cancer treatment, including for the bladder,
melanoma, neuroblastoma, and hepatocarcinoma [84–87]. These nanocarriers also demonstrated
a high biocompatibility, inducing low damage to human red blood cells and therefore no toxicity
for the dose tested was observed. The NPs made of polymers approved and recognized as safe
by the US Food and Drug Administration (FDA) are also suitable for cancer applications [89,101].
Several groups have already encapsulated EGCG into different polymeric NPs for cancer therapy,
including for the treatment of prostate cancer, colorectal, breast cancer, melanoma, and gastrointestinal
cancer [88–95]. Despite the high toxicity towards cancer cells these NPs demonstrated absence of
toxicity for normal cells. Liposomes and lipid NPs are lipid-based NPs in composition and for that
reason are biodegradable and present minimal levels of toxicity [97]. There are some studies reporting
the use of lipid-nanocarriers for the delivery of EGCG to cancer cells [96–99]. All of the studies were
used for the treatment of breast cancer with results that demonstrated efficacy and security in vitro
and in vivo, including in the MDA-MB-231 cell line, which is a model of the triple-negative cancer and
considered more aggressive and associated with poorer outcome than other types of breast cancer.

11. Potential Clinical Applications

EGCG drug delivery systems based in NPs might represent an extraordinary resource to improve
the application of EGCG in chemoprevention or to introduce the use of EGCG in the therapy of cancer.
The idea of using drug delivery systems, such as NPs for loading EGCG, preserving its structure, and
allowing to circumvent the limitations of the low bioavailability associated with the oral administration
of free EGCG has a tremendous potentiality since increasing the amount of EGCG inside the cells
will potentialize the effect of EGCG in the molecular targets and the effect of deregulated oncogenic
signaling cascades and, therefore, determine better cancer outcomes in comparison with free EGCG.
For instance, EGCG loaded in polylactic acid–polyethylene glycol NPs preserved the biological activity
and efficacy on molecular targets in vitro and in xenograft tumors with over 10-fold dose advantage
in comparison with EGCG alone [91]. Indeed, in vitro and in vivo studies are mandatory to verify
whether EGCG loaded in NPs maintain EGCG mechanism of action and to understand if the efficacy
on molecular targets is at least retained or increased. In view of a safe application, the toxicity of
engineered NPs associated with EGCG needs to be fully investigated. For instance, transition metal
oxide NPs have been found to increase oxidative stress, disturb calcium homeostasis, and deregulate
cell cycle [102]. The activation of the immune system, specifically macrophage activation and cytokine
release has been also reported [103]. Thus, lipid-based NPs show higher level of biocompatibility
and bioavailability, emerging as the best candidates for pharmaceutical and clinical applications.
In this context, EGCG loaded solid lipid NPs as an oral delivery system did not show any toxicity in
rats [104]. Different nanoformulations, including EGCG, also showed great biocompatibility with no
or very modest toxicity in animal models [105,106]. All these findings encourage the efforts to invest in
biocompatible EGCG NPs to be used on humans, as interventional studies in pre-cancerous lesions,
including prostate, breast, colon, and Barret’s Esophagus [107–110] demonstrated EGCG efficacy
despite the poor bioavailability and low plasma concentrations. Therefore, EGCG NPs are expected to
improve the chemopreventive effects and to widen the applications in pre-neoplastic lesions, where the
results were unclear or incomplete. In addition, EGCG mechanism of action can be improved by the
association with anti-cancer drugs already used in cancer treatment since numerous drugs used in cancer
therapy, including doxorubicin, 5-flurouracile, cisplatin, paclitaxel, act synergistically with EGCG [111],
the best combinations being predictable on the basis of in vitro and in vivo studies. Lastly, active
targeting also represents a strategy to preferentially address NPs to cancer cells. Nanomedicine-based
therapy is at the beginning, but in the context of cancer chemoprevention and therapy, EGCG NPs
might become a powerful strategy over the conventional chemotherapy approach.
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Clinical Trials Evaluating EGCG

Given the promising reports from preclinical studies, EGCG has been tested in various clinical
studies. Postmenopausal women are at high risk of developing breast cancer and, therefore, EGCG
safety clinical trials have been conducted targeting this population. EGCG can afford benefit in terms of
regulating LDL-cholesterol as well as glucose and insulin, as reported by a double-blind, randomized,
placebo-controlled intervention study in healthy postmenopausal women [112]. A subsequent ancillary
study of a double-blind, randomized, placebo-controlled, parallel-arm trial further confirmed the
benefit of EGCG but reported the total cholesterol levels reductions only in women with elevated
baseline levels [113]. In postmenopausal women, a daily dose of 843 mg EGCG has been reported to
be generally well-tolerated with only a small fraction (6.7%) of women reporting adverse events [114].
This dose of 843 mg EGCG, when administered for a year, can reduce mammographic density in
relatively younger women (50–55 years) but not in postmenopausal women, as suggested by phase II
trial [115]. Not only in breast cancer patients or women at high breast cancer risk, EGCG is well-tolerated
by chronic lymphocytic leukemia (CLL) patients as well [116]. Further, EGCG, at a daily dose as low as
44.9 mg for 4 weeks prior to surgery, has been reported to result in increased bioavailability, including
accumulations in breast tumor tissue, in early stage breast cancer patients [108].

A randomized trial reported no reduction in likelihood of prostate cancer in men with high-grade
prostatic intraepithelial neoplasia, compared to placebo, after a year on 400 mg EGCG dose per
day [117]. It is possible that this might be related to the dose tested in this study as a previous
study which tested the effects of 800 mg EGCG administered to 26 patients with positive prostate
biopsies reported significant reductions in PSA, HGF, and VEGF, with no associated liver toxicity [118].
Similarly, a phase II pharmacodynamic prevention trial in bladder cancer patients indicated a possible
reduction in PCNA and clusterin levels upon 2–4 weeks administration of EGCG prior to transurethral
resection of bladder tumor or cystectomy [119].

EGCG has been tested in cancer clinical trials not just for the direct anticancer effects, but also for
possible effects on co-morbidities. In lung cancer patients with an unresectable stage III disease, a phase
I study was conducted to evaluate the efficacy of EGCG against chemotherapy related esophagitis [120].
Patients, divided in six cohorts receiving six different doses of EGCG, were administered EGCG once
grade 2 esophagitis occurred. The study reported dramatic regression of esophagitis to grade 0/1 in 22
of 24 patients (91.7% cases), thus underlying the effectiveness of EGCG. On similar lines, a prospective
phase II trial confirmed that EGCG can be effective against acute radiation-induced esophagitis as
well [121]. Topical administration of EGCG to the radiation field, post-mastectomy and radiotherapy,
can resolve radiation dermatitis, as revealed in a phase I study [122].

12. Concluding Remarks

Recent breakthroughs in novel single-cell profiling and spatial transcriptomics have leveraged our
understanding to a new level and helped us to find new answers to a critical question of how cancers
move through space and time. Importantly, with rapidly increasing sensitivity of detection methods,
we also require novel approaches to conceptually analyze single-cell data with observations at the
tissue and organ level.

We have developed a near to complete understanding of VEGF/VEGFR signaling pathways.
Studies have shown that relative abundance of the cell surface expression of various VEGFRs and
their affiliations for specific VEGF ligands play a fundamental role in the initial set of dimeric
constellations. Deeper knowledge of this multifaceted signaling web is key to result-oriented
therapeutic targeting. Likewise, EGCG mediated targeting of Wnt/β-catenin has been explored
and it needs to be tested comprehensively in different types of cancers. Henceforth xenografted
mice bearing β-catenin-overexpressing cancer cells will be helpful in uncovering the true potential of
EGCG. Likewise, there is a need to unveil if EGCG inhibited β-catenin activation by functionalization
of negative regulators of Wnt signaling. Accordingly, TGF/SMAD signaling regulation by EGCG
needs to be addressed more conceptually. Inhibition of SMAD phosphorylation by EGCG is a single
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dimension of this highly intricate mechanism. Available evidence enlightens involvement of SMURFs
and NEDDs in inhibition of TGF/SMAD signaling. Therefore, additional key players of TGF/SMAD
signaling also need in-depth research. Regulation of Notch signaling by EGCG seems to be sparsely
studied. Therefore, we still have incomplete information about targeting of proteolytically cleaved
segment of Notch-intracellular domain (NICD) in regulation of the target gene network. Does EGCG
inhibit NICD nuclear accumulation or whether it also interferes with repressor/co-repressor and
activator/co-activator machinery needs more answers. On a similar note, SHH/Gli pathway regulation
by EGCG requires initial cellular studies. Furthermore, Gli-overexpressing cancers have to be treated
with EGCG and combinatorial treatments.

Despite the absence of clinical trials, the NPs loaded with EGCG might be an efficient and safe
strategy for the treatment of several cancers, especially breast and prostate cancer. Thus, clinical
trials should be conducted to establish the clinical potential of the NPs loaded with EGCG alone or in
addition with the conventional anti-cancer drugs.
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Abstract: Non-small-cell lung cancer (NSCLC) is the most common lung cancer subtype and accounts
for more than 80% of all lung cancer cases. Epidermal growth factor receptor (EGFR) phosphorylation
by binding growth factors such as EGF activates downstream prooncogenic signaling pathways
including KRAS-ERK, JAK-STAT, and PI3K-AKT. These pathways promote the tumor progression of
NSCLC by inducing uncontrolled cell cycle, proliferation, migration, and programmed death-ligand 1
(PD-L1) expression. New cytotoxic drugs have facilitated considerable progress in NSCLC treatment,
but side effects are still a significant cause of mortality. Gallic acid (3,4,5-trihydroxybenzoic acid;
GA) is a phenolic natural compound, isolated from plant derivatives, that has been reported to
show anticancer effects. We demonstrated the tumor-suppressive effect of GA, which induced
the decrease of PD-L1 expression through binding to EGFR in NSCLC. This binding inhibited the
phosphorylation of EGFR, subsequently inducing the inhibition of PI3K and AKT phosphorylation,
which triggered the activation of p53. The p53-dependent upregulation of miR-34a induced PD-L1
downregulation. Further, we revealed the combination effect of GA and anti-PD-1 monoclonal
antibody in an NSCLC-cell and peripheral blood mononuclear–cell coculture system. We propose
a novel therapeutic application of GA for immunotherapy and chemotherapy in NSCLC.

Keywords: natural bioactive compound; gallic acid; EGFR signaling; p53; PD-L1; immunotherapy

1. Introduction

Lung cancer, constituting 18% of all global cancer deaths, is one of the representative causes of
death globally [1]. It is classified into two main groups: small-cell lung cancer (SCLC; 15% of all lung
cancers) and non-SCLC (NSCLC; 85% of all lung cancers) [2,3]. NSCLC can be further subcategorized
into three subtypes: adenocarcinoma, squamous cell carcinoma, and large cell carcinoma [4]. Despite
many efforts to treat NSCLC, the overall survival rate is only 15.9% within five years [5]. Further, many
patients receiving NSCLC chemotherapies struggle with adverse reactions, drug resistance, and the
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necessary target specificity of some types of drugs. Thus, unsatisfactory outcomes in NSCLC treatment
have motivated researchers to identify novel agents such as natural compounds [6–8]. Moreover,
the main advantage of such drugs having fewer side effects relative to non-natural drugs has spurred
scientists to reveal their molecular mechanisms.

Gallic acid (3,4,5-trihydroxybenzoic acid; GA), a natural phenolic compound, is widely distributed
in natural plants, fruits, and green tea [9,10]. Many studies have reported that GA exhibits anti oxidative,
anti mutagenic, anti carcinogenic, antibacterial, antiviral, and anti-inflammatory effects [11–15].
However, the main interest in GA and its derivatives surrounds its anticancer activity. Previous studies
have revealed that GA effectively induces selective apoptosis in various cancer cells, including HeLa,
HCT-15, SH-SY5Y, and NSCLC cells [16–19] and inhibits proliferation and migration via regulating
fatty acid synthase in TSGH-8301 cells [20]. Recent studies also revealed potential anticancer effects of
GA is due to its ability to inhibit cell proliferation and to induce apoptosis in vivo [21,22].

Programmed cell death ligand-1 (PD-L1), also known as CD274 and B7-H1, is a transmembrane
protein expressed on the surface of antigen-presenting cells such as dendritic cells, macrophages,
and B-cells. It is also overexpressed and found in various types of cancer [23–26]. PD-L1 specifically
binds to programmed cell death-1 (PD-1), which is an important inhibitory receptor expressed on the
surface of immune-related lymphocytes like T-cells, B-cells, and myeloid cells [27]. The binding of
PD-L1 to PD-1 inhibits the proliferation, cytokine generation and release, and cytotoxicity of T-cells.
Thus, the binding leads to an immunosuppressive effect and allows cancer cells to escape immune
eradication via assistance from tumor-specific T-cells [28]. PD-L1 overexpression in cancer cells
promotes cancer progression and leads cancer cells to malignancy. Moreover, the intrinsic signal
transduction by PD-L1 enhances the survival of cancer cells through increasing the resistance toward
proapoptotic stimuli such as interferons [29]. PD-L1 expression at the transcriptional level is regulated
individually or cooperatively by many oncogenic transcription factors such as MYC, AP-1, STAT,
IRF1, HIF, and NF-κB. Some studies have demonstrated that there is a tendency toward higher PD-L1
expression in TP53-mutated and low p53-expression cancer cells, which imply that PD-L1 expression
is considerably related to p53 status in cancer cells [30–33]. In addition, tumor suppressor gene
PTEN, one of the most frequently mutated genes in human cancers, downregulates PD-L1 expression,
which signifies that tumor suppressors play an important role in controlling PD-L1 expression [34–36].

Previous research has demonstrated that apigenin, a kind of flavonoid, induces growth-suppressive
and proapoptotic effects in melanoma cells. Additionally, such significantly inhibits the expression of
interferon (IFN)-γ-induced PD-L1, which may indicate the existence of an immunosuppressive effect shown
by a natural compound [37]. In this study, we examined the anticancer and immunosuppressive activities of
natural bioactive GA in NSCLC A549 and H292 cells (wild-type p53 and epidermal growth factor receptor
(EGFR)), which are kinds of NSCLC cells. The binding of GA to EGFR inhibited the EGFR phosphorylation,
leading to the promotion of p53 expression in both A549 and H292 cells. Furthermore, highly expressed p53
decreased PD-L1 protein expression through enhancing the miR-34a related to PD-L1 downregulation at the
transcriptional level. As such, our results suggest an immunosuppressive effect of GA toward NSCLC cells,
which might imply a potential possibility for clinical application in NSCLC treatment.

2. Results

2.1. GA Downregulates the PD-L1 Expression in NSCLC Cells

To determine whether GA inhibits the cell proliferation of A549 and H292 cell lines, GA-treated
cells were compared with non-treated control cells. The results of MTT assay showed that the cell
growth of GA-treated cells is significantly inhibited in a time- and concentration-dependent manner
(Figure S1A). This result was confirmed with crystal violet assay by treating GA in A549 and H292
cells for 48 h (Figure S1B). From this data, we respectively identified an IC50 dosage of 400 μM in
A549 and 100 μM in H292 cell lines at 48 hours, respectively, information which was used for further
studies. We checked the same concentration in non-cancerous cells (HUVEC cell line) and found that
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400 μM GA inducing around 8% cell death which indicated that this concentration does not make
much toxicity in normal cells (Figure S2). Recently, cancer immunotherapy based on PD-1/PD-L1
blockade has shown clinical efficacy in the treatment of multiple cancers [26,28]. In addition, a study
of the drug-induced inhibition of PD-L1 expression in cancer cells has been conducted [37]. To
investigate whether GA influences PD-L1 expression, we assessed the expression levels of PD-L1 by
the impact of GA in NSCLC cells. As shown in Figure 1A, results from western blotting suggested
that GA strongly decreases the expression levels of PD-L1 protein in A549 and H292 NSCLC cells.
In addition, GA showed a greater than 70% inhibitory effect as compared with in non-treated control
cells among A549 cells (Figure 1B). Subsequently, we performed a real time PCR experiment to examine
the influence of GA on the messenger RNA (mRNA) expression of PD-L1 in A549 and H292 cell lines.
In accordance with data from real time PCR, GA also downregulated the expression of PD-L1 mRNA in
a concentration-dependent manner in both A549 and H292 cells (Figure 1C). These results suggest that
bioactive natural GA has a significant inhibitory effect on PD-L1 expression (both protein and mRNA)
in A549 and H292 cell lines, which imply the potential of using it as an immune anticancer agent.

Figure 1. Gallic acid (GA) reduces the programmed death-ligand 1 (PD-L1) expression in non-small-cell
lung cancer (NSCLC) cells. (A) The expression levels of PD-L1 protein in A549 and H292 cells were
detected after GA treatment in concentrations indicated for 48 hours. (B) The relative expression levels
of PD-L1 protein were determined by densitometry and normalized to β-actin. Data are representative
of three independent experiments. *** p < 0.001 (t-test). (C) The expression levels of PD-L1 mRNA
in A549 and H292 cells were detected after GA treatment in concentrations indicated for 48 hours.
The relative expression levels of PD-L1 mRNA were determined by real time qPCR and normalized to
GAPDH mRNA. Data are representative of three independent experiments. *** p < 0.001 (t-test).

2.2. GA Binds to EGFR and Then Inhibits its Phosphorylation

EGFR phosphorylation induces various oncogenic signaling pathways for cell proliferation,
invasion, and metabolic reprogramming in many cancer cells [38]. Therefore, to inhibit EGFR
phosphorylation in cancer cells, many clinical applications have been stimulated to develop EGFR
tyrosine kinase inhibitors (TKIs) such as erlotinib, gefitinib, and lapatinib [39,40]. In previous studies,
we found that the binding of natural compounds to EGFR, causing a decrease in EGFR phosphorylation,
inhibited the proliferation, migration, invasion, and angiogenesis of human breast adenocarcinoma
cells [41,42]. To understand the impact of GA for EGFR phosphorylation, we identified the binding
ability of GA to EGFR. Molecular docking was performed with an AutoDock Vina platform (Oleg
Trott, The Scripps Research Institute, La Jolla, CA, USA). We found that GA is docked in the ATP
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binding site of EGFR, and this result may imply the direct binding of GA to EGFR (Figure 2A).
Subsequently, we further performed an immunoblot analysis for understanding whether the GA/EGFR
binding influences the phosphorylation of EGFR and found that, GA significantly downregulated the
phosphorylation of EGFR in both A549 and H292 cells (EGFR wild-type NSCLC cells) (Figure 2B,C).
However, this treatment did not affect the expression levels of total EGFR mRNA (Figure 2D).
These results may imply that GA could influence the inhibition of EGFR signal transduction in two
NSCLC cells. Moreover, these results led us to investigate the binding specificity of GA to EGFR, where
we conducted a competitive binding experiment of GA and EGF (25 ng/mL pre-treatment for 15 min)
versus EGFR. Here, GA significantly inhibited EGF-induced EGFR phosphorylation in both A549 and
H292 cells (Figure 2E,F). This result suggests that GA binds to EGFR as compared with the natural
ligand (EGF) for EGFR, and this act of binding clearly induces the inhibition of EGFR phosphorylation.

Figure 2. GA binding to epidermal growth factor receptor (EGFR) inhibits the phosphorylation of
EGFR. (A) Binding of GA (PubChem CID: 370) to the ATP-binding domain of EGFR (Protein Data Bank
ID: 4LQM) as determined by molecular docking using AutoDock Vina. (B) The expression levels of
total EGFR and phosphorylated EGFR (pEGFR) protein in A549 and H292 cells were detected after
GA treatment in concentrations indicated for 48 hours. (C) The relative levels of pEGFR protein were
determined by densitometry and normalized to β-actin. Data are representative of three independent
experiments. *** p < 0.001 (t-test). (D) The expression levels of EGFR mRNA in A549 and H292 cells
were detected by real time PCR after GA treatment in concentrations indicated for 48 hours. The relative
levels of EGFR mRNA were determined and normalized to GAPDH mRNA. Data are representative
of three independent experiments. (E) A549 and H292 cells for detecting the expression levels of
total EGFR and pEGFR protein were treated with or without 25 ng/mL EGF for 15 minutes and then
further treated with GA (A549: 400 μM; H292: 100 μM) for 48 hours. (F) The relative levels of pEGFR
protein were determined by densitometry and normalized to β-actin. Data are representative of three
independent experiments. *** p < 0.001 (t-test). # p < 0.001 vs. control.
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2.3. GA Reduces the Phosphorylation of PI3K/AKT That is One of the Downstream Targets of EGFR Signaling

EGF/EGFR signal transduction has been known to lead to the constitutive activation of downstream
signaling pathways associated with MAPKs, STAT3, and PI3K for regulating PD-L1 expression in
various cancer cells [43]. A previous study found that the PD-L1 expression of EGFR–mutated PC-9
cells was significantly higher than those of EGFR wild-type LU-99, A549, and PC-14 cells. In EGFR
inhibitor experiments, the EGFR TKI gefitinib induced a lower expression of phosphorylated AKT
and STAT3, which prompted the downregulation of PD-L1 expression [44]. To determine a key
EGFR-downstream pathway associated with PD-L1 expression, we used an immunoblot analysis.
As shown in Figure S3, GA treatment did not inhibit the phosphorylation of JAK2/STAT3, which is
one of the main pathways. However, GA efficiently controlled the PI3K/AKT pathway by inhibiting
their phosphorylation but not total protein level (Figure 3A,B). These results clearly show that the
regulation of PI3K/AKT phosphorylation by GA could be responsible for PD-L1 expression in both
A549 and H292 cells. Moreover, the downregulation of PI3K/AKT phosphorylation by GA may indicate
a beneficial effect in terms of controlling various oncogenic signals, such as cellular proliferation,
invasion, angiogenesis, and metastasis.

Figure 3. GA inhibits the phosphorylation of AKT and PI3K protein in a GA concentration-dependent
manner. (A) The expression levels of pAKT and pPI3K protein in A549 and H292 cells were detected
after GA treatment in concentrations indicated for 48 hours. (B) The relative expression levels of
pAKT and pPI3K protein were determined by densitometry and normalized to β-actin. Data are
representative of three independent experiments. *** p < 0.001 (t-test).

2.4. GA Activates the Expression of Tumor Suppressor Factor p53 for Inhibiting the Expression of PD-L1

The tumor suppressor factor p53 plays an important role in cell-cycle arrest and apoptosis induction
in response to oncogenic or other stresses for the prevention of cancer development. However, it is
downregulated or mutated in an inactive form in almost all human cancer cells. A previous study found
that p53 is led into Mdm2-mediated ubiquitination and degradation by PI3K/AKT signal transduction
in breast cancer MCF-7 cells but not p53 mRNA [45]. Furthermore, p53-regulated IFN-γ induced PD-L1
expression in melanoma cells [32]. To investigate the effect on p53 by GA, we checked the protein
levels of p53 with or without GA treatment in A549 and H292 cells and found that GA upregulates
the expression levels of p53 protein in a concentration-dependent manner (Figure 4A,B). In addition,
the expression levels of p53 protein were nearly doubled in A549 cells. Further, the mRNA levels
of p53 identified by real time PCR showed a significant increase in a GA concentration-dependent
manner in H292 cells as well as in A549 cells (Figure 4C). From these data, although a previous study
revealed that PI3K/AKT signaling induced by their phosphorylation regulates only p53 protein levels,
the PI3K/AKT signaling controlled by GA plays a key role in regulating both protein and mRNA
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levels of p53. These results additional imply that GA regulates p53 from mRNA levels through
the downregulation of PI3K/AKT phosphorylation. To further understand the role of p53 in PD-L1
regulation, we used GA with or without p53 siRNA and determined whether specific gene silencing
influences PD-L1 expression in A549 and H292 cells. As shown in Figure 4D,E, the gene silencing of
p53 significantly affected the increase in PD-L1 proteins compared to non-treated control, which was
decreased by GA treatment. In contrast, the effect by GA regulated the protein levels of p53 and PD-L1
in two NSCLC cells. These results imply that the regulation of PD-L1 by GA is indirectly controlled
by way of inducing an increase in p53 protein level. In addition, the upregulation of p53 by GA may
induce various p53-mediated anti-oncogenic factors such as the regulation of miRNA.

Figure 4. GA increased p53 expression. (A) The expression levels of p53 protein in A549 and H292
cells were detected after GA treatment in concentrations indicated for 48 hours. (B) The relative
expression levels of p53 protein were determined by densitometry and normalized to β-actin. Data are
representative of three independent experiments. * p < 0.05 and ** p < 0.01 (t-test). (C) The expression
levels of p53 mRNA in A549 and H292 cells were detected by real time qPCR after GA treatment in
concentrations indicated for 48 hours. The relative expression levels of p53 mRNA were determined and
normalized to GAPDH mRNA. Data are representative of three independent experiments. * p < 0.05
and *** p < 0.001 (t-test). (D) The expression levels of p53 and PD-L1 protein in A549 and H292 cells,
treated with GA (A549: 400 μM; H292: 100 μM) or 30 pM p53 siRNA, were detected by western
blotting at 48 hours. (E) The relative expression levels of p53 and PD-L1 protein were determined using
densitometry and normalized to β-actin. Data are representative of three independent experiments.
*** p < 0.001 (ANOVA); # p < 0.001 vs. control.

2.5. GA Upregulates p53-Dependent MiR-34a for Inhibiting the Expression of PD-L1

miRNAs, a family of small noncoding RNAs, regulate wide biological processes including
carcinogenesis, which severely is dysregulated in many cancer cells. Some miRNAs such as miR-513 and
miR-570 directly target PD-L1 [46,47]. However, p53 indirectly regulates the expression levels of PD-L1
through inducing miR-34a in cancer cells [33]. Although many studies have shown results for the regulation
of PD-L1 expression directly by miRNA, detailed studies of the actions brought on indirectly by p53 via
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drugs including natural compounds is poorly understood. To understand the expression level of miR-34a by
GA, we performed a real time PCR experiment because miR-34a is a well-known molecule transcriptionally
induced by p53. As shown in Figure 5A, we found that it was significantly increased in a time- and GA
concentration-dependent manner in both A549 and H292 cells. To further investigate miR-34a regulation by
GA via p53, we additionally used p53 siRNA. The expression levels of miR-34a were decreased by p53
siRNA, but their expression levels were slightly increased by additional GA (Figure 5B). These results clearly
suggest that miR-34a expression is regulated by GA-dependent p53. Additionally, we used a miR-34a
inhibitor with or without GA to determine a more detailed interrelation analysis in the regulation of PD-L1
expression. In this experiment, we demonstrated that the inhibition of miR-34a function by its inhibitor is
induced into an increase of PD-L1 protein which reversed by GA, but not p53 (Figure 5C,D). These results
support that the expression of PD-L1 is regulated via miR-34a-induction through GA-dependent p53 in
A549 and H292 cells.

Figure 5. GA upregulates the PD-L1 expression by p53 via miR-34a. (A) Relative expression levels of
miR34a after treatment of GA (A549: 400μM; H292: 100μM) for 24 and 48 hours. Data are representative
of three independent experiments. ** p < 0.01 (ANOVA); & p < 0.01 vs. control. (B) The expression
levels of miR-34a in A549 and H292 cells, treated with GA (A549: 400 μM; H292: 100 μM), p53 siRNA
(60 pM) or GA plus p53 siRNA were detected by RT-PCR at 48 hours. The relative expression levels of
miR-34a were determined using densitometry and normalized to U6. Data are representative of three
independent experiments. *** p < 0.001 (ANOVA); # p < 0.001 vs. control. (C) The expression levels
of p53 and PD-L1 protein in A549 and H292 cells, treated with GA (A549: 400 μM; H292: 100 μM) or
30 pM miR-34a inhibitor, were detected by western blotting at 48 hours. (D) The relative expression
levels of p53 and PD-L1 protein were determined by densitometry and normalized to β-actin. Data are
representative of three independent experiments. *** p < 0.001 (ANOVA); # p < 0.001 vs. control.

2.6. The Downregulation of PD-L1 Expression by GA Induces the Combination Effect with PD-1 Blockade

To test the combination effect of PD-1 blockade and GA on antitumor activity, we evaluated
cytotoxicity in an NSCLC-cell and peripheral blood mononuclear-cell (PBMC) coculture system in
the presence of the anti-PD-1 monoclonal antibody (mAb) nivolumab, GA, or both. We observed
a considerable apoptotic effect in the presence of both PD-1 mAb and GA in A549 and H292 cells
(Figure 6A). Further, GA reduced the viability of cancer cells more effectively in comparison with
a single blockade of PD-1 with PD-1 mAb. These results may indicate that the decrease of PD-L1
expression by GA regulates not only reducing survival signals of PD-L1 downstream but also activates
the T-cell-mediated immune response. To further investigate the combination effect on PBMC
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cytokine expression, we performed an IFN-γ analysis by enzyme-linked immunosorbent assay (ELISA).
As shown in Figure 6B, GA treatment was observed to slightly increase the IFN-γ level more so
than a single blockade of PD-1 with PD-1 mAb. In addition, treatment with both GA and PD-1
mAb considerably enhanced the IFN-γ production in the supernatant of the NSCLC-cell and PBMC
coculture system. These results suggest that the decrease in PD-L1 expression brought about by GA
enhances the effect observed with PD-1 mAb in the production of IFN-γ. Figure 7 is a graphical
abstract which gave the conclusion of all these results. We checked the effect of this combination in
a non-cancerous cell (HUVEC cell line) and found that these combination does not induce much cell
toxicity in non-cancerous cells (Figure S3).

Figure 6. GA enhances the combination effect with anti-PD-1 mAb in an NSCLC-cell and peripheral blood
mononuclear-cell (PBMC) coculture system. (A) The cell survival rates of NSCLC cells cocultured with
PBMCs were examined after treatment with mock, GA (A549: 200 μM; H292: 50 μM), anti-PD-1 mAb
(5 μg/mL), or both GA and anti-PD-1 mAb for 48 hours. *** p < 0.001 (ANOVA); # p < 0.001 vs. control.
(B) The levels of interferon (IFN)-γ from the supernatants of the coculture system were measured by ELISA
also following treatment with mock, GA (A549: 200 μM; H292: 50 μM), anti-PD-1 mAb (5 μg/mL), or both
GA and anti-PD-1 mAb for 48 hours. *** p < 0.001 (ANOVA); # p < 0.001 vs. control.

Figure 7. Molecular regulatory mechanism of programmed death-ligand 1 (PD-L1) by natural bioactive
gallic acid in NSCLC cells and proposed combination effect for NSCLC immunotherapy.
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3. Discussion

An important concept in cancer treatment is that the cancerous cells should ideally be
removed without influencing normal cells. Chemotherapy is the most common type of treatment,
where chemicals or drugs to destroy cancer cells and cancer microenvironments are applied. Genomic
studies such as those on TP53, BCL2, and c-MYC have accelerated the effective application of
chemotherapy for developing anticancer drugs and reagents in cancer treatment [48–50]. Anticancer
drugs, according to their mechanisms of action, are generally classified as either alkylating agents
for damaging cancer cell DNA, antimetabolites for replacing the normal building blocks of RNA and
DNA, or antibiotics for interfering with the enzymes involved in DNA replication [51–53].

Although observed therapeutic issues for NSCLC are still deemed to be unsatisfactory because of
multidrug resistance and adverse effects [54,55], chemical drugs such as vinorelbine and cisplatin have
been tested in NSCLC treatment [56,57]. To overcome these problems, the combined effects of two
chemotherapy drugs including cisplatin or carboplatin plus one other drug have often been deployed
to treat early-stage NSCLC. Despite many efforts, these chemotherapy-based regimens seem to have
reached a therapeutic limit. Recently, many studies have reported the potential possibility of applying
natural compounds in the treatment or control of various cancerous diseases. In previous studies,
we demonstrated various anticancer effects of natural compounds [41,58,59]. Moreover, combination
treatment using a chemotherapy drug and naturally derived drugs showed more effective anticancer
effects, which imply that such might reduce the burden of adverse effects brought on by chemotherapy
drugs alone [60]. However, a therapeutic strategy using natural compounds is difficult to apply without
knowing the specific targets, which is one of the disadvantages of use. Thus, a targeted study focused
on using natural compounds is essential to achieve more effective anticancer treatment. Many studies
have investigated a phenolic natural compound, gallic acid, that acts as an anticancer agent against
various cancers [16,17,19,20]. Nevertheless, these studies did not identify where the target position of
GA is against various cancer cells or did they reveal detailed molecular mechanisms underlying the
anticancer effects of GA in cancer cell death. In this study, we demonstrated that GA influences cancer
cell viability and specifically binds to the tyrosine kinase receptor, EGFR in NSCLC cell lines.

EGFR is a cell-surface protein that binds with epidermal growth factor (EGF) [61]. EGFR often is
mutated and/or overexpressed in several types of human cancers, including lung, ovary, breast, head,
and neck cancer, and it serves to modulate the growth, differentiation, signaling, adhesion, migration,
and survival of cancer cells. Usually, EGF-mediated EGFR phosphorylation induces three main signal
transductions including JAK-STAT, KRAS-ERK, and PI3K-AKT-mTOR. These pathways are known
to be involved in the growth, proliferation, inhibition of apoptosis, angiogenesis, and invasion of
cancer cells [62,63]. For this reason, EGFR has been regarded as an attractive candidate for anticancer
treatment because of its multifunctional role in tumorigenesis [38]. To date, two monoclonal antibodies,
cetuximab and panitumumab, capable of inhibiting EGF or growth factor-mediated signaling pathways
have been used for cancer therapy [64]. In addition, several TKIs such as erlotinib and gefitinib have
been employed for the inhibition of EGFR phosphorylation. In this study, we demonstrated that
GA inhibits EGFR phosphorylation by binding to EGFR in two NSCLC cells. Moreover, GA showed
binding specificity and inhibited EGFR phosphorylation despite EGF-binding. These results may imply
that GA is a selective and potent inhibitor against EGFR phosphorylation. Furthermore, the inhibition
of EGFR phosphorylation by GA induced the downregulation of phosphorylated PI3K and AKT.
Previous studies revealed that the inhibition of EGFR TKI-mediated EGFR phosphorylation induces
the downregulation of phospho-PI3K and AKT [65,66]. Therefore, GA, which showed a similar effect
to that of TKIs, may be a useful drug candidate for NSCLC treatment.

The tumor suppressor p53 is a transcription factor and plays a pivotal role in cell-cycle, DNA
repair, senescence, and apoptosis [67–69]. Under various stresses such as DNA damage, p53 is
phosphorylated and acetylated via posttranslational modification and then it is translocated to
the nucleus for trans-activating numerous target genes that direct processes including cell-cycle
arrest and/or apoptosis. Mutations of TP53 have been discovered in more than 50% of human

75



Cancers 2020, 12, 727

cancers and p53 mutation leads to not only the loss of cancer suppressive functions but also the
acquisition of additional oncogenic functions such as growth and survival [70]. Wild-type p53 proteins
(WTp53) are frequently downregulated because of their function of tumor suppression in many cancer
cells. Previous studies have identified that the downregulation of WTp53 is associated with EGFR
signal-mediated PI3K/AKT pathway activation in cancer cells [65,66,71,72]. As mentioned above,
we demonstrated that the downregulation of EGFR phosphorylation by GA leads to the inhibition of
PI3K and AKT phosphorylation. The decrease in their phosphorylation by GA induced the upregulation
of WTp53 protein and mRNA in A549 and H292 cells. Furthermore, the competitive activity of GA
in an EGF-dependent condition suggested that binding of GA to EGFR, may associated with the
upregulation of p53 through inhibiting EGFR/PI3K/AKT4 phosphorylation. These results also suggest
that natural bioactive GA may have a potential role as a chemotherapeutic drug for NSCLC treatment.
Although many studies have revealed that p53 is related to some immune responses including IFN
signaling [73,74], the expression of inflammatory cytokines and Toll-like receptors [75–77], and the
activation of T- and natural killer cells [78], the correlation of p53 and tumor immune evasion is
poorly understood. Recently, some studies reported that p53 interacts with the apoptotic pathway by
regulating miRNAs in cancer cells [79,80]. Furthermore, the effect on p53 was augmented in miR-34a
expression, which leads to decreased expression levels of PD-L1 in NSCLC cells [33]. Interestingly,
we found that bioactive GA decreased the protein and mRNA levels of PD-L1 as compared with
the control experiment, and the expression levels of p53 and miR-34a were upregulated by GA in
NSCLC cells. These results propose that GA controls the expression of PD-L1 by regulating the
p53–miR-34a pathway.

Finally, studies have revealed that PD-L1 expression in cancer cells enhances cell proliferation
and resistance toward pro-apoptotic stimuli [29,81]. Furthermore, PD-L1 expression in cancer also
enhances PD-L1-mediated tumor immune resistance from cytotoxic cluster of differentiation (CD)8
T-cells through the PD-1/PD-L1 blockade [82]. Thus, inhibition of PD-L1 expression will activate
cytotoxic CD8 T-cell responses to various cancers. This approach has been labeled as PD-1/PD-L1
based-immunotherapy. Recently, many clinical approaches and successes are emerging through
PD-1/PD-L1 blockade therapy. As mentioned above, we found that GA decreases PD-L1 expression
in A549 and H292 cells. In combination experiments with a human monoclonal anti-PD-1 mAb
(nivolumab), GA exhibited a more effective effect regarding cancer cell viability. In accordance with
the decreased expression levels of PD-L1 by GA, the experimental condition involving anti-PD-1 mAb
decreased NSCLC cell viability and oppositely increased the level of IFN-γ in the NSCLC-cell and
PBMC coculture system.

4. Materials and Methods

4.1. Cell Lines and Cell Culture

Roswell Park Memorial Institute (RPMI) 1640 media and a penicillin–streptomycin solution
was purchased from Gibco (Gaithersburg, MD, USA). Fetal bovine serum (FBS) was purchased from
Sigma-Aldrich (St. Louis, MO, USA). Trypsin ethylenediaminetetraacetic acid (0.05%) was obtained
from Gibco (Gaithersburg, MD, USA). The human NSCLC cell lines H292 (no. 21848; Korean Cell Line
Bank, Seoul, South Korea) and A549 (CCL-185; American Type Culture Collection, Manassas, VA, USA)
were cultured in RPMI-1640 supplemented with 10% FBS and antibiotics (1% penicillin–streptomycin)
at 37 ◦C with 5% CO2. For each experiment, at 70% to 80% confluence, cells were gently washed twice
with phosphate-buffered saline. Unless otherwise specified, cells were treated with 100 μM of GA (in
H292 cells) or 400 μM of GA (in A549 cells) for 48 hours at 37◦C under an atmosphere of 5% CO2.

4.2. Immunoblotting

Whole-cell lysates were prepared by radioimmunoprecipitation assay buffer (EMD Millipore,
Burlington, MA, USA) containing phosphatase and protease inhibitors. Antibodies specific for β-actin
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(sc-47778), p53 (sc-126) and secondary antibodies (antimouse (sc-516102), and antirabbit (sc-2357)
antibody) were obtained from Santa Cruz Biotechnology, Inc. (Dallas, TX, USA). pEGFR (#2234), EGFR
(#3776s), pAKT (#4060), AKT (#4691), pPI3K (#4228), and PI3K (#4257) antibodies were purchased from
Cell Signaling Technology Inc. (Danvers, MA, USA). PD-L1 (R30949) antibody was purchased from
NSJ Bioreagents (San Diego, CA, USA). Recombinant human EGF (AF-100-15) was purchased from
PeproTech Inc. (Rocky Hill, NJ, USA).

4.3. Real Time Quantitative PCR (qPCR)

Total RNA was isolated with the RNeasy Mini Kit (Qiagen GmbH, Hilden, Germany) according
to the manufacturer’s protocol. The extracted RNA was quantified spectrophotometrically at 260 nm,
and cDNA was synthesized at 42 ◦C for 1 h and 95 ◦C for 5 min with a first-strand cDNA synthesis
kit (K-2041; Bioneer Corporation, Daejeon, Korea) and oligo d(T) primers. Real-time qPCR was
conducted in a thermal cycler (C1000 Thermal Cycler, Bio-Rad, Hercules, CA) as follows: 2 μL
diluted cDNA was added to diluted forward and reverse primers (1 μL each, 100 pM) and 10 μL TB
Green Advantage Premix (Takara Bio, Japan) according to the manufacturer’s instructions. We used
the following primers for EGFR, sense 5’- TGGCAGTGTCTTAGCTGGTTGT -3’ and anti-sense 5’-
TGCACTCAGAGAGCTCAGGA -3’, for PD-L1, sense 5’- TGCCAGGCATTGAATCTACA -3’ and
anti-sense 5’- GGCCTATTTCCTCCTCTTGG -3’, for p53, sense 5’- AGGCCTTGGAACTCAAGGAT -3’
and anti-sense 5’- CAGTCTGAGTCAGGCCCTTC -3’, and for miR34a analysis: for miR34a, sense 5’-
TGGCAGTGTCTTAGCTGGTTGT -3’. The measurement was carried out in triplicate. The relative
expression of target genes was normalized to GAPDH or U6 snRNA.

4.4. Transfections of siRNA and miRNA

Lung cancer cells (1 × 105 cells) were seeded in six-well plates and grown to 60% confluence.
The cells were then transfected with p53 siRNA (sc-29435; Santa Cruz Biotechnology, Dallas, TX, USA) or
miR-34a inhibitor (AM 17000; Thermo Fisher Scientific, Inc., Waltham, MA, USA) using Lipofectamine
transfection reagent (Thermo Fisher Scientific, Inc., Waltham, MA, USA). After 48 hours, transfected cells
additionally were cultured with/without GA for an additional 48 hours under a cell culture condition.

4.5. NSCLC-Cell and PBMC Co-Culture Experiments

Lung cancer cells (5 × 104 cells) were seeded in 24-well plate until 70% to 80% confluence under
a cell culture condition. Human PBMCs were isolated by Ficoll Paque density centrifugation from
peripheral blood donated by healthy volunteers using Lymphoprep™ and SepMate™-50 (Stemcell
Technologies, Vancouver, Canada). Then, the acquired PBMCs were added into each coculture system
at a PBMCs/attached NSCLC cells ratio of 5:1. Some cocultured wells were treated with 5 μg/mL of
anti-PD-1 mAb (nivolumab, #A1307; BioVision, Milpitas, CA, USA) and/or GA (A549: 200 μM and
H292: 50 μM) and cultured for 48 hours. After 48 hours of co-culture, the culture supernatant was used
to analyze the human IFN-γ level, while the viability of attached NSCLC cells was analyzed by MTT
assay. The human IFN-γ level in cell-free supernatant was determined using an ELISA kit (#430104;
BioLegend, San Diego, CA, USA) according to the manufacturer’s protocol.

4.6. Statistical Analyses

All experiments were performed at least three times. Results are expressed as means ± standard
errors of the mean. Statistical analyses were conducted using a one-way analysis of variance (ANOVA)
or the Student’s t-test. The one-way ANOVA was performed with Duncan’s multiple-range test
as a post-hoc test. Analyses were performed using the SAS 9.3 program (SAS Institute, Inc., Cary,
NC, USA). A p-value of less than 0.05 was taken to indicate a statistically significant difference.
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5. Conclusions

In summary, our results constitute the first study to disclose the detailed mechanism of PD-L1
downregulation, which could be mediated by bioactive natural GA in NSCLC cells. Moreover,
we demonstrated that GA might not only directly inhibit cancer cell survival through the upregulation
of tumor suppressor p53 but also indirectly enhance antitumor immunity through the downregulation
of PD-L1. Thus, our findings additionally pave the way for further research on bioactive natural
compounds to study its efficiency in combinations with immune checkpoint-based therapies and
chemotherapeutic agents.
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Abstract: Oleuropein (Ole), the main bioactive phenolic component of Olea europaea L. has recently
attracted the scientific attention for its several beneficial properties, including its anticancer effects.
This study is intended to investigate whether an olive leaf extract enriched in Ole (OLEO) may
counteract the aerobic glycolysis exploited by tumor cells. We found that OLEO decreased melanoma
cell proliferation and motility. OLEO was also able to reduce the rate of glycolysis of human
melanoma cells without affecting oxidative phosphorylation. This reduction was associated with
a significant decrease of glucose transporter-1, protein kinase isoform M2 and monocarboxylate
transporter-4 expression, possible drivers of such glycolysis inhibition. Extending the study to other
tumor histotypes, we observed that the metabolic effects of OLEO are not confined to melanoma,
but also confirmed in colon carcinoma, breast cancer and chronic myeloid leukemia. In conclusion,
OLEO represents a natural product effective in reducing the glycolytic metabolism of different tumor
types, revealing an extended metabolic inhibitory activity that may be well suited in a complementary
anti-cancer therapy.

Keywords: olive leaf extract; oleuropein; Seahorse analysis; cancer metabolism; glycolytic markers

1. Introduction

The Pasteur effect describes the inhibition of glycolysis by oxygen, through the inhibition of
phosphofructokinase-1, the most important controlling enzyme of glycolysis, by ATP and citrate [1].
Otto Warburg, for the first time, showed that cancer cells do not follow this principle, since even under
normoxic condition they prefer to exploit the glycolytic pathway, producing lactic acid from glucose.
Indeed, while normal cells in the presence of oxygen use the oxidative phosphorylation, most cancer
cells prefer the glycolysis, a phenomenon termed “Warburg effect” or aerobic glycolysis [2]. This is of a
special importance for proliferating cancer cells which may regenerate NAD+, increase the availability
of glycolytic biosynthetic intermediates and lactate production. Lactate may contribute to sustain
proliferation either by stimulating the production of vascular endothelial growth factor or by promoting
cellular motility, two favorable aspects for proliferating cancer cells, e.g., generation of new blood
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vessels and expansion in neighboring tissues [3]. Lactic acid production and its release into the tumor
microenvironment helps reduce the local extracellular pH, which might be instrumental for tumor
progression, by promoting the invasive abilities of cancer cells [4], their resistance to apoptotic stimuli
as well as chemo- and target therapies [5], by inducing anoikis resistance thus favouring tumor cell
survival into the circulatory system [6], and importantly, by inhibiting the immune response supporting
tumor cell escape [7]. The Warburg phenotype is regulated by numerous oncogenes, e.g., MYC
transcription factor has been found to activate lactate dehydrogenase (LDH)A [8], and promote the
switch from pyruvate kinase muscle isozyme 1 (PKM1) to 2 (PKM2), a limiting glycolytic enzyme of the
final step of glycolysis, involved in the pyruvate and ATP production from phosphoenolpyruvate [9].
PKM2, in its less active dimeric form, reduces ATP generation leading to the production of lactate and
several glycolytic intermediates, used as building blocks for the biosynthesis of cellular macromolecules,
such as amino acids, lipids and nucleotides. In addition, mammalian target of rapamycin (mTOR)
was demonstrated to be a key activator of the Warburg effect, as it induces under normoxic conditions
several glycolytic enzymes, including PKM2 [10].

Recently, plant-derived compounds have drawn the attention of the scientific community for
their several beneficial properties. In particular, polyphenols have been subjected to numerous studies
and they showed anti-oxidant, anti-inflammatory, cardio- and neuro-protective functions as well as
anti-cancer activity [11–15]. Moreover, their anti-cancer activity has been proved in a broad range of
cancer models, so that some of these natural compounds have been included in clinical trials [16,17], as
they showed promising effects in terms of promoting the anti-cancer response and decreasing at the
same time the toxicity of conventional therapies [18–22].

Oleuropein (Ole) is the main bioactive phenolic compound of Olea europaea L. that has attracted
great interest in the prevention and therapy of several non–communicable diseases, including cancer [23].
As to its anti-cancer properties, Ole affects and modulates multiple different biochemical processes
and pathways involved in carcinogenesis. Indeed, Ole exerts an inhibitory effect on cancer cell
proliferation, tumor growth and angiogenesis; it reduces inflammation and induces apoptosis [23–25].
In our previous study we found that Ole affects both the proliferation and the viability of A375 BRAF
melanoma cells and potentiates their therapy response through pAKT/mTOR pathway [26]. In addition,
we observed that an olive leaf extract enriched in Ole (OLEO), used at equimolar Ole concentration, was
more effective to potentiate the cytotoxic effect, co-administered with conventional chemotherapeutic
agents, compared to Ole alone [26]. Following this line of research, we decided to investigate if OLEO
could be able to inhibit the metabolism of BRAF melanoma cells, that are usually glycolysis-addicted.
The existence of a strong link between tumor-specific signalling pathways and metabolic adaptations
is well known. Therefore, interfering with metabolic processes and metabolic enzymes may be a key
strategy for cancer therapy. In this context, significant efforts have been recently done to elucidate how
plant-derived natural compounds may act as modulators of tumor cell metabolism and, in this way,
exert their anti-cancer activity [27].

Gerhauser, revising the knowledge on tumor metabolism and epigenetic variation of glycolytic
genes, discovered that several of these processes are influenced by natural compounds [28]. Then, Gao
and Chen underlined how several natural compounds may regulate HIF-1α-dependent anaerobic
glycolysis of tumor cells: this actually represents a great contribution underlining the ability of natural
products to inhibit one of the most critical transcription factors, i.e., HIF-1α, in cancer progression [29].
In this study, we proved that OLEO is able to reduce the glycolytic rate of both primary and metastatic
melanoma cells, reducing the expression levels of critical glucose and lactate transporters (glucose
transporter-1 (GLUT1) and monocarboxylate transporter-4 (MCT4), respectively) and enzymes, such
as PKM2. Extending the study to other tumor types, we observed that OLEO is able to inhibit the
glycolytic metabolism also in colorectal, breast and chronic myeloid leukemia cancer cells.
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2. Results

In a previous work, with the aim to verify whether Ole might potentiate drug efficiency on BRAF
mutant melanoma cells, we decided to use a non-toxic 250 μM dose able to reduce cell proliferation
rate without affecting cancer cell viability and apoptosis. We found that Ole potentiates the cytotoxic
effect of everolimus against BRAF melanoma cells inhibiting pAKT/mTOR pathway, as measured
by the decrease of pAKT/S6. This effect was also demonstrated using an olive leaf extract enriched
in an equimolar concentration of Ole [26]. Here, we confirmed that a similar OLEO, at a 200 μM
dose, reduces the viability of A375 melanoma cells in a very limited amount (see the 48 and 72 h of
treatment), as cell proliferation without modifying cell cycle phase distribution (Figure 1A–C). The
same concentration of the extract does not modify viability of human mesenchymal stem cells at each
time point of the experiments (see Figure S1). Further, the OLEO, at a 200 μM dose, significantly
reduced the closure of a wound (Figure 1D), which was used as an assay of cell motility. The reduced
closure of wounds of OLEO-treated melanoma cells discloses the ability of this natural product to
inhibit cell motility. These findings prompted to investigate effects of OLEO on melanoma metabolism.
We know that V600E mutant BRAF melanoma cells are strictly addicted to glycolysis, the so-called
Warburg effect, thus it was possible that a reduction of the glycolytic pathway may have a role in the
decreased proliferation and motility of OLEO-treated melanoma cells.

Figure 1. Effects of Ole-enriched leaf extract (OLEO) on A375 melanoma cells. (A) Dose-time response
evaluated by MTT assay. Significance is indicated with *; (B) Cell growth of A375 human melanoma
cells treated with OLEO 200 μM; (C) Cell cycle distribution analyzed using FACS; (D) Effect of OLEO
200 μM on the motility of A375 cells evaluated by scratch wound healing assay. Significance is indicated
with *.

We evaluated the metabolic profile of melanoma cells after 200 μM OLEO administration through
Seahorse Bioanalyzer XF96 analysis, thereafter studying the metabolic markers through real time PCR
and Western Blot analysis.

We first tested the effect of OLEO extract on the glycolytic activity of A375 melanoma cells using
a glycostress standard assay. Overall, OLEO impairs glycolysis rate without modifying glycolytic
capacity and reserve of melanoma cells (Figure 2A). On the other hand, Mito stress analysis indicates
that OLEO does not modify the respiration of melanoma cells.
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To add information on OLEO-driven glycolysis inhibition, we exploited the Seahorse Bioanalyzer
XF96 to check the metabolism of A375 melanoma cells exposed for 24 h to an equimolar concentration
of pure Oleuropein, and we found an equivalent reducing effect on the glycolysis rate (Figure 2B),
without any modification of respiration of these cells.

Further, to sustain the inhibitory role on the glycolytic metabolism of melanoma cells by OLEO,
we tested its glycolysis inhibitory effect on a metastatic clone of A375 melanoma cells, called A375-M6,
isolated from the lung of immunodeficient animals. In line with the previous results, we observed
that OLEO exerts the same inhibitory effect on glycolysis of these metastatic cells, as showed in the
glycostress analysis (Figure 2C). Overall, OLEO is able to repress the aerobic glycolysis of primary and
metastatic melanoma cells.

Figure 2. Representative results of a glucose stress test of A375 melanoma cells treated with 200 μM
OLEO (A) or 200 μM Ole (B) for 24 h, and of A375-M6 melanoma cells treated with 200 μM OLEO for
24 h (C). Plots on the right represent glycolysis, glycolytic reserve and glycolytic capacity extracted
from glycolysis stress assay results obtained using the Seahorse Analyzer. Significance is indicated
with *.

Along with the dynamic investigation of metabolism expressed by A375 and A375-M6 melanoma
cells following OLEO treatment, we identified a series of glycolytic biomarkers down regulated by our
nutraceutical product. Testing both mRNA and protein levels, we observed that glucose transporter
isoform 1 (GLUT1), pyruvate kinase isozymes M2 (PKM2) and monocarboxylate transporter 4 (MCT4)
of OLEO-treated A375 melanoma cells are reduced by a 50% compared to control (i.e., untreated
melanoma cells) (Figure 3). To underline the importance of these three key glycolytic biomarkers
inhibited by OLEO: (1) GLUT1 is the major glucose transporter in cancer cells; (2) PKM2 is a modulator
of glucose metabolism sustaining building block generation needed for cell proliferation; (3) MCT4
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exports lactate and protons produced by glycolysis, preventing the inhibition of glycolytic enzymes
such as phosphofructokinase activity, that is reduced by intracellular acidification.

Figure 3. Change in metabolic markers of A375 melanoma cells treated with OLEO 200 μM for 24 h.
(A) Evaluation by quantitative real-time PCR of genes involved in metabolism; (B) Representative
Western blot panels of PKM2, GLUT1 and MCT4 protein levels. Each band in the Western blot was
quantified by densitometric analysis and the corresponding histogram was constructed by normalizing
the density of each band to that of β-tubulin. Values presented are means ± SEM of three independent
experiments. Significance is indicated with *.

To extend our investigation on OLEO metabolic inhibition in cancer cells, we also tested HCT116
(a human colorectal carcinoma cell line), MDA-MB-231 (an undifferentiated triple-negative breast
cancer cell line) and K562 cells (a chronic myeloid leukemia cell line) through the Seahorse Bioanalyzer
XF96. OLEO does not modify substantially number and viability of colorectal, breast and leukemia
cancer cells (Figure 4A,C,E), but was effective in reducing glycolysis rate of all these type of cancer
cells; a higher dose of OLEO was needed to inhibit glycolysis of K562 cells. Overall, these results
demonstrate a metabolic inhibitory activity of OLEO on a wide array of cancer histotypes, including
that of malignant cells of a clonal disorder of hematopoietic stem cells (Figure 4B,D,F).
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Figure 4. Effect of OLEO on glycolytic metabolism of breast cancer, colon carcinoma and myeloid
leukemia cells. Cell number (A,C,E) and representative results of a glucose stress test of MDA-MB-231
(B), HCT116 (D), and K562 (F) cells, treated with 200 or 400 μM OLEO for 48 h. Plots on the right
represent glycolysis, glycolytic reserve and glycolytic capacity extracted from glycolysis stress assay
results obtained using the Seahorse Analyzer. Significance is indicated with *.

3. Discussion

It is well known that cancer cells, compared to normal tissues, are characterized by a high rate of
glycolytic metabolism. They indeed prefer to use glycolysis even in the presence of enough oxygen
to sustain the oxidative phosphorylation (the so-called “Warburg effect” or aerobic glycolysis, to
be distinguished from the anaerobic glycolysis exploited under hypoxic conditions). The higher
glycolytic rate of cancer cells ensures them an adequate amount of energy and an ample availability of
intermediate macromolecules useful to sustain a rapid cell proliferation and tumor mass expansion [3].
Nowadays, the deregulated metabolism is considered a hallmark of cancer and the identification of new
compounds able to modulate tumor metabolism is under intense investigation. For this reason, natural
agents can be a great importance, in particular because they demonstrated to interfere with most of the
activities of cancer cells, at the same time showing, very low toxic effects on normal cells [11,18,30]. To
sum up, several authors have underlined how plant-derived natural products interfere with tumor
metabolism [22].
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Here we show that OLEO is able to exert a significant inhibitory effect on cancer cell glycolysis. In
particular, by a dynamic evaluation of cancer cell metabolism through the Seahorse Bioanalyzer XF96
platform, we observed that OLEO reduces the glycolytic rate of primary and metastatic melanoma
cells, but also of colorectal, breast and chronic myeloid leukemia cancer cells. In line with our results,
Sharma and colleagues showed that morin and/or esculetin impaired glycolysis and glutaminolysis
preventing colon carcinogenesis [31]. Moreover, Gomez de Cedron and colleagues identified a new
series of polyphenols characterized by a galloyl based “head” and a hydrophobic N-acyl “tail”, able to
inhibit glycolysis and mitochondrial respiration in colon cancer cells [32].

We observed that the glycolytic reduction exerted by our OLEO in melanoma cells is associated
with a decreased GLUT1 expression, at both the mRNA and protein levels. GLUT1 is an important
target in cancer treatment, being over-expressed by a wide range of tumor cells. Cancer cells may
indeed take great advantages of the GLUT1 rapid response and its high affinity for glucose, in order to
overcome the several stress conditions encountered in the host microenvironment and continue the
progression towards malignancy. The KM value of GLUT1 for glucose is near 1 mM, a significantly less
amount compared to the normal glucose level found in serum, allowing a relentless glucose transport
into the cells. Of interest, GLUT1 represents the predominant glucose transporter isoform of fetus
tissues, which exhibit a higher growth rate than adult ones, at comparable levels to those observed in
tumor cells, requiring an increased supply of energy-producing substrates [32]. After birth, GLUT1
expression levels decrease and, even though the reasons behind its decline are not yet clear, it could
occur a possible switch form a carbohydrate to a fat source of fuel that may induce this change in some
organs [33]. For all these reasons, the development of new clinical strategies involving natural GLUT1
inhibitors such as OLEO, in combination with conventional anticancer agents, deserves the attention of
the scientific community, sounding as promising combined therapeutic strategy, as recently reported
for other natural compounds [34,35].

Along with GLUT1, we showed that OLEO is also able to down regulate PKM2, one of the four
pyruvate kinase isoforms which is highly expressed in rapidly proliferating tissues including cancer.
This metabolic enzyme is regulated by oncogenic tyrosine kinases which usually lead to an increase
glycolytic rate in tumor cells. Despite, tyrosine phosphorylation of glycolytic enzymes usually increases
the activities of a majority of glycolytic enzymes, the tyrosine phosphorylation of PKM2 paradoxically
results in a decreased PKM2 activity that in turn promotes the Warburg effect [36]. It is possible that the
OLEO-driven PKM2 reduction may reduce its glycolytic promotion [37]. PKM2 overexpression was
observed in melanoma human samples compared to naevi, showing a gradient of increased expression
from radial growth phase to metastatic melanoma. Furthermore, recent studies have shown that
PKM2 is also able to act as a protein kinase using phosphoenolpyruvate as a substrate to promote
tumorigenesis [36]. Then, Zhang and colleagues found that miR-625-5p regulates PKM2 expression at
both mRNA and protein levels in melanoma cells, disclosing a miR/PKM2 role in glucose metabolism
of melanoma cells [38]. PKM2 expression has been shown to be also reduced by other natural products
such as resveratrol and curcumin. In particular, resveratrol inhibits aerobic glycolysis and PKM2
enzyme in HeLa (human cervical cancer), HepG2 (human liver cancer) and MCF-7 (human breast
cancer) cancer cells through the inhibition of mTOR signaling [39]. Resveratrol was also demonstrated
to impair hexokinase-2 enzyme in human non-small cell lung cancer cells inhibiting Akt signaling
pathway [40], and pyruvate dehydrogenase complex in colon cancer cells [41]. Curcumin, a further
well-known phytopolyphenolic compound, has been shown to decrease glucose uptake and lactate
production in several cancer cells (lung, breast, cervical, prostate and embryonic kidney cancer cell
lines) down-regulating PKM2 expression, interfering with the mTOR-HIF-1α axis [42].

MCT4 is the other glycolytic marker that we found to be inhibited by OLEO in melanoma cells.
This monocarboxylate transporter acquires a key role in the metabolic activity of glycolytic cells through
the proton-coupled transport of monocarboxylates, such as L-lactate, ketone bodies and pyruvate. An
immunohistochemical study of the expression of MCT4 in 356 melanoma-bearing patients revealed
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that this glycolytic marker is significantly increased in metastatic lesions and associated with a poor
prognosis [43].

To conclude, in this study we demonstrated that OLEO is able to reduce the high glycolytic activity
of various solid tumors, like melanoma, colorectal and breast cancer, but also of chronic myeloid
leukemia cells, suggesting a possible usage of this natural product in combination with conventional
therapy for a wide range of malignancy.

4. Materials and Methods

4.1. Olive Leaf Extract’s Preparation and Toxicity

The OLEO used to treat normal and cancer cells was prepared and characterized as previously
described ([26], see Figures S3 and S4). Olea europaea L. (cultivar Leccino), organic green leaves, were
collected in April 2018 in Tuscany (Vinci, Florence, Italy) and immediately processed. The extraction
using 15% of Olea leaves (45 g leaves/300 g double-distilled and purified water), was performed in
water at a temperature of 50 ◦C for 60 min and at room temperature over the night (12 h) [44]. The
final powder is obtained by lyophilization with a LYOVAC GT 2 system (Leybold GmbH, Cologne,
Germany), freeze-drying yield 1.85%. The identity of the phenolic compounds of Olea dry extract
powder and the composition of the solution used for the test in vitro, enriched in oleuropein, was
ascertained using data from the HPLC/DAD and HPLC/mass spectrometry analyses, in accordance
with a previous paper [45].

All the solvents (HPLC grade) and formic acid (ACS reagent) were purchased from Aldrich
Chemical Company Inc. (Milwaukee, WI, USA). Tyrosol, luteolin 7-O-glucoside, chlorogenic and
Ole were obtained from Extrasynthese S.A. (Genay, France). The HPLC-grade water was obtained
via double-distillation and purification with a Labconco Water Pro PS polishing station (Labconco
Corporation, Kansas City, MO, USA).

The OLEO used in our study has been tested in a sub-acute test of toxicity (7 days) on female F344
rats fed a diet containing 2.7 g of extract/kg of diet (corresponding to a dosage of 100 mg of extract/kg
of b.w.) without inducing any change of body weight.

This lack of toxicity is in agreement with a recent study of Guex et al., which showed that an olive
leaf extract, in vivo tested up to 2000 mg/kg, had no toxic or unwanted effects on rats [46]. Moreover,
Sepporta et al. [47]’s paper demonstrated absence of toxicity in mice administered 125 mg of Ole/kg
(b.w.). The standard dose of Ole used in vivo animal model, from 10 to 125 mg/kg, did not induce
toxic effects, evaluated in terms of viability of the animals [48] or liver biomarkers, such as alanine and
aspartate aminotransferase activities [49].

4.2. Cell Lines and Culture Conditions

In this study we used A375 human melanoma cell lines, obtained from American Type Culture
Collection (ATCC, Rockville, MD, USA), A375M6, isolated in our laboratory from lung metastasis
of SCID bg/bg mice i.v. injected with A375 [5]; human colorectal carcinoma cell line HT116, a kind
gift of Dr. Matteo Lulli (Department of Clinical and Experimental Biomedical Sciences, University of
Florence, Italy); human breast carcinoma cells MDA-MB-231, obtained from American Type Culture
Collection (ATCC); human leukemia cells K562, a kind gift of Prof. Persio Dello Sbarba (Department
of Clinical and Experimental Biomedical Sciences, University of Florence) and human mesenchymal
stem cells (MSC) obtained from bone marrow aspirates of donors which signed informed consent [50].
A375, A375M6, HCT116 and MDA-MB-231 were cultured in Dulbecco’s Modified Eagle Medium
high glucose (DMEM 4500, EuroClone, Milan, Italy) supplemented with 10% fetal bovine serum (FBS,
EuroClone); K562 were cultured in Roswell Park Memorial Institute 1640 medium (RPMI, EuroClone)
supplemented with 10% FBS; MSC were expanded in Dulbecco’s modified Eagle’s medium with low
glucose (DMEM 1000; Gibco, Life Technologies, Monza, Italy) supplemented with 20% FBS. Cells
were maintained at 37 ◦C in humidified atmosphere containing 90% air and 10% CO2 and they were
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harvested from subconfluent cultures by incubation with a trypsin-EDTA solution (EuroClone), and
propagated every three days. Viability of the cells was determined by trypan blue exclusion test.
Cultures were periodically monitored for mycoplasma contamination using Chen’s fluorochrome test.
Cells were treated with OLEO for 24–72 h.

4.3. MTT Assay

Cell viability was assessed using MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide) tetrazolium reduction assay (Sigma Aldrich, Milan, Italy) as described in [26]. Cells were
plated into 96-multiwell plates in complete medium without red phenol. The treatment was added to
the medium colture at different dose and times, according to the experiment. Then the MTT reagent
was added to the medium and plates were incubated at 37 ◦C. After 2 h, MTT was removed and
the blue MTT–formazan product was solubilized with dimethyl sulfoxide (DMSO, Sigma Aldrich).
The absorbance of the formazan solution was read at 595 nm using the microplate reader (Bio-Rad,
Milan, Italy).

4.4. Cell Cycle Analysis

Cell cycle distribution was analyzed by the DNA content using propidium iodide (PI) staining
method. Cells were centrifugated and stained with a mixture of 50 μg/mL PI (Sigma-Aldrich, St. Louis,
MO, USA), 0.1% trisodium citrate and 0.1% NP40 (or triton x-100) in the dark at 4◦C for 30 min. The
stained cells were analyzed by flow cytometry (BD-FACS Canto, BD-Biosciences, San Jose, CA, USA)
using red propidium-DNA fluorescence as previously described [5].

4.5. Wound Healing Assay

Cell migration was evaluated by an in vitro wound healing assay as previously described [6].
Cells were treated for 24 h with the extract, then cells have been detached and sown in 35 mm dishes at
high confluence; cell monolayer was wounded with a sterile 200 mL pipette tip, washed with PBS
and incubated in 1% FBS culture medium. Wound was analyzed following a 24-h incubation and
photographed using phase contrast microscopy.

4.6. Seahorse Analysis

Seahorse analysis has been performed as previously described [51]. The extracellular acidification
rate (ECAR) and the Oxygen Consumption Rate (OCR) were determined using the Seahorse XF96
Extracellular Flux Analyzer (Seahorse Bioscience, Billerica, MA, USA) through Seahorse XF Glycolysis
Stress Test Kit (Agilent Technologies, Santa Clara, CA, USA), measuring preferentially the glycolytic
function in cells, or Seahorse XF Mito Stress Test Kit (Agilent Technologies), measuring the dependence
of cells on the oxidative metabolism. Cells were counted and seeded in XF96 Seahorse® microplates
precoated with poly-D-lysine (ThermoFisher Scientific, Waltham, MA, USA). Cells were suspended in
XF Assay Medium supplemented with 1 mM glutamine (from EuroClone, Paington, UK) in order to
assess ECAR, in XF Assay Medium supplemented with 2 mM glutamine in order to assess OCR. Cells
were left to adhere for a minimum of 30 min at 37 ◦C. The plate was left to equilibrate in a CO2-free
incubator before being transferred to the Seahorse XF96 analyzer. The pre-hydrated cartridge was filled
with the indicated compounds and calibrated for 30 min in the Seahorse Analyzer. All the experiments
were performed at 37 ◦C. Normalization to protein content was performed after each experiment. The
Seahorse XF Report Generator automatically calculated the parameters from Wave data that have been
exported to Excel or Graphpad.

4.7. RNA Isolation and Quantitative PCR (qPCR)

Total RNA was isolated from cells by using TRI Reagent (Sigma, Milan, Italy). The amount and
purity of RNA were determined spectrophotometrically. cDNAwas obtained by incubating 2 μg of total
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RNA with 4 U/μL of M-MLV reverse transcriptase (Promega, San Luis Obispo, CA, USA) according to
the manufacturer’s instructions. Quantitative real time PCR (qPCR) was performed as reported in [51]
using the GoTaq® Probe Systems (Promega). The qPCR analysis was carried out in triplicate using an
Applied Biosystems 7500 Sequence Detector with the default PCR setting: 40 cycles at 95 ◦C for 15 s,
60 ◦C for 60 s. mRNA was quantified with the DDCt method as described [52]. mRNA levels were
normalized to β2 microglobulin as an endogenous control. The primer sequences used are listed in
Table 1.

Table 1. Primer sequences for PCR.

Gene FW RV

MCT1 5’-GTGGCTCAGCTCCGTATTGT-3’ 5’-GAGCCGACCTAAAAGTGGTG-3’
MCT4 5’-CAGTTCGAGGTGCTCATGG-3’ 5’-ATGTAGAGGTGGGTCGCATC-3’
GLUT1 5’-CGGGCCAAGAGTGTGCTAAA-3’ 5’-TGACGATACCGGAGCCAATG-3’
GLUT3 5’-CGAACTTCCTAGTCGGATTG-3’ 5’-AGGAGGCACGACTTAGACAT-3’
LDHA 5’-AGCCCGATTCCGTTACCT-3’ 5′-CACCAGCAACATTCATTCCA-3′
PKM2 5’-CAGAGGCTGCCATCTACCAC-3’ 5’-CCAGACTTGGTGAGGACGAT-3’
PDK1 5’-CCAAGACCTCGTGTTGAGACC-3’ 5’-AATACAGCTTCAGGTCTCCTTGG-3’
HK2 5’- CAAAGTGACAGTGGGTGTGG-3’ 5’- GCCAGGTCCTTCACTGTCTC-3’
18s 5’-CGCCGCTAGAGGTGAAATTCT-3’ 5’-CGAACCTCCGA CTTTCGTTCT-3’

PDP2 5’-ACCACCTCCGTGTCTATTGG-3’ 5’-CCAGCGAGATGTCAGAATCC-3’
CytC 5’-TTGCACTTACACCGGTACTTAAGC-3’ 5’-ACGTCCCCACTCTCTAAGTCCAA-3
GLS1 5’-TGCTACCTGTCTCCATGGCTT-3’ 5’-CTTAGATGGCACCTCCTTTGG-3’

4.8. Western Blotting Analysis

Cells were lysed and separated using electrophoresis as previously described [5]. Cells were
washed with ice cold PBS containing 1 mM Na4VO3, and lysed in 100 mL of cell RIPA lysis buffer
(Merck Millipore, Vimodrone, Milan, Italy) containing PMSF (Sigma-Aldrich), sodium orthovanadate
(Sigma-Aldrich) and protease inhibitor cocktail (Calbiochem). Aliquots of supernatants containing
equal amounts of protein (40 mg) in Laemmli buffer were separated on Bolt® Bis-Tris Plus gels 4e12%
precast polyacrylamide gels (Life Technologies, Monza, Italy). Fractionated proteins were transferred
from the gel to a PVDF (polyvinylidene difluoride) membrane using iBlot 2 system (Life Technologies,
Monza, Italy). Blots were stained with Ponceau red to ensure equal loading and complete transfer
of proteins, and then they were blocked for 1 h, at room temperature, with Odyssey blocking buffer
(Dasit Science, Cornaredo, Milan, Italy). Subsequently, the membrane was probed at 4 ◦C overnight
with primary antibodies diluted in a solution of 1:1 Odyssey blocking buffer/T-PBS buffer. The primary
antibodies were: rabbit anti-PKM2 (1:1000, Cell Signaling Technology, Danvers, MA, USA), rabbit
anti-MCT-4 (1:1000, Santa Cruz Biotechnology, Santa Cruz, CA, USA), rabbit anti-GLUT1 (1:1000,
Cell Signaling Technology). The membrane was washed in T-PBS buffer, incubated for 1 h at room
temperature with goat anti-rabbit IgG Alexa Flour 750 antibody or with goat antimouse IgG Alexa
Fluor 680 antibody (Invitrogen, Monza, Italy), and then visualized by an Odyssey Infrared Imaging
System (LI-COR® Bioscience, Lincoln, NE, USA). Mouse anti-β tubulin monoclonal antibody (1:1000,
Cell Signaling Technology) was used to assess equal amount of protein loaded in each lane.

4.9. Statistical Analysis

Densitometric data are expressed as means ± standard errors of the mean (SEM) depicted by
vertical bars from representative experiment of at least three independent experiments. Statistical
analysis of the data was performed by ANOVA and Tukey’s multiple comparisons test, and p ≤ 0.05
was considered statistically significant.
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5. Conclusions

The rapid growth of cancer cells mainly depends on their high glycolytic metabolism. Indeed,
tumor cells, compared to normal tissues, prefer to exploit the glycolytic pathway even in the presence of
sufficient oxygen to sustain the oxidative phosphorylation. This is likely due to the fact that glycolysis
guarantees a rapid availability of metabolic intermediates, assuring not only sufficient energy for their
survival, but also an efficient production of nucleotides, amino acids and lipids needed to duplicate
cell content before mitosis. In this study we show that the natural product OLEO is able to reduce the
glycolytic rate of a wide range of solid and liquid tumor cells, without affecting their basal respiration
but rather down-regulating the expression of three key effectors of the glycolytic pathway, i.e., GLUT-1,
PKM2 and MCT4, likely resulting in a decreased glucose entrance and biomass production. Thus, the
inhibition of glycolysis by OLEO acquires a great significance for the targeting of cancer cell growth
and expansion. Our findings, together with previous evidence showing the anti-cancer effects exerted
by OLEO, pure Ole and analogs [23,53,54], reinforce the hypothesis to propose the use of these natural
compounds in combination with conventional therapy used in the treatment of cancer.

Supplementary Materials: The following are available online at http://www.mdpi.com/2072-6694/12/2/317/s1,
Figure S1: Cell growth of human MSC treated with OLEO 200 μM, Figure S2: Detailed information of protein
expression analysis by Western blot: (A) Original blot for the Figure 3B, (B) Densitometry and intensity ratio of
each band.
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Abstract: Olive oil contains different biologically active polyphenols, among which oleacein, the
most abundant secoiridoid, has recently emerged for its beneficial properties in various disease
contexts. By using in vitro models of human multiple myeloma (MM), we here investigated the
anti-tumor potential of oleacein and the underlying bio-molecular sequelae. Within a low micromolar
range, oleacein reduced the viability of MM primary samples and cell lines even in the presence
of bone marrow stromal cells (BMSCs), while sparing healthy peripheral blood mononuclear cells.
We also demonstrated that oleacein inhibited MM cell clonogenicity, prompted cell cycle blockade
and triggered apoptosis. We evaluated the epigenetic impact of oleacein on MM cells, and observed
dose-dependent accumulation of both acetylated histones and α-tubulin, along with down-regulation
of several class I/II histone deacetylases (HDACs) both at the mRNA and protein level, providing
evidence of the HDAC inhibitory activity of this compound; conversely, no effect on global DNA
methylation was found. Mechanistically, HDACs inhibition by oleacein was associated with
down-regulation of Sp1, the major transactivator of HDACs promoter, via Caspase 8 activation. Of
potential translational significance, oleacein synergistically enhanced the in vitro anti-MM activity of
the proteasome inhibitor carfilzomib. Altogether, these results indicate that oleacein is endowed with
HDAC inhibitory properties, which associate with significant anti-MM activity both as single agent
or in combination with carfilzomib. These findings may pave the way to novel potential anti-MM
epi-therapeutic approaches based on natural agents.

Keywords: experimental therapeutics; HDAC; multiple myeloma; oleacein

1. Introduction

Multiple myeloma (MM) is a clonal B cell malignancy characterized by the accumulation of
tumor plasma cells (PCs) in the bone marrow (BM), where different cell types establish a complex
microenvironment that supports survival, proliferation and drug-resistance of the malignant clone.
The last few years have witnessed a rapid development of drugs for the treatment of this malignancy,
leading to increased extent and frequency of response and to the improvement in median overall
survival of patients. However, despite such therapeutic advancements, MM eventually evolves into a
drug-resistant phase leading to patients’ death [1]. This finding has stimulated continuous investigation
on new therapeutic options, as single agents or in combination with established anti-MM drugs. In this
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regard, natural compounds have recently emerged as novel chemopreventive and/or therapeutic tools
able to target oncogenic pathways involved in the pathogenesis of human malignancies. Significant
anti-inflammatory, anti-oxidant and cytotoxic effects of natural agents have been demonstrated also
in MM, either by epidemiologic or animal studies, and even by clinical trials [2]. Several natural
compounds from various plants, fungi and marine organisms have been shown to target epigenetic
events underpinning tumorigenesis, such as DNA methylation, histone modifications (methylation,
acetylation and phosphorylation), and non-coding RNAs [3], known to be deeply dysregulated and
representing valuable therapeutic targets in MM [2].

Polyphenols are important constituents of several plants and vegetables, recognized as powerful
anti-oxidants endowed with anti-inflammatory, antimicrobial and antitumor activities [4]. Indeed,
a major source of polyphenols is represented by extra virgin olive oil (EVOO), whose polyphenolic
fraction includes simple phenols (tyrosol and hydroxytyrosol), secoiridoids (oleuropein, oleocanthal
and oleacein), and lignans. EVOO-derived secoiridoids, characterized by the presence of elenoic
acid or its derivatives in their molecular structure, have been shown to prevent obesity, osteoporosis,
and neurodegeneration. Oleocanthal has shown anti-tumor activity in different types of tumors,
including MM, hepatocellular carcinoma, breast, prostate, pancreatic cancers and melanoma [5–9].
The most abundant secoiridoid of EVOO is the dialdehydic form of elenolic acid conjugated
with 3,4-(dihydroxyphenyl)ethanol (3,4-DHPEA-EDA), also known as oleacein, whose anti-oxidant,
anti-inflammatory, and anti-microbial properties have recently emerged [10], while its effects on tumor
biology are still poorly defined.

We here aimed to investigate the anti-tumor potential of oleacein against MM. Our results highlight
a previously unknown epigenetic impact of oleacein on MM cells, with potential implications for the
management of MM and possibly other malignancies.

2. Results

2.1. Inhibitory Effects of Oleacein on MM Cell Viability and Survival

Oleacein, whose chemical structure is reported in Figure 1A, was obtained by a green semi-synthetic
modification of oleuropein as previously reported [11]. By using a panel of eight different MM cell
lines carrying the major cytogenetic aberrations of MM, we sought to analyze the impact of oleacein on
cell viability. MM cells were exposed to increasing doses of oleacein, and cell viability was assessed by
Cell Titer Glo (CTG) assay. Noteworthy, a dose-dependent inhibition of cell viability was observed 48 h
after oleacein treatment, with IC50s ranging from 5.0 to 20.0 μM (Figure 1B); conversely, oleacein did
not affect the viability of PBMCs from healthy donors (Figure 1C), suggesting a favorable therapeutic
index. We next evaluated the effects of oleacein on MM cells in the presence of the BM milieu, which is
known to trigger drug-resistance [1]. Importantly, the inhibitory effect of oleacein was maintained even
when MM cell lines, or primary CD138+ cells purified from MM patients, were cultured in the presence
of HS-5 stromal cells, thus suggesting that oleacein can overcome BM microenvironment-mediated
pro-survival effects (Figure 1D). In addition, oleacein drastically suppressed the clonogenicity of MM
cells in methylcellulose cultures (Figure 1E). Collectively, these data unveil an inhibitory activity of
oleacein on MM cell viability and survival.
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Figure 1. Effects of oleacein on multiple myeloma (MM) cell survival. (A) Chemical structure of
oleacein. (B) Cell viability of MM cell lines as determined by Cell Titer Glo (CTG) assay 48 h after
treatment with increasing doses of oleacein or vehicle (DMSO). (C) CTG assay performed on peripheral
blood mononuclear cells (PBMCs) from three different healthy donors treated with oleacein for 48 h.
(D) CTG assay in MM cell lines and primary CD138+ cells from three MM patients (MM pt#1, #2 and#3)
co-cultured on HS-5 stromal cells and treated for 48 h with 5.0μM oleacein. (E) Colony formation assay
performed on MM cell lines treated for 14 days with oleacein; representative pictures of JJN3 colonies at
day 14 are shown in the right panel (5×magnification). * p < 0.05 as compared to vehicle-treated cells.

2.2. Oleacein Triggers Cell Cycle Arrest and Apoptosis

To unravel the biological sequelae of oleacein in MM, we first analyzed by flow cytometry the cell
cycle profile of oleacein-treated cells after propidium iodide staining. As shown in Figure 2A, oleacein
increased the percentage of hypodiploid cells (sub-G0 phase), and also induced the accumulation
of cells in the G0/G1 phase; WB analysis showed a dose-dependent increase of cell cycle inhibitors
p27KIP1 and p21CIP1 protein expression (Figure 2B), strengthening the capability of oleacein to trigger
cell cycle blockade.

In order to confirm apoptosis induction, we performed Annexin V/7-AAD staining on MM cell
lines after oleacein treatment. We found an increase in late apoptotic events, which ranged from 20 to
30% after treatment with oleacein 5.0 and 10.0 μM, respectively (Figure 2C); the increase in cleaved
PARP1, caspase-3 and caspase-8 on oleacein-treated MM cell lines, as shown by Western Blot (WB),
further confirmed apoptosis induction (Figure 2D); no activation of caspase-7 and -9 was observed
(Supplementary Figure S1), thus indicating that oleacein predominantly activates the extrinsic apoptotic
pathway. These results therefore indicate that oleacein may elicit anti-MM activity through modulation
of cell cycle and apoptosis.
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Figure 2. Oleacein triggers cell cycle blockade and apoptosis. (A) Cell cycle analysis was performed on
NCI-H929 cells by PI staining, 24 h after treatment with oleacein or vehicle (DMSO). (B)Western Blot
(WB) analysis of p27KIP1 and p21CIP1 in whole cell lysates from MM cells after treatment with oleacein
for 24 h; actin was used as loading control. (C) Annexin V/7-AAD staining of MM cells after treatment
with oleacein for 48 h; a representative experiment on NCI-H929 cells is shown on the left side. (D) WB
of PARP1, cleaved caspase-3 and cleaved caspase-8 in NCI-H929 and JJN3 cell lines after 24 h of oleacein
treatment; GAPDH was used as loading control. * p < 0.05 as compared to vehicle-treated cells.

2.3. HDAC Inhibitory Activity of Oleacein in MM

Aberrant epigenetic patterns are common in MM, where they are frequently associated with disease
onset and/or progression to advanced stages [12–14]. A large body of literature has highlighted the
capability of several natural compounds to revert the altered epigenome of MM cells by counteracting
key oncogenic epigenetic regulators [2]. On this basis, we investigated the epigenetic impact of oleacein
on MM cells, by analyzing its effects both on global DNA methylation (GDM) and histone acetylation,
the two major epigenetic mechanisms dysregulated in MM. Oleacein did not significantly modify the
whole content of methylated cytosines in DNA from NCI-H929 and JJN3 cell lines (Figure 3A); in line
with the latter finding, no significant changes in mRNA or protein levels of DNA methyltransferases
(DNMT1, DNMT3A and DNMT3B) were observed upon oleacein treatment, as shown by QRT-PCR
(Figure 3B) and WB analyses (Figure 3C). Conversely, oleacein induced a significant increase in
acetylated histone H3, histone H4 (Figure 3D) and α-tubulin (Figure 3E). Collectively, these findings
suggest that oleacein is able to modulate the acetylome of MM cells.
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Figure 3. Oleacein affects the acetylome but not the methylome of MM cells. (A) Global DNA
methylation was measured in MM cells treated for 24 h with oleacein, as reported in materials and
methods. Quantitative Real Time PCR (QRT-PCR) (B) and WB analysis (C) of DNMT1, DNMT3A and
DNMT3B in JJN3 cells treated for 24 h with oleacein; GAPDH was used as loading control. WB analysis
of acetylated histone H3, histone H3, acetylated histone H4, histone H4 (D) and acetylated α-tubulin
(E) in NCI-H929 and JJN3 cells treated with oleacein for 24 h; GAPDH was used as loading control.

Aberrant expression and/or activity of HDACs drive malignant transformation of tumor cells,
thus making HDACs valuable therapeutic targets in MM [13,15]. We analyzed, in oleacein-treated JJN3
cells, the mRNA and protein expression of HDACs with established oncogenic role in MM. Intriguingly,
oleacein induced down-regulation of several class I/II HDACs, namely HDAC1/2/3/4/6, both at mRNA
(Figure 4A) and protein level (Figure 4B); moreover, biochemical fractionation experiments indicated
that oleacein reduced both the nuclear and the cytoplasmic fraction of class II HDAC4 and HDAC6,
which are known to shuttle between the nucleus and the cytoplasm (Figure 4C). To understand whether
oleacein could act as a canonic HDAC inhibitor, we carried out an in vitro HDAC activity assay using
JJN3 nuclear extracts. Incubation with oleacein did not induce any change in the HDAC activity
recovered from nuclear extracts, differently from trichostatin A (TSA) or SAHA (Supplementary
Figure S2), that were used as positive controls. This finding suggests that the impact of oleacein on
the acetylome of MM cells does not occur via enzymatic HDAC inhibition. We therefore explored
additional mechanisms accounting for oleacein effects on HDACs, and hypothesized that oleacein
could transcriptionally regulate HDACs via Sp1. In fact, Sp1, a ubiquitous transcription factor endowed
with oncogenic activity in hematologic and solid malignancies [12,13,16,17], was proven to act as a
transcriptional activator of HDACs [18]. Interestingly, oleacein treatment induced down-regulation of
Sp1 (Figure 4D), and this effect occurred in a caspase 8-dependent fashion, since it was abrogated by
Z-IETD-FMK, a selective caspase 8 inhibitor (Figure 4E). These results indicate that oleacein effects on
HDACs expression might be mediated by Sp1.

Sp1 is involved in negative feedback loops with miRNAs, like miR-29b [19–21] and miR-22 [22],
both acting as tumor suppressors in MM [23,24]. As expected, oleacein-induced Sp1 inhibition was
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paralleled by the upregulation of miR-29b and miR-22 (Supplementary Figure S3), thus strengthening
the role of Sp1 pathway’s inhibition in the anti-MM activity of oleacein.

Figure 4. Oleacein targets HDACs. QRT-PCR (A) and WB analysis (B) of HDAC1, HDAC2, HDAC3,
HDAC4, HDAC6 in JJN3 cells treated with oleacein for 24 h; GAPDH was used as loading control.
(C) WB analysis of HDAC4 and HDAC6 in nuclear (N) and cytoplasmic (C) protein fractions from JJN3
cells treated for 24 h with oleacein; histone H1 and GAPDH were used as nuclear and cytoplasmic
marker, respectively. (D) WB analysis of Sp1 in JJN3 cells treated with oleacein for 24 h. (E) WB analysis
of Sp1 in JJN3 cells treated with 5.0 μM oleacein with or without 20.0 μM Z-ITED-FMK; GAPDH was
used as loading control. * p < 0.05 as compared to vehicle-treated cells.

2.4. Oleacein Enhances the Anti-MM Activity of Carfilzomib

HDAC inhibitors (HDACi) are part of the therapeutic armamentarium against MM, and clinical
studies have shown promising therapeutic activity of pan- or selective-HDACi when used within
combination regimens [13]. On this basis, we investigated whether, similarly to pan-HDACi, oleacein
treatment could trigger synergistic anti-MM activity in combination with clinically-relevant proteasome
inhibitors. With this aim, NCI-H929 cells were treated with different concentrations of oleacein with
or without bortezomib or carfilzomib, and subsequently cell viability was analyzed by CTG; the
occurrence of synergism was assessed by Calcusyn. Interestingly, oleacein synergistically enhanced
the effects of carfilzomib (CI < 1.0) on the inhibition of cell viability (Figure 5A), while combination
with bortezomib was generally antagonistic (CI > 1.0; Supplementary Figure S4). Annexin V-7AAD
staining of NCI-H929-treated cells indicated a higher apoptotic rate when oleacein was combined with
carfilzomib, as compared to single agent treatment (Figure 5B). Accordingly, WB analysis showed
increased cleavage of caspase 3 and superior Sp1 downregulation upon oleacein plus carfilzomib
combination, thus confirming enhancement of apoptosis; moreover, oleacein plus carfilzomib enhanced
downregulation of HDAC2, HDAC3, HDAC4 and HDAC6, with respect to single-agent treatment,
which associated with increased histone H4 acetylation (Figure 5C). Collectively, these results indicate
that the combination of olecein with carfilzomib results in significant acetylome derangement and
apoptosis triggering of MM cells.
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Figure 5. Oleacein enhances the anti-MM activity of carfilzomib. (A) CTG assay was performed on
NCI-H929 cells treated with oleacein (2.5, 5.0 or 10.0 μM) and carfilzomib (0.1, 0.5 and 1.0 nM). Results
are expressed as percentage of the viability of vehicle-treated cells. The right panel reports values
of fraction affected (Fa) and combination indexes (CI) in a triplicate experiment, as calculated by the
Calcusyn software. (B) Annexin V/7-AAD staining of NCI-H929 cells after treatment with vehicle
(DMSO), 5.0 μM oleacein and 1.0 nM carfilzomib for 24 h; a representative FACS experiment is reported.
(C). WB analysis of pro-Caspase 3, cleaved caspase 3, SP1, HDAC2, HDAC3, HDAC4, HDAC6, and
acetylated histone H4 in NCI-H929 cells treated with carfilzomib (1.0 nM), oleacein (5.0 μM) or a
combination of the two; α-tubulin or GAPDH were used as loading controls.

3. Discussion

Naturally occurring compounds endowed with anti-tumor activity have been found in different
sources, such as vegetables, fruits, herbs and fermented products. These agents may act either
by preventing the onset of primary cancer, or by antagonizing the evolution of pre-malignant and
malignant lesions towards more aggressive stages. Noteworthy, experimental findings on a variety of
natural compounds, including curcumin, resveratrol, celastrol and many others, have demonstrated
significant advantages for the management of MM [2]. The molecular mechanisms underlying the
anti-tumor activity of such compounds are diverse and only partially understood, with inhibition of
oncogenic signal transduction pathways and modulation of the cellular epigenome being the most
well documented. Regarding the epigenetic-modulating effects, it has been demonstrated that several
natural agents, by targeting DNMTs [25], HDACs [26] or non-coding-RNAs [27], may revert aberrant
epigenetic patterns implicated in the pathogenesis of human neoplasias, including MM [2].

Polyphenols found in the EVOO, a major component of mediterranean diet, have demonstrated
to be protective against several diseases, including those of cardiovascular and metabolic origin [28].
The pro-active ingredient oleuropein and its derivative hydroxytyrosol have been widely studied,
demonstrating many beneficial effects, both in vitro and in vivo, in experimental preclinical
models [29]. Moreover, many studies have disclosed remarkable anti-tumor activity of oleuropein and
hydroxytyrosol against several types of cancers [30]. However, the amount of oleuropein in the EVOO
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is too low to fully explain the beneficial effects deriving from EVOO assumption with diet. In fact,
the endogenous β-glucosidase released during the olive oil extraction process hydrolyzes oleuropein,
generating a series of degradation products, all of which are less hydrophilic than the original natural
secoiridoids, and therefore more soluble in the oily matrix extracted from the drupes. Thus, EVOO is
scarce in oleuropein and much more abundant in its degradation product oleacein [31], thus making it
one of the most plausible effectors of the biological activity of EVOO [11,32].

Oleacein can be obtained by a simple and environmentally friendly method, starting
from the easily available natural oleuropein [11]. Recent preclinical studies have highlighted
anti-microbial [33], anti-inflammatory [34], and protective effects of oleacein against diet-dependent
metabolic alterations [35]; conversely, its anti-antitumor activity remains poorly characterized. We
here provided the first evidence of the anti-tumor activity of oleacein against MM cells: importantly,
oleacein triggered cell cycle arrest and apoptosis and reduced clonogenicity, without exerting any
toxic effect on healthy PBMCs, thus suggesting a favorable therapeutic index of this agent. Moreover,
oleacein cytotoxic effects were also observed against primary MM cells co-cultured with BM-derived
stromal cells, demonstrating the capability of oleacein to overcome BM microenvironment-dependent
drug resistance.

We sought to shed light on the molecular mechanisms underlying oleacein anti-tumor activity in
MM. To this aim, we focused on epigenetic mechanisms, known to be a major target of several natural
agents, and whose dysregulation has been largely implicated in the pathogenesis of MM [14]. Indeed,
aberrant expression of effectors of the epigenetic machinery, including DNMTs [36], HDACs [13],
polycomb genes [37,38] and non-coding RNAs [39,40], has been reported in MM and has been harnessed
in the context of novel anti-tumor strategies [41].

Collectively, our data indicate a strong increase in acetylation of histones and of α-acetyl-tubulin
upon oleacein treatment, while no effect on GDM could be observed. This finding highlights a novel
HDAC inhibitory activity of oleacein in MM. We attempted to characterize the mechanisms underlying
such HDAC inhibitory effects, and found out that oleacein could transcriptionally inhibit HDACs
expression likely via targeting of Sp1, a known transactivator of HDACs’ promoter. Since previous
findings indicated that bortezomib-evoked transcriptional repression of HDACs by Sp1 occurs in a
caspase 8-dependent fashion [18], we investigated whether oleacein effect on Sp1 could be similarly
mediated by caspase 8. In agreement with this hypothesis, oleacein-induced Sp1 down-regulation was
abrogated by the caspase 8 inhibitor Z-IETD-FMK.

Dysregulated transcription factors may drive down-regulation of tumor suppressor miRNAs
in MM [12,40,42]. By establishing molecular feedback loops, Sp1, a pleiotropic transcription factor
endowed with oncogenic activity in human malignancies [17], was shown to negatively affect the
expression of miRNAs [40]. We have previously reported that miRNA dysregulation features
prominently in the pathobiology of MM, with certain miRNAs, such as miR-125a-5p [43], miR-21 [44],
miR-221 [45] and miR-17-92 cluster [46], highly expressed in MM and acting as oncogenes, while others
such as miR-29b [20], miR-22 [24] and miR-125b [47], behave as tumor suppressors.

Consistent with inhibition of Sp1, oleacein triggered upregulation of tumor suppressive miRNAs,
namely miR-29b [20] and miR-22 [24], which are known to be negatively regulated by this transcription
factor [19,22]. These findings underscore the ability of oleacein to trigger a tumor suppressive miRNA
network likely contributing to its cytotoxicity against MM cells.

Non-selective HDAC inhibitors, such as romidepsin, vorinostat and panobinostat, have shown
a remarkable anti-MM effect in preclinical and clinical studies, with significant efficacy, along with
reduced side effects, when given within combination regimens [13]; amongst pan-HDACi, panobinostat
has been approved by FDA for MM treatment [48]. Having demonstrated its pan-HDAC inhibitory
activity, and taking into account the promising clinical data which emerged from MM patients treated
with proteasome inhibitors and pan-HDACi combination therapies, we also explored whether oleacein
could enhance the anti-tumor activity of bortezomib or carfilzomib. Notably, when combined with
carfilzomib, oleacein synergistically enhanced its in vitro cytotoxicity, with superior Sp1 and HDACs

104



Cancers 2019, 11, 990

down-regulation and a resultant increase in apoptosis of MM cells. A follow-up investigation is
planned to evaluate the anti-tumor effect of oleacein-based treatments in the context of validated
in vivo preclinical models of human MM.

4. Materials and Methods

4.1. Chemicals

A green semi-synthetic procedure was carried out to purify oleacein from Coratina cultivar olive
leaves of Olea Europaea L. as reported; in detail, oleacein was directly extracted from a water solution
of oleuropein in the presence of NaCl under microwave assistance at 180 ◦C; the crude extract was
purified by flash chromatography on silica gel (eluent mixture: CHCl3/MeOH 95:5 v/v) [49]. The purity
was determined by RP-HPLC, HRMS-ESI, 1H-and 13C-NMR, as previously reported [11]. Bortezomib
and carfilzomib were purchased from Selleckchem (Houston, TX, USA) as DMSO stock-solutions.

4.2. Cell Cultures

MM cell lines NCI-H929, RPMI-8226, U266, MM1s and JJN3 were purchased from DSMZ, which
certified authentication performed by short tandem repeat DNA typing; the bone marrow stromal cell
line HS-5 was purchased from the American Type Culture Collection (Rockville, MD, USA); AMO-1
and AMO-BZB cells were kindly provided by Dr. C. Driessen (University of Tubingen, Tubingen,
Germany). The most relevant characteristics of the MM cell lines used are reported in Supplementary
Table S1. All these cell lines were immediately frozen and used from the original stock within 6 months.
Human MM cell lines were cultured in RPMI-1640 media containing 10% FBS, 2 μmol/L glutamine,
100 U/mL penicillin, and 100 μg/mL streptomycin (GIBCO; Life Technologies, Carlsbad, CA, USA) and
tested for mycoplasma contamination. Peripheral blood mononuclear cells (PBMCs) and CD138+ cells
from BM of MM patients were isolated by Ficoll-hypaque (Lonza Group, Basel, Switzerland), followed
by anti-CD138 microbeads (Miltenyi Biotec, Bergish Gladbach, Germany) selection, in accordance with
the Declaration of Helsinki following informed consent and Institutional Review Board (University of
Catanzaro, Catanzaro, Italy) approval, as previously reported (institutional approval: n.120/2015) [50];
the purity of immunoselected cells was assessed by flow cytometry using a phycoerythrin-conjugated
CD138 monoclonal antibody (BD Pharmingen, San Jose, CA, USA; clone DL-101) and was higher than
95%. In co-culture experiments, primary CD138+ MM cells (2.5 × 105 cells) were plated in 24-well
plates, and left separated from HS-5 stromal cells (2.5 × 105 cells) growing adherent to the plate by a
transwell insert of 0.4 μm pore size (Corning, New York, NY, USA).

4.3. Cell Viability, Apoptosis and Cell Cycle Assay

Cell viability was evaluated by Cell Titer-Glo (CTG; Promega, Madison, Wisconsin, USA), as
previously reported [12]. For colony formation assay, 200 cells were plated in triplicate in 1 mL of
mixture composed of 1.1% methylcellulose (MethoCultTM STEMCELL Technologies, Cambridge, UK)
in RPMI-1640 + 10% FBS. Crystal violet-stained colonies were scored after 2 weeks under an inverted
microscope (Leica DM IL LED, Wetzlar, Germany) at 5×magnification using a grid. Apoptosis was
evaluated by flow cytometric (FACS) analysis following Annexin V-7AAD staining (BD Pharmingen,
San Jose, CA, USA). Drug interactions were assessed by CalcuSyn 2.0 software (Biosoft, Novosibirsk,
Russia), which is based on the Chou-Talalay method. When combination index (CI) = 1, this equation
represents the conservation isobologram and indicates additive effects; CI < 1 indicates synergism;
CI > 1 indicates antagonism. Cell cycle distribution was evaluated by FACS analysis on MM cells
previously treated with oleacein for 24 h, after staining with Propidium Iodide (PI). Cells were
collected, washed twice with phosphate-buffered saline (PBS) and fixed in cold 70% ethanol at −20
◦C. Before FACS analysis, cells were washed with PBS and stained in 50 μg/mL PI, 100 μg/mL RNase,
0.05% Nonidet P-40 for 1 h at room temperature in the dark. Cell cycle profiles were obtained using
Attune NxT Flow Cytometer (Thermo Fisher Scientific, Waltham, MA, USA).
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4.4. Western Blot and Antibodies

Whole cell protein extracts were prepared using NP40 lysis buffer containing Halt Protease
Inhibitor cocktail (Invitrogen, Thermo Scientific, Carlsbad, CA, USA), separated using 4–12% Novex
Bis-Tris SDS-acrylamide gels (Invitrogen), and electrotransferred on nitrocellulose membranes (Bio-Rad,
Hercules, CA, USA), as described [39]. Then, nitrocellulose membranes were blocked with milk and
probed over-night with primary antibodies at 4 ◦C; then membranes were washed three times in
PBS-Tween and incubated with a secondary antibody conjugated with horseradish peroxidase for
2 h at room temperature. Chemiluminescence was detected using SuperSignal West Pico PLUS
Chemiluminescent Substrate (Thermo Scientific). Western blot (WB) was performed using Cell
Signaling antibodies: PARP (#9532), -Caspase-8 (#9746), -Caspase-3 (#9665), AcH3-Lysin 8 (K9)
(#9649P), SP1 (#9389S), HDAC1 (#5356T), HDAC2 (#5113P), HDAC3 (3949P), HDAC4 (#7628S), HDAC6
(#7558P), histone H4 (#2935), histone H3 (#4499), α-tubulin (#2125). Ac-α tubulin (sc-23950), Ac-H4
Ser1/Lys 5/Lys8/Lys Lys 12 (sc-34263), Actin (sc-1616) and -GAPDH (sc-25778) were from Santa Cruz
Biotechnology (Dallas, TX, USA); Dnmt1 (ab 13537), Dnmt3a (ab 13888) and Dnmt3b (ab 2851) were
from abcam (Cambridge, UK). Densitometric analysis of blots was performed by LI-COR Image Studio
Digits Ver 5.0 (Bad Homburg, Germany), expressed as a relative protein unit after normalization with
appropriate housekeeping, and reported under each blot. Whole blots of all experiments presented in
this study are reported as Supplementary Figures S5–S9.

4.5. Reverse Transcription and Quantitative Real Time PCR (qRT-PCR)

Total RNA was extracted from cells using TRIzol® reagent (Gibco, Life Technologies, Carlsbad, CA,
USA), following the manufacturer’s instructions. The RNA quantity and quality were assessed through
NanoDrop®ND-1000 Spectrophotometer (Waltham, MA, USA). To evaluate transcript changes, 1000 ng
of total RNA was reverse-transcribed to cDNA using the “High Capacity cDNA Reverse Transcription
Kit” (Applied Biosystems, Carlsbad, CA, USA). The following single-tube TaqMan assays (Applied
Biosystems, Carlsbad, CA, USA) were used to detect and quantify genes using the Viia7 DX real
time PCR instrument (Life Technologies, Waltham, MA, USA): DNMT1 (Hs00154749_m1), DNMT3a
(Hs01027166_m1), DNMT3b (Hs00171876_m1), HDAC1 (Hs02621185_s1), HDAC2 (Hs00231032_m1),
HDAC3 (Hs00187320_m1), HDAC4 (Hs01041638_m1), HDAC6 (Hs00195869_m1), and GAPDH
(Hs02786624 g1). miRNA expression levels were determined by TaqMan RT-PCR, using the single-tube
TaqMan miRNA assays (hsa-miR-29b, assay ID 000413; hsa-miR-22, assay ID 000398, Applied
Biosystems) to quantify mature miRNAs, by the use of the StepOne Thermocycler (Thermo Fisher
Scientific, Waltham, MA, USA) and the sequence detection system, as previously reported [51]; miRNAs
expression levels were normalized on RNU44 (assay ID 001094). Comparative real-time polymerase
chain reaction (RT-PCR) was performed in triplicate.

4.6. HDAC Activity Assay

Nuclear extracts prepared using NE-PER Nuclear and Cytoplasmic Extraction Reagents kit
(Thermo Scientific, catalog #78833) were mixed with Oleacein or DMSO, and then HDAC activity
was determined according to the manufacturer’s instructions (BioVision, Zurich, Switzerland; catalog
#K331-100). Trichostatin A (TSA) and SAHA were used as positive controls.

4.7. Quantification of Global 5-Methylcytosine Levels

Global DNA methylation levels were determined by using 5-mC DNA ELISA kit (Zymo Research,
Irvine, CA, USA) as described [52]. Briefly, 100ng of genomic DNA, brought to final volume to 100 μL
with 5-mC coating buffer, was denatured at 98 ◦C for 5min, put in ice for 10’ and then coated on the
surface of the ELISA plate wells. After incubation at 37 ◦C for 1 h, the wells were washed thrice with
200 μL of 5-mC ELISA buffer and then incubated at 37 ◦C for 1 h with an antibody mix consisting of
anti-5-mC (1:2000) and secondary (1:1000) antibodies. Then, the antibody mix was removed from the
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wells through three consecutive washes with 200μL of 5-mC ELISA buffer. One-hundred microliters
of HRP developer was added to each well and incubated at room temperature for 1 h. Absorbance
at 405nm was measured using an ELISA plate reader. The percentage of 5-mC was calculated using
the second-order regression equation of the standard curve that was constructed by using mixtures
of the fully unmethylated and methylated control DNAs, provided by the manufacturer, to generate
standards of known 5-mC percentage (0, 5, 10, 25, 50, 75 and 100%).

4.8. Statistical Analysis

Each experiment was performed at least three times, and values were reported as mean± standard
deviation. Data were analyzed using Student’s t tests for two group comparisons or a one-way analysis
of variance (ANOVA) for multiple comparisons using the Graphpad software (GraphPad Software,
La Jolla, CA, USA). p-value < 0.05 was considered significant.

5. Conclusions

Our results indicate that oleacein, the most abundant EVOO secoiridoid, elicits significant
anti-tumor activity by promoting cell cycle arrest and apoptosis, either as a single agent or in
combination with the proteasome inhibitor carfilzomib. Moreover, our data highlight an epigenetic
impact of oleacein in MM, as demonstrated by the impairment of the MM acetylome, likely via
Sp1-dependent transcriptional inhibition of HDACs. Altogether, these findings provide the molecular
rationale for potential epi-therapeutic anti-MM strategies based on natural agents.
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compared to DMSO-treated cells, Figure S3: miR-29b and miR-22 expression levels were determined by qRT-PCR
in JJN3 cells treated for 24 h with oleacein; miRNA expression was normalized on RNU44, Figure S4: CTG assay
was performed on NCI-H929 cells treated with oleacein (2.5, 5.0 or 10.0 μM) and bortezomib (1.0, 2.0 and 5.0
nM). Results are expressed as percentage of the viability of vehicle-treated cells. The right panel reports values
of fraction affected (Fa) and combination indexes (CI) in a triplicate experiment, as calculated by the Calcusyn
software, Figure S5: whole blots for Figure 2, Figure S6: whole blots for Figure 3, Figure S7: whole blots for
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MM cell lines used in this study.
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Abstract: Although soy consumption is associated with breast cancer prevention, the low
bioavailability and the extensive metabolism of soy-active components limit their clinical application.
Here, the impact of daidzein (D) and its metabolites on estrogen-dependent anti-apoptotic pathway
has been evaluated in breast cancer cells. In estrogen receptor α-positive breast cancer cells treated
with D and its metabolites, single or in mixture, ERα activation and Neuroglobin (NGB) levels,
an anti-apoptotic estrogen/ERα-inducible protein, were evaluated. Moreover, the apoptotic cascade
activation, as well as the cell number after stimulation was assessed in the absence/presence of
paclitaxel to determine the compound effects on cell susceptibility to a chemotherapeutic agent.
Among the metabolites, only D-4′-sulfate maintains the anti-estrogenic effect of D, reducing the
NGB levels and rendering breast cancer cells more prone to the paclitaxel treatment, whereas other
metabolites showed estrogen mimetic effects, or even estrogen independent effects. Intriguingly,
the co-stimulation of D and gut metabolites strongly reduced D effects. The results highlight the
important and complex influence of metabolic transformation on isoflavones physiological effects
and demonstrate the need to take biotransformation into account when assessing the potential health
benefits of consumption of soy isoflavones in cancer.

Keywords: estrogen; estrogen receptor alpha; polyphenols; daidzein; daidzein metabolites; paclitaxel;
apoptosis; breast cancer cells

1. Introduction

Plant-derived polyphenols are naturally occurring nonsteroidal compounds that play important
roles in ecological functions such as pollinator attraction or protection from herbivores and UV
irradiation [1]. Due to their molecular structure and size, some of these molecules, including lignans,
flavonoids, and stilbenes, have a chemical structure that resembles that of human estrogens, in particular
to 17-β-estradiol (E2) [2]. Among other, isoflavones, a class of flavonoids ranked among the most
estrogenic compounds, bind to estrogen receptor subtypes (i.e., ERα and ERβ) [3,4] exerting estrogenic
and/or antiestrogenic effects [1]. For isoflavones, the key to their bioactivity in human and animals
seems to rely on their (anti)estrogenic activity. Indeed, due their antiestrogenic activities, isoflavone
enriched diets are associated with a lower incidence of a variety of estrogen-related cancers, including
breast, endometrial, and ovarian cancers [5,6].

The main dietary source of isoflavones in humans are soybean and soybean products, which contain
mainly daidzein (7,4′-dihydroxyisoflavone, D) and genistein (7, 4′-dihydroxy-6-methoxyisoflavone),
whose potential efficacy against breast cancer is well documented [7–12]. Although these data
are promising for the use of these compounds as anticancer therapeutic agents, the therapeutic
application of isoflavones is still limited, mainly due to their scarce bioavailability in human beings.
In particular, D is almost completely metabolized by the gut microbiota and liver, resulting in
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water-soluble metabolites (e.g., equol, d-sulfates, o-desmethylangolensin) [13]. Thus, not only D has a
low concentration and persistence in the bloodstream, even when consumed in high quantities, but also
its metabolites strongly overcome the concentrations of the precursor probably affecting D biological
activities [14–18]. Nowadays, the possibility that the metabolites may mimic the anti-carcinogenic
effect of D in endocrine-related cancers or may act as synergistic or antagonistic molecules of their
precursor is still unknown. Previously, the ability of D, metabolites, to modulate ERβ subtype
activities activating a pro-apoptotic cascade in HeLa cancer cells transfected with ERβ expression
vector, has been reported [19]. The possibility that a similar scenario could be found also in the
modulation of ERα-dependent activities important for breast cancer cell progression is intriguing.

Breast cancer is one of the most common fatal diseases in women. A considerably higher ERα/ERβ
ratio is reported in some breast cancer types, when compared to a healthy tissue, namely because
of a reduction in the ERβ level [20,21]. The 70% of breast cancers are ERα-positive, where this
subtype of receptor mediates E2-induced cancer cell survival and proliferation [22–25]. In particular,
we recently demonstrated that E2 stimulation rapidly enhances the ERα activity (Ser118 phosphorylation
and PI3K/AKT pathway activation) in breast cancer cells increasing the intracellular levels of an
anti-apoptotic globin, neuroglobin (NGB) [22]. E2-induced NGB upregulation in cancer cells represents
an inducible defense mechanism of E2-related human breast cancer rendering them insensitive
to several injury including chemotherapy [22,26,27]. Indeed, NGB displays a pivotal role in the
E2/ERα-induced anti-apoptotic pathway that abrogates the cell death induced by a chemotherapeutic
agent (paclitaxel, Pacl) [22]. Intriguingly, the stilbene Resveratrol decreases NGB levels interfering
with E2/ERα-induced NGB up-regulation potentiating Pacl pro-apoptotic effects [4]. In this study,
we investigated the potential interference of daidzein on this pathway and evaluated if its metabolites
produced mainly from gut microbiota (i.e., equol, Eq, and O-desmethylangolensin, O-DMA) and from
both liver and gut enzymes (D-4’-sulfate, D4S, D-7-sulfate, D7S, and D-4’,7-disulfate, DDS) mimic D
effect or may act as synergistic or antagonistic molecules. The ERα positive breast cancer cells, MCF-7
and T47D, have been used as the experimental models.

2. Results

2.1. Effect of D and Its Metabolites on NGB Levels in Breast Cancer Cells

NGB levels were evaluated in MCF-7 cells pre-treated for 24 h with different concentrations of
D (Figure 1a) and its metabolites ranging between 0.1 and 10 μM (Figure 1). E2 (10 nM, 24 h) was
used as positive control. Eq and O-DMA (Figure 1b) and D7S, D4S, and DDS (Figure 1c) were selected
as prototypes of the D metabolites mainly produced by gut microbiota and the liver, respectively.
The results clearly indicate that daidzein (1–10 μM) and D4S (0.1–1 μM) reduced the basal level of
NGB levels in MCF-7 cells. On the other hand, Eq, O-DMA, D7S, and DDS, like E2, increased the level
of NGB (Figure 1a,b). For the successive experiments, D and its mimetic sulphate metabolite (i.e., D4S)
were selected. In addition, Eq, one gut metabolite, was selected as negative control. All compounds
were used at 1 μM concentration in successive experiments.
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Figure 1. Effects of daidzein (a), equol and O-desmethylangolesin (b), daidzein-7-sulfate,
daidzein-4′-sulfate and daidzein-7,4′-disulfate (c) on neuroglobin intracellular levels. (a–c) Western
blot (top) and densitometric analyses (bottom) of NGB protein levels in MCF-7 cells treated for 24
h with the vehicle (DMSO), E2 (10 nM), D and its metabolites (0.1, 1.0, and 10 μM). The amount of
proteins was normalized by comparison with tubulin levels. Data are the mean ± SD of four different
experiments. p < 0.001 was determined with Student t test with respect to the vehicle (*) treated
samples. E2: estradiol; NGB: neuroglobin; DMSO: dimethyl sulfoxide; D: daidzein; Eq: equol; O-DMA:
O-desmethylangolesin; D7S: daidzein-7-sulfate; D4S: daidzein-4′-sulfate; DDS: daidzein-7,4′-disulfate.

The modulation of NGB levels by D, D4S, and Eq (1 μM, 24 h) was also confirmed in T47D cells
(Figure 2). Indeed, also in these ERα-positive cells, D and D4S significantly reduced the basal level of
NGB, whereas Eq, like E2, increased the globin level (Figure 2).

2.2. Mechanisms of D-, D4S-, and Eq Induced Modulation of NGB Levels

The involvement of ERα in the effects of D and its metabolites has been confirmed by pre-treating
MCF-7 cells with 100 nM of the ERα inhibitor Endoxifen (Endo) before compound stimulation. As shown
in Figure 3a, endoxifen pre-treatment completely impairs E2- and Eq-induced NGB up-regulation as
well as D- and D4S-induced NGB down-regulation, strongly corroborating the necessity of an active
ERα to modulate NGB levels. In particular, E2 rapidly down-regulates ERα levels maintaining high its
phosphorylation status (Figure 3b) while neither D nor its metabolites modify the receptor levels but
still increase ERα phosphorylation, although at lower level than E2 (Figure 3b). As expected, endoxifen
pre-treatment completely prevents the ERα activation by all compounds considered (Figure 3b).
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Figure 2. Effects of daidzein, daidzein-4′-sulfate and equol on neuroglobin intracellular levels in T47D
cells. Western blot (left) and densitometric analyses (right) of NGB protein levels in T47D cells treated
for 24 h with the vehicle (DMSO), E2 (10 nM), D (1 μM), D4S (1 μM), or Eq (1 μM). The amount of
proteins was normalized by comparison with tubulin levels. Data are the mean ± SD of three different
experiments. p < 0.001 was determined with Student t-test with respect to the vehicle (*) treated samples.
DMSO: dimethyl sulfoxide; E2: estradiol; NGB: neuroglobin; D: daidzein; D4S: daidzein-4′-sulfate;
Eq: equol.

ERα activation is the first step of a signal pathway triggered by E2 to enhance NGB levels.
The activation of AKT is necessary to rapidly impair NGB degradation and assure NGB gene
transcription via the CREBP transcription factor [28]. On the other hand, the ability of flavonoids
(i.e., naringenin) to trigger the ERα-dependent activation of p38 has been demonstrated [29]. These
evidences prompted us to evaluate if D and its metabolites trigger the activation of these kinases.
Figure 4 shows that, as expected, E2 elicits the rapid and persistent activation of AKT enhancing its
phosphorylation status in MCF-7 cells after both 1 h and 24 h of stimulation (Figure 4a,b). On the
other hand, the hormone rapidly activates p38 phosphorylation (Figure 4c), but 24 h after stimulation,
the phosphorylation status of p38 return similar to the control (Figure 4d). Completely different is the
effect of D and its metabolites. Indeed, both D and D4S do not activate AKT phosphorylation, but
these compounds, in particular D4S, trigger the rapid and persistent activation of p38 phosphorylation
(Figure 4c,d). Endoxifen pretreatment prevents the D and D4S effects as well as that of E2, although
1 h after D4S stimulation the ER inhibitor does not completely impede p38 activation (Figure 4c),
suggesting that an ERα-independent mechanism is at the root of the very high p38 phosphorylation
induced by this sulphate metabolite. Similarly, Eq stimulation of MCF-7 cells rapidly activates
AKT phosphorylation by an ERα-independent pathway, not prevented by endoxifen pre-treatment
(Figure 4a). However, the Eq-induced AKT activation is transient, and indeed the level of kinase
phosphorylation was similar to the control 24 h after Eq stimulation. Like D and D4S, Eq triggers the
rapid and persistent ERα-dependent p38 activation (Figure 4c,d). As a whole, these data strongly
sustain that daidzein does not share similar action mechanisms with all of its metabolites, at least 1 h
after treatment.
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Figure 3. Daidzein, daidzein-4′-sulfate and equol effect on ERα activation status. (a) Western blot (top)
and densitometric analyses (bottom) of NGB protein levels in MCF-7 cells treated for 24 h with either
vehicle (DMSO) or E2 (10 nM) or D, D4S and Eq (1 μM) in presence or absence of the ERα inhibitor
Endoxifen (1 μM; 30 min pretreatment). The amount of proteins was normalized by comparison with
tubulin levels. Data are the mean ± SD of three different experiments. p < 0.001 was determined
with Student’s t test with respect to the vehicle (*) or E2-treated (◦) samples. (b) ERα activation by
daidzein, daidzein-4′-sulfate and equol. The panel represents the ERαSer118 phosphorylation status
calculated as the ratio pERα/ERα). Determined by Western blot analysis in MCF-7 cells exposed for
1h to either vehicle (DMSO) or E2 (10 nM) or D, D4S and Eq (1 μM) in presence or absence of ERα
inhibitor Endoxifen (1 μM; 30 min pretreatment). The nitrocellulose was stripped and then probed
with anti-ERα antibody. The pERα/ERα ratio was calculated with respect to tubulin obtained by
densitometric analyses of three different experiments (mean ± SD). p < 0.001 was determined by Student
t test with respect to vehicle (*), E2-treated (◦) or Endox-untreated samples (#). DMSO: dimethyl
sulfoxide; E2: estradiol; Endox: endoxifen; ERα: estrogen receptor α; NGB: neuroglobin; D: daidzein;
D4S: daidzein-4′-sulfate; Eq: equol.

2.3. Physiological Outcomes of D- and D4S-Induced E2/ERα/NGB Pathway Avoidance

We previously demonstrated that the ability of Resveratrol to impair NGB accumulation rendered
cancer cells more prone to the anticancer effect of the chemotherapeutic agent paclitaxel (Pacl) [4].
This evidence prompted us to evaluate if D and D4S also exhibit this ability. As expected, Pacl treatment
(100 nM) reduces NGB levels (Figure 5a–c) with the parallel increase of cleaved PARP-1 (i.e., 86 kDa
band), a well-known biomarker of late apoptotic events (Figure 5d–f), and reduction of cell number
(Figure 5g). Cell pre-treatment with E2 strongly prevents all Pacl effects in MCF-7 cells still enhancing
NGB levels (Figure 5a–c), cell number (Figure 5g), and strongly reducing Pacl-induced PARP-1 cleavage
(Figure 5d–f). Although neither D nor D4S pre-treatment affected Pacl effects, both these compounds
restored Pacl effects in the presence of E2 (Figure 5). The ability of D and D4S to restore Pacl effects on
cell number is also confirmed in T47D cell line (Figure 5h).
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Figure 4. Daidzein, daidzein-4′-sulfate and equol action mechanism. The phosphorylation of the Ser473
residue of AKT (pAKT) (a,b) and Thr180/Tyr182 residues on P-38 (c,d) was determined by western
blot analysis in MCF-7 cells exposed for 1 h (a,c) and 24 h (b,d) to either vehicle (DMSO) or E2 (10 nM)
in presence or absence of D, D4S and Eq (1 μM). The nitrocellulose was stripped and then and then
probed with anti-AKT or anti-P38 antibodies. In the panels, the pAKT/AKT (a,b) and pP38/P38 (c,d)
ratios are represented. These ratios are calculated with respect to tubulin obtained by densitometric
analyses of three different experiments (mean ± SD). p < 0.001 was determined by Student t-test with
respect to vehicle (*) or Endox-untreated (◦) samples. AKT: protein kinase B; E2: estradiol; Endox:
endoxifen; ERα: estrogen receptor α; NGB: neuroglobin; p38: p38 mitogen-activated protein kinase; D:
daidzein; D4S: daidzein-4′-sulfate; Eq: equol.
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Figure 5. Physiological outcomes of D- and D4S-induced E2/ERα/NGB pathway avoidance. Western
blot (left) and densitometric analyses (right) of NGB levels (a–c) and PARP-1 cleavage (d–f) in MCF-7
cells. Cells were treated with D (a,e) or D4S (b,d) (1 μM) in presence or absence of Pacl (100 nM) for
24 h, with either vehicle or E2; some Pacl treated cells were co-stimulated with either E2 or D or E2
together with D (a,e) or E2 or D4S or E2 together with D4S (b,d). (c,f) panels are densitometries that
summarize the D- and D4S-induced modulation of NGB and PARP-1 cleavage respectively. The amount
of protein was normalized by comparison with tubulin levels. Data are the mean ± SD of three
different experiments. p < 0.001 was determined with Student t test with respect to the vehicle (*),
Pacl-treated (◦) samples or D- and D4S-treated samples, co-stimulated with Pacl but not with E2 (+).
Effects of cellular DNA content obtained from PI assay on MCF-7 (g) or T47D (h) cells. The cells were
treated for 24 h with either vehicle (DMSO) or E2 (10 nM) or Pacl (100 nM; 24 h); some samples were
treated with D or D4S (1 μM) in presence or absence of Pacl and in presence of absence of E2. Data
are mean ± SD of five different experiments. (*) p < 0.001 was calculated with Student t test versus
vehicle or Pacl-treated (◦) samples or D- and D4S-treated samples, co-stimulated with Pacl but not
with E2 (+). E2: estradiol; NGB: neuroglobin; DMSO: dimethyl sulfoxide; D: daidzein; Eq: equol; D4S:
daidzein-4′-sulfate; Pacl: paclitaxel.

2.4. Physiological Outcomes of D in Mixture with Its Metabolites

Due to its extensive biotransformation in the human body, D in circulation and in tissue is mainly
present as a mixture with its metabolites. In order to evaluate if D maintains its anti-estrogenic
actions described before, MCF-7 cells were treated with a mixture of compounds containing
microbiota-produced metabolites (i.e., Eq and O-DMA, 1 μM each, gut metabolites) or metabolites
produced by the gut and in liver enzymes (i.e., D7S, DDS, and D4S, 1 μM each, S metabolites) in
presence or absence of D (1 μM). Figure 6a shows that the concentration of mixtures does not exert
cytotoxic effects, indeed, the DNA content, and consequently the cell number, remain constant in
MCF-7 cells stimulated with mixture or with the single compounds. D maintains the ability to reduce
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NGB levels only in the co-stimulation with the mixture of sulphate metabolites (S metab), whereas this
isoflavone effect is completely impaired by co-stimulation with the gut metabolites (Figure 6b). Notably,
the mixture of S metabolites reduces NGB levels with respect to the control, while the mixture of gut
metabolites increases NGB levels with respect to the control (Figure 6b). More intriguing is the effect
of mixtures on Pacl-induced apoptosis (Figure 6c,d). Like the single compounds (Figure 5), neither
sulphate nor gut metabolites induce the PARP cleavage at the concentration tested, however, sulphate
metabolites preserve the Pacl-induced PARP-1 cleavage even in the presence of D or of E2 (Figure 6c),
while gut metabolites reduce the Pacl effects even in the presence of D (Figure 6d). This latter effect
is more evident in the presence of E2 (Figure 6d). As per other experiments, identical results have
been obtained in T47D (data not showed), confirming that the mixture effects is not dependent on
cellular context.

Figure 6. Physiological outcomes of D in mixture with its metabolites. (a) Analyses of cellular DNA
content obtained from PI assay, Western blot (left) and densitometric analyses (right) of NGB levels
(b) in MCF-7 cells. (c,d) Western blot (up) and densitometric analyses (bottom) of PARP-1 cleavage
in MCF-7 cells. The MCF-7 cells were treated for 24 h with either vehicle (DMSO) or E2 (10 nM)
or D, D4S or Eq (1 μM); some samples were treated with all the sulfate metabolites (D4S, D7S and
DDS, 1 μM each) or all the gut metabolites (Eq and O-DMA, 1 μM each) in presence or absence of D
(1 μM). Data are mean ± SD of three different experiments. (*) p < 0.001 was calculated with Student t
test versus vehicle in (a). In b, data are the mean ± SD of five different experiments: p < 0.001 was
determined with Student t test with respect to the vehicle (*) or to D-treated samples co-stimulated
with metabolites (◦). In (c,d), data are the mean ± SD of three different experiments. p < 0.001 was
determined with Student t test with respect to the vehicle (*) or Pacl-treated (◦) or E2 untreated samples
co-stimulated with the metabolites (+). E2: estradiol; NGB: neuroglobin; DMSO: dimethyl sulfoxide; D:
daidzein; Eq: equol; O-DMA: o-desmethylangolesin; D7S: daidzein-7-sulfate; D4S: daidzein-4′-sulfate;
DDS: daidzein-7,4′-disulfate; Pacl: paclitaxel.
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3. Discussion

Soy-derived isoflavones consumption has been largely recommended to the Western population
for their possible vital role in maintaining human health through the regulation of metabolism and
body weight, concurrent to the prevention of chronic and degenerative diseases including cancer and
neurodegenerative disorders. Still, their short- and long-term effects have not been fully characterized,
although some have cautioned that there may be harmful effects of overconsumption, especially
in cases where compounds are isolated rather than consumed in a food matrix [30,31]. To further
complicate this picture, isoflavones, once consumed as either aglycone or glycosides, enter a complex
pathway of biotransformation that renders almost negligible the presence of the original molecule.
The relative concentration of different metabolites in both plasma and tissues is determined by the
specific contribution of intestinal microbiota and by de-conjugation/conjugation processes within the
human body. Nowadays, available data on the estrogenic activity of D metabolites are restricted largely
to Eq, whose production depends on the individual ability to host specific intestinal bacteria [32].
Once absorbed, daidzein is efficiently re-conjugated in the gut with either glucuronic acid or sulfate.
Conjugation with sulfonic acid takes place also in the liver by hepatic sulfotransferase enzymes.
Therefore, the plasma level of isoflavones in people on a soy-rich diet is very low (about 1–5 μM) [5,14],
while they are present in the circulation predominantly in their glucuronide and sulfate forms [33].

Nowadays, the ability of D metabolites to maintain the effects of their precursor is largely unknown.
The main aim of this study was to determine whether D metabolites produced by sulfotransferase
and by microbiota enzymes maintain their anticancer effects, consisting in affecting ERα activities that
are important for E2-induced resistance of breast cancer cells to chemotherapeutic injury. For this
purpose, we utilized two human ERα positive breast cancer cells in which the pathway E2/ERα/NGB
has been previously identified as pivotal for breast cancer cell susceptibility to the chemotherapeutic
agent paclitaxel [22].

Our data indicate that, unlike E2 that induced NGB overexpression, 1–10 μM D reduced NGB
levels under the basal level (i.e., vehicle -treated samples) in both MCF-7 and T47D breast cancer cells.
This D effect was mimicked only by the D4S metabolite that reduced NGB levels at lower concentrations
than D (i.e., 0.1–1 μM); while Eq and D7S showed an E2 like behavior, increasing NGB levels in a
concentration dependent manner. Surprisingly, DDS and O-DMA increased NGB levels only at very
low concentrations (i.e., 0.1 μM), and were ineffective at high concentrations (10 μM for DDS and 1 μM
for O-DMA, respectively).

The differences between D and its metabolites in modulating NGB levels, as well as the different
concentrations necessary to obtain the effect, suggest that D and its metabolites may trigger different
signal transduction pathways. D4S and Eq were selected as representatives of the two contrasting
effects to determine their mechanisms. Like E2, D, D4S, and Eq trigger ERαS118 phosphorylation,
even if only E2 reduces the receptor levels, an important mechanism for E2-induced cancer cell
proliferation [34]. Moreover, ERα is necessary for D and its metabolites to regulate NGB levels,
confirming that D and its metabolites could bind to and activate ERα, as already reported [3]. However,
downstream of ERα activation, D and its metabolites trigger divergent signal pathways. Indeed,
differently from E2, D and D4S do not trigger AKT activation, which is pivotal for E2-induced NGB
accumulation [28]. Instead, these compounds rapidly (1 h) and persistently (24 h) activate p38 kinase,
whose activation is commonly shared among flavonoids (e.g., naringenin, quercetin) [29,35]. Upon
receptor binding, naringenin modifies ERα conformation driving the receptor far from the plasma
membrane (i.e., receptor de-palmitoylation) and decoupling its association with the active sub-unit
of PI3K, but not with p38 kinase [24,29]. Consequently, AKT is not activated, whereas the persistent
activation of p38 occurs, driving cancer cells to the activation of the apoptotic cascade that culminates
with PARP cleavage [29]. A similar signal transduction pathway seems to be activated by D and
D4S that at the concentrations used here (1 μM) do not affect the phosphorylation status of AKT,
allowing the persistent p38 activation. On the other hand, Eq rapidly and transiently activates AKT
phosphorylation that even if does not impair the persistent p38 activation, as E2 does, is sufficient to
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accumulate NGB into the cells. Note that the D4S-induced p38 and Eq-induced AKT phosphorylation
is ERα-independent, at least partially for D4S, sustaining that these metabolites could bind to other
cellular receptors, including the Arylic Receptor [36,37], which, in turn, can interfere with the estrogenic
signal. As a whole, the chemical structure of D and its metabolites allows different ERα conformations
that, in turn, drive cells to physiological outcomes that differ from that triggered by E2 [24,38,39].

Paclitaxel, a first line therapeutic agent for breast cancer, is a prototype of chemotherapeutic agents,
which action mechanism is well known [4]. As reported above, E2/ERα-induced NGB accumulation
in cancer cells represents an anti-apoptotic pathway, which abrogates the cell death induced by a
chemotherapeutic agent (paclitaxel, Pacl) [4]. The ability of NGB accumulation to act as a shield
against Pacl has been further confirmed here. In fact, E2 pretreatment impairs Pacl reduction of NGB
as well as its ability to reduce cell number and activate PARP cleavage. Although at the selected
concentrations (1 μM) they do not affect cell number or PARP cleavage, D and D4S completely prevent
E2 effects, allowing the Pacl-induced activation of a pro-apoptotic cascade, even in the presence of
the hormone, sustaining that the anti-estrogenic activity is pivotal for rendering cancer cells more
vulnerable to the chemotherapeutic drug. The anti-proliferative action of isoflavones and other
plant-derived polyphenols in cancer cells has been widely reported and disputed. Nowadays, it is
quite accepted that only high concentrations of isoflavones (≤10 μM), very far from the concentration
present in the plasma after a meal rich in polyphenols, could activate a mitochondrial-dependent
apoptotic cascade, while low concentrations of these compounds result less active or, even, increase
cancer cell proliferation [6–9]. Our data confirm that low concentrations of D and D4S are unable to
trigger apoptosis or enhance Pacl effects, but acting as anti-estrogenic compounds, they can avoid the
E2-induced anti-apoptotic effect on this chemotherapeutic drug.

The current study indicates, for the first time, that just D4S but no other metabolites retain
the D anti-estrogenic activity. This effect is maintained when cancer cells were co-treated with D
and mixtures of S metabolites, containing also D7S and DDS. On the contrary, the mixture of gut
metabolites, containing Eq and O-DMA, completely impairs D effects, resulting in estrogen mimetic
action. Identical results have been obtained in both MCF-7 and T47D (not completely reported),
suggesting that the effect is not dependent on the cellular context. These results highlight the need
to use physiologically relevant metabolites when investigating the putative beneficial properties of
polyphenols against cancer.

4. Materials and Methods

4.1. Reagents

The Bradford protein assay and the chemiluminescence reagents for Western blot Clarity Western
ECL Substrate were obtained from Bio-Rad Laboratories (Hercules, CA, USA). The anti-phospho-ERα
(pERα Ser118) antibody and anti-phospho-AKT (pAKT Ser473) were purchased from Cell Signalling
Technology Inc. (Beverly, MA, USA). The anti-α-tubulin and anti-NGB antibodies were purchased
from Merck (Darmstadt, D). Specific antibodies against AKT, ERα (HC20), and poly [ADP-ribose]
polymerase 1 (PARP-1) were obtained from Santa Cruz Biotechnology (Santa Cruz, CA, USA). The ERα
inhibitor endoxifen was purchased from Tocris (Ballwin, MO, USA). All the other products were from
Merck. Analytical and reagent grade products were used without further purification.

4.2. Cell Culture and Treatment

Human breast cancer cells MCF-7 and T47D (American Type Culture Collection, LGC Standards
S.r.l., Milano, Italy) were grown in air containing 5% CO2 in either modified, phenol red free, Dulbecco’s
Modified Eagle’s Medium (DMEM) medium. Ten percent (v/v) of charcoal-stripped fetal calf serum,
L-glutamine (2 mM), gentamicin (0.1 mg/mL), and penicillin (100 U/mL) were added to the media
before use. Cells were used at passage 4–8, as previously described [28]. Cell line authentication was
periodically performed by the amplification of multiple short tandem repeat loci by BMR genomics
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S.r.l (Padova, Italy). Cells were treated for 24 h with either vehicle (DMSO/phosphate-buffered saline,
1:10; v/v) or E2 (1 or 10 nM) or D and/or its metabolites (0.1, 1.0, and 10 μM) or Pacl (100 nM) or
the metabolites mixtures. Two different metabolite mixtures were used for cell treatment, Sulphate
metabolites (S metab) and Gut metabolites (Gut metab). The mixture of S metab was constituted
by D4S (1 μM), D7S (1 μM) and DDS (1 μM), while that of Gut metab was constituted by Equol (1
μM) and O-DMA (1 μM). When indicated, endoxifen (1 μM) was added 30 min before compound
administration, or E2 (10 nM) was added 4 h before Pacl addition (0.1, 1, and 100 nM) for 24 h. The E2
concentrations were selected on the bases of dose-response experiments already performed [40].

4.3. Western Blot Assay

Briefly, after the treatments, cells were lysed and proteins were solubilized in the YY buffer
(50 mM HEPES at pH 7.5, 10% glycerol, 150 mM NaCl, 1% Triton X-100, 1 mM EDTA, and 1 mM
EGTA) containing 0.70% (w/v) sodium dodecyl sulfate (SDS). Total proteins were quantified using the
Bradford protein assay. Solubilized proteins (20 μg) were resolved by 7% or 15% SDS-polyacrylamide
gel electrophoresis at 100 V for 1 h at 24.0 ◦C and then transferred to nitrocellulose with the Trans-Blot
Turbo Transfer System (Bio-Rad) for 7 min. The nitrocellulose was treated with 5% (w/v) bovine serum
albumin in 138.0 mM NaCl, 25.0 mM Tris, pH 8.0, at 24.0 ◦C for 1 h. Nitrocellulose was probed
overnight at 4.0 ◦C with either anti-NGB (final dilution, 1:1000), or anti-pERα (final dilution, 1:1000), or
anti-pAKT (final dilution, 1:1000), or anti p-38 (final dilution 1:1000), or anti-PARP-1 (final dilution,
1:1000) antibodies. The nitrocellulose was stripped by Restore Western Blot Stripping Buffer (Pierce
Chemical, Rockford, IL) for 10 min at room temperature and then probed with either anti-ERα (final
dilution, 1:1000) or anti-AKT (final dilution 1:1000) or anti-p38 (final dilution, 1:1000) or anti-α-tubulin
(final dilution, 1:30,000) antibodies to normalize the protein loaded. The antibody reactivity was
detected with ECL chemiluminescence Western blotting detection reagent using a ChemiDoc XRS+
Imaging System (Bio-Rad Laboratories, Hercules, CA, USA). Densitometric analyses were performed
by the ImageJ software for Microsoft Windows (National Institute of Health, Bethesda, Rockville,
MD, USA).

4.4. Cellular DNA Content, Propidium Iodide (PI) Assay

Cells were grown up to 80% confluence in 96-well plate and treated with the selected compounds.
The cells were fixed and permeabilized with cold ethanol (EtOH) 70% for 15 min at−20 ◦C. EtOH solution
were removed and the cells were incubated with PI buffer for 30 min in the dark. The solution was
removed, and the cells were rinsed with PBS solution. The fluorescence was revealed (excitation
wavelength: 537 nm; emission wavelength: 621 nm) with TECAN Spark 20 M multimode microplate
reader (Life Science, Milano, Italy).

4.5. Statistical Analysis

The statistical analysis was performed by Student’s t test to compare two sets of data by INSTAT
software system for Windows. In all cases, p < 0.05 was considered significant.

5. Conclusions

Breast cancer, as well as lung, bronchial, and colorectal cancer, are estimated to be the three most
commonly diagnosed types of malignancies. In particular, breast cancer alone accounts for 29% of
all new cancers among women and the age of its onset is rapidly decreasing [41]. ERα activation
status and signaling is considered one of the major drivers stimulating breast cancer proliferation,
survival, and invasion [23–25]. The importance of ERα lies within its prognostic value, as it identifies
patients that could benefit from the endocrine therapy [25]. Although the use of ERα antagonists has
led to a considerable decline in breast cancer mortality, many patients become resistant to this therapy
and developed metastatic tumors [24,41]. These observations have sparked the need for alternative
approaches, increasing a sustained interest in soy isoflavones as a promising therapeutic option in
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breast cancer chemoprevention or as an adjuvant for chemotherapeutic agents. These claims lead
patients with increased breast cancer risk to take into consideration supplementing their diet with soy
or soy derivates, assuming that a high consumption might reduce the cancer risk [30,42]. Unfortunately,
the increased economic interests in soy isoflavones has not yet been paralleled by the deciphering
of the cellular and molecular mechanisms underlying their potential chemo-preventive role, which
remains obscure.

The data reported here strongly sustain the need to examine in deep the effect and the
action mechanisms of soy isoflavone. In particular, the activity of gut microbiota should be
investigated in patients before isoflavone consumption, due to its key role in the metabolism and
bioavailability of isoflavones [43], microflora influencing factors also require consideration. As examples,
a high-carbohydrate milieu causes more extensive biotransformation, greatly enhancing Eq formation,
and a Clostridium sp. strain that converts D principally to O-DMA has been identified from gut
microbiota. These bio-transformations could render isoflavones less active [44] and reduce the efficacy
of the chemotherapeutic treatment. Moreover, concerns could arise also among healthy individuals
who regularly consume soy products. Indeed, Equol and O-DMA producer individuals may be
subjected to a long exposure to potent estrogenic compounds. Those who are not, on the other hand,
will be mostly exposed to anti-estrogenic compounds.
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Abstract: Lung cancer has long been recognized as an important world heath concern due to its
high incidence and death rate. The failure of treatment strategies, as well as the regrowth of the
disease driven by cancer stem cells (CSCs) residing in the tumor, lead to the urgent need for a
novel CSC-targeting therapy. Here, we utilized proteome alteration analysis and ectopic tumor
xenografts to gain insight on how gigantol, a bibenzyl compound from orchid species, could attenuate
CSCs and reduce tumor integrity. The proteomics revealed that gigantol affected several functional
proteins influencing the properties of CSCs, especially cell proliferation and survival. Importantly,
the PI3K/AKT/mTOR and JAK/STAT related pathways were found to be suppressed by gigantol,
while the JNK signal was enhanced. The in vivo nude mice model confirmed that pretreatment of
the cells with gigantol prior to a tumor becoming established could decrease the cell division and
tumor maintenance. The results indicated that gigantol decreased the relative tumor weight with
dramatically reduced tumor cell proliferation, as indicated by Ki-67 labeling. Although gigantol
only slightly altered the epithelial-to-mesenchymal and angiogenesis statuses, the gigantol-treated
group showed a dramatic loss of tumor integrity as compared with the well-grown tumor mass of the
untreated control. This study reveals the effects of gigantol on tumor initiation, growth, and maintain
in the scope that the cells at the first step of tumor initiation have lesser CSC property than the control
untreated cells. This study reveals novel insights into the anti-tumor mechanisms of gigantol focused
on CSC targeting and destabilizing tumor integrity via suppression of the PI3K/AKT/mTOR and
JAK/STAT pathways. This data supports the potential of gigantol to be further developed as a drug
for lung cancer.

Keywords: gigantol; AKT; JAK/STAT; cancer stem cell; tumor maintenance; tumor density; lung cancer;
proteomics
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1. Introduction

A new paradigm shift in the field of cancer cell biology is being driven by the concept of a key
cancer cell population controlling the whole tumor, termed “cancer stem cells (CSCs)” [1]. CSCs from
various types of cancers share a number of conservation properties, such as self-renewal ability,
the generation of multiple types of differentiated cancer cells to drive tumor growth and heterogeneity,
and resistance to chemotherapy via an upsurge of the DNA repair system and drug efflux transporter [2].
Therapeutic strategies targeting CSCs, including CSC direct eradication, CSC differentiation into tumor
bulk cells, deletion of the supportive signals from a CSC niche, and suppression of CSC pathways,
could lead to effective cancer therapy [3].

In lung adenocarcinoma, CSCs from patients were found to be less than 1.5% of the whole tumor
cell population [4], but this small subpopulation was still substantial for tumorigenesis and tumor
relapse [5]. The key driving pathways of CSCs, such as the PI3K/AKT/mTOR and JAK/STAT3 signals,
were found to be significantly increased in cancers with high CSC properties, and hence investigations
of many small molecules targeting such pathways are ongoing in clinical trials [6,7]. Protein kinase B
(PKB) or AKT, which is, in fact, frequently upregulated in lung cancer plays a key role in cell survival
and proliferation [8]. The activation of AKT was shown to be related with cisplatin resistance in lung
cancer cells [9]. The roles of AKT on the properties of CSCs and their survival have been demonstrated
in several key studies [10,11]. Likewise, signal transducer and activator of transcription 3 (STAT3)
activation has been associated with poor prognosis as well as augmented CSCs [12]. A higher level of
phosphorylated STAT3 (active STAT3) contributed to epithelial-to-mesenchymal transition (EMT) as
well as increased CSC-like phenotypes of non-small cell lung cancer cells (NSCLCs), while the inhibition
of STAT3 caused the opposite effects [13]. Instead of bulk non-CSC tumor clearance, the targeting of
AKT and STAT3 is believed to be a promising anti-cancer strategy that could lead to the tumor collapse
and prevention of the relapse of the disease [14,15].

Recently, natural compounds from plants have garnered increasing attention either as potential
drugs or lead compounds in drug discovery research [16,17]. The key benefits of natural compounds
are the abundance of plants, compound diversity, and cost effectiveness. In focusing on CSCs and
tumor growth inhibition, previous studies have reported the promising activities of the bibenzyl
derivative chrysotoxine in the suppression of AKT and Src [18]. In vivo studies further revealed that the
bibenzyl derivative moscatilin reduced tumor volumes of lung and esophageal cancer xenografts [19,20].
Gigantol, a bibenzyl compound, is one of the polyphenolic components frequently found in traditional
Chinese medicine, and has been shown to have several pharmacological effects, e.g., anti-inflammatory,
amelioration of diabetic nephropathy and cataract, and anti-cancer [21–23]. The structure of gigantol
consists of a bibenzyl core (Figure 1A). In vitro studies reported that gigantol triggered the apoptotic
cell death of lung cancer cell lines but was not toxic to keratinocytes [24].

Our previous studies revealed several effects of noncytotoxic concentrations of gigantol on
NSCLCs [25–28]. Pretreatment of 5 to 20 μM of gigantol showed a reduction of the tumor-forming
capacity of NSCLCs, represented by significantly suppressing the anchorage-independent growth.
In addition, with a single pretreatment of gigantol, the ability of cancer cells to form spheroids,
a critical hallmark of CSCs, was abundantly suppressed [25]. These data indicated that the cancer
cells had lost their self-renewal capability, which was confirmed by Western blot results showing the
downregulation of octamer-binding transcription factor 4 (Oct 4) and Nanog, essential transcription
factors for self-renewal and CSC-like phenotype maintenance [25]. Altogether, gigantol has the potential
to attenuate tumorigenesis. However, certain information regarding the tumor growth attenuation
mechanism and key evidence in animal models are still required. In this study, a subcutaneous
xenograft model, as well as proteomic analysis of tumor growth regulatory pathways, were performed
to help illustrate a clearer picture of how gigantol could suppress lung cancer.
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Figure 1. (A) Gigantol structure and the plant specimen, Dendrobium draconis Rchb.f. (B) Graphs
showing the percentages of H460 and BEAS-2B cells viability. Both cell lines were treated with 0
to 200 μM of gigantol or vehicle for 24 to 48 h and then analyzed by MTT assay for cell viability.
The percentages of viable cells were compared to their untreated controls. (C) Graph showing the
percentages of apoptotic cell death after 24 h of gigantol exposure. Necrotic cells could not be detected.
(D) Photographs of Hoechst 33342, Propidium iodide (PI), and phase contrast fields showing cancer cells
morphologies after 24 h of gigantol treatment, the scale bars represent 100 μm and the magnification is
100×. Each experiment was performed in biological triplicates, * indicates p < 0.05 as compared with
untreated group of H460, # indicates p < 0.05 as compared with untreated group of BEAS-2B (one-way
ANOVA, Dunnett’s test).
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2. Results

2.1. Determination of Noncytotoxic Concentrations of Gigantol

Treatment of human NSCLCs H460 with 10 to 20μM of gigantol for 24 and 48 h had a nonsignificant
effect on survival of the cells, while a significant reduction of cell survival could be first detected in
response to gigantol at a concentration of 50 μM (Figure 1B). Moreover, cell viability evaluation revealed
that gigantol exhibited less toxicity to human lung epithelial cells BEAS-2B as compared with lung cancer
cells. Confirmation of cell death, either via apoptosis or necrosis, was detected under a fluorescent
microscope after staining with Hoechst 33342 and propidium iodide (PI), as described in the Materials
and Methods section. The nuclear staining results revealed that condensed and fragmented nuclei of
apoptosis cells could be observed only in the cells treated with gigantol at 200 μM. It is worth indicating
that treatment with gigantol at all concentrations (0 to 200 μM) caused no necrosis (Figure 1C,D).
Noncytotoxic concentrations of gigantol (0 to 20μM) were used in subsequent experiments.

2.2. Functional Classification and Enrichment Analysis of the Down- and Upregulated Proteins in
Gigantol-Treated Cells

In total, 4351 proteins were identified from the control cells, while 3745 proteins were identified
from the gigantol-treated cells. The protein lists from the control and gigantol-treated cells were
input to a Venn diagram and 2373 proteins (54.54%) were identified as being only from the control
cells, 1767 proteins (47.18%) only from the gigantol-treated cells, and 1978 proteins from both groups
(Figure 2A). The protein lists that were uniquely found in the control or gigantol-treated cells were
subjected to further bioinformatic analysis (the lists of proteins are in Table S1).

The down- and upregulated protein lists were categorized into three ontologies, molecular function,
biological process, and cellular component using Panther software (conducted on 8 October 2019).
The most overrepresented molecular functions were binding (38.3% down- and 35.6% upregulated
proteins) and catalytic activity (32.0% down- and 35.6% upregulated proteins) (Figure 2B). The most
overrepresented biological process categories were cellular process (31.8% down- and 32.6% upregulated
proteins), and metabolic process (21.0% down- and 19.8% upregulated proteins) (Figure 2C). The most
overrepresented cellular component categories were cell (39.4% down- and 40.2% upregulated proteins)
and organelle (33.6% down- and 32.2% upregulated proteins) (Figure 2D).

The two protein lists were input to Enrichr software to identify the enriched biological processes
associated with the down- and upregulated proteins after treating with gigantol (conducted on 8 October
2019). Enrichment terms from the Gene Ontology (GO) biological process of downregulated proteins
in gigantol-treated cells are involved in macromolecule biosynthesis, DNA-templated transcription,
gene expression, protein phosphorylation, cytoskeleton organization, and telomere maintenance.
In contrast, enrichment biological processes of upregulated proteins in gigantol-treated cells are
involved in intracellular signal transduction, protein phosphorylation, gene expression, and protein
biosynthesis processes (Table 1; The full lists of the enriched biological processes of down- and
upregulated proteins altered by gigantol are in Tables S2 and S3).

2.3. Protein–Protein Interaction Networks of the Down- and Upregulated Proteins in Gigantol-Treated Cells

Kinases are vital enzymes that regulate intracellular signaling. Several oncogenes and tumor
suppressor genes are kinase enzymes or proteins linked to protein kinase activity. Therefore, the
proteins that linked to the GO term “protein phosphorylation (GO:0006468)” obtained from Enrichr
were subjected to protein-protein interaction network analysis with the Search Tool for Retrieval of
Interacting Genes/Proteins (STRING) database in order to determine the significant kinase pathways
affected by gigantol.
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Table 1. First 10 ranking enrichment terms from the GO biological process of down- and upregulated
proteins in gigantol-treated cells.

Term Overlap p-Value

enriched biological processes associated with the down-regulated proteins

regulation of cellular macromolecule biosynthetic process (GO:2000112) 129/632 2.65 × 10–10

regulation of nucleic acid-templated transcription (GO:1903506) 121/608 4.65 × 10–9

protein phosphorylation (GO:0006468) 97/471 2.82 × 10–8

regulation of transcription, DNA-templated (GO:0006355) 254/1599 3.09 × 10–7

regulation of gene expression (GO:0010468) 174/1038 9.47 × 10–7

phosphorylation (GO:0016310) 76/387 5.61 × 10–6

protein autophosphorylation (GO:0046777) 41/176 1.44 × 10–5

cytoskeleton organization (GO:0007010) 29/127 3.49E × 10–4

membrane depolarization during action potential (GO:0086010) 13/39 3.58 × 10–4

regulation of telomere maintenance (GO:0032204) 10/26 4.67 × 10–4

enriched biological processes associated with the up-regulated proteins

regulation of intracellular signal transduction (GO:1902531) 62/423 4.82 × 10–5

protein phosphorylation (GO:0006468) 67/471 6.24× 10–5

ribosomal large subunit biogenesis (GO:0042273) 16/64 1.02 × 10–4

cyclic purine nucleotide metabolic process (GO:0052652) 10/31 2.17 × 10–4

regulation of gene expression (GO:0010468) 124/1038 2.75 × 10–4

nucleotide biosynthetic process (GO:0009165) 9/27 3.40 × 10–4

DNA replication checkpoint (GO:0000076) 7/17 3.59 × 10–4

RNA splicing, via transesterification reactions with bulged adenosine as
nucleophile (GO:0000377) 37/237 4.55 × 10–4

regulation of mRNA processing (GO:0050684) 9/29 6.19 × 10–4

mRNA processing (GO:0006397) 42/284 6.22 × 10–4

The 97 proteins that were downregulated and 67 proteins that were upregulated in gigantol-treated
cells obtained from the GO term “protein phosphorylation (GO: 0006468)” were separately input to the
STRING software (conducted on 8 October 2019). The resulting networks were presented (Figure 3A,C),
and the significant nodes were determined from both the down- and upregulated protein lists. The top
10% of the downregulated proteins that had the most protein interactions were the following: MTOR,
PIK3CA, JAK1, JAK2, PIK3CD, ERBB2, CHEK1, IGF1R, PTK2, ALK, and JAK3. Whereas, the top 10%
of the upregulated proteins that had the most protein interactions were the following: AKT1, MAPK1,
ABL1, MAPK8, CDK2, and PAK2.

The significant nodes of downregulated proteins were then analyzed for the pathways involved
in CSCs using STRING, as shown in Figure 3A. According to the Kyoto Encyclopedia of Genes and
Genomes (KEGG) pathway database (https://www.genome.jp/kegg/), the significant proteins that
were downregulated by gigantol treatment were involved primarily in the PI3K/AKT and JAK/STAT
signaling pathways (Figure 3B). These pathways were indicated as signaling pathways regulating the
pluripotency of stem cells. Whereas, the significant nodes of the upregulated proteins were related to
the ErbB signaling pathway, which supported the CSCs’ properties (Figure 3D). Interestingly, gigantol
was previously shown to potentially suppress cancer cells growth, anoikis-resistance, and cancer
stemness [25–27]. Regarding the data, the downregulated kinase proteins that were affected by
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gigantol treatment were linked to the many well-known pathways associated with tumorigenesis and
CSC maintenance.

We further confirmed that the gigantol target pathways were crucial for CSC maintenance.
The list of proteins involved in CSC regulation was extracted from the KEGG pathway database,
using the term “hsa04550: Signaling pathways regulating pluripotency of stem cells—Homo sapiens
(human)”, and mapped with our H460 proteomic profiles (conducted on 28 October 2019.). In total,
50 proteins were represented in the KEGG pathway, 12 proteins were significantly upregulated,
20 proteins were significantly downregulated, and 18 proteins were not significantly altered by gigantol
(Figure 4A). Remarkably, the downregulated proteins affected by gigantol were mostly linked to the
PI3K/AKT and JAK/STAT pathways (protein lists of the two pathways were obtained from KEGG
pathway database “hsa04151: PI3K-AKT signaling pathway—Homo sapiens (human)” and “hsa04630:
JAK-STAT signaling pathway—Homo sapiens (human)”; conducted on 28 October 2019.). Nevertheless,
the levels of proteins belonging to the Wnt pathway, another pathway related to CSCs, were not
significantly changed.

Figure 2. H460 cells were treated with 20 μM of gigantol or its vehicle (0.004% DMSO) for 24 h before
the whole-cell lysates were collected. The experiment was performed in biological triplicates. (A) Venn
diagram showing the difference in proteins expressions between the control and gigantol-treated H460
cells. Three functional classifications of the 2373 down- and 1767 upregulated proteins affected by
gigantol treatment using Panther software: (B) molecular function, (C) biological process, and (D)
cellular component.
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Figure 3. Networks presenting the functional protein-protein interactions of the (A) 97 down- and (C)
67 upregulated proteins related to the GO term “protein phosphorylation” (GO:0006468). The significant
nodes of each network are identified and rebuilt as a network of CSC linked pathways. (B) According
to the KEGG pathways database, significant nodes of the downregulated proteins were labeled with
red for the PI3K-AKT signaling pathway (hsa04151) with FDR 4.08e−13 and blue for the JAK-STAT
signaling pathway (hsa04630) with false discovery rate (FDR) 2.80e−09. (D) Significant nodes of
upregulated proteins were labeled with red for the ErbB signaling pathway (hsa04012) with FDR
1.28 × 10−9
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Figure 4. (A) Heatmap representing the levels of proteins associated with the signaling pathways
regulating the pluripotency of stem cells in the control and gigantol-treated H460 cells (left and right
columns of the heatmap, respectively). Proteins belonging to each pathway are listed to the right.
(B) CSC markers and key kinases of AKT and STAT3 were determined by Western blotting and (C)
the immunoblot signal intensities were quantified by densitometry. The uncropped protein bands
are in Figure S2 (S2A: The protein bands from Figure 4B; S2B: The protein bands from Figure 4D).
(D) The effects of gigantol on AKT, STATS3, and CSC markers were confirmed in two other NSCLC
cell lines, A549 and H292, and (E) the relative protein levels were quantified. The mean data from
each experiment was normalized to the GAPDH results. The experiment was performed biologically
triplicated. Data represent the means ± SD (n = 3) * indicates p < 0.05 as compared with the control
group (student’s t-test).
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To confirm, the key proteins of PI3K/AKT and JAK/STAT pathways including AKT, phosphorylated
Akt (S473), STAT3, phosphorylated STAT3 (S727), and CSC markers were determined by Western blot
analysis using the same cell population of proteomics and xenograft experiments. The band density of
active form of Akt (phosphorylated AKT) and active STAT3 (phosphorylated STAT3) was normalized
with their own total forms in order to determine the levels of activation. The results showed that
gigantol could inhibit the activation of AKT and STAT3. In addition, the CSC makers (CD133 and
ALHD1A1) were found to be significantly reduced in response to gigantol treatment (Figure 4B,C).
Moreover, the effect of gigantol on PI3K/AKT, JAK/STAT, and CSC markers was confirmed in other
NSCLC cells (A549 and H292 cells) (Figure 4D,E). It was quite clear that the PI3K/AKT and JAK/STAT
signaling pathways were the target pathways of gigantol on CSC maintenance in NSCLCs. It was
possible that gigantol could show some effects on tumor formation and its integrity in vivo by means
of CSC suppression.

2.4. Gigantol Negatively Regulates Tumor Cell Growth in Vivo

The concept of the in vivo xenograft was to compare the ability to form and maintain a tumor
between the untreated control and gigantol-treated H460 cells. This experiment revealed the effects
of gigantol on the cancer cells whether the CSC or other survival signals were suppressed by the
treatment at the time of inoculation. The pretreatment procedure excluded the direct anticancer effect
of the compound on the tumor cell after mice implantation.

After injection of lung cancer cells into two flanks of each mouse, most mice generated palpable
tumors on day seven and most control tumors had reached their endpoint size on day 13. Figure 5A
demonstrates that every mouse had a similar growth rate (indicated by body weight) in a normal
range. The results showed that most gigantol-treated tumors were lighter than their paired control
tumors (Figure 5B,C). However, the average weights of the tumors were only slightly different (control
group mean = 966 ± 154.4 mg, gigantol group mean = 698 ± 154.5 mg, n = 5, p = 0.255, Student’s
t-test). Tumor growth rates varied between the mice, but the mean tumor growth rates of the control
and gigantol groups were not different (Figure 5D,E). The dissected tumor densities were compared,
and the results showed that the gigantol groups had lower tumor densities than their paired untreated
controls (Figure 5F).

2.5. Histological Observation Showed Lower Viable Tumor Areas in the Gigantol-Treated Tumors

Having shown that gigantol pretreatment caused tumors with a lesser density as compared with
the untreated control, we wish to emphasize this phenomenon as previous studies have indicated that
changes in tumor density, as indicated by CT imaging showing a loss of tumor mass, can be a potential
assessment for anti-cancer drug action [29,30]. Cross-section slices of the tumors were co-stained by
hematoxylin and eosin (H&E), and, then, were photographed. The macro-morphology of the tumor
structure was similar among all the tumors (small nodules packed within a tumor lobe, surrounded
with fibrous tissues), whereas the percentage of intact and non-viable tumor cells of the two groups
were dramatically different. Figure 6 demonstrates that while the control tumors exhibited a dense
viable tumor mass, the gigantol tumors showed a substantial loss of tumor mass, as indicated by a
hollowing with the magenta staining of cells or pale pink cells without nuclear staining.

2.6. Gigantol Suppresses Tumor Cells Proliferation but not Tumor Vasculature.

Two pairs of tumors were selected for Ki-67 and α-smooth muscle actin (α-SMA)
immunohistochemistry (IHC) staining. The hot spots and cold spots of Ki-67 positive cells are
shown in Figure 7A. The mean percentage of Ki-67 positive cells of the control group was 62.45 ± 0.3951
and that of the gigantol-treated group was 49.49 ± 0.7348 (p-value = 0.0041, Student’s t-test, n = 2,
Figure 7B).

The α-SMA signals from cancer cells in all tumors were so low that they could not be scored
(Figure 7C). This result indicated that both the control and gigantol groups had a low level of
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mesenchymal-like phenotypes. Figure 7D presents mature vessels covered by pericytes. The number
of vessels per area detected by α-SMA staining was similar in all the tumors.

 
Figure 5. (A) Graph showing mice body weights starting at the day of cancer cell inoculation. There was
no significant change of the body weights until the day of termination. (B) Untreated (upper row)
and gigantol-treated (lower row) tumors were dissected and photographed at day 13 after inoculation.
Scale bars represent 10 mm in length. (C) Graph showing grouped means of the control and gigantol
tumor weights. The 5 different markers represent each pair of tumors. The gigantol-treated tumors
had lower tumor weights as compared with their own control tumors, except for mouse 3. (D) Graph
presenting the mean growth rate of the control and gigantol groups. (E) Four graphs demonstrating
the individual tumor growth rate of each mouse (tumor growth of mouse 5 could not be accomplished
because the gigantol-treated tumor was not palpable and measured until the day of termination).
(F) Tumor density was calculated as weight by volume. The horizon lines represent means of each group.
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Figure 6. Hematoxylin and eosin staining showing intratumor morphology (20×). Percentages of
necrotic areas as compared with their total areas are shown at the lower-right edge of each picture.
Scale bars at the lower-left edge of each picture represent 500 μm lengths.

 

Figure 7. (A) Immunohistochemistry (IHC) staining demonstrating 200-fold magnified pictures of hot
spots and cold spots from the control and gigantol-treated tumors. The percentages of Ki-67 positive
cells as compared with total cells are displayed under their pictures. (B) Graph showing the means
of %Ki-67 positive cells. The gigantol-treated tumors have lower Ki-67 positive cells than the control
tumors. * indicates p < 0.05 as compared with the control group (Student’s t-test). (C) α-SMA IHC
staining of cancer cells in both edge and center areas of tumors showing no difference of signal levels
(200×). The numbers of mature tumor vessels per areas between the control and gigantol groups were
not different. (D) Pictures showing vessel distribution among the tumor mass (100×). Arrow indicates
a vessel (400×).
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3. Discussion

According to the increasing trend of cancer incidence and mortality, the development of novel
anti-cancer therapies is highly needed. Among malignant tumors, lung cancer has been shown to be
the main cause of cancer-related mortality and treatment failure [31], leading to the requirement for
effective therapeutic options. Previous studies have reported the potential anti-cancer activities of
gigantol, one of the most widely studied bibenzyls. Gigantol has exhibited cytotoxicity against various
types of cancer cells, such as breast, liver, and lung cancer cells [24,32,33]. Moreover, gigantol could
attenuate certain aggressive phenotypes that bring about tumor progression and metastasis, including
proliferation, migration, invasion, anoikis-resistance, and anchorage-independent growth [25–28].

Proteomics analysis (Figure S1).demonstrated that PI3K/AKT/mTOR and JAK/STAT were among
the most affected proteins in response to gigantol treatment. The key kinases belonging to the
PI3K/AKT/mTOR axis, including phosphoinositide 3-kinases (PI3Ks, α and δ isoforms) and mammalian
target of rapamycin (mTOR), were significantly decreased in the gigantol-treated cells (Figure 3A,B).
Both isoforms of PI3K can activate phosphatidylinositol (3,4,5)-trisphosphate (PIP3), an upstream
activator of AKT [34]. In addition, PI3K can trigger an AKT-independent mechanism, which transduces
signals through serine/threonine-protein kinase Sgk3 (SGK3) and mTOR complex 2 (mTORC2) [35].
Consistently, our proteomic results showed the suppression of key proteins of the PI3K-mediated
AKT-independent pathway, such as PIK3CA, PIK3CD, SGK3, MTOR, and RICTOR, which were
simultaneously downregulated (Table S1).

Janus kinase 1 and 2 (JAK1 and JAK2) are transducers of the heteromeric receptors of interleukin
6 and 10 (IL-6 and IL-10), which activate signal transducer and activator of transcription 3 (STAT3).
STAT3 was shown to mediate cancer cell survival, proliferation, angiogenesis, and metastasis, as well
as maintaining the CSC phenotypes [7,36]. Although the STAT3 protein could not be detected in
our proteomic profiles due to its low abundance, its downstream target genes, including cyclin D1
and c-Myc, were downregulated [12] (Table S1). JAK3 is an upstream regulator of STAT5 and STAT6.
An accumulating data exercise revealed that inhibition of the JAK3 signaling could reduce cancer
progression [37]. It is possible that the suppression of JAK/STAT signaling by gigantol should attenuate
CSC in lung cancer. In addition, the mitogen-activated protein kinase 8 (MAPK8) or c-Jun N-terminal
kinase (JNK) protein level was found to be induced by gigantol treatment (Figure 3D). JNK plays a role
in controlling cancer cell death. The activation of JNK is necessary for intrinsic and extrinsic apoptosis,
and autophagic cell death [38]. JNK signaling has been reported as a vital molecular mechanism of
many anti-cancer-agents-induced cancer cell death and inactivation of such a protein led to cancer cell
resistance to death stimuli [39,40]. An early upregulation of JNK by gigantol before the cancer cells
encountered the stressful conditions in the tumor possibly led to stress induced JNK hyperactivation,
which subsequently promoted the expression of proapoptotic proteins [38].

Recent evidence has suggested that CSCs functions as a seed of tumors. Not only do the CSCs
use their ability of self-renewal and differentiation for tumor establishing, but also implicate cancer
progression, metastasis, and disease relapse [1]. Regarding this matter, our previous work unraveled
new information that gigantol could suppress CSC activity and discontinue their role in maintaining
tumor [2,41]. This finding is quite in agreement with the previous study indicating that CSCs play a
key role in tumor maintenance. This study revealed the effect of gigantol of PI3K/AKT and JAK/STAT3
suppression on the tumor initiation, growth, and maintenance based on the concept that the cells at the
first step of tumor initiation had lesser CSC property than the control untreated cells.

In this study, the lung cancer cells were treated with a noncytotoxic concentration of gigantol
prior to inoculation into mice subcutaneous skins. The same populations of gigantol-treated cells
were subjected to proteomics. This experimental design displays the clear mechanism of gigantol
treatment in attenuation of the CSC-supportive PI3K/AKT/mTOR and JAK/STAT3 signals at the time
of tumor initiation. Although this experiment used only a single treatment with low dose, gigantol
could inhibit the tumor growth rate (Figure 5E). Tumors from the gigantol-pretreated cells had lower
weights and densities (Figure 5C,F). Furthermore, the histological tumor integrity was determined.
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Previous studies have either demonstrated or proposed that the tumor density can be a promising
assessment of anti-cancer drug evaluation as they have given more accuracy on the assessment of an
anti-cancer drug response and have contributed to better treatment outcomes [29,30,42]. We observed
the cross-sectional histology of the tumors to assess the integrity of intact cell viable areas as compared
with the cell death areas as recommended in the guideline [43]. Interestingly, our results indicated that
most of the gigantol-treated tumors had a dramatic loss of tumor mass as compared with those of the
untreated controls (Figure 6). Consistently, the intratumor structure and tumor phenotype of Ki-67
labeling showed that the gigantol-treated tumors had lower proliferative cancer cells (Figure 7A,B).
However, we found that the EMT properties of cancer cells observed by α-SMA staining was not
altered by treatment with gigantol (Figure 7C). Also, the angiogenic capability of both groups of tumors
was not different (Figure 7D). The phenotypic observation revealed that the pretreatment with gigantol
did not have an effect on tumor neoangiogenesis. Further investigation on gigantol-mediated stromal
cell-induced angiogenesis is thus suggested.

This study was designed in a manner of a pharmacological study that minimized the confounding
factors in the system and focused on the effect of gigantol on the cancer cells. We could assume from the
results that gigantol treatment altered the tumor-promoting activities of the cells prior to the process of
tumor inoculation and such alteration attenuated the ability of the cancer cell to grow and maintain a
tumor, resulting in a reduced tumor mass with viable cancer cell loss. Although our results helped us
scope the direct action of the compound on NSCLCs, further investigation is necessary, including the
injection of the substance into a tumor or animal after tumor formation to gain more insights.

4. Materials and Methods

4.1. Cell Line Cultures

Human NSCLC H460 and normal bronchus epithelial cell BEAS-2B lines were purchased
from the American Type Culture Collection (Manassas, VA, USA) and were cultured in Roswell
Park Memorial Institute (RPMI) 1640 medium and Dulbecco’s modified Eagle medium (DMEM),
respectively, supplemented with 10% fetal bovine serum, 2 mM L-glutamine, and 100 units/mL each of
penicillin and streptomycin in a humidified atmosphere with 5% CO2 at 37 ◦C.

4.2. Animals

Six-week old male BALB/cAJcl nude mice were purchased from Nomura Siam International
(Samut Prakan, Thailand). Five mice were maintained in one cage under strictly hygiene housing
with controlled temperature (23 ± 2 ◦C) and light/dark cycle (12 h light/12 h dark) at the Animal
House of Faculty of Medicine, Chulalongkorn University. The study was approved by the Institutional
Animal Care and Use Committee of the Faculty of Medicine, Chulalongkorn University, Bangkok,
Thailand (ethical reference number CULAC 001/2561). Animal welfare and experimental procedures
were strictly carried out in accordance with The Eighth Edition of the Guide for the Care and Use of
Laboratory Animals (NRC 2011) [44]. All efforts were made to minimize animals’ suffering and to
reduce the number of animals used.

4.3. Chemicals and Reagents

Gigantol was extracted from stems of Dendrobium draconis Rchb.f., as previously
described [45] and dissolved in dimethylsulfoxide (DMSO) at the indicated working concentrations.
3-(4,5-Dimethylthiazol-2-yl) 2,5-diphenyltetrazolium bromide (MTT), Hoechst 33342, propidium iodide
(PI), bovine serum albumin (BSA), dimethyl sulfoxide (DMSO), cocktail protease inhibitor, hematoxylin,
and eosin were purchased from Sigma chemical, Inc. (Chemical Express, Bangkok, Thailand).
RPMI-1640 medium, DMEM, phosphate buffer saline (PBS), glutamine, penicillin, and streptomycin
were purchased from Gibco company (Gibthai, Bangkok, Thailand). Primary antibodies against
CD133, ALDH1A1, total AKT, phosphorylated AKT (Ser473), total STAT3, phosphorylated STAT3
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(Ser727), and GAPDH, horseradish peroxidase labeled secondary antibodies, and RIPA lysis buffer
were purchase from Cell Signaling Technology (Theera Trading, Bangkok, Thailand). Pentobarbital
sodium injection was purchased from Ceva Sante Animal (VET AGRITECH, Nonthaburi, Thailand).
3,3′-Diaminobenzidine tetrahydrochloride hydrate was purchased from TCI Co., LTD (Chemical
Express, Bangkok, Thailand). Primary antibodies of Ki-67 and α-SMA and matched secondary
antibodies were purchased from DAKO (Medicare Supply, Bangkok, Thailand).

4.4. Cell Viability Assay

In order to elucidate the possible tumor suppression activity of gigantol, first, we selected the
concentrations of the compound that caused no toxicity to the cancer cells. Cell viability was determined
by plating cells at a density of 10,000 cells per well in 96-well plates. The cells were allowed to adhere
overnight, medium was removed, and medium with various concentrations of gigantol (0 to 200 μM)
or 0.1% DMSO was added. After 24 to 48 h of treatment, the number of viable cells were measured with
the use of MTT assay. Medium was aspirated and 0.4 mg/mL of MTT in PBS was added to each well.
The plate was then incubated at 37 ◦C, 5% CO2 for 3 h. Afterwards, the resulting formazan crystal was
dissolved in 100 μL of DMSO and subjected to a 570 nm absorbance reading via a microplate reader
(ClarioStar, BMG Labtech, Germany). The assay was performed biological triplicate.

4.5. Cell Death Determination Assay

Nuclear co-staining with Hoechst 33342 and propidium iodide (PI) was used to determine
apoptotic and necrotic cell death. Cells were treated with gigantol as described in cell viability assay.
Then, cells were incubated with 10 μM of Hoechst 33342 and 5 μM PI for 30 min at 37 ◦C. Cells were
visualized and imaged under a fluorescence microscope (Nikon eclipse Ts2 with Nikon DS Fi3 camera).
Apoptotic cell could be detected by Hoechst 33342 nuclear staining, showing condensed nucleus and
fragmented nuclei of apoptotic bodies. Necrotic cell could be detected by PI staining.

4.6. Sample Preparation

H460 cells were treated with 20 μM gigantol or 0.01% DMSO (vehicle) for 24 h. The cells were
lysed with 0.5% SDS. Total protein amount collected from each sample was measured with Lowry
assay with bovine serum albumin as a standard [46]. Equal protein amount from 3 independent
biological samples were pooled. Fifty micrograms of protein from control or gigantol treated cells
were subjected to in-solution digestion. Samples were completely dissolved in 10 mM ammonium
bicarbonate (AMBIC), reduced disulfide bonds using 5 mM dithiothreitol (DTT) in 10 mM AMBIC
at 60 ◦C for 1 h and alkylation of sulfhydryl groups by using 15 mM Iodoacetamide (IAA) in 10 mM
AMBIC, at room temperature for 45 min in the dark. For digestion, samples were mixed with 50
ng/μL of sequencing grade trypsin (1:20 ratio) (Promega, Walldorf, Germany) and incubated at 37 ◦C
overnight. Prior to LC-MS/MS analysis, the digested samples must be dried and protonated with 0.1%
formic acid before injection into LC-MS/MS.

4.7. Liquid Chromatography-Tandem Mass Spectrometry (LC-MS/MS)

The LC-MS/MS was used to determine the quantification of the peptides from the digested
samples. The tryptic peptide samples were prepared for injection into an Ultimate3000 Nano/Capillary
LC System (Thermo Scientific, Gloucester, UK) coupled to a Hybrid quadrupole Q-Tof impact II™
(Bruker Daltonics, Coventry, UK) equipped with a Nano-captive spray ion source. Briefly, peptides
were enriched on a μ-Precolumn 300 μm i.d. × 5 mm C18 Pepmap 100, 5 μm, 100 A (Thermo Scientific,
UK), separated on a 75 μm I.D. × 15 cm and packed with Acclaim PepMap RSLC C18, 2 μm, 100Å,
nanoViper (Thermo Scientific, UK). Solvent A and B containing 0.1% formic acid in water and 0.1%
formic acid in 80% acetonitrile, respectively, were supplied on the analytical column. A gradient of
5% to 55% solvent B was used to elute the peptides at a constant flow rate of 0.30μL/min for 30 min.
Electrospray ionization was carried out at 1.6 kV using the CaptiveSpray. Mass spectra (MS) and
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MS/MS spectra were obtained in the positive-ion mode over the range (m/z) 150–2200 (Compass 1.9
software, Bruker Daltonics).

4.8. Bioinformatics and Data Analysis

MaxQuant 1.6.6.0 was used to quantify the proteins in individual samples using the Andromeda
search engine to correlate MS/MS spectra to the Uniprot Homo sapiens database [47]. The following
parameters were used for data processing: maximum of two miss cleavages, mass tolerance of 20 ppm
for main search, trypsin as digesting enzyme, carbamidomethylation of cysteine as fixed modification,
and the oxidation of methionine and acetylation of the protein N-terminus as variable modifications.
Only peptides with a minimum of 7 amino acids, as well as at least one unique peptide, were required
for protein identification. Only proteins with at least two peptides, and at least one unique peptide,
were considered as being identified and used for further data analysis.

The gene list enrichment analysis was conducted using Enrichr software (https://amp.pharm.
mssm.edu/Enrichr/) [48]. Protein organization and biological action was investigated conforming to
protein analysis through evolutionary relationships (Panther software; http://pantherdb.org/) protein
classification [49]. A Venn diagram (analyzed by jVenn software; http://jvenn.toulouse.inra.fr/app/
index.html) was used to show the differences between protein lists originating from different differential
analyses [50]. The Search Tool for Retrieval of Interacting Genes/Proteins (STRING) software version
11 (https://string-db.org/cgi/input.pl) was used to analyze the common and the forecasted functional
interaction networks between identified proteins [51]. Cytoscape 3.7.2 (https://cytoscape.org/) was
utilized to analyze the significant nodes from protein–protein interaction networks [52]. The significant
nodes analysis was modified from Rezaei-Tavirani (2017) [53]. The degree values, which were
determined by an amount of interacted proteins with the node, were analyzed and the top 10% of
the nodes based on degree value were selected as significant nodes. The heatmap visualization and
statistical analyses were conducted using the MultiExperiment Viewer (MeV) in the TM4 suite software
(http://mev.tm4.org/#/welcome) [54].

4.9. Western Blot Analysis

Cells were lysed with RIPA lysis buffer containing 20 mM Tris-HCl (pH 7.5), 150 mM NaCl, 1 mM
Na2EDTA, 1 mM EGTA, 1% NP-40, 1% sodium deoxycholate, 2.5 mM sodium pyrophosphate, 1 mM
beta-glycerophosphate, 1 mM Na3VO4, 1 μg/mL leupeptin, and cocktail protease inhibitor mixture for
30 minutes on ice. The protein contents of the cell lysates were evaluated by Lowry assay. Samples with
equal amounts of protein (60 μg) were run in the SDS-PAGE before they were transferred onto 0.45 mm
nitrocellulose membranes (Bio-Rad, Hercules, California, United States). Transferred membranes were
blocked for 1 h in 5% non-fat dry milk in Tris-buffered saline with Tween 20 (25mM Tris-HCl, pH 7.5,
125 mM NaCl, and 0.05% Tween 20) and incubated overnight with specific primary antibodies against
CD133, ALDH1A1, total AKT, phosphorylated AKT (Ser473), total STAT3, phosphorylated STAT3
(Ser727), and GAPDH. Membranes were washed three times with Tris-buffered saline with Tween 20
and incubated with appropriate horseradish peroxidase labeled secondary antibodies for 2 h at room
temperature. The immune complexes were detected by Clarity and Clarity Max ECL Western Blotting
Substrates (Bio-Rad) and imaged with ImageQuant LAS 4000 biomolecular imager (GE Healthcare,
Chicago, Illinois, United States).

4.10. Subcutaneous Tumor Xenograft Procedure

The scheme of experimental design is shown in Figure 8. The human NSCLCs were prepared
prior to the tumor establishment. The H460 cells were cultured in medium with 20 μM of gigantol
or vehicle for 48 h (5 individual sets of cancer cell cultures). Then, the 70% confluent monolayer
lung cancer cells were trypsinized, suspended in Hank’s saline buffer solution and counted by TC20
automated cell counter (Bio-Rad). Each cell suspension was adjusted to a concentration of viable
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5 × 106 cells per 100 μL. The cancer cell suspensions were kept on ice and rapidly transferred to an
in vivo subcutaneous xenograft operation.

Figure 8. Scheme showing the in vivo experimental procedures.

To minimize variation between animal bodies, one mouse was assigned to bear both control and
its paired gigantol-treated tumor. One flank of a mouse was inoculated subcutaneously with viable
5 × 106 cells of untreated cells and another flank with gigantol pretreated cells. Mice were weighed,
and the tumors were observed every 2 days. When a tumor was palpable, the mouse would be observed
daily. Vernier Caliper was used to measure the most length and its own orthogonal most width of each
tumor. Tumor volumes were calculated by the formula (length × width × width)/2. Tumor growth
rates were verified by means of plotting calculated tumor volumes by days. Mice were not exposed to
gigantol throughout the experiment. Once control or treatment tumor reached its endpoint size (20 mm
in diameter), the tumor-bearing mouse was euthanized by intraperitoneal injection of pentobarbital
sodium solution (>150 mg/kg) [55] and then the tumors were dissected, washed with ice-cold PBS,
weighed, and photographed with a ruler. The tumors were weighed and immediately fixed with
4% paraformaldehyde for 24 h. Tumors were embedded in paraffin blocks, sliced and stained with
hematoxylin and eosin (H&E) for further histologic observation. Necrotic and total areas of tumor
slices were determined using ImageJ software [56].

4.11. Immunohistochemistry Staining of Ki-67 and α-SMA

Two pairs of tumor slides were selected for staining with Ki-67 (dilution 1:300) and α-smooth
muscle actin (α-SMA, dilution 1:100) antibodies and, then, were visualized by incubation with
3,3′-diaminobenzidine. Slides were observed under a brightfield microscope (Nikon eclipse E600 with
Nikon DXM1200F camera).

The level of Ki-67 assessment was modified from Jang (2017) [57]. Areas with the highest (hot spot)
and the lowest (cold spot) numbers of positive cells (indicated by dark brown staining in nucleus)
were selected and the percentages of the positive cells as compared with total cells were calculated.
Averages of %Ki-67 positive cells were calculated from the summed total and Ki-67 positive cells from
all hot spots and cold spots of the two mice.

α-SMA, a marker of mesenchymal phenotype, was used to detect cancer cells with EMT-like
phenotype, endothelial cells, and vascular pericytes [58]. For angiogenesis determination, edge and
center areas of each tumor were selected and the number of mature blood vessels (indicated by circular
lining of cells labeled with high signal of α-SMA) were counted.
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4.12. Statistical Analysis

One-way analysis of variance (one-way ANOVA) and student’s t-test were performed to conduct
statistical analysis (GraphPad Prism 7.0). Data were expressed as mean ± standard deviation (SD) and
values of p < 0.05 were indicative of significant differences.

5. Conclusions

Data from this study demonstrated that pretreatment with gigantol can suppress tumor growth,
reduce tumor density, and attenuate the tumor maintenance of NSCLCs. This information can benefit
and encourage further investigation of this useful compound to be used for anti-cancer approaches.

Supplementary Materials: The following are available online at http://www.mdpi.com/2072-6694/11/12/2032/s1,
Figure S1: The workflow for proteomics analysis, Figure S2: The uncropped images of Western blot bands,
Table S1: The lists of proteins which were downregulated, upregulated, and not significantly altered by the
effects of gigantol, Table S2: GO biological process enrichment analysis results of the significantly downregulated
proteins from Enrichr software, Table S3: GO biological process enrichment analysis results of the significantly
upregulated proteins from Enrichr software.

Author Contributions: Conceptualization, P.C.; data curation, N.L. and P.C.; formal analysis, N.L., N.K., and S.R.;
funding acquisition, P.C.; investigation, N.L.; methodology, P.C., N.L., and A.M.; project administration, P.C.;
resources, P.C., S.R., and A.L.; supervision, P.C., S.R., and A.L.; validation, N.L., A.M., N.K., and P.C.; visualization,
N.L.; writing—original draft, P.C. and N.L.; writing—review and editing, P.C. and N.L.

Funding: This work was supported by a grant from the Thailand Research Fund (grant number RSA6180036).

Acknowledgments: The authors would like to thank Boonchoo Sritularak for offering orchid extract, Yodying
Yingchutrakul for LC-MS/MS technical support, and Panomwat Amornphimoltham for in vivo experiment
support. In addition, the authors would like to acknowledge the Pharmaceutical Research Instrument Center,
Faculty of Pharmaceutical Sciences, Chulalongkorn University for providing equipment.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Ayob, A.Z.; Ramasamy, T.S. Cancer stem cells as key drivers of tumour progression. J. Biomed. Sci. 2018,
25, 20. [CrossRef] [PubMed]

2. Batlle, E.; Clevers, H. Cancer stem cells revisited. Nat. Med. 2017, 23, 1124–1134. [CrossRef] [PubMed]
3. Garber, K. Cancer stem cell pipeline flounders. Nat. Rev. Drug Discov. 2018, 17, 771–773. [CrossRef]

[PubMed]
4. Carney, D.; Gazdar, A.; Bunn, J.P.; Guccion, J. Demonstration of the stem cell nature of clonogenic tumor cells

from lung cancer patients. Stem Cells 1982, 1, 149–164. [PubMed]
5. Gomez-Casal, R.; Bhattacharya, C.; Ganesh, N.; Bailey, L.; Basse, P.; Gibson, M.; Epperly, M.; Levina, V.

Non-small cell lung cancer cells survived ionizing radiation treatment display cancer stem cell and
epithelial-mesenchymal transition phenotypes. Mol. Cancer 2013, 12, 94. [CrossRef] [PubMed]

6. Papadimitrakopoulou, V. Development of PI3K/AKT/mTOR pathway inhibitors and their application in
personalized therapy for non-small-cell lung cancer. J. Thorac. Oncol. 2012, 7, 1315–1326. [CrossRef]
[PubMed]

7. Loh, C.Y.; Arya, A.; Naema, A.F.; Wong, W.F.; Sethi, G.; Looi, C.Y. Signal Transducer and Activator
of Transcription (STATs) Proteins in Cancer and Inflammation: Functions and Therapeutic Implication.
Front. Oncol. 2019, 9, 48. [CrossRef]

8. Lawlor, M.A.; Alessi, D.R. PKB/AKT. J. Cell Sci. 2001, 114, 2903.
9. Wang, M.; Liu, Z.M.; Li, X.C.; Yao, Y.T.; Yin, Z.X. Activation of ERK1/2 and AKT is associated with cisplatin

resistance in human lung cancer cells. J. Chemother. 2013, 25, 162–169. [CrossRef]
10. Oo, A.K.K.; Calle, A.S.; Nair, N.; Mahmud, H.; Vaidyanath, A.; Yamauchi, J.; Khayrani, A.C.; Du, J.; Alam, M.J.;

Seno, A.; et al. Up-Regulation of PI 3-Kinases and the Activation of PI3K-AKT Signaling Pathway in Cancer
Stem-Like Cells Through DNA Hypomethylation Mediated by the Cancer Microenvironment. Transl. Oncol.
2018, 11, 653–663. [CrossRef]

141



Cancers 2019, 11, 2032

11. Hambardzumyan, D.; Becher, O.J.; Rosenblum, M.K.; Pandolfi, P.P.; Manova-Todorova, K.; Holland, E.C.
PI3K pathway regulates survival of cancer stem cells residing in the perivascular niche following radiation
in medulloblastoma in vivo. Genes Dev. 2008, 22, 436–448. [CrossRef] [PubMed]

12. Galoczova, M.; Coates, P.; Vojtesek, B. STAT3, stem cells, cancer stem cells and p63. Cell. Mol. Biol. Lett. 2018,
23, 12. [CrossRef] [PubMed]

13. Song, L.; Rawal, B.; Nemeth, J.A.; Haura, E.B. JAK1 activates STAT3 activity in non-small-cell lung cancer cells
and IL-6 neutralizing antibodies can suppress JAK1-STAT3 signaling. Mol. Cancer Ther. 2011, 10, 481–494.
[CrossRef] [PubMed]

14. Bahmad, H.F.; Mouhieddine, T.H.; Chalhoub, R.M.; Assi, S.; Araji, T.; Chamaa, F.; Itani, M.M.; Nokkari, A.;
Kobeissy, F.; Daoud, G.; et al. The AKT/mTOR pathway in cancer stem/progenitor cells is a potential
therapeutic target for glioblastoma and neuroblastoma. Oncotarget 2018, 9, 33549–33561. [CrossRef]
[PubMed]

15. Shibata, M.; Hoque, M.O. Targeting Cancer Stem Cells: A Strategy for Effective Eradication of Cancer. Cancers
2019, 11, 732. [CrossRef] [PubMed]

16. Chanvorachote, P.; Chamni, S.; Ninsontia, C.; Phiboonchaiyanan, P.P. Potential Anti-metastasis Natural
Compounds for Lung Cancer. Anticancer Res. 2016, 36, 5707–5717. [CrossRef] [PubMed]

17. Shin, S.A.; Moon, S.Y.; Kim, W.Y.; Paek, S.M.; Park, H.H.; Lee, C.S. Structure-Based Classification and
Anti-Cancer Effects of Plant Metabolites. Int. J. Mol. Sci. 2018, 19, 2651. [CrossRef]

18. Bhummaphan, N.; Pongrakhananon, V.; Sritularak, B.; Chanvorachote, P. Cancer Stem Cell-Suppressing
Activity of Chrysotoxine, a Bibenzyl from Dendrobium pulchellum. J. Pharmacol. Exp. Ther. 2018, 364, 332–346.
[CrossRef]

19. Tsai, A.C.; Pan, S.L.; Liao, C.H.; Guh, J.H.; Wang, S.W.; Sun, H.L.; Liu, Y.N.; Chen, C.C.; Shen, C.C.; Chang, Y.L.;
et al. Moscatilin, a bibenzyl derivative from the India orchid Dendrobrium loddigesii, suppresses tumor
angiogenesis and growth in vitro and in vivo. Cancer Lett. 2010, 292, 163–170. [CrossRef]

20. Chen, W.K.; Chen, C.A.; Chi, C.W.; Li, L.H.; Lin, C.P.; Shieh, H.R.; Hsu, M.L.; Ko, C.C.; Hwang, J.J.;
Chen, Y.J. Moscatilin Inhibits Growth of Human Esophageal Cancer Xenograft and Sensitizes Cancer Cells to
Radiotherapy. J. Clin. Med. 2019, 8, 187. [CrossRef]

21. Won, J.H.; Kim, J.Y.; Yun, K.J.; Lee, J.H.; Back, N.I.; Chung, H.G.; Chung, S.A.; Jeong, T.S.; Choi, M.S.; Lee, K.T.
Gigantol isolated from the whole plants of Cymbidium goeringii inhibits the LPS-induced iNOS and COX-2
expression via NF-kappaB inactivation in RAW 264.7 macrophages cells. Planta Med. 2006, 72, 1181–1187.
[CrossRef] [PubMed]

22. Wu, J.; Li, X.; Wan, W.; Yang, Q.; Ma, W.; Chen, D.; Hu, J.; Chen, C.O.; Wei, X. Gigantol from Dendrobium
chrysotoxum Lindl. Binds and inhibits aldose reductase gene to exert its anti-cataract activity: An in vitro
mechanistic study. J. Ethnopharmacol. 2017, 198, 255–261. [CrossRef] [PubMed]

23. Chen, M.F.; Liou, S.S.; Hong, T.Y.; Kao, S.T.; Liu, I.M. Gigantol has Protective Effects against
High Glucose-Evoked Nephrotoxicity in Mouse Glomerulus Mesangial Cells by Suppressing
ROS/MAPK/NF-kappaB Signaling Pathways. Molecules 2018, 24, 80. [CrossRef] [PubMed]

24. Charoenrungruang, S.; Chanvorachote, P.; Sritularak, B.; Pongrakananon, V. Gigantol-induced apoptosis in
lung cancer cell through mitochondrial-dependent pathway. Thai J. Pharm. Sci. 2014, 38, 67–73.

25. Bhummaphan, N.; Chanvorachote, P. Gigantol Suppresses Cancer Stem Cell-Like Phenotypes in Lung Cancer
Cells. Evid. Based Complement. Altern. Med. 2015, 2015, 836564. [CrossRef]

26. Charoenrungruang, S.; Chanvorachote, P.; Sritularak, B.; Pongrakhananon, V. Gigantol, a bibenzyl from
Dendrobium draconis, inhibits the migratory behavior of non-small cell lung cancer cells. J. Nat. Prod. 2014,
77, 1359–1366. [CrossRef]

27. Unahabhokha, T.; Chanvorachote, P.; Sritularak, B.; Kitsongsermthon, J.; Pongrakhananon, V. Gigantol
Inhibits Epithelial to Mesenchymal Process in Human Lung Cancer Cells. Evid. Based Complement. Altern. Med.
2016, 2016, 4561674. [CrossRef]

28. Unahabhokha, T.; Chanvorachote, P.; Pongrakhananon, V. The attenuation of epithelial to mesenchymal
transition and induction of anoikis by gigantol in human lung cancer H460 cells. Tumor Biol. 2016,
37, 8633–8641. [CrossRef]

29. Faivre, S.; Zappa, M.; Vilgrain, V.; Boucher, E.; Douillard, J.Y.; Lim, H.Y.; Kim, J.S.; Im, S.A.; Kang, Y.K.;
Bouattour, M.; et al. Changes in tumor density in patients with advanced hepatocellular carcinoma treated
with sunitinib. Clin. Cancer Res. 2011, 17, 4504–4512. [CrossRef]

142



Cancers 2019, 11, 2032

30. Hale, M.D.; Nankivell, M.G.; Mueller, W.; West, N.P.; Stenning, S.P.; Wright, A.I.; Treanor, D.; Langley, R.E.;
Ward, L.C.; Allum, W.H.; et al. The relationship between tumor cell density in the pretreatment biopsy and
survival after chemotherapy in OE02 trial esophageal cancer patients. J. Clin. Oncol. 2014, 32 (Suppl. 3), 49.
[CrossRef]

31. Siegel, R.L.; Miller, K.D.; Jemal, A. Cancer statistics, 2018. CA Cancer J. Clin. 2018, 68, 7–30. [CrossRef]
[PubMed]

32. Chen, H.; Huang, Y.; Huang, J.; Lin, L.; Wei, G. Gigantol attenuates the proliferation of human liver cancer
HepG2 cells through the PI3K/AKT/NF-kappaB signaling pathway. Oncol Rep 2017, 37, 865–870. [CrossRef]
[PubMed]

33. Yu, S.; Wang, Z.; Su, Z.; Song, J.; Zhou, L.; Sun, Q.; Liu, S.; Li, S.; Li, Y.; Wang, M.; et al. Gigantol inhibits
Wnt/beta-catenin signaling and exhibits anticancer activity in breast cancer cells. BMC Complement. Altern.
Med. 2018, 18, 59. [CrossRef] [PubMed]

34. Thorpe, L.M.; Yuzugullu, H.; Zhao, J.J. PI3K in cancer: Divergent roles of isoforms, modes of activation and
therapeutic targeting. Nat. Rev. Cancer 2015, 15, 7–24. [CrossRef] [PubMed]

35. Lien, E.C.; Dibble, C.C.; Toker, A. PI3K signaling in cancer: Beyond AKT. Curr. Opin. Cell Biol. 2017, 45, 62–71.
[CrossRef] [PubMed]

36. Johnson, D.E.; O’Keefe, R.A.; Grandis, J.R. Targeting the IL-6/JAK/STAT3 signalling axis in cancer. Nat. Rev.
Clin. Oncol. 2018, 15, 234–248. [CrossRef] [PubMed]

37. Valle-Mendiola, A.; Weiss-Steider, B.; Rocha-Zavaleta, L.; Soto-Cruz, I. IL-2 enhances cervical cancer cells
proliferation and JAK3/STAT5 phosphorylation at low doses, while at high doses IL-2 has opposite effects.
Cancer Investig. 2014, 32, 115–125. [CrossRef]

38. Dhanasekaran, D.N.; Reddy, E.P. JNK-signaling: A multiplexing hub in programmed cell death. Genes Cancer
2017, 8, 682–694.

39. Hu, L.; Zhang, T.; Liu, D.; Guan, G.; Huang, J.; Proksch, P.; Chen, X.; Lin, W. Notoamide-type alkaloid
induced apoptosis and autophagy via a P38/JNK signaling pathway in hepatocellular carcinoma cells. RSC
Adv. 2019, 9, 19855–19868. [CrossRef]

40. Bai, Y.; Liu, X.; Qi, X.; Liu, X.; Peng, F.; Li, H.; Fu, H.; Pei, S.; Chen, L.; Chi, X.; et al. PDIA6 modulates apoptosis
and autophagy of non-small cell lung cancer cells via the MAP4K1/JNK signaling pathway. EBioMedicine
2019, 42, 311–325. [CrossRef]

41. Fukunaga-Kalabis, M.; Roesch, A.; Herlyn, M. From cancer stem cells to tumor maintenance in melanoma.
J. Investig. Dermatol. 2011, 131, 1600–1604. [CrossRef] [PubMed]

42. Yang, D.; Woodard, G.; Zhou, C.; Wang, X.; Liu, Z.; Ye, Z.; Li, K. Significance of different response
evaluation criteria in predicting progression-free survival of lung cancer with certain imaging characteristics.
Thorac. Cancer 2016, 7, 535–542. [CrossRef] [PubMed]

43. Lencioni, R.; Llovet, J.M. Modified RECIST (mRECIST) assessment for hepatocellular carcinoma.
Semin. Liver Dis. 2010, 30, 52–60. [CrossRef] [PubMed]

44. Guide for the Care and Use of Laboratory Animals—Portuguese Edition; The National Academies Press: Washington,
DC, USA, 1996; p. 130.

45. Sritularak, B.; Anuwat, M.; Likhitwitayawuid, K. A new phenanthrenequinone from Dendrobium draconis.
J. Asian Nat. Prod. Res. 2011, 13, 251–255. [CrossRef] [PubMed]

46. Lowry, O.H.; Rosebrough, N.J.; Farr, A.L.; Randall, R.J. PROTEIN MEASUREMENT WITH THE FOLIN
PHENOL REAGENT. J. Biol. Chem. 1951, 193, 265–275.

47. Tyanova, S.; Temu, T.; Cox, J. The MaxQuant computational platform for mass spectrometry-based shotgun
proteomics. Nat. Protoc. 2016, 11, 2301–2319. [CrossRef]

48. Kuleshov, M.V.; Jones, M.R.; Rouillard, A.D.; Fernandez, N.F.; Duan, Q.; Wang, Z.; Koplev, S.; Jenkins, S.L.;
Jagodnik, K.M.; Lachmann, A.; et al. Enrichr: A comprehensive gene set enrichment analysis web server
2016 update. Nucleic Acids Res. 2016, 44, W90–W97. [CrossRef] [PubMed]

49. Mi, H.; Muruganujan, A.; Ebert, D.; Huang, X.; Thomas, P.D. PANTHER version 14: More genomes, a new
PANTHER GO-slim and improvements in enrichment analysis tools. Nucleic Acids Res. 2019, 47, D419–D426.
[CrossRef]

50. Bardou, P.; Mariette, J.; Escudié, F.; Djemiel, C.; Klopp, C. jvenn: An interactive Venn diagram viewer.
BMC Bioinform. 2014, 15, 293. [CrossRef] [PubMed]

143



Cancers 2019, 11, 2032

51. Szklarczyk, D.; Gable, A.L.; Lyon, D.; Junge, A.; Wyder, S.; Huerta-Cepas, J.; Simonovic, M.; Doncheva, N.T.;
Morris, J.H.; Bork, P.; et al. STRING v11: Protein-protein association networks with increased coverage,
supporting functional discovery in genome-wide experimental datasets. Nucleic Acids Res. 2019,
47, D607–D613. [CrossRef]

52. Shannon, P.; Markiel, A.; Ozier, O.; Baliga, N.S.; Wang, J.T.; Ramage, D.; Amin, N.; Schwikowski, B.; Ideker, T.
Cytoscape: A software environment for integrated models of biomolecular interaction networks. Genome Res.
2003, 13, 2498–2504. [CrossRef] [PubMed]

53. Rezaei-Tavirani, M.; Rezaei-Taviran, S.; Mansouri, M.; Rostami-Nejad, M.; Rezaei-Tavirani, M. Protein-Protein
Interaction Network Analysis for a Biomarker Panel Related to Human Esophageal Adenocarcinoma.
Asian Pac. J. Cancer Prev. 2017, 18, 3357–3363. [PubMed]

54. Howe, E.A.; Sinha, R.; Schlauch, D.; Quackenbush, J. RNA-Seq analysis in MeV. Bioinformatics 2011,
27, 3209–3210. [CrossRef] [PubMed]

55. Leary, S. AVMA Guidelines for the Euthanasia of Animals: 2013 Edition. American Veterinary Medical
Association. Journal of the American Veterinary Medical Association 2013. Available online: https:
//www.avma.org/KB/Policies/Documents/euthanasia.pdf (accessed on 8 October 2019).

56. Schneider, C.A.; Rasband, W.S.; Eliceiri, K.W. NIH Image to ImageJ: 25 years of image analysis. Nat. Methods
2012, 9, 671–675. [CrossRef] [PubMed]

57. Jang, M.H.; Kim, H.J.; Chung, Y.R.; Lee, Y.; Park, S.Y. A comparison of Ki-67 counting methods in luminal
Breast Cancer: The Average Method vs. the Hot Spot Method. PLoS ONE 2017, 12, e0172031. [CrossRef]
[PubMed]

58. Lee, H.W.; Park, Y.M.; Lee, S.J.; Cho, H.J.; Kim, D.H.; Lee, J.I.; Kang, M.S.; Seol, H.J.; Shim, Y.M.; Nam, D.H.;
et al. Alpha-smooth muscle actin (ACTA2) is required for metastatic potential of human lung adenocarcinoma.
Clin. Cancer Res. 2013, 19, 5879–5889. [CrossRef] [PubMed]

© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

144



cancers

Article

The Chalcone Lonchocarpin Inhibits Wnt/β-Catenin
Signaling and Suppresses Colorectal
Cancer Proliferation

Danilo Predes 1,†, Luiz F. S. Oliveira 1,†, Laís S. S. Ferreira 1,†, Lorena A. Maia 1,†,
João M. A. Delou 1, Anderson Faletti 1, Igor Oliveira 1, Nathalia G. Amado 1, Alice H. Reis 1,

Carlos A. M. Fraga 1, Ricardo Kuster 2, Fabio A. Mendes 1, Helena L. Borges 1 and Jose G. Abreu 1,*

1 Program of Cell and Developmental Biology, Institute of Biomedical Sciences,
Federal University of Rio de Janeiro, Rio de Janeiro 21941-902, Brazil; danilopredes@gmail.com (D.P.);
oliveira.lfs2@gmail.com (L.F.S.O.); ssflais@gmail.com (L.S.S.F.); agostini.maia@gmail.com (L.A.M.);
jmdelou@gmail.com (J.M.A.D.); 7andersonfaletti7@gmail.com (A.F.); igor.oliveira93@outlook.com (I.O.);
ngamado@gmail.com (N.G.A.); alicehreis@gmail.com (A.H.R.); cmfraga@ccsdecania.ufrj.br (C.A.M.F.);
famendes@gmail.com (F.A.M.); hborges@icb.ufrj.br (H.L.B.)

2 Department of Chemistry, Federal University of Espírito Santo, Espírito Santo 29075-910, Brazil;
kusterrm@gmail.com

* Correspondence: garciajr@icb.ufrj.br; Tel.: +55-21-3938-6486
† These authors contributed equally.

Received: 9 October 2019; Accepted: 13 November 2019; Published: 7 December 2019

Abstract: The deregulation of the Wnt/β-catenin signaling pathway is a central event in colorectal
cancer progression, thus a promising target for drug development. Many natural compounds,
such as flavonoids, have been described as Wnt/β-catenin inhibitors and consequently modulate
important biological processes like inflammation, redox balance, cancer promotion and progress,
as well as cancer cell death. In this context, we identified the chalcone lonchocarpin isolated from
Lonchocarpus sericeus as a Wnt/β-catenin pathway inhibitor, both in vitro and in vivo. Lonchocarpin
impairs β-catenin nuclear localization and also inhibits the constitutively active form of TCF4,
dnTCF4-VP16. Xenopus laevis embryology assays suggest that lonchocarpin acts at the transcriptional
level. Additionally, we described lonchocarpin inhibitory effects on cell migration and cell proliferation
on HCT116, SW480, and DLD-1 colorectal cancer cell lines, without any detectable effects on the
non-tumoral intestinal cell line IEC-6. Moreover, lonchocarpin reduces tumor proliferation on the
colorectal cancer AOM/DSS mice model. Taken together, our results support lonchocarpin as a novel
Wnt/β-catenin inhibitor compound that impairs colorectal cancer cell growth in vitro and in vivo.

Keywords: anticancer drugs; flavonoids; natural compounds; Xenopus laevis; AOM/DSS model

1. Introduction

Colorectal cancer (CRC) is the third most commonly diagnosed cancer and the second most
common cause of cancer death. According to World Health Organization (WHO), it is expected that
there were 1.8 million cases and 862,000 deaths in 2018 [1]. Sporadic CRC initiation, promotion, and
progression is mostly driven by a sequence of known genetic mutations in key signaling pathways,
frequently related to DNA damage response and sustained proliferation in the absence of growth factors.
In CRC, 93% of the cases have at least one mutation of one Wnt/β-catenin pathway component [2].
The most frequently mutated gene in colorectal cancer is APC (adenomatous polyposis coli) that is
a β-catenin destruction complex component. APC mutation occurs in 81% of non-hypermutated
colorectal cancers cases and in 51% of hypermutated colorectal cancer cases, triggering tumorigenesis
in intestinal polyps of patients with familial adenomatous polyposis [3]. The Wnt/β-catenin signaling
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pathway coordinates several cell behavior aspects, such as cell proliferation, differentiation, stemness,
polarity, and migration [4,5]. In the absence of Wnt ligands, the destruction complex is active in
the cytoplasm, phosphorylating β-catenin, a key component of the canonical Wnt pathway, leading
to its degradation by the proteasome [6,7]. Wnt interaction with its receptors Frizzled (Fzd) and
LDL receptor-related protein 5/6 (LRP5/6) disrupts the destruction complex assembly leading to
β-catenin stabilization, cytoplasmic accumulation, translocation to the nucleus and binding to the T-cell
factor/lymphoid enhancer factor (TCF/LEF), allowing Wnt target gene transcription [8]. Despite the
crucial role of Wnt signaling on colorectal tumorigenesis, there is no Wnt/β-catenin inhibitor approved
for clinical use [9]. Due to the importance of Wnt/β-catenin and its frequent mutations upstream to
β-catenin translocation to the nucleus, it is crucial to find anticancer drugs that target the pathway
downstream to this phenomenon [2].

Addressing normal and pathological Wnt/β-catenin signaling functioning requires
multidisciplinary experiments combining in vitro and in vivo approaches. Among different models
for studying Wnt/β-catenin signaling in vivo, Xenopus laevis stands out for its liability and efficiency.
Wnt/β-catenin signaling plays a key role in two fundamental steps during the Xenopus early
development that can be exploited for the screening of new drug candidates: the dorso-ventral
and the antero-posterior axis patterning [10–12]. Indeed, the Xenopus model system has been explored
to discover Pyrvinium, an FDA approved compound, as a Wnt signaling inhibitor that acts downstream
of β-catenin. Pyrvinium impaired Xenopus embryo secondary axis induction in a dose-dependent
manner and decreased colon cancer cells viability [13].

In addition, the AOM/DSS mouse model stands as a relevant preclinical inflammation-associated
CRC model with histologic and phenotypic features that recapitulates the aberrant crypt
foci-adenoma-carcinoma found in the human CRC [14]. Consistent with CRC development, in the
AOM/DSS murine model, β-catenin nuclear translocation is observed in both flat and polypoid lesions
likely due to β-catenin mutation [15]. In this context, the study of synthetic and natural compounds able
to inhibit the Wnt/β-catenin signaling pathway have been explored as possible antitumor prototypes.
Among the small natural molecules studied, the flavonoids, polyphenolic compounds found in many
plants with a wide range of biological effects, stand out. Many flavonoids have been described as
inhibitors of Wnt signaling and potential antitumor compounds, such as apigenin, EGCG, silibin,
kaempferol, isorhamnetin, quercetin, isoquercitrin, derricin, and derricidin [16–25]. However, the
specific mechanism by which some of these compounds affect Wnt/β-catenin signaling as well as its
capacity to impair CRC growth is still not elucidated. Along the flavonoid biosynthesis pathway, the
chalcones are well known as precursors of the flavonoids. Lonchocarpin is a chalcone first isolated
from Lonchocarpus sericeus (as known as Derris sericeu) by Baudrenghien and colleagues in 1949 [26],
and its correct structure was elucidated by the same researchers in 1953. The cytotoxic effects of the
chalcone lonchocarpin have been previously described in neuroblastoma and leukemia cell lines [27],
however, its role in CRC and the Wnt/β-catenin pathway is unknown.

In the present work, we describe lonchocarpin ability of inhibiting Wnt/β-catenin both in vitro, in
colon cancer cell lines, and in vivo, with Wnt specific Xenopus laevis embryonic assays. In addition,
acute administration of lonchocarpin in a preclinical CRC mouse model reduced cell proliferation
in adenocarcinomas. Altogether, our data show lonchocarpin as a potent Wnt/β-catenin inhibitor
that impairs cancer cell proliferation both in vitro and in vivo, and a promising compound for further
antitumor clinical investigation and development.

2. Results

2.1. Lonchocarpin Inhibits Wnt/β-Catenin Pathway and Reduces Nuclear β-Catenin Levels

It has been shown that natural compounds, including chalcones, have growth-inhibitory properties
in cancer cell lines by modulating Wnt/β-catenin signaling [17,18]. We employed an RKO pBAR/Renilla
based screening of natural compounds and found lonchocarpin as a Wnt signaling modulator hit (data
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not shown). In this context, we evaluated whether lonchocarpin, a chalcone isolated from Lonchocarpus
sericeus, is able to inhibit the Wnt signaling pathway in human colorectal cancer cell lines RKO
pBAR/Renilla stimulated with Wnt3a CM (conditioned medium) for 24 h and non-stimulated SW480
pBAR/Renilla (Figure 1A). SW480 does not need Wnt stimulation, since it harbors an APC mutation
that overactivates the canonical Wnt signaling. Cells were treated with lonchocarpin overnight,
with or without the conditioned medium. Lonchocarpin decreased luciferase reporter activity in
a concentration-dependent manner, starting at 3 μM in RKO pBAR/Renilla and 5 μM in SW480
pBAR/Renilla (Figure 1B,C), and presented the half maximal inhibitory concentration (IC50) of 4 μM in
SW480 pBAR/Renilla (Figure 1D).

In order to validate the Wnt/β-catenin reporter gene assay inhibition, we performed
immunocytochemistry on SW480 cells. In order to activate the pathway, we treated RKO cells
with Wnt3a CM for 24 h and performed immunocytochemistry to assess nuclear β-catenin cell
count. These cells were cotreated with DMSO (vehicle), 10 or 20 μM lonchocarpin. L-cell CM
treated cells displayed 34% β-catenin positive nuclei (Figure 1E–E”), while Wnt3a CM treatment
increased the mean to 86% (Figure 1F–F”). RKO cells cotreated with 10 μM (Figure 1G–G”) or 20 μM
Figure 1H–H”) lonchocarpin showed 54% and 30% nuclear β-catenin positive cells, respectively
(Figure 1J). This data show that lonchocarpin treatment decreased β-catenin nuclear translocation in a
concentration-dependent manner (Figure 1E–H”). To assess whether lonchocarpin affects totalβ-catenin
protein level, we performed immunoblotting assay of RKO cells stimulated overnight with Wnt3a CM
or 1 μM BIO, cotreated with DMSO or 20 μM lonchocarpin (Figure 1K). Immunoblot assay showed that
lonchocarpin did not expressively reduced β-catenin total levels (Figure 1K), suggesting that β-catenin
degradation, or β-catenin stabilization impairment might not be a lonchocarpin mechanism of action.
In order to further validate our immunocytochemistry analysis, we performed immunoblotting of
RKO cytosolic and nuclear fractions (Figure 1L). These cells were treated accordingly to previous assay.
Immunoblotting showed that lonchocarpin reduces β-catenin nuclear level, suggesting an inhibition
of nuclear translocation, or, possibly, an inhibition of β-catenin nuclear interaction with other proteins
or DNA. Thus, this data suggests that lonchocarpin inhibits Wnt/β-catenin signaling pathway and
impairs β-catenin nuclear localization.
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Figure 1. Lonchocarpin inhibits the Wnt/β-catenin pathway. Treatment with lonchocarpin inhibits Wnt
reporter activity. (A) Lonchocarpin chemical structure, (B) RKO-pBAR/Renilla, and (C) SW480-pBAR/Renila
gene reporter luciferase assay. (D) Lonchocarpin half maximal inhibitory concentration is 4 μM in
the SW480-pBAR/Renilla cell lineage. Graph bars represent mean and SD. (E–I) SW480 β-catenin
and DAPI immunocytochemistry staining showed that lonchocarpin decreases β-catenin translocation
after lonchocarpin treatment. RKO cells were treated with (E–E”) L-cell control conditioned medium
or Wnt3a conditioned medium with (F–F”) DMSO, (G–G”) 10 μM or (H–H”) 20 μM lonchocarpin.
(I–I”) Immunocytochemistry negative control. (J) Quantification of nuclear β-catenin positive cell count
ratio. Graph bars represent mean and SEM. (K) Immunoblotting depicting β-catenin and β-actin total
levels of RKO cells treated with Wnt3a CM (conditioned medium) for 7 h. Densitometry is shown as the
ratio of β-catenin/β-actin. (K) Immunoblot of cell lysate of RKO cells treated with 1-L-cell CM, 2-Wnt3a
CM + DMSO, 3-Wnt3a CM + lonchocarpin 20 μM, 4-BIO 1 μM + DMSO, 5-BIO 1 μM + lonchocarpin
20 μM. (L) Immunoblot of cytosolic and nuclear fractions of RKO cells treated with 1,6-L-cell CM,
2,7-Wnt3a CM + DMSO, 3,8-Wnt3a CM + lonchocarpin 20 μM, 4,9-BIO 1 μM + DMSO, 5,10-BIO 1 μM
+ lonchocarpin 20 μM. Cytosolic densitometry was calculated considering α-Tubulin as the loading
control, while nuclear densitometry considered Lamin A/C as the loading control. * p < 0.05, ** p < 0.01,
*** p < 0.001. Scale bar represents 20 μm.
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2.2. Lonchocarpin Inhibits the Canonical Wnt Pathway Downstream of the Destruction Complex

SW480 harbors a mutation in APC that deletes its carboxyl-terminus domain, preventing the
destruction complex assembly [28,29]. Considering that lonchocarpin inhibited the Wnt reporter gene
in SW480 pBAR/Renilla (Figure 1C,D), and also prevented β-catenin nuclear localization (Figure 1L), we
speculated that the flavonoid could act downstream of the destruction complex. To test this hypothesis,
we performed epistasis assay using Wnt/β-catenin-specific reporter (Super TOPFLASH) transfected
cells induced by Wnt3a CM (Figure 2A), or co-transfected with wild type β-catenin (Figure 2B),
constitutively active β-catenin S33A (Figure 2C), or dnTCF4 VP16 (Figure 2D), a constitutive active
TCF4 form that does not rely on β-catenin for inducing the pathway.

Figure 2. Lonchocarpin inhibits Wnt/β-catenin pathway downstream to TCF4. Lonchocarpin suppresses
Wnt/β-catenin pathway induced by Wnt3a CM treatment (A) or by transfection with (B) β-catenin,
(C) β-catenin S33A, or (D) dnTCF4VP16 in HEK293T cells. (E) Proposed lonchocarpin mechanism of
action. Graph bars represent mean and SD. *** p < 0.001.

Our results showed that lonchocarpin inhibits Wnt/β-catenin signaling activation when pathway
activation is triggered by wild-type β-catenin, β-catenin S33A, or dnTCF4 VP16 overexpression
(Figure 2A–D). Interestingly, lonchocarpin showed a more potent and efficient inhibitory effect than
the previously published compound PNU-74654 (Figure 2A–D) [30]. In this scenario, we propose that
lonchocarpin acts downstream of the destruction complex and impairs TCF4 mediated transcription.

Together, these data suggest that lonchocarpin inhibits Wnt/β-catenin signaling by impairing
β-catenin nuclear localization while also hindering TCF activity.

2.3. Lonchocarpin Treatment Disturbs Xenopus laevis Embryos Axial Patterning and Rescues Wnt
Overactivation Phenotypes

Our in vitro data suggest that lonchocarpin inhibits Wnt/β-catenin by impairing β-catenin nuclear
localization (Figure 1E–L) while also suppressing TCF mediated transcription (Figure 2D). Next, we
investigated if this inhibitory effect is also observed in vivo. Manipulation of Xenopus laevis embryonic
development has been successfully used to validate compounds targeting Wnt/β-catenin signaling
through the interpretation of embryonic phenotypes and Wnt signaling overactivation [11]. In this
context, injection of 1.6 pmol lonchocarpin in the embryo animal dorsal blastomeres (Figure 3A)
induced head defects, characterized by reduction of anterior structures in 23% of injected embryos,
such as the cement gland and diminished eyes (Figure 3D) while uninjected or DMSO-injected embryos
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developed normally (Figure 3B,C). Considering that Wnt/β-catenin is active in the dorsal side of the
Xenopus embryo, which will organize the anterior-posterior axis, this result suggests an inhibition of
the pathway by lonchocarpin. In order to confirm this result, we injected 10 pmol of lonchocarpin
into the blastocoele space of stage 9 embryos (Figure 3E). Lonchocarpin injection induced anterior
structures enlargement, such as the head and cement gland in 48% of the embryos (Figure 3H), while
uninjected and DMSO injected embryos developed normally (Figure 3F,G). This lonchocarpin effect
is consistent with Wnt/β-catenin inhibition in the embryo anterior region, since the signaling at this
embryonic stage induces posterior structures.

Figure 3. Lonchocarpin alters axial patterning in Xenopus laevis embryos and inhibits Wnt-8 induced
axis and S01234-luciferase reporter. The 4-cell stage injected embryos display a smaller head compared
uninjected and DMSO-injected embryos (A–D). Stage 9 blastulae injected embryos display a larger head
(arrow) and cement gland (arrow) compared to uninjected or DMSO-injected embryos (E–H). Injection
of xWnt8 mRNA into ventral blastomere induced ectopic axis (arrowhead) compared to uninjected
embryos (I–K,P). Lonchocarpin inhibited Wnt8-induced secondary axis (M,P), but not DMSO (L,P).
Lonchocarpin injection inhibits Wnt8-induced S01234-luciferase specific reporter activation in Xenopus
laevis embryo (N,O) *** p < 0.001. Graph bars represent mean and SD (see also Figure S1).

It is well established that Wnt/β-catenin signaling overactivation in the Xenopus embryo 4-cell
stage ventral side induces ectopic axis containing head and dorsal structures [10,12,31]. We injected
10 pg of xWnt8 mRNA combined or not with 10 pmol lonchocarpin or DMSO into two ventral
blastomeres at 4-cell stage embryo (Figure 3I). xWnt8 or xWnt8 + DMSO-injected embryos developed a
secondary axis in 90% of the embryos, while only 60% of the lonchocarpin-injected embryos developed
a secondary axis (Figure 3K–M,P).
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Thus, these results strongly suggest lonchocarpin induces phenotypes consistent with
Wnt/β-catenin inhibition in Xenopus embryos (see also Figure S1 for quantification). To confirm
whether lonchocarpin inhibits Wnt signaling in Xenopus, we coinjected a Wnt/β-catenin specific gene
reporter S01234-luciferase with xWnt8 mRNA and 2.4 pmol lonchocarpin or DMSO into 4-cell stage
Xenopus laevis embryos (Figure 3N). Lonchocarpin suppressed 82% of Wnt/β-catenin signaling gene
reporter activation (Figure 3O).

These data support that lonchocarpin inhibits Wnt/β-catenin signaling pathway activation both
in vivo and in vitro.

2.4. Lonchocarpin Reduces HCT116, SW480, and DLD-1 Cell Proliferation

Since lonchocarpin inhibited Wnt/β-catenin downstream to the destruction complex both in vitro
and in vivo, we asked whether lonchocarpin has antitumor effects on colorectal cancer cell lines where
Wnt/β-catenin signaling has a critical role on tumorigenesis. Canonical Wnt signaling activation
leads to proliferation in many cell types, including colorectal cancer cells, thus we asked whether
lonchocarpin inhibits colon cancer cell proliferation. We treated HCT116, SW480, DLD-1, and IEC-6
cell lines with 5, 10, or 20 μM lonchocarpin for 24 h and performed the Click-it EdU proliferation assay.

Lonchocarpin inhibited 33% of HCT116 EdU positive cell count at 5 and 10 μM and reduced 75%
of EdU positive cell count at 30 μM (Figure 4B–E). Lonchocarpin inhibited 50% and 85% of SW480 EdU
positive cell count at 10 and 20 μM, respectively (Figure 4H–J). Lonchocarpin inhibited 40% and 75% of
DLD-1 proliferative cells ratio at 10 and 20 μM, respectively (Figure 4M–O). However, lonchocarpin
did not affect the non-tumoral intestinal cell line IEC-6 proliferating cells ratio (Figure 4Q–T). These
data show that lonchocarpin suppresses colorectal cancer cell lines proliferation while not affecting
the non-tumoral cell line IEC-6 proliferation. Next, we asked whether lonchocarpin suppresses
proliferation through cell toxicity. In order to assess cellular viability, we performed MTT assay after
treatment with 10, 20, 30, 40, and 50 μM lonchocarpin for 24, 48, or 72 h (Figure 4). We noticed that
20 to 50 μM lonchocarpin at all treatment intervals reduced relative 570 nm absorbance of HCT116,
SW480, and DLD-1 colorectal cancer cell lines but 10 μM had no effect (Figure 4U–W). Curiously,
20 μM lonchocarpin did not decrease relative 570 nm absorbance, but maintained the same reading
throughout the experiment, suggesting a proliferation inhibition.

However, in the non-tumoral intestinal cell line IEC-6, lonchocarpin decreased relative 570 nm
absorbance only at 50 μM. Exclusively at 72 h of treatment there was noticeable absorbance reduction
in 40 μM lonchocarpin (Figure 4X). These data show that lonchocarpin inhibits cell proliferation and
viability preferentially in the colorectal cancer cell lines.

151



Cancers 2019, 11, 1968

Figure 4. Lonchocarpin inhibits HCT116, SW480, and DLD-1 colorectal cancer cell lines proliferation.
Proliferation assay shows that lonchocarpin suppresses proliferation of HCT116, SW480, and DLD-1
colorectal cancer cell lines, while not affecting IEC-6 non-tumor small intestine cell line proliferation.
DAPI and EdU stained cells micrographs acquired 24 h post 5, 10, and 20 μM lonchocarpin treatment.
(A–E) HCT116, (F–J) SW480, (K–O) DLD-1, (P–T) IEC-6. Graphs show the percentage of EdU positive
cells. Scale bar represents 10 μm. Graph bars represent mean and SD. MTT assay shows that lower
lonchocarpin concentrations are less cytotoxic to the non-tumor cell line IEC-6 compared to the tumor
cell lines. MTT assay performed after treatment with 10, 20, 30, 40, and 50 μM lonchocarpin of
(U) HCT116, (V) SW480, (W) DLD-1, and (X) IEC-6 cells during 24, 48, and 72 h. R.U. (Relative Units).
* p < 0.1, ** p < 0.01. Graphs show mean and SEM.

2.5. Lonchocarpin Reduces Cell Migration in HCT116, SW480, and DLD-1 Colorectal Cancer Cell Lines

Canonical Wnt signaling key protein β-catenin interacts with adhesion proteins in the membrane
that may affect cell adhesion and migration. We evaluated whether lonchocarpin affects HCT116,
SW480 and DLD-1 colorectal cancer cell lines and IEC-6 non-tumoral intestinal cell line migration by
performing scratch assay. HCT116 lonchocarpin treatment reduced 55% of scratch closure at 20 μM
(Figure 5A–E). Lonchocarpin treatment of SW480 reduced 40% and 55% of scratch closure at 10 and
20 μM, respectively (Figure 5F–J). Likewise, DLD-1 lonchocarpin treatment reduced 45% of scratch
closure at 20 μM (Figure 5K–O). However, lonchocarpin treatment did not affect cell migration of the
non-tumoral cell line IEC-6 (Figure 5P–T). These data show that lonchocarpin treatment impairs cell
migration of colorectal cell lines, while not affecting the migration of the non-tumoral cell line.
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Figure 5. Lonchocarpin inhibits cell migration in HCT116, SW480, and DLD-1 colorectal cancer cell lines.
Scratch assay shows that lonchocarpin impairs migration of HCT116, SW480, and DLD-1 colorectal
cancer cell lines while not interfering with the IEC-6 non-tumor intestine cell line migration. Images
show cell migration through the scratch healing 24 h post treatment with 5, 10, and 20 μM lonchocarpin
(A–E) HCT116, (F–J) SW480, (K–O) DLD-1, (P–T) IEC-6. Graph shows relative wound area closure
relative to time 0 h. All conditions were normalized to DMSO. * p < 0.1, *** p < 0.001. Scale bar
represents 100 μm. Graph bars represent mean and SD.

2.6. Lonchocarpin Decreases Cell Proliferation in Azoxymethane (AOM)/Dextran Sulfate Sodium (DSS)
Induced Adenocarcinomas

Lonchocarpin inhibits Wnt/β-catenin in vitro and in vivo, while also presenting antitumor effects
in vitro. We asked whether lonchocarpin also has antitumor effects in vivo. We assessed the efficacy
of lonchocarpin therapeutic administration in an azoxymethane (AOM)/dextran sulfate sodium
(DSS)-induced model of colon cancer. After three cycles of DSS, when colon tumors were expected in
most animals, lonchocarpin (50 or 100 mg·kg−1·day−1) was injected intraperitoneally for four days,
and the mice were assessed 3 h after the last injection (Figure 6A). Colon tumors were macroscopically
observed in almost all mice submitted to the protocol (77%), and histopathological analyses revealed
several changes in the intestinal mucosa (Figure S2). The most frequent alterations included no
presence of mononuclear and polymorphonuclear leukocyte infiltrates in the lamina propria and

153



Cancers 2019, 11, 1968

submucosa, hyperplastic epithelium, in addition several adenomas and adenocarcinomas (Figure 6B).
Lonchocarpin did not show any toxicity to the treated animals, but significantly reduced tumor
proliferation (Figure 6C–F”). Lonchocarpin at 100 mg·kg−1·day−1 significantly decreased 31% and 38%
of proliferative Ki-67 and BrdU positive cells in adenocarcinomas of the treated mice compared either
with vehicle groups, respectively (Figure 6G,H, Tables S1 and S2). However, lonchocarpin showed a
more efficient antiproliferative effect when administered at the highest dosage (100 mg·kg−1·day−1)
in comparison to the lower dosage (50 mg·kg−1·day−1), in which no statistical relevance was found
(Figure 6G,H, Tables S1 and S2).

 

Figure 6. Lonchocarpin decreases cell proliferation in adenocarcinomas. (A) Timeline of inflammation-driven
colon cancer tumorigenesis model (azoxymethane (AOM)/dextran sulfate sodium (DSS)) protocol in adult
mice. Groups were divided as follows, vehicle 50 or 100: i.p. vehicle corresponding to volume for
the respective dose in the treated group; treated groups: i.p. injections of 2.5 mg/mL lonchocarpin 50 or
100 mg·kg–1·day–1 for four days. Vehicle: PEG400 30% in sterile NaCl 0.9%. BrdU i.p. injection (100 μg/kg)
1 h before euthanasia. (B) Representative H&E swiss-roll image of a colon section from a mouse subjected
to AOM/DSS protocol. The zoom picture shows the corresponding area of an adenocarcinoma. Scale
bar represents 200 μm. (C) Representative immunofluorescence photomicrographs of adenocarcinoma
areas from colon sections stained for proliferation markers (C’–F’) Ki-67 (red, Cy3) and (C”–F”) BrdU
(green, Alexa 488). (C–F) Nuclei stained with DAPI (blue). (D,E) Quantification of the percentage of
(G) Ki-67 (H) or BrdU positive cells per indicated group. Scale bar represents 100 μm. Graphs represent
mean and SEM. * p < 0.05 ** p < 0.01 Student t-test of lonchocarpin treatment condition in comparison
to vehicle.
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Taken together, our data demonstrate that lonchocarpin suppress the colorectal cancer cell growth
in vitro and in vivo.

3. Discussion

The Wnt/β-catenin pathway plays a key role in colorectal tumorigenesis Integrated analysis of
195 colorectal tumors revealed that Wnt signaling pathway components were mutated in 94% of all
tumors, and these mutations occurred mostly downstream to APC10. Hence, describing the novel
canonical Wnt signaling pathway inhibiting small molecules that act downstream to APC is a recurrent
strategy to improve colorectal cancer treatability.

Several studies show the antitumor effect of natural compounds that act as inhibitors of multiple
components of the Wnt/β-catenin pathway [17]. Quercetin has been described to disrupt TCF/β-catenin
interaction [23,32]. Epigallocatechin-3-gallate (EGCG) has been shown as a Wnt/β-catenin inhibitor by
promoting β-catenin degradation [33]. Isoquercitrin has been described as an inhibitor of the Wnt
signaling both in vitro and in vivo, and impairing tumor growth in vitro [34]. The chalcones derricin
and derricidin have also been reported as canonical Wnt signaling inhibitors impairing tumor growth
in vitro [18].

The present work is the first to identify lonchocarpin as a negative modulator of the Wnt/β-catenin
pathway in RKO and SW480 colon tumor cell lines and in the HEK293T embryonic kidney cell line.
We further elucidate that lonchocarpin acts downstream to β-catenin stabilization, probably at the TCF
level, since it inhibits the overactivation of the Wnt/β-catenin pathway induced by the transfection of
wild-type β-catenin, constitutively active β-catenin S33A or the constitutively active dnTCF4 VP16
in the HEK293T epistasis assay, while also inhibiting the Wnt/β-catenin pathway reporter in SW480
pBAR/Renilla cells, which harbors an APC truncation. We also show that lonchocarpin inhibits
proliferation, migration, and cell viability in most of the three colorectal cancer cell lines, HCT116,
SW480, and DLD-1, while not altering any of these aspects of the non-tumoral intestinal rat cell
line IEC-6.

Recent work has identified that 24 h treatment with 50μM lonchocarpin of SK-N-SH neuroblastoma
line induces AMPK phosphorylation, which results in increased glucose uptake and inhibits protein
synthesis [27]. Although our data shows effects at lower concentrations, this work corroborates our
findings that lonchocarpin decreases cell viability. Thus, the antitumor effects that we described may
be also a consequence of modulation of other signaling pathways besides Wnt/β-catenin.

Previous work has also measured cell viability following lonchocarpin treatment through MTT
assay, indicating that the IC50 for cell growth in the CEM leukemia cell line is 10.4 μg/mL, the same as
3.4 μM of lonchocarpin [35]. Although not explored by the authors, leukemia cell lines are known to
have Wnt signaling activating mutations, and lonchocarpin growth inhibiting effect could be due to
Wnt signaling inhibition [36]. In this same study, authors show that derricin also inhibits leukemia cell
growth [35], a chalcone also described as a canonical Wnt signaling inhibitor [18]. Comparatively, our
cell viability data in HCT116, SW480, and DLD-1 colorectal cancer cell lines show that lonchocarpin
reduces cell viability starting at 20 μM. This disparity may be due to the different origin of the cell
lines. Lonchocarpin has also been shown as inhibiting lung cancer cells H292 growth in vitro and
murine sarcoma S180 graft growth in vivo by inducing Caspase-3 mediated cell death [37]. Curiously,
increased cleaved Caspase-3 levels were found at 48 h [37], but not at 24 h, suggesting that canonical
Wnt signaling is inhibited prior apoptosis induction. Thus, previous lonchocarpin biological effect
descriptions confirm that the antitumor effect of this chalcone is not exclusive to colorectal cancer.

Additionally, we show that lonchocarpin inhibits Wnt/β-catenin signaling in vivo in the Xenopus
laevis embryo model. Xenopus embryo is a robust and reliable system to approach Wnt/β-catenin
signaling in vivo since it is critical for axis patterning [10]. In that sense, Wnt signaling plays two major
roles in early Xenopus development: a prior role that is composed by maternal Wnt components, and
a latter role that is regulated by genes transcribed by the embryo itself. We show that injection of
lonchocarpin at 4-cell stage, a stage where the embryo has no functioning transcription machinery,
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induced microcephaly and impaired Wnt8-induced axis, although a not very strong effect, most
likely due to low lonchocarpin concentration into the embryo blastomere (Figure 3). Consistently,
lonchocarpin injection into the blastocoele as well as co-injection with Wnt8-specific reporter (S01234),
both addressing a moment where the embryo transcribes genes by itself, induced head enlargement
and suppressed 82% of Wnt/β-catenin signaling gene reporter activation (Figure 3). These results are
consistent with previous epistasis assay showing that lonchocarpin inhibits Wnt pathway downstream
to β-catenin stabilization level, by impairing TCF mediated transcription (Figure 2).

Considering the relevance of the lonchocarpin Wnt/β-catenin inhibition and its functional effects
on CRC cell lines as well as in Xenopus embryo, we tested lonchocarpin therapeutic administration
in an inflammation-associated CRC mouse model. The AOM/DSS model has been widely used for
CRC studies since it is highly reproducible, and recapitulates human cancer histological features
and the major driven mutations. Indeed, it has become a powerful platform for chemopreventive
and anticancer drug discovery studies. AOM is a procarcinogen metabolized into alkylating agent
methylazocymethanol (MAM) in the liver. After excretion into the bile, it induces mutagenesis of
the colonic epithelium. Colonic tumors are accelerated by a heparin-like polysaccharide DSS, which
causes colonic epithelial damage, mirroring some of the features of inflammatory bowel disease [38].
Acute lonchocarpin i.p. administration in mice containing fully developed carcinomas reduced
Ki-67 positive and BrdU positive cell count (Figure 6). Therefore, indicating lonchocarpin as an
acute anti-proliferative agent in AOM/DSS induced adenocarcinoma. Although very promising,
only the lonchocarpin highest dose produced anti-proliferative effects suggesting that its biological
activity should be further enhanced through the synthesis of novel optimized analogues, or by using
alternative administration approaches. In the middle of the 1950s, it was first isolated from the stem
wood of Camptotheca acuminata the precursor of one of the most used chemotherapeutic agents for
colorectal cancer treatment, the alkaloid camptothecin [39]. First described as showing antileukemic
and antitumor activities, for the following three decades many camptothecin analogues have been
described in order to enhance its antitumor properties. One of these analogues was CPT-11, currently
known as Irinotecan, that is widely used to treat colorectal cancer [40]. Together with Irinotecan,
5-FU is also widely used clinically. Intriguingly, Wnt signaling inhibition has been shown to decrease
resistance of colorectal cells to these chemotherapy drugs’ treatment [41]. Interestingly, MEK signaling
inhibitors have been shown to increase canonical Wnt signaling in CRC [42], and the co-treatment of
MEK inhibitors and Wnt signaling inhibitors resulted in a reduction of tumor growth [42]. Thus, MEK
inhibitors should also be addressed as a cotreatment with lonchocarpin.

There are currently 55 clinical trials aiming to inhibit Wnt signaling pathway in cancers, in which
21 are CRC studies (clinicaltrials.gov). Among the 21 CRC clinical trials, only two tested compounds
inhibit canonical Wnt signaling at the transcriptional level, PRI-724 and resveratrol. In this context,
in comparison with these compounds, the in vitro IC50 of lonchocarpin Wnt signaling inhibition is
noticeable. PRI-724 inhibited the Wnt signaling pathway at 25 μM in vitro [43] (authors used cyclin D1
Western blot to check Wnt signaling modulation), resveratrol inhibited at 20 μM [44] (authors used a
Wnt signaling specific gene reporter assay), whereas 4 uM lonchocarpin reached the IC50. The PRI-724
clinical trial has been withdrawn due to supply issues (NCT02413853) and resveratrol results have not
been published yet (NCT00256334). We believe that lonchocarpin anticancer effects should be further
addressed in preclinical studies, so it can be a possible clinical trial candidate.

The use of natural compounds as drug candidates has been improved by the use of alternative
delivery approaches such as controlled delivery systems. Indeed, nanostructuration has been used to
circumvent solubility issues [45–47]. These strategies can solve instability and poor water solubility
issues [48,49] and improve a drug candidate pharmacokinetic profile. These systems could be used to
further enhance lonchocarpin anticancer properties in vivo.

At last, the similarity of lonchocarpin and derricin chemical structure deserves to be noticed.
These two natural compounds inhibit Wnt signaling through similar mechanisms, while derricidin has
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a different one [18]. This comparison paves a new way for structure-function studies, and the quest for
new Wnt signaling inhibitor pharmacophores.

4. Materials and Methods

4.1. Cell Lines and Chemical Compounds

HEK293T, SW480, HCT116, DLD-1, and IEC-6 cell lines were purchased from ATCC and
RKO-pBAR/Renilla and SW480-pBAR/Renilla were a gift from Professor Xi He (Harvard Medical
School). All cell lines were maintained in DMEM-F-12 (Gibco, Life Technologies Limited, Paisley, UK)
enriched with 10% fetal bovine serum (Gibco). The chalcone lonchocarpin was purified by Nascimento
and Mors, 1972 [50] and kindly donated for this study by professor Ricardo Kuster (Federal University
of Espirito Santo). PNU-74654 was synthesized at the Laboratory of Evaluation and Synthesis of
Bioactives substances (Biomedical Sciences Institute, UFRJ). Both compounds were diluted in DMSO
(Sigma-Aldrich, Saint Louis, MO, USA) at the concentration of 10 mM. PNU-74654 has been previously
described as an inhibitor of Wnt/β-catenin pathway by blocking the interaction between β-catenin
and TCF [30]. L-cell conditioned medium (CM) and Wnt3a CM were obtained according to the ATCC
protocol. L-cells and L-Wnt3a cells were plated into 75 cm2 flasks at 50% confluence with 10 mL DMEM
medium containing 10% FBS. After 4 days, the first batch of medium was obtained and kept at 4 ◦C.
Three days later, the last batch of medium was obtained and combined with the first one. Finally, L-cell
CM and Wnt3a CM were passed through a 0.22 μm filter, and kept at 20 ◦C.

4.2. Wnt/β-Catenin Luciferase Reporter Assay

First, 1.2 × 104 cells/well RKO-pBAR/Renilla and SW480-pBAR/Renilla cells were cultured on
96-well plates in DMEM/F-12 containing 10% fetal bovine serum (Gibco). Then, 24 h later, cells were
treated with lonchocarpin at the concentrations of 1, 3, 5, 10, 20, and 30 μM in the presence of Wnt3a
conditioned medium for an additional 24 h. L-cell CM was used as negative control, and 0.3% DMSO
was used as vehicle control. After 24 h of treatment, Firefly and Renilla luciferase activities were
detected according to the manufacturer’s protocol (Dual Luciferase Reporter Assay System, Promega,
Madison, WI, USA).

The 1.2 × 104 cells/well HEK293T cells were cultured on 96-well plates in DMEM/F-12 containing
10% fetal bovine serum (Gibco). At 70% confluence, each well was transfected with 100 ng TOP-Flash
plasmid, 10 ng Renilla-luciferase plasmid, and 100 ng wild type β-catenin or 100 ng β-catenin S33A
using Lipofectamine 3000 (Invitrogen, Life Technologies Corporation, Carlsbad, CA, USA). Then, 18 h
after transfection, cells were treated with 1, 5, and 10 μM of lonchocarpin. After 24 h, Firefly and
Renilla luciferase activities were detected according to the manufacturer’s protocol (Dual Luciferase
Reporter Assay System, Promega).

4.3. Immunocytochemistry

SW480 cells were cultured in 24-well plates with 4.0 × 104 cells/well in DMEM-F12 media (Gibco)
containing 10% fetal bovine serum (Gibco). Cells were fixed in 4% paraformaldehyde, washed with
phosphate buffered saline, and permeabilized with 0.3% Triton X-100. Then, each well was blocked for
1 h with 5% bovine serum albumin. The rabbit anti-β-catenin primary antibody (Sigma Aldrich) was
diluted in PBS containing 1% bovine serum albumin (1:200) and incubated overnight. The secondary
antibody anti-rabbit Alexa Fluor 546 (Sigma Aldrich) was diluted (1:500) with 1% bovine serum
albumin (1:500) and incubated for 2 h at room temperature. 4,6-diamidino-2-phenylindole staining
(Cell Signaling) was performed for 15 min, and then slides were mounted with Fluoromount (Sigma
Aldrich). Images were captured using the confocal microscope Leica TCS SP5.
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4.4. Immunoblotting and Cell Fractionation

First, 2 × 105 cells/well RKO-pBAR/Renilla cells were cultured on 12-well plates and treated with
20 μM lonchocarpin for 24 h. Then, the cells were harvested in ice-cold PBS 1X, followed by cytosolic
lysis in digitonin buffer with protease inhibitors (150 mM NaCl, 50 mM Tris, 25 μg/mL digitonin,
pH 7.4) for 5 min. Then, the lysate was centrifugated for 10 min at 2000 G at 4 ◦C and the supernatant
was collected and considered as the cytosolic fraction. Following digitonin extraction, the remaining
cell pellets were washed in ice-cold PBS 1X and lysed in NP-40 buffer (150 mM NaCl, 50 mM Tris,
1%NP-40, pH 7.4) with protease inhibitors for 15 min and centrifuged for 10 min at 7000 G at 4 ◦C.
The supernatant was collected and considered as the membrane fraction. After that, the cell pellets
were washed again in ice-cold PBS 1X and lysed in RIPA buffer with protease inhibitors for 20 min and
centrifugated after at 16,000 G at 4 ◦C. The supernatant was collected and considered as the nuclear
fraction. Whole cell lysates were prepared using Triton buffer (150 mM NaCl, 50 mM Tris, 1% Triton
X-100, 1 mM EDTA, 10% Glycerol, pH 7.5). Finally, cell lysates were denatured with Laemmli buffer
at 95 for 5 min, and the protein samples were subjected to SDS-PAGE and transferred into PVDF
membranes (Millipore, Merck KGaA, Darmstadt, Germany). The membrane was then blocked with 2%
PVP (Sigma Aldrich) in TBS-Tween-20, incubated with primary monoclonal antibodies β-catenin (BD,
1:500), β-actin (SCBT, 1:2000); lamin A/C (CST, 1:500) and α-tubulin (Sigma, 1:2000) overnight at 4 ◦C.
After three washes with TBS-T, the membranes were incubated for 1 h with HRP-conjugated secondary
antibodies (CST). The immunoblots were visualized by chemiluminescence using SuperSignal West
Pico and West Femto (ThermoFisher, Life Technologies Corporation, Carlsbad, CA, USA).

4.5. Xenopus laevis Embryo Manipulations

Frog experiments were carried out according to the guidelines granted by the Animal Care and Use
Ethic Committee from the Federal University of Rio de Janeiro and were approved by this committee
under the permission number 152/13. Female adult frogs (Nasco Inc., Fort Atkinson, WI, USA) were
stimulated with 1000 IU human chorionic gonadotropin (Ferring Pharmaceuticals, Kiel, Germany).
Xenopus laevis embryos were obtained through in vitro fertilization and staged according to Nieuwkoop
and Farber [51]. All experiments were performed at 22 ◦C. For the Wnt/β-catenin signaling specific
reporter assay, two transverse blastomeres of 4-cell stage embryos were injected with 4 nL containing
280 pg of S01234-luciferase plasmid, 50 pg of TK-Renilla plasmid, 1 pg of xWnt8 mRNA, and 1.2 pmol
of lonchocarpin or DMSO each, for a total of 2.4 pmol of lonchocarpin per embryo. For synthetic
xWnt8 mRNA, the plasmid was linearized with NotI and transcribed with SP6 RNA polymerase
using the mMessage mMachine kit (Applied Biosystems, Austin, TX, USA). After microinjections,
embryos were cultivated in 0.1× Barth (8.89 mM NaCl; 0.1 mM KCl; 0.24 mM NaHCO3; 0.08 mM
MgSO4·7H2O; 1 mM Hepes; 0.03 mM Ca(NO3)2·4H2O; 0.04 mM CaCl2·2H2O; pH 7.7) until sibling
control embryos reached stage 10. Triplicates of four embryos were lysed using 50 μL of 1× Passive
Lysis Buffer (Promega). Then, 10 μL of embryo lysate was used for gene reporter activity detection.
Firefly and Renilla luciferase activities were detected according to the manufacturer’s protocol (Dual
Luciferase Reporter Assay System, Promega).

In order to modulate the maternal wave, 4-cell stage embryos dorsal blastomeres were injected
in the animal pole with 4 nL containing 200 μM of lonchocarpin (0.8 pmol/embryo) or DMSO each,
for a total of 1.6 pmol of lonchocarpin per embryo. In order to modulate the zygotic wave, stage 9
embryos were injected with 50 nL containing 200 μM of lonchocarpin (10 pmol/embryo) or DMSO
into the blastocoel. After injection, embryos were maintained in 0.1X Barth, until stage 35, when the
phenotypes were analyzed.

4.6. MTT Assay

3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) was used to assay
mitochondrial activity in viable cells. Cells were plated at a concentration of 1.2 × 104 cells/well in
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96-well tissue culture plates in DMEM/F-12 containing 10% fetal bovine serum (Gibco) and cultured for
24 h. Cells were treated for 24 h with 10, 20, 30, 40, or 50 μM of lonchocarpin and 0.5% DMSO was used
as the vehicle control. MTT was added to each well at a final concentration of 0.25 mg/mL for 1 h. The
formazan reaction product was dissolved with 100% DMSO and quantified spectrophotometrically at
570 nm (Modulus™ II Microplate Multimode Reader, Promega).

4.7. Scratch Assay

HCT116, SW480, DLD-1, and IEC-6 were cultured on 12-well plates in DMEM/F-12 containing 10%
fetal bovine serum (Gibco). Confluent wells were scratched in the center of each well with a pipette tip
and treated with the proliferation inhibitor Ara-C at 10 μM. After scratch, cells were treated with 5, 10,
or 20 μM lonchocarpin for 24 h. Images were taken at 0 h and the wound areas were measured at 0
and 24 h after treatment. Each experiment was carried out in triplicate, and three fields were counted
per well.

4.8. Cell Proliferation Assay

HCT116, SW480, DLD-1, and IEC-6 were cultured on 24-well plates with 4.0 × 104 cells/well in
DMEM/F-12 containing 10% fetal bovine serum (Gibco). Then, 24 h later, cells were treated with 20 or
30 μM lonchocarpin. DMSO 0.3% was used as vehicle control. Then, 18 h later, we added EdU to the
cells, and 6 h later cells were fixed with paraformaldehyde 4% and the experiment was conducted
according to Click-iT EdU (Life Technologies Corporation, Carlsbad, CA, USA) manufacturer protocol.

4.9. AOM/DSS Protocol

Animal procedures were approved and carried out according to the guidelines by the Animal Care
and Use Ethic Committee from the Federal University of Rio de Janeiro under register 85/15. Male and
female 129SvJxC57BL6 mixed mice (8–12 weeks) were housed in microisolator cages and maintained
at 23 ◦C with a 12/12-h light/dark cycle and free access to food and water. A total of 26 experimental
mice were pre-treated with vermifuge (vetmax plus 0.04% and ivermectin 0.4%) in quarantine for
5 days. All mice were intraperitoneally injected with AOM (12.5 mg/kg; Sigma-Aldrich) once. Five
days later, all animals received the first cycle of DSS treatment composed by 2% DSS (MP Biochemicals,
Solon, OH, USA) in drinking water for five days, followed by a 2-week rest period without DSS.
The 2% DSS treatment cycle was repeated once and followed by a last cycle of 1.5% DSS for 4 days.
Mice were monitored every day. Any mouse that lost greater than 20% body weight, demonstrate
hunched posture, or moved in a limited fashion was euthanized. Four weeks after the last DSS cycle
the animals were randomized into five groups as follows: no treatment group (only AOM/DSS); i.p.
injections of 50 or 100 mg·kg−1·day−1, of vehicle (30% polyethylene glycol 400 (PEG400) with 0.9%
saline); and i.p. injections of 2.5 mg/mL lonchocarpin 50 or 100 mg·kg−1·day−1 for four days. Due to
limitation of the lonchocarpin solubility, to reach 100 mg·kg−1·day−1 i.p was performed every 12 h
with 50 mg/kg. Euthanasia was performed after the treatment and the animals received an i.p. BrdU
injection (100 mg/kg) 1 h before euthanasia.

4.10. Tissue Processing, Histopathology, H&E, and Immunofluorescence

After euthanasia, the colons were removed, longitudinally opened, cleaned with phosphate-buffered
saline (PBS) and fixed in 4% buffered paraformaldehyde for 24 h at 4 ◦C. The swiss-rolls were processed
in sequential ethanol and xilol for paraplast inclusion and the tissues were sectioned in Leica RM2125
RTS microtome and stained with hematoxylin and eosin (H&E) for microscopic identification of
lesions, adenomas, and adenocarcinomas. Indirect immunofluorescence was performed after serial
deparaffinization in xilol and ethanol. Heat induced epitope retrieval was performed in sodium citrate
buffer (10 mM Sodium citrate, 0.05% Tween 20, pH 6.0) in a steamer and nonspecific binding sites
were blocked with bovine serum albumin 3% in PBS. The sections were incubated with monoclonal
antibodies rat anti-Ki-67 (Invitrogen #14569882; 1:100) and mouse anti-BrdU (GE Healthcare #RPN202;
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1:3) overnight at 4 ◦C. Anti-rat biotinylated and anti-mouse Alexa 488-conjugated secondary antibodies
(Invitrogen) were used to visualize Ki-67 and BrdU, respectively and the nuclei were stained with DAPI.
Images were captured using the Olympus Light Microscope BX53 with a LUCPLFLN 20XPH objective
and a SC50 color camera (Olympus Life Science Solutions America, Waltham, MA, USA). Only the
adenocarcinoma areas confirmed in H&E staining were considered in immunofluorescence analysis.
All images were manually and independently counted by at least two authors (LFSO, JMAD and AF).
The proportion of positive-stained nuclei in the epithelial crypt cells found in the adenocarcinoma area
were calculated and compared between the groups.

4.11. Statistical Analysis

For MTT assays statistical analysis we used a two-way ANOVA following a Bonferroni post-test
(GraphPad Prism version 6.0), error bars represent standard error. For all other results, we used a
one-way ANOVA (GraphPad Prism version 6.0). Figures show the mean of three replicates performed
three times; standard deviation and statistical significance was set at * p < 0.05 ** p < 0.01 *** p < 0.001.

5. Conclusions

In summary, our data describes lonchocarpin, a flavonoid from the chalcone class, as a potent
inhibitor of the Wnt/β-catenin pathway that acts downstream to β-catenin stabilization level and
impairs TCF mediated transcription. In addition, lonchocarpin presents anti-tumor growth properties
in vitro and inhibits adenocarcinoma proliferation in an in vivo CRC model. Further studies should
be conducted in order to improve its activity and perhaps propose lonchocarpin as an alternative in
CRC treatment.
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Abstract: Isorhamnetin is an O-methylated flavonol that is predominantly found in the fruits and
leaves of various plants, which have been used for traditional herbal remedies. Although several
previous studies have reported that this flavonol has diverse health-promoting effects, evidence is
still lacking for the underlying molecular mechanism of its anti-cancer efficacy. In this study, we
examined the anti-proliferative effect of isorhamnetin on human bladder cancer cells and found that
isorhamnetin triggered the gap 2/mitosis (G2/M) phase cell arrest and apoptosis. Our data showed
that isorhamnetin decreased the expression of Wee1 and cyclin B1, but increased the expression
of cyclin-dependent kinase (Cdk) inhibitor p21WAF1/CIP1, and increased p21 was bound to Cdk1.
In addition, isorhamnetin-induced apoptosis was associated with the increased expression of the
Fas/Fas ligand, reduced ratio of B-cell lymphoma 2 (Bcl-2)/Bcl-2 associated X protein (Bax) expression,
cytosolic release of cytochrome c, and activation of caspases. Moreover, isorhamnetin inactivated the
adenosine 5′-monophosphate-activated protein kinase (AMPK) signaling pathway by diminishing
the adenosine triphosphate (ATP) production due to impaired mitochondrial function. Furthermore,
isorhamnetin stimulated production of intracellular reactive oxygen species (ROS); however, the
interruption of ROS generation using a ROS scavenger led to an escape from isorhamnetin-mediated
G2/M arrest and apoptosis. Collectively, this is the first report to show that isorhamnetin inhibited the
proliferation of human bladder cancer cells by ROS-dependent arrest of the cell cycle at the G2/M phase
and induction of apoptosis. Therefore, our results provide an important basis for the interpretation of
the anti-cancer mechanism of isorhamnetin in bladder cancer cells and support the rationale for the
need to evaluate more precise molecular mechanisms and in vivo anti-cancer properties.

Cancers 2019, 11, 1494; doi:10.3390/cancers11101494 www.mdpi.com/journal/cancers165
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1. Introduction

Although new therapies for treating cancer patients are being developed, chemotherapy is still the
main approach for the treatment of cancer. However, some limitations, such as adverse side effects, drug
resistance, and limited efficacy, remain to be solved [1,2]. Therefore, urgent new therapeutic strategies
that minimize these limitations and have high therapeutic efficacy are required. In this respect, there is
an increasing interest in the importance of compounds derived from natural resources that have been
traditionally used for the prevention and treatment of various diseases [3–5]. In particular, numerous
naturally occurring agents have been reported to cause cell cycle arrest and induce apoptosis, which are
important strategies for the control of proliferation in cancer cells, without inducing toxicity in normal
cells [6,7]. These agents have also emerged as an alternative to chemopreventive and chemotherapeutic
agents because they can specifically regulate various cellular signaling pathways in cancer cells [8,9].

Isorhamnetin (3′-methoxy-3,4′,5,7-tetrahydroxyflavone) is a flavonol aglycone found in some
medicinal plants, such as Hippophae rhamnoides L., Oenanthe javanica, and Ginkgo biloba L., which are
used as traditional medicines for the treatment of rheumatism, hemorrhage, cardiovascular disease,
and cancer [10,11]. As one of the metabolites of quercetin, isorhamnetin is structurally similar to
kaempferol, and is also called 3-O-methyl quercetin [12–14]. Isorhamnetin displays a number of
biological properties due to its antioxidant, anti-inflammatory, and metabolic properties [15–19], and is
also considered to have potential as an anti-cancer agent based on the results of various cancer cell
models. For example, isorhamnetin has been reported to inhibit human leukemia, breast, colon, and
cervical cancer cell proliferation through the gap 2/mitosis (G2/M) phase arrest [20–23], and to induce
mitotic block in non-small cell lung carcinoma cells, thus enhancing cisplatin- and carboplatin-induced
G2/M arrest [24]. However, isorhamnetin induced S-phase arrest in some cancer cells [25,26], indicating
that cell cycle arrest by isorhamnetin is dependent on the type of cancer cell line.

In addition, the anti-cancer effects of isorhamnetin in various cancer cell lines have been shown
to involve the death receptor (DR)-dependent extrinsic and/or mitochondria-dependent intrinsic
pathways [19,24,27–31], which are representative apoptosis inducing pathways. It was also found
that the anti-cancer effect of isorhamnetin was accompanied by the disturbance of various cellular
signaling pathways [20,25,32]. Furthermore, isorhamnetin showed a strong cytotoxic effect through a
reactive oxygen species (ROS)-dependent apoptosis pathway in breast cancer cells [26]. In particular,
isorhamnetin was able to induce high cytotoxicity at low doses compared to quercetin in cancer
cells, including hepatocellular carcinoma and leukemia cells [33,34]. Although the possibility of the
growth inhibitory activity of isorhamnetin in bladder cancer cells has recently been proposed [35], no
molecular mechanism has been reported to support its effect. Therefore, in this study, we investigated
the anti-cancer efficacy of isorhamnetin in human bladder cancer cells, focusing on the mechanisms
associated with the induction of cell cycle arrest and apoptosis.

2. Results

2.1. Isorhamnetin Inhibited Cell Viability in Bladder Cancer Cells

To examine the cytotoxic effect of isorhamnetin, four bladder cancer T24 cell lines
(T24, 5637, and 2531J) were treated with various concentrations of isorhamnetin, and then
the 3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyltetra-zolium bromide (MTT) assay was conducted.
Although there are some differences depending on the cell line, the cell viability was significantly
decreased in a concentration-dependent manner in isorhamnetin-treated cells (Figure 1A), without
affecting normal cultured human keratinocyte HaCaT cells and Chang liver cells under the same
conditions. In addition, the 50% inhibitory concentration (IC50) values of isorhamnetin on T24 and
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5637 cells were 127.86 μM and 145.75 μM, respectively. The microscopic examination demonstrated
that the phenotypic characteristics of isorhamnetin-treated T24 and 5637 cells showed irregular cell
outlines, a decrease of cell density, shrinkage, and an increase of detached cells (Figure 1B, upper
panel). In addition, 2531J cells showed similar results from the isorhamnetin treatment.

Figure 1. The inhibition of cell viability and induction of cell cycle arrest at gap 2/ mitosis (G2/M)
phase using isorhamnetin in bladder cancer cells. T24, 5637, and 2531J cells were treated with
the indicated concentrations of isorhamnetin for 48 h. (A) The cell viability was assessed using
3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyltetra-zolium bromide (MTT) assay. Each bar represents the
mean± standard deviation (SD) of three independent experiments (* p< 0.05 and *** p< 0.0001 compared
to the control). (B, Upper panel) Morphological changes of T24 and 5637 cells were observed using
phase-contrast microscopy. (B, Lower panel) The 4′,6-diamidino-2-phenylindole (DAPI)-stained nuclei
were pictured under a fluorescence microscope. Representative photographs of the morphological
changes are presented. (C,D) The cells were stained with propidium iodide (PI) solution for flow
cytometry analysis. Quantification of the cell population (in percent) in different cell cycle phases of
viable cells is shown. (D) Sub-G 1% was calculated as the percentage of the number of cells in the
sub-G1 population relative to the number of total cells. Data were expressed as the mean ± SD of three
independent experiments (* p < 0.05, ** p < 0.001, and *** p < 0.0001 compared to the control).

2.2. Isorhamnetin Induced G2/M Phase Arrest and Apoptosis in Bladder Cancer Cells

To examine the mechanism responsible for the isorhamnetin-induced anti-proliferative effect, the
cell cycle distribution profile was examined. Flow cytometry data demonstrated that the percentage
of cells arrested at G2/M phase was increased with increasing isorhamnetin treatment concentration,
coupled with a decrease in the proportion of cells in the G1 and S phases (Figure 1C). Meanwhile,
a significant increase of the cells in the sub-G1 phase, which was used as an index of apoptotic cells, was
observed in isorhamnetin-treated cells (Figure 1D). Therefore, 4′,6-diamidino-2-phenylindole (DAPI)
staining was performed to investigate whether apoptosis was involved in cell the growth inhibition
induced by isorhamnetin. Figure 1B (lower panel) indicates that morphological changes of the nuclei,
which were observed in apoptosis-inducing cells, such as nuclear fragmentation and chromatin
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condensation, were dominantly found in isorhamnetin-treated T24 and 5637 cells. Since 2531J cells also
had the same results, the following experiments were performed on T24 and 5637 cells. To quantify
the apoptosis triggered by isorhamnetin, an annexin V-fluorescein isothiocyanate (FITC)/propidium
iodide (PI) double staining assay was conducted. As indicated in Figure 2A,B, after treatment with
isorhamnetin, the populations of annexin V-staining positive cells were significantly increased, as
compared to the control. On the other hand, T24 cells showed slightly increase in necrotic death upon
100 μM of isorhamnetin, but not 5637 cells (Figure 2B). Consistent with this, the results from agarose gel
electrophoresis showed that as the isorhamnetin concentration increased and more fragmented DNA
was observed (Figure 2C), indicating that an isorhamnetin-induced G2/M phase arrest was associated
with the induction of apoptosis.

Figure 2. Induction of apoptosis using isorhamnetin in bladder cancer cells. (A,B) After treatment
with different concentrations of isorhamnetin for 48 h, the cells were fixed and stained with annexin
V-fluorescein isothiocyanate (FITC) and PI for flow cytometry analysis. (A) Representative profiles.
The results show early apoptosis, defined as annexin V+ and PI− cells (lower right quadrant), and late
apoptosis, defined as annexin V+ and PI+ (upper right quadrant) cells. (B) The percentages of apoptotic
cells (left) and necrotic cells (right) were determined by expressing the numbers of Annexin V+ cells as
percentages of all the present cells. The results are presented as the mean ± SD of three independent
experiments (** p < 0.001 and *** p < 0.0001 compared to the control). (C) DNA fragmentation in the cells
cultured under the same conditions was analyzed via the extraction of genomic DNA, electrophoresis
in agarose gel, and then visualization using ethidium bromide (EtBr) staining.
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2.3. Isorhamnetin Regulated the Expression of G2/M Phase-Associated Proteins in Bladder Cancer Cells

To explore the biochemical event of the isorhamnetin-elicited cell cycle arrest, the levels of
G2/M phase-associated proteins were analyzed. The immunoblotting results revealed that following
isorhamnetin treatment, the levels of Wee1 and cyclin B1 were reduced, and the effect was
concentration-dependent, while the expression of cyclin-dependent kinase (Cdk) 1 (also called cell
division cycle 2, Cdc2) was maintained at the level of the control group (Figure 3A,B). However, the
expression of Cdk inhibitor p21WAF1/CIP1 was markedly increased in response to isorhamnetin exposure.
Next, we performed co-immunoprecipitation to investigate the role of isorhamnetin-induced p21, and
found that this increased p21 via treatment with isorhamnetin complexed with Cdk1 (Figure 3C).
These results suggest that increased p21 protein in isorhamnetin-treated cells contributed to G2/M
phase arrest by inhibiting its activity through binding to Cdk1.

Figure 3. Effects of isorhamnetin on the levels of cell cycle regulatory proteins in bladder cancer
cells. (A) T24 and 5637 cells were treated with the indicated concentrations of isorhamnetin for 48 h,
and then total cell lysates were prepared. Western blotting was then performed using the indicated
antibodies and an enhanced chemiluminescence (ECL) detection system. Actin was used as an internal
control. (B) The expression of each protein was indicated as a fold change relative to the control.
Quantitative analysis of mean pixel density was performed using the ImageJ® software. (C) Cells
were incubated without or with 100 μM isorhamnetin for 48 h, and then equal amounts of proteins
were immunoprecipitated with the anti-cyclin-dependent kinase (Cdk) 1 antibody. Western blotting
using immunocomplexes was performed using anti-p21 or anti-Cdk1 antibodies and an ECL detection
system (IP, immunoprecipitation).
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2.4. Isorhamnetin Modulated the Expression of Apoptosis-Regulatory Proteins in Bladder Cancer Cells

To investigate the pathway of isorhamnetin-induced apoptosis, caspases activities were determined.
Figure 4A,B shows that the protein levels of pro-caspase-8, -9, and -3 were concentration-dependently
decreased, which was associated with the degradation of poly(ADP-ribose) polymerase (PARP).
Therefore, we quantitatively assessed each caspase activity in the presence of isorhamnetin using
fluorogenic substrates to determine whether these immunoblotting results were directly related to
activation of the corresponding caspases and found that treatment with isorhamnetin significantly
stimulated the activation of these caspases in a concentration-dependent manner in comparison with
untreated control cells (Figure 4C). In addition, the effects of isorhamnetin on the expression of the
Fas/Fas ligand (FasL) and B-cell lymphoma 2 (Bcl-2) family members were determined. Figure 4A,B
shows that both Fas and FasL protein levels were up-regulated, and the level of Bcl-2-associated X
protein (Bax), a pro-apoptotic protein, was also increased, while the level of Bcl-2, an anti-apoptotic
protein, was reduced in isorhamnetin-treated cells. Furthermore, isorhamnetin promoted the release of
cytochrome c from mitochondria into cytosol (Figure 4D).

Figure 4. Modulation of apoptosis-regulatory factors using isorhamnetin in bladder cancer cells.
(A) After treatment with isorhamnetin for 48 h, Western blotting was performed using the indicated
antibodies and an ECL detection system. Actin was used as an internal control. (B) The expression
of each protein was indicated as a fold change relative to the control. Quantitative analysis of mean
pixel density was performed using the ImageJ® software. (C) The activities of caspases were evaluated
using caspase colorimetric assay kits. The data were expressed as the mean ± SD of three independent
experiments (* p < 0.05, ** p < 0.001, and *** p < 0.0001 compared to the control). (D) After treatment
without or with 100 μM isorhamnetin for 48 h, cytosolic and mitochondrial proteins were prepared
and analyzed for cytochrome c expression using Western blot analysis. Equal protein loading was
confirmed via the analysis of actin and cytochrome oxidase subunit VI (COX VI) in each protein extract
(C.F.—cytosolic fraction; M.F.—mitochondrial fraction).
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2.5. Isorhamnetin Increased ROS Generation but Decreased ATP Content in Cancer Cells

To investigate the involvement of ROS on the cytotoxic effect of isorhamnetin, we performed flow
cytometry analysis using a fluorescent probe, 5,6-carboxy-2′,7′-dichlorodihydrofluorescein diacetate
(DCF-DA). Our data indicated that the production of ROS showed a significant increase within 1 h of
the isorhamnetin treatment, and then gradually decreased, while the antioxidant N-acetyl-L-cysteine
(NAC) suppressed it to the control level (Figure 5A–C). In addition, an ATP colorimetric assay kit was
used to measure the content of mitochondrial ATP in the cells. Figure 5D shows that the concentration
of ATP in the isorhamnetin-treated cells decreased in a concentration-dependent manner. However,
under the condition that NAC existed, it was markedly weakened, indicating that the decrease in ATP
levels was associated with ROS production.

Figure 5. Accumulation of reactive oxygen species (ROS) and decrease of ATP content using
isorhamnetin in bladder cancer cells. (A) Cells were treated with 100 μM isorhamnetin for the
indicated times. (B) The cells were pre-treated with or without 10 mM N-acetyl-L-cysteine (NAC) for 1 h
before isorhamnetin treatment for 1 h. (A,B) The medium was discarded and the cells were incubated
for 20 min with medium containing 5,6-carboxy-2′,7′-dichlorodihydrofluorescein diacetate (DCF-DA).
ROS generation was measured using flow cytometry. (C) Each bar represents the mean ± SD of three
independent experiments. (D) After treatment with the indicated concentrations of isorhamnetin in the
presence or absence of NAC, the content of intracellular ATP was measured. Each point represents the
mean ± SD of three independent experiments (* p < 0.05, ** p < 0.001, and *** p < 0.0001 compared to
control; ## p <0.001 and ### p < 0.0001 compared to isorhamnetin-treated cells). ISO—isorhamnetin.

2.6. Isorhamnetin Reduced Mitochondrial Membrane Potential (MMP, ΔΨm) and Activated Adenosine
5’-Monophosphate-Activated Protein Kinase (AMPK) Signaling in Bladder Cancer Cells

We assessed the level of MMP to investigate whether the inhibition of ROS-dependent ATP
production by isorhamnetin was associated with impaired mitochondrial function. According to
the results of flow cytometry using 5,5′,6,6′-tetrachloro-1,1′,3,3′-tetraethylimidacarbocyanine iodide
(JC-1) dyes, the formation of JC-1 aggregates in mitochondria was maintained at a relatively high rate
in cells not treated with isorhamnetin, while the ratio of JC-1 monomers increased with increasing
isorhamnetin treatment concentration, indicating a remarkable depletion of MMP after isorhamnetin
treatment (Figure 6A,B). Furthermore, isorhamnetin increased the phosphorylated level of AMPK,
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as well as its downstream factor acetyl-CoA carboxylase (ACC) (Figure 6C,F), indicating that the
AMPK signaling pathway was activated as a result of the loss of ATP. Additionally, we evaluated
the effects of isorhamnetin on the phosphorylation of the mechanistic target of rapamycin (mTOR),
p70S6K, and Unc-51-like kinase (ULK1), which are AMPK downstream molecules that regulate cell
proliferation, apoptosis, and autophagy [36]. Exposure of T24 and 5637 cells with isorhamnetin
led to down-regulation in the phosphorylation of mTOR and p76S6K in a dose-dependent manner
(Figure 6F,G). Interestingly, we found the isorhamnetin inhibited autophagy via down-regulation of
the expression and phosphorylation of ULK1. In addition, our supplementary result showed that
the expression of autophagy-related markers was down-regulated using the isorhamnetin treatment,
similar to ULK1 (Supplementary Figure S1). However, the presence of NAC or compound C, an
antagonist of AMPK, significantly prevented the isorhamnetin-induced loss of MMP (Figure 6A,B),
and NAC or compound C also markedly abolished enhanced activation of the AMPK signaling by
isorhamnetin (Figure 6E). These data indicate that isorhamnetin-promoted mitochondrial dysfunction
associated with the disturbance of ATP production was mediated through an ROS-dependent pathway.

Figure 6. Mitochondrial dysfunction and activation of adenosine 5′-monophosphate-activated
protein kinase (AMPK) signaling pathway using isorhamnetin in bladder cancer cells. (A,B) Cells
were treated with 100 μM isorhamnetin for 48 h, or pre-treated with 20 μM compound C or
10 mM NAC for 1 h before isorhamnetin treatment for 48 h. (A) The cells were stained with
5,5′,6,6′-tetrachloro-1,1′,3,3′-tetraethylimidacarbocyanine iodide (JC-1) dye, and were then analyzed
using flow cytometry in order to evaluate the changes in mitochondrial membrane potential (MMP).
(B) Each bar represents the percentage of cells with JC-1 monomers (mean ± SD of triplicate
determinations, ** p < 0.001 and *** p < 0.0001 compared to the control; ## p < 0.001 and ### p < 0.0001
compared to the isorhamnetin-treated cells). (C,F) After treatment with the indicated concentrations
of isorhamnetin for 48 h, total cell lysates were prepared and Western blotting was then performed
using the indicated antibodies and an ECL detection system. (D,G) The expression of each protein
was indicated as a fold change relative to the control. Quantitative analysis of mean pixel density was
performed using the ImageJ® software. (E) The cells cultured under the same conditions as A and B
were collected, and Western blotting was then performed.
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2.7. ROS Acted as an Upstream Regulator of Isorhamnetin-Mediated Apoptosis and Cell Cycle Blockade in
Bladder Cancer Cells

The effect of ROS on isorhamnetin-mediated apoptosis and G2/M phase arrest was further
investigated to determine the role of ROS in the anti-cancer activity of isorhamnetin. As depicted in
the results of the DAPI staining and flow cytometry analysis, artificially blocking the production of
ROS using NAC drastically attenuated isorhamnetin-induced apoptosis (Figure 7A–C). In parallel,
pretreatment with NAC protected isorhamnetin-mediated G2/M arrest, which was related to a decrease
in the number of sub-G1 phase cells (Figure 7E). Consistent with these results, inhibiting ROS
production greatly restored reduced cell viability using isorhamnetin (Figure 7F), demonstrating
that ROS generation was shown to be necessary for the contribution of apoptosis and G2/M arrest
using isorhamnetin.

Figure 7. Roles of ROS in isorhamnetin-induced apoptosis and cell cycle arrest in bladder cancer cells.
Cells were either treated with 100 μg/mL isorhamnetin for 48 h or pre-treated with 10 mM NAC for 1 h
before isorhamnetin treatment, and were then collected. (A) The DAPI-stained nuclei were pictured
under a fluorescence microscope. (B,C) The cells were stained with annexin V-FITC and PI for flow
cytometry analysis. (B) Representative profiles. The results show early apoptosis, defined as annexin
V+ and PI− cells (lower right quadrant), and late apoptosis, defined as annexin V+ and PI+ (upper right
quadrant) cells. (C) The percentages of apoptotic cells were determined by expressing the numbers of
Annexin V+ cells as percentages of all the present cells. (D) The cells were stained with PI solution for
flow cytometry analysis. Quantification of the cell population (in percent) in different cell cycle phases
of viable cells is shown. (E) The percentages of apoptotic sub-G1 were calculated as the percentage of
the number of cells in the sub-G1 population relative to the number of total cells. (F) The cell viability
was assessed using an MTT assay. Each bar represents the mean ± SD of three independent experiments
(*** p < 0.0001 compared to the control; ### p < 0.0001 compared to the isorhamnetin-treated cells).
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3. Discussion

In many previous studies, it is clear that the induction of apoptosis by many anti-cancer agents is
associated with cell cycle arrest at specific checkpoints [6,37]. In particular, the deregulation of cell cycle
control is clearly implicated in the development and progression of most tumors, and the interruption
of this progression is considered to be an important strategy to inhibit the proliferation of cancer
cells [6,37]. Therefore, we first investigated whether the suppression of bladder cancer cell proliferation
by isorhamnetin was associated with cell cycle arrest. The results of flow cytometry analysis showed
that isorhamnetin caused G2/M phase arrest, similar to the results of previous studies in several human
cancer cell lines [20–23], suggesting that G2/M phase arrest is one of the mechanisms of the growth
inhibitory effects of isorhamnetin in human bladder cancer cells. The progression of the cell cycle
in eukaryotic cells is tightly controlled by the interaction of cyclins and Cdks with their inhibitory
factors [38,39]. In this process, the transition from G2 to M phase is achieved through the increased
activity of Cdk1 by cyclin B1 complexing with Cdk1. In addition, Wee1 is a tyrosine kinase that induces
phosphorylation of Cdk1, resulting in inhibition of cyclin B-Cdk1 activity and preventing cell mitotic
entry [40,41]. In the current study, exposure of bladder cancer cells to isorhamnetin markedly reduced
the expression of cyclin B1 and Wee1, without significant changes in the expression of Cdk1.

p21, a typical Cdk inhibitor belonging to the kinase inhibitory protein/ CDK interacting protein
(KIP/CIP) family, has a broad-spectrum of specificity in the cell cycle proteins [38,39]. p21 was
first reported to be a major inducer of tumor suppressor p53-dependent cell cycle arrest induced
by DNA damage, but it could act as a mediator of p53-independent cell arrest in various types of
cancer cells [42,43]. As a Cdk inhibitor, when p21 expression increases, it forms complexes with
Cdks, reducing their kinase activity and inhibiting cell cycle progression [42,44]. According to our
data, isorhamnetin dramatically increased p21 levels with increasing treatment concentration, and
increased p21 complexed with Cdk1, which might have contributed to the inhibition of Cdk1 kinase
activity. In addition, since T24 and 5637 cells are mutant p53 gene-bearing cell lines [45], increased
p21 expression using isorhamnetin was thought to contribute to G2/M arrest, regardless of p53 gene
status. Collectively, our data suggest that isorhamnetin-triggered G2/M arrest was due to the decreased
expression of Wee1 and cyclin B1, and inactivation of p53-independent p21-mediated Cdk1 kinase.

Because the induction of apoptosis in cancer cells along with cell cycle arrest is a promising
approach to cancer therapy, we assessed whether G2/M arrest using isorhamnetin was associated
with apoptosis induction. Based on the results of morphological changes, DNA fragmentation, and
flow cytometry analysis, we found that the cytotoxic effect of isorhamnetin was achieved through
the induction of apoptosis associated with G2/M arrest. As is well known, apoptosis can be largely
categorized into extrinsic and intrinsic pathways in mammalian cells [37,46]. The extrinsic pathway is
characterized by the activation of caspase-8 by the formation of the death-inducing signal complex
through the binding of death ligands to the cell surface DRs. For example, when FasL, one of the
typical death ligands, binds to the corresponding DR, Fas, caspase-8 is sequentially activated [46,47].
On the other hand, the intrinsic pathway begins via the activation of caspase-9 through the release
of mitochondrial pro-apoptotic proteins, such as cytochrome c, from mitochondria to cytoplasm
due to increased mitochondrial permeability. This pathway is tightly regulated by the Bcl-2 protein
family that includes pro- and anti-apoptotic proteins, which guard mitochondrial integrity and control
the release of cytochrome c through the mitochondrial transition pore [48,49]. Caspases-8 and -9,
which correspond to the initiator caspases of each pathway, ultimately activate apoptosis through the
cleavage of various cellular substrates, such as PARP, by activating downstream executioner caspases,
including caspase-3 and -7 [37,50]. In addition, these pathways are strictly controlled by a variety of
cellular signaling pathways and regulatory molecules [50,51]. Our results show that isorhamnetin
increased the expression of Fas and FasL; activated caspase-8, -9, and -3; and induced the cleavage
of PARP. In addition, consistent with previous studies in non-small cell lung cancer cells and Lewis
lung cancer cells [31,52], mitochondrial dysfunction was induced, as confirmed by the loss of MMP in
isorhamnetin-treated cells. Moreover, the loss of MMP was accompanied by a down-regulation in
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the Bcl-2/Bax ratio and the promotion of cytosolic release of cytochrome c. Therefore, based on those
observations, we speculated that the pro-apoptotic effect of isorhamnetin in bladder cancer cells could
occur by simultaneously activating extrinsic and intrinsic pathways.

Growing evidence demonstrates that many anti-cancer agents induce apoptosis through
pro-oxidant properties, such as increasing ROS accumulation or destroying cellular antioxidant
systems [8,53]. In particular, mitochondria are the major subcellular organelles responsible for the
production of ROS in the cells and are also a major target of ROS [54,55]. Therefore, elevating intracellular
levels of ROS production is considered to be one of the ideal mechanisms for killing cancer cells
through the activation of intrinsic pathways. Intriguingly, in various cell types, ROS are involved
in activating the signaling system of AMPK, a key sensor that regulates energy balance and cell
fate [56–58]. Mitochondrial dysfunction, due to excessive production of ROS, leads to a loss of function
of the respiratory chain in the mitochondrial inner membrane, which can lower intracellular ATP
levels and activate AMPK [56,57]. Choi et al. first reported that ROS induces concentration-dependent
activation of AMPK [59]. More recently, it has been described that AMPK can be activated by ROS,
thereby leading to an increase of glycolysis [60,61]. Furthermore, Corton et al. reported that hypoxic
activation of AMPK was dependent on the levels of the mitochondrial ROS [62], and Tavazzi et al.
demonstrated that AMPK activation was caused by ROS-mediated intracellular ATP depletion [63].
On the contrary, it has been reported that treatment of the potent ROS scavengers, including NAC and
dimethyl sulfoxide (DMSO), significantly abolished oxidative stress-induced AMPK activation and ATP
depletion [60,61,64]. Consistent with a previous study in breast cancer cells [22], our results show that
isorhamnetin treatment markedly increased the levels of ROS production; however, the ROS scavenger,
NAC, greatly weakened the accumulation of ROS by isorhamnetin. The quenching of ROS generation
also significantly diminished the isorhamnetin-induced disruption of MMP to the control level, followed
by significant ATP restoration, indicating that ROS act as upstream signaling molecules to enhance
isorhamnetin-mediated mitochondrial dysfunction. Our results also demonstrate that the activation
of the AMPK signaling pathway was increased in cells exposed to isorhamnetin, probably due to
decreased ATP content. Furthermore, the presence of NAC markedly attenuated isorhamnetin-induced
phosphorylation of AMPK, while their total protein levels were kept at an equivalent level, suggesting
that the isorhamnetin-induced activation of AMPK signaling pathway is dependent on ROS production.
Subsequently, NAC pretreatment also significantly reversed the enhanced apoptosis, G2/M phase arrest,
and viability reduction induced by isorhamnetin, confirming that increasing ROS may serve as a key
contributor to the anti-cancer effects of isorhamnetin. The AMPK acts as a metabolic mater switch that
controls cell fate, such as cell survival, apoptosis, and autophagy [65]. Indeed, fatty acid synthesis is a
critical energy-consuming process for the differentiation of tumor cells, and it has been demonstrated
that AMPK inhibits lipid synthesis by the phosphorylation and inactivation of acetyl-CoA carboxylase
1 (ACC1) [65]. Furthermore, AMPK directly inhibits mTOR complex I, which regulates p70S6K, an
enhancer of protein synthesis. In this sense, AMPK plays a critical role as a cell growth suppressor
by inhibiting protein, rRNA, and lipid synthesis [65,66]. In the present study, we conjecture that
the AMPK-mediated interruption of the mTOR/p70S6K/ACC1 signaling pathway may contribute to
isorhamnetin-induced cell cycle arrest and apoptosis. On the other hand, there are conflicting opinions
on the relationship between AMPK and autophagy. Although increasing evidence described that
AMPK activation can induce the autophagy through the inhibition of mTOR and phosphorylation
of ULK1 [67,68], a few studies reported that ROS attenuated autophagy by the down-regulation of
ULK-1 [69,70]. Interestingly, based on our results, we found the isorhamnetin inhibited autophagy by
down-regulation of the expression and phosphorylation of ULK1. Therefore, our data suggested that
isorhamnetin-induced ROS activates AMPK, and subsequently down-regulates the mTOR/ACC1/ULK1
signaling pathway, which results in promoting cell apoptosis and inhibits autophagy at the same time.

The current results lead us to suggest that the production of ROS by isorhamnetin plays a critical
role in the induction of G2/M arrest and apoptosis through simultaneous initiation of both extrinsic and
intrinsic pathways in human bladder cancer cells. In addition, ROS act as an upstream signal related to
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the effect of isorhamnetin on the activation of the AMPK signaling pathway. However, further studies
are warranted to identify the molecular mechanisms of isorhamnetin-mediated activation of AMPK
signaling on autophagy and mitochondrial energy metabolism in bladder cancer cells. In addition,
further studies are required to identify and understand the role of intracellular organelles involved in
ROS generation by isorhamnetin, including in vivo animal experiments.

4. Materials and Methods

4.1. Cell Culture and Isorhamnetin Treatment

The human bladder cancer cell lines (T24, 5637, 2531J, and EJ) were purchased from the American
Type Culture Collection (Manassas, MD, USA). The cells were cultured in Dulbecco’s modified Eagle’s
medium supplemented with 10% fetal bovine serum and 1% penicillin-streptomycin (100 U/mL
penicillin and 100 μg/mL streptomycin, all from WelGENE Inc., Daegu, Republic of Korea) at 37 ◦C
under a humidified 5% CO2. The cells were sub-cultured every 3–4 days to maintain logarithmic
growth, and were allowed to grow for 24 h before treatments were applied. Isorhamnetin was obtained
from Sigma-Aldrich Chemical Co. (St. Louis, MO, USA), and was dissolved in dimethyl sulfoxide
(DMSO, Sigma-Aldrich Chemical Co.) to a final concentration of 100 M. Prior to use, the stock solution
was diluted with culture medium to the desired concentration.

4.2. Cell Viability Assay

Cell viability was determined using an MTT assay, as previously described [71]. Briefly,
cells (1 × 104 cells/well) were seeded onto 96-well plates in 100 μL medium. After overnight incubation,
the cells were exposed to a series of concentrations of isorhamnetin for 48 h. Thereafter, the MTT
reagent (Sigma-Aldrich Chemical Co.) at 50 μg/mL final concentration was added to each well and cells
were incubated continuously at 37 ◦C for 2 h. The medium was then removed and 100 μL DMSO was
added to each well to dissolve the formed blue formazan crystals, followed by measurement at 540 nm
in a microplate reader (Molecular Device Co., Sunnyvale, CA, USA). All results were performed in
three independent experiments and the cell survival rate was expressed as a percentage of the control.
The morphological changes of cells were directly observed and photographed using phase-contrast
microscopy (Carl Zeiss, Oberkochen, Germany).

4.3. Determination of Cell Cycle Distribution Using Flow Cytometric Analysis

PI staining was applied to analyze the DNA content and cell cycle distribution. In brief, cells were
exposed to different concentrations of isorhamnetin for 48 h, and then the cells were harvested and
fixed gently in 70% ice-cold ethanol (in phosphate-buffered saline, PBS, WelGENE Inc., Daegu, Korea)
at 4 ◦C for 30 min. The cells were re-suspended in PBS containing 40 μg/mL PI, 100 μg/mL RNase
A, and 0.1% triton X-100 (all from Sigma-Aldrich Chemical Co.) in a dark room at 37 ◦C for 30 min,
and subjected to flow cytometry (BD Biosciences, San Jose, CA, USA), to determine the cell cycle
distribution and apoptotic cells (sub-G1 phase).

4.4. Determination of Apoptotic Cell Death by Flow Cytometric Analysis

The Annexin V-FITC staining kit from BD Biosciences (San Jose, CA, USA) was used to determine
and quantify the apoptotic cells using flow cytometry, according to the manufacturer’s instruction.
In brief, the collected cells were suspended in the supplied binding buffer, and then stained with
FITC-conjugated annexin V and PI at room temperature (RT) for 20 min in the dark. The fluorescent
intensities of the cells were detected using flow cytometry, and the annexin V+/PI− and annexin V+/PI+

cell populations were considered indicators of apoptotic cells.
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4.5. Nuclear Staining and Deoxyribonucleic Acid (DAN) Fragmentation Assay

The changes of nuclear morphology for assessing apoptosis were assessed using DAPI staining.
Briefly, cells were cultured with or without different concentrations of isorhamnetin for 48 h, and
were then fixed with 4% paraformaldehyde (Sigma-Aldrich Chemical Co.) for 10 min at RT. The cells
were rinsed with PBS, and incubated with 1 μg/mL DAPI solution (Sigma-Aldrich Chemical Co.) at
37 ◦C for 10 min. Stained cells were visualized and photographed using fluorescence microscopy
(Carl Zeiss, Oberkochen, Germany). For DNA fragmentation assay, the collected cells were lysed in
a buffer containing 10 mM Tris-HCl (pH 7.4), 150 mM NaCl, 5 mM ethylenediaminetetraacetic acid,
and 0.5% Triton X-100 for 30 min. The fragmented DNA in the supernatant was extracted using an
equal volume of neutral phenol:chloroform:isoamyl alcohol (25:24:1, Sigma-Aldrich Chemical Co.),
analyzed electrophoretically on 1% agarose gel containing EtBr (Sigma-Aldrich Chemical Co.), and
photographed under a Fusion FX Image system (Vilber Lourmat, Torcy, France).

4.6. Protein Extraction, Co-Immunoprecipitation, and Western Blot Analysis

After treatment, both adherent and floating cells were harvested, and the whole cellular proteins
were prepared using the Bradford protein assay kit (Bio-Rad Laboratories, Hercules, CA, USA),
according to the manufacturer’s protocol. For the preparation of mitochondrial and cytosolic proteins
from the cells, NE-PER nuclear and cytoplasmic extraction reagents (Thermo Fisher Scientific Inc.,
Waltham, UT, USA) were applied. Protein concentration was measured using the Bio-Rad protein assay
kit (Bio-Rad Laboratories, Hercules, CA, USA), according to the manufacturer’s instructions. For the
co-immunoprecipitation assay, the 500 μg of cell lysates from each sample was precleaned with normal
rabbit immunoglobulin G (IgG) and a protein-A-sepharose bead slurry (Amersham, Arlington Heights,
IL, USA), and immunoprecipitation was conducted using 1 μg of anti-Cdk1 antibody (Santa Cruz
Biotechnology, Inc., Santa Cruz, CA, USA) and protein-A-sepharose (Sigma-Aldrich Chemical Co.).
The protein complex was then prepared according to the previously described method [62]. For Western
blot analysis, equal amounts of protein samples or immunoprecipitated proteins were separated using
sodium dodecyl sulphate-polyacrylamide gel electrophoresis and transferred to polyvinylidene
difluoride membranes (Millipore, Bedford, MA, USA) (whole blot figures can be found at the
Supplementary). The membranes were blocked with Tris-buffered saline (10 mM Tris-Cl, pH 7.4)
containing 0.5% Tween-20 and 5% nonfat dry milk for 1 h at RT, and then probed with the indicated
primary antibodies (Santa Cruz Biotechnology, Inc., and Cell Signaling Technology, Danvers, MA,
USA), to react with the blotted membranes at 4 ◦C overnight. Afterwards, the membranes were
incubated with the corresponding horseradish peroxidase-conjugated secondary antibodies (Santa
Cruz Biotechnology, Inc.), developed using an ECL detection kit (GE Healthcare Life Sciences, Little
Chalfont, U.K.), and then visualized using a Fusion FX Image system. Densitometric analysis of the
data was performed using the ImageJ® software (v1.48, NIH, Bethesda, MD, USA).

4.7. Caspase Activity Assay

The activity of caspases was measured according to the manufacturer’s instructions for the
Caspase colorimetric assay kits (R&D Systems, Minneapolis, MN, USA). Briefly, cells were harvested
and lysed in the lysis buffer provided in the kit on ice for 10 min, and then centrifuged at 10,000× g for
1 min. The supernatants containing equal proteins were incubated with the supplied reaction mixtures,
including the fluorogenic peptide substrate (Asp-Glu-Val-Asp specific for caspase-3, Ile-Glu-Thr-Asp
for caspase-8, and Leu-Glu-His-Asp specific for caspase-9) labeled with p-nitroaniline (pNA) for 1 h
at 37 ◦C in the dark. The amounts of released pNA was measured using a microplate reader using
excitement at 405 nm and emitting at 510 nm.
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4.8. Measurement of ROS Production and MMP

The production of ROS was measured using DCF-DA, as described previously [72]. At the end of
the treatment with isorhamnetin for defined periods in the presence or absence of NAC (Sigma-Aldrich
Chemical Co.), cells were washed with PBS and incubated with 10 μM DCF-DA (Invitrogen, Carlsbad,
CA, USA) in the dark at 37 ◦C for 20 min. Subsequently, cells were analyzed for DCF fluorescence
using flow cytometry at 480 nm/520 nm. To measure MMP, JC-1 staining was performed according to
the manufacturer’s instructions. After treatment with isorhamnetin for 48 h in the presence or absence
of NAC or compound C, cells were exposed to 10 μM JC-1 (Invitrogen) for 30 min at 37 ◦C, and then
analyzed using flow cytometry at 488 nm/575 nm, as previously described [73].

4.9. Detection of ATP Levels

The firefly luciferase-based ATP Bioluminescence assay kit (Roche Applied Science, Indianapolis,
IN, USA) was used for the detection of intracellular ATP levels, according to the manufacturer’s
instructions. Briefly, cells treated with isorhamnetin for 48 h with or without NAC were lysed with the
lysis buffer provided in the kit, and the supernatants were collected via centrifugation at 12,000× g
for 10 min at 4 ◦C. Subsequently, an equal amount of supernatants and ATP detection reagent, which
catalyzed the light production from ATP and luciferin, were mixed. Firefly luciferase activity was
immediately measured using a luminometer and the ATP level was calculated according to the ATP
standard curve. Intracellular ATP levels were calculated as a percentage of the untreated control.

4.10. Statistical Analysis

All experiments were performed at least three times. Data were analyzed using GraphPad Prism
software (version 5.03; GraphPad Software, Inc., La Jolla, CA, USA), and expressed as the mean
± standard deviation (SD). Differences between groups were assessed using analysis of variance,
followed by ANOVA-Tukey’s post hoc test, and p < 0.05 was considered to indicate a statistically
significant difference.

5. Conclusions

Our findings demonstrate that isorhamnetin exerted an anti-proliferative effect on human
bladder cancer cells through the induction of cell cycle arrest during the G2/M phase and apoptosis.
Isorhamnetin-induced G2/M arrest was attributed to the decrease in Wee1 and cyclin B1 expression and
the upregulation of p21. Isorhamnetin also induced apoptosis by activating caspase-8 and -9, which
belong to the initiator caspases of the extrinsic and intrinsic pathways, respectively, followed by the
activation of effector caspase-3, leading to the degradation of PARP. In addition, isorhamnetin enhanced
the mitochondrial dysfunction, which was associated with an increase in Bax/Bcl-2 expression ratio
and cytochrome c release into the cytoplasm. Moreover, the induction of G2/M arrest and apoptosis
by isorhamnetin was accompanied by activation of the AMPK signaling pathway, and excessive
production of ROS. However, artificial interception of the AMPK signaling pathway attenuated
isorhamnetin-induced apoptosis, and the interruption of ROS generation led cells to escape from G2/M
arrest and apoptosis. Based on these finding, we suggest that isorhamnetin has chemopreventive
potential by inducing G2/M arrest and apoptosis through ROS-dependent activation of the AMPK
signaling pathway in bladder cancer cells.

Supplementary Materials: The following are available online at http://www.mdpi.com/2072-6694/11/10/1494/s1,
Whole blot figures.
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Abstract: X-linked inhibitor of apoptosis protein (XIAP) is an emerging crucial therapeutic target
in cancer. We report on the discovery and characterisation of small organic molecules from Piper
genus plants exhibiting XIAP antagonism, namely erioquinol, a quinol substituted in the 4-position
with an alkenyl group and the alkenylphenols eriopodols A–C. Another isolated compound was
originally identified as gibbilimbol B. Erioquinol was the most potent inhibitor of human cancer
cell viability when compared with gibbilimbol B and eriopodol A was listed as intermediate.
Gibbilimbol B and eriopodol A induced apoptosis through mitochondrial permeabilisation and caspase
activation while erioquinol acted on cell fate via caspase-independent/non-apoptotic mechanisms,
likely involving mitochondrial dysfunctions and aberrant generation of reactive oxygen species.
In silico modelling and molecular approaches suggested that all molecules inhibit XIAP by binding
to XIAP-baculoviral IAP repeat domain. This demonstrates a novel aspect of XIAP as a key determinant
of tumour control, at the molecular crossroad of caspase-dependent/independent cell death pathway
and indicates molecular aspects to develop tumour-effective XIAP antagonists.

Keywords: phytochemicals; small organic agents; Piper eriopodon, alkenylphenols; human cancer cells;
cell death; apoptosis; caspase-independent cell death; XIAP antagonists; XIAP-BIR3 domain

1. Introduction

The characterisation of small molecules (whose molecular weight does not exceed 900 Daltons) with
well-defined chemical structures is a good approach to develop new therapeutic agents in proliferative,
infectious, or neurodegenerative disorders [1–5]. Natural products possess enormous structural
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and chemical diversity that cannot be matched by any synthetic libraries of small molecules and continue
to show a great translational potential [6–10]. In some cases, the complex chemical composition
of some natural products has made difficult their isolation, structure elucidation and characterisation,
thus prompting the search of new efficient synthetic pathways. In recent years the interest in the
fundamental understanding of natural products and their engineered variants has been strongly
renewed [6].

The simple active chemical structures of phenolic compounds from plants make them optimal
lead candidates because of their broad biological activity, especially the protective, anti-oxidant
and anti-tumour effects [11–14]. Plants of the genus Piper (Piperaceae family), are a very common
food resource in neotropical forests and are widely used to obtain culinary spices. Piper genus
constitutes one major class of medicinal plants and contains a valuable resource of phenolic bioactive
compounds [15–21]. Among them, piplartine, hydroxychavicol, 4-nerodlidylcatechol and gibbilimbols
A–D displayed potent cytotoxic/anti-tumoural effects in a variety of human cancer cells in vitro
and in vivo [19,22–29].

Apoptosis, a closely regulated programmed cell death mechanism, is an essential process to maintain
tissue homeostasis and its escape it is one of the hallmarks of cancer [30]. Substantial advances have
been made on apoptosis-based anti-cancer therapeutics [31]. The most potent human IAP currently
identified is the X-linked inhibitor of apoptosis protein (XIAP), a 57 kDa protein with three zinc-binding
baculovirus IAP repeat (BIR) domains (BIR 1–3) which may also have actions additional to regulation
of apoptosis [32]. The anti-apoptotic function of XIAP is antagonised by the second mitochondria-derived
activator of caspases or direct IAP binding protein with low pI (Smac/DIABLO), a mitochondria protein
released during apoptosis. The key role of XIAP and its potential clinical relevance is well established
in tumours and several XIAP inhibitors have been developed or discovered as cytotoxic agents [32–43].
Despite different small molecules that inhibit XIAP have been identified and are moving through
the pipeline of clinical development, the need of new ones to refine further therapeutic approaches based
on XIAP antagonism is undeniable in translational research [41].

Herein we wish to report the discovery and chemical/biological characterisation of novel natural
small compounds from Piper genus. Furthermore, a deeper insight into their cell death mechanism
in human cells provides a proof-of-concept study of their pharmaceutical potential as antagonists of XIAP
that may open important insights on XIAP as a suitable turning point for multiple cellular pathways.

2. Results and Discussion

2.1. Structural Identification of New Piper Genus-Derived Compounds

The chemical structures of compounds isolated from leaves of P. eriopodon (Figure 1A) were
identified by interpretation of their corresponding high resolution electrospray ionisation mass
spectrometry (HRESIMS), 1H- and 13C-NMR (nuclear magnetic resonance) spectral data, including
attached proton test (APT), correlated spectroscopy (COSY), heteronuclear multiple quantum coherence
(HMQC) and heteronuclear multiple bond correlation (HMBC) experiments, as well as by comparison
of the spectral data with those reported in the literature.
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Figure 1. Identification of new Piper genus-derived compounds. (A) Structures of compounds 1–5.
(B) Key correlated spectroscopy (COSY) (bold) and heteronuclear multiple bond correlation (HMBC)
(H→C) for compounds 2–5.

Compound 1 (Figure S1, Tables S1 and S2) was obtained as colorless oil and identified unequivocally
as gibbilimbol B ((E)-4-(dec-3′-enyl)phenol) [19].

Compound 2 (Figure S2, Tables S1 and S2) was obtained as pale yellow oil. The molecular formula
for compound 2 was established as C16H24O2 based on the HRESIMS peak at m/z 247.1706 [M-H]−
(calcd. 247.1703). The 1H- NMR spectrum showed clear signals for a 1,2,4-trisubstituted aromatic ring
δH 6.77 (1H, d, J = 7.6 Hz, H-6), 6.71 (1H, s, H-3), 6.60 (1H, d, J = 7.5 Hz, H-5) and an alkenyl fragment.
The 13C-NMR spectrum showed ten signals, practically the same as the alkenyl chain of gibbilimbol B,
including the double bond position in C-3′, which was confirmed by correlations observed in both
COSY and HMBC experiments (Figure 1B). Based on the 13C-NMR chemical shifts of the allylic
carbons δC 34.6 (C-2′) and δC 32.6 (C-5′), the configuration of the double bond for compound 2
was assigned as E [18], by comparison with the 13C-NMR chemical shift of the allylic carbons
in the E analogue gibbilimbol B (δC 34.6 (C-2′) and δC 32.6 (C-5′)), which differed significantly from
the chemical shift values reported for the Z analogue climacostol [δC 33.2 (C-1′) and δC 27.3 (C-4′)] [44].
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Thus, the chemical structure of compound 2 was elucidated as (E)-4-(dec-3′-enyl)benzene-1,2-diol
and it was given the common name of eriopodol A.

Compound 3 (Figure S3, Tables S1 and S2) was obtained as clear oil and its molecular formula
was deduced as C16H24O2 from the HRESIMS spectrum, which exhibited a molecular ion peak
at m/z 247.1706 [M-H]− (calcd. 247.1703). The 1H-NMR spectrum for compound 3 showed signals
for an alkenyl chain and two signals in δH 6.11 (2H, d, J = 9.94 Hz) and 6.81(2H, d, J = 9.96 Hz).
The 13C-NMR spectrum for compound 3 showed signals for an α-β unsaturated carbonyl in δC 185.9,
an oxygenated quaternary carbon in δC 69.6 and ten signals for the typical side chain of the alkenyl
fragment. Based on the correlations observed in COSY and HMBC experiments (Figure 1B), the structure
of 3 was determined as a quinol derivative, substituted in the 4-position with an alkenyl group.
The position and geometry of the double bond of compound 3 was assigned by comparing the chemical
shift values of the allylic carbons δC 32.4 (C-2′) and δC 26.6 (C-5′) as explained above for eriopodol
A. The geometry of compound 3 was determined as Z and its chemical structure was elucidated
as (Z)-4-(dec-3′-enyl)-4-hydroxycyclohexa-2,5-dien-1-one. The common name of erioquinol was
then assigned.

Compound 4 (Figure S4, Tables S1 and S2) was obtained as pale yellow oil. The molecular formula
for compound 4 was confirmed to be C16H24O2 based on the HRESIMS peak at m/z 247.1715 [M-H]−
(calcd. 247.1703). The 1H-NMR and 13C-NMR spectra of compound 4 showed almost the same
chemical shifts as the alkenylphenol gibbilimbol B, but without the unsaturated signal in the 1H-NMR
spectrum. Therefore, the carbons C-3′ and C-4′ showed chemical shifts in δC 59.6 (C-3′)
and δC 58.6 (C-4′), corresponding two oxygenated methines from an epoxide group, which was
confirmed with COSY and HMBC experiments (Figure 1B). The structure of compound 4 was elucidated
as 4-(3′,4′-epoxydecenyl)phenol and the common name of eriopodol B was assigned.

Compound 5 (Figure S5, Tables S1 and S2) was obtained as pale yellow amorphous solid
(m.p. 138.5 ◦C). The molecular formula for compound 5 was established as C18H28O3 based
on the HRESIMS peak at m/z 291.1973 [M-H]− (calcd. 291.1966). The NMR data for compound 5

were very close to those of eriopodol A, although it contains one additional hydroxyl group in the benzene
ring and two additional carbons at the end of the alkenyl chain (Figure 1B). The position and geometry
of the double bound for compound 5 was assigned as explained above. The structure of compound 5 was
elucidated as (E)-5-(dodec-3′-enyl)benzene-1,2,4-triol and the common name of eriopodol C was assigned.

Taken together, phytochemical investigation of leaves from P. eriopodon yielded four new
alkenyl derivatives and one known compound. In particular, erioquinol is a new quinol substituted
in the 4-position with an alkenyl group and eriopodols A-C correspond to new alkenylphenols.
The known isolated compound was originally identified as gibbilimbol B, from the medicinal plant P.
gibbilimbum [19] and, more recently, from P. malacophyllum [21] and P. eriopodon [29]. The simple
chemical structure of alkenylphenols are characterised by hydroxylated benzenes, substituted
by side alkyl chains of different lengths with at least one double bond, generally with E geometry.
Alkenylphenols with different reported biological properties, such as antibacterial, anti-parasitic,
anti-inflammatory and cytotoxic activities, are widely found in the Piper genus [17,19–21,45].
Quinols are 4-hydroxycyclohexa-2,5-dien-1-ones which rarely occur as derivatives of some natural
products [46–48]. An important feature of quinols substituted in the 4-position with aryl groups, is that
they represent a class of potent anti-tumour molecules with activities against colon, renal, and breast
cancer cells [49–51].

2.2. Piper Genus-Derived Compounds Exhibit Cytotoxic Effects

Several recent studies in glioblastoma and breast cancer cells have reported that extracts or active
compounds isolated from Piper genus possess anti-tumoural/pro-apoptotic properties [52–61]. In order
to assess whether the compounds we isolated could be developed further for therapeutic applications,
we tested their cytotoxic action in the human cancer cells, U373 (glioblastoma astrocytoma) and MCF7
(breast adenocarcinoma) cell lines, since they are widely used as suitable in vitro models of cancer
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research. We first examined the effects of gibbilimbol B, eriopodols A–C, and erioquinol on cell viability.
Gibbilimbol B was used as a reference compound of Piper genus derivatives, since its cytotoxic action
has been previously tested in various tumour cells, including MCF7 [19,29]. In our experiments,
cell viability was analysed by 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT)
assay after treatment with previously mentioned compounds at increasing concentrations for 24 h.
As shown in Figure 2, a concentration-dependent inhibition of MTT absorbance was observed
for all compounds with an IC50 (the concentration producing half the maximum inhibition)
ranging from 1.78 to 31.91 μg/mL; the rank order of potencies was: erioquinol > eriopodol A
> eriopodol C > gibbilimbol B > eriopodol B and erioquinol > eriopodol A > eriopodol C/gibbilimbol
B > eriopodol B for U373 and MCF7 cells, respectively (Table 1). Their effects were maximal
(Emax—concentration producing the maximum effect—nearly 100% inhibition) between 10–100 μg/mL.

Figure 2. Piper genus-derived compounds exhibit cytotoxic effects in human cancer cells. U373 and MCF7
cells were treated with increasing concentrations of gibbilimbol B, eriopodol A, eriopodol B, eriopodol C,
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and erioquinol for 24 h before 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT)
assay. Results are expressed by setting the absorbance of the reduced MTT in the respective control
(vehicle-treated) samples, i.e., absence of compounds, as 100%. The data points are representative
of four independent experiments.

Table 1. Inhibitory effects of Piper genus-derived compounds on human cancer cell viability.

Compound
IC50 (μg/mL)

U373 Cells MCF7 Cells

Gibbilimbol B 16.79 16.44

Eriopodol A 11.12 10.12

Eriopodol B 31.91 29.36

Eriopodol C 14.30 16.30

Erioquinol 1.78 2.63

3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay was performed treating cells for 24 h
in the absence (vehicle) or in the presence of increasing concentrations of Piper genus-derived compounds. The results
have been obtained in four independent experiments.

Eriopodol A and erioquinol were selected for further investigation, as they displayed the most
potent inhibitory effects on cell viability. Gibbilimbol B (available in high quantity) was also included.
When compared with gibbilimbol B [29], the higher cytotoxic effect of eriopodol A and erioquinol (24 h),
was also shown by MTT assays using additional cell lines, like human A549 lung (IC50 of eriopodol A
and erioquinol: 6.12 and 2.65μg/mL, respectively) and PC-3 prostate (IC50 of eriopodol A and erioquinol:
1.84 and 2.21 μg/mL, respectively) cancer cells, further confirming enhanced pharmacological activity
of these new Piper genus derivatives (Figure 3A).

Figure 3. Piper genus-derived compounds exhibit cytotoxic effects in cancer and non-transformed human
cells. (A) PC-3/A549 cells were treated with increasing concentrations of eriopodol A and erioquinol while
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(B) human umbilical vein endothelial cells (HUVEC)/MCF10 cells were treated with
increasing concentrations of gibbilimbol B, eriopodol A, and erioquinol, for 24 h before
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay. Results are expressed
by setting the absorbance of the reduced MTT in the respective control (vehicle-treated) samples,
i.e., absence of compounds, as 100%. The data points are representative of four independent experiments.

Similar results were obtained in human umbilical vein endothelial cells (HUVEC) (IC50 of 24 h
gibbilimbol B, eriopodol A, and erioquinol: 11.49, 0.99, and 0.36 μg/mL, respectively) and the
non-tumourigenic human breast MCF10 cells (IC50 of 24 h gibbilimbol B, eriopodol A, and erioquinol:
17.11, 4.27, and 1.70 μg/mL, respectively) (Figure 3B). The fact that the potency of the compounds was
even slightly higher in these non-transformed/high proliferating cells suggests that their effects are not
necessarily correlated to the cancerous origin of cells, in agreement with other small molecules we have
recently characterised [62]. On the other hand, many cytotoxic compounds, including chemotherapy
agents, are specifically designed to primarily affect rapidly proliferating cells, and many “normal” cells
are also highly proliferative, such as cells in the bone marrow. The possibility that Piper genus-derived
compounds preferentially affect high proliferating vs. low proliferating cells remains to be elucidated.

We then measured the concentration-dependent inhibition of MTT absorbance at increasing
times of exposure in MCF7 cells, used as reference cell line. Our results indicated that the potency
of gibbilimbol B did not substantially change (IC50-6 h: 20.31 μg/mL; 12 h: 27.36 μg/mL; 24 h: 16.44
μg/mL) while the potency of eriopodol A increased at 24 h (IC50 - 6 h: 31.19 μg/mL; 12 h: 32.75 μg/mL;
24 h: 11.13 μg/mL) (Figure 4). Of interest, the potency of erioquinol was greater than gibbilimbol B
and eriopodol A at each time-point, even increasing over time (IC50-6 h: 14.72 μg/mL; 12 h: 4.25 μg/mL;
24 h: 1.93 μg/mL). These comparative data indicate that erioquinol is the most potent compound with
faster kinetics when compared with gibbilimbol B; eriopodol A has a somewhat intermediate behavior.

Figure 4. Time-response of Piper genus-derived compounds on cell viability. MCF7 cells were treated
with increasing concentrations of gibbilimbol B, eriopodol A, and erioquinol for 6, 12, and 24 h before
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay. Results are expressed
by setting the absorbance of the reduced MTT in the respective control (vehicle-treated) samples,
i.e., absence of compounds, as 100%. The data points are representative of four independent experiments.

2.3. Piper Genus-Derived Compounds Induce Cell Death

MCF7 cells treated for 12 h with gibbilimbol B and eriopodol A (30 μg/mL) showed
an inter-nucleosomal degradation of genomic DNA typical of late apoptotic cells, as determined
by a terminal deoxynucleotidyl transferase dUTP nick end labeling (TUNEL) assay (Figure 5A),
while DNA fragmented cells were few following erioquinol (10 μg/mL) treatment. Bright field
microscopy demonstrated that cells exposed to increasing concentrations of gibbilimbol B and eriopodol
A at 6 h (a temporal window sufficient to determine their cytotoxic effects) had morphological hallmarks
of apoptosis, such as progressive roundness, shrunken cytoplasm and the formation of condensed
nuclei (Figure 5B). In contrast, cells treated with erioquinol displayed a translucent cytoplasm and no
overall nuclei condensation. Of interest, 4’,6-diamidine-2’-phenylindole dihydrochloride (DAPI)
staining clearly revealed the nuclei of cells undergoing apoptosis in the presence of gibbilimbol B
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and eriopodol A (30 μg/mL) for 6 h, while erioquinol (10 μg/mL) treatment was associated with
the appearence of multinucleated cells (Figure 5C). Accordingly, when analysed by flow cytometry
using Annexin V and propidium iodide (PI) staining, MCF7 cells treated with erioquinol showed
a progressive and marked increase of membrane disruption, as shown by early positivity to both
Annexin V and PI staining, while the typical early apoptotic pattern, evidenced as Annexin V+/PI−
was almost undetectable over time (Figure 5D).

Figure 5. Piper genus-derived compounds induce cell death. (A) terminal deoxynucleotidyl transferase
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dUTP nick end labeling (TUNEL) staining of MCF7 cells treated for 12 h in the absence (CTRL,
control) and in the presence of gibbilimbol B/eriopodol A (30 μg/mL) or erioquinol (10 μg/mL).
4’,6-diamidine-2’-phenylindole dihydrochloride (DAPI) was used for nuclei detection. Scale bar = 50 μm.
(B) Bright field microscopy of MCF7 cells treated for 6 h in the absence (CTRL) and in the presence
of gibbilimbol B, eriopodol A, or erioquinol at increasing concentrations. Scale bar = 100 μm.
(C) 4’,6-diamidine-2’-phenylindole dihydrochloride (DAPI) staining of MCF7 cells treated for 6 h in the
absence (CTRL) and in the presence of gibbilimbol B/eriopodol A (30 μg/mL) or erioquinol (10 μg/mL).
Scale bar = 10 μm. Lower panels represent enlarged image details. (D) Evaluation by flow cytometry
of Annexin V-fluorescein isothiocyanate(FITC)/propidium iodide (PI) staining in MCF7 cells treated
in the absence (CTRL) and in the presence of 10 μg/mL erioquinol, for 3 and 6 h. Quadrants are drawn,
and relative proportion of labelled cells is indicated. The events shown in the lower left-hand quadrant are
unlabeled cells. Images and data are representative of four independent experiments.

In addition, cells treated with 30 μg/mL gibbilimbol B and eriopodol A displayed activation
of caspase 9 and 7 at 3 h and 6 h, as showed by western blot analysis (Figure 6A,B). On the other
hand, erioquinol (10 μg/mL) treated cells did not display any sign of caspase 7 activity even at later time
point (Figure 6C). These results were confirmed by immunofluorescence experiments. Indeed, a time-
dependent and intensive cleaved-caspase 7 staining was detected in the cytoplasm of MCF7 cells in the
presence of gibbilimbol B and eriopodol A while positive cells were absent following the administration
of erioquinol (Figure 6D). The activation of caspase 7 by 6 h gibbilimbol B and eriopodol A (30 μg/mL) but
not erioquinol (10 μg/mL) was achieved also in U373 cells (Figure 7A). The fact that these cells displayed
apoptotic and non-apoptotic features in the presence of gibbilimbol B/eriopodol A and erioquinol,
respectively (Figure 7B), similarly to what obtained in MCF7 cells, indicate that cell death mechanisms
of the compounds are comparable among cell lines. Accordingly, the activation of caspase 7 by gibbilimbol
B and eriopodol A but not erioquinol was observed also in MCF10 cells (Figure S6A).
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Figure 6. Piper genus-derived compounds induce cell death. Western blot analysis of cleaved-caspase
9 and 7 in MCF7 cells treated for increasing times in the absence (CTRL, control) and in the presence
of (A) gibbilimbol B or (B) eriopodol A. Vinculin was used as internal standard. Right panels:
densitometric analysis expressed as fold change of CTRL. Images and data are representative of three-five
independent experiments. * p < 0.01, ** p < 0.001, and *** p < 0.0001 relative to CTRL. (C) Western blot
analysis of cleaved-caspase 7 in MCF7 cells treated for increasing times in the absence (CTRL)
and in the presence of 10 μg/mL erioquinol. The stain-free gel was used as loading control. Images are
representative of three independent experiments. PC: positive control. (D) Immunofluorescence
imaging of cleaved-caspase 7 (punctate red pattern) in MCF7 cells treated for 3 and 6 h in the absence
(CTRL) and in the presence of gibbilimbol B/eriopodol A (30 μg/mL) or erioquinol (10 μg/mL).
4’,6-diamidine-2’-phenylindole dihydrochloride (DAPI) (blue) and phalloidin (green) were used
for nuclei and cytoskeleton detection, respectively. Images are representative of four independent
experiments. Scale bar = 25 μm.
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Figure 7. Piper genus-derived compounds induce cell death and mitochondrial dysfunction.
(A) Immunofluorescence (confocal) imaging of cleaved-caspase 7 (punctate red pattern) in U373
cells treated for 6 h in the absence (CTRL, control) and in the presence of gibbilimbol B/eriopodol A
(30 μg/mL) or erioquinol (10 μg/mL). 4’,6-diamidine-2’-phenylindole dihydrochloride (DAPI) (blue)
and phalloidin (green) were used for nuclei and cytoskeleton detection, respectively. Scale bar = 25 μm.
(B) Bright field microscopy (upper panels) and DAPI staining (lower panels) of U373 cells treated for 6 h
in the absence (CTRL) and in the presence of of gibbilimbol B/eriopodol A (30 μg/mL) or erioquinol
(10 μg/mL). Scale bars = 50 μm (bright field) and 10 μm (DAPI). Lower panels represent enlarged image
details. (C) Quantitative analysis of tetramethylrhodamine methyl ester (TMRM) fluorescence changes
over time in MCF7 (left panel) and U373 (righ panel) cells in the absence (CTRL) and in the presence
of gibbilimbol B/eriopodol A (30 μg/mL) or erioquinol (10 μg/mL). Results are expressed by setting
TMRM fluorescence in the respective control (vehicle-treated) samples, i.e., absence of compounds, as 1.
*** p < 0.0001 relative to CTRL. Images and data are representative of four independent experiments.
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In order to better describe the mechanism behind the activity of the compounds, we investigated
mitochondria functionality with tetramethylrhodamine methyl ester (TMRM), a red fluorescent dye
that is sequestered by active mitochondria. Of note, MCF7 and U373 cells treated for increasing time
with 30 μg/mL gibbilimbol B/eriopodol A or 10 μg/mL erioquinol presented a comparable decrease
in TMRM fluorescence vs. control, with MCF7 cells full responding within 1 h (Figure 7C). This indicates
low mitochondria membrane potential likely associated to the destabilisation of the mitochondrial
membrane systems.

The fact that the three compounds similarly induce mitochondria membrane permeabilisation both
in MCF7 and U373 cells, was further confirmed by the subcellular location of cytochrome c. As shown
in Figure 8A,B, 3 h administration of gibbilimbol B/eriopodol/erioquinol induced an alteration
in the cytochrome c staining pattern from mitochondrial (co-localisation with COX IV, a marker
for mitochondria), to a more cytosolic distribution (presence of many clusters which did not overlap
with COX IV), indicating a release of cytochrome c from the dysfunctional mitochondria.

Figure 8. Confocal microscopy for co-localisation of cytochrome c with mitochondria. (A) MCF7 and
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(B) U373 cells were treated for 3 h in the absence (CTRL, control) and in the presence of gibbilimbol
B/eriopodol A (30 μg/mL) or erioquinol (10 μg/mL). Cells were then stained for cytochrome c (green)
and the mitochondrial marker COX IV). 4’,6-diamidine-2’-phenylindole dihydrochloride (DAPI) (blue)
was used for nuclei detection. The images are representative of three independent experiments.
Scale bars: 10 μm (MCF7) and 25 μm (U373). Panels on the right represent enlarged image details.

Damaged mitochondria are considered as the main source of reactive oxygen species (ROS) which
play major roles in the fate of cancer cells [63]. Noteworthily, MCF7 and U373 cells staining with
2’-7’dichlorofluorescin diacetate (DCFH-DA), a permeant fluorogenic dye cell reagent that measures
hydroxyl, peroxyl and other ROS activity, revealed that erioquinol effect (10 μg/mL, 6 h) is characterised
by marked accumulation of ROS, which are absent in cells treated with gibbilimbol B and eriopodol
A (30 μg/mL, 6 h) (Figure 9A,B). Together with lack of caspase activation, aberrant ROS production
is another divergence between gibbilimbol B/eriopodol A and erioquinol-induced cell death. In this
respect, erioquinol is likely inducing a robust mitochondrial stress which results in ROS production
and release into the cytoplasm.

Figure 9. Confocal microscopy for reactive oxygen species (ROS) detection. (A) MCF7 and (B) U373 cells
were treated for 6 h in the absence (CTRL, control) and in the presence of gibbilimbol B/eriopodol A
(30 μg/mL) or erioquinol (10 μg/mL). Cells were then stained for ROS (2’-7’dichlorofluorescin diacetate
- DCFH-DA, green). 4’,6-diamidine-2’-phenylindole dihydrochloride (DAPI) (blue) and phalloidin (red)
were used for nuclei and cytoskeleton detection, respectively. The images are representative of three
independent experiments. Scale bar: 25 μm.

Finally we confirmed as apoptotic the effect of gibbilimbol B and eriopodol A by inhibiting
their cytotoxic activity with the pan-caspase inhibitor Z-VAD-(OMe)-FMK. As displayed by MTT
assays (Figure 10A), the loss of cell viability in MCF7 cells treated with 30 μg/mL gibbilimbol B
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and eriopodol A was significantly inhibited when 50 μM Z-VAD-(OMe)-FMK was simultaneously
added to the 6 h treatment protocol, demonstrating the dependency on caspases of the two
compounds. However, the simultaneous addition of Z-VAD-(OMe)-FMK did not affect the activity
of 10 μg/mL erioquinol. Taken together our data data demonstrate that gibbilimbol B and eriopodol
A effectively induced intrinsic apoptosis triggered by mitochondrial membrane permeabilisation,
release of cytochrome c, an early induction of initiator caspase 9, and a consecutive activation
of effector caspase 7. Erioquinol, although it affects comparably mitochondrial functions, appears to act
in a different manner, i.e., involving mitochondrial ROS release and non-apoptotic/caspase-independent
mechanisms. Caspase-independent cell death was first described to affect mitochondria potential,
and eventually mitochondrial outer membrane permeabilisation [64], although not followed by caspase
activation. Those features resemble the outcome of erioquinol treatment.

Figure 10. Piper genus-derived compounds induce caspase-dependent and independent loss of cell viability.
(A) MCF7 cells were cultured in the absence (CTRL, control) and in the presence of 30 μg/mL gibbilimbol
B/eriopodol A or 10μg/mL erioquinol for 6 h, before 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide (MTT) assay. The pan-caspase inhibitor Z-VAD-(OMe)-FMK (50 μM) or its vehicle were
used as well. Results are expressed by setting the absorbance of the reduced MTT in the CTRL,
as 100%. Data are representative of four-twelve independent experiments. *** p < 0.0001 relative
to the respective compound alone, i.e., + Z-VAD vehicle. (B) MCF7 (left panel) and U373 (right panel)
cells were treated with increasing concentrations of erioquinol for 24 h before MTT assay. Erioquinol
was administered both in the absence (vehicle) or in the presence of 50 μM necrostatin-1 and 10 μM
ferrostatin-1 (2 h pre-treatment), a necroptosis and ferroptosis inhibitor, respectively. Results are
expressed by setting the absorbance of the reduced MTT in the control samples (absence of erioquinol)
as 100%. The data points are representative of four independent experiments.

Several forms of regulated cell death manifest with a morphology different from apoptosis [65,66],
and many compounds from nature source can induce non-apoptotic programmed cell death
in cancer cells [67]. Among them, necroptosis can be partially rescued by the receptor-interacting
serine-threonine kinase 1 inhibitor necrostatin-1 and ferroptosis by ferrostatin-1, an inhibitor
of lipid peroxidation. We thus treated MCF7 and U373 cells with increasing concentrations
of erioquinol (24 h) with or without 50 μM necrostatin-1 and 10 μM ferrostatin-1 (2 h pre-treatment).
As shown in Figure 10B, the concentration-dependent inhibition of MTT absorbance did not change,
suggesting erioquinol-induced death was independent from necroptosis and ferroptosis, two cell death
pathways known to be caspase-independent [65,66]. ROS were recently linked to a caspase-independent
form of cell death, which cannot be rescue by necrostatin-1 or ferrostatin-1 treatment, and therefore not
imputable to either necroptosis or ferroptosis [68]. Treatment with erioquinol might lead to a similar
cascade of events, although additional work is required to fully characterise the role of ROS and the cell
death process induced by this Piper genus-derived compound.
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2.4. XIAP as a Molecular Target of Piper Genus-Derived Compounds

XIAP-mediated inhibition of apoptosis goes through its reversible binding to active caspase-9,
via its BIR3 domain, and caspase-3/7 when stabilised to XIAP-BIR2 domain [69–71]. It has been also
demonstrated that XIAP controls different pathways functionally uncoupled to caspases, leading to the
possibility that XIAP system might control cell death/survival through multiple mechanisms [32,34,72–82].

Embelin, a natural benzoquinone with potential therapeutic interest, has been isolated from
the fruit of the Embelia ribes and discovered through molecular docking analysis of over 8200 molecules
as a potent small molecule XIAP inhibitor that binds to the XIAP-BIR3 domain [83–86]. It should be noted
that embelin displays chemical features similar to those of erioquinol, eriopodol A, and gibbilimbol B [83].
We assessed if erioquinol, eriopodol A, and gibbilimbol B are able to bind to the XIAP-BIR3 domain
in a similar way of embelin. Using molecular docking analysis and molecular dynamics simulations
for embelin and isolated new compounds, it was found the structural basis of the predicted interactions
with the BIR3 domain of XIAP. Figure 11A provides a general view of the docked conformations
obtained for gibbilimbol B, eriopodol A, erioquinol, and embelin. Interestingly, the binding site
for gibbilimbol B, eriopodol A, and erioquinol is the same binding site of embelin and with similar
energy and binding mode. All docked compounds fits in to the P1, P2 and P3 of the P1–P4 pockets
reported for the binding site of the XIAP-BIR3 domain in complex with Smac, the endogenous
antagonist ligand of IAPs [35,87,88].

Figure 11. Cont.
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Figure 11. X-linked inhibitor of apoptosis protein (XIAP) as a molecular target of Piper genus-derived
compounds. (A) Molecular docking and (C) dynamics analysis of embelin (orange), erioquinol (green),
eriopodol A (purple) and gibbilimbol B (blue) in complex with the baculovirus IAP repeat (BIR)-3 domain
of XIAP (PDB code 5C83). Interacting residues are displayed in wireframe, hydrogen bonds are displayed
in yellow dot lines and π-π stacking interactions are displayed in blue dot lines. (B) Protein-ligand
root mean square deviation (RMSD) trajectory of the atomic positions for ligands (red, Lig fit Prot)
and the receptor (blu, Cα positions) BIR-3 domain of XIAP, for the dynamics trajectory of 50 ns.

Experimental structures of the XIAP-BIR3 domain in different complexes with embelin, Smac or
Smac mimetics and non-peptidomimetics small molecules, revealed that residues GLY306, THR308,
GLU314, TRP323 and TYR324 are crucial residues involved in the interaction with the BIR3 domain
of XIAP [35,41,86,89]. The results of the docking experiments show a possible binding mode
for gibbilimbol B, eriopodol A, and erioquinol. Accordingly, the phenolic ring of gibbilimbol B
and eriopodol A forms hydrogen bonds with LYS311 and GLU314 (Figure 11A), the quinol ring
of erioquinol forms three hydrogen bonds with THR308, LYS322, and TRP323, while residues GLY306,
LEU307, TRP323, and TYR324 of the XIAP-BIR3 domain forms hydrophobic interactions with the tail
of the alkenyl derivatives.

In addition, molecular dynamics simulations for 50 ns were carried out to assess the stability
of the protein-ligand complexes between the docked compounds and the BIR3 domain of XIAP.
The stability of the modelled complex of alkenyl derivatives and embelin was confirmed during
the period of simulation by little variations in the root mean square deviation (RMSD) trajectory
(Figure 11B). Although some changes were observed in the interacting residues of XIAP BIR-3 domain
after molecular dynamics simulations (Figure S7), the preferred location of the binding mode for all
evaluated ligands were maintained in the pockets P1-P4 of BIR-3 domain of XIAP during the period
of simulation (Figure 11C). Also, the binding mode obtained in the docking and dynamics simulations
for embelin are according to the interactions pattern determined experimentally by NMR studies in the
XIAP-embelin complex, which revealed that TRP323 of the BIR3 domain of XIAP are crucial in the
binding of embelin [86]. These findings strongly suggest the highly stable complex formation between
the BIR-3 domain of XIAP and the alkenyl derivatives.

XIAP is highly expressed in different human tumour cells and cancer specimens from patients
and plays an important role in conferring chemoresistance [33,90]. Because XIAP blocks apoptosis
at the downstream effector phase, where multiple signalling events may converge, it represents
an attractive molecular target for the design of new anti-cancer drugs [32–41,43]. Two broad approaches
have been taken to develop clinical inhibitors of XIAP—antisense oligonucleotides, targeting
the entire protein, and small molecule inhibitors, binding a single domain. Small molecule inhibitors
offer the potential of more rapid inhibition of their target in vivo and more predictable duration
of action [34,41]. Among the small molecule phytochemicals, the XIAP inhibitor embelin exhibited
cytotoxic activity in various human tumoural cells, including breast cancer [83–86,91]. In addition,
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the withaferin-A induced cytotoxicity in human breast cancer cells was associated with suppression
of XIAP protein [92] and berberine was shown to induce apoptosis in tumours, likely through
the inhibition of XIAP [93]. The just mentioned molecular modelling of our new molecules binding
to XIAP-BIR3 domain drove us to examine if they shared a similar activity with already described
XIAP inhibitors. With the aim of understanding the role of XIAP in the cell death phenotype, we first
determined if our cellular model is anyhow affected by XIAP depletion. Using the Lipofectamine
reagent, MCF7 cells were transiently transfected with a XIAP-specific or a scrambled targeting siRNA.
When treated with 50 nM of siRNA for 24 h, the protein levels of XIAP markedly decreased to ca.
45% compared to control siRNA transfected samples (Figure 12A) indicating a partial depletion
of XIAP. In agreement with previous indications [94–96], the outcome in viability of XIAP knockdown
in MCF7 cells, which showed a significant reduction (ca. 40%) in MTT absorbance upon depletion
of XIAP (Figure 12B), led us to the conclusion that MCF7 cells depend on XIAP for survival since
death mechanisms are neutralised by physiological levels of XIAP. We then tried to add clues on
the involvement of XIAP in the cytotoxic effect of Piper genus-derived compounds. As shown
in Figure 12B, XIAP downregulation in MCF7 cells significantly enhanced the toxicity, as measured
by MTT absorbance, of 6 h administration of gibbilimbol B (30 μg/mL), eriopodol A (30 μg/mL)
and erioquinol (10 μg/mL) indicating their combined action with XIAP siRNA in inhibiting cell
viability. Since 100% knockdown was never achieved with siRNA technique (the absence of detectable
XIAP after siRNA transfection, i.e., by XIAP siRNA at 100 nM for 24 h, paralleled the increase
of cleaved-caspase 7 levels and the complete loss of MCF7 cell viability (Figure S6D and data not
shown)), it is reasonable to assume that that the effects of gibbilimbol B/eriopodol A/erioquinol on
the residual XIAP protein in the siRNA-treated cells further induced MCF7 cell death. On the other
hand, similar results (additive effect) would be achieved if the compounds target cytotoxic pathways
other than XIAP. However, although this is not a formal biological evidence, the simplest explanation
of the combined action is a XIAP-mediated mechanism accounting for, at least in part, the cytotoxicity
of our new compounds. Accordingly, the positive effects of gibbilimbol B and eriopodol A on caspase
7 activity robustly increased after XIAP silencing (Figure 12C). Downregulation of XIAP by siRNA is
known to sensitise human breast cancer cells to death mediated by different chemical agents [94,97].
Finally, using real-time PCR and western blot assays to measure XIAP expression, we found that
cell exposure to gibbilimbol B, eriopodol A, and erioquinol at increasing times did not significantly
modify mRNA (Figure 12D) and protein levels (Figure 12E) of XIAP. Overall, our data exclude a role
of gibbilimbol B/eriopodol A/erioquinol on the regulation of XIAP expression but rather are consistent
with the antagonism of XIAP activity through their binding to XIAP-BIR3 domain.

Figure 12. Cont.
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Figure 12. X-linked inhibitor of apoptosis protein (XIAP) as a molecular target of Piper genus-derived
compounds. (A) Western blot analysis of XIAP in MCF7 cells both untransfected (CTRL, control)
or transfected for 24 h with a XIAP-specific and scrambled targeting (scr) siRNA (50 nM). Lactate
dehydrogenase (LDH) was used as internal standard. Low panel: densitometric analysis expressed as fold
change of scr siRNA. Images and data are representative of three independent experiments. **P < 0.001
relative to scr siRNA. (B) MCF7 cells were transfected for 24 h with a XIAP-specific or scr siRNA (50 nM)
and then cultured in the absence (CTRL) and in the presence of 30 μg/mL gibbilimbol B/eriopodol A
or 10 μg/mL erioquinol for 6 h, before 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
(MTT) assay. Results are expressed by setting the absorbance of the reduced MTT in the scr siRNA
CTRL, as 100%. Data are representative of three independent experiments. * p < 0.0001 relative to the
respective scr siRNA. (C) Western blot analysis of cleaved-caspase 7 in MCF7 cells transfected for 24 h
with a XIAP-specific or scr siRNA (50 nM) and then cultured in the presence of 30 μg/mL gibbilimbol
B and eriopodol A for 6 h. LDH was used as internal standard. Images are representative of three
independent experiments. (D) Real-time PCR and (E) Western blot analysis of XIAP mRNA and protein
expression, respectively, in MCF7 cells treated for increasing times in the absence (CTRL) and in the
presence of 30 μg/mL gibbilimbol B/eriopodol A or 10 μg/mL erioquinol. β-actin (PCR) and LDH
(Western blot) were used as internal standards. PCR results are expressed as fold change of respective
CTRL, set as 1. Images and data are representative of three independent experiments.

Since escape from apoptosis is one of the preeminent features of cancer, pharmacological interest
in targeting endogenous apoptosis inhibitors, such as B-cell lymphoma (BCL)-2 and IAPs family
members, has been constant [32–43,82,98,99]. The efforts, including clinical trials, directed towards
identifying small molecules inhibitors of the BCL-2 family of proteins and promote apoptosis with
the so-called BH3 mimetics, that mimic the action of certain BH3-only proteins [98], proved the releasing
of “apoptosis brakes” as a winning strategy to induce primary cell death in cancer or to sensitise
tumour to chemotherapy. Differently to BCL-2 family members, IAPs, and in particular XIAP,
have a late role in the apoptotic timeline, and they target already active caspases to prevent cell death.
The structural data surrounding the interaction between the BIR3 domain of XIAP and caspases suggest
that small molecules that bind the BIR3 pocket of XIAP could mimic the action of Smac and inhibit
the interaction between XIAP and caspase [34,41]. Interestingly its multi-domain structure makes XIAP
a component of multiple cellular pathways, not only the ones leading to apoptosis. XIAP versatility
has been highlighted in inflammation and inflammatory cell death, such as necroptosis [32,79–82].
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Even though these aspects are yet to be completely elucidated, we suggest here - in addition to the
widely described activity of XIAP inhibitors in apoptosis induction (gibbilimbol B and eriopodol A)
—an interesting example of how the pharmacological targeting of XIAP-BIR3 domain can go beyond
the simple induction of apoptosis—and extends its influence in modulating cell death signalling
events other than caspase-activation (erioquinol). The relevance of non-apoptotic cell death in cancer
treatment has recently gained interest as a means to simultaneously targetting tumours and enhancing
the inflammatory response [100]; XIAP, in this context, is an interesting crossroad of pathways involved
in both cell death and inflammation.

3. Materials and Methods

3.1. Extraction and Isolation of Natural Compounds

P. eriopodon was collected in Fusagasuga, in the Department of Cundinamarca (Colombia).
The plant material was identified by Dr. Adolfo Jara Muñoz at Herbario Nacional Colombiano
and a voucher specimen (COL516757) was deposited at the Instituto de Ciencias Naturales, Universidad
Nacional de Colombia.

Dried and powdered leaves of P. eriopodon (1.14 Kg) were extracted exhaustively with ethanol
96% (3 × 5L) at room temperature. After filtration, the solvent was evaporated under reduced
pressure, to yield 103.6 g of crude extract. The crude extract (100.0 g) was subjected to silica gel flash
chromatography and eluted with a step gradient of toluene/ethyl acetate (0:100, 20:80, 40:60, 60:40,
80:20 and 0:100 (V/V)) to afford eight fractions. Fraction 1 (34.2 g) was chromatographed over silica
gel, eluting with a mixture of a three-phase n-hexane/dichloromethane/ethyl acetate (25:70:5) solvent
system to afford ten fractions (A to J). Fraction E (10.0 g) was chromatographed over Sephadex LH-20
(4.5 × 45 cm, n-hexane/chloroform/methanol, 2:2:1) to give six fractions (E1 to E6). In agreement with
a previous report [29], compound 1 (7.93 g) was obtained from fraction E3, after column chromatography
on Sephadex LH-20 (4.5 × 30 cm, n-hexane/acetone/methanol, 2:2:1). Fraction E4 (974.6 mg) was
submitted to column chromatography on Sephadex LH-20 (4.0 × 20 cm, n-hexane/acetone/methanol,
2:2:1) to yield six fractions (E4.1 to E4.6). Compound 3 (33.2 mg) was obtained from fraction
E4.4 (378.8 mg) through Sephadex LH-20 (2.0 × 25 cm, n-hexane/acetone/methanol, 2:2:1) and silica
gel column chromatography eluted with n-hexane/acetone 8:2. Fraction E5 (2.19 g) was subjected
to column chromatography on silica gel using a mixture of toluene/ethyl acetate (9:1) to afford ten
fractions (E5.1 to E5.10). Fraction E5.3 (153.2 mg) was purified by flash chromatography to yield
compound 4 (20.0 mg).

Fraction 2 (8.0 g) was submitted to silica gel column chromatography eluted with n-hexane/ethyl
acetate 8:2, yielding seven fractions (K–Q). Fraction Q was subjected to flash chromatography eluted
with dichloromethane/acetone (7:3) to yield six fractions (Q1–Q6). Fraction Q3 (1.44 g) was subjected
to column chromatography over Sephadex LH-20 (4.0 x 20 cm, hexane/acetone/methanol, 2:2:1) to afford
six fractions (Q3.1 to Q3.6). Fraction Q3.4 (239.4 mg) was chromatographed over Sephadex LH-20
(4.0 × 20 cm, hexane/chloroform/methanol, 2:2:1) and then purified by silica gel column chromatography
eluted with n-hexane/acetone (7:3) to yield compound 5 (4.0 mg). Fraction Q6 (570.5 mg) was subjected
to flash chromatography eluted with n-hexane/acetone 7:3 to afford seven fractions (Q6.1–Q6.7).
Compound 2 (166.0 mg) was obtained from fraction Q6.1.

3.2. General Chemical Methods

Flash chromatography was carried out with silica gel (230–400 mesh; Merck, Darmastadt, Germany),
column chromatography was performed using silica gel (70–230 mesh; Merck) and Shepadex® LH20
(Sigma-Aldrich, St. Louis, MO, USA), analytical thin layer chromatography was performed using
precoated silica gel plates 60 F254 (0.25 mm, Merck). 1H and 13C NMR 1D and 2D (COSY, HMQC and
HMBC) spectra, were recorded on an Avance 400 spectrometer (Bruker, Millerica, MA, USA) at 400 MHz
for 1H and 100 MHz for 13C using the solvent peaks as internal references, the spectra were recorded
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in CDCl3 and MeOD (Merck). High-resolution mass data were collected on an Accurate-Mass
quadrupole Time-of-Flight (q-TOF) (Agilent Technologies, Santa Clara, CA, USA) mass spectrometer,
ESI negative mode, Nebuliser 50 (psi), Gas Flow 10 L/min, Gas Temp 350 ◦C. Fragmentor 175 V,
Skimmer 75 V, Vpp 750 V.

3.3. Cell Culture and Chemicals

Human U373 glioma, MCF7 breast cancer, A549 lung cancer and PC-3 prostate cancer cells
were grown in Dulbecco’s Modified Eagle Medium (DMEM), supplemented with 10% foetal bovine
serum, 2 mM glutamine, 100 U/mL penicillin/streptomycin, at 37 ◦C in a humidified atmosphere
containing 5% CO2 (logarithmic growth phase, routine passages every 3 days). The human breast
epithelial cell line MCF10 was cultured in DMEM/F12 Ham’s Mixture supplemented with 5% horse
serum, epithelial growth factor 20 ng/mL, insulin 10 μg/mL, hydrocortisone 0.5 mg/mL, cholera toxin
100 ng/mL, and 100 U/mL penicillin/streptomycin. HUVEC were grown in EGM-2 Endothelial Cell
Growth Medium-2 BulletKit (Lonza, Basel, Switzerland), according to the manufacturer’s protocol.

Foetal bovine serum, horse serum, glutamine and penicillin/streptomycin were obtained from
Euroclone (Milano, Italy). TMRM was purchased from ThermoFisher Scientific (Waltham, MA, USA)
while necrostatin-1 and ferrostatin-1 were obtained from Santa Cruz Biotechnology (Dallas, TX, USA).
Where not indicated, the reagents were purchased from Sigma-Aldrich.

3.4. MTT Assay

U373, MCF7, A549, PC-3, HUVEC, and MCF10 cell viability was determined by MTT assay
using published protocols [101–105]. MTT absorbance was quantified spectrophotometrically using
a Glomax Multi Detection System microplate reader (Promega, Milano, Italy).

3.5. TUNEL Assay

Using published protocols [106,107], MCF7 or U373 cells cultured in 120-mm coverslips were
fixed in 4% paraformaldehyde in 0.1 M phosphate buffer (PB), pH 7.4, for 10 min. The TUNEL method
(DeadEnd Fluorometric TUNEL System, Promega) was used to assay apoptosis, according to the
manufacturer’s protocol. DAPI (nuclei detection) staining was also performed.

3.6. Immunofluorescence Microscopy Analysis

Using published protocols [106,108], MCF7 or U373 cells cultured in 120-mm coverslips were
fixed in 4% paraformaldehyde in 0.1 M PB, pH 7.4, for 10 min. Cells were pre-incubated for 1 h
min with 5% of normal goat serum (Life Technologies, Monza, Italy) in 0.1 M PB (pH 7.4) containing
0.1% Triton X-100, before overnight incubation with the rabbit monoclonal anti-cleaved caspase
7 (Cell Signaling Technology, Danvers, MA, USA). In double-label immunofluorescence experiments,
the mouse monoclonal anti-cytochrome c primary antibody (Cell Signaling Technology) was used
in conjunction with the rabbit monoclonal primary antibody directed to COX IV (Cell Signaling
Technology). For fluorescence detection, coverslips were stained with the appropriate Alexa Fluor
secondary antibodies (Life Technologies) and mounted on glass slides in a ProLong Gold Antifade
Mountant (Life Technologies). DAPI and/or fluorescein phalloidin (cytoskeleton detection) staining
was also used. Cells were analysed with a DMI4000 B automated inverted microscope equipped with
a DCF310 digital camera (Leica Microsystems, Wetzlar, Germany). When indicated, confocal imaging
was performed with a TCS SP8 System (Leica Microsystems). Image acquisitions were controlled
by the Leica Application Suite X.

3.7. Annexin V Staining

MCF7 cells were incubated with 5 μg/mL Annexin V-fluorescein isothiocyanate (FITC) to assess
the phosphatidylserine exposure on the outer leaflet of the plasma membrane, and 5 μg/mL PI
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(DNA-binding probe) to exclude necrotic cells in binding buffer (10 mM HEPES, 140 mM NaCl, 2.5 mM
CaCl2) [109]. Cell staining was analysed by Gallios Flow Cytometer (Beckman-Coulter, Brea, CA, USA)
and the software FCS Express 4 (De Novo System, Portland, OR, USA).

3.8. Western Blotting

Using published protocols [107,110,111], MCF7 and MCF10 cells were homogenised in RIPA
lysis buffer, supplemented with a cocktail of protease inhibitors (cOmplete; Roche Diagnostics,
Milano, Italy). Equal amounts of proteins were separated by 4–20% SDS-polyacrylamide gel
electrophoresis (Criterion TGX Stain-free precast gels and Criterion Cell system; Bio-Rad, Hercules,
CA, USA) and transferred onto nitrocellulose membrane using a Bio-Rad Trans-Blot Turbo System.
When indicated, the membranes were probed using the rabbit monoclonal anti-cleaved caspase
7 and anti-XIAP (Cell Signaling Technology) primary antibodies. After the incubation with the
appropriate horseradish-peroxidase-conjugated secondary antibody (Cell Signaling Technology),
bands were visualised using the Clarity Western ECL substrate with a ChemiDoc MP imaging system
(Bio-Rad). To monitor for potential artefacts in loading and transfer among samples in different lanes,
the blots were routinely treated with the Restore Western Blot Stripping Buffer (ThermoFisher Scientific)
and re-probed with the goat anti-Lactate dehydrogenase (LDH)-A (Santa Cruz Biotechnology) and the
mouse anti-vinculin primary antibodies. The stain-free gel was used as loading control as well.
When appropriated, bands were quantified for densitometry using the Bio-Rad Image Lab software.

3.9. Mitochondrial Membrane Potential Analysis

Using published protocols [112], mitochondria of MCF7 and U373 cells were labeled using TMRM,
a voltage-sensitive cationic lipophilic dye, partitioning and accumulating in the mitochondrial matrix
based upon the Nernst equation. After treatments, cells were trypsinised, counted and incubated
with 100 nM TMRM for 30 min at 37 ◦C. Fluorescence was measured by using a Glomax Multi
Detection System microplate reader (Promega), excitation wavelength: 525 nm; emission wavelength:
580–640 nm). After background subtraction, the data were normalised on cell number.

3.10. Measurement of ROS

MCF7 or U373 cells cultured in 120-mm coverslips were exposed to 30 μM DCFH-DA (0.1 M PB,
pH 7.4) and fixed in 4% paraformaldehyde for 20 min. For fluorescence detection, coverslips were
mounted on glass slides and observed with a laser-scanning confocal microscope (TCS SP8 System
and Application suite X, Leica Microsystems). DAPI and fluorescein phalloidin (nuclei and cytoskeleton
detection, respectively) staining was also used.

3.11. Molecular Modeling

AutoDock4 was used to carry out the molecular docking. The Protein Data Bank crystallographic
structure PDB 5C83 was considered as receptor model [87]. The preparation of the macromolecule
was made with PyMOL (version 2.0, PyMol Molecular Graphics, Schrodinger, New York, NY, USA)
System) and XIAP-BIR3 domain was selected as receptor [113]. Energy maps was established with
Autogrid4 involving all atom types. After 25 million of energy evaluations in the binding pocket
and using a grid of 50 × 50 × 50 points, all conformations of the ligand were clustered according to the
energy and conformations. The docking results were visualised using the computational program
Maestro 11.6. The molecular dynamics simulations were carried out with Desmond simulation package
of Maestro (Desmond Molecular Dynamics System; D. E. Shaw Research, New York, NY, USA, 2016)
using the OPLS 2005 force field parameters. A solvated system (TIP3P) and a predefined model
for electrically neutral system (physiological concentrations of monovalent ions, NaCl 0.15 M) were
used in an orthorhombic box and maintained at constant temperature of 300 K for all simulations.
The dynamics simulations were analysed using the Simulation Interaction Diagram tool of Desmond
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package, monitoring the behaviour and stability of simulations by RMSD of the ligand and protein
atom positions in time.

3.12. RNA Interference

Gene silencing of XIAP in MCF7 cells was performed as previously published [106]. Briefly, according
to the manufacturer’s protocol, iBONI siRNA Pool (Riboxx, Radebeul, Germany) targeting human XIAP
were mixed to Lipofectamine RNAiMax transfection reagent (Life Technologies). iBONI siRNA Pool
negative control (Riboxx) (scrambled targeting siRNAs) was also used. The mix was added to cultured
MCF7 cells at a siRNA concentration of 50 nM for 24 h.

3.13. Real-Time PCR

The analysis of mRNA expression was performed as previously described [106,114,115].
Briefly, total RNA from MCF7 cells was extracted with the High Pure RNA Isolation Kit
(Roche Applied Science, Mannheim, Germany), according to the manufacturer’s protocol.
First-strand cDNA was generated from 1 μg of total RNA using iScript Reverse Transcription
Supermix (Bio-Rad). Primer pairs (Eurofins Genomics, Milano, Italy) for XIAP (NM_001167;
forward ACCGTGCGGTGCTTTAGTT, reverse TGCGTGGCACTATTTTCAAGATA) and β-actin
(NM_001101; forward ATAGCACAGCCTGGATAGCAACGTAC, reverse CACCTTCTACAAT
GAGCTGCGTGTG) were designed to hybridise to unique regions of the appropriate gene sequence.
PCR was performed using SsoAdvanced Universal SYBR Green Supermix and the CFX96 Touch
Real-Time PCR Detection System (Bio-Rad). The fold change was determined relative to the selected
control sample after normalising to β-actin (internal standard) by the formula 2−ΔΔCT.

3.14. Statistics

Statistical significance of raw data between the groups in each experiment was evaluated
using unpaired Student’s t-test (single comparisons) or one-way ANOVA followed by the
Newman-Keuls post-test (multiple comparisons). The IC50 and Emax concentration were determined
by non-linear regression curve analysis of the concentration-effect responses. Potency values
among concentration-response curves were compared with the F-test. Data belonging from different
experiments were represented and averaged in the same graph. The GraphPad Prism software package
(GraphPad Software, San Diego, CA, USA) was used. The results were expressed as means ± standard
error of mean (SEM) of the indicated n values.

4. Conclusions

This study adds to the renewed biological interest in natural derived compounds, by presenting
a chemical and biological characterisation of new small organic molecules derived from Piper
genus plants. Following a recent preliminary report of gibbilimbol B as cytotoxic in breast cancer
cell lines, we explored this observation by comparing it to similarly structured new molecules.
Erioquinol that appeared to be the most potent compound versus gibbilimbol B and eriopodol
A was listed as an intermediate. A more detailed investigation of the biological mechanism
behind these molecules’ activity in shaping cell viability revealed induction of caspase-dependent
apoptosis following exposure of tumour cells to gibbilimbol B and eriopodol A and, interestingly,
display of caspase-independent/non-apoptotic features in cell treated with erioquinol. In silico
modelling and molecular approaches gave us a first preliminary insight into the molecular target
of Piper genus compounds, the anti-apoptotic protein XIAP (Figure 13). Of note, an already identified
XIAP inhibitor shared structural and binding similarities with them. The appeal of XIAP as a therapeutic
target in cancer is not restricted to inhibition of apoptosis, but comprehends the regulation of other
cellular physiological aspects, such as control of caspase-independent cell death. The molecular
signature behind our observation opens important implications to further dissect the role of XIAP
and for the development of novel XIAP antagonists for cancer treatment.
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Figure 13. Schematic picture depicting cell death mechanisms of Piper genus-derived compounds.
Escape of both intrinsic and extrinsic apoptosis is a common feature of cancer cells. (A) This hallmark
is often carried out by overexpressing anti-apoptotic proteins, such as X-linked inhibitor of apoptosis
protein (XIAP), which prevents the execution of apoptosis by binding of its baculovirus IAP repeat (BIR)

3 domain to already active initiator caspase 9. In order to counteract this resistance to cell death,
several cancer pharmacological therapies have the aim of removing the ‘molecular brakes’ to apoptosis
sensitising cancer cell to undergo loss of viability. The approach we described includes the use
of three compounds from Piper genus plants which were predicted to bind XIAP-BIR3 domain.
(B) Two of the compounds (gibbilimbol B and eriopodol A) were shown to induce a classical
pro-apoptotic response, including mitochondrial outer membrane polarisation, release of cytochrome c,
and subsequent activation of both initiator and effector caspases. (C) Despites triggering a similar
response at the mitochondria level, erioquinol does not act through the apoptotic machinery,
and results in a caspase-independent cell death characterised by cytoplasmic reactive oxygen species
(ROS) accumulation.
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Supplementary Materials: The following are available online at http://www.mdpi.com/2072-6694/11/9/1336/s1,
Figure S1: NMR spectroscopy (400 MHz, CDCl3) and HRESIMS of compound 1, Figure S2: NMR spectroscopy
(400 MHz, CDCl3) and HRESIMS of compound 2, Figure S3: NMR spectroscopy (400 MHz, CDCl3)
and HRESIMS of compound 3, Figure S4: NMR spectroscopy (400 MHz, CDCl3) and HRESIMS of compound 4,
Figure S5: NMR spectroscopy (400 MHz, CDCl3) and HRESIMS of compound 5, Figure S6: Western blot,
Figure S7: Protein-ligand interactions fraction for evaluated ligands and X-linked inhibitor of apoptosis protein
(XIAP) baculovirus IAP repeat (BIR)-3 domain during the molecular dynamics trajectory of 50 ns, Table S1: 1H NMR
(400 MHz) data for compounds 1–4 in CDCl3 and compound 5 in MeOD, Table S2: 13C NMR (100 MHz) data
for compounds 1–4 in CDCl3 and compound 5 in MeOD.
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Abstract: Yatein is an antitumor agent isolated from Calocedrus formosana Florin leaves extract. In our
previous study, we found that yatein inhibited the growth of human lung adenocarcinoma A549
and CL1-5 cells by inducing intrinsic and extrinsic apoptotic pathways. To further uncover the
effects and mechanisms of yatein-induced inhibition on A549 and CL1-5 cell growth, we evaluated
yatein-mediated antitumor activity in vivo and the regulatory effects of yatein on cell-cycle progression
and microtubule dynamics. Flow cytometry and western blotting revealed that yatein induces G2/M
arrest in A549 and CL1-5 cells. Yatein also destabilized microtubules and interfered with microtubule
dynamics in the two cell lines. Furthermore, we evaluated the antitumor activity of yatein in vivo
using a xenograft mouse model and found that yatein treatment altered cyclin B/Cdc2 complex
expression and significantly inhibited tumor growth. Taken together, our results suggested that yatein
effectively inhibited the growth of A549 and CL1-5 cells possibly by disrupting cell-cycle progression
and microtubule dynamics.

Keywords: Calocedrus formosana; lung cancer; yatein; cell-cycle arrest; xenograft

1. Introduction

Natural products have been used for treating disease for thousands of years. More recently,
natural products are being continuously developed for pharmaceutical applications, particularly for
anticancer, antibacterial, and antiviral applications [1]. To date, explorative and mechanistic studies on
new bioactive compounds are still ongoing.

Cells routinely come in contact with endogenous and exogenous stress stimuli, such as toxic
chemicals, UV radiation, and reactive oxygen species. These stress stimuli damage chromosomes,
affecting DNA replication and chromosome segregation [2]. Each phase of the cell cycle, including
G0, G1, S, G2, and M phase, functions to maintain genetic material duplication and cell division.
Abnormal expression of cell-cycle proteins disrupts the cell cycle and is thus closely associated with
tumorigenesis [3]. Many natural products exhibit anticancer properties by interacting with cell-cycle
proteins [4]. Thus, the identification of a new cell-cycle–targeting natural substance may provide new
alternatives in cancer chemotherapy.

Calocedrus formosana is a valuable softwood species in Taiwan, which not only has high industrial
economic value but also exhibits multiple bioactivities [5–14]. We previously found that the C. formosana
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extract and its active phytocompound, yatein, inhibited the growth of human lung adenocarcinoma
A549 and CL1-5 cells by inducing caspase-related apoptosis [15]. However, whether yatein regulates
the cell cycle in human lung adenocarcinoma remains unclear. To uncover the mechanisms of
yatein-mediated human lung adenocarcinoma growth inhibition, we examined the effects of yatein on
cell-cycle progression, tubulin dynamics, and in vivo tumor growth.

2. Results

2.1. Yatein Induces Cell-Cycle Arrest at G2/M Phase and Enhances G2/M Phase-Related Protein Expression in
Human A549 and CL1-5 Cells

To elucidate the mechanism underlying the anti-lung adenocarcinoma effects of yatein, cell-cycle
distribution was analyzed in the yatein-treated A549 and CL1-5 cells. We found that 5 μM yatein
treatment induced cell-cycle arrest at G2/M phase in both cell lines (Figure 1). We further analyzed the
kinetics of the effects of yatein on A549 and CL1-5 cells through flow cytometry (Figure 2). Compared
with untreated cells, we found that more cells entered the G2/M phase at 6 and 12 h after yatein
treatment in both cell types. Next, we evaluated the effects of yatein on G2/M arrest-related protein
expression using western blot analysis (Figure 3). To this end, A549 and CL1-5 cells were treated
with 5 μM yatein for 6 and 12 h, and the expression of Cdc2, Cdc25c, and cyclin B1 was analyzed
(Figure 3). Cdc2, Cdc25c, and cyclin B1 are key regulators of the cell cycle (particularly in the G2/M
phase). Our results revealed that 6 and 12 h of yatein treatment upregulated cyclin B1, but not Cdc2
and Cdc25c, expression in A549 and CL1-5 cells. However, yatein treatment showed an increasing
trend of Cdc2 phosphorylation in both cell types. Notably, yatein-induced Cdc2 phosphorylation was
higher at 6 h than at 12 h in both the cell types, indicating that Cdc2 was involved in G2/M phase
regulation in A549 and CL1-5 cells at an early stage.

Figure 1. Effects of yatein treatment for 24 h with different concentrations on cell-cycle progression in
A549 and CL1-5 cells. The results represent the mean ± SD (n = 3). Different letters indicate significant
differences among each group in A549 and CL1-5 cells (p < 0.05).
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Figure 2. Effect kinetics of 5 μM yatein treatment on cell-cycle progression in A549 and CL1-5 cells.
The results represent the mean ± SD (n = 3). Different letters indicate significant differences among
each group in A549 and CL1-5 cells (p < 0.05).

Figure 3. Expression of cell-cycle regulatory proteins in A549 and CL1-5 cells after yatein treatment
(5 μM) for 6 h and 12 h. The bands were analyzed using the ImageJ software and normalized to β-actin
expression. All data presented are representative of three independent experiments. The quantifications
represent the mean ± SEM (n = 2-3). * indicates a significant difference compared with the control
group (p < 0.05).

2.2. Yatein Induces DNA Damage through Activation of the ATM/ATR Pathway in Human A549 and
CL1-5 Cells

DNA damage induces cell-cycle arrest and apoptosis in cancer cells [16]. The ATM/ATR pathway
is related to DNA damage process. To address whether yatein induced DNA damage in cells, we
examined the effects of yatein treatment on the ATM/ATR pathway. We found that yatein treatment
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showed an increasing trend of ATM and ATR phosphorylation level in A549 and CL1-5 cells for 6 h and
12 h treatments. However, ATM and ATR expression were not affected (Figure 4A). We next evaluated
the expression and phosphorylation of Chk1 and Chk2 in A549 and CL1-5 cells after yatein treatment
for 6 and 12 h. Our results revealed that yatein treatment showed an increasing trend of Chk1 and
Chk2 phosphorylation level in A549 and CL1-5 cells. These results suggested that yatein induced
DNA damage and altered cell-cycle distribution by activating the ATM/Chk2 and ATR/Chk1 DNA
repair pathways in A549 and CL1-5 cells. In addition to the activation of the ATM/ATR pathway, we
found that yatein treatment affected p53, Wee1, and 14-3-3 σ expression in the A549 cells (Figure 4B).
Conversely, yatein did not upregulate the p53 and 14-3-3 σ expression in CL1-5 cells. However, Wee1
expression was increased after yatein treatment for 6 h in CL1-5 cells. These results indicated that the
p53 pathway might play an additional role in yatein-induced growth inhibition in A549 cells but not in
CL1-5 cells.

 

 
Figure 4. Expression of ATM, ATR, Chk1, and Chk2 (A), and p53 related proteins (B) in A549 and
CL1-5 cells after yatein treatment (5 μM) for 6 and 12 h. All data presented are representative of two to
three independent experiments. The quantifications represent the mean ± SEM (n = 2–3). * indicates
significant differences compared with the control group in A549 and CL1-5 cells (p < 0.05).
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2.3. Yatein Influences Microtubule Dynamics in Human A549 and CL1-5 Cells

Apart from DNA damage, inhibition of microtubule dynamics is another mechanism that induces
G2/M cell-cycle arrest. For instance, taxol, a well-known anticancer drug, arrests cells in the G2/M phase
by disrupting microtubule polymerization [17]. We assessed microtubule dynamics in yatein-treated
A549 and CL1-5 cells using confocal microscopy and western blot analysis. Our confocal microscopy
results showed that 5 μM yatein treatment caused a diffusion of green fluorescence (tubulin) in the
yatein-treated A549 and CL1-5 cells compared with control cells within 6 h (Figure 5A). In addition,
as shown in Figure 5B, yatein decreased tubulin polymerization in a dose-dependent manner in
both A549 and CL1-5 cells after 24 h treatment. These results revealed that the effects of yatein
on microtubule dynamics were similar to those of colchicine, a microtubule-depolymerizing agent
(Figure 5C). Consistently, yatein-treated cells exhibited a similar pattern of tubulin distribution to
that of colchicine-treated cells. By contrast, taxol-treated cells demonstrated a higher level of tubulin
polymerization compared with the untreated cells. Taken together, our results indicated that yatein
and colchicine affected microtubule dynamics by inhibiting tubulin polymerization.

Figure 5. (A) Confocal images of tubulin expression of A549 (upper) and CL1-5 (lower) cells after yatein,
colchicine, and taxol treatment for 6 h. Scale bar= 100 μm. (B) Western blot analysis of tubulin expression
of A549 and CL1-5 cells after treatment with various concentrations of yatein for 24 h. (C) Western blot
analysis of tubulin expression of A549 and CL1-5 cells after yatein and positive control treatment for
24 h. V: Vehicle control, C: 10 μM colchicine, T: 100 nM taxol, Y: 5 μM yatein. The quantitative values are
the ratio of polymerization tubulin/free tubulin in different treatment groups.

2.4. Yatein Exhibits In Vivo Antitumor Effects in a Xenograft Mouse Model

To validate the growth inhibitory effects of yatein in an in vivo context, we applied a xenograft
mouse model using A549 cells. To this end, NOD/SCID mice were inoculated with A549-luc cells for 10
days and were then given 20 mg/kg yatein (i.p.) five times per week for 42 days. Animal body weight,
food intake, and tumor growth were monitored and quantified during the experiment. Our results
showed that the body weight and food intake of the control and yatein-treated mice did not differ
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(Figure 6A,B), suggesting that yatein was well tolerated in the mice. We found that the tumor volumes
of the control mice (41.3 mm3) and yatein-treated mice (38.5 mm3) were similar in the first 14 days
(Figure 6C). However, within the 21-42 days (end of experiment) time window, tumor growth in the
yatein-treated mice was significantly slower compared with the control mice (p < 0.05). Consistently,
In Vivo Imaging System (IVIS) analysis showed that the tumor tissue luminescence in the yatein-treated
group (16.5 × 105 photons/s) was lower than that in the vehicle control group (24.0 × 105 photons/s).
To confirm that yatein exhibited the same antitumor mechanisms in vivo as observed in vitro, we
evaluated cyclin B1 expression and Cdc2 phosphorylation in the tumor tissue in the vehicle control and
yatein-treated groups (Figure 6D). We found that both cyclin B1 expression and Cdc2 phosphorylation
moderately increased in the yatein-treated group compared with the control group (Figure 6D). Taken
together, these results suggested that the induction of cyclin B/Cdc2 complex expression and activation
were associated with the antitumor effects of yatein in vivo.

 
Figure 6. In vivo antitumor effects of yatein. (A) Body weight, (B) daily diet intake, and (C) tumor size
and IVIS images of A549-luc cell xenograft mice treated with vehicle or 20 mg/kg of yatein during the
experimental period. The results represent the mean ± SEM (n = 5). (D) Western blot analysis of tumor
tissue from the A549-luc xenograft mice (values were mean ± SEM, n = 3).

218



Cancers 2019, 11, 1384

3. Discussion

According to our previous study [15], the IC50 values for the 24 h yatein treatment in the A549
and CL1-5 cells were 10.0 and 2.1 μM, respectively. In addition, yatein exhibited excellent growth
inhibitory effect in the A549 (IC50 values = 3.5 μM) and CL1-5 cells (IC50 values = 1.9 μM) after 72 h
treatment. Interestingly, yatein was unable to inhibit human nasopharyngeal carcinoma (HONE-1)
and human gastric cancer (NUGC) cells growth at a concentration of 50 μg/mL (� 125 μM) [10]. In the
present study, we found that yatein induced G2/M cell-cycle arrest in A549 and CL1-5 cells at the first
24 h treatment. Additionally, treatment with yatein for 48 h induced a dose-dependent increase in
both early and late stage apoptosis in the A549 and CL1-5 cells [15]. As previously reported, some
lignan compounds can inhibit cancer cell growth by inducing cell-cycle arrest. For example, vitexin
compound-1 (VB1), a lignan isolated from a plant used in traditional Chinese medicine, namely Vitex
negundo, inhibits the growth of MDA-MB-435 and SMMC-7721 cells by inducing G2/M phase cell-cycle
arrest after 24 h treatment at a concentration of 10 μM [18]. Similarly, benozofuran lignan shows
a dose- and time-dependent induction of G2/M cell-cycle arrest in Jurkat T-cells [19]. Additionally,
the mechanism underlying the effects of yatein on cell-cycle regulation was examined in the present
study. Cyclin-dependent kinases (CDKs) collaborate with specific cyclins to tightly regulate cell cycle
and cell division. Thus, the CDK/cyclin complex plays a key role in cell-cycle progression [20]. Our
results indicated that yatein treatment showed an increasing trend of cyclin B1 expression and Cdc2
phosphorylation level. Aberrant activation of cyclin B1/p-Cdc2 activity is closely associated with
mitotic catastrophe. Mitotic catastrophe is a type of cell death that results from mitotic regulation
dysfunctions and can be induced by chemical and physical stresses [21]. Liu et al. [22] reported that
expression of cyclin B1 and level of Cdc2 phosphorylation were increased in malignant glioma cells
treated with a synthetic quinazolinone analog (MJ-66), suggesting that MJ-66 induced G2/M arrest and
mitotic catastrophe in malignant glioma cells. Subramaniam et al. [23] reported that curcumin-induced
mitotic catastrophe coupled with increased expression of cyclin B1 and Cdc-2 in MiaPaCa-2 cells.
Therefore, we can speculate the cytotoxic effects of yatein on A549 and CL1-5 cells might be partially
due to the induction of mitotic catastrophe. The correlation between yatein-induced cell death and
mitotic catastrophe still need to be investigated in a future study.

DNA damage is vital in the regulation of cell cycle and apoptosis. In this study, we found that
yatein induced cell-cycle arrest by inducing DNA damage in A549 and CL1-5 cells. In general, ATM
and ATR kinases are the initiating kinases of the DNA damage response (DDR) signaling pathway that
is activated by DNA damage or DNA replication stress [24]. ATM is activated by DNA double-strand
breaks, while ATR is activated by various factors related to DNA damage [25]. According to previous
studies, several natural products, including berberine, curcumin, and sinularin, induced DNA damage
and G2/M arrest, but not S phase arrest, in various cancer cells [26–28]. The results revealed that these
natural products induced DNA damage and arrested cells at G2/M phase. At the same time, the ATM
pathway was up-regulated [26–28]. After ATM activation, several proteins involved in the regulation
of ATM on DNA repair, cell-cycle arrest, apoptosis, and other downstream processes, such as Brca1,
Chk2, and p53, are phosphorylated [29]. Our results revealed that yatein induced the expression of
ATR/Chk1 and ATM/Chk2 in A549 cells. Notably, only ATR/Chk1 expression was upregulated after
yatein treatment in CL1-5 cells. We found that the expression and phosphorylation of p53, Wee1, and
14-3-3 σ expression were induced after yatein treatment in A549 cells, suggesting that yatein activated
p53-mediated signaling pathway to inhibit growth in A549 cells. Yatein did not affect the expression of
p53 and its related proteins in CL1-5 cells; this was because the CL1-5 cell line carries a p53 mutation,
which has been implicated in more than 50% of all cancer cases [30]. The p53 mutation causes a
defective G1 checkpoint in cancer cells that results in increased DNA damage at the G2 checkpoint
compared with noncancer cells. Wee1 is a key protein that is closely associated with G2 checkpoint
abrogation and mitotic catastrophe [30,31]. Accordingly, we found that yatein treatment increased
Wee1 expression in CL1-5 cells, indicating that Wee1 played a crucial role in the regulation of G2/M
cell-cycle distribution in CL1-5 cells in the context of yatein treatment. On the other hand, we also
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found yatein is able to induce ROS production in A549 and CL1-5 cells in our previous study [15],
suggesting that yatein may induce the oxidative DNA damage. Moreover, our previous results also
revealed that the CL1-5 cells were more sensitive for the ROS production than the A549 cells after
yatein treatment [15].

Additionally, we showed that yatein affected the microtubule assembly in both A549 and CL1-5
cells after 6 h treatment (Figure 5A) and 24 h treatment (Figure 5B and 5C). The induction of mitotic
arrest is associated with dysfunctional microtubule dynamics [32]. Microtubules play vital roles in cell
proliferation, trafficking, signaling, and migration [33]. Considering the importance of microtubule
dynamics, several small microtubule-targeting molecules have been designed and used as anticancer
drugs [30]. Tubulin has three major binding sites: taxane, vinca, and colchicine domains. In this study,
we found that yatein exhibited similar effects to that of colchicine, implying that yatein inhibited tubulin
polymerization. These results suggested that tubulin polymerization inhibition partially contributed
to the ability of yatein to arrest A549 and CL1-5 cells at the G2/M phase.

The in vivo growth inhibitory effects of yatein on A549 cells were elucidated in this study. Our
results revealed that yatein treatment significantly suppressed tumor growth in mice without affecting
their body weight and food intake. Additionally, yatein treatment increased cyclin B1 expression and
Cdc2 phosphorylation in vivo, indicating that the induction of mitotic catastrophe was involved in
the anticancer mechanism of yatein in vivo. Taken together, we found that yatein affected cell-cycle
progression and microtubule dynamics, induced DDR, and exhibited anticancer properties in vivo
(Figure 7).

Figure 7. Proposed mechanism of the inhibitory effects of yatein on lung adenocarcinoma cells.

4. Materials and Methods

4.1. Preparation of Yatein

The phytocompound, yatein, was isolated from C. formosana leaves extracts. In brief, C. formosana
leaves were extracted using methanol at room temperature (RT) for one week (twice) to obtain a
methanolic extract. The dried samples were further divided to n-hexane, ethyl acetate (EtOAc),
n-butanol, and H2O fractions using liquid–liquid partition. The n-hexane fraction was further
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fractionated into ten subfractions using normal phase column chromatography (Geduran Si-60, Merck,
Darmstadt, Germany). Yatein was isolated and purified from the subfraction 4 by semipreparative
high-performance liquid chromatography using a PU-2080 pump (Jasco, Tokyo, Japan) equipped with
an RI-2031 detector (Jasco) and a 5 μm Luna silica column (250 mm × 10.0 mm internal diameter;
Phenomenex, Torrance, CA, USA). The mobile phase consisted of 30% of EtOAc and 70% of n-hexane
(v/v), and the flow rate was 4 mL/min. The retention time of yatein in HPLC analysis was 18.0 min.
The purity and the structure elucidation of yatein was conducted by 1H and 13C NMR, and all spectrum
data were consistent with literature [34].

4.2. Cell Culture

Human A549 cell line was purchased from Bioresource Collection and Research Center (BCRC
60124) and cultured in RPMI-1640 (Gibco, Gran Island, NY, USA) supplemented with 10% (v/v) fetal
bovine serum (Gibco) and 1% (v/v) antibiotic–antimycotic agent (Gibco). CL1-5 cell line was provided
by Dr. Jeremy J.-W. Chen (National Chung Hsing University, Taichung, Taiwan) and cultured in
Dulbecco’s modified Eagle’s medium (Gibco) supplemented with 10% (v/v) fetal bovine serum (Gibco)
and 1% (v/v) antibiotic–antimycotic agent (Gibco). The cells were incubated in a 37 ◦C humidified
incubator containing 5% CO2.

4.3. Cell-Cycle Distribution Analysis

The A549 and CL1-5 cells were seeded onto a 6-well plate at a density of 1 × 105 cells/well and
incubated overnight. The cells were then treated with various concentrations of the test samples for
the indicated durations. After treatment, the cells were collected and mixed with ice-cold 75% ethanol
and then fixed overnight at −20 ◦C. Then, the cells were washed twice using phosphate-buffered saline
(PBS), and then incubated with 200 μL of propidium iodide (PI, BD Bioscience, Franklin Lakes, NJ,
USA) solution (containing 1 mg/mL PI, 2 mg/mL RNase A, and 0.5% Triton X-100) for 30 min at RT in
the dark. After 30 min, the PI-stained cells were immediately analyzed using a flow cytometer (Accuri
5, Accuri Cytometers, Inc., Ann Arbor, MI, USA). The data were analyzed using the C6 Accuri system
software (Accuri Cytometers, Inc.).

4.4. Isolation of Microtubule Proteins

The A549 and CL1-5 cells (1 × 106 cells) were seeded onto culture dishes (10 cm) overnight and
treated with 5 μM yatein. The cells were harvested through trypsinization and washed with PBS.
After centrifugation, the supernatant was removed and the cell pellets were mixed with 200 μL of
microtubule stabilizing buffer (1 mM MgCl2, 2 mM Tris-HCl, 2 mM EGTA, and 0.5% Triton-100 in
ddH2O) and incubated at RT for 20 min. Subsequently, the mixture was centrifuged at 12,000× g for
10 min (4 ◦C) to obtain the supernatant (monomer tubulin fraction). The remaining cell pellets were
washed using the microtubule stabilizing buffer and lysed in a radioimmunoprecipitation assay buffer
containing 10% proteinase inhibitor and 10% phosphatase inhibitor (Sigma-Aldrich, St. Louis, MO,
USA) at 4 ◦C for 30 min to obtain the polymer tubulin fraction. The monomer tubulin and polymer
tubulin fractions were transferred into microtubes (1.5 mL) and stored at −20 ◦C until further analysis.

4.5. Western Blot Analysis

The expression of proteins in cells were determined using western blot analysis as previously
reported [15]. In this study, the primary antibodies were anti-14-3-3 σ (Santa Cruz, Dallas, TX, USA),
anti-β-actin (Santa Cruz), anti-ATM (Santa Cruz), anti-ATR (Santa Cruz), anti-Cdc2 (Abcam, Cambridge,
MA, USA), anti-Cdc25c (Santa Cruz), anti-Chk1 (Santa Cruz), anti-Chk2 (Santa Cruz), anti-cyclin
B1 (Abcam), anti-p53 (Cell Signaling Technology Inc, Danvers, MA, USA), anti-phospho-p53 Ser 15
(Cell Signaling Technology Inc), anti-phospho-ATM (Santa Cruz), anti-phospho-ATR (Santa Cruz),
anti-phospho-Cdc2 (Santa Cruz), anti-phospho-Chk1 (Santa Cruz), anti-phospho-Chk2 (Santa Cruz),
anti-β-tubulin (Abcam), and anti-Wee1 (Santa Cruz) antibodies. An enhanced chemiluminescence
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(ECL, Sigma-Aldrich) system was used for developing signals of the blots, which were analyzed using
a LAS3000 system (Fujifilm, Tokyo, Japan).

4.6. Immunofluorescence

The A549 and CL1-5 cells (1 × 105 cells) were seeded on a chamber slide for 24 h and treated
with colchicine (10 μM), taxol (100 nM), and yatein (5 μM) for 6 h. The cells were washed with PBS
and fixed with 1% paraformaldehyde (Sigma-Aldrich) at RT for 30 min. The paraformaldehyde was
removed, and the cells were washed thrice with PBS. Next, the cells were blocked using 1% BSA in PBS
at 4 ◦C overnight. After they were washed with PBS, the cells were incubated with the anti-β-tubulin
antibody (1:200 in 1% BSA solution) at 4 ◦C overnight. After washing with PBS, an anti-rabbit-FITC
antibody was added to the cells and then incubated overnight. Then, the antibody was rinsed off and
the cells were washed thrice using PBS. 4,6-Diamidino-2-phenylindole was added and the cells were
incubated for 15 min at RT in the dark. A Leica TCS SP2 confocal spectral microscope (Buffalo, NY,
USA) was used to observe immunofluorescence staining of microtubule dynamics.

4.7. In Vivo Antitumor Activity

The procedures involving animals were performed according to the guidelines of the Institutional
Animal Care and Use Committee of National Chung Hsing University (IACUC no. 107-127). The A549-luc
cells were mixed with Matrigel (Sigma-Aldrich) at a 1:1 ratio. The cells were injected subcutaneously
into the back of nonobese diabetic and severe combined immunodeficiency (NOD/SCID) mice (male,
6–8 weeks old) at a density of 3.5 × 106 cells/mouse. Tumors were allowed to grow for 10 days and were
then treated with an intraperitoneal (i.p.) injection of either 0.5% DMSO in ddH2O to the mice in the
vehicle control group (n = 5) or 20 mg/kg of yatein (dissolved in 0.5% DMSO in ddH2O) to the mice in the
yatein group (n = 5). The tumor-bearing mice were sacrificed after 42 days. Tumor volume was measured
five times/week and calculated using the following formula: Length ×width × thickness × 0.5 (mm3).
An IVIS (Caliper lifescience IVIS Spectrum CT) was used to analyze the luminescence of tumor tissue.

4.8. Statistical Analysis

Data are expressed as mean ± standard deviation (SD) or mean ± standard error of the mean
(SEM). Statistical analysis was performed using the shuffle test or non-parametric Kruskal-Wallis test
with Dunn’s post hoc tests. A p of < 0.05 was considered statistically significant.

5. Conclusions

The present study demonstrated that yatein suppressed lung adenocarcinoma cancer cells
growth by inducing cell-cycle arrest, mitotic catastrophe, and microtubule depolymerization. Yatein
induced G2/M arrest by upregulating the expression of cyclin B1 and Cdc2 phosphorylation in lung
adenocarcinoma cancer cells. In addition, mitotic catastrophe and microtubule depolymerization were
involved in yatein-mediated lung adenocarcinoma cancer cells growth inhibition. Furthermore, we
confirmed the in vivo antitumor effects of yatein using a xenograft mouse model. These findings
provide novel insights into the in vitro and in vivo antitumor efficacy of yatein and demonstrate
the potential of this phytocompound as an anticancer lead compound for lung adenocarcinoma
cancer treatment.
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Abstract: Efficacious therapies are not available for the cure of both gliomas and glioneuronal tumors,
which represent the most numerous and heterogeneous primary cancers of the central nervous system
(CNS), and for neoplasms of the peripheral nervous system (PNS), which can be divided into benign
tumors, mainly represented by schwannomas and neurofibromas, and malignant tumors of the
peripheral nerve sheath (MPNST). Increased cellular oxidative stress and other metabolic aspects
have been reported as potential etiologies in the nervous system tumors. Thus polyphenols have
been tested as effective natural compounds likely useful for the prevention and therapy of this group
of neoplasms, because of their antioxidant and anti-inflammatory activity. However, polyphenols
show poor intestinal absorption due to individual intestinal microbiota content, poor bioavailability,
and difficulty in passing the blood–brain barrier (BBB). Recently, polymeric nanoparticle-based
polyphenol delivery improved their gastrointestinal absorption, their bioavailability, and entry
into defined target organs. Herein, we summarize recent findings about the primary polyphenols
employed for nervous system tumor prevention and treatment. We describe the limitations of their
application in clinical practice and the new strategies aimed at enhancing their bioavailability and
targeted delivery.

Keywords: brain cancer; gliomas; schwannomas; malignant tumors of the peripheral nerve sheath
(MPNST); neurofibromas; polyphenols; bioavailability; nanoparticle-based delivery systems

1. Introduction

Primary tumors of the central nervous system (CNS) are a complex heterogeneous group of benign
and malignant cancers, each with their unique biology, prognosis, and sensitivity to the proposed
therapies. As a general rule, brain tumors are named according to the non-neoplastic cell types that
they most closely resemble and/or to their location where they are located in the brain, as classified by
the World Health Organization (WHO) [1].

Gliomas and glioneuronal tumors are the most frequent heterogeneous group of primary tumors
of the CNS. Gliomas, representing about 30% of the whole CNS cancers and 80% of malignant brain
tumors [2], develop from glial cells, so called because the ancients thought that these cells served as
“glue” between neurons (glia = glue in Greek). It is actually a group of tumors, including astrocytomas,
oligodendrogliomas, ependymomas, and mixed gliomas. Gliomas can be aggressive (high degree of
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malignancy) or have a more indolent behavior (low degree of malignancy). The highest-grade
astrocytomas are known as glioblastoma. Non-glial tumors constitute the bulk of neoplasms
encountered in the CNS. They include a wide variety of tumor types and a spectrum of behavior
ranging from indolent benign to highly invasive.

Tumors of the peripheral nervous system (PNS) can be divided into benign tumors, mainly represented
by schwannomas and neurofibromas, and malignant tumors of the peripheral nerve sheath (MPNST),
which are a type of sarcoma with very low-frequency. Arising from the soft tissue that surrounds
nerves, they develop sporadically or in a particular genetic context. Indeed, neurofibromas are part of
the diagnostic criteria inclusion for neurofibromatosis type 1 (NF1), also named von Recklinghausen
disease (Table 1) [3,4].

Table 1. Criteria for the clinical diagnosis of NF1 (At least two are required).

Criterion Features

Six or more café-au-lait macules >5 mm before puberty
>15 mm after puberty

Freckling Axillary, inguinal
Neurofibromas Two or more neurofibromas or one plexiform neurofibroma

Skeletal dysplasia Sphenoid or tibial lesion
Lisch nodules Two or more iris hamartomas
Optic glioma Detected by neuroimaging (usually MRI)

First degree relative with NF1 Sibling or parent with NF1
Skeletal dysplasia Sphenoid or tibial lesion

Similarly, the MPNST develop in 50% of cases in a context of NF1. On the other hand, schwannomas,
especially tumors of acoustics, are a major diagnostic criterion for neurofibromatosis type 2 (NF2)
(Table 2) [5].

Table 2. Diagnostic criteria for Neurofibromatosis type 2 (these include the National Institutes of
Health (NIH) criteria with additional criteria).

Main Criteria Additional Criteria

Bilateral vestibular schwannomas (VS) or family
history of NF2 plus

(1) Unilateral VS or
(2) Any two of: meningioma, glioma,

neurofibroma, schwannoma, posterior
subcapsular lenticular opacities

Unilateral VS plus any two of: meningioma, glioma,
neurofibroma, schwannoma, and posterior
subcapsular opacities or
Multiple meningioma (two or more) plus unilateral
VS or any two of: glioma, neurofibroma,
schwannoma, and cataract

NF2—Neurofibromatosis type 2;
VS—vestibular schwannomas

A recently published survey of the global incidence of brain cancer estimated that between 1990
and 2016 its worldwide incidence increased most in populations grouped in the low quintile of SDI,
a socio demographic index indicator of income per capita, educational level, and total fertility rate.
Moreover, it is proposed that significant differences in the incidence of CNS cancer between various
geographical regions can be due not only to variations in diagnoses and reporting practices but also to
genetic and environmental risk factors not yet identified [6].

Unfortunately, the sole accurate targeting of genetic lesions has been shown to be an incomplete
strategy, unable to extend the survival of brain tumor patient [7,8]. In the past time, cancer has been
considered as a set of diseases that are caused by the accumulation of genetic mutations, and that
aberrant regulation of epigenetic mechanisms may lead to human diseases, including cancer. Contrary
to genetic mutations, epigenetic modifications are reversible. For this reason, epigenetic alterations
are considered more effective therapeutic targets. Indeed, recent studies confirm the relevance of diet
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and bioactive dietary compounds for the prevention of epigenetic alterations in cancer. In fact, while
former epidemiological studies did not support any or very little association between consumption of
vegetable and fruit and reduced risk of cancer, clinical studies based on case-control analysis as well as
data produced by large clinical cohort studies indicate an inverse correlation between the incidence of
certain types of cancer and the regular consumption of fruits and vegetables [9]. For this reason, it has
been hypothesized that only certain types of fruits and vegetables, likely those containing polyphenols,
can exert a protective effect against cancer [9]. Correspondingly, several studies investigating the effect
of diet on cancer risk and cancer progression provided evidence that polyphenols derived from tea, red
wine, cocoa, certain fruits, and olive oil have an impact on carcinogenesis and tumor progression [10].
Several polyphenols, in fact, exhibit potent anti-tumor activity through their capability to reverse
epigenetic alterations leading to oncogene activation and down-regulation of tumor suppressor
genes [11] by interacting with oxidative reactive intermediates [12] and mutagens [13], modulating the
signaling molecules involved in cell-cycle regulation [14], regulating the expression of cancer-related
genes [15], or inducing apoptosis [16,17].

Furthermore, the transition from normal to cancer cell is characterized by altered cellular energy
metabolism [18,19]. Indeed, the energy metabolism drives the cascade of events which lead a cell to
proliferate or to die.

It is known, for example, that tumors are characterized by enhanced glucose uptake and an
increased glycolysis rate [9]. Indeed, polyphenols act as inhibitors of glucose absorption and metabolism
in cancer [20,21].

Oxidative stress is a common alteration present in adult-onset brain tumors as well as in hereditary
cancer of the nervous system, such as Neurofibromatosis type 1 (NF1) and Tuberous Sclerosis
(TSC) [22,23]. Since polyphenols show a powerful antioxidant activity, several studies have analyzed
their therapeutic potential to counteract tumor progression [23].

Taking into account recent studies, the present review aims to provide up-to-date data on the
effect of polyphenols in preventing the progression of central and peripheral nervous system tumors,
which helps to explore their therapeutic values for future clinical settings.

2. Polyphenols

Phenols are “molecules possessing at minimum one aromatic ring with one or more hydroxyl
groups attached” [23]. They are subdivided into flavonoids and non-flavonoids [24] (Figure 1).

Figure 1. Chemical structures of different subtypes of polyphenols.

227



Cancers 2020, 12, 454

Flavonoids. They contain 15 carbons and two aromatic rings linked by a three-carbon bridge.
This class includes: flavanols, flavones, isoflavones, flavanones, anthocyanidins, and flavan-3-ols [24].

a. Flavanols are represented in the whole plant kingdom excluding the algae. Flavonols include
kaempferol, quercetin, isorhamnetin, and myricetin [24].

b. Flavones are contained in some herbs, such as Celery (Apium graveolens) and parsley
(Petrosilinum hortense). They include apigenin, luteolin, wogonin, and baicalein [24].

c. Isoflavones are contained in leguminous plants. Soybeans (Glycine max) present a large amount
of daidzein and genistein [24]. Chickpeas are enriched in biochanin A, while peanuts contain
high levels of genistein. Since isoflavones show a structure similar to estrogens, they are also
defined as phytoestrogens [24].

d. Flavanones are contained at elevated levels in the flavedo of citrus fruits. Hesperetin-7-O-
rutinoside is also called hesperidin and is the most common member of this subclass and it is
present also in apricots, plums, and bilberries [24].

e. Anthocyanidins are plant pigments, which react with organic acids and sugars, leading to the
formation of molecules of different colors. The major components of this subclass are peonidin,
pelargonidin, petunidin, cyanidin, delphinidin, and malvidin [24].

f. Flavan-3-ols. They can range from monomers (epicatechin and catechin) to oligomeric and
polymeric proanthocyanidins (also called tannins). High concentrations of epicatechin-3-gallate
(ECG) and epigallocatechin-3-gallate (EGCG) are present in green tea (Camelia sinensis) [24].

Non-flavonoids. They include the C6-C1 phenolic acids, which have a dietary relevance. The most
common is the gallic acid, which is contained in numerous fruits and plants. Ellagitannins are
contained in strawberries (Fragaria ananassa), raspberries (Rubus idaeus), blackberries (Rubus spp),
persimmon (Diospyros kaki), pomegranates (Punica granatum), hazelnuts (Corylus avellana), and walnuts
(Juglans regia) [24]. Belonging to this class are also: (i) secoiridoids and ligstroside, which are
present in olive oil, (ii) stilbenes, whose major representing is resveratrol and is found in wine,
and (iii) diferuloylmethanes that include curcumin, a curcuminoid of turmeric (Curcuma longa) [23].

3. Mechanisms of Cancer Modulation by Polyphenols

3.1. Regulation of Glucose Homeostasis

High proliferating tumor cells need to produce extra ATP to maintain their energy status, produce
an increased biosynthesis of macromolecules, and maintain the cellular redox status [25]. For this
reason, tumor cells need to reprogram the own metabolic flux with the aim of obtaining a surplus of
ATP that is needed for an increased rate of proliferation [25]. Indeed, cancer cells are characterized
by metabolic reprogramming involving an altered energy metabolism, called the Warburg effect,
that shows elevated uptake and consumption of glucose and also enhanced creation of lactate buildup
despite the presence of oxygen [26]. This metabolic change in tumor cells promotes cell proliferation
and tumor progression by generating an increased level of glycolytic intermediates needed for the
synthesis of new molecules. In addition, it augments the metabolism of glucose, which counteracts the
excess metabolic formation of reactive oxygen species (ROS) in cancer cells [27]. Because of the necessity
of extra ATP, glucose deprivation displays a higher cytotoxic effect on several cancer cells compared to
normal cells. For this reason, inhibitors of glucose uptake and of oxidative metabolism (glycolysis
inhibitors) are considered as therapeutic strategies against cancer [26]. Importantly, the Warburg
effect, also defined as “aerobic lactatogenesis” [28], is considered an excellent target against cancer
because therapeutic strategies directed against this metabolic shift will induce less negative side effects,
leading to the reduction of treatment-associated morbidities. Indeed, several drugs targeting glucose
metabolism are in trial or already approved compounds to treat cancer [29].

Several polyphenols exert an inhibitory effect on various steps of energy pathways in cancer cells,
including inhibition of the uptake of glucose and block of enzymes involved in glucose metabolism.
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Polyphenols interfere with the glucose transporters in various cell types, affecting glucose uptake.
Gossypol decreases glucose uptake in various cell types by a competitive mechanism [30]. Naringenin
inhibits basal as well insulin-induced uptake of glucose in tumoral cells by blocking PIP3/Akt
and MAPK activity [31]. This inhibition of glucose uptake results in an anti-proliferative effect of
naringenin treatment in cancer cells [31]. Genistein reduces glucose uptake in cancer cell lines [32].
Resveratrol inhibits glycolysis in cancer cells, where it also blocks glucose uptake by lowering the
expression of the glucose transporter GLUT1 [33]. Resveratrol reduces cell viability in cancer cells.
Such resveratrol-dependent reduction of GLUT1 depends on a reduction of ROS and subsequent
down-regulation of the transcription factor HIF-1 -alpha [33]. Moreover, resveratrol reduces cell viability
by directly inhibiting the 6-Phosphofructo-1-kinase-1 (PKF), an essential enzyme of the glycolytic
pathway, leading to a decreased glucose utilization and reduced ATP levels in cancer cells [34].
The flavone hesperetin reduces basal glucose uptake in cancer cells by down-regulating GLUT1 [35].
It also impairs insulin-dependent glucose uptake in cancer cells by impairing GLUT4 translocation to
the plasma membrane [35]. The flavonoids epigallocatechin-3-gallate (EGCG) and quercetin reduce
glucose uptake and lactate production in tumoral cells [36]. The reduction of glucose uptake is
independent from signaling pathways modulated by PKC, PKG, PKA, and calcium-calmodulin [36].
The reduction of glucose uptake and lactate production due to these flavonoids results in a cytotoxic
and anti-proliferative effect [36]. Luteolin reduces the glycolytic flux in cancer cells but does not
affect the glucose uptake [37]. 1,2,3,4,6-penta-O-galloyl-beta-d-glucose (PGG) down-regulates the
genes encoding enzymes of the pyruvate metabolism, such as acylphosphatase, pyruvate carboxylase,
and aldehyde dehydrogenase (ALDH3B1) in cancer cells [38].

3.2. Modulation of Advanced Glycation Endproducts (AGEs) and their Receptor (RAGE)

Aging, altered metabolism, and diet induce the formation of advanced glycation endproducts
(AGEs), which participate in the progression of several diseases, including cancer [39–43]. Additionally,
members of the AGEs family, such as N-carboxymethyllysine (CML) and argpyrimidine, are elevated
in several tumors and are implicated in cancer progression [43]. Several polyphenols inhibit AGEs
formation both in vitro and in vivo. Indeed, Tomato paste blocks the formation of AGEs [44],
tea polyphenols interfere with AGEs formation in physiological conditions [45], and EGCG inhibits
AGEs formation [46]. The receptor for AGEs (RAGE) is also involved in cancer cell invasion and
metastasis [47]. Polyphenols interfere with RAGE activation and signaling. EGCG inhibits RAGE
activation [48]. Quercetin reduces RAGE expression in cancer cells, inducing cell cycle arrest, autophagy,
apoptosis, and chemo-sensitivity [49].

3.3. Modulation of Oxidative Stress and Related Signaling Pathways

Reactive oxygen species (ROS) induce tumor formation by producing genetic mutation, inducing
oncogenes, and promoting oxidative stress. The last has an effect on cell proliferation, apoptosis,
and survival. Tumor cells are characterized by enhanced ROS production, leading to redox unbalance.
ROS induce the oxidation of protein cysteine residues, which may induce cellular proliferation [50].
ROS play a key function in tumor initiation, promotion, and progression [51]. ROS activate
oncogenes, such as Ras and c-Myc, and promote p53-dependent DNA repair [52]. In addition,
ROS promote cancer progression also by inducing the activation of several signaling pathways,
such as the phosphoinositide-3-kinase (PI3K)/protein kinase B (AKT), mitogen-activated protein
kinase (MAPK)/extracellular-signal-regulated kinase (ERK), the inhibitor of kappa B (IκB), kinase
(IKK)/nuclear factor κB (NFκB), the protein kinase D (PKD), JNK, and PI3K, which in turn modulate
the activity of several transcription factors that participate to cancer initiation/progression [52].

Polyphenols possess both anti-oxidant and pro-oxidant activity, which modulate cell proliferation
and apoptotic pathways [53]. Quercetin scavenges superoxide anions, leading to the formation of H2O2,
semiquinone, and quercetin radicals. The latter deplete the intracellular anti-oxidant systems [52].
Indeed, quercetin leads to ROS-dependent apoptosis, necrosis, and autophagy in cancer cells [52].
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In addition, quercetin induces cell cycle arrest by modulating p21WAF, cyclin B, and p27KIP1 in
cancer cells [52]. Notably, curcumin exerts opposite effects in cancer cells compared to its effects
in normal cells, suggesting that curcumin can be beneficial in preventing cancer without affecting
the homeostasis of normal cells. In normal cells, curcumin acts as an anti-oxidant by scavenging
hydroxyl radicals, superoxide, nitric oxide, H2O2, and peroxynitrite [54]. In addition, curcumin
regulates the expression of HO-1, GPX, and SOD in normal cells [54]. On the other hand, in cancer
cells curcumin has a pro-oxidative effect that induces apoptosis [55]. Indeed, curcumin induces
ROS formation in cancer cells [56,57]. Curcumin’s pro-oxidative activity occurs in the mitochondrial
membranes of cancer cells, leading to depolarization of mitochondrial and down-regulation of ATP
synthesis, ultimately inducing apoptosis [58]. Curcumin-dependent ROS production in cancer cells
induces Erk1/2 and p38 MAPK pathways that lead to autophagy [59]. Curcumin blocks the survival
and proliferation of cancer stem cell through a ROS-mediated inhibition of NFκB and STAT3 in
glioblastoma [60]. Capsaicin has been shown to exert beneficial effects against glioma. Indeed,
in glioma, capsaicin (trans-8-methyl-N-vanillyl-6-nonenamide) affects the mitochondrial membrane
potential, leading to ROS elevation and subsequent caspase 3 activation [61]. Capsaicin not only
induces apoptosis but also cell cycle arrest [62]. EGCG possesses both anti-oxidant and pro-oxidant
activity. It produces ROS by auto-oxidation [63]. EGCG induces apoptosis by inhibiting the PI3k/AKT
pathway. In addition, it decreases the mitochondrial membrane potential, leading to apoptosis [52].
Phenethyl isothiocyanate (PEITC) decreases intracellular GSH, leading to enhanced ROS accumulation
and mitochondrial dysfunction exclusively in cancer cells [64]. Benzyl isothiocyanate (BITC) induces
oxidative stress in glioma cells by exhausting SOD and GSH levels, leading to caspase-mediated
apoptosis [65]. Piperine blocks tumor growth by inducing oxidative stress, mitochondria dysfunction,
and subsequent apoptosis [66]. Resveratrol inhibits tum initiation and progression by inducing
apoptosis in neuroblastoma cells [67]. It promotes apoptosis by inducing the death receptors for
TRAIL and FasL, ROS-dependent caspase activation, and p53 [68]. P-Coumaric acid (p-CoA) promotes
apoptosis in cancer cells by enhancing ROS formation and inducing mitochondrial depolarization [69].
Naringenin promotes apoptosis in cancer cells through induction of ROS formation, which in turn
leads to p38 MAPK-dependent caspase activation [70]. Gallic acid inhibits cancer cell growth by
inducing ROS production [71]. Thus, we may conclude that several polyphenols counteract tumor
progression by inducing cancer-specific ROS production.

3.4. Other Mechanisms

Polyphenols modify the metabolism of pro-carcinogens through mechanisms that alter the levels
of cytochromes P450 (CYPs), which plays an essential role in cancer promotion [72]. Polyphenols
produce epigenetic changes that have a preventive effect against cancer [73]. Polyphenols also show a
preventive effect by inhibiting inflammation [74]. They also modulate the autophagy flux [75].

Polyphenols prevent metastasis formation by affecting the activity of urokinase and matrix
metalloproteinases and by inhibiting angiogenesis through modulation of the vascular endothelial
growth factor expression and receptor phosphorylation [76].

In addition, dietary polyphenols are employed together with conventional pharmacological
therapy or cytotoxic agents used to treat drug-resistant cancer cells [74].

Several studies indicated herein tested the efficacy of polyphenols at concentrations equivalent
to oral sub ministration of juices/extracts of natural substances containing polyphenols (range
100–800 mg/day), while other studies analyzed higher concentrations (range 10–75 μM). Notably,
concentrations of polyphenols equivalent to diet intake show also beneficial effects.

4. Polyphenol Effects on Central Nervous System Cancers

Several risk factors are involved in the onset and progression of adult brain tumors: aging, diet,
environmental exposure, head trauma, infections, and cigarette smoking [77]. Primary brain tumors
are named gliomas and classified according to their putative original cell type. Glioblastoma multiform
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(GBM) shows the highest aggressive phenotype (grade IV) representing the 60% of age-related brain
tumors [78]. At present there is not definite cure for GBM; thus, researchers are looking at innovative
therapeutic strategies [23].

Recent studies in vitro and in vivo have underlined the therapeutic efficacy against cancer of several
polyphenols, such as quercetin, epigallocatechin-3-gallate (EGCG), resveratrol, and curcumin [79].
Moreover, it has been reported that the polyphenols’ therapeutic potential is further enhanced when
they are used in combination or added to pharmaceutical compounds [74,79].

4.1. Curcumin Effects on Central Nervous System Cancers

The effective anti-tumor activity of curcumin treatment in GBM has been shown by several
studies [23,80]. Curcumin exerts a pro-differentiative effect in glioma-stem cells because of its activation
of the autophagy flux [81]. In human glioblastoma T98G cells, this polyphenol induces the activation
of both receptor-mediated and mitochondria-mediated proteolytic pathways, which in turn promote
apoptosis [55]. Curcumin down-regulates the expression of cancer signaling pathways (i.e., Notch1
and pAKT), leading to blockade of cell growth, apoptosis, and inhibition of migration and invasion [82].
In human glioma cells, it lowers the protein levels of neuronal precursor cell-expressed developmentally
down-regulated 4–1 (NEDD4) [82]. Delivery of curcumin into the brain of GBM mice produces the
remission of tumor in 50% of the animals and modifies the phenotype of the microglia surrounding the
tumor [83]. Curcumin exerts an efficient induction of autophagy [75], which can lead to apoptosis
in cancer cells. Moreover, curcumin treatment in A172 human glioblastoma cells leads to cell death
by inducing autophagy flux [84]. Another study confirmed that curcumin promotes autophagy in
glioblastoma cells while it inhibits mitophagy [85]. Curcumin also blocks invasion and migration
potential of glioblastoma U87 cells by decreasing the expression of fascin, an actin-binding protein
involved in migration and invasion [86]. Noteworthy, curcumin exerts a radiosensitizing effect on
GBM [87]. Moreover, curcumin acts as a photosensitizer in sNB-19 glioblastoma cells, showing that it
can be used to improve the photodynamic therapy for GBM treatment [88].

4.2. Resveratrol Effects on Central Nervous System Cancers

Several studies demonstrate the efficacy of resveratrol in lowering tumorigenesis and preventing
metastasis [23,89,90]. Resveratrol has a powerful capability of down-regulating the self-renewal and
tumor-initiating capability of glioma stem cells obtained from GBM patients by inducing the p53/ p21
pathway [91]. Resveratrol possesses a potent effect in inhibiting the invasion and migration capability
of glioblastoma cells by activating the RhoA/ROCK pathway [92]. Resveratrol decreases cell growth
and motility, enhances cell death, and interferes with the epithelial-mesenchymal transition modulating
the Wnt signaling pathway [93]. Resveratrol lowers tumorigenic potential and improves the effects of
radiotherapy in vitro and in vivo against GBM-derived tumor stem cells to by inhibiting the signal
transducer and activator of transcription 3 (STAT3) [94]. Resveratrol blocks the growth of U-87MG
glioblastoma cells and lowers the expression of human telomerase reverse transcriptase (hTERT) as
well as the catalytic subunit of the telomerase and a biomarker of cell immortalization, confirming
that resveratrol can be used as a therapeutic agent for GBM [95]. The postoperative administration of
resveratrol results in a significant prognosis amelioration of rat-advanced orthotopic glioblastoma by
reducing growth, inducting apoptosis, and suppressing STAT3 signaling [96]. In addition, resveratrol
blocks epithelial-mesenchymal transition in GBM by modulating Smad signaling [97].

In combination with Paclitaxel, resveratrol enhances the oxidant and apoptotic effect of the
pharmacological compound by activating the TRPM2 channel in glioblastoma cells [98].

4.3. EGCG Effects on Central Nervous System Cancers

Several studies show the beneficial effect of EGCG as a therapeutic agent for brain tumors [23].
EGCG exerts an inhibitory effect in three glioma cell lines by modulating the epidermal growth factor-1
(EGF-1) [99]. EGCG potentiates the effects of ionizing radiation (IR) in GBM by modulating the activity
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of Ras homolog gene family member A (RhoA) and survivin, with the last being involved in the
regulation of apoptosis. Treatment with EGCG combined with radiotherapy ameliorates the efficacy of
IR treatments [100]. EGCG also enhances the anti-cancer activity of cytotoxic agents [101]. Indeed,
in a mouse model of glioblastoma, EGCG enhances the anti-cancer potential of temozolomide, which
promotes DNA damage [101]. Treatment with EGCG alone or in combination with temozolomide affects
glioma stem cell survival and migration capability, as well as inhibits neurosphere formation [102].
In addition, such treatments induce apoptosis by down-regulating p-Akt and Bcl-2 [102]. In human
glioblastoma U251 cells, EGCG promotes apoptosis and blocks cell-growth because of inhibiting the
JAK2/STAT3 signaling pathway [103]. EGCG suppresses the invasion properties of human glioblastoma
T-98G cells by down-regulating MMP-2 and MMP-9 expression [104]. Interestingly, EGCG inhibits
the effects of the glucose-regulated protein 78 (GRP78), which is up-regulated in GBM by direct
protein–protein interaction that results in a conformational change in GRP78, probably leading to its
inactivation [105]. At the low concentration of 100 nM, EGCG activates endogenous repair pathways
while at higher concentrations, EGCG induces ROS production and autophagy [106]. These data
suggest that drinking green tea containing low concentrations of EGCG may exert a chemo-preventive
effect against GBM, while higher concentrations (500 μM) show a therapeutic effect [106]. Importantly,
EGCG inhibits the expression of O6-Methylguanine DNA-Methyltransferase (MGMT) in GBM-derived
cells only, which is an essential regulator of the resistance to temozolomide (TMZ) in glioblastomas.
EGCG treatment in two GBM cell lines (GBM-XD and T98G) results in suppression of MGMT expression,
abolishes TMZ resistance, and prevents β catenin translocation into the nucleus [107]. On the contrary,
the addition of EGCG to non-tumor glial cell culture (GliaX) enhances MGMT expression by inhibiting
the methylation of the MGMT promoter [107]. Recently, it has been shown that EGCG induces
telomere shortening in U251 glioblastoma, leading to senescence [108]. In addition, it also promotes
telomere-independent genotoxicity [108].

4.4. Quercetin Effects on Central Nervous System Cancers

The therapeutic potential of quercetin for the cure of GBM has been extensively analyzed [23].
The glycoside form of quercetin called Rutin exerts an anti-proliferative effect on human GBM
cells [109]. Rutin reduces the survival and proliferation of GL-15 cell lines, resulting in a decrement
of phosphorylated extracellular signal-regulated protein kinases 1 and 2 (ERK1/2), which exert an
essential role in cell proliferation and apoptosis modulation [109]. In GBM cell cultures, rutin induces
astroglial differentiation and apoptosis [109]. In GBM cultures, treatment with quercetin alone or
together with temozolomide, induces apoptosis, whereas it does not affect autophagy [110]. Treatment
with quercetin or its addition during with irradiation promotes apoptosis. This anti-cancer effect is due
to activation of caspase-3 and poly [ADP-ribose] polymerase 1 (PARP-1), which are concomitant to the
inhibition of the Akt pathway [111]. In GBM cells, co-treatment with rutin and temozolomide results
in enhanced cytotoxicity because of inhibition of the autophagy flux [112]. Studies in subcutaneous
and orthotopic xenograft using concomitant treatment with temozolomide and rutin show a decreased
tumor volumes, while treatment with temozolomide or rutin alone is less effective [112]. In U251
glioblastoma human cells, quercetin inhibits cell proliferation and viability as well as invasion and
migration properties [113,114]. Quercetin shows a pro-apoptotic effect also because it regulates the
expression of apoptotic genes and because it induces the cell cycle arrest [113]. Using U87MG, C6,
and U138 glioblastoma cultures, we demonstrated that the water extract of Ruta graveolens L. promotes
cell death. We also found that rue activates ERK1/2 and AKT, resulting in an inhibition of cell growth.
We also show that rutin, the major component of the Ruta graveolens water extract, is unable to induce
cell death [115]. Quercetin in combination with sodium butyrate promotes apoptosis in rat C6 and
human T98G GBM cells by inhibiting autophagy [116].
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5. Polyphenol Effects on Tumors of the Peripheral Nervous System

Neurofibromatosis type 1 (NF1) is an autosomal dominant disorder showing complex phenotypes
and it is caused by inherited mutations in the NF1 gene, which is a tumor suppressor. Almost all NF1
patients develop pigmentary lesions (café-au-lait macules, skinfold freckling, and Lisch nodules) and
dermal neurofibromas (Table 1). In some patients are also present brain tumors (glioblastoma and
optic pathway gliomas), peripheral nerve tumors (plexiform neurofibromas, spinal neurofibromas,
and malignant peripheral nerve sheath tumors), skeletal abnormalities (tibial pseudarthrosis, orbital
dysplasia, and scoliosis), attention deficits, learning disabilities, and social and behavioral problems,
which impair the quality of life [117].

Neurofibromatosis type 2 (NF2) is a genetic disorder characterized by the presence of multiple
benign tumors of the peripheral and central nervous system (including meningiomas, schwannomas,
and ependymomas) (Table 2).

NF2 patients are almost always diagnosed late in life, around the second or third decade of
life [118,119]. NF2 is characterized by the presence of benign tumors. However, such tumors can induce
mortality that is associated to the location of the tumors as well as can be promoted by the treatments.
Currently, the only therapy available consists in a local treatment of the tumors and is not effective.
Thus, there is a need to develop systemic therapies aimed to improve the outcome of NF2 [23,119].

It is well documented that a healthy diet including a high consumption of fruit and vegetables
has a preventive effect against cancer and results in a lower incidence of tumor development and
tumor-induced mortality [120].

Recently, researchers started to investigate the chemopreventive and/or chemotherapeutic potential
of polyphenolic compounds [120]. Since polyphenols possess anti-oxidant proprieties, their consumption
has a beneficial effect against the high levels of oxidative stress produced by cancer cells [51].

5.1. Curcumin Effects on Tumors of the Peripheral Nervous System

Curcumin reduces proliferation and enhances the apoptosis rate in HEI-193 human schwannoma
cells [118]. These results indicate that administration of curcumin to patients with NF2 schwannomas
may exert a beneficial effect. We describe the first experience with curcumin supplementation in NF1
patients. We show that a therapeutic strategy involving a high adherence to the Mediterranean diet
together with the administration of 1200 mg/day of curcumin results in a significant reduction of the
number and volume of cutaneous neurofibromas in NF1 patients [121]. Notably, we demonstrate by
Magnetic Resonance Imaging that in one patient this therapeutic strategy results in a sensible reduction
in volume (28%) of a large cranial plexiform neurofibroma. On the contrary, administration of curcumin
in association with a Western diet has not effect on NF1 tumors, suggesting that some components in the
Mediterranean diet may improve curcumin bioavailability and activity [121]. A recent study revealed
that calebin-A, derived from turmeric Curcuma longa, (a) inhibits the cell growth in the malignant
peripheral nerve sheath tumor (MPNST) transformed from NF1-related plexiform neurofibroma,
and (b) blocks cell growth in primary neurofibroma cells [122]. Calebin-A induces the cell cycle arrest
and decreases hTERT, phosphorylated- ERK1/2, -AKT, and surviving [122].

5.2. EGCG Effects on Tumors of the Peripheral Nervous System

Only one study reported that EGCG reduces the proliferation of an MPNST transformed from
NF1-related plexiform neurofibroma [122].

6. Bioavailability of Dietary Polyphenols

Several studies have indicated that dietary polyphenols exert neuroprotective functions. However,
their clinical application is still limited. In fact, polyphenols exert poor effect in vivo when compared
to their activity in vitro [123,124]. The difference between in vitro and in vivo effects of polyphenols
is mainly associated to their poor absorption, rapid metabolism, and massive system elimination,
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which represent a limitation regarding their therapeutic action and clinical application [125]. Several
studies underline that the chemical structure of polyphenols plays a key role in modulating the rate
and extent of their absorption upon ingestion [74]. Noteworthy, the individual variability in drug
absorption and metabolism has a key role in modulating the effects of polyphenols in vivo. Indeed,
the absorption is regulated by the local microflora, by the metabolic activity and by the hepatic
function [126]. In addition, the CNS is protected by the blood brain barrier (BBB), which regulates the
transport of molecules into the CNS. Thus, the transport across the BBB further limits the therapeutic
potential of dietary polyphenols. For this reason, several ongoing research projects are studying how
to improve the bioavailability of polyphenols [125]. These studies aim at ameliorating the biochemical
stability and transport across the BBB of the polyphenols as well as decreasing their degradation [125].
Another study investigated the transport across the BBB of bioavailable phenolic sulfates derived
from the colonic metabolism of berries [127]. They found that these compounds show a differential
transport across the BBB, which was related to their chemical structure. In addition, they discovered
that these compounds were further metabolized by the endothelial cells, leading to the production
of novel molecules with potential bioactivity [127]. This study also demonstrated that pre-treatment
with these compounds (a) ameliorated the response to oxidative stress and toxicity and (b) reduced
the inflammatory response by modulating NF-kB activity [127]. Thus, this study demonstrated
that these polyphenols cross the BBB and exert a neuroprotective and anti-inflammatory function.
Furthermore, it has been shown that the gut microbiota metabolize the dietary polyphenols, promoting
the production of bioactive molecules that cross the BBB and modulate the neuronal function by acting
as neurotransmitters [128]. Interestingly, dietary polyphenols modulate the bacterial composition of
the gut microbiota, acting on the microbiota-gut-brain axis, which is considered as a neuroendocrine
system [128]. These studies support the hypothesis that dietary polyphenols exert a beneficial effect by
modulating the gut microbiota, leading to a neuroprotective effect via the gut-brain axis. Thus, they
may have a therapeutic role in the prevention of diseases affecting the nervous system [128].

However, several challenges remain. These include (a) the exploration of the therapeutic interplay
between polyphenols or other natural substances contained in the Mediterranean diet [121,129], (b) their
molecular characterization, and (c) the definition of optimal absorption levels and bioavailability
improvement. This is necessary to ensure therapeutic efficacy, that these substances cross the
intestinal and blood–brain barriers, and that matrices can be developed for the release of product
formulations. Indeed, nanotechnology can provide new materials for the delivery of polyphenols,
improving their absorption and efficacy [130]. These technologies can provide food-based nanodelivery
vehicles with different surface properties. To date, several nanovehicles, such as nanoemulsions,
protein-polysaccharide coacervas, liposomes, and small cochlear structures, are produced only on a
laboratory scale. In the future these systems will have applications in the development of functional
foods at an industry scale [131].

7. Clinical Trials

To date, the US National Institute of Health database shows only two completed clinical trials
using curcumin and polyphenols for the treatment of GBM (http://www.clinicaltrial.gov/; searching for:
“Glioblastoma multiforme” and “Curcumin” and “polyphenols”; and http://www.clinicaltrial.gov/;
searching for: “Glioblastoma multiforme” and “Curcumin”). There are no any curcumin-based clinical
trials for NF2 or NF1 treatments (http://www.clinicaltrial.gov/; searching for: “Neurofibromatosis type
2” and “Curcumin”).

8. Conclusions

The incidence of brain tumors has been increasing recently. Despite considerable efforts to find an
effective therapy, the treatment of some cancers of the nervous system still remains a challenge in a war
in which, thus far, few battles have been won. The numerous metabolic aspects underlying the tumors
of the CNS and PNS have opened the way to new therapeutic approaches that see an interesting
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therapeutic strategy in diet and, in particular, foods with anti-oxidant activity. In particular, several
studies have underlined the beneficial effect of dietary polyphenols for the prevention of tumors of the
CNS and PNS.

Furthermore, recent studies have revealed the positive effect of polyphenols on the
microbioma-intestine-brain axis, demonstrating the therapeutic potential of dietary polyphenols
in the prevention of diseases affecting the nervous system.

However, the low bioavailability of dietary polyphenols is still a limitation for their introduction into
clinical practice. A promising solution lies in polymeric nanoparticle-based polyphenol delivery systems
that prevent the degradation of bioactive compounds and enhance their absorption and bioavailability.
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Abstract: Reprogramming of cellular energy metabolism is widely accepted to be a cancer hallmark.
The deviant energetic metabolism of cancer cells-known as the Warburg effect-consists in much higher
rates of glucose uptake and glycolytic oxidation coupled with the production of lactic acid, even in the
presence of oxygen. Consequently, cancer cells have higher glucose needs and thus display a higher
sensitivity to glucose deprivation-induced death than normal cells. So, inhibitors of glucose uptake
are potential therapeutic targets in cancer. Breast cancer is the most commonly diagnosed cancer
and a leading cause of cancer death in women worldwide. Overexpression of facilitative glucose
transporters (GLUT), mainly GLUT1, in breast cancer cells is firmly established, and the consequences
of GLUT inhibition and/or knockout are under investigation. Herein we review the compounds,
both of natural and synthetic origin, found to interfere with uptake of glucose by breast cancer cells,
and the consequences of interference with that mechanism on breast cancer cell biology. We will
also present data where the interaction with GLUT is exploited in order to increase the efficiency or
selectivity of anticancer agents, in breast cancer cells.
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1. Introduction

According to the last Global Cancer Statistics (GLOBOCAN 2018), breast cancer represented 12%
of all cancers, being the second most frequent cancer worldwide, after lung cancer, and caused about
7% of the total cancer deaths in 2018 [1]. In women, breast cancer is the leading type of cancer and the
leading cause of cancer death worldwide [1].

Screening programs and adjuvant chemotherapy have had a significant impact on the prognosis
of breast cancer patients, having significantly improved their overall survival, disease-free survival,
and death rates related to breast-cancer since the early 1990s [2,3]. Nevertheless, efforts must continue
in order to reduce not only the incidence but also the mortality and treatment-associated morbidities
associated with this disease. In this context, discovery of new molecular targets and the refinement of
lead compounds constitute a priority in breast cancer research.

2. Metabolic Reprogramming in Cancer Cells

Metabolic reprogramming and altered energetics is firmly established as a hallmark of cancer and
constitutes an active area of basic, translational, and clinical cancer research in recent years [4].
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One of the cancer metabolic hallmarks is a deviant energetic metabolism-known as the Warburg
effect-characterized by a very high rate of glycolysis and production of lactate, even in the presence of
oxygen [5]. Cancer cells have a high dependence on the glycolytic pathway to supply their need of high
amounts of adenosine triphosphate (ATP) and also of metabolic intermediates that contribute to several
biosynthetic pathways, crucial for cancer progression [4] and to compensate for excess metabolic
production of reactive oxygen species (ROS) [6]. So, they shift their main ATP-producing process
from oxidative phosphorylation to glucose fermentation, even in aerobic conditions [4]. This altered
metabolism may be not only a consequence of genetic mutations, but also a contributing factor or
cause of tumorigenesis [7].

More recently, a ‘two-compartment’ model, also named ‘the reverse Warburg effect’ or “metabolic
coupling”, has been proposed to reconsider metabolism in tumors, because it was realized that another
type of metabolism occurs in certain types of cancers, having high mitochondrial respiration and
low glycolysis rate [8]. According to this model, tumor cells and adjacent stromal fibroblasts form
a two-compartment model of cancer metabolism, in which fibroblasts perform aerobic glycolysis
(because of the acidic microenvironment induced by cancer cells), and the generated metabolites (such
as pyruvate, ketone bodies, fatty acids, and lactate), are transferred to tumor cells, to fuel the Krebs
cycle and maintain ATP generation [9]. This metabolic coupling is found in some forms of breast
cancer [10], and may contribute drug resistance and therapeutic failure in some types of cancers [11],
as observed with tamoxifen-resistance in breast cancer MCF7 cells [12].

3. Upregulation of Glucose Transport in Breast Cancer Cells

Since the energetic metabolic shift in cancer cells produces less ATP per glucose molecule, the
demand for glucose in these cells is higher than in normal cells. Therefore, cancer cells rely on higher
rates of glucose uptake in order to support their increased energy, biosynthesis and redox needs.
This increased rates of cellular uptake of glucose is met by overexpression of glucose transporters,
which is observed in most cancer cells [13].

Two families of glucose transporters mediate glucose uptake in mammalian cells: the
Na+-dependent glucose co-transporters (SGLTs) and the facilitative glucose transporters (GLUTs).

The SGLT family (gene symbol SLC5A) are secondary active transporters that transfer glucose
against its concentration gradient coupled with Na+ transport down its concentration gradient, which
is maintained by the Na+/K+ pump. For every glucose molecule that is transported, two Na+ are
also transported. SGLT transporters have 14 transmembrane domains and a high affinity for glucose.
At physiological extracellular Na+ concentration and membrane potential, an apparent Km of 0.5 mM
of SGLT1 for glucose was described, but glucose is transported with a lower affinity when the plasma
membrane is depolarized and/or the extracellular Na+ concentration is low [14,15]. SGLT1 and SGLT2
overexpression is present in some types of cancer, such as pancreas, prostate, lung, liver, and ovarian
cancer, but these transporters have not been described in breast cancer [16].

The GLUT family (gene symbol SLC2A) are facilitative transporters that mediate the transport
of glucose down its concentration gradient. This family of transporters is composed of 14 members:
GLUT1-GLUT12, GLUT14, and the H+/myo-inositol transporter. All GLUTs are predicted to have
12 transmembrane domains connected by hydrophilic loops. Each of the GLUT transport protein
possesses different affinities for glucose and other hexoses such as fructose. GLUT1, GLUT3, and
GLUT4 have a high affinity for glucose (e.g., the Km of GLUT1 for glucose is 1–3 mM), allowing
transport of glucose at a high rate under normal physiological conditions [17].

Increased cellular uptake of glucose in tumor cells is associated with increased and deregulated
expression of GLUT transporters [13]. Among GLUT family members, overexpression of GLUT1
has been consistently observed in many different cancers, including breast, lung, renal, colorectal,
and pancreatic cancers [13,18,19]. Consistent with its overexpression, GLUT1 is crucial for uptake
of glucose by breast cancer cells [20–22] and is also the main glucose transporter in breast cancer
cell lines (e.g., MCF-7 and MDA-MB-231) [21,23]. GLUT1 is a transporter ubiquitously expressed in
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most mammalian tissues (abundantly in brain and erythrocytes), being responsible for basal glucose
cellular uptake in the majority of tissues [16,17]; it is also the predominant isoform present in human
and bovine mammary glands [24,25]. Glucose uptake mediated by GLUT1 appears to be especially
critical in the early stages of breast cancer development, affecting cell transformation and tumor
formation [26,27]. Indeed, GLUT1 overexpression, which occurs early during the transformation
process, induces a change in breast epithelial cell metabolism that precedes morphological changes in
breast cancer, and thus may be a fundamental part of the neoplastic process [18]. Interestingly, the
loss of even a single GLUT1 allele is sufficient to impose a strong break in breast tumor development
in a mouse model [26]. A strong correlation between GLUT1 gene expression and breast cancers of
higher grade and proliferative index and lower degree of differentiation [28] and higher malignant
potential, invasiveness, and consequently poorer prognosis [29] exists. GLUT1 is thus considered an
oncogene [18–20,30].

One of the factors responsible for the upregulation of GLUT1 in breast tumor cells is hypoxia.
The promoters of GLUT1 contain hypoxia-response elements, which bind the hypoxia-inducible factor
(HIF-1) to facilitate transcription. Since an increase in the levels of HIF-1α protein is a phenomenon
seen in most cancers, it provides a molecular mechanism for cancer-associated overexpression of
GLUT1 [18,31]. Additionally, hypoxia appears to increase GLUT1 transport activity in the MCF-7 breast
cancer cell line, independently of changes in transporter expression [32]. Besides HIF-1, the ovarian
hormone estrogen is also known to induce GLUT1 expression in breast cancer [18,33]. Moreover, the
histone deacetylase SIRT6, the cellular oncogene product c-MYC (V-Myc Avian Myelocytomatosis
Viral Oncogene Homolog), the pro-survival protein kinase Akt (Protein Kinase B) and mutant p53, all
of which induce the expression of GLUT1 [31,34], can also be involved in GLUT1 overexpression in
breast cancer.

In addition to GLUT1, which is consistently found to be expressed in breast tumors and cell
lines, other GLUT family members can also contribute to glucose uptake by breast cancer cells. More
specifically, GLUT2 [19,23] and GLUT3 [18] are also expressed in several breast cancer cell lines.
Additionally, GLUT4 expression [30,35–37] and insulin-stimulated glucose uptake were also described
in some cancer cell lines [38–40]. Moreover, the involvement of GLUT4 in basal glucose uptake was
described in two breast cancer cell lines [41]. Finally, a second insulin-stimulated transporter, GLUT12,
was also described in MCF-7 cells [18,42]. Similar to GLUT1, the expression of GLUT3 and GLUT12
correlate with poor prognosis [18,19]. Importantly, increased expression of GLUT1 and GLUT3 was
also associated with resistance of cancer cells to radio or chemotherapy [43–45], but the underlying
mechanisms linking GLUT and chemo- or radio-resistance remain largely unknown.

Increased glucose uptake by cancer cells has been exploited clinically in diagnosis and follows up
of cancer via the use of 18fluoro-2-deoxy-D-glucose (FDG), a radiolabeled glucose analogue, in Positron
Emission Tomography (PET) [46]. This radiotracer enters cells via GLUTs, being then phosphorylated
by hexokinases into FDG-6-phosphate that cannot be further metabolized and thus accumulates in the
cytoplasm. Importantly, the sensitivity of this technique varies depending on the type of cancer, and
this heterogeneity has been particularly associated with GLUT1 or GLUT3 tumor expression [23,47].

4. Glucose Transporters as Therapeutic Targets in Breast Cancer

Since cancer cells depend on increased utilization of glucose as compared to normal healthy
cells, glucose deprivation is considered an effective anticancer therapy and as a potential strategy
for cancer prevention, and many compounds targeting cancer cell energy metabolism are currently
on trial or approved as therapeutic agents against cancer [48,49]. These include specific inhibitors of
monocarboxylate transporter 1, hexokinase II, glyceraldehyde-3-phosphate dehydrogenase (GAPDH),
pyruvate dehydrogenase, pyruvate dehydrogenase kinase 1, cancer-specific mutant isocitrate
dehydrogenase, lactate dehydrogenase A, phosphoglycerate mutase 1, phosphofructokinase, or
pyruvate kinase M2 [48,50]. In support of glucose deprivation as a molecular target in cancer, high-fat
and low-carbohydrate diet appear to provide therapeutic benefits for increased survival by reducing
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angiogenesis, peri-tumoral edema, cancer migration, and invasion [51]. According to some authors,
inhibition of glucose metabolism will not only deplete cancer cells of ATP, but also will lead to enhanced
oxidative stress-related cytotoxicity [6].

Additionally, because tumor cells have an increased dependence in relation to extracellular
glucose, GLUTs constitute also an anticancer target [18,52–54]. A direct approach to this therapeutic
target is to block GLUT-mediated glucose uptake, which would abolish entry of glucose into the cancer
cell. Alternatively, new approaches consist in the design and development of “GLUT-transportable
anticancer agents”, or the use of GLUT antibodies to selectively deliver an anticancer agent to
cancer cells.

In this review, we will list compounds, both of natural and synthetic origin, found to interfere
with glucose uptake by breast cancer cells, and present the consequences of GLUT inhibition and/or
knockout on breast cancer cell biology. We will also present data where the interaction of defined
molecules with GLUT is exploited in order to increase its efficiency or selectivity, in breast cancer cells.

5. Effect of Synthetic and Natural Compounds on Glucose Uptake by Breast Cancer Cells

5.1. Effect of Synthetic Compounds

5.1.1. GLUT Inhibitors

WZB117 and STF-31

The effect of two recently described GLUT1 inhibitors, WZB117 and STF-31, on breast cancer cells
was studied by some authors. WZB117 is a representative of a group of novel small compounds that were
recently reported to inhibit basal glucose transport and cell growth in vitro and in vivo [55,56]. STF-31
is a small molecule that was firstly reported to selectively target von Hippel-Lindau (VHL)-deficient
renal cell carcinoma (RCC) cells [55].

These two GLUT1 inhibitors were able to inhibit cell proliferation and induce apoptosis in several
breast cancer cell lines (MCF-7, MDA-MB-231, HBL100, and BT549), and these effects were accompanied
by interference with cellular glucose handling, increasing the levels of extracellular glucose, and
decreasing the levels of extracellular lactate, suggesting an inhibitory effect upon glucose uptake and/or
glycolysis. Of interest, STF31 (30 μM) potentiated the antiproliferative effect of metformin (3 mM) in
MDA-MB-231 cells [57]. Although the effect on glucose uptake was not studied, GLUT1 inhibition
(with WZB117) blocked transformation of MCF10A-ERBB2 cells (a breast epithelial cell line used as
a model to study the early events leading to transformation) induced by activated ERBB2 through
reduced cell proliferation [26] (Table 1).

In addition of testing these GLUT1 inhibitors alone as a targeted therapy, GLUT1 inhibition
in combination with other cancer therapeutics has also been evaluated (Table 1). In one study,
WZB117 was found to reduce GLUT1 mRNA and protein levels and glucose uptake and lactate
production in two breast cancer cell lines (MCF-7 and MDA-MB-231). The interaction of this agent with
radiation was investigated. Glucose metabolism and GLUT1 expression were found to be significantly
stimulated by radiotherapy. Interestingly, radioresistant breast cancer cells exhibited upregulated
GLUT1 expression and glucose metabolism but combination of WZB117 and radiation re-sensitized
the radioresistant cancer cells to radiation [58]. A synergic antitumoral effect was also found between
WZB117 and the anticancer drugs cisplatin and paclitaxel, in MCF-7 cells [59]. Finally, the possibility
that a combined treatment with a GLUT1 inhibitor could overcome resistance to another breast cancer
therapeutic agent (adriamycin) was also investigated. Resistance to adriamycin is a common obstacle
occurring during therapy of breast cancer patients. WZB117 was found to resensitize MCF-7/ADR cells
(adriamycin-resistant) to adriamycin [60]. Therefore, GLUT1 inhibition could overcome resistance to
adriamycin and radiation.
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WZB27 and WZB115

Two other GLUT1 inhibitors, WZB27 and WZB115, were synthesized and tested against several
cell types, including a breast cancer cell line (MCF-7). These compounds reduced basal glucose uptake
and cell proliferation, induced apoptosis, and led to cell cycle arrest in G1/S phase, without affecting
much the normal cell line MCF12A. Importantly, their inhibitory effect on cancer cell growth was
ameliorated when additional glucose was present, suggesting that the inhibition was due, at least in
part, to inhibition of basal glucose uptake. Moreover, when used in combination, the test compounds
demonstrated synergistic effects with the anticancer drugs cisplatin and paclitaxel (Table 1) [56].

Bay876

BAY-876 is a highly selective GLUT1 inhibitor under preclinical study for oncolytic treatment [61].
In a recent report, the interaction between GLUT1 and bromodomains (BRDs) was investigated.
BRDs are conserved protein interaction modules, which recognize acetyl-lysine modifications,
and BRD-containing proteins are components of the transcription factor and chromatin-modifying
complexes and determinants of epigenetic memory [62]. BAY876 decreased glucose uptake by a
triple-negative breast cancer cell line, and a vulnerability of these breast cancer cells to inhibition
of BRPF2/3 BRDs, under conditions of glucose deprivation or GLUT1 inhibition, was reported
(Table 1) [63].

2-deoxy-D-glucose

2-deoxy-D-glucose (2-DG) is a synthetic non-metabolizable glucose analogue. 2-DG inhibits
the glycolytic pathway, because the product of its phosphorylation by hexokinase cannot be further
metabolized and, additionally, is a non-competitive inhibitor of hexokinase, thus causing ATP depletion.
Additionally, 2-DG competes with glucose for GLUT [64]. In a triple-negative breast cancer cell line
(MDA-MB-231), but not in an estrogen receptor (ER)-positive cell line (MCF-7), 2-DG was able to
reduce glucose uptake (Table 1) [65].

GLUT1 shRNA

Another strategy that is being tested to target GLUT1 is by RNA interference (RNAi) using
short hairpin RNA (shRNA). Silencing of GLUT1 expression with an shRNA led to a significant
decrease in glucose uptake in vitro in both a triple-negative (MDA-MB-468) and a HER2-positive cell
line (SK-BR3), together with a decrease of the growth of xenograft tumors (MDA-MB-468 cells) [66].
Similarly, shRNA targeting GLUT1 decreased glucose transport and consumption, reduced lactate
secretion, and inhibited growth of the mouse mammary tumor cell line 78617GL, both in vitro and
in vivo (Table 1) [27].

A similar negative effect of GLUT1 shRNA on glucose uptake was found in two other triple-negative
breast cancer cell lines (MDA-MB-231 and Hs578T), together with a decrease in cell proliferation,
migration, and invasion, which was concluded to result from GLUT1-mediated modulation of
Epidermal Growth Factor Receptor (EGFR)/Mitogen-Activated Protein Kinase (MAPK), and integrin
β1/Src/FAK signaling pathways [67]. However, the same group verified that, contrary to the expected,
ablation of GLUT1 attenuated apoptosis and increased drug resistance in triple-negative breast cancer
cells (MDA-MB-231 cells), via upregulation of p-Akt/p-GSK-3β (Ser9)/β-catenin/surviving (Table 1) [52].
Not only is the prognostic of triple-negative breast cancer (TNBC) usually poor due to aggressive tumor
phenotypes, but also because conventional chemotherapy cannot be used. Therefore, and because
TNBC have higher levels of GLUT1, this transporter is seen as a potential therapeutic target, sensitizing
cells to chemotherapy. The results of this later study, however, indicate that the potential of GLUT1 as
a therapeutic target in TNBC should be carefully re-evaluated [68].
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Anti-GLUT1-antibody

An anti-GLUT1 monoclonal antibody was able to decrease glucose uptake in breast cancer
cells (MDA-MB-231), and to reduce cell proliferation and stimulate apoptosis (MCF-1 and T47D).
Importantly, when associated with chemotherapeutic agents (5 μM cisplatin, 5 μM paclitaxel, or 10 μM
gefitinib), it potentiated the anti-proliferative and pro-apoptotic effects of these agents in MCF-7 cells
(Table 1). The authors concluded that the use of antibodies to GLUT1 may be a viable but an as yet
unexplored therapeutic strategy in tumors that overexpress GLUT1 [69].

GLUT4 shRNA

By stably silencing GLUT4 expression by lentiviral expression of a GLUT4 shRNA, GLUT4
was concluded to have a prominent role in basal glucose uptake in MCF7 and MDA-MB-231 breast
cancer cells (Table 1). Moreover, GLUT4 specific downregulation in these two different breast
cancer cell lines, with different degrees of malignancy and differentiation, promoted metabolic
reprogramming and affected cell proliferation and viability. According to these authors, their study
provides proof-of-principle for the feasibility of using pharmacological approaches to inhibit GLUT4
in order to induce metabolic reprogramming in vivo in breast cancer models [41].

5.1.2. Antidiabetics

Biguanides, including metformin and phenformin, are inhibitors of mitochondrial respiratory
chain complex I, and have been shown to reduce cancer incidence and cancer-related death [68].

Metformin

Metformin is the most prescribed oral antidiabetic drug used for the treatment of diabetes mellitus.
Metformin was associated with reduced risk of developing cancer in diabetic patients in 2005 [70].
Since then, a large amount of studies confirmed this observation, and the role of metformin in breast
cancer has been evaluated [71,72]. In this context, the effect of metformin on glucose uptake and
metabolism by breast cancer cells has been evaluated in a few studies (Table 1).

In a first study, metformin was found to decrease glucose utilization both in vitro (MDA-MB-231)
and in vivo (using MDA-MB-231 cells orthotopically implanted in a mammary fat pad). However, this
effect was concluded to be related to a direct inhibitory effect on the glycolytic enzyme hexokinase and
drug effects on transmembrane glucose transport were excluded, because glucose uptake and glucose
transporters expression levels were not affected by metformin [73].

In the study by Amaral et al. [65], short-term exposure to metformin inhibited glucose uptake,
probably by direct inhibition of GLUT1, and, in contrast, long-term exposure to metformin led to
a significant increase in glucose uptake, which was not associated with changes in GLUT1 mRNA
levels. It was suggested that the increase in glucose uptake induced by long-term metformin, is a
compensatory mechanism in response to cellular ATP depletion resulting from its inhibitory effect
on oxidative phosphorylation and that this metformin-induced dependence on glycolytic pathway,
associated with an anticarcinogenic effect of the drug, provides a biochemical basis for the design of
new therapeutic strategies. The increase in glucose uptake after a long-term exposure to metformin,
to compensate for the reduced mitochondrial ATP generation, was corroborated in another study,
using two triple-negative breast cancer cell lines (MDA-MB-231 and MDA-MB-436) [74]. Lastly, the
interaction between metformin and PPARδ (peroxisome-proliferator-activated receptor δ), known to
have a role in inflammation, metabolism, and cancer, was recently evaluated [75]. Metformin was
able to block the increase in GLUT1 and SGLT1 mRNA and protein levels, glucose uptake, glucose
consumption, and lactate production caused by the PPARδ agonist GW501516 in MCF-7 cells. The effect
of metformin in reducing the expression of GLUT1 and SGLT1 was not present with metformin alone;
rather, it results from metformin-mediated inhibition of PPARδ activity. Therefore, metformin can
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block the effect of GW501516, but has no effect of its own in reduction of glucose transporters levels,
which is in concordance with the previous studies.

Phenformin

A recent study showed that glucose uptake and utilization affects cancer cell sensitivity to
phenformin treatment. More specifically, a correlation between low expression of glucose transporters,
including GLUT1, and both a defective glucose uptake/utilization and an increased sensitivity to
phenformin treatment was found in several cancer cell lines. Moreover, restoration of GLUT1 expression
attenuated the phenformin-sensitivity in the corresponding cancer cells [76]. Additionally, Liu and
Gan [77], by using the MDA-MB-231 cell line, demonstrated that phenformin upregulates GLUT1
levels, causing increased glucose uptake and production of lactate. Importantly, they verified that this
effect of phenformin is dependent on NBR2 (neighbor of BRCA1 gene 2), a glucose starvation-induced
long non-coding RNA that interacts with AMP-Activated Protein Kinase (AMPK) and regulates AMPK
activity. They thus concluded that the NBR2-GLUT1 axis may serve as an adaptive response in breast
cancer cells to survive in response to phenformin treatment (Table 1) [77].

Troglitazone

Another antidiabetic drug also associated with an anticarcinogenic effect [78], troglitazone, belongs
to the class of thiazolidinediones, which activate peroxisome proliferator-activated receptor-γ (PPARγ),
although it has been withdrawn from the market due to its hepatotoxicity. Unlike the antidiabetic effects
of this drug, many other actions of troglitazone are thought to occur in a PPARγ-independent manner.
Since troglitazone is known to cause mitochondrial dysfunction, its effect on glucose metabolism
was investigated [79]. Troglitazone enhanced uptake of glucose in several breast cancer cell lines,
but changes in GLUT levels do not seem to play a role in this effect, that rather appears to involve
MAPK, AMPK, and EGFR. Interestingly, troglitazone reduced T-47D cell content, and this effect was
potentiated by restriction of glucose availability. So, it was concluded that troglitazone stimulates
uptake of glucose by cancer cells and shifts its metabolism toward glycolysis, likely as an adaptive
response to impaired mitochondrial oxidative respiration (Table 1) [80].

5.1.3. Chemotherapeutic Agents

Cisplatin

Cisplatin (cis-diamminedichloroplatinum II) is a very common used chemotherapeutic agent. It is
a platinum-derived agent that interferes with DNA replication, and has also been associated with
mitochondrial damage. Wang et al [36] used the MDA-MB-231 cell line in order to study cisplatin’s
metabolic effects. The compound decreased glucose uptake and lactate production and the expression
levels of GLUT1 and GLUT4 (Table 1). Cisplatin downregulation of integrin β5 (ITGB5)/FAK signaling
pathway was concluded to be responsible for its effect on the expression of GLUT1 and GLUT4 [36].

Sorafenib

The bisarylurea sorafenib is a multi-kinase inhibitor with anti-proliferative and anti-angiogenic
activity, currently under evaluation in a variety of solid tumors. Evidence has shown that sorafenib
can inhibit oxidative phosphorylation in some types of cancer cell lines [80,81], and the question if
it also affects glucose metabolism was then addressed [82]. In this work, the effect of sorafenib on
glucose uptake, utilization, lactate production, and GLUT1 expression was investigated in several
breast cancer cell lines. Sorafenib produced distinct early and long-term effects on glucose uptake,
metabolism, and GLUT1 expression in MCF-7 (ERα-positive), MDA-MB-231 (triple negative), and
SKBR3 (ERα-negative/HER2-positive) cell lines. Fasentin (a GLUT1 inhibitor) inhibited the initial
GLUT1 overexpression caused by sorafenib and, importantly, its cytotoxic effect (Table 1). It was
concluded that the early-term effects were dependent on AMPK and thought to compensate for the loss
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of mitochondrial ATP, but that persistent activation of AMPK by sorafenib finally led to the impairment
of glucose metabolism in all the cell lines, resulting in cell death [82].

Trastuzumab

Trastuzumab, effective in about 15% of women with breast cancer, targets Human Epidermal
Growth Factor Receptor 2 (HER2) and downregulates signaling through Akt/phosphoinositide 3-kinase
(PI3K) and MAPK pathways. These pathways modulate glucose metabolism and so it was evaluated
if trastuzumab decreased glucose uptake in breast cancer cells. For this, xenografts derived from
HER2-overexpressing MDA-MB-453 human breast tumor cells were grown in severe combined
immunodeficient mice. Xenografts were significantly smaller and [18F] FDG uptake was also reduced
in trastuzumab-treated mice. This observation was accompanied by lower GLUT1 protein levels
(Table 1) [83].

Doxorubicin (DOX) and 5-fluorouracil (5FU)

The effect of these two chemotherapeutic agents on the expression and activity of GLUT1 and
hexokinase and on glucose uptake by the MCF-7 breast cancer cell line was evaluated [84]. Both agents
induced a decrease in glucose uptake together with an increase in GLUT1 mRNA levels. The effect
on GLUT1 protein levels were not as marked, which suggest posttranslational alterations in GLUT1.
It was concluded that after DOX or 5FU therapy, the relationship between glucose and viable cell
number can become disjointed, with transient declines in glucose uptake in excess of the decline in cell
number despite increased GLUT1 mRNA levels [84]. In another work, DOX and selenium, either free
or in PLGA (poly (d, l-lactide-co-glycolide)) nanoparticles were described to reduce the cellular uptake
of glucose by MCF-7 and MDA-MB-231 cells, based on measurements of medium glucose levels [85].
So, no direct measurement of glucose uptake was made (Table 1).

Palbociclib

Dysregulation of the cell cycle is a hallmark of cancer that leads to aberrant cellular proliferation and
inhibition of cell cycle regulators such as Cyclin-Dependent Kinase 4 (CDK4) and 6 (CDK6) has become
a new therapeutic target for the treatment of breast cancer. Palbociclib, an orally-available inhibitor
of CDK4 and CDK6, represents the most widely studied compound among cell cycle inhibitors [86].
Interestingly, palbociclib also seems to be able to inhibit GLUT1 mediated glucose uptake and
metabolism in TNBC cells [87,88]. Moreover, combination of palbociclib with a chemotherapeutic
agent currently used for the treatment of TNBC patients (paclitaxel) inhibited cell proliferation and
increased cell death more efficiently than single treatments, associated with a more marked effect on
glucose uptake and consumption and on GLUT1 protein levels [87]. Additionally, combination of
palbociclib with a PI3K/mTOR inhibitor (BYL719) enhanced the antitumoral effect of these agents and
the negative effect of each of these drugs on glucose uptake and consumption and on GLUT1 protein
levels (Table 1) [88].

5.1.4. Other Drugs

Propranolol

Another type of drug that has been getting attention for its recently found anticarcinogenic effect are
beta-blockers, more specifically propranolol (PROP). Clinical evidence has strongly indicated that PROP
can inhibit cancer growth, metastasis development, and tumor recurrence in breast cancer patients [89].
Treatment with PROP decreased hexokinase-2 expression in vitro and 18F-FDG uptake in vivo, but
GLUT1 levels were not affected. This indicates that GLUT1 is not involved in the anticarcinogenic
effect of PROP (Table 1) [90].
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Saracatinib

Prevention of estrogen receptor negative (ER-) and tamoxifen-resistant (TamR) breast cancer
remains an important demand due to gaps in pathobiological understanding of this type of cancer.
Transforming (sarcoma-inducing) Gene of Rous Sarcoma Virus (Src) activation appears to be a key
signaling event driving ER- and TamR breast cancer progression and thus, targeting Src may prevent ER-
breast cancer [91]. Accordingly, Src-targeting agents such as the tyrosine kinase inhibitor saracatinib,
have been extensively tested in the clinic for treatment of metastatic breast cancer [92]. In the report by
Jain et al. [93], activation of Src kinase was investigated as an early signaling alteration in premalignant
breast lesions of women who did not respond to tamoxifen, a widely used ER antagonist for hormonal
therapy of breast cancer. They verified that Src plays an essential role in regulating glucose uptake,
because knocking down Src significantly reduced glucose uptake. Moreover, they showed that
saracatinib inhibited glucose uptake in premalignant breast cell lines (MCF-10A and MCF12A) with or
without HER-2 overexpression (Table 1).

P53 Modulators

The tumor protein p53, a well-recognized tumor suppressor, is a key regulator of energy
metabolism, playing an important role in preventing the cell from reprogramming its energetic
metabolic pathway [94]. The p53-reactivating compound RITA (Reactivating p53 and Inducing Tumor
Apoptosis) activates p53 in cells expressing oncogenes, whereas its effect in non-transformed cells
is almost negligible [95]. This agent decreased GLUT1 mRNA expression in MCF-7 cells. Further,
another p53 activator, nutlin3a [96], also caused repression of GLUT1 mRNA expression. Interestingly,
the p53 inhibitor pifithrin-α p53 [95] induced the expression of GLUT1 mRNA and abolished the effect
of RITA upon GLUT1 mRNA levels (Table 1) [94]. This study shows that reinstatement of p53 function
targets the dependence of cancer cells on glycolysis, which can contribute to the selective killing of
cancer cells by pharmacologically activated p53.

Akt Inhibitors

The protein kinase Akt is involved in various cellular processes, including cell proliferation,
growth and metabolism, and hyperactivation of Akt is commonly observed in human tumors [97].
Three non-ATP-competitive allosteric Akt inhibitors (Akt1i, Akt2i, and Akt1/2i) reduced glucose
transport into T-47D breast cancer cells, by interfering with a process distinct from the Akt signaling
pathway (involved in movement of GLUT4 to the plasma membrane, e.g., in adipocytes). Among other
evidences, the PI3K inhibitor wortmannin was devoid of effect on glucose uptake. It was concluded
that these drugs, at least in part, inhibit tumorigenesis through inhibition of glucose transport in tumor
cells (Table 1) [98].

PGC1β and HKDC1 shRNA

The peroxisome proliferator-activated receptor-γ (PPARγ) co-activator-1b (PGC1b) promotes
tumorigenesis by modulation of mitochondrial function and glycolysis metabolism [99]. On the other
hand, hexokinase domain component 1 (HKDC1), recently discovered as a putative hexokinase [100],
may be a novel potential therapeutic target for cancer [101]. A recent study demonstrated that
knockdown of either PGC1β or HKDC1 resulted in a decrease in glucose uptake in MCF-7 cells
(Table 1) [102].

miRNA-34a Inhibitor

miRNA-34a is a tumor suppressor that is expressed in a variety of different types of cancer,
including breast cancer. A recent report showed that miRNA-34a inhibition promoted cancer cell
proliferation, accelerated glucose uptake and upregulated GLUT1 expression in two triple-negative
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breast cancer cell lines used, but interestingly, was devoid of effect in the normal human breast epithelial
cell line (Table 1) [103].

miRNA-186-3p

Recently, it was verified that systemic delivery of cholesterol-modified agomiR-186-3p to mice
bearing tamoxifen-resistant breast tumors effectively attenuates both tumor growth and 18F-FDG
uptake (Table 1) [104].
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5.2. Effect of Endogenous Compounds

5.2.1. Hormones

Melatonin

Melatonin is produced and secreted by the pineal gland, and modulates several biological
pathways in cancer [105]. Interestingly, GLUT1 appears to be involved in the uptake of melatonin into
cancer cells and melatonin appears to bind the glucose binding site of the transporter [106]. Despite
the lack of reports elucidating the effects of melatonin targeting the Warburg effect in breast cancer
cells, an important study using a xenograft breast cancer model found that glucose uptake and lactate
production were inversely correlated with melatonin levels during the 12:12 light:dark cycle [107].
In this context, a recent report evaluated the effect of low pH (6.7) on human breast cancer cell lines
(MCF-7 and MDA-MB-231), and the effectiveness of melatonin in the acid tumor microenvironment.
Melatonin was able to decrease GLUT1 protein expression levels in both cell lines, both at normal (7.2)
and acidic pH (6.7). It was concluded that melatonin treatment increases apoptosis and decreases
proliferation and GLUT1 protein expression under acute acidosis conditions in breast cancer cell
lines [108] (Table 2).

17β-oestradiol

17β-oestradiol or E2 is a steroid hormone, being the main female sexual hormone. Besides its
physiological effects, such as maintenance of reproductive cycle and secondary female characteristics,
it plays a major role in the carcinogenesis of breast cancer. A few studies evaluated the effect of E2 on
glucose uptake be breast cancer cells (Table 2). In a study using MCF-7 cells, E2 was concluded to have
no effect on glucose cellular uptake. In this study, E2 increased culture growth, proliferation rates,
cellular viability, and lactate production, but did not affect the uptake of glucose nor GLUT1 mRNA
levels. So, it was concluded that the pro-proliferative and cytoprotective effects of E2 are not dependent
of stimulation of glucose cellular uptake [109]. In contrast, previous studies found E2 to increase
the rate of glucose utilization (although glucose uptake levels were not really measured) [110], to
increase glucose uptake and expression/translocation of GLUT4 into the plasma membrane (although
E2 showed no effect on the expression/translocation of GLUT1) [30,35], and to increase the expression
of GLUT1 [33], or to have no effect on GLUT1 expression levels, although higher rates of glucose
uptake were found [111]. So, the effect of E2 on glucose uptake and transporter expression needs to be
further clarified. Of note, in the work of Rivenzon-Segal et al. [33], tamoxifen had an opposite effect on
GLUT1 and treatment of the cells with both E2 and tamoxifen resulted in a partial (±50%) abolishment
of the effect of E2 on GLUT1, demonstrating thus the antiestrogenic activity of tamoxifen with regard
to GLUT1 expression.

Progesterone

In the work by Medina et al. [30] the effect of progesterone, which also increases the risk of
breast cancer, on GLUT expression levels and glucose uptake by ZR-75-1 cells was analyzed (Table 2).
This hormone was found to increase glucose uptake and the expression levels of GLUT1, GLUT3 and
GLUT4 [30].

Glucocorticoids

Stress has a vast variety of effects in the human body, one of them being the stimulation of
the production of adrenocorticotropic hormone by the anterior pituitary gland. This increases
secretion of glucocorticoids, steroid hormones that modulate inflammation and the immune system,
cell differentiation, and metabolism [112]. Glucocorticoids are often prescribed in chemotherapy
treatments in order to avoid hypersensitivity reactions. Therefore, it is important to investigate
if it affects treatment. Additionally, glucocorticoids such as dexamethasone may be involved in
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resistance processes (chemotherapy desensitization) in various types of solid neoplasms, including
breast cancer [113]. Dexamethasone (10.7–10.8 μM; 3 days) showed antiproliferative properties on
MCF-7 cells [114]. The antiproliferative effect of dexamethasone in MCF-7 cells was confirmed in a later
study; this effect was associated with a slight increase in glucose uptake, a strong increase in GLUT4
expression levels and with the formation of adipocyte-like vesicles. In contrast, dexamethasone did
not affect MDA-MB-231 cells proliferation, although it slightly increased glucose uptake and strongly
increased GLUT4 expression levels. The authors concluded that dexamethasone treatment induces
inhibition of cell growth of dexamethasone-sensitive cancer cells by stimulation of differentiation into
adipocyte-like cells [112] (Table 2).

KL1

Klotho is a transmembrane protein that can be shed and act as a circulating hormone in three forms:
soluble klotho, KL1, and KL2 [115]. Klotho was proposed to be implicated in aging through inhibition
of the Insulin-like Growth Factor 1 (IGF-1) pathway, but it also functions as a tumor suppressor in
several types of cancer, including breast cancer [116]. This hormone was recently found to decrease
glucose uptake and glycolytic flux in MCF-7 cells, but the mechanism of action was not reported [117]
(Table 2).

Insulin

Insulin a peptide hormone secreted by the β cells of the pancreatic islets of Langerhans, with
an important role in the maintenance of glucose blood levels. Additionally, insulin exhibits potent
anabolic properties and has been implicated in many malignancies, including breast cancer [118].
Insulin is also known to be a modifier of cancer cell metabolism. Indeed, it regulates carbohydrate
and lipid metabolism, stimulates DNA synthesis, modulates transcription [118], and stimulates the
cellular uptake of various nutrients, including glucose, by facilitated diffusion [119]. Agrawal et al.
studied the effect of insulin on the sensitivity of a breast cancer cell line (MCF-7) to 5-fluorouracil
(5FU) and cyclophosphamide (CPA) [120]. The chemotherapeutic agents 5FU and CPA are widely
used in the clinic and incorporated in the treatment of several cancer, including breast cancer, being
associated with increased levels of chemoresistance. Insulin was found to increase the cytotoxic effects
of 5FU and CPA in vitro up to two-fold. This effect of insulin was linked to enhancement of apoptosis,
activation of apoptotic and autophagic pathways, and to overexpression of GLUT1 and GLUT3 as well
as to inhibition of cell proliferation and motility (Table 2). Therefore, it was concluded that insulin
sensitization before chemotherapy treatment could overcome chemoresistance [120]. The effect of
insulin upon GLUT1 and GLUT3 protein expression levels were hypothesized to be mediated by the
PI3K-Akt pathway, but the hypothesis was not tested.

5.2.2. Other Endogenous Compounds

Lactic Acid

Besides being a metabolic fuel, lactate is an important signaling molecule in cancer. This compound
induces angiogenesis [121], induces HIF1α, which is associated with cancer cell growth and poor
prognosis [122], and stimulates folate uptake by breast cancer cells [38]. Lactic acid interferes also
with glucose uptake by breast cancer cells, but either a stimulatory [38] or an inhibitory effect [123]
were described (Table 2). In the interesting paper of Turkcan et al, single cells from the core of 4T1
and MDA-MB-231 mice large tumors (>8 mm diameter) grafts were found to take up less glucose
than those from the periphery. The authors were able to show that this difference was attributed to an
inhibitory effect of lactic acid on glucose uptake [123].
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Interleukin-4

Cytokines and chemokines in the tumor microenvironment promote breast cancer progression
and metastasis. The interleukin-4 (IL4)/IL4Rα immune signaling axis is a direct promoter of survival
and proliferation in breast cancer cells [124]. Venmar et al. [124] investigated whether IL4R-mediated
metabolic reprogramming could support tumor growth. They verified that promotion of tumor cell
survival and proliferation by IL4 involved an increase in glucose uptake and lactate production by
murine 4T1 breast cancer cells, associated with an increase in GLUT1 expression, both in vivo and
in vitro (Table 2). Moreover, that concluded that, in addition to IL4, there may also be a role for the
second IL4Rα-binding cytokine, IL13, in promoting GLUT1 expression through IL4Rα. Importantly,
this effect of IL4 on glucose uptake and transporter expression in murine breast cancer cells was not
observed in the human MDA-MB-231 cells [124].

Epidermal Growth Factor

Breast cancer that expresses epidermal growth factor receptors (EGFR) is associated with poor
patient prognosis, both in TNBC and in non-TNBC subtypes [125]. In breast cancer patients, EGFR
expression is strongly correlated with tumor uptake of the glucose analogue, 18F-FDG [126]. An in vitro
study with three breast cancer cell lines showed that Epidermal Growth Factor (EGF) stimulated
glucose uptake in EGFR-positive T-47D and MDA-MB-468 cells, but not in the weakly EGFR-positive
MCF-7 cells. In T-47D cells, the effect was accompanied by upregulated GLUT1 expression and
increased lactate production. EGFR stimulation also increased T47D cell proliferation [127] (Table 2).
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5.3. Effect of Exogenous Natural Compounds

5.3.1. Polyphenols

A large class of GLUT inhibitors is represented by polyphenols, a heterogeneous and large family
of natural compounds widely distributed in plants and in the human diet (e.g., in fruits, vegetables
and beverages such as tea and wine) [128]. Many of these compounds show an appreciable activity on
several distinct membrane transporters, including GLUTs [129,130]. Polyphenols possess anticancer
effects in relation to several cancer types, including breast cancer. Several distinct mechanisms are
involved in their anticarcinogenic effect in breast cancer: interference with redox balance, pro-apoptotic
effect, cell cycle arrest, activation of autophagy, inhibition of angiogenesis, anti-inflammatory effect,
anti-estrogenic effect, changes in ER expression, aromatase modulation, interference with HER2
signaling, and effect on microbiota [131,132]. Additionally, some polyphenols interfere with glucose
cellular uptake by breast cancer cells [133,134], as next described.

Gossypol

This polyphenolic bisnaphthalene aldehyde obtained from the cotton plant markedly increased
both glucose consumption and lactate production in MCF-7 cells, but the increase in glucose
consumption may not related to an increase in glucose uptake, and rather be the consequence
of increased glycolytic rates or increased rates of glycose oxidation not related to glycolysis (e.g.,
pentose phosphate pathway) [135] (Table 3).

Naringenin

This grapefruit flavanone inhibited both basal and insulin-stimulated glucose uptake in two
breast cancer cell lines (MCF-7 and T-47D). The reduction in insulin-stimulated glucose uptake was
not associated with changes in GLUT4 protein levels but rather with inhibition of insulin-stimulated
PIP3/Akt and p44/p42 MAPK activity [39]. The antiproliferative effect of naringenin was mimicked
by low glucose conditions and so it was concluded that it was dependent on impairment of glucose
uptake [39] (Table 3).

Genistein

The flavonoid genistein, found in soybean, reduced glucose uptake in both estrogen
receptor-positive MCF-7 and -negative (MDA-MB-231) breast cancer cell lines [136]. The inhibitory
effect of genistein upon glucose uptake by MCF-7 cells was later confirmed in two studies. In the
first, the effect of genistein, daidzein, and a soy seed extract on two distinct breast cancer cell lines
were investigated. In MCF-7 cells, these compounds presented an inhibitory effect on cell proliferation
that correlated with a decrease in glucose cellular uptake [137]. In the second, exposure to several
polyphenols, including genistein (myricetin, genistein, resveratrol, and kaempferol), was shown to
reduce glucose uptake by MCF-7 cells, and genistein inhibited glucose uptake with a 50% Inhibitory
Concentration (IC50) of 39 μM [138] (Table 3).

Kaempferol

In the work of Azevedo et al. [138], kaempferol was found to be the most potent inhibitor of
glucose uptake, with an IC50 of 4 μM. Kaempferol (30 μM) decreased glucose uptake and the GLUT1
transcription level. Moreover, low extracellular glucose mimicked, and high extracellular glucose
conditions prevented, the antiproliferative and cytotoxic properties of kaempferol. So, it was suggested
that inhibition of GLUT1-mediated glucose cellular uptake mediates the anticancer effect of kaempferol
in MCF-7 cells [138] (Table 3).
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Resveratrol

An inhibitory effect of resveratrol (IC50 = 67 μM), found in fruits such as grapes and berries,
upon glucose uptake by breast cancer cells was also described in the work by Azevedo et al. [138].
Moreover, an inhibitory effect of this stilbene was previously described in another breast cancer cell
line. Resveratrol (150 μM), suppressed uptake of glucose and glycolysis in T-47D breast cancer cells,
associated with a reduction in GLUT1 expression and dependent on a reduction in intracellular ROS
levels, which decreases HIF-1α accumulation [139] (Table 3).

Hesperitin

This flavanone, found in citrus fruits, reduced both basal and insulin-stimulated glucose uptake
in MDA-MB-231 cells. Of note, the negative effect of hesperitin on basal glucose uptake was associated
with GLUT1 downregulation, whereas the negative effect on insulin-induced glucose uptake was
associated with impaired GLUT4 translocation to the cell membrane [37] (Table 3).

Quercetin and epigallocatechin-3-gallate (EGCG)

The flavonoids quercetin and EGCG (26 min) concentration-dependently inhibited glucose uptake
by MCF-7 (IC50 = 11–23 μM) and MDA-MB-231 (IC50 = 44–16 μM) cells, respectively, associated with
a decrease in lactate production. The effects of quercetin and EGCG were independent of estrogen
signaling and did not involve Protein Kinase A (PKA), C (PKC), G (PKG) and calcium-calmodulin.
A 4 h exposure to quercetin or EGCG induced also a decrease in glucose uptake, which was associated
with an increase in GLUT1 transcription rates. Moreover, an antiproliferative and cytotoxic effect of
both compounds was described in MCF-7 cells, which was more potent when extracellular glucose was
present. So, inhibition of basal glucose uptake and consequently lactate production were concluded to
be determinants of the cytotoxic and antiproliferative effects of quercetin and EGCG in breast cancer
cells [40]. The inhibitory effect of quercetin on glucose uptake by breast cancer cells was confirmed
in later studies, as shown next. Xintaropoulou et al. [57] verified that inhibition of growth of the
HBL100 breast cancer cell line by quercetin (50–150 μM) is associated with an increase in the amount of
extracellular glucose and a reduction in lactate production, suggesting inhibition of glucose uptake [57].
Quercetin was also found to decrease the mobility of MCF-7 and MDA-MB-231 cells, associated with a
decrease glucose uptake, lactate production and GLUT1 protein levels [140], and to decrease glucose
uptake and GLUT1 protein levels in MDA-MB-231 cells [141] (Table 3).

In relation to EGCG, a recent study using rodent 4T1 breast carcinoma cancer cells showed that
EGCG inhibits breast cancer growth, both in vitro and in vivo, associated with a reduction in glucose
and lactic acid levels and GLUT1 mRNA levels in these cells [142] (Table 3).

Phloretin and Phloridzin

The dihydrochalcone phloretin is found primarily in apples and pears and can also be produced
when its glycoside phlorizin is consumed and subsequently nearly entirely converted into phloretin by
hydrolytic enzymes in the small intestine. Several studies present evidence for an inhibitory effect of
phloretin (and also its glycone phloridzin) in relation to glucose uptake by breast cancer cells. Phloretin
and phloridzin were found to decrease glucose uptake by a rat breast adenocarcinoma cell line, both
in vivo and in vitro [143]. Phloretin was also suggested to decrease glucose uptake (as assessed by the
increase in the amount of extracellular glucose and the decrease in the amount of lactate produced)
associated with an antiproliferative effect in HBL100, but not MCF-7 cell line [57]. Finally, inhibition of
GLUT2 by phloretin was concluded to potentially suppress MDA-MB-231 cell growth and metastasis,
although phloretin was found to increase GLUT2 protein levels. The authors concluded that phloretin
treatment inhibited uptake of glucose, and, as a consequence, increased GLUT2 protein expression was
required for cancer cell survival [63]. In relation to phloridzin, it reduced glucose uptake in several
breast cancer cell lines, either alone [38,40] or associated with cytochalasin B [138] (Table 3).
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Glabridin

This flavonoid decreased glucose uptake and lactate production, possibly mediated by a decrease
in GLUT1 protein levels, in MDA-MB-231 cells [141] (Table 3).

(+)-Catechin

The anticancer efficacy of polyphenols can be enhanced by combining them with compounds
such as amino acids and vitamins [144]. In this context, a catechin:Lys complex (Cat:Lys 1:2) was
recently tested in MCF-7 and MDA-MB-231 breast cancer cell lines and in the non-tumorigenic breast
(MCF12A) cell line. Cat:Lys (24 h) decreased glucose uptake and lactate production in MCF-7 cells
but increased glucose uptake and lactate production in MDA-MB-231 and MCF12A cells. Cat:lys
(24 h) was also found to increase GLUT1 mRNA expression levels in MDA-MB-231 cells. In contrast, a
shorter-term exposure (26 min) of these cell lines to Cat:Lys caused an increase in glucose uptake in
MDA-MB-231 and MCF12A cells but no effect on MCF-7 cells [145]. In contrast, (+)-catechin was found
to increase glucose uptake by MCF-7 cells [138]. Moreover, in the work of Silva et al. [145], by using a
GLUT inhibitor, it was concluded that: (a) there is a contribution of a GLUT-mediated mechanism in
glucose uptake in the three breast cell lines, (b) Cat:Lys stimulates GLUT-mediated glucose uptake in
MDA-MB-231 and MCF12A cell lines, and (c) Cat:Lys inhibits non-GLUT-mediated glucose uptake in
MCF-7 cells, a conclusion that was supported by the results of GLUT1 mRNA expression. So, Cat:Lys
shows no consistent effects on glucose uptake by the breast cell lines (Table 3). Thus, apparently, its
antitumoral effect is not related to an effect on glucose uptake, because Cat:Lys showed a similar
antiproliferative, cytotoxic, antimigratory, and proapoptotic effect on both cancer cell lines and a much
less evident effect in the non-tumorigenic cell line [145].

Polyphenolic Esters

Zhang et al. [146] reported inhibition of basal glucose transport in MCF-7 cells and other cell lines
(including H1299 lung cancer cell line) by synthesized polyphenolic esters. Although not tested in
breast cancer cells, these basal glucose transport inhibitors also inhibited H1299 cell growth, and these
two activities appear to be correlated (Table 3).

Curcumin

Very recently, the effect of curcumin (diferuloylmethane), a well-known phytopolyphenolic
compound isolated from rhizome of the plant Curcuma longa was evaluated and this compound was
found to reduce glucose uptake and lactate production in a variety of cancer cell lines, including in
MCF-7 cells [147]. Curcumin was concluded to inhibit aerobic glycolysis by downregulating pyruvate
kinase M2 expression, which drives the Warburg effect and thus is essential for survival of cancer cells.
Nevertheless, a direct effect of curcumin on glucose transporters was not investigated [147] (Table 3).

Cardamonin

This chalcone, isolated from Alpiniae katsumadai, reduced glucose uptake as well as lactate
production and efflux in the breast cancer MDA-MB-231 cell line [148] (Table 3).

Plant Extracts

Some studies have investigated the effect of plant extracts rather than the effect of individual
compounds (Table 3). In one study, Baeckea frutescens leaves extracts were found to decrease glucose
uptake in two breast cancer cell lines (MCF-7 and MDA-MB-231), associated with a cytotoxic and
proapoptotic effect. Importantly, the extracts were devoid of cytotoxic effect in the non-tumoral breast
cell line MCF10A and were also devoid of effect on glucose uptake [149]. In another study, an extract
of Petiveria alliacea leaves and stems reduced glucose uptake and lactate production in the 4T1 breast
cell line. However, glucose levels in supernatant, rather than direct measurement of glucose uptake,
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were measured [150]. Finally, an extract of Kudingcha leaves, one of the Ligustrum robustum species,
was described to concentration-dependently reduce GLUT1 and GLUT3 protein expression levels and
lactate production in two triple-negative breast cancer cell lines [151].

5.3.2. Other Exogenous Natural Compounds

Cytochalasin B

The macrocyclic mycotoxin cytochalasin B is a known GLUT inhibitor used extensively in the
literature of GLUT investigation. Cytochalasin is a GLUT1, GLUT2, and GLUT4 inhibitor [152,153].
This compound has been described to interfere also with glucose uptake in several breast cancer cell
lines: T-47D [38,98] and MCF-7 and MDA-MB-231 [40] (Table 3).

Genipin

Genipin, an aglycone derived from an iridoid glycoside called geniposide extracted from gardenia
fruits, caused a decrease in glucose uptake by the breast cancer cells T-47D and MDA-MB-435, although
no effect on MCF-7 and MDA-MB-231 cells was found (Table 3). The effect of genipin was most
pronounced in the T-47D cell line; in this cell line, an IC50 = 61 μM was calculated and a decrease
in lactate production was also found. In this report, genipin was concluded to decrease cancer cell
glucose uptake by reducing both glycolytic flux and mitochondrial oxidative phosphorylation, an
effect that was related to inhibition of Uncoupling Protein 2 (UCP2)-mediated dissipation of energy
and restriction of ROS production through proton leakage [154]. However, an effect of genipin on
glucose transporters cannot be excluded.

Cantharidin

This sesquiterpenoid bioactive compound is secreted by beetles of the family of Meloidae [155].
Although it has been available for almost a century, its use has not been approved due to its high
toxicity to the gastrointestinal tract. However, new anticarcinogenic properties have been found. In a
recent study, cantharidin was found to inhibit aerobic glycolysis, associated with a decrease in GLUT1
protein expression levels. It was concluded that cantharidin inhibits nuclear translocation of pyruvate
kinase isoform M2 (PKM2), which promotes the transcription of GLUT1. So, cantharidin interferes
with the glycolytic metabolic loop between GLUT1 and PKM2 [155] (Table 3).

Betulinic Acid (BA)

BA is a natural pentacyclic terpene reported to be capable of inhibiting various malignancies.
BA was recently reported to decrease the viability of breast cancer cell lines MCF-7 and MDA-MB-231,
being ineffective against the non-malignant mammary epithelial cell line MCF-10A, indicating that BA
might be a highly selective killing agent toward malignant cells. BA was shown to decrease glucose
uptake and lactate production in the two cancer cell lines, but it was concluded that suppression of the
glycolytic activity mainly occurred at the intracellular level, and no further investigation of its effect
upon glucose uptake was done [156] (Table 3).

Benzyl Isothiocyanate (BITC)

Data from numerous preclinical studies advocate BITC, an aromatic isothiocyanate, which
occurs naturally in edible cruciferous vegetables, promising for breast cancer chemoprevention [157].
This compound was described to increase glucose uptake by breast cancer cells, both in vivo and
in vitro. This effect is probably a compensatory mechanism in response to inhibition of complex III of
the mitochondrial respiratory chain and of oxidative phosphorylation caused by this compound [158].
Moreover the effect of BITC upon glucose uptake was found to be dependent on Akt activation (Table 3).
So, these results indicate that BITC increased glucose uptake/metabolism in breast cancer cells and
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suggest that breast cancer chemoprevention by BITC may be augmented by pharmacological inhibition
of Akt [159].

Docosahexaenoic Acid (DHA)

n-3 polyunsaturated fatty acids (PUFAs) have been proposed to have anticancer properties,
and the effects on cancer cell metabolism constitutes one possible mechanism contributing to their
anticancer effect [160]. The effect of DHA on breast cancer and non-cancer cell lines was evaluated
(Table 3). It was concluded that DHA contributes to impaired cancer cell growth and survival by
altering cancer cell metabolism, including by causing a decrease in glucose uptake, while not affecting
non-transformed cells [161].

Vitamin D3 (VD3)

VD3, the bioactive form of Vitamin D, is known to be an important modulator of bone metabolism
and diabetes, amongst many other effects. Low levels of VD3 are linked with an increased risk of cancer,
whilst high levels of vitamin D3 usually promise better prognosis [162]. Although its positive effects
have been shown, not much is known as to the mechanisms involved. Santos et al [163] tested the
effect of VD3 on MCF-7 and MDA-MB-231 cells. VD3 significantly reduced GLUT1 mRNA and protein
levels and glucose uptake in both cell types. Moreover, lactate production in the highly metastatic
MDA-MB-231 cells was significantly reduced (Table 3). This study proved that VD3 decreased breast
cancer cell viability along with reduced expression of GLUT1 and key glycolytic enzymes (hexokinase
II and lactate dehydrogenase A), causing a decrease in glucose uptake.

γ-Tocotrienol

This member of the vitamin E family of compounds displays potent anticancer effects at doses
having little or no effect on normal cell viability [164]. To test the role of glycolysis in the effect
caused by γ-tocotrienol, Parajuli et al. [165] used the MCF-7 breast cancer cell line. γ-tocotrienol was
found to decrease MCF-7 cell growth, coincident with a concentration-dependent decrease in glucose
consumption and lactate production. This effect was correlated with a decrease in the expression of
glycolytic enzymes (HK-II, PFK, PKM2, and LDHA) and MCT1, but the compound did not affect
GLUT1 expression levels. So, GLUT1 reduction was not considered the mediator of the glycolysis
inhibition caused by γ-tocotrienol [165] (Table 3).

d-Allose

This compound, a C-3 epimer of d-glucose with 80% of the sweetness of sucrose, exists in small
quantities in nature. This compound is known to possess anticarcinogenic properties via upregulation of
thioredoxin interacting protein (TXNIP) [166]. A study involving breast adenocarcinoma, hepatocellular
carcinoma, and neuroblastoma cell lines concluded that d-allose downregulates GLUT1 expression
and consequently glucose uptake, thus suppressing cancer cell growth, as a result of overexpression of
TXNIP [166] (Table 3).
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6. Effect of Stimulation of the Interaction of Anticancer Agents with GLUT

Conjugation of anticancer agents with glucose or other sugars is a widely exploited technique
to design therapeutic agents, in order to improve their uptake into highly glycolytic cancer cells
overexpressing GLUTs, thus increasing efficacy while reducing side effects. One possibility is to
develop sugar-conjugated agents that can be transported into cancer cells through GLUT without
inhibiting GLUTs themselves [168]. Another possibility is to promote interaction of anticancer agents
with GLUT by their conjugation with an anti-GLUT antibody. Some of these agents have been tested in
breast cancer cell lines, as shown next.

6.1. Adriamycin

Adriamycin (doxorubicin) is effective against many types of solid tumors in clinical applications.
However, its use is limited because of systemic toxicity and multidrug resistance. Adriamycin
conjugated with a glucose analogue (2-amino-2-deoxy-d-glucose) and succinic acid (2DG-SUC-ADM)
was designed to target tumor cells through GLUT1, thus enhancing the selectivity of doxorubicin
against cancer cells while reducing its toxicity to healthy cells [169]. In a work using several cancer cell
lines, including MCF-7 and MDA-MB-231 cell lines, the complex showed better inhibition to tumor cells
and lower toxicity to normal cells, and, most importantly, displayed a potential to reverse multidrug
resistance. In vivo experiments also showed that this new complex could significantly decrease organ
toxicity and enhance the antitumor efficacy compared with free ADM, indicating 2DG-SUC-ADM
as a promising drug for targeted cancer therapy [169]. The GLUT1-mediated transport into the cells
explained the specificity of 2DG-SUC-ADM, because uptake of free doxorubicin mainly occurred
through diffusion, whereas the uptake of 2DG-SUC-ADM was mostly GLUT1-mediated [169].

Sztandera et al. [170] developed a glucose-modified PAMAM dendrimer for the delivery of
doxorubicin (dox) to breast cancer cells, designed to specifically enter tumor cell with enhanced glucose
uptake. They verified that PAMAM-dox-glucose conjugate exhibited pH-dependent drug release
and an increased cytotoxic activity compared to free drug in MCF-7 cells, in the absence of glucose.
They also verified that GLUT1 inhibition eliminated the toxic effect of the conjugate. So, they concluded
that the cytotoxic effect of PAMAM-dox-glucose depends on presence of a functional GLUT1, suggesting
specific, transporter-dependent internalization as a main route of cellular uptake of glucose-conjugated
PAMAM dendrimers [170].

6.2. Paclitaxel

This drug is widely used for the treatment of breast, ovarian, and lung carcinomas, but its low
water solubility severely reduces its clinical application. In this context, a new prodrug was designed
to enhance its solubility and its selective delivery to cancer by a preferential uptake via GLUTs.
More specifically, the glycoconjugation of paclitaxel led to a derivative in which the drug was linked
to 1-methyl glucose via a short succinic acid linker. The resulting compound, whose transport was
mediated at least in part by GLUT1, showed a comparable cytotoxicity against several cancer cells
without toxicity on normal cells. Of note, paclitaxel linked to succinic acid resulted in a lower toxicity
against MCF-7 cells than the parent compound, suggesting that the presence of glucose improved its
cytotoxicity [171].

6.3. Oxiplatin

The platinum antitumor drug oxaliplatin is a commonly used chemotherapeutic agent;
however, its multiple side effects severely limit its benefits. The conjugation with sugar portions
was introduced as a strategy to improve the tumor-targeting ability of the drug and also to
enhance its water solubility, allowing renal excretion and lower systemic toxicity. A glycosylated
(trans-R,R-cyclohexane-1,2-diamine)-malonatoplatinum(II) derivative showed increased cytotoxicity
compared to oxaliplatin in all the tested human carcinoma cell lines. Its potency was prevented when
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human colon cancer (HT29) and breast cancer (MCF-7) cells, which overexpress GLUTs, were treated
with the GLUT inhibitor phlorizin, thus confirming that the uptake and the antiproliferative activity of
this compound are GLUT-mediated [172].

In summary, a great potential of GLUT-mediated transport of therapeutics into cancer cells opens
new roads for targeted delivery of anticancer drugs.

7. Conclusions and Future Perspectives

Despite the high-survival rate in breast cancer patients and the availability of well-designed
and effective therapeutic strategies, especially for hormone receptor or HER2-positive breast cancer,
more drug research is still needed, particularly regarding triple-negative breast cancer, because of its
unresponsiveness to hormone or anti-HER2 therapy. In this context, metabolic targeting of tumors, and
more specifically targeting GLUT1-mediated glucose transport, constitutes an interesting approach.
In addition to GLUT1, there are a several other potential cancer therapies that target the cellular
energetic metabolism pathway in tumors. Indeed, many compounds targeting energy metabolism
are currently in trial or approved as therapeutic agents for cancer [48,49]. Preclinical data from these
inhibitors are encouraging; therefore, they represent additional options for targeting the enhanced
aerobic glycolysis in cancer.

In this review, we show that a wide range of compounds, ranging from endogenous to dietary
compounds and synthetic compounds, are able to interfere with glucose uptake by breast cancer
cells. Moreover, for some of the presented compounds, their antitumoral effect is concluded to result
from the effect on glucose uptake. Since cancer cells are highly dependent on glucose, even if these
compounds possess other anticancer-inducing mechanisms, their effect on glucose uptake certainly
contributes to their antitumoral effect.

The mechanisms underlying the modulatory effect of the compounds upon glucose uptake are very
diverse, ranging from a direct effect upon the transporter, inhibition of transporter gene expression or
protein synthesis, impairment of membrane insertion of the transporter, and redox balance modulation.
Additionally, the effect of compounds on glucose uptake may be secondary to a decrease in the activity
of glycolytic enzymes or signaling pathways. However, it should be pointed out that, for most of
the presented compounds, the mechanisms underlying their modulatory effect upon glucose uptake
by breast cancer cells have not been investigated. So, more research is needed in this area. A better
knowledge of the mechanisms able to interfere with glucose transporter function in cancer cells may
open new windows for therapeutic targets in breast cancer.

Most studies on GLUTs in cancer are focused on their role and regulation in the tumor cells.
However, solid tumors are composed of several cell types, forming a dynamic and complex network.
In this context, a role for GLUT1 in glycolytic reprograming enabling survival, growth, and expansion
of effector T lymphocytes has been demonstrated [173]. T lymphocytes in tumors constitute a primary
cellular target for immunotherapies including adoptive T cell therapy and immune checkpoint
blockade. Moreover, GLUT1 induction was observed in human fibroblasts placed in contact with
prostate cancer cells [174]. Cancer-associated fibroblasts (CAFs) are known to promote tumor growth,
invasion, chemoresistance, and angiogenesis. So, the requirements for glucose entry and usage
by cancer-supporting or cancer-antagonizing cells add on to the complexity of metabolic rewiring
in cancer.

Metabolic targeting of tumors using GLUT inhibitors has attracted more and more attention in
the past years, which can be demonstrated by the growing number and more recent publications on
this subject. Most therapeutic strategies that are being developed to target GLUTs in cancer are in the
preclinical phase of drug development. These preclinical data suggest that inactivation of GLUT1,
leading to glucose starvation that ultimately leads to cell death, is a viable drug target for cancer
therapy [52,175].

Regrettably, therapies designed to target this pathway have not been fully translated to the clinic
yet, and clinical trials in cancer patients using GLUT inhibitors to ensure their safety and/or efficacy
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are still largely lacking. One of the major obstacles to the success of GLUT1-based therapies is the
potential systemic toxicity, because GLUT1 is ubiquitously expressed in mammalian tissues. Although
it is expected that targeting GLUT1-mediated glucose uptake will have a much more marked effect on
cancer cells than in non-cancer cells, because cancer cells are much more sensitive to glucose deprivation
than normal cells, a certain degree of side effects may be expected, especially those occurring in organs
characterized by high glucose-consumption rates such as the brain, immune system and stem cells.
One example is the observation that several glucose transport inhibitors, tested in phase I clinical trials
for hepatocellular and prostate cancer, were associated with significant side effects [176]. So, selective
blockade of GLUTs in tumor cells still remains a key challenge and research on this subject should be
fostered in the near future.

In this context, important points should be considered in future research:

(1). Development of cancer-specific and potent GLUT inhibitors that minimize side effects;
(2). Development of selective targeted delivery of GLUT inhibitors (using recent imaging technology)

directly into the tumor or intra-arterially near the tumor, or micro-encapsulation of the
inhibitor [52];

(3). More studies on GLUT regulation and function in vivo should be conducted;
(4). Studies on multi-targeted inhibition, allowing lower doses of GLUT inhibitors to be used.

For instance, the preliminary results from clinical trials of 2-DG as a monotherapy are inconclusive
and ambiguous, with toxic and side effects being reported [49,177]. Currently, 2-DG was
reintroduced for use in combination approach, as reported in more recent preclinical and
clinical studies, using 2-DG at lower doses to produce synergistic anticancer effects with other
chemotherapeutic agents or irradiation. Thus, combination treatments using 2-DG may have
encouraging outcomes providing a new opportunity for cancer combination therapy [52,175];

(5). An accurate verification and analysis of the transporter expression profiles, because cancers are
extremely heterogeneous diseases and they have unique metabolic features. Moreover, abnormal
glycolysis due to defects of mitochondrial oxidative phosphorylation is not absolutely common
in spontaneous tumors [8,178];

(6). Many natural compounds interfere with glucose uptake at higher than dietary/physiological
concentrations (e.g., polyphenols). For some dietary compounds, these concentrations are not
attainable even after the consumption of food supplements due to reduced bioavailability and/or
metabolism of these compounds. For these compounds (a) improvement of their bioavailability
and delivery, as it would result in the improvement of their biological effects in vivo, (b) the use
of natural or synthetic analogs that have better bioavailability or more potency, or (c) combination
with other glucose transport inhibitors or with conventional therapy, resulting in a synergistic
effect or in improvements of its bioavailability [144,179] are possible strategies.

(7). Resistance resulting from the treatment with GLUT inhibitors, involving development of different
routes for energy supply using other energy substrates, is another issue that should not be
underestimated. Indeed, cancer cells display metabolic plasticity and can overcome the inhibition
of a specific metabolic pathway via the expression or up-regulation of alternative pathways.
Moreover, adjacent cells such as fibroblasts can offer metabolic intermediates for the needs of
cancer cells. To overcome this problem, combination of other targeted therapy drugs with GLUT
inhibitors may be an effective way [180]. Alternatively, combination of two or more antimetabolic
agents inhibiting different metabolic pathways simultaneously would decrease resistance and
prevent relapse [52].

(8). Research focused on the design of GLUT-transportable chemotherapeutics, which may provide
therapeutic selectivity [180];

(9). Characterization of glucose transporters in tumors treated with immunotherapies, to determine if
their expression in tumor cells or cells of the tumor environment changes upon treatment, and if
their activity is linked to the outcome of therapy [181];
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(10). Research focused on overcoming side effects that are expected, especially those occurring in
organs such as the brain. In this context, it is known that, in starvation, ketone bodies can replace
glucose as fuel for the brain. Therefore, a combined administration of GLUT-interfering agents
with either a ketogenic diet or dietary supplements such as triheptanoin (which is currently being
tested for the treatment of GLUT1 deficiency [182]), should improve the safety profile of these
compounds [53].

In conclusion, in this review we show that several chemically distinct compounds interfere with
glucose uptake by breast cancer cells, and these GLUT inhibitors should be used as starting point in
future research, which should focus in developing new compounds/combinations/delivery methods to
solve specific problems already identified.
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Abstract: Cancer is characterised by uncontrolled cell division and abnormal cell growth, which is
largely caused by a variety of gene mutations. There are continuous efforts being made to develop
effective cancer treatments as resistance to current anticancer drugs has been on the rise. Natural
products represent a promising source in the search for anticancer treatments as they possess unique
chemical structures and combinations of compounds that may be effective against cancer with a
minimal toxicity profile or few side effects compared to standard anticancer therapy. Extensive
research on natural products has shown that bioactive natural compounds target multiple cellular
processes and pathways involved in cancer progression. In this review, we discuss honokiol, a plant
bioactive compound that originates mainly from the Magnolia species. Various studies have proven
that honokiol exerts broad-range anticancer activity in vitro and in vivo by regulating numerous
signalling pathways. These include induction of G0/G1 and G2/M cell cycle arrest (via the regulation of
cyclin-dependent kinase (CDK) and cyclin proteins), epithelial–mesenchymal transition inhibition via
the downregulation of mesenchymal markers and upregulation of epithelial markers. Additionally,
honokiol possesses the capability to supress cell migration and invasion via the downregulation
of several matrix-metalloproteinases (activation of 5′ AMP-activated protein kinase (AMPK) and
KISS1/KISS1R signalling), inhibiting cell migration, invasion, and metastasis, as well as inducing
anti-angiogenesis activity (via the down-regulation of vascular endothelial growth factor (VEGFR)
and vascular endothelial growth factor (VEGF)). Combining these studies provides significant insights
for the potential of honokiol to be a promising candidate natural compound for chemoprevention
and treatment.

Keywords: honokiol; anticancer; mechanism; signalling pathway

1. Introduction

Cancer is the outcome of rampant cell division which is associated with cell cycle disorganisation [1],
leading to uncontrolled cell proliferation. In addition, it also involves the dysregulation of apoptosis,
immune evasion, inflammatory responses, and ultimately, metastatic spread [2]. Over the last few
decades, our progressive understanding of the aetiology of cancer together with advancement of cancer
treatment, detection, and prevention, have contributed towards receding cancer mortality around
the world [3]. However, more than half of cancer cases were diagnosed at a later stage of cancer
progression [4]. According to a study by Bray et al. [5], the worldwide estimated number of new cancer
cases for the year 2018 was 18.1 million in both sexes and across all ages. Amongst all the cancer types,
lung, breast, and colorectum have topped the charts with approximately 2.1 million, 2.1 million, and
1.8 million cases, respectively. On the other hand, the estimated number of deaths was approximately
9.6 million. Asia accounted for more than half of the cancer deaths (57.3%), followed by Europe (20.3%),
and America (14.4%). Lung cancer has caused the highest number of deaths due to substandard
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prognoses. Attempts to develop the effective prevention of cancer may diminish the incidence rate
for some cancers, for instance lung cancer in North America and Northern Europe. These western
countries have implemented tobacco control in order to avert involuntary exposure to tobacco and
minimise active smoking within the community. Unfortunately, a majority of the population are still
facing an upsurge of cancer diagnosis, demanding treatment and care [5].

The common treatment regimens for cancer patients include surgery, chemotherapy, and
radiotherapy [6]. Although some of these regimens represent the first-in-line options for cancer
treatment, the lack of selectivity towards neoplastic cells and the development of drug toxicity
has caused these therapeutic effects to recede slowly, rendering it ineffective over the years [7].
Additionally, multidrug resistance tumours pose a severe threat and have been responsible for
numerous cancer-related deaths [8]. A modern approach to target multiple cell regulating pathways is
mandatory in order to provide highly efficient and targeted cancer therapy. For instance, combination
therapy that targets different pathways exhibit significantly lower toxicity towards normal cells
compared to mono-therapy [9]. Currently, the development of anticancer drugs possessing the
capability to overcome common mechanisms of chemoresistance with minimal toxicity effects would
be considered a breakthrough in cancer research [2].

Approximately 70–95% of the world population continues to use traditional medicinal herbs, plants,
and fruits which contain valuable bioactive compounds with therapeutic effects to maintain health, as
well as to prevent or treat physical and mental illnesses [10]. These biologically active compounds
provide extensive opportunities in uncovering competent anticancer agents [2,11]. A majority
of the anticancer drugs that are currently in use originate from plants, marine organisms, and
microorganisms, such as the well-known plant-derived anti-cancer drugs Paclitaxel (Taxol®) and
Camptothecin (CPT) [12].

The Magnolia genus is widely distributed throughout the world, especially in East and South-East
Asia [13]. Among the Magnolia species, Magnolia officinalis and Magnolia obovata are commonly used
in traditional Chinese (known as “Houpu”) and Japanese herbal medicine [13,14]. The traditional
prescriptions named Hange-koboku-to and Sai-boku-to, which contain the Magnolia bark, are still used
in modern clinical practice in Japan [15]. There are several potent bioactive compounds in the Magnolia
species have been identified including honokiol, magnolol, obovatol, 4-O-methylhonokiol, and several
other neolignan compounds [13,15,16]. This paper highlights the potential anticancer effect of a simple
biphenyl neolignan found in this Magnolia family, namely honokiol.

Honokiol was traditionally used for anxiety and stroke treatment, as well as the alleviation of flu
symptoms [14]. In recent studies, this natural product displayed diverse biological activities, including
anti-arrhythmic, anti-inflammatory, anti-oxidative, anti-depressant, anti-thrombocytic, and anxiolytic
activities [13,14,16]. Furthermore, it was also shown to exert potent broad-spectrum anti-fungal,
antimicrobial, and anti-human immunodeficiency virus (HIV) activities [13]. Due to its ability to cross
the blood–brain barrier, honokiol has been deemed beneficial towards neuronal protection through
various mechanism, such as the preservation of Na+/K+ ATPase, phosphorylation of pro-survival
factors, preservation of mitochondria, prevention of glucose, reactive oxgen species (ROS), and
inflammatory mediated damage [17]. Hence, honokiol was described as a promiscuous rather than
selective agent due to its known pharmacologic effects. Recent studies have been focused on the
anti-cancer properties of honokiol, emphasising its tremendous potential as an anticancer agent. In this
review, we summarise the anti-cancer properties of honokiol, together with its mechanism of action,
based on in vitro and in vivo experimental evidence. In addition, we also summarize the current
data on its pharmacological relevance and potential delivery routes for future applications in cancer
prevention and treatment.

2. Research Methodology

A systematic search was performed to identify all relevant research papers published on
the use of honokiol as a potent anticancer treatment using PubMed (1994–present) and Web of
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Sciences (1994–present). The search strategy was performed using several keywords to track
down the relevant research articles including ‘honokiol’, ‘cancer’, ‘cancer statistics’, ‘structural’,
‘metabolites’, ‘mechanism’, ‘cell death’, ‘apoptosis’, ‘anti-inflammatory’, ‘anti-tumour’, ‘antioxidant’,
‘cell proliferation’, ‘cytotoxicity’, ‘cell cycle arrest’, ‘metastasis’, ‘tumour’, ‘angiogenesis’, ‘absorption’,
‘metabolism’, ‘toxicity’, ‘distribution’, ‘elimination’, ‘solubility’, ‘nanoparticles’, and ‘delivery’.

3. Structure Activity Relationship and Its Derivatives

Honokiol bioactive compounds are easily found in the root and stem bark of the Magnolia species,
although some studies have also found them in seed cones [13,18]. Due to the structural resemblance of
both honokiol and magnolol in the Magnolia bark, the extraction of pure honokiol and magnolol cannot
be achieved using conventional column chromatography nor thin-layer chromatography. Eventually,
their purification process requires a costly alternative like electromigration [16]. The only difference
between honokiol and magnolol in terms of structure is only in the position of the hydroxyl group, as
shown in Figure 1. In 2007, Chen et al. developed a rapid separation technique using high-capacity
high-speed counter-current chromatography (HSCCC) to isolate and purify honokiol and magnolol
from crude extracts of Magnolia plants. Within 20 min, the resulting fraction has a purity of 98.6%
honokiol, indicating that this method exhibited substantial efficiency in honokiol extraction [19]. Two
years later, another team of researchers formulated a time-effective synthetic method while providing
higher yielding honokiol using Suzuki-Miyaura coupling and Claisen rearrangement as key steps of the
synthetic pathway of honokiol. The five steps of the honokiol synthesis pathway includes bromination,
Suzuki coupling, allylation, one-pot Claisen’s rearrangement, and demethylation, eventually resulting
in a 32% overall yield [20]. The emergence of the synthetic method for honokiol has alleviated the risk
of extinction of the Magnolia species.

Natural bioactive compounds often serve as lead templates and are subjected to structural
modification to improve pharmacological activity, physiochemical properties, along with
pharmacokinetics, to generate clinically useful structures [21]. According to Anand et al. [22],
a comprehensive study of the natural and synthetic analogues of a drug molecule is crucial to
determining its fundamental pharmacophores. As seen in Figure 1, honokiol contains two phenyl rings
substituted with hydroxyl and allyl groups. In a study conducted by Bohmdorfer et al. [23], it was
found that the predominant metabolic pathways of honokiol in the human liver was through sulfation
and glucuronidation (Phase II metabolism) of the free hydroxyl groups, inducing rapid excretion and
shortening its half-life [23]. Moreover, Lin et al. [24] have hypothesised that the hydroxyl groups on
the biphenyl skeleton of honokiol could be subjected to metabolic oxidation by Phase I enzymes, thus
diminishing its efficacy.

Figure 1. (a): The structure of honokiol [24]; (b): The structure of magnolol [25]. Arrow indicates the
difference in the position of hydroxyl group between honokiol and magnolol.
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Through the alteration of the top and bottom rings by changing the substitution pattern at its
bottom ring and replacing the hydroxyl group in the top ring with a methoxy group, six different
analogues were produced, as shown in Figure 2. A structure–activity relationship (SAR) study was
conducted and it was found that replacing the hydroxyl group in the top ring of honokiol with a methoxy
group greatly improved its cytotoxicity against lung, melanoma, and colon cancer cells. The two
hydroxyl group substituted analogues (3′-Bromo-3,5′-dy-allyl-2′hydroxyl-4-methoxy-1,1′-biphenyl
and 3,3′-Diallyl-4-methoxy-4′-hydroxy-1,1′-biphenyl) have induced G0/G1 phase cell cycle arrest and a
swift decrement in Cdk1 and cyclin B1 protein levels, similarly to the parental honokiol compound [24].
Overall, obstruction of the potential oxidation of the phenolic hydroxyl group in the biphenyl group
skeleton of honokiol improved its anti-cancer effect.

Figure 2. The structure of honokiol analogues. (a): 3,5′-Diallyl-2′-hydroxyl-4-methoxy-1,1′-biphenyl;
(b): 3′-Bromo-3,5′-di-allyl-2′-hydroxyl-4-methoxy-1,1′-biphenyl; (c): 2,6-Di-(4′-methoxy-
3′-allylphenyl)-1-phenol; (d): 3,3′-Diallyl-4-methoxy-4′-hydroxy-1,1′-biphenyl; (e): 3,3′Diallyl-
2′-hydroxyl-4-methoxy-1,1′-biphenyl; (f): 3′,5-Diallyl-2,2′-di-hydroxy-1,1′-biphenyl [24].

4. Anticancer Properties of Honokiol

4.1. In Vitro Studies

Honokiol has been shown to exhibit antiproliferation effects against numerous cancer cells,
including bone, bladder, brain, breast, blood, and colon, as shown in Table 1. Generally, the
concentrations used for the in vitro studies are between 0–150μM, which majority of these concentration
ranges have been shown to significantly inhibit cell proliferation or cell viability of various cancer cell
lines. The trend for the IC50 values of numerous cancer cell lines were time-dependent, whereby the
IC50 values decreases as duration of the experiment increases. As seen in Table 1, human blood cancer
Raji cells were highly susceptible to honokiol treatment (IC50 = 0.092) compared to highly resistant
human nasopharyngeal cancer HNE-1 cells (IC50 = 144.71 μM). Interestingly, honokiol has been shown
to exhibit minimal cytotoxicity against on normal cell lines, including human fibroblast FB-1, FB-2,
Hs68, and NIH-3T3 cells [25–28]. The low cytotoxicity of honokiol treatment against normal cell lines
should be emphasised as current chemotherapeutic regimens have a considerable amount of side
effects that harm cancer patients.

Many chemotherapeutic agents have been shown to induce severe systemic toxicity and several
side effects due to their deficient pharmacokinetic profiles and non-specific distribution in the body [29].
In Yang et al.’s study [30], they have encapsulated honokiol into nanopolymers to enhance its
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permeability and specificity against cancer cells. They utilised the active targeting nanoparticles-loaded
honokiol (ANTH) in their in vitro studies against human nasopharyngeal cancer HNE-1 cells, and
this incorporation exhibited significantly lower IC50 values compared to free honokiol treatment. As
a result, the incorporation or encapsulation of honokiol in transporting vehicles can improve the
anticancer effects and concurrently overcome the water solubility issue of honokiol itself. This has
shown to be a promising regimen for anticancer treatment in the future.

Furthermore, it is worthy to note that honokiol can enhance the antineoplastic effects of several
chemotherapeutic agents when cells are treated in combination treatment of both honokiol and the
chemotherapeutic agent. In Wang et al.’s study [31], they have shown that honokiol has enhanced the
in vitro cytotoxicity of paclitaxel against human cervix cancer cell lines. The combination treatment
has resulted in approximately 10–60% increase of apoptotic cells and inhibition of cell viability when
compared to honokiol treatment alone [31]. In another study, honokiol potentiated the apoptotic effect
of both doxorubicin and paclitaxel against human liver cancer HepG2 cells. Honokiol enhanced the
apoptotic effects of paclitaxel and doxorubicin by 22% and 24% respectively [32].
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4.2. In Vivo Studies

Based on the in vivo studies, honokiol possessed the capability to inhibit tumour growth,
metastasis, and angiogenesis using different animal models, as shown in Table 2. The degree of tumour
inhibition was shown to be significantly effective against each distinct cancer cell line, ranging from
0–150 mg/kg via various delivery methods of honokiol between oral gavage or injection (intraperitoneal,
caudal vein, or intravenous). Honokiol was shown to downregulate the expression of Oct4, Nanog, and
Sox2 which were known to be expressed in osteosarcoma, breast carcinoma and germ cell tumours [41].
According to Wang et al.’s study, they have found that the average tumour size was significantly
lower than the control group without affecting their body weight, suggesting inconsequential toxicity
under tested conditions when treated with a combination of honokiol and paclitaxel [31]. Indisputably,
honokiol was once again proven to exhibit minor to no toxicity against normal cells.

Over the years, the development of chemo-resistance in ovarian cancer cells has hindered the
outcome of treatment regimen towards ovarian cancer [82]. Despite the effectiveness of honokiol
to inhibit cancer cell proliferation, delivering effective concentration towards the tumour site was
deemed challenging due to its water insolubility [73]. The encapsulation of honokiol in liposome,
namely Lipo-HNK by Luo and his team has displayed substantial efficacy against cisplatin-resistance
ovarian cancer cell line A2780cp. The tumour volume for Lipo-HNK treated mice was 408 ± 165
mm3 compared to liposome-treated mice and control mice were 2575 ± 701 mm3 and 2828 ± 796 mm3

respectively after 21 days [73]. In addition, Lipo-HNK was also shown to prolong survival and induce
intra-tumoral apoptosis in vivo. The promising in vivo properties of honokiol should consolidate its
importance as a potential anticancer agent for future researches.

Zebrafish (Danio rerio) model has emerged as a newly important cancer model that complements
against traditional cell culture assays and mice model due to its small size, heavy brood, and rapid
maturation time. Importantly, its transparent body wall enables visibility of tumour progression and
the ease of experimentation [83,84]. It was known that juvenile zebrafish (Danio rerio) or zebrafish
embryos have the competency to study cancer cell invasion, metastasis, tumour-induced angiogenesis.
Honokiol reduced U-87 MG human glioma/glioblastoma cell proliferation and migration in zebrafish
yolk sac and in vivo xenograft nude mouse model [63]. These observations are associated with a
reduction in EGFR, phosphorylated STAT3, CD133 and Nestin levels, thus highlighting the regulation of
honokiol in EGFR-mediated STAT3/JAK signalling pathway to induce anti-tumour and anti-metastasis.

The subsections below will further discuss the mechanism of anticancer actions of honokiol
including the induction of cancer cell death, inhibition of cell cycle progression, induction of autophagy,
prevention of epithelial–mesenchymal transition (EMT), as well as the suppression of migration,
invasion, and angiogenesis of cancer cells.
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5. Mechanism of Action of Honokiol

5.1. Dual Induction of Apoptotic and Necrotic Cell Death

Apoptosis is a normal physiological process that maintains the homeostatic cellular balance
in multicellular organisms [89]. Generally, apoptosis can be classified into two central pathways,
namely the intrinsic pathway (mitochondrial-mediated pathway) and extrinsic pathway (death
receptor-mediated pathway) [90]. The intrinsic pathway is associated with changes in mitochondrial
membrane permeability that lead to imbalance in Bax/Bak ratio and release of cytochrome c and
other mitochondrial proteins into cytosol [89,90]. The released cytochrome c interacts with apoptosis
protease-activating factor 1 (Apaf1) and forms an apoptosome complex [91], which promotes the
activation of caspase-9 and later caspase-3, initiating the caspase cascade, which executes cell death in a
coordinated way [91]. For the extrinsic pathway, the binding of ligands such as tumour necrosis factor
(TNF), Fas ligand (Fas-L), and TNF-related apoptosis-inducing ligand (TRAIL) to their respective death
receptors (type 1 TNF receptor (TNFR1), Fas (also called CD95/Apo-1) and TRAIL receptors will turn
procaspase-8 into active caspase-8 to induce apoptosis [91–93].

Honokiol has been shown tp initiate caspase-dependent apoptotic pathways in different types of
cancer (Table 1). Chen et al. [14] found that JJ012 human chondrosarcoma cells lose their mitochondrial
membrane potential when treated at 10 μM of honokiol, thus leading to apoptosis. Other studies
have also shown that honokiol markedly disrupted the balance of Bax/Bcl-2 ratio [13,18,34,63,94–97].
The increasing ratio of proapoptotic to antiapoptotic Bcl-2 family proteins (Bax/Bcl-2) will induce the
release of cytochrome c and other apoptogenic proteins through the mitochondrial membrane to the
cytosol, subsequently leading to the activation of caspase cascade and apoptosis [34]. Furthermore,
honokiol downregulated the expression of several other anti-apoptosis mRNA and proteins such
as Bcl-xL [13,18,25,64], survivin [67,98], and MCL-1 [18], as well as upregulated other pro-apoptotic
proteins such as BAD, BAX, and BAK proteins [18,25].

Moreover, honokiol has been shown to effectively induce apoptosis in p53-deficient cancer cells,
such as MDA-MD-231 breast cancer cells, as well as lung and bladder cancer cell lines by inhibiting the
activation of ras-phospholipase D [39,99,100]. Besides p53, other tumour suppressor genes that will be
activated in honokiol treatment include p21 [53], p21/waf1 [101], p27 [53], p38 MAPK [102,103], and
p62 [26,46].

Besides the intrinsic pathway, honokiol is capable of targeting death receptors TNF-related
apoptosis-inducing ligand (TRAIL) receptors and tumour necrosis factor receptors (TNFR) resulting
in a sequential activation of caspase-8 and -3, which cleaves target proteins and then leads to
apoptosis [104–106]. Activation of the death receptor mediated apoptotic pathway is primarily
inhibited by cellular-caspase-8/FADD-like IL-1β-converting enzyme (FLICE) inhibitory protein
(c-FLIP), which inhibits caspase-8 activation by preventing the recruitment of caspase-8 to the death
inducing signalling complex [106]. However, honokiol was able to downregulate c-FLIP through the
ubiquitin/proteasome-mediated mechanism, resulting in the sensitisation of non-small cell lung cancer
cells to TRAIL-mediated apoptosis [107,108].

Other than intrinsic and extrinsic pathways, honokiol can also induce apoptosis by the endoplasmic
reticulum (ER) stress-induced mechanism. A variety of ER stresses result in unfolded protein
accumulation responses [109,110]. For survival, the cells induce ER chaperone proteins to increase
protein aggregation, temporarily halt translation, and activate the proteasome machinery to degrade
misfolded proteins. However, under severe and prolonged ER stress, an unfolded protein response
activates unique pathways that lead to cell death through apoptosis [111]. According to a study by
Zhu et al. [50], honokiol can upregulate the expressions of ER stress-induced apoptotic signalling
molecules such as GRP78, phosphorylated PERK, phosphorylated eIF2α, CHOP, Bcl-2, Bax, and
cleaved caspase-9 in human lung cancer cells. Chiu et al. [112] found that honokiol also led to an
increase in ER stress activity in melanoma cell lines B16F10 (mouse), human malignant melanoma,
and human metastatic melanoma. Honokiol activated ER stress and down-regulated peroxisome
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proliferator-activated receptor-γ (PPARγ) activity resulting in PPARγ and CRT degradation through
calpain-II activity in human gastric cancer cell lines [86,113,114] and human chondrosarcoma cells [14].
This was due to the ability of honokiol to upregulate and bind effectively to the glucose regulated
protein 78 (GRP78) to activate apoptosis [14,115]. However, this was opposed by another study where
treatment of various human gastric cancer cells with honokiol led to the induction of GRP94 cleavage
but did not affect GRP78 [86].

Necrosis is known as unprogrammed cell death whereby cell swelling and destabilisation of
the cell membrane results in the leakage of cellular cytoplasmic contents into the extracellular space,
thus causing inflammation [116]. Besides apoptosis, honokiol has also been found to induce necrotic
cell death in MCF-7 (40 μg/mL honokiol) [117], human oesophageal adenocarcinoma cells CP-A and
CP-C [118], and primary human acute myelogenous leukemia HL60 [85] via p16ink4a pathway by
targeting cyclophilin D to affect several downstream mechanisms. This phenomenon was also observed
in transformed Barrett’s and oesophageal adenocarcinoma cells when treated with honokiol (<40
μM) by targeting their STAT3 signalling pathway, thus resulting in a decrease of Ras activity and
phosphorylated ERK1/2 expression [119]. The phosphorylation of Ser727 STAT3 induces translocation
towards the mitochondria followed by ROS production, ultimately leading to the induction of
necrosis [120]. Taken together, honokiol demonstrates the dual induction of apoptotic and necrotic
cell death.

5.2. Cell Cycle Arrest

Cancer is attributed to uncontrolled proliferation resulting from abnormal activity of different
cell cycle proteins. Therefore, cell cycle regulators are becoming attractive targets in cancer therapy.
Honokiol can induce cell cycle arrest in several types of cancer cells, such as in lung squamous
cell carcinoma [121], prostate cancer cells [75,122], oral squamous cancer [70], UVB-induced skin
cancer [123], and more as listed in Table 1, by generally inducing G0/G1 and G2/M arrest. This
arrest is associated with the suppression of cyclin-B1, CDC2, and cdc25C in honokiol-treated human
gastric carcinoma and human neuroglioma cells [97,124,125], downregulation of cyclin dependent
kinase (CDK)-2 and CDK-4, and the upregulation of cell cycle suppressors p21 and p27 in human oral
squamous cell carcinoma (OSCC) cells [26,97]. In addition, the downregulation of c-Myc and class I
histone deacetylases was also identified as other contributors to cell cycle arrest at the G0/G1 phase in
prostate cancer cells [97,122] and acute myeloid leukemia respectively [44,101,108].

5.3. Autophagy

Autophagy is an evolutionary conserved catabolic process that involves the delivery of
dysfunctional cytoplasmic components for lysosomal degradation [126,127]. The activation of
autophagy promotes cell survival and regulates cell growth during harsh and stressful conditions
via a reduction of cellular energy requirements by breaking down unnecessary components [82,127].
In cancer cells, autophagy facilitates both tumour suppression and tumourigenesis by the induction
of cell death and tumour growth promotion, respectively [128,129]. The regulation of mTORC
complexes mTORC1 and mTORC2 is involved in controlling the autophagic process. The activation
of mTORC1 plays an important role in phosphorylation of autophagy-related protein (ATG) and
subsequently inhibiting autophagy, whereas the inhibition of mTORC1 complements the autophagic
process [130,131]. The inhibition of mTORC1 complex will concurrently activate Unc-51-like
autophagy-activating kinase (ULK) complex, inducing localisation to the phagophore and followed
by class III PI3K activation [132,133]. Beclin-1 was known to play a role in tumour suppression by
recruiting several proteins associated with autophagosome elongation and maturation [134]. ATGs
regulate the autophagosome elongation. For instance, ATG5-ATG12/ATG16L complexes recruit
microtubule-associated protein 1 light chain 3 (LC3), followed by conversion of pro-LC3 to active
cytosolic isoform LC3 I by ATG4B [135,136]. Thereafter, the interaction with ATG3, ATG7, and
phosphatidylethanolamine (PE) converts LC3 I to LC3 II. The LC3 II enables the autophagosome to
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bind to degraded substrates and mature autophagosomes are capable of fusing with lysosomes to
selectively remove damaged organelles via autophagy [137].

Generally, there are two modes of autophagy known as conventional and alternative autophagy.
Conventional autophagy (also known as Atg5/Atg7-dependent pathway) involves the activation of Atg5
and Atg7 which are core regulators of autophagy, and then leads to microtubule-associated protein 1A/1B
light chain 3 (LC3) modification and translocation from cytosol to the isolation membrane. This LC3
translocation was considered as a reliable hallmark of autophagy. Contradictorily, alternative autophagy
occurs independently without involving Atg5 and Atg7, as well as LC3 modification [128,129,137].

The regulation of autophagy in cancer remains controversial as it plays dual roles in tumour
suppression and promotion. Autophagy is believed to contribute to the properties of cancer cells
stemness, induction of recurrence, and the development of anticancer drugs. However, the actual
mechanism of autophagy in cancer remains unclear. Several studies have highlighted the potential
of honokiol to induce cell death via autophagy in human prostate cancer cells [77], human glioma
cells [138], NSCLC cells [30], and human thyroid cancer cells [60].

The activation of Atg5/Atg7-dependent pathways through the upregulation of LC3B-II, Atg5,
and Atg7 levels was observed in honokiol-treated osteosarcoma HOS and U2OS cells and leads to the
accumulation of autophagic vacuoles [26]. According to a study by Chang et al. [64], the expression of
two critical autophagic proteins, Beclin-1 and LC3, were found to have increased in the honokiol-treated
glioblastoma multiforme cells (DBTRG-05MG cell line). Similarly, the expression of autophagosomal
marker LC3-II was also increased in Kirsten rat sarcoma viral oncogene homolog (KRAS) mutated cell
lines of non-small cell lung cancer (NSCLC).

Other signalling pathways are also found to be involved in honokiol-induced autophagy including
the involvement of AMPK-mTOR signalling pathway which leads to autophagocytosis through the
coordinated phosphorylation of Ulk1 in Kirsten rat sarcoma viral oncogene homolog (KRAS) mutant
lung cancer and melanoma cells [55,60,66,97]. Besides this, the ROS/ERK1/2 signalling pathway is
also believed to play a certain role in honokiol-induced autophagy though ERK activation and the
generation of ROS in treated osteosarcoma cells [67,77,97]. All these recent studies have further
supported the potential of honokiol in the induction of autophagy in cancer cells.

5.4. Epithelial-Mesenchymal Transition (EMT)

Migratory mesenchymal-like cells are involved in embryonic development, tissue repair, and
regeneration, as well as several pathological processes like tissue fibrosis, tumour invasiveness, and
metastasis [139,140]. These migratory mesenchymal cells originate from the conversion of the epithelial
cells, and this process is known as epithelial-mesenchymal transition (EMT). This plasticity of cellular
phenotypes provides a new insight into possible therapeutic interventions in cancer [140].

EMT is characterised by the loss of epithelial markers such as cytokeratins and E-cadherin,
followed by an increase in mesenchymal markers such as N-cadherin and vimentin [141]. The cellular
processes of EMT are composed of several key transcription factors (such as TWIST, SNAI1, SNAI2,
ZEB1/2) that act in concert with epigenetic mechanisms and post-translational protein modifications
to coordinate cellular alterations [139,142]. The application of gene expression signatures combining
multiple EMT-linked genes has proven useful to evaluate EMT as a contributing factor in tumour
development in human cancers. However, the EMT process was shown to be incomplete in tumours,
venturing in between multiple translational states and expressing a mixture of both epithelial and
mesenchymal genes. This hybrid in partial EMT can be more aggressive than tumour cells with a
complete EMT phenotype [141]. In addition, EMT contributes to tumour metastatic progression and
resistance towards cancer treatment, resulting in poor clinical outcomes [140,141].

Honokiol has been shown to block and inhibit EMT in many cancer cells such as breast cancer,
melanoma, bladder cancer, human non-small cell lung cancer, and gastric cancer (Table 1). Honokiol
reduced steroid receptor coactivator-3 (SRC-3), matrix metalloproteinase (MMP)-2, and Twist1,
preventing the invasion of urinary bladder cancer cells [108,143]. In addition, honokiol was also
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capable of inducing E-cadherin and repressing N-cadherin expression, thus inhibiting the EMT process
in J82 bladder cancer cells [108,143]. In breast cancer cells, honokiol inhibits the recruitment of Stat3 on
mesenchymal transcription factor Zeb1 promoter, resulting in decreased Zeb1 expression and nuclear
translocation [144]. In addition, honokiol increases E-cadherin expression via the Stat3-mediated
release of Zeb1 from E-cadherin promoter [144]. Collectively, many studies have reported that honokiol
effectively inhibits EMT in breast cancer cells, evidence has been found to support a cross-talk between
honokiol and Stat3/Zeb1/E-cadherin axis [144]. On the other hand, EMT is inhibited by modulating the
miR-141/ZEB2 signalling in renal cell carcinoma (A-498) [57].

Honokiol inhibited the EMT-driven migration of human NSCLC cells in vitro by targeting c-FLIP
through N-cadherin/snail signalling as N-cadherin and snail are downstream targets of c-FLIP [145].
Twist1, a basic helix-loop-helix domain-containing transcription factor, promotes tumour metastasis by
inducing EMT, and can be upregulated by multiple factors, including SRC-1, STAT3, MSX2, HIF-1α,
integrin-linked kinase, and NF-κB. The capability of honokiol in targeting Twist1 can be regarded as a
promising therapy for metastatic cancer [108,146].

Honokiol was found to inhibit breast cancer cell metastasis and eliminate human oral squamous
cell carcinoma cell by blocking EMT through the modulation of Snail/Slug protein translation [147,148].
Honokiol markedly downregulated endogenous Snail, Slug, and vimentin expression and upregulated
E-cadherin expression in MDA-MB-231, MCF7, and 4T1 breast cancer cells [148]. As primary EMT
inducers, Snail and Slug dictate the induction of EMT by targeting E-cadherin and vimentin [144,148].
Furthermore, when cells were treated with honokiol, Snail and Slug expression levels were decreased
from 12 h to 24 h in a time-dependent manner, suggesting that honokiol can reverse the EMT process
via the downregulation of Snail and Slug in breast cancer cell lines [148]. Besides that, EMT was
inhibited in human oral squamous cell carcinoma cell via the disruption of Wnt/β-catenin signalling
pathway [147]. It was reported that the protein levels of mesenchymal markers such as Slug and Snail
were markedly suppressed, while β-catenin and its downstream Cyclin D1 were inhibited [147]. It
is known that β-catenin could mediate EMT [147,149], which plays a crucial role in cancer invasion
and metastasis. The EMT markers such as Snail and Slug are also the target genes of β-catenin [150].
Therefore, the suppression of Snail and Slug in honokiol treated human oral squamous cell carcinoma
cells was believed to be due to the inhibition of Wnt/β-catenin signalling pathway [147]. Similarly, in
U87MG human glioblastoma cell and melanoma cells, Snail, N-cadherin and β-catenin expression
levels were decreased, whereas E-cadherin expression was increased after honokiol treatment [65,112].

5.5. Suppression of Migration, Invasion and Angiogenesis of Cancer Cells

Metastasis is known to be the major cause of death in cancer patients [151]. It involves the migration
and invasion of tumour cells into neighbouring tissues and distant organs via intravasation into blood
or lymphatic system [152,153]. The formation of invadopodium was stimulated by epidermal growth
factor (EGF) and is crucial for the degradation of the extracellular matrix and remodelling membrane
proteins, promoting metastasis [151]. Therefore, one of the important steps in cancer management is to
control tumour cell metastasis, especially for early-stage cancer patients [153]. Various studies have
reported that honokiol has the capability to suppress tumour metastasis in different types of cancer
including breast cancer [40,148,154], non-small cell lung cancer [44,155] ovarian carcinoma cells [28],
lung cancer [50], U251 human glioma, as well as U-87MG and T98G human glioblastoma cell [63,65,94],
oral squamous cell carcinoma (OSCC) [26], bladder cancer cell [143], pancreatic cancer [58], renal cell
carcinoma [156,157], and gastric cancer cells [113]. For instance, the percentage of invading urinary
bladder cancer (UBC) cells was significantly reduced by 67% and 92% upon 2.4 μg/mL and 4.8 μg/mL
of honokiol treatment, respectively [143]. Similarly, tumour cell migration was inhibited by 38–66%
in A549 cells, by 37–62% in H1299 cells, 12% to 58% in H460 cells and 32% to 69% in H226 cells, in a
concentration-dependent manner after treatment with honokiol [44].

Furthermore, honokiol also demonstrated an inhibitory effect on the expression of matrix
metalloproteinases (MMPs) such as MMP-2 and MMP-9 proteins, which play an essential role in the
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metastatic process of tumour cells, as well as the regulation of angiogenesis in the maintenance of
tumour cell survivability [44,63,143]. MMPs are a group of extracellular matrix degrading enzymes
that control various normal cellular processes, such as cell growth, differentiation, apoptosis, and
migration [153]. However, MMP activity was increased in many tumour cells. The overexpression of
MMP-2 and MMP-9 are associated with pro-oncogenic events such as neovascularisation, tumour cell
proliferation, and metastasis because it can degrade the extracellular matrix, basement membranes,
and adhesion molecules (intercellular adhesion molecule, ICAM, and vascular cell adhesion molecule)
and become invasive [58,153,158].

The transition from an epithelial-to-mesenchymal (EMT) phenotype facilitates the breakdown
of extracellular matrix followed by the subsequent invasion of the surrounding tissues in order
to enter the bloodstream and/or lymph nodes, and travel to distant organ sites. Once cells have
reached the distant organ sites, they undergo mesenchymal-to-epithelial transition and begin the
establishment of distal metastasis by the surviving cancer cells followed by the outgrowth of secondary
tumours [58,159]. Honokiol has been shown to inhibit the invasion of HT-1080 human fibrosarcoma
cells and U937 leukemic cells by inhibiting MMP-9 [160]. In addition, honokiol also reduced the
protein levels of MMP2 and MMP9 in U251 human glioma and U-87 MG human glioblastoma cell
lines in a dose-dependent manner [63]. The expression of MMP-2 and MMP-9 were also found to
be decreased in both honokiol-treated A549 and H1299 cells (NSCLC cell lines), consistent with the
decreased nuclear accumulation of β-catenin as both MMP-2 and MMP-9 are the downstream targets
of β-catenin [44,161,162]. In the J82 bladder cancer cell, honokiol repressed the expression of SRC-3,
MMP-2, and Twist1 genes which were involved in cancer cell invasion [143].

Another proposed mechanism for the inhibitory effects of honokiol on invasion and metastasis is
through the liver kinase B1 (LKB1)/adenine monophosphate-activated protein kinase (AMPK) axis.
Honokiol treatment increased the expression and cytoplasmic translocation of tumour-suppressor
LKB1 in breast cancer cells, which led to the phosphorylation and functional activation of AMPK and
resulted in the inhibition of cell invasion and metastasis [40,58]. The activation of AMPK suppresses
mTOR signalling, decreasing the phosphorylation of p70 kDA ribosomal protein S6 kinase 1 (p70S6K1)
and eukaryotic translation initiation factor 4E (eIF4E)-binding protein (4EBP1). This will ultimately
inhibit the reorganisation of the actin cytoskeleton in cells, subsequently inhibiting cell migration [40].

In human renal carcinoma cell (RCC) 786-0, honokiol significantly upregulated the expression
of metastasis suppressor gene (KISS-1), genes encoding TIMP metalloproteinase inhibitor 4 (TIMP4),
and KISS-1 receptor (KISS-1R). In addition, honokiol markedly suppressed the expression of genes
encoding chemokine (C-X-C motif) ligand 12 (CXCL12), chemokine (C-C motif) ligand 7 (CCL7),
interleukin-18 (IL18) and matrix metalloproteinase 7 (MMP7). It was proven that honokiol significantly
upregulated KISS1 and KISS1R in the 786-0 cells when treated with honokiol since recent studies
showed that the activation of KISS1/KISS1R signalling by kisspeptin treatment decreases the motility
and invasive capacity of conventional RCC, and overexpression of KISS1 inhibits the invasion of RCC
cells Caki-1 [14,163]. In short, the activation of KISS1/KISS1R signalling by honokiol suppresses the
multistep process of metastasis, including invasion and colony formation, in RCC cells 786-0 [163].

Angiogenesis is the formation of new blood vessels for supplying nutrients and oxygen to tissues
and cells. In tumourigenesis, angiogenesis is important for the development and progression of
malignant tumours [164]. The endothelial cells in growing cancer are active due to the release of cell
growth and motility promoting proteins, creating a network of blood vessels to overcome its oxygen
tension [165]. Vascular endothelial growth factor (VEGF) and fibroblast growth factor-2 (FGF2) are
among the factors that play an important role in tumour angiogenesis [153]. In human renal cancer
cell lines (786-0 and Caki-1), honokiol induced down-regulation of the expression of VEGF and heme
oxygenase-1 (HO-1) via the Ras signalling pathway thus inhibit angiogenesis [166,167].

In retinal pigment epithelial (RPE) cell lines, honokiol inhibited the binding of hypoxia-
inducible-factor (HIF) to hypoxia-response elements present on the VEGF promoter, thereby inhibiting
the secretion of VEGF protein [168,169]. This decrement of VEGF levels resulted in reduced proliferation
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of human retinal microvascular endothelial cells (hRMVECs) [168]. Therefore, honokiol is said to
possess both anti-HIF and anti-angiogenic properties.

In the overexpression of VEGF-D Lewis lung carcinoma cell-induced tumours in C57BL/6 mice,
honokiol was shown to significantly inhibit tumour-associated lymphangiogenesis and metastasis.
Furthermore, a remarkable delay in tumour growth and prolonged life span in honokiol-treated mice
were also observed [170]. In another study, honokiol inhibited VEGF-D-induced survival, proliferation,
and microcapillary tube formation in both human umbilical vein endothelial cells (HUVECs) and
lymphatic vascular endothelial cells (HLECs). These observations are believed to be due to the inhibition
in Akt and MAPK phosphorylation and downregulation of VEGFR-2 expressions in HUVECs as well
as VEGFR-3 of HLECs [101,160,171]. Collectively, honokiol has been shown to exert direct and indirect
effects on tumour suppression via anti-metastasis, anti-angiogenesis, and anti-lymphangiogenesis by
mainly affecting HIF- and VEGF/VEGFR- dependent pathways. However, an in-depth mechanism
of honokiol on the inhibition of metastatic progression and spread should be further explored in
the future.

6. Effect of Honokiol on Various Signalling Pathways

6.1. Nuclear Factor Kappa B (NF-κB)

The nuclear factor kappa B (NFκB) family comprises of five DNA-binding proteins (p50, p52,
p65, cRel, and RelB) that differentially modulate the transcription of genes that are involved in
various cellular processes such as inflammation, migration, invasion, angiogenesis, proliferation,
and apoptosis [172,173]. The continuous activation of NFκB has been reported in different types of
cancers. Honokiol affects the constitutive activation of NFκB and expression of NFκB-regulated gene
products involved in apoptosis (survivin, Bcl-2, Bcl-xL, IAP1, IAP2, cFLIP and TRAF1), inflammation
(cyclooxygenase-2, COX-2), proliferation (cyclin D1 and c-myc), invasion (ICAM-1 and MMP-9),
and angiogenesis (VEGF), thereby enhancing apoptosis and suppressing cancer progression [58,174].
Several studies support the inhibitory activity of honokiol against NFκB in different types of cancer cells,
including breast cancer [42,117,175], head and neck squamous cell carcinoma (HNSCC) [176], colon
cancer cells [177], non-small cell lung cancer (NSCLC) cells [44], pancreatic cancer cells [13], human
leukemic cell [104], embryonic kidney cells, T-cell leukemia, multiple myeloma, lung adenocarcinoma,
and squamous cell carcinoma [174].

Honokiol was found to repress the transcriptional activity of NFκB in both pancreatic MiaPaCa
and Panc1 cancer cells. It was found that honokiol treatment significantly reduced nuclear NFκB
levels with an increase of cytoplasmic NFκB fraction in MiaPaCa and Panc1 cells, in a dose-dependent
manner [13]. The cellular distribution of NFκB is controlled by the relative expression of its biological
inhibitor IκB, which keeps NFκB sequestered in the cytoplasm in an inactive complex [172]. Upon
honokiol treatment, IκB-α levels were increased due to the stabilisation of IκB-α post-treatment,
concurrently inducing the downregulation of IκB-α phosphorylation [13]. Furthermore, honokiol has
also been shown to inhibit the TNF-α-induced phosphorylation and degradation of the cytosolic NFκB
inhibitor IκBa and suppression of IKK activation [104,174,178]. In addition, honokiol was also found
to inhibit the nuclear translocation and phosphorylation of p65 subunit of NFκB [44,104]. Honokiol
suppressed NF-κB-regulated gene products including MMP-9, TNF-α, IL-8, ICAM-1, and MCP-1 [66].

6.2. Signal Transducers and Activators of Transcription (STATs)

Signal transducers and activators of transcription (STATs) is a well-known oncogene that is
regulated by receptor tyrosine kinases, G-protein-coupled receptors, and interleukin families [179,180].
STAT3 are a group of transcription factors that upon phosphorylation will undergo dimerization
and translocation to either the nucleus or mitochondria to control cell survival, cell cycle, cellular
growth, and angiogenesis. STATs are aberrantly activated in several types of malignancies due to
functional loss of their negative regulators, or the overexpression of upstream tyrosine kinases [179].
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STAT3 can also localise into the mitochondria and mediate mitochondrial biogenesis. Honokiol has
been shown to target STAT3 to reduce its expression and phosphorylation in many cancer cells such
as human glioblastoma [47,63,100], lung cancer [47,181], oral squamous cell carcinoma (OSCC) [95],
breast cancer [41,144], human epidermoid carcinoma [31], colorectal cancers [182], gastric cancer [87],
and esophageal adenocarcinoma [119].

Honokiol was found to inhibit EGFR expression and down-regulate STAT3 phosphorylation by
reducing the CD133 and Nestin levels [63]. Similarly, honokiol also induces apoptosis through the
suppression of JAK2/STAT3, Akt and Erk signalling pathways in human oral squamous cell carcinoma
(SAS and OCEM-1) cell lines [95]. Similar effect was observed in oral cancer cells where honokiol
suppressed JAK2/STAT3 activation and, inhibited IL-6-mediated cell migration [95,183]. Furthermore,
another study indicated that honokiol induces apoptosis in human glioblastoma cell line U87 through
suppressing the phosphorylation of STAT3 (Tyr705), down-regulating survivin, and upregulating
cleaved caspase-3 expression [98].

Moreover, honokiol inhibited STAT3-phosphorylation/activation in an LKB1-dependent manner,
preventing its recruitment to canonical binding-sites in the promoters of Nanog, Oct4, and Sox2 [41].
Thus, the inhibition of the coactivation function of STAT3 resulted in the suppression of expression
of pluripotency factors in MCF7, MDA-MB-231, SUM149, and SUM159 breast cancer cells [41].
Furthermore, honokiol inhibited breast tumorigenesis in mice in an LKB1-dependent manner [41]. This
showed that honokiol can support crosstalk between LKB1, STAT3, and pluripotency factors in breast
cancer and effective anticancer modulation of this axis with honokiol treatment in both in vitro and
in vivo [41]. Apart from that, honokiol suppressed metastasis and proliferation in both brain metastatic
lung cancer cell lines PC9-BrM3 and H2030- BrM3 by inhibiting STAT3 phosphorylation [47].

In other studies, honokiol is proven to be an effective chemotherapeutic agent that exert its
antitumour function by inhibiting the STAT3 signalling pathway. Honokiol can induce cell cycle
arrest and apoptosis via the inhibition of survival signals in adult T-cell leukemia by suppressing the
phosphorylation and DNA binding of different oncogene factors, such as NF-κB, activator protein 1,
STAT3, and STAT5 [184]. Besides that, honokiol can induce necrosis and apoptosis in transformed
Barrett’s and oesophageal adenocarcinoma cells through the inhibition of the STAT3 signalling
pathway [119]. Honokiol can inhibit the growth and peritoneal metastasis of gastric cancer in nude
mice, which was correlated with the inhibition of STAT3 signalling via the upregulation of Src homology
2 (SH2)-containing tyrosine phosphatase 1 [87].

6.3. Epidermal Growth Factor Receptor (EGFR)

EGFR is a group of transmembrane receptor tyrosine kinases (RTKs) that are normally deregulated
in various cancers [185,186]. The overexpression or activating mutations in EGFR results in increased
cell proliferation, abnormal metabolism, and cell survival through the activation of the downstream
mitogen-activated protein kinase (MAPK) and v-akt murine thymoma viral oncogene homolog 1
(AKT) signalling pathways, as well as phosphatidyl-inositol 3-kinase (PI3K)/Akt, and STAT3 signalling
pathways [13,58]. EGFR activation occurs upon binding to its ligands, which then leads to its homo- or
heterodimerization with other members of the ErbB family, and subsequent activation of downstream
signalling cascades in many cancer cell types, including breast cancer and head and neck squamous
cell carcinoma (HNSCC) [187,188].

Honokiol has been shown to inhibit EGFR signalling pathway through either inhibition of
EGFR expression or inhibition of EGFR phosphorylation [78,189,190]. Honokiol (60 μM) was found
to inhibit EGFR expression and down-regulate STAT3 phosphorylation in U251 and U-87 MG
human glioma/glioblastoma cells via JAK-STAT3 signalling [63]. In another study, honokiol (2.5–7.5
μM) differentially suppressed proliferation (up to 93%) and induced the apoptosis (up to 61%) of
EGFR overexpressing tumourigenic bronchial cells. These effects were observed in parallel with the
downregulation of phospho-EGFR, phospho-Akt, phospho- STAT3, and cell cycle-related proteins [189].
Furthermore, in a mouse lung tumour bioassay, intranasal instillation of liposomal honokiol (5 mg/kg)
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for 14 weeks reduced the size and multiplicity (49%) of lung tumours and the level of total- and
phospho-EGFR, phospho-Akt, and phospho-STAT3 [189]. Overall, honokiol has been proven to be a
promising candidate to suppress the development and progression of lung tumours driven by EGFR
deregulation. Moreover, honokiol induced mitochondria-dependent and death receptor-mediated
apoptosis in multi-drug resistant (MDR) KB cells, which was associated with inhibition of EGFR-STAT3
signalling and downregulation of STAT3 target genes [31].

Furthermore, the downregulation of c-Src/EGFR-mediated signaling is involved in
honokiol-induced cell cycle arrest and apoptosis in MDA-MB-231 human breast cancer cells. EGFR
can also be activated in a ligand-independent manner by cellular Src (c-Src), a non-receptor tyrosine
kinase. The tyrosine kinase c-Src is also upregulated in many human malignancies and promotes
the activation of mitogenic signalling through EGFR [13,191]. In MDA-MB-231 human breast cancer
cells, honokiol downregulated the expression and phosphorylation of c-Src, epidermal growth factor
receptor (EGFR), and Akt, and consequently led to the inactivation of mTOR and its downstream
signal molecules including 4E-binding protein (4E-BP) and p70 S6 kinase [43]. Besides that, inhibition
of HER-2 signalling by specific human epidermal growth receptor 1/HER-2 (EGFR/HER-2) kinase
inhibitor lapatinib synergistically enhanced the anti-cancer effects of honokiol in HER-2 over-expressed
breast cancer cells [42].

The treatment of HNSCC cells with honokiol also decreased the expression of total EGFR as
well as p-EGFR and its downstream target, mTOR. Since the activation of mTOR has been shown to
contribute to tumour progression, it can be speculated that the honokiol-induced inhibition of cell
proliferation in HNSCC cells is mediated through the downregulation of EGFR/mTOR signalling
pathway [176,192]. These observations are consistent with the evidence that honokiol inhibits the
growth of cancer cells by targeting EGFR and its downstream molecular targets and suggest that these
mechanisms are in play in HNSCC.

6.4. Mammalian Target of Rapamycin (mTOR)

The mammalian target of rapamycin (mTOR) is a type of protein kinase which regulates cell
metabolism, proliferation, and growth. The activation of PI3K/Akt pathway results in the aberrant
activation of mTOR in most cancer cells [97,193,194]. It is known that mTOR controls the expression of
many survival proteins via activating p70 S6 kinase (S6K) and inhibition of eIF4E inhibitor 4E-BP1 [193].
The mTOR signalling pathway is dysregulated in premalignant or early malignant human tissues
and is highly implicated in the carcinogenic process. Honokiol suppresses the activation of mTOR
and its signalling mediators (4E-BP1 and p70 S6 kinase) by inhibiting ERK and Akt pathways [43] or
upregulating PTEN (Phosphatase and Tensin homolog) expression [42,157].

Honokiol was found to induce apoptosis and suppress migration and invasion in ovarian
carcinoma cells (SKOV3 and Caov-3) via TSC1/TSC2 complex/AMPK/mTOR signalling pathway [28].
This is mediated via the regulation of the tumour suppressors p27, p53, and MMP-9 [28]. Furthermore,
it was proven that honokiol was able to attenuate PI3K/Akt/mTOR signalling via the down-regulation
of Akt phosphorylation and upregulation of PTEN expression in breast cancer cells (MCF-7, MCF-7/adr,
and BT-474 cell lines) [42]. A combination of honokiol with the mTOR inhibitor rapamycin presented
synergistic effects to induce apoptosis in breast cancer cells where the inhibition of PI3K/Akt/mTOR
signalling by the mTOR inhibitor further sensitizes breast cancer cells to honokiol [42]. Other studies
have also shown that honokiol induces autophagy in PC-3 and LNCaP prostate cancer cells via the
suppression of mTOR and Akt phosphorylation [77]. Another study revealed that the treatment of
neuroblastoma cells with honokiol caused significant downregulation of mTOR phosphorylation, which
leads to the induction of autophagy of neuroblastoma cells (neuro-2a cells) through the PI3K/Akt/mTOR
signalling pathways [96,195].
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6.5. Hypoxia-Inducible-Factor (HIF) Pathway

The master regulator of neovascularisation, HIF, is a transcription factor that that plays an
integral role in the body’s response to low oxygen concentrations (i.e., hypoxia) [196,197]. Active HIF
is composed of of two subunits: HIF-α and HIF-1/ARNT. Transcriptional regulation by oxygen is
mediated by the HIF-α isoforms. In humans, three isoforms of α-subunit (HIF-1α, HIF-2α, and HIF-3α)
have been identified. Recent studies suggest that transcriptional adaptation to hypoxia involves
epigenetic changes in histone methylation. Strong evidence has established that the expression of
pro-angiogenic factors (VEGF), which play a critical role in pathological neovascularisation in cancer,
is elevated due to the activation of HIF pathway under hypoxia conditions [198].

An activation of the HIF pathway leading to hypoxia-induced neovascularisation is the central
cause of pathogenesis in almost all solid tumours and ischemic retinal diseases [198,199]. There are
studies reporting the capability of honokiol to inhibit HIF isoforms and the expression of hypoxic
markers, as well as the binding of HIF to hypoxia-response elements present on VEGF promoter in
D407 cells (human retinal pigment epithelial cells) [168]. In KRAS mutant lung cancer cells, it was
discovered that Sirt3 was significantly up-regulated in honokiol-treated KRAS mutant lung cancer
cells, leading to the destabilisation of its target gene Hif-1α and induction of G1 arrest and apoptosis.
This suggests that the anticancer property of honokiol is regulated via a novel mechanism associated
with the Sirt3/Hif-1α [49].

6.6. Notch Signalling Pathway

Notch signalling has been implicated in maintaining tissue homeostasis, including the regulation
of self-renewal in adult stem cells, organ development, and embryonic development [200–202]. In
mammals, the Notch receptor family comprises of four receptors (Notch-1, Notch-2, Notch-3, and
Notch-4) and five ligands (Delta-like-1, Delta-like-3, Delta-like-4, Jagged-1, and Jagged-2). Each Notch
receptor is activated through cell membrane-associated ligands. A series of proteolytic cleavage
processes lead to the maturation and activation of Notch receptors. The first cleavage was catalysed
by ADAM-family metalloprotease TACE, followed by the second cleavage mediated by γ-secretase,
an enzyme complex that contains presenilin, nicastrin, presenilin enhancer 2 (PEN2), and anterior
pharynx-defective 1 (APH1). The series of cleavages will lead to the release and translocation of Notch
intracellular domain (NICD) into the nucleus [202]. Activated NICD is able to bind to activator proteins,
including mastermind-like proteins (MAML) and recombination signalling binding protein-J (RBPJ) to
form a nuclear transcriptional activator complex to regulate the transcription of downstream target
genes, such as the hairy and enhancer of split (Hes) gene, Hey family genes, c-myc, cyclin D1, and
p21/Waf1 [200]. The Notch pathway plays a complex role in the tumourigenesis of both hematologic
and solid tissues. In fact, Notch signalling plays a vital role in regulating cellular differentiation,
angiogenesis, proliferation, and apoptosis [201].

It has been shown that honokiol can eliminate cancer stem-like cells and potentiation of
temozolomide (TMZ) sensitivity in glioblastoma multiforme (GBM) cells [36]. It was shown that
honokiol enhanced the sensitization of GBM cells to MGMT inhibitor O6 benzylguanine (O6-BG)
through the downregulation of Notch3 as well as the expression of its downstream target, Hes1 [36].
Furthermore, honokiol has been shown to inhibit B16/F-10, SKMEL-28 melanoma cell lines and SW480
colon cancer cells by targeting Notch signalling pathways [203,204]. Honokiol treatment resulted
in reduced levels of cleaved Notch, particularly the Notch-2 receptor, along with a decrease in the
expression of downstream target proteins, including Hes-1, cyclin D1, as well as TACE and γ-secretase
complex proteins in melanoma cells [55].

Apart from that, honokiol in combination with radiation treatment reduced the number of DCLK1+
(cancer stem cell marker protein) colon cancer cells, which was accompanied by reduced levels of
activated Notch-1, its ligand Jagged-1, and the downstream target gene Hes-1 [35,204]. Furthermore,
the expression of components of the Notch-1 activating γ-secretase complex, presenilin 1, nicastrin,
Pen2, and APH-1 were also suppressed [35]. To determine the effect of a honokiol–IR combination on
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tumour growth in vivo, nude mice tumour xenografts were administered honokiol intraperitoneally
and exposed to IR. The honokiol–IR combination significantly inhibited tumour xenograft growth [35].
In addition, there were reduced levels of DCLK1 and the Notch signalling–related proteins in the
xenograft tissues. Together, these data suggest that honokiol is a potent inhibitor of colon cancer
growth that targets the stem cells by inhibiting the γ-secretase complex and the Notch signalling
pathway [35,204].

6.7. Downregulation of P-Glycoprotein

The principal mechanism of multidrug resistance is due to the active transport of drugs out
of cells [205]. Among the efflux transporters, P-glycoprotein (P-gp, gene symbol ABCB1) plays an
important role in the resistance of cancer cells to a variety of chemotherapeutic treatments [205,206].
Furthermore, P-gp is distributed throughout the body where it interacts with various drugs of different
structures to limit their bioavailability [207]. Therefore, the development of effective inhibitors of P-gp
expression and/or functional activity should reverse drug resistance and enhance the bioavailability of
P-gp substrates. One of the effective ways to overcome P-gp mediated drug resistance is either to block
its drug-pump function or to inhibit its expression. To date, there are a total of three generations of
P-gp inhibitors that have been discovered [207,208]. However, these compounds were not used widely
due to toxicity at the doses required for attenuating P-gp activity, poor specificity, or unpredictable
pharmacokinetic interactions. Honokiol was shown to downregulate the expression of P-gp at mRNA
and protein levels in MCF-7/ADR, a human breast MDR cancer cell line [209,210]. The downregulation
of P-gp was accompanied by a partial recovery of intracellular drug accumulation [210]. In MDR
ovarian cancer cells (NCI/ADR-RES), honokiol has also been shown to downregulate the expression of
P-gp in a concentration- and time-dependent manner [208].

7. Metabolism, Bioavailability, and Pharmacological Relevance of Honokiol

Pharmacokinetics involves the study of drug movement within the body, which includes the time
course of absorption, distribution, metabolism, and excretion (ADME). Honokiol is mainly metabolized
in the liver and undergoes in vivo biotransformation, whereby glucuronidation and sulfation are
the main metabolic pathways to convert honokiol into mono-glucuronide honokiol and sulphated
mono-hydroxyhonokiol before elimination [23]. This extensive biotransformation of honokiol may
contribute to its low bioavailability. Currently, studies are being conducted to determine whether the
metabolites of honokiol possess any biological activities that can extend the half-life of honokiol while
maintaining its biological properties.

Most of the studies have reported that honokiol undergoes a rapid distribution and absorption,
but slow elimination after intravenous (i.v.) administration [13,58,211,212]. For i.v. administration, it
has been found that there was a rapid rate of distribution followed by a slower rate of elimination
(elimination half-life t1/2 = 49.22 min and 56.2 min for 5 mg or 10 mg of honokiol, respectively) observed
in Sprague Dawley rats [213]. In another study, Liang et al. [214] investigated the pharmacokinetic
properties of honokiol in beagle dogs after intravenous guttae, whereby the blood plasma of both
male and female dogs was assessed. The elimination half-life (t1/2 in hours) was found to be 20.13
(female), 9.27 (female), 7.06 (male), 4.70 (male), and 1.89 (male) after administration of doses of 8.8,
19.8, 3.9, 44.4, and 66.7 mg/kg, respectively. The t1/2 decreases with an increase in the dose and length
of infusion [214]. In another study, Wang et al. [61] discovered for the first time that honokiol is
able to cross the blood–brain barrier (BBB) and blood–cerebrospinal fluid barrier (BCSFB) after i.v.
administration when tested on intracerebral gliosarcoma model in Fisher 344 rats and human U251
xenograft glioma model in nude mice. It was also reported that the honokiol was distributed in the
order of: lungs > plasma > liver > brain > kidney > heart > spleen after i.v. administration [61].

Furthermore, honokiol has been studied via an intraperitoneal route of administration. Chen et
al. [33] reported a maximum plasma concentration of honokiol at 27.179 ± 6.252 min, with the t1/2 of
312.08 ± 51.66 min after intraperitoneal injection of 250 mg/kg in BALB/c mice. On another note, studies
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have also shown that the presence of rhubarb and immature orange fruit extract in the decoction
influenced the pharmacokinetics of honokiol, where a single oral dose of honokiol in Houpu decoction
(a compound prescription of honokiol; 5 g/kg body weight) in Wistar rats demonstrated an elimination
t1/2 of 526.6 min [215]. Honokiol has a rapid absorption (Tmax = 20 min) and slow elimination (t1/2z =
290 min) after a single dose of oral gavage at 40 mg/kg in healthy rats [216]. In another study, honokiol
showed a peak plasma concentration at 72 min, and t1/2 of 186 min, and the absolute bioavailability
for honokiol was found to be 5.3% when rats underwent oral administration of Magnolol/Honokiol
emulsion (4:1) at 50 mg/kg [217]. After the rats were administered with honokiol orally, the honokiol
was distributed rapidly to all parts of organs with the highest concentration being accumulated in the
liver, followed by the brain and kidneys [216]. This was opposed to their discovery in tumour-bearing
mice, where the highest concentration was found in the liver, followed by the kidneys and lungs [218].
This may be due to the different types of species being used as well as the tumor-burdened mice
possibly affecting drug distribution [47]. With the rectal administration of Houpo extract at a dose of
245 mg/kg (equivalent to 13.5 mg/kg of honokiol) in Wistar rats, the maximal plasma concentration of
honokiol found was approximately six times to that administered orally at an identical dose, indicating
that rectal dosing avoids first-pass metabolism to some extent [219].

Meanwhile, the topical application of honokiol on UVB-induced contact hypersensitivity (CHS)
as a model in C3H/HeN mice was also evaluated [68,220]. The topical application of honokiol (0.5 and
1.0 mg/cm2 skin area) had a significant preventive effect on the UVB-induced suppression of the CHS
response. The inflammatory mediators COX-2 and PGE2 played a key role in this effect, as indicated
by the honokiol-mediated inhibition of cyclooxygenase-2 (COX-2) expression and PGE2 production
in the UVB-exposed skin. Besides that, both topical application and oral administration of honokiol
significantly inhibited (38% to 46%, p < 0.001) UVB-induced suppression of CHS in mice compared
with the mice that were not treated with honokiol but exposed to UVB radiation. Prominently, the
level of inhibition of CHS was not significantly different between the two modes of administration of
honokiol [220].

Apart from that, Gao et al. [221] investigated the enhancement in the transdermal and localised
delivery of honokiol through breast tissue. It was reported that microneedle-porated dermatome
significantly increased the delivery of honokiol by nearly three-fold (97.81 ± 18.96 μg/cm2) compared
with passive delivery (32.56 ± 5.67 μg/cm2). Oleic acid was found to be the best chemical penetration
enhancer, increasing the delivery almost 27-fold (868.06± 100.91 μg/cm2). The addition of oleic acid also
resulted in a better retention of drugs in porcine mammary papilla (965.41 ± 80.26 μg/cm2) compared
with breast skin (294.16 ± 8.49 μg/cm2) [221]. In summary, both microneedles and chemical enhancers
can improve the absorption of honokiol through the skin. Directly applying honokiol on mammary
papilla is a potential administration route which can increase localized delivery into breast tissue [183].

On another note, some studies have addressed the poor solubility of honokiol in hydrophilic
environment. Wang et al. [222] developed polyethylene glycol-coated (PEGylated) liposomal honokiol
to improve its solubility compared to free honokiol. PEGylated (polyethylene glycol coated) liposomal
honokiol was shown to enhance the serum honokiol concentration and decrease clearance. The
pharmacokinetic analysis of PEGylated liposomal honokiol showed a two-fold increase in elimination
t1/2 value as compared to that of free honokiol when being injected through the i.v. route (20 mg/kg body
weight) in Balb/c mice (from 26 min in PEGylated liposomal honokiol to 13 min in free honokiol) [222].
Moreover, the AUC0→∞ (mean concentration of drug in plasma) of PEGylated liposomal honokiol
was about 1.85-fold higher than free honokiol. The protein-binding ability of honokiol in plasma
was reported to be between 60% and 65% as revealed by equilibrium dialysis [222]. In another study,
plasma honokiol concentrations were maintained above 30 and 10 μg/mL for 24 and 48 h, respectively,
in liposomal honokiol-treated mice. However, it was reduced rapidly (<5 μg/mL) by 12 h in free
honokiol-treated mice bearing A549 xenograft tumors, suggesting that liposomal honokiol extended
blood circulation times in tumor-bearing mice compared to free honokiol [223].
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8. Potential Drug Delivery of Honokiol

Due to the low water solubility and bioavailability of honokiol, multiple studies have been
performed to develop proper honokiol delivery systems to improve its pharmacological effectiveness.
A few studies have been performed to develop efficient drug carriers to deliver honokiol to its
respective target, including the development of nanoparticles [224–226], micelles [227–229], and
liposomes [73,171,223].

For honokiol delivery in the form of nanoparticles, Zheng et al. [230] developed monomethoxy
poly(ethylene glycol)–poly(lactic acid) (MPEG–PLA) via ring opening polymerisation and then
processed into nanoparticle for honokiol delivery. The honokiol-loaded MPEG–PLA nanoparticles
were mono-dispersed and stable in the aqueous solution [230]. It was found that only 53% of honokiol
was released from the nanoparticles within 24 h, while 100% of free honokiol was released into the
outside media, suggesting that the honokiol loaded MPEG–PLA nanoparticle is a novel honokiol
formulation which could meet the requirement of intravenous injection. In comparison, honokiol
loaded MPEG-PLA nanoparticles significantly decreased the viability of A2780s cells (human ovarian
cancer cells) than free honokiol, indicating that honokiol loaded MPEG–PLA nanoparticles might
possess great potential applications for anticancer effect on cisplatin-sensitive A2780s cells in vitro [230].
In addition, the incorporation of both honokiol and doxorubicin in MPEG-PLA nanoparticles exhibited
stronger anticancer activity than its individual form against A2780s cells [231].

In another study, emulsion solvent evaporation was used to develop the active targeting
nanoparticle-loaded honokiol (ATNH) using copolymerpoly (ε-caprolactone)-poly (ethylene
glycol)-poly (ε-caprolactone) (PCEC), which was modified with folate (FA) by introducing
polyethylenimine (PEI) [30]. It was reported that ATNH showed a suitable size distribution, high
encapsulation efficiency, gradual release, and targeting uptake by human nasopharynx carcinoma
cells (HNE-1). Moreover, ATNH significantly inhibited tumour growth, metabolism, proliferation,
micro-vessel generation, and caused cell-cycle arrest at the G1 phase [30]. Apart from that,
epigallocatechin-3-gallate functionalized chitin loaded with honokiol nanoparticles (CE-HK NP),
developed by Tang et al. [224], inhibit HepG2 cell growth and induce apoptosis through the suppression
of mitochondrial membrane potential. Furthermore, CE-HK NPs (40 mg/kg) inhibited tumour growth
by 83.55% (p < 0.05), which was far higher than the 30.15% inhibition of free honokiol (40 mg/kg). The
proposed delivery system exhibits better tumour selectivity and growth reduction in both in vitro and
in vivo models (male BALB/c nude mice treated with honokiol administrated by intertumoral injection)
and did not induce any side effects [224]. Therefore, the CE-HK NPs may act as an effective delivery
system for liver cancer. Recently, Yu et al. [232] further improved the design of nanoparticles for
targeted delivery in breast cancer by surface modifying the honokiol nanoparticles through conjugation
with folic acid to the surface of honokiol nanoparticles coated with polydopamine (HK-PDA-FA-NPs)
as a pH-sensitive targeting anchor for nanoparticles. The targeted nanoparticles (HK-PDA-FA-NPs)
can be stably present in various physiological media and exhibit pH sensitivity during drug release
in vitro. HK-PDA-FA-NPs have better targeting ability to 4T1 cells than normal HK-NPs. Targeted
nanoparticles have a tumour inhibition rate of greater than 80% in vivo (female Balb/c mice injected
intraperitoneally with 40 mg/kg HK-PDA-FA-NPs), which is significantly higher than conventional
HK-NPs [232].

For honokiol delivery in the form of micelles, researchers developed poly(ethylene
glycol)-poly(ε-caprolactone)-poly(ethylene glycol) (PECE) micelle loaded with honokiol [229]. The
cytotoxicity results showed that the composite drug delivery system is a safe carrier and the encapsulated
honokiol retained its potent antitumor effect when tested against murine melanoma cell line B16 [233].
The IC50 values of free honokiol, honokiol nanoparticles, and honokiol micelles were 5.357, 6.274,
and 6.746 μg/mL, respectively. The result indicated that the cytotoxicity of the honokiol micelles was
lower than that of free honokiol, which was attributed to the sustained release behaviour of honokiol
from honokiol micelles [233]. Further, comparing with honokiol nanoparticles, the cytotoxicity of
honokiol micelles was a little lower, which might be due to the absence of organic solvent and
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surfactant in the honokiol micelles [233]. To increase the hydrophilicity of honokiol, Qiu et al. [234]
developed an amphiphilic polymer–drug conjugate via the condensation of low molecular weight
monomethoxy-poly(ethylene glycol) (MPEG)-2000 with honokiol through an ester linkage. The
MPEG–honokiol (MPEG–HK) conjugate prepared formed nano-sized micelles, with a mean particle
size of less than 20 nm (MPEG–HK, 360 μg·mL−1) in water, in which they could be well dispersed,
and the results showed that only 20% of the conjugated honokiol was released in 2 h in beagle dog
plasma, while in phosphate-buffered saline, the time required to reach 20% of honokiol release was
>200 h [234]. Meanwhile, the inhibitory activity of the honokiol conjugate was found to be retained
in vitro against LL/2 cell lines with an IC50 value of 10.7 μg/mL [234]. These results suggest that the
polymer–drug conjugate provides a potential new approach to hydrophobic drugs, such as honokiol, in
formulation design. In another study, nanomicellar honokiol (HNK-NM) with the size range of 20–40
nm was developed and compared against honokiol free drug (HNK-FD) [212]. Compared to HNK-FD,
HNK-NM resulted in a significant increase in oral bioavailability. Cmax (4.06 and 3.60-fold) and AUC
(6.26 and 5.83-fold) were significantly increased in comparison to oral 40 and 80 mg/kg HNK-FD,
respectively, when tested in triple negative breast cancer cell lines (MDA-MB-231, MDA-MB-453,
and MDA-MB-468). The anticancer effects of these formulations were also studied in BALB/c nude
mice transplanted with orthotopic MDA-MB-231 cell induced xenografts [212]. After four weeks of
daily oral administration of HNK-NM formulation, a significant reduction in the tumour volumes
and weights compared to free drug (p < 0.001) treated groups was observed. Furthermore, in 25%
of the mice, the treatment resulted in a complete eradication of tumours. Increased apoptosis and
antiangiogenic effects were observed in HNK-NM groups compared to HNK-FD and untreated control
mice [212].

Wang et al. [228] prepared paclitaxel (PTX) and honokiol (HK) combination methoxy poly(ethylene
glycol) poly(caprolactone) micelles (P–H/M) via the solid dispersion method against breast cancer
(4T1). The particle size of P–H/M was 28.7 ± 2.5 nm and spherical in shape. Both the cytotoxicity
and the cellular uptake of P–H/M were increased in 4T1 cells, and P–H/M induced more apoptosis
than PTX-loaded micelles or HK-loaded micelles. Furthermore, the antitumor effect of P–H/M was
significantly improved compared with PTX-loaded micelles or HK-loaded micelles in vivo (Female
Balb/c mice and female Balb/c nude mice treated with intravenous injection) [31,228]. P–H/M were more
effective in inhibiting tumour proliferation, inducing tumour apoptosis, and decreasing the density of
microvasculature accumulated more in tumour tissues compared to the free drug. After that, Wang et
al. [235] developed paclitaxel (PTX) and honokiol (HNK) which are co-encapsulated into pH-sensitive
polymeric micelles based on poly(2-ethyl-2-oxazoline)-poly(D,L-lactide) (PEOz-PLA). Results showed
efficient inhibition of tumour metastasis by dual drug-loaded PEOz-PLA micelles in vitro anti-invasion
and anti-migration assessment in MDA-MB-231 cells and in vivo in nude mice [235]. The suppression of
MDR and metastasis by the micelles was assigned to the synergistic effects of pH-triggered drug release
and HNK/PEOz-PLA-aroused P-gp inhibition, and pH-triggered drug release and PTX/HNK-aroused
MMPs inhibition, respectively. After that, Wang et al. [236] proceeded to modify the paclitaxel plus
honokiol micelles with dequalinium and tested it in non-small-cell lung cancer. When tested on Lewis
lung tumour (LLT) cells, the polymeric micelles show powerful cytotoxicity, effective suppression on
vasculogenic mimicry (VM) channels and tumour metastasis, as well as the activation of apoptotic
enzymes caspase-3 and caspase-9, and down-regulation of FAK, PI3K, MMP-2, and MMP-9 [236].
In vivo assays (C57BL/6 mice treated through intravenous injection) indicated that polymeric micelles
could increase the selective accumulation of chemotherapeutic drugs at tumour sites and showed a
conspicuous anti-tumour efficacy [236].

For liposomes loaded with honokiol, Luo et al. [73] created liposomal honokiol and tested it on
cisplatin-sensitive (A2780s) and -resistant (A2780cp) human ovarian cancer models. The administration
of liposomal honokiol resulted in significant inhibition (84–88% maximum inhibition relative to controls)
in the growth of A2780s and A2780cp tumour xenografts and prolonged the survival of the treated
mice (treated twice weekly with intravenous administration) [73]. These anti-tumour responses were
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associated with marked increases in tumour apoptosis, and reductions in intratumoural microvessel
density. Jiang et al. [223] incorporated honokiol in combination with cisplatin in the liposomes and
tested it in A549 lung cancer xenograft nude mice model through intraperitoneal administration. This
combination effectively suppressed tumour growth and significantly increased life span of treated
mice compared to liposomal honokiol alone [223]. A similar result was observed in murine CT26
colon cancer models, where the systemic administration of liposomal honokiol with cisplatin resulted
in the inhibition of subcutaneous tumour growth beyond the effects observed with either liposomal
honokiol or cisplatin alone due to elevated levels of apoptosis and reduced endothelial cell density
significantly [237]. In a recent study, hyaluronic acid (HA) modified daunorubicin plus honokiol
cationic liposomes were prepared and characterised for the treatment of breast cancer by eliminating
vasculogenic mimicry (VM) [238]. Studies found that the HA modified daunorubicin plus honokiol
cationic liposomes enhanced the cellular uptake and destroyed VM channels. In addition, these
liposomes prolonged their circulation time in the blood, and significantly accumulated at the tumour
site to maximise its anticancer efficacy.

9. Future Perspective

Up to date, many in vitro and in vivo studies have identified the protective effects of honokiol in
various types of cancers. However, the exact anticancer mechanism of honokiol is still insufficiently
elucidated, especially its application in treating human cancer clinically. Since honokiol is being
extensively metabolised in the body into different metabolites, it is vital to recognise the different types
of metabolites circulating in the body in order to gain a better insight into the fate of honokiol after
administration. The characterisation of honokiol metabolites would enable a better understanding of
the overall bioactivity of honokiol as well as to determine the relationship between the bioactivity of
the core molecule and its metabolites circulating within the target tissue. Moreover, future studies
could focus on improving the methods used for in vitro studies to mimic more favourable in vivo
conditions by considering the actual metabolites detected and concentrations found in the respective
cancer tissues in order to better understand the mode of action of honokiol in cancer. Apart from that,
it is essential to study the anticancer properties of the derivatives of honokiol as very few studies
have been performed on the derivatives. It is important to study its derivatives as they might have
improved and enhanced anticancer properties due to the change in structures and functional groups.

In short, more research can be done to confirm the anticancer properties of honokiol in more
detail in order to come up with a safe and effective dosage to be used in chemoprevention and
chemotherapy. Furthermore, more research can be done on the metabolism of honokiol via different
routes of administration to find out the most effective route of administration for different types of
cancer. The pre-formulation as well as formulation of honokiol can also be developed to prepare the
transition of honokiol from pre-clinical to clinical studies in the future.

10. Conclusions

For centuries, researchers have been searching for strategies to control cancer progression through
different approaches. Honokiol is a potential natural compound that exerts multiple effects on different
cellular processes in various cancer models. Honokiol has been shown to regulate cell cycle arrest,
induction of apoptosis, necrosis, and autophagy, as well as the inhibition of metastasis and angiogenesis
through various signalling pathways. In addition, its effects are also validated in several in vivo
studies with promising results where it can inhibit tumour growth and prolong survival in mouse
cancer models. Current efforts are focusing on developing numerous drug delivery systems to improve
the pharmacological, pharmacokinetics, and pharmacodynamic properties of honokiol. This review
concludes that honokiol may be considered as a potential candidate for anticancer drug development.
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Abstract: Naturally occurring polyphenols are believed to have beneficial effects in the prevention
and treatment of a myriad of disorders due to their anti-inflammatory, antioxidant, antineoplastic,
cytotoxic, and immunomodulatory activities documented in a large body of literature. In the
era of molecular medicine and targeted therapy, there is a growing interest in characterizing the
molecular mechanisms by which polyphenol compounds interact with multiple protein targets
and signaling pathways that regulate key cellular processes under both normal and pathological
conditions. Numerous studies suggest that natural polyphenols have chemopreventive and/or
chemotherapeutic properties against different types of cancer by acting through different molecular
mechanisms. The present review summarizes recent preclinical studies on the applications of bioactive
polyphenols in lung cancer therapy, with an emphasis on the molecular mechanisms that underlie
the therapeutic effects of major polyphenols on lung cancer. We also discuss the potential of the
polyphenol-based combination therapy as an attractive therapeutic strategy against lung cancer.

Keywords: lung cancer; natural polyphenols; anticancer activities; molecular mechanisms

1. Introduction

Lung cancer is the second most common cancer in both men and women and is the leading
cause of cancer mortality in the United States [1], with an overall five-year survival rate of 19.4%
(https://seer.cancer.gov/statfacts/html/lungb.html). The two main types of lung cancer are small cell lung
cancer (SCLC) and non-small cell lung cancer (NSCLC), which account for about 15% and 85% of all lung
cancer cases, respectively [2]. Tobacco smoking is the principal cause of lung cancer [3]. Secondhand
smoking, chronic exposure to various occupational and environmental lung carcinogens, and previous
lung diseases can also increase the risk of lung cancer [4–9]. Historically, intakes of fruits, non-starchy
vegetables, whole grains, and herbs abundant in certain phytochemicals are thought to be protective
against lung cancer. Epidemiological and experimental evidence suggests that natural bioactive
compounds can act as chemopreventive agents to delay, suppress or reverse carcinogenic progression
to advanced lung cancer through various mechanisms, including antioxidant/anti-inflammatory
activities, modulation of biotransformation enzymes, anti-proliferative effect, and modulation of the
immune system [10–18]. In addition, natural products that are derived from a variety of sources,
including phytochemicals [19–21], hormones [22,23], and nutrients [24–26], have been shown to
reduce the side effects and toxicities that are associated with chemotherapy and radiation therapy for
lung cancer.
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Although the consumption of fruits, vegetables, and natural products with a high content in
anticancer natural compounds are generally considered to be beneficial in preventing and combating
lung cancer, bioactive compounds from foods, or natural product extracts are not ready for uniform
adoption into complementary and integrative therapy use due to inconclusive or negative results
from clinical trials [27–33]. Over the past two decades, the rapid evolution of medical research and
technologies has led to significant breakthroughs in our understanding of the molecular and genetic
alterations that drive cancer development and progression. Consequently, the undergoing transition
from the empirical trial-and-error medicine to precision medicine according to the unique genetic
mapping of individual patients has stimulated considerable research activities in the area of natural
bioactive compounds. With the advent of improved cellular and molecular experimental systems,
significant progression has been made in unraveling the molecular mechanisms that underlie the
antitumor properties of individual natural compounds. In this review, we focus on the compelling
evidence from in vitro and in vivo studies demonstrating the ability of natural polyphenols, one of the
most important groups of phytochemicals, to suppress lung cancer progression through the induction
of tumor cell death and inhibition of aberrantly activated pro-proliferative and pro-survival signaling
pathways. Our purpose is to highlight the potential of natural polyphenols to be developed and
integrated into standard therapeutic strategies to improve clinical outcomes for patients with advanced
lung cancer.

2. Mutations and Dysregulated Signaling Pathways in Lung Cancer

Lung cancer arises through a multistep process that is driven by the sequential accumulation
of genetic mutations and epigenetic modifications, which leads to uncontrolled cell proliferation
and inactivation of programmed cell death (apoptosis) [34–36]. As a lung tumor grows in size, the
angiogenic switch is triggered so that the existing vascular network expands to form new blood vessels
(angiogenesis) that are intended to sustain the nutrient and oxygen supply in the growing tumor [37–39].
Subsequently, lung tumor cells can acquire the ability to invade the surrounding tissues, intravasate
into the circulatory system, travel to distant tissue sites, extravasate, and develop a secondary tumor at
distant sites (metastasis) [40,41]. A typical lung cancer contains approximately 200 nonsynonymous
mutations, some of which are considered “driver mutations” that play a dominant-acting role in
tumor growth and progression [42]. For example, activating mutations in the Kirsten rat sarcoma viral
oncogene homolog (KRAS) and epidermal growth factor receptor (EGFR) genes and rearrangements
in the anaplastic lymphoma kinase (ALK) or ROS proto-oncogene 1 receptor tyrosine kinase (ROS1)
genes are identified as oncogenic drivers in certain subtypes of NSCLC [43–47], so are the inactivating
mutations in tumor protein p53 (TP53) and retinoblastoma 1 (RB1) genes in SCLC [48,49]. Most driver
mutations are gain-of-function mutations that result in the overexpression of oncogenes or mutant
proteins with dysregulated activities. For example, constitutive activation of EGFR or K-RAS that is due
to mutation subsequently upregulates the Mitogen-activated protein kinase kinase (MEK)/extracellular
signal-regulated kinase (ERK) and phosphoinositide 3-kinase (PI3K)/v-akt murine thymomaviral
oncogene (AKT) signaling pathways, which triggers a cascade of downstream effectors promoting
tumor growth, angiogenesis, and metastasis [50,51]. The p53 tumor suppressor gene is a transcription
factor that activates a number of target genes to restrict aberrant cell growth through the induction of
senescence, cell cycle arrest, or apoptosis [52,53]. The high expression of p53 protein is a favorable
prognostic factor in a subset of patients with NSCLC [54], whereas the exon 8 mutation of p53 gene
reduces the responsiveness to tyrosine kinase inhibitors (TKIs) and worsens prognosis in EGFR-mutant
NSCLC patients [55]. It is well accepted that the inactivation of apoptosis plays an important role in
lung carcinogenesis and resistance to treatment [56,57]. There are two main apoptotic pathways [58].
The extrinsic apoptotic pathway is initiated by the activation of multiple death receptors, such as
Fas, tumor necrosis factor receptors (TNFRs), and TNF-related apoptosis-inducing ligand receptors
(TRAILRs), and it proceeds through caspase-8 [59], while the intrinsic pathway is activated by
mitochondrial outer membrane permeabilization (MOMP), followed by the release of cytochrome c
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to the cytoplasm and recruitment of pro-caspase 9 to cytochrome c [60]. The Bcl-2 family proteins,
including pro-apoptotic members (such as Bad, Bak, Bax, Bcl-Xs, BID, Bik, Bim, HRK, Noxa, and
PUMA) and anti-apoptotic members (such as Bcl-2, Bcl-W, Bcl-Xl, Bfl-1, and MCL-1) also regulate
the intrinsic pathway [61]. The extrinsic and intrinsic pathways converge on the effector caspases
(e.g., Caspases 3, 6, and 7), which are capable of cleaving hundreds of substrates, including nuclear
proteins, plasma membrane proteins, and mitochondrial proteins, to trigger cell death [62]. Given that
the evasion of apoptosis is one of the prominent hallmarks of cancer [63], an ideal therapeutic strategy
to effectively induce apoptosis and avoid the “death by a thousand cuts” in lung cancer would be to
restore p53 function and facilitate caspase activation [64,65].

3. Classification and Structures of Natural Polyphenols

Polyphenols are a large group of nature compounds present in plant-based foods and beverages,
including fruits, vegetables, whole grains, tea, and wine. So far, more than 10,000 polyphenolic
compounds have been identified [66]. Polyphenols can be classified into four main groups, including
phenolic acids, flavonoids, stilbenes, and lignans, based on the number of aromatic rings, the structural
elements connecting these rings to one another, and the substituents that are bound to the rings
(Figure 1) [67,68]. Phenolic acids contain a single benzene rings and they can be further divided into
two main subclasses, hydroxybenzoic acid and hydroxycinnamic acid derivatives that are based on
the C6–C1 and C6–C3 backbones, respectively [69]. Flavonoids share a common structure with two
aromatic rings (A and B) that are connected by three carbon atoms that form an oxygenated heterocycle
(ring C), which is also known as the flavan nucleus or 1,3-diphenylpropane structure (C6-C3-C6 carbon
skeleton) [69]. Flavonoids can be divided into six major subclasses, including flavonols, flavones,
flavonones or dihydroflavones, isoflavones, anthocyanidins, flavanols, or catechins based on the
variations in hydroxyl/methoxy group placements on the ring structures [68,70]. Natural stilbenes
are structurally characterized by the presence of 1,2-diphenylethylene nucleus (C6–C2–C6 carbon
skeleton) [71]. Lignans are a diverse group of optically active phenylpropanoid dimers, in which the
two phenylpropane units are connected by the center carbon (C-8/C-8′) of their side chains [72].

Figure 1. Chemical structures of different classes of natural polyphenols.

The structure-activity relationships of many natural polyphenols in terms of their anticancer
potential have been documented. The basic chemical structure of polyphenols contains one or more
aromatic rings with one or more hydroxyl groups attached. The presence of functional phenolic
hydroxyl groups makes polyphenols excellent hydrogen bond donors that confer high affinities for
proteins and nuclear acids [73]. Therefore, the number and position of hydroxyl groups can have a
decisive impact on the cellular bioactivities of polyphenols, which are central to their antitumoral,
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antimutagenic, pro-apoptotic, and antioxidant effects [74–76]. Considerable efforts have been devoted
to the characterization of structure-activity relationships that provide the basis of rational design of
polyphenol analogs with improved anticancer effect, given that the polyphenol core represents an
attractive chemical structure towards new anticancer agents. For example, the cytotoxic activity is
enhanced in phenols with low bond dissociation energy (BDE) values or large negative σ+ values since
the inhibitory effect of simple phenols on fast-growing murine leukemia cells is related to the O–H
BDE that is required to form a phenoxy radical and the brown variation of the Hammett electronic
parameter (σ+) [77,78].

Structure-activity relationship (SAR), quantitative structure-activity relationship (QSAR), and
docking approaches have been used to delineate the structural mechanisms that underlie the correlation
between the binding affinity of polyphenol compounds for a specific oncogenic molecule and the
expected anticancer activities [76]. For example, gossypol, a polyphenol that is derived from cotton
seeds, is an effective inhibitor of Bcl-2, Bcl-xL, and MCL-1 with the inhibitor constant (Ki) values at
sub-micromolar levels [79,80]. The elimination of the two reactive aldehydes from gossypol based
on a model of the docked structure of the compound into Bcl-xL resulted in a semisynthetic analog
of gossypol, namely apogossypol, which showed superior efficacy and markedly reduced toxicity in
Bcl-2-transgenic mice as compared with gossypol [81,82]. A couple of studies by Wang’s group have
demonstrated that gossypol forms a hydrogen bonding network with residues Arg146 and Asn143
in Bcl-2 through its aldehyde group and the adjacent hydroxyl groups on one of its naphthalene
rings, while the isopropyl group on the same naphthalene ring is inserted into a hydrophobic pocket
in Bcl-2 [83,84]. Based on the predicted binding model, a simplified pyrogallol-based analogue of
gossypol was designed to mimic the hydrogen bonding and part of the hydrophobic interactions
between gossypol and Bcl-2. Moreover, modification to the isopropyl group of pyrogallol resulted
in not only improved binding affinities for Bcl-2 and Mcl-1, but also an increased cytotoxic effect
on the MDA-MB-231 and PC-3 cancer cell lines with the inhibitory concentration IC50 values at
sub-nanomolar levels [85].

A molecular docking study on the interaction between tea catechins and hepatocyte growth factor
receptor (Met) has revealed that the gallate-containing catechins, including (−)-epicatechin gallate
(ECG), (−)-epigallocatechin gallate (EGCG), and gallocatechin gallate (GCG), favorably fit into the
Met binding site with hydrogen bonding being established between the aromatic hydroxyl groups of
the gallate moiety and the backbone –NH of two Met kinase active sites, i.e., Met1160 and Pro1158,
whereas tea catechins without the gallate group, including (−)-catechin (CAT), (−)-epicatechin (EC),
and (−)-epigallocatechin (EGC), did not interact with Met1160, but exhibit affinity for the backbone
–NH of Asp1222, which suggests that the gallate group is a key structure feature for binding of tea
catechins to the active sites of Met kinase domain [86] The findings of the molecular docking study were
confirmed by the Met kinase activity assay, which showed that ECG, EGCG, and GCG had inhibitory
effects on Met kinase activity, while the other tea catechins had little or no effect [86]. Another potential
molecular target of tea catechins is the proteasome, which is known to mediate the degradation of
many intracellular proteins that are involved in carcinogenesis and tumor progression [87]. The SAR
studies by Dou’s group showed that the ester bond-containing tea polyphenols, such as ECG, GCG,
EGCG, and catechin-3-gallate (CG), were strong inhibitors for the chymotrypsin-like activity of the
purified 20S proteasome with IC50 values at nanomolar levels, whereas the tea polyphenols without
the gallate ester function, such as EGC, EC, gallocatechin (GC), and CAT, were unable to inhibit the
proteasomal chymotrypsin-like activity [88,89].

4. Molecular Underpinnings of Polyphenols in Lung Cancer Treatment

The use of bioactive natural polyphenols for therapeutic prevention and intervention is an evolving
strategy in the management of cancer. A thorough understanding of the mechanisms of action is
imperative for integrating those polyphenols into standard oncology care. In this section, we primarily
focus on the recent advances in understanding the antitumor actions of natural polyphenols in lung
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cancer (Figure 2). The preclinical studies were identified through a literature review that was conducted
on PubMed using the key terms polyphenol and lung cancer (Table 1). Only original studies credibly
investigating molecular mechanisms underlying the antitumor potential of natural polyphenols and
their analogues were included.

Figure 2. The role of bioactive natural polyphenols in lung cancer therapy.
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4.1. Resveratrol

Resveratrol (3,5,4′-trihydroxy-trans-stilbene) is a naturally occurring stilbene phytoalexin that was
first isolated from the white hellebore Veratrum grandiflorum in the 1940′s [181]. It has a wide spectrum of
biological activities that confer various health-promoting effects, such as antioxidant, anti-inflammatory,
antidegenerative, cardioprotective, and anticarcinogenic properties [182,183]. The anticancer activities
of resveratrol are often associated with modulating enzymes that are responsible for metabolism of
carcinogens, activating or inhibiting molecular targets, and signaling pathways that control cancer
development and progression [184–186]. In lung cancer, considerable progress has been made in
understanding the mechanisms by which resveratrol inhibits cell proliferation, induces apoptosis and
cell cycle arrest, and suppresses invasion and metastasis (Figure 3), which highlights the potential of
resveratrol to be used as a complementary treatment to augment the efficacy of existing therapies, and
providing the insight into the development of novel synthetic resveratrol analogues with improved
therapeutic efficacy and reduced side-effects.

 

Figure 3. Molecular Mechanisms of Antitumor Activities of Resveratrol in Lung Cancer.

The in vitro anti-proliferative effect of resveratrol is often associated with the induction of cell
cycle arrest and apoptosis although the molecular underpinnings may vary among individual lung
cancer cell lines. The results of the high-throughput immunoblotting (PowerBlot) and microarray gene
expression profiling have revealed that the growth inhibitory effect of resveratrol was mediated by
the transforming growth factor-β (TGF-β)/Smad pathway through the downregulation of the TGF-β
pathway activators, Smad 2 and Smad 4, and the upregulation of the repressor Smad 7. Moreover,
resveratrol-induced apoptosis and G1 phase cell cycle arrest was attributable to the activation of
the caspases, the loss of mitochondrial permeability transition, and the increase in the expression of
pro-apoptotic tumor suppressor p53 and cyclin-dependent kinase inhibitors p21 and p27 at both the
gene and protein levels [90]. Similar results have been documented by others, which indicate that
resveratrol-induced apoptosis is associated with increased expression of p53, Bax, and cleaved caspase-3
and decreased expression of Bcl-2 [91–95]. Resveratrol has also been shown to induce apoptosis
through the downregulation of cellular FLICE (FADD-like interleukin-1 beta-converting enzyme)
inhibitory protein (c-FLIP), which leads to a decrease in phospho-Akt, phospho-EGFR and NF-κB
protein expression and an increase in the cleavage and upregulation of Bid, PARP, and caspase-8 and the
production of hydrogen peroxide (H2O2) [96]. Besides the induction of apoptosis, resveratrol-induced
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premature senescence is another mechanism that is associated with its anticancer activities [97,98].
Resveratrol-induced premature senescence is correlated with increased DNA double strand breaks
(DSBs) and reactive oxygen species (ROS) production in lung cancer cells [97]. When A549 and
H460 cells underwent ionizing radiation and resveratrol co-treatment, resveratrol enhanced ionizing
radiation-induced premature senescence and increased the ROS production in those cells [98].

The ability of resveratrol to induce apoptosis and cell cycle arrest in lung cancer cells renders it an
ideal candidate for combination cancer therapy with the potential to provide additive anticancer efficacy
and counteract the onset of acquired drug resistance in the treatment of lung cancer. Resveratrol has
been shown to potentiate the growth inhibitory effect of cisplatin through induction of cell apoptosis,
which was preceded by the depolarization of mitochondrial membrane potential, opening of the
mitochondrial permeability transition pore, release of cytochrome c, upregulation of Bax expression,
and downregulation of Bcl-2 expression [94]. Preclinical evaluation of the synergistic effect of resveratrol
and the EGFR inhibitor gefitinib in a panel of human NSCLC cell lines demonstrated that resveratrol
increased the sensitivity to gefitinib in all the cell lines tested, regardless of their EGFR mutation
status. Moreover, resveratrol enhanced the inhibitory effect of gefitinib on EGFR phosphorylation
in gefitinib-resistant PC-9 (PC9/G) human NSCLC cells by inhibiting CYP1A1 and ABCG2 protein
expression, thereby increasing intracellular gefitinib accumulation [99]. Furthermore, among resveratrol
and gefitinib single agent and combination treatment groups, the combination of resveratrol and
gefitinib showed the highest increase in the fluorescence intensity of monodansylcadaverine (MDC),
which is a marker of autophagic vacuoles, and in the number of MDC-labelled tumor cells, and
in LC3B II protein expression, suggesting that the antiproliferative effect of combined resveratrol
and gefitinib is, in part, attributable to the increased autophagy [99]. The molecular mechanism
that underlies the synergistic effect of resveratrol and the EGFR inhibitor erlotinib appears to be
different from that of resveratrol and gefitinib. Resveratrol potentiated the cytotoxic effect of erlotinib
and enhanced erlotinib-induced apoptosis by repressing survivin and Mcl-1 expression, which
inhibits the AKT/mTOR/S6 kinase pathway and increasing p53 and PUMA expression and caspase 3
activity [100]. Resveratrol has been shown to enhance tumor TRAIL-mediated apoptosis through a
p53-independent mechanism by which resveratrol decreased the expression of phosphorylated Akt and
subsequently suppressed the expression of NF-κB (p65), which leads to mitochondrial dysfunction and
cytochrome c translocation [92]. When used in combination with etoposide, resveratrol counteracted
etoposide-induced the upregulation of X-ray repair cross-complementing group 1 (XRCC1) expression
that led to activation of Akt and ERK1/2, thereby restoring tumor cell sensitivity to etoposide [101].

Several studies have identified modulation of microRNAs (miRNAs) as one of the key mechanisms
by which resveratrol exerts its antitumor activities in lung cancer [102–104]. Bae and coworkers
identified 71 miRNAs with considerable changes in their expression levels in resveratrol-treated A549
cells while using microarray analysis [102]. Further analysis revealed that 25 of the 71 miRNAs target
genes possessing experimentally confirmed function in apoptosis (97 genes), cell cycle regulation
(20 genes), cell proliferation and differentiation (28 genes) [102]. Several recent studies have
demonstrated the cell line-dependent functional link between the antitumor activities of resveratrol
and resveratrol-regulated miRNA expression. In a study by Han et al., resveratrol treatment resulted in
the upregulation of miR-622 in 16HBE-T human bronchial epithelial cells and H460 cells [103]. miR-622
was considered to be a tumor suppressor, as an increase in the expression level of miR-622 inhibited
the cell proliferation and colony formation, induced cell cycle arrest at G0 phase, and delayed tumor
growth in nude mice. Moreover, increase in miR-622 expression reduced K-Ras protein expression
levels but had no effect on K-Ras mRNA level, suggesting miR-622 exerts its antitumor activity via
targeting K-Ras [103]. In another study, Yu and coworkers examined the role of miR-520h in mediating
the antitumor effect of resveratrol in CL1-4 and A549 lung cancer cells. Resveratrol was shown to induce
the mesenchymal-epithelial transition (MET) by increasing the expression of protein phosphatase 2A
catalytic subunit (PP2A/C) and reducing the expression of FOXC2, phospho-Akt, and p65. As the
increased expression of PP2A/C was associated with downregulation of miR-520h [187], and treatment
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with resveratrol decreased miR-520h expression in A549 cells, it is suggested that resveratrol-induced
MET and its inhibitory effect on lung cancer cell migration and invasion are attributable to its ability to
inhibit miR-520h expression and activate PP2A/C, which in turn suppresses Akt-mediated activation
of the NF-κB pathway, which promotes the malignant behaviors of lung cancer cells [104].

Based on the identified structure-activity relationship, analogues of resveratrol have been
synthesized and tested for their antitumor activities in lung cancer cell lines. A synthetic resveratrol
named BCS (3,4,5-trimethoxy-4V-bromo-cis-stilbene), in which the hydroxyl group of resveratrol is
substituted by the methoxy group, was about 1100 times more potent than resveratrol in the growth
inhibition of A549 cells (IC50; 0.03 μM vs. 33 μM) [105]. The anti-proliferative effect of BCS was highly
associated with cell cycle arrest at G2/M phase and the induction of apoptosis possibly through a
mitochondrial-mediated pathway, as manifested by the elevated expression levels of p53 and p21, and
the release of cytochrome c in the cytosol [105]. SS28 ((E)-1,2,3-trimethoxy-5-(4-methylstyryl)benzene
(6 h)) is a resveratrol-based tubulin inhibitor that exerts its antiproliferative activity by binding to its
cellular target tubulin to disrupt the microtubule dynamics [120]. SS28 treatment induces G2/M cell
cycle arrest by inhibiting tubulin polymerization during cell division and it leads to apoptosis via the
intrinsic (mitochondrial) pathway, as indicated by the loss of mitochondrial membrane potential and
activation of Caspase 9 and Caspase 3 [120]. Another resveratrol analogue, 4,4′-dihydroxy-trans-stilbene
(DHS), significantly suppressed tumor growth and angiogenesis in C57BL/6 mice bearing Lewis lung
carcinoma (LLC) and inhibited the anchorage-dependent or -independent LLC cell growth in both
mouse and zebrafish lung cancer invasion models [121]. In addition, the results of the in vitro
study showed that DHS inhibited LLC cell proliferation, migration, and invasion, and induced the
accumulation of hypodiploid cells in the sub-G1 phase, which suggests that the antitumor effect of
DHS is via inhibiting DNA synthesis and driving cells towards the apoptotic pathway [121].

4.2. Tea Catechins

Catechins belong to a family of flavonoids and they are the main component of green tea in which
catechins comprise 80–90% of the flavonoids, with EGCG being the most abundant catechin (up to 60%)
and EGC being the second most abundant (up to 20%), followed by ECG (up to 14%) and EC (about
6%) [188,189]. With a structure of two benzene rings (the A- and B-rings) and a dihydropyran heterocycle
(the C-ring) with a hydroxyl or galloyl group over carbon 3, catechins have four possible diasteroisomers.
Two isomers with trans configuration are called catechin ((+)-catechin and (−)-catechin), and two
with cis configuration, called epicatechin ((+)-epicatechin and (−)-epicatechin) [190]. The number and
configuration of hydroxyl groups on the B ring are the most important determinants of the antioxidant
ability of catechins, while the presence of the galloyl group might further increase the antioxidant
action [191–193].

The mechanism underlying the inhibitory effects of tea catechins, especially EGCG, on lung
cancer progression have been extensively investigated [194–197]. In general, the growth inhibition
effect of EGCG is superior to EGC, ECG, and EC [125], and it is associated with the induction of
G2-M arrest [126] and activation of p53-dependent transcription [125]. EGCG treatment has been
shown to effectively inhibit the in vitro and in vivo growth of fusion gene- or EGFR-driven lung cancer
cells such as H2228 and HCC78 cells that harbor the EML4-ALK fusion gene and SLC34A2-ROS1
fusion gene, respectively, and PC-9, RPC-9, and H1975 cells that harbor EGFR19DEL, EGFR19DEL + T790M,
and EGFRL858R + T790M mutations, respectively [127], which suggests that EGCG has a broad growth
inhibitory effect independent of the EGFR mutation status and the ALK or ROS1 fusion status. Although
the results of the in vitro study showed that the anti-proliferative activity of EGCG was attributable
to the suppressed phosphorylation of EGFR, ALK, and ROS1, and their downstream proteins, Akt
and ERK, the in vivo growth inhibitory effect of EGCG in xenograft tumors was associated with the
inhibition of HIF-1α expression and reduction tumor angiogenesis, which suggests that tumor response
to EGCG is influenced by the tumor microenvironment [127].
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The results from a human cancer cDNA expression array study showed that EGCG downregulated
the expression of 12 genes and upregulated the expression of four genes out of the 163 genes
examined [128]. Among the 12 downregulated genes, two genes (NF-κB inducing kinase (NIK) and
death-associated protein kinase 1 (DAPK1)) are associated with apoptosis, two genes (MAP kinase
p38γ and CDC 25B/M-phase inducer phosphatase 2) associated with cell cycle, two genes (envoplakin
and synapse-associated protein 102 (SAP102)) related to cell-cell interaction, three genes (Rho B,
T-lymphoma invasion and metastasis inducing protein 1 (TIAM1) and Cdc42 GTPase-activating
protein (Cdc42GAP)) related to the Rho family of small GTPase and regulator, tyrosine–protein kinase
(SKY) gene, dishevelled 1 gene, and EGFR gene [128]. The four EGCG-upregulated genes included
retinoblastoma binding protein (RBQ1), VEGF, retinoic acid receptor α1 (RAR-α1), and insulin-like
growth factor-binding protein 3 (IGFBP 3) genes [128]. It is noteworthy that high levels of IGFBP 3 in
plasma are associated with reduced lung cancer risk [198].

A line of evidence has shown changes in miRNA expression in response to EGCG treatment
in lung tumor cell lines and 4-(methylnitrosamino)-1-(3-pyridyl)-1-butanone (NNK)-induced mouse
lung tumors [129,199]. EGCG treatment resulted in increased miR-210 expression, leading to reduced
proliferation and anchorage-independent growth in CL13 mouse lung adenocarcinoma cells and H460
and H1299 human NSCLC cells [199]. Moreover, EGCG increased the activity of both mouse and
human miR-210 gene promoters in H1299 and H460 cells that were transfected with the 2 kb of mouse
and 600 bp of human miR-210 gene promoter driven luciferase reporters [199]. Furthermore, the
activity of HRE-luciferase in response to EGCG was increased from 2000–4500 U to 8000–40,000 U with
the addition of HIF-1a expression vector, and an increased HIF-1α protein expression was observed in
EGCG-treated lung cancer cells, which suggests that the upregulation of miR-210 by EGCG is mediated
through the HRE in the promoter of miR-210 and stabilization of HIF1α [199]. The involvement
of miRNA-mediated gene regulation in antitumor activities of EGCG has also been demonstrated
to modulate miRNA expression in 4-(methylnitrosamino)-1-(3-pyridyl)-1-butanone (NNK)-induced
mouse lung tumor model [200]. The results of the miRNA microarray showed that 12 miRNAs
were upregulated in response to the EGCG treatment, while 9 miRNAs were downregulated. ECGC
treatment was found to induce changes in the expression of 21 mRNAs in NNK-induced mouse lung
tumors. Moreover, a group of 26 genes were identified as potential targets of the EGCG-regulated
miRNAs. Changes in the expression levels of those genes were inversely correlated to changes in the
expression levels of the corresponding miRNAs [200]. Further analysis of the role of the 26 miRNA
targeted genes revealed an interaction network that is centralized by IGFBP5 and is involved in the
regulation of Akt, MAP kinases, NF-κB, and cell cycle [200], which is consistent with the documented
mechanisms of inhibitory effects of EGCG on cell cycle and inflammation [194,201]. It was noted
that EGCG-induced the upregulation of miR-210 in cultured lung tumor cells was not one of the
26 miRNAs which expression levels were significantly altered in response to EGCG treatment in vivo.
This discrepancy could be due to differences in the oxidative stress levels and EGCG-binding proteins
between in vitro cultured cells and primary tumors, and in EGCG bioavailability and the elimination
half-life between the in vitro and in vivo systems [200].

EGCG has been proved to be beneficial in combination with cancer preventive and
chemotherapeutic agents [130,131]. Cotreatment of EGCG with celecoxib, a cyclooxygenase-2 selective
inhibitor, synergistically induced apoptosis through the upregulation of GADD153 gene expression
and activation of the mitogen-activated protein kinase (MAPK) signaling pathway [130]. EGCG in
combination with cisplatin significantly inhibited cell proliferation and induced cell cycle arrest in G1
phase and apoptosis in cisplatin-resistant A549 cells and suppressed the growth of cisplatin-resistant
A549 xenograft tumors [131]. The mechanism of resensitization of tumor cells to cisplatin by EGCG is
linked to the inhibition of DNA methyltransferase (DNMT) activity and histone deacetylase (HDAC)
activity, reversal of hypermethylated status, and downregulated expression of the GAS1, TIMP4,
ICAM1, and WISP2 gene [131]. The combined treatment of EGCG and another dietary polyphenol,
luteolin, resulted in synergistic/additive apoptotic and growth inhibitory effects in both in vitro and
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in vivo lung tumor models. It was noted that p53 wildtype lung cancer cell lines showed greater
sensitivity to co-treatment with EGCG and luteolin than p53-mutant or p53-null cell lines, and the
combination effectively increased stabilization and ATM-dependent S15 phosphorylation of p53 and
mitochondrial translocation of p53. Those results suggest that p53 is required for apoptosis that is
induced by the combination of EGCG and luteolin [132].

Similar to EGCG, green tea extract has been demonstrated to exert anticancer activities across a
spectrum of lung cancer cell lines and in vivo tumor models through different mechanisms, including
the induction of apoptosis through upregulation of p53 expression and downregulation of Bcl-2
expression [133–137], and the inhibition of tumorigenesis through inhibition of cyclooxygenase-2,
inactivation of Akt and NF-κB and degradation of IκBα [138], and through the induction
of dominant-negative activator protein 1 (TAM67) and inhibition of activator protein-1 (AP-1)
pathway [139]. The results of the proteomic analysis of A549 cells treated with green tea exact
reveals 14 proteins with a ≥2-fold change in the expression level are involved in calcium-binding,
cytoskeleton and motility, metabolism, detoxification, or gene regulation [140]. In particular, green tea
extract was found to upregulate the expression of lamin A/C, which regulates actin polymerization
in nucleus, which leads to decreased cell motility and growth and increased apoptosis [140].
Combination of polyphenon E (a standardized green tea polyphenol preparation) and atorvastatin,
an inhibitor of 3-hydroxy-3-methylglutaryl CoA reductase that is commonly used for the treatment
of hypercholesterolemia, synergistically inhibited 4-(methylnitrosaminao)-1-(3-pyridyl)-1-butanone
induced lung tumorigenesis in mice and the tumor cell proliferation through enhanced apoptosis,
which implicates that the combined use of green tea polyphenols and atorvastatin might be beneficial
in lung cancer prevention and therapy [141].

4.3. Curcumin

Curcumin is a bioactive phytochemical in the dietary spice turmeric and it has potential anticancer
activity against various types of cancer, including lung cancer [202,203]. The results from the in vitro
studies have demonstrated that curcumin treatment inhibits tumor cell growth by inducing apoptosis
through a variety of p53-independent and mitochondria-dependent pathways [143–147]. In a study by
Wu et al., curcumin treatment in cultured H460 cells resulted in cell cycle arrest at the G2/M phase,
initial upregulation, followed by the downregulation of cell cycle regulator cyclin D and E, upregulation
of Bax, Bad and FAS/CD95 and downregulation of Bcl-2, Bcl-xL, and XIAP protein expression, increase
in ROS, intracellular Ca2+ and endoplasmic reticulum stress, which led to a loss of mitochondrial
membrane potential (ΔΨm) and activation of caspase-3, release of growth arrest and DNA damage
inducible gene 153 (GADD153) and glucose-regulated protein 78 (GRP78) from mitochondria to cytosol
and nuclei, and decreased CDK1, CDK2, CDK4, and CDK6 protein expression and increased caspase
8 and Endo G mRNA expression [145]. Similar results elucidating the mechanism underlying the
apoptotic activity of curcumin have been reported by other research groups using different tumor cell
lines. For example, curcumin inhibited the proliferation of A549 cells through upregulation of Bax
and downregulation of Bcl-2 expression, and activation of the mitochondrial apoptosis pathway, as
manifested by the decreased mitochondrial membrane potential and increased release of cytochrome C
from mitochondria to cytoplasm [146]. The effect of curcumin on inhibiting cell growth and inducing
cell cycle arrest at the G1/S phase and apoptosis in PC-9 cells has been associated with the upregulation
of the expression of GADD45, GADD153, CDK inhibitors p21 and p27 genes, and downregulation of the
expression of cyclin D1, CDK2, CDK4, and CDK6 genes [144]. A501, a synthetic analogue of curcumin
with improved anticancer activities, induced cell cycle arrest at the G2/M phase by decreasing the
expression of cyclin B1 and cdc-2, and promoted apoptosis by increasing the expression of p53 and Bax
and decreasing the expression of Bcl-2 [153].

Although apoptosis induction appears to be the main mechanism underlying the antitumor
activities of curcumin in lung cancer, there is evidence of other mechanisms being involved in the
inhibitory effect of curcumin on lung tumor survival and progression. The anti-proliferative effect of
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curcumin has been associated with the inactivation of the PI3K/Akt/mTOR signaling pathway [148,149],
upregulation of miR-192-5p [148], and induction of autophagy [149,150]. In a study by Liao et al., the
ability of curcumin to suppress the proliferation, invasion, and metastasis of A549 cells was attributable
to its inhibitory effect on the expression of GLUT1, MT1-MMP, and MMP2 in A549 cells [151]. Targeting
GLUT1 has been sought as an attractive approach for cancer therapy, as upregulation of GLUT1
expression in malignant tumor cells is known to be responsible for the increased glucose uptake needed
to drive ATP production through aerobic glycolysis, also known as the “Warburg effect” [204–206].
However, the overexpression of GLUT1 in A549 cells was found to attenuate the inhibitory effect of
curcumin against tumor cell invasion in vitro and metastasis in vivo and increase the intracellular
expression levels of MT1-MMP and MMP2, implicating that curcumin inhibits lung tumor growth and
metastasis through its modulatory effect on the GLUT1/MT1-MMP/MMP2 pathway, but not by targeting
GLUT1. In addition, it is suggested that GLUT1 overexpression might potentially confer resistance
to curcumin treatment in lung cancer [151]. In another study by Tsai et al., the anti-migratory and
anti-invasive effect of curcumin was attributable to the inhibited adiponectin expression via blockage of
the adiponectin receptor 1 expression, the inactivated p38 and ERK pathways, and the downregulated
expression levels of p65, MMP-2, -9, -3, -13, and -14 [152]. Given the additional evidence indicating that
adiponectin regulated NF-κB expression through the Akt pathway, it was concluded that curcumin
inhibited lung cancer metastasis through the adiponectin/NF-κB/MMP signaling pathway [152].

The potential of curcumin in combination with other anticancer drugs for lung cancer
treatment has been documented. Curcumin potentiated the anti-proliferative effect of gefitinib
in three gefitinib-resistant NSCLC cell lines, including CL1-5 (EGFRwt), A549 (EGFRwt), and
H1975 (EGFRL858R + T790M) cell lines through blockage of EGFR activation and induction of EGFR
degradation [154]. Moreover, curcumin enhanced the antitumor effect of gefitinib in CL1-5, A549, and
H1975 xenografts in vivo. Notably, curcumin alone, and in combination with gefitinib, decreased the
protein expression of EGFR and Akt in CL1-5 xenografts, which was not affected by gefitinib treatment
alone. In addition, co-treatment with curcumin reduced the gefitinib-induced villi damage and
apoptosis in mouse intestines possibly through the modulatory effect of curcumin on gefitinib-induced
p38 activation [154]. Combined treatment with curcumin and carboplatin resulted in synergistic effect
on cell proliferation, apoptosis, invasion, and migration [155]. This synergism appeared to be mediated
by multiple mechanisms, including efficient downregulation of MMP-2 and MMP-9, substantial
suppression of NF-kB via the inhibition of the Akt/IKKa pathway and enhanced ERK1/2 activity,
augmented apoptosis induction through increased upregulation of p53 and p21, and downregulation
of Bcl-2 protein expression [155].

4.4. Quercetin

Quercetin, a plant pigment and the most abundant dietary flavonol, is known to possess
anti-proliferative and proapoptotic effects against many human cancers, including lung cancer [207].
It has been demonstrated that quercetin induces cytotoxicity and apoptosis in human NSCLC cells
through multiple mechanisms. The mechanisms by which quercetin induces cell growth inhibition,
cell cycle arrest at the G2/M phase and apoptosis involve the increase in the expression levels of
survivin, cyclin B1, phospho-cdc2 (threonine 161), total p53 (DO-1), phospho-p53 (serine 15) and p21
proteins, and the induction of abnormal chromosome segregation [156]. Besides inactivation of Akt,
quercetin-induced cleavage of caspase-3, caspase-7 and PARP has been found to be accompanied by
the increased phosphorylation of MEK, ERK, c-Jun, and JNK, which suggests that the activation of the
MEK-ERK pathway plays an important role in quercetin-induced apoptosis [157]. The results of the
microarray analysis of quercetin-regulated genes in H460 cells revealed that quercetin upregulated
genes that are associated with cell cycle arrest (p21Cip1, GADD45), the death pathway (including
TRAILR, FAS, TNFR1), the JNK pathway (MEKK1, MKK4, JNK), the IL1 receptor pathway (IL1,
IL1R, IRAK), the caspase cascade (caspase-10, DFF45), and the NF-κB pathway (IκBα), while it
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downregulated genes that are involved in cell survival (NF-κB, IKK, AKT) and proliferation (SCF,
SKP2, CDKs, cyclins) [158].

Quercetin has been demonstrated to exert anti-invasive and anti-metastatic activities in lung tumor
cells through the downregulation of monocarboxylate transporter 1 (MCT1) [159], inhibition of aurora B
kinase activity and histone 3 phosphorylation [160], disassembly of microfilaments, microtubules, and
vimentin filaments along with the inhibition of vimentin and N-cadherin expression [161]. Quercetin
treatment effectively suppressed the in vitro migration/invasion and in vivo bone metastasis of NSCLC
cells by increasing the expression of the epithelial marker, E-cadherin, and decreasing the expressions
of the mesenchymal markers, N-cadherin, and vimentin [162]. The mechanism that is associated with
quercetin inhibited cell motility involved F-actin-containing microfilament bundle rearrangement and
the suppression of EMT through both Snail-dependent Akt activation and Snail-independent ADAM9
pathway [162]. A recent study on the effect of five phytochemicals, including quercetin, curcumin,
chrysin, apigenin, and luteolin on NiCl2 (Ni)-induced the migration and invasion of cultured lung
cancer cells revealed that the most efficient phytochemical compound inhibiting cell migration and
invasion was quercetin, followed by chrysin and apigenin [163]. Further investigation demonstrated
that quercetin and chrysin at 2 and 5 μM significantly suppressed Ni-induced rise in Toll-like receptor
4 (TLR4) expression, nuclear p65 level, and relative phospho-IKK-β and phospho-IKK-α levels, which
suggests that the anti-invasive effect of quercetin is associated with the downregulation of TLR4/NF-κB
signaling pathway [163].

Quercetin treatment in combination with Trichostatin A, a histone deacetylase inhibitor,
significantly increased growth arrest and apoptosis through the mitochondrial pathway in A549
cells expressing wild-type p53, but not in H1299 cells harboring a p53 null mutation [164].
Moreover, quercetin treatment enhances TSA-induced acetylation of histones H3 and H4 through
the p53-independent mechanism [164]. Cotreatment of quercetin with gemcitabine, a pyrimidine
nucleoside analogue that inhibits DNA synthesis, promoted apoptosis via the inhibition of heat
shock protein 70 (HSP70) expression [165]. It is evident that quercetin-induced HSP70 inhibition
is associated with the caspase-dependent apoptosis through intrinsic apoptotic pathway, given the
fact that quercetin-induced HSP70 inhibition significantly increased the caspase-3 activity, while the
combination of quercetin and gemcitabine significantly increased caspase-9 activity [165]. HSP70 is
known to control proteostasis and anti-stress responses in rapidly proliferating tumor cells and thus
reduce the sensitivity of tumors to conventional anti-cancer drugs [208]. The mild toxicity profile of
quercetin and its potential to act as a HSP70 inhibitor render it an attractive agent for use as part of a
combination regimen to improve tumor response to chemotherapy with less severe side effects.

4.5. Other Naturally Occurring Polyphenols

Thymoquinone (TQ), the predominant bioactive constituent that is present in black seed oil
(Nigella sativa), and Caffeic acid phenethyl ester (CAPE), a phenolic compound that is isolated from
propolis, have been shown to induce G2/M cell cycle arrest and apoptosis through mechanisms similar
to those of resveratrol [95]. Notably, all three agents (i.e., CAPE, TQ, and resveratrol) decreased the
expression of cyclin D and increased the expression of TRAIL receptor 1 and 2, and p21 with the
highest increase in p21 expression being observed in TQ-treated A549 cells. Moreover, CAPE and
TQ upregulated Bax expression, while TQ and resveratrol downregulated Bcl-2, NF-κB, and IKK1
expression in A549 cells [95]. Based on those findings, further studies are warranted to evaluate the
potential benefit of using TQ and CAPE in combination with other therapeutic agents for the treatment
of lung cancer.

Pterostilbene (trans-3,5-dimethoxy-4′-hydroxystilbene), a naturally derived phytoalexin and a
demethylated analog of resveratrol, was shown to inhibit A549 cell proliferation and induce S-phase
cell cycle arrest by activating the ATM/ATR-CHK1/2-p53 signaling pathway [166]. Moreover, in two
precancerous human bronchial epithelial cell lines, HBECR and HBECR/p53i, which have normal
and reduced p53 expression levels, respectively, low-dose pterostilbene (at 1 and 5 μM) inhibited cell
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growth and induced cell cycle arrest in S phase and senescence in HBECR cells more efficiently than in
HBECR/p53i cells, which suggests that the chemopreventive activity of pterostilbene is p53-dependent.
This finding implicates that the use of pterostilbene as a chemopreventive agent for squamous lung
carcinogenesis should be initiated at the early stage before p53 mutation occurs. Another analogue
of resveratrol, bakuchiol (1-(4-hydroxyphenyl)-3,7-dimethyl-3-vinyl-1,6-octadiene) that was isolated
from the seeds of Psoralea corylifolia L. (Leguminosae), exhibits a more significant cytotoxic effect in
A549 cell line than in EA.hy926 endothelial cells, HUVECs, and primary cultured mouse embryo
fibroblasts. It induces apoptosis and cell cycle arrest in S phase by increasing ROS production,
interrupting mitochondrial homeostasis, increasing Bax/Bcl-2 ratio, upregulating p53, and activating
Caspase 9/3, which suggests that the apoptotic effect of bakuchiol is p53-dependent and involves a
mitochondrial-mediated pathway [167].

Chlorogenic acid (CGA) is the ester of caffeic acid and (−)-quinic acid, one of the most abundant
phenolic acid compounds found in coffee and tea [209]. A substantial body of evidence has indicated that
CGA exerts antioxidant [210,211], anti-inflammatory [212], antidiabetic [209], antimicrobial [213,214],
and anticancer [215,216] activities. Different mechanisms that are associated with the antitumor
properties of CGA have been proposed, including enhancing the activity of aryl hydrocarbon
hydroxylase, suppressing the oxidative formation of 8-hydroxy-2’-deoxyguanosine (8-OH-dG) in
DNA, reducing the production of ROS, and regulating the immune system [217–219]. A study by
Part et al. demonstrated that CGA significantly decreased the HIF-1α protein level without changing its
mRNA level in A549 cells under hypoxic conditions and subsequently suppressed the transcriptional
activity of HIF-1α, leading to decreased expression of its downstream target VEGF [168]. Moreover,
CGA inhibited hypoxia-stimulated HUVEC migration, invasion, and tumor formation in vitro and
VEGF-stimulated angiogenesis in Matrigel plugs in vivo through the mechanism of inhibiting the
HIF-1α/AKT signaling pathway [168]. The observed antiangiogenic potential of CGA suggests that
CGA could be a novel therapeutic option for the treatment of lung cancer.

Fisetin (3,3′,4′,7-tetrahydroxyflavone), a naturally occurring diet-based flavonoid, exerts anticancer
activity against different cancer cell lines, including NSCLC cell lines, when used alone or in combination
with other chemotherapeutic agents [169–171,220–223]. The inhibitory effect of fisetin on lung tumor
cell growth is attributable to dual suppression of PI3K/Akt and mTOR signaling, as evidenced by
the activation of PTEN, phospho-AMPKα, and TSC2, and the inhibition of PI3K, phospho-Akt,
phospho-mTOR, and several downstream targets of mTOR [169]. Fisetin was shown not only to inhibit
the growth and induce the apoptosis of A549 cells with acquired cisplatin resistant, but also enhance the
cisplatin cytotoxicity in cisplatin-resistant cells through the modulation of the MAPK/survivin/caspase
pathway [170]. Fisetin showed a synergistic effect with paclitaxel on growth inhibition and mitotic
catastrophe induction [171]. The fisetin-enhanced paclitaxel-induced mitotic catastrophe triggered
cytoprotective autophagy, subsequently changing to autophagic cell death, which led to enhanced
cytotoxicity [171].

Treatment with the ethyl acetate fraction of Glycyrrhiza uralensis extract that contains liquiritin,
isoliquiritin, and isoliquirigenin decreased the viability of A549 cells, induced cell cycle arrest at
G2/M phase, and apoptosis [172]. The ethyl acetate fraction significantly decreased the protein
expression of PCNA, MDM2, phospho-GSK-3β, phospho-Akt, phospho-c-Raf, p-PTEN, caspase-3,
pro-caspase-8, pro-caspase-9, PARP, and Bcl-2, and increased the expression of p53, p21, and Bax in a
concentration-dependent manner, which suggested that the antitumor effects of liquiritin, isoliquiritin,
and isoliquirigenin are orchestrated by the crosstalk among p53, Bcl-2 family, caspase cascades, and
the Akt pathway [172].

Experimental evidence for the protective effects of several beverages and plant extracts against
lung cancer through different mechanisms has been documented [15,173–175,177–179]. For example,
the decoction extract of Eucalyptus globulus Labill. decreased the viability of H460 cells in a
concentration-dependent manner, which was correlated with cell cycle arrest at the G0/G1 phase,
decrease in cell proliferation, and increase in the expression of p53, p21, and cyclin D1 proteins [173].
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Polyphenol compounds that were isolated from Selaginella tamariscina suppressed the migration
of A549 cells by targeting matrix metalloproteinases (MMPs) [174]. The antitumor activity of the
polyphenol-containing rosemary extract was associated with the inactivation of the Akt/mTOR signaling
pathway [175]. The inhibitory effect of red wine on the proliferation and lonogenic survival of A549
cells was associated with the inhibition of basal and EGF-stimulated Akt and Erk phosphorylation
and increased total and phosphorylated p53 levels [15]. Magnolol and polyphenol mixture derived
from Magnolia officinali significantly suppressed the expression levels and function of class I histone
deacetylases (HDACs) and enriched the histone acetyl mark (H3K27ac) in the promoter region of DR5,
which is a key protein in the death receptor signaling pathway [177]. Pomegranate concentrate that
was administered via drinking bottle to cigarette smoking (CS)-exposed mice prevented the formation
of CS-induced lung nodules by reducing the mitotic activity and HIF-1αexpression in CS-exposed
animals [178]. Oral administration of Achyranthes aspera (PCA) extract to urethane primed lung
cancerous mice increased the expression and activities of antioxidant enzymes GST, GR, CAT, and SOD,
decreased the expression and activity of LDH, downregulated the expression of pro-inflammatory
cytokines IL-1β, IL-6, and TNF-α, along with TFs, NF-κB, and Stat3, and increased expression of Bax and
p53 [179]. In addition, PCA was found to counteract urethane-mediated conformational changes of DNA
evident by the shift in guanine and thymine bands in Fourier Trans-form Infrared (FTIR) spectroscopy,
which suggests that the anticancer activity of PCA is associated with its immunomodulatory role and
DNA conformation restoring effect [179].

5. Conclusions and Future Perspectives

Taken together, many years of research on the mechanisms of anticancer action of natural
polyphenols have yielded an amazing amount of information. Strong lines of evidence have confirmed
that certain natural polyphenols possess potential antitumor activities against lung cancer, which
is the leading cause of cancer death in the United States and worldwide. Encouraging data from
preclinical studies that were conducted in cell cultures and tumor models have provided much insight
into a broad spectrum of molecular mechanisms underlying the anti-proliferative, anti-migratory,
anti-metastasis, anti-angiogenic, and pro-apoptotic effects of various bioactive natural polyphenols
in lung cancer. However, given that current chemotherapies for lung cancer have not advanced
dramatically despite our increased knowledge base, much research is still needed to pave the way
for the optimal integration of bioactive polyphenols with traditional chemotherapeutic regimens for
lung cancer treatment, and for a full exploration of the polyphenol compounds that have the potential
to form the basis for novel anticancer drugs of the future. In addition to continually refining and
expanding our knowledge of the molecular mechanisms by which natural polyphenols exert their
antiproliferative and proapoptotic activities against lung cancer, future research endeavors should also
focus on the mechanistic understanding of bioavailability and the biodistribution process of natural
polyphenols, which has been considered to be a challenging research field [224,225]. With the enhanced
insight into the factors controlling tumor uptake of phenolic compounds and the advent of innovative
drug delivery technologies, it is anticipated that new exploitable avenues will be opened for improved
delivery of bioactive natural polyphenols to the site of action, thereby advancing their therapeutic
utility in the treatment of lung cancer.
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Abstract: The search for effective methods of cancer treatment and prevention has been a continuous
effort since the disease was discovered. Recently, there has been increasing interest in exploring
plants and fruits for molecules that may have potential as either adjuvants or as chemopreventive
agents against cancer. One of the promising compounds under extensive research is nobiletin (NOB),
a polymethoxyflavone (PMF) extracted exclusively from citrus peel. Not only does nobiletin itself
exhibit anti-cancer properties, but its derivatives are also promising chemopreventive agents; examples
of derivatives with anti-cancer activity include 3′-demethylnobiletin (3′-DMN), 4′-demethylnobiletin
(4′-DMN), 3′,4′-didemethylnobiletin (3′,4′-DMN) and 5-demethylnobiletin (5-DMN). In vitro studies
have demonstrated differential efficacies and mechanisms of NOB and its derivatives in inhibiting and
killing of colon cancer cells. The chemopreventive potential of NOB has also been well demonstrated
in several in vivo colon carcinogenesis animal models. NOB and its derivatives target multiple
pathways in cancer progression and inhibit several of the hallmark features of colorectal cancer
(CRC) pathophysiology, including arresting the cell cycle, inhibiting cell proliferation, inducing
apoptosis, preventing tumour formation, reducing inflammatory effects and limiting angiogenesis.
However, these substances have low oral bioavailability that limits their clinical utility, hence
there have been numerous efforts exploring better drug delivery strategies for NOB and these
are part of this review. We also reviewed data related to patents involving NOB to illustrate the
extensiveness of each research area and its direction of commercialisation. Furthermore, this review
also provides suggested directions for future research to advance NOB as the next promising candidate
in CRC chemoprevention.
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1. Introduction

Colorectal cancer (CRC) is the third most prevalent cancer reported in both men and women,
ranking just after prostate or breast cancer and lung cancer [1]. Although in many cases there is no
readily apparent cause of CRC, a number of factors have been found to be closely associated with this
malignancy including gender, age, genetic predisposition, lifestyle, diet or as a complication from other
diseases such as inflammatory bowel disease (IBD). Statistics showed that the death rate from CRC is
40% higher in males as compared to females, with the prevalence increasing with age, especially above
50 years old; however, there is a new and worrying trend of increasing incidence of colorectal cancer in
the age group younger than 50, which, while slight, is still worrying [2,3].

The incidence of CRC has reduced as modern screening strategies have enabled much earlier
detection of potentially malignant lesions, allowing for early intervention such as surgical excision of
adenoma before it undergoes malignant transformation [4,5]. Although there has been a reduction, the
high number of cases remains a major concern and the search for new and better treatments for CRC
has been a key focus in pharmacological research. Standard therapy for cancer typically involves the
triple regimen of surgery, chemotherapy, and radiation treatment. Efforts in exploring and developing
new treatments are very much needed due to the limitations of the current treatment regimen—ranging
from side effects, to complications and the development of drug resistance.

Researchers are attempting to explore multiple avenues for novel leads as anti-cancer agents with
an increasing trend to focus on natural sources like plants and fruits [6–8]. However, while it is key to
find new treatments to existing cancers, a crucial aspect that is also being explored is prevention of
cancerous growths; in particular, this would be of benefit for those at risk due to the various factors
outlined earlier. One of the effective strategies to control cancer is chemoprevention, which is defined
as the use of a natural or synthetic agent to reverse, inhibit, or prevent the progression of cancer [9].

Plants and fruits are often part of a diet recommended to prevent various illnesses including
cancer [10]. These beneficial properties may be from the chemicals they contain as well as their
metabolites which enter our alimentary canal and eventually end up in our colon and rectum. If the
compounds responsible can be isolated and purified for use as a treatment, this may be a milestone in
new cancer therapies and prophylaxis. While an extensive review of polyphenols like apigenin and
luteolin on anti-colorectal cancer effect can readily be found [11], this study highlights the potential
chemopreventive effect on CRC of another flavonoid, namely nobiletin (NOB).

NOB, a polymethoxyflavone (PMF), is likely named after Citrus nobilis. This compound is one
of the most ubiquitous flavones that can be isolated exclusively from the peel of citrus fruits [12].
Besides CRC, there is concurrently ongoing research looking into the effect of NOB on other types of
cancers such as breast cancer [13,14], ovarian cancer [15], gastric cancer [16,17], lung cancer [18,19],
liver cancer [20] and bone cancer [21]. There are also recent studies attesting to the benefits of
NOB in anti-neurodegeneration [22,23], anti-diabetes [24], anti-obesity [25–27], antimicrobial [28],
anti-allergy [29] and anti-inflammatory effects [30,31]. There are also a number of articles that support
claims purporting to the role of NOB in reducing the risk of cardiovascular diseases [32,33] and
osteoporosis [34,35].

Interestingly, this compound can be metabolised into a number of metabolites which also show
significant anti-cancer effects. There are several recent reviews on the bioactivities of these citrus
PMF [36] as well as the potential chemopreventive abilities of these PMFs toward cancers in general [37].
This review paper aims to gather the results of the in vivo and in vitro studies done in recent years and
compile various molecular pathways by which the compound NOB and its derivatives act in CRC
prevention which will in turn help to facilitate future research that targets these specific mechanisms.
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2. Research Methodology

The main focus was to search for all relevant primary research papers published which looked
into the use of NOB and its derivatives as a chemopreventive agent for CRC. A systematic search
was performed to identify published literature on the chemopreventive potentials of NOB against
CRC using Google Scholar. For studies published in foreign languages like Chinese, Japanese
or Korean, an attempt was made to locate the translated version. The search strategy was
performed using keywords ‘nobiletin’ and ‘colorectal cancer’ to locate relevant papers. This was
also supplemented with keyword search of the terms ‘cancer statistics’, ‘colorectal cancer’, ‘colon
cancer’, ‘metabolites’, ‘synergism’, ‘biotransformation’, ‘mechanism’, ‘apoptosis’, ‘anti-inflammatory’,
‘inflammation’, ‘cell proliferation’, ‘cell cycle arrest’, ‘metastasis’, ‘tumour’, ‘angiogenesis’, ‘absorption’,
‘metabolism’, ‘toxicity’, ‘distribution’, ‘elimination’, ‘solubility’ and ‘delivery’ combined using Boolean
operators with ‘nobiletin’. PubChem and EMBASE were used as alternatives to ensure inclusion
of all relevant papers while SciFinder database was mainly used to locate patents related to NOB.
The reference lists of relevant articles collected were also screened for additional studies to be included
in the review.

3. Nobiletin and Its Derivatives

The compound nobiletin (NOB) can be extracted exclusively from citrus fruits, namely mandarin
oranges (Citrus reticulate), sweet oranges or Valencia oranges (Citrus sinesis), Miaray mandarins (Citrus
miaray) [38], flat lemons or Hayata (Citrus depressa) [39,40], tangerines (Citrus tangerine), bitter oranges
(Citrus aurantium) [12], Unshu Mikans or Satsuma mandarins (Citrus Unshiu arnicia indica) [41,42],
Cleopatra mandarins (Citrus reshni) [43], mandarin oranges (Citrus tachibana), Koji Oranges (Citrus
leiocarpa), Natsu Mikans (Citrus tardiva), Jimikan (Citrus succosa), Kinokuni Mandarins (Citrus Kinokuni),
Fukushu (Citrus erythrosa), Sunkat (Citrus sunki) and hybrids of the mandarin orange with pomelo
(Citrus deliciosa) [44]. Citrus tangerine was reported to contain the highest content of NOB, approximately
five times of that in Citrus sinesis [45].

PMF can be isolated from orange peel through different types of chemical extraction processes,
for example, the supercritical fluid extraction, microwave assisted extraction [46] and Soxhlet method,
which is capable of extracting large sample volumes [43]. Through the supercritical fluid extraction
process, the supercritical fluid extractor is used to process the orange peel grinds that have been
freeze-dried. Then, the extract is further treated with carbon dioxide and ethanol to concentrate the
bioactive compound [47]. A special method to improve NOB yield through the supercritical fluid
extraction method is currently patented in Korea [48]. It was found that the maximal yield of NOB
occurs at a temperature of 80 ◦C and pressure of 30 MPa with an optimum sample particle size of
375 μm [40].

NOB is a PMF classified under the flavonoid family of polyphenols. The International
Union of Pure and Applied Chemistry (IUPAC) nomenclature is 2-(3,4-dimethoxyphenyl)-5,6,7,8-
tetramethoxychromen-4-one. It is also known as 5,6,7,8,3′,4′-hexamethoxyflavone or 2-(3,4-
dimethoxyphenyl)-5,6,7,8-tetramethoxy-4H-1-benzopyran-4-one [12]. NOB has a molecular formula of
C21H22O8 and a molecular weight of 402.399 g/mol. The chemical structure of NOB is illustrated in
Figure 1. This flavone has a distinct three aromatic ring structure (labelled A, B and C in Figure 1),
with the ketone and ether group in ring C along with four methoxy groups at the 5, 6, 7 and 8 positions
of ring A and 2 methoxy groups at the 3 and 4 positions of ring B. Under long-term storage, NOB can
degrade into 5-demethylnobiletin (5-DMN), IUPAC name 5-hydroxy- 6,7,8,3′,4′-pentamethoxyflavone
(structure illustrated in Figure 1), through the process of autohydrolysis [49]. It has also been proposed
that 5-DMN could be formed through conversion of nobiletin by gastric acid after oral consumption [50].
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Figure 1. Chemical structures of nobiletin and its derivatives.

Both the NOB and 5-DMN undergo further transformation to form a number of metabolites in
the body after ingestion [50,51]. More than 20 metabolites have been identified and the types vary
significantly according to the species of citrus plants [12]. The three common phase I metabolites of
NOB identified in urine after administration to rodents are 3′-DMN, 4′-DMN and 3′,4′-DMN [52,53].
Wu et al. successfully quantitated the amount of NOB, 3′-DMN, 4′-DMN and 3′,4′-DMN at 2.03, 3.28,
24.13 and 12.03 nmol/(gram of tissue of colonic mucosa) at the end of 20 weeks daily feeding of 500 ppm
NOB to CD-1 mice [54].

After absorption, NOB generally undergoes Phase I and Phase II metabolism. In vivo tests show
the Phase I demethylation of NOB is likely caused by the action of cytochrome P450 [55]. Koga et al.
researched the enzymes involved in NOB metabolism and confirmed that CYP1A1, CYP1A2, CYP1B1
and CYP3A5 are involved in the conversion of NOB to 3′-DMN; further action from CYP1A1
and CYP1A2 is required to convert 3′-DMN to 3′,4′-DMN [56]. NOB was also found to undergo
extensive Phase II metabolism in the small intestine involving glucuronides or sulphates. [57] Four
phase II metabolites of NOB have been identified in rodent serum, bile and urine. These Phase II
metabolites are formed from the glucuronidation/sulphation of the Phase I products, namely 4′-DMN
and 3′,4′-DMN [58]. However, research on these Phase II metabolites are limited likely due to the
fact that existing literature suggests a high likelihood that these substances have decreased activity.
For example, Manthey et al. showed there was a reduced anti-inflammatory effect of the compound
after glucuronidation [59].

In contrast to the dominant Phase II metabolites in the small intestines, the majority of the
metabolites in the large intestine undergo deconjugation mainly through the action of the microflora
in the gut. The microbiome produces enzymes such as C-deglycosidases, O-deglycosidases and
hydrolases that break down the unabsorbed compounds from the small intestine. The microbiome also
releases enzymes such as glucuronidases and sulphatases that hydrolyze the conjugate bonds, resulting
in the reformation of free molecules that either undergo reuptake into the colonocytes or enter into the
blood stream [60]. At present, only a limited species of the microbiome have been identified and further
research is crucial to understand the in vivo biotransformation of the NOB compound resulting in the
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generation of multiple metabolites with different activities [61]. It is likely that the subtle variances
in the gut microbiome in different individuals may result in different pharmacodynamic effects after
administration of NOB. For instance, 4′-DMN and 3′,4′-DMN have been shown to exhibit higher
anti-cancer and anti-inflammatory effects than NOB itself, but the rate of conversion from NOB to these
metabolites may vary from one person to another [54,62]. The mechanisms of NOB in chemoprevention
are elaborated under ‘Section 5—Chemopreventive effects of NOB, 5-DMN and NOB-metabolites’.

Early in vitro studies using rat liver S9 extracts reveals 3′-DMN as the main metabolite of NOB
after 24 h of treatment [42]. However, further High-Performance Liquid Chromatography (HPLC)
analysis on in vivo experiments showed that the concentration of nobiletin and its metabolites differ in
the colonic mucosa—the concentration of 3′-DMN is almost equal to NOB, while 3′,4′-DMN is about
5.9-fold more than NOB, and 4′-DMN being the most concentrated, at 11.9 times the concentration of
NOB. Integrating these values, the concentration of NOB is actually 20 times significantly lower in the
colon when compared to the total concentration of its metabolites [54]. Convincing evidence has shown
that these metabolites generated in vivo following oral administration of NOB result in significant
accumulation in colonic tissues which is associated with the chemopreventive effect for CRC.

Interestingly, growing evidence suggests that the metabolites have more potent anti-cancer activity
than their parent compounds, and the high concentration of the metabolites of NOB found in the colon
may indicate that anti-cancer effect of NOB is largely conferred by its metabolites. This is consistent
with the findings of Wu et al. who discovered that by treating HCT116 cell lines with NOB and its
metabolites results in a 3.3 to 7.6-fold increase in apoptotic cells [54]. A recent study by Chiou et al. also
shows that the hydroxylated PMF, 5-DMN is more potent than NOB in terms of its chemopreventive
effect on colon malignancy for both in vivo studies using xenograft mice and in vivo studies using
three different colon cell lines. Chiou and colleagues reported that 5-DMN shows different levels of
inhibition in different types of cell lines, with the highest efficacies in COLO205 cell lines, followed
by HCT116 and HT-29 [49]. This is consistent with the findings of Qiu et al. stating that the half
maximal inhibitory concentration (IC50) required for 5-DMN to exert an inhibitory effect on the growth
of HCT116 cells is 8.4 μM as compared to the notably higher value of 37 μM for NOB. Similarly,
the IC50 required for 5-DMN against HT-29 cells is 22 μM as compared to the higher IC50 of 46.2 μM for
NOB [63]. This may suggest that the hydroxyl group at the 5th position on the A ring is an important
functional group involved in the molecular interactions [49].

4. Pathogenesis of Colorectal Cancer

The mechanisms leading to CRC development are part of a rather complex process. The pathogenesis
of CRC is arbitrarily subdivided into three stages here: initiation, progression and metastasis. Each
pathway is known to be regulated by chemical signals, called cytokines, which allow the progression
from one stage to the next, whilst inflammation is the underlying result of each stage [11].

Cancer generally starts with a mutated cell which deviates from the normal cell growth cycle
and progresses through the cell cycle rapidly with no differentiation of structure or function. It can
be attributed to the down regulation of the regulatory genes or up-regulation of oncogenes. This
gradually leads to the formation of a mass of undifferentiated cells called an adenoma. This lump
of cells does not perform any specific function but competes with the surrounding normal cells for
nutrients. In more than 60% of colorectal adenomas, the dysregulation of adenomatous polyposis coli
gene resulting from the Wnt/β-catenin pathway is the major culprit in triggering this process [64].

The initial adenoma progresses on to an intermediate adenoma when the epidermal growth factor
receptor (EGFR) is activated, which in turn triggers the phosphatidylinositol-3-kinase pathway and
results in tumour formation [65]. Also, the inactivation of transforming growth factor-β (TGF-β) and
the loss of function of p53 further aggravates tumour growth by preventing apoptosis [66,67].
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Eventually, a tumour becomes malignant when angiogenesis occurs, and the cancer cells are
released into the bloodstream and spread to other parts of the body through a process known as
metastasis. Intercellular adhesion molecule-1 (ICAM-1) and matrix metalloproteinase (MMPs) are
closely associated with the promotion of angiogenesis and metastasis. To illustrate, the MMP disrupts
the integrity of the basal membrane allowing the cancer cells to enter the surrounding blood vessels
and thus the blood stream through a process known as intravasation [68,69].

5. Chemopreventive Effects of Nobiletin, 5-DMN and NOB-Metabolites

In one of earliest in vitro studies, the antiproliferative effect of NOB was evaluated against HT-29
colon cancer cells [70]. The study determined that the IC50 and IC90 of NOB against HT-29 cell
were 4.7 μM and 13.9 μM, respectively, via the 3H-thymidine uptake assay [70]. As a product of
autohydrolysis of NOB, 5-DMN was also evaluated for its antiproliferative effect against colon cancer
cells. In the H-thymidine uptake assay, the IC50 and IC90 of 5-DMN against HT-29 was reported to be
8.5 μM and 171 μM, respectively [70]. In the following years, NOB and 5-DMN were also reported to
be cytotoxic towards different colon cancer cell lines, including HCT116, HT-29, SW489, COLO320,
COLO205 and Caco-2 (Table 1). Despite the stronger anti-proliferative effect of NOB observed in
the earlier study [70], recent studies increasingly showed that 5-DMN exhibits stronger cytotoxic
effects against different colon cancer cells as compared to NOB [49,63]. These contradictory results
are potentially due to the different aspects of cancer focused in each study. Based on these in vitro
studies, NOB and 5-DMN were shown to exhibit their cytotoxic effects towards colon cancer cells,
predominantly via cell cycle arrest and induction of apoptosis (Table 1).

Multiple in vivo studies demonstrated that NOB offers a protective effect against several
carcinogens, such as the azoxymethane (AOM) and the 2-amino-1-methyl-6-phenylimidazo[4,5-
b]pyridine (PhIP) (Table 2). AOM/DSS has been used to induce colitis in mice for the purpose of
creating mouse models that replicate colitis induced CRC in humans [71]; however, PhIP, a heterocyclic
amine, is a food-derived carcinogen that is abundantly released in the process of cooking fish and
meat [72,73]. Administration of 0.01% wt of NOB to mice for five weeks in their diet resulted in
the reduction of abnormal growths induced by colonic carcinogen AOM in the colons of the mice;
there was a 50% reduction as compared to the controls [41]. Another similar study to determine the
anti-adenocarcinoma effects of NOB also showed positive results but with lower efficacies, whereby
34 weeks administration of 0.01% or 0.05% wt. of NOB reduced the frequency of adenocarcinoma
by 12% and 32%, respectively [74]. In addition to that, Wu et al. demonstrated that NOB treatment
successfully reduced the rate of cell proliferation by 69%, tumour incidence by 40%, tumour multiplicity
by 71%, and downregulated TNF-α, IL-1β and IL-6 by 65%, 69% and 45% respectively in AOM/DSS
treated mice [54]. Consistent with the inhibitory effect against AOM induced colon carcinogenesis,
NOB also showed significant reduction in the high density of colonic aberrant crypt foci (ACF) located
in the transverse colon in PhlP-induced F344 rats [75]. This shows that NOB is effective in preventing
CRC triggered by different types of carcinogens.

Further support for NOB as a prospective candidate for chemoprevention is that NOB is known
to inhibit different pathways leading to cancer via a number of different mechanisms which includes
inhibiting cell cycle progression [54,76], limiting inflammation [76], inducing apoptosis [54], preventing
angiogenesis [77] and reducing tumour formation [49,54,78]. This subsection will describe the
mechanism of action of NOB, its autohydrolysis product, 5-DMN and its three common metabolites,
namely 3′-DMN, 4′-DMN and 3′,4′-DMN, in chemoprevention of CRC in detail.
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5.1. Cell Cycle Arrest

Uncontrolled cell growth that arises from genomic instability is known to contribute to
tumorigenesis [85]. One way to counteract CRC is to halt its cell cycle progression. The cell
cycle is akin to a biological growth clock that tightly regulates each stage of cell growth, where any
mutated or abnormal cells will be arrested at either the G1 or G2 checkpoints; however, this mechanism
is disrupted in cancerous conditions [86]. To progress through the stages, the regulatory protein cyclin
acts like a key, as it needs to phosphorylate the cyclin-dependent kinase (CDK) complexes to allow
progression to the next stage [87].

5.1.1. Action of NOB and Its Metabolites Inducing Cell Arrest

Notably, different metabolites of NOB work by different mechanisms against different cells.
The flow cytometry test showed NOB and 4′-DMN arrest cells at G0/G1 phase in both HCT116 and
HT-29 cell lines, despite the inhibitory effect of 4′-DMN being higher than that of NOB. Both 3′-DMN
and 3′,4′-DMN arrest cells at both S phase and G2/M phase in HCT116 cell lines but arrest cells at
both G0/G1 and G2/M phase in HT-29 cells. The inhibitory effect of 3′,4′-DMN is higher than that of
3′-DMN as only half the concentration is needed to induce a similar end result [54]. The fact that the
metabolites 3′-DMN and 3′,4′-DMN exhibit more potent anti-cancer effects than NOB may suggest
that demethylation at the 3′ and 4′-position significantly enhances its inhibitory effect [51].

In vitro tests using HCT116 cells reveal NOB and all three of the common metabolites increase the
expression of CDK inhibitor, p21Cip1/Waf1 [54]. p21Cip1/Waf1, also known as p21 or P21/CDKN1A is a
negative regulator for progression of the cell cycle that is responsible for the hypo-phosphorylation of
retinoblastoma (Rb) proteins, leading to cell cycle arrest at the G1/S transition [86,88,89]. Although p21
is usually associated with the degradation of cyclin D1 [86], it is interesting to note that only 4′-DMN
but not other metabolites nor the NOB itself causes significant reduction in cyclin D1 level. This may
partly explain the strongest cell cycle arresting effect of 4′-DMN at the G0/G1 phase as compared to the
other compounds aforementioned [54].

Proliferating cell nuclear antigen (PCNA) acts as a cofactor for DNA polymerase δ. It is an
important marker commonly used to detect cell proliferation due to its increased expression through
the G1 phase and S phase transition of cells [90,91]. Analysis from immunohistochemical tests recorded
69% reduction of cells with PCNA compared with the untreated controls [54]. Interestingly, evidence
also reveals that p21 potentially suppresses action of PCNA. Interaction with the carboxy terminal of
p21 inhibits PCNA from activating DNA polymerase δ, thus blocking DNA synthesis and preventing
cell proliferation [92,93]. In this light, specific research of NOB on p21 and PCNA may be required to
elucidate the pathways in further details.

Wu et al. studied the combinatory effect of NOB and its metabolites at different concentrations on
HCT116 cells. At half the original concentration present in the colon, there is a decreasing trend of
cells in S phase and G2/M phase but an increasing trend was noted in the G0/G1 phase. The cell cycle
arrest effect seems to be dose dependent as flow cytometry recorded the population of cells arrested
at the G0/G1 phase to be 57.8% higher than the untreated cells and significantly increased to 91.0%
when the concentration of NOB and metabolites was doubled. To validate the findings, the levels of
key signalling proteins were measured. Results showed that treatment with NOB and its metabolites
lowered the levels of CDK-2, CDK-4, CDK-6 and cyclin D, raised the level of p52 and p27, but did not
alter levels of p21 and cyclin E. In contrast, in vivo tests in AOM/DSS induced mice solely treated with
NOB did document decreased expression of cyclin E and increased expression of CDK inhibitor p21.
This difference is hypothesised to be due to the cell type specific response towards NOB, which is yet to
be confirmed by further research [76]. The cell cycle is tightly regulated by key signalling proteins such
as cyclins and cyclin dependent kinases (CDKs). To illustrate, complexes such as cyclin D-CDK-4/6
and cyclin E-CDK-2 facilitates the transition from G1 phase to S phase, while cell transition from G1
phase to S phase can be inhibited by tumour suppressor p53 and CDK inhibitors p21 and p27 [89,91].
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It is also worth mentioning here that, at the effective concentration that arrests cell cycle, NOB
produces a cytostatic effect, meaning it arrests growth without killing the cell [14]. As compared to
other flavonoids like tangeretin (IC50 = 1.6 μM) and quercetin (IC50 = 0.84 μM), a slightly higher
IC50 of 4.7 μM is required for the cell proliferation inhibition action by NOB in HT-29 cell lines and
IC50 of 8.4 μM for 5-DMN [70]. However, the inhibitory effect of NOB may only be temporary. It is
demonstrated that, with the removal of NOB, the treated cells resume cell proliferation within 24 h
and regain similar growth status comparable to the control within 96 h [14]. This may also imply that,
in order to sustain the inhibitory effect of NOB, the treatment with NOB has to be long-term to ensure
continuous cell proliferation inhibition. This is possible as NOB is considered a natural compound
and has no effect on healthy cells [83]. One might argue that the effect of NOB may be problematic
for naturally fast-proliferating cells like healthy non-adenomatous intestinal lining cells. However,
there is reassurance based on previous research that showed NOB is 10 times more selective towards
transformed cancerous cells as compared to normal healthy cells [79].

5.1.2. Action of 5-DMN Inducing Cell Cycle Arrest

Treatment with 5-DMN also shows a similar increase of Rb in a dose dependent manner. Notably,
5-DMN does not affect the level of CDK-4, but there is a significant reduction of CDK-2 levels [63],
hence indicating a reduced possibility of complex formation with cyclin A or cyclin E [94]. p21 is
known to play a key role in arresting the cells at the cells at the G2/M phase through the inhibition of
CDK-2/Cyclin E complex formation [95,96], and 5-DMN has been found to be able to arrest cell cycles
at both the G0/G1 phase and G2/M phase in HCT116 (p53 +/+), but is only able to accumulate cells at the
G2/M phase in HCT116 (p53 −/−). This suggests that G0/G1 arrest is dependent on p53 while G2/M is
independent of p53 [80]. Using HT-29 cell lines, Qiu et al. reported that 5-DMN effectively causes cell
cycle arrest at the G2/M phase [63]. This effect possibly arises from the downregulation of cdc25 protein
expression, which is important to activate the cyc2/cyclin B1 through the process of dephosphorylating
the inactive tyrosine residues Thr-14 and Thr-15 located in cdc2 ATP binding domain [97,98].

To sum up, different derivatives of NOB potentially arrest the cell at different stages of the cell
cycle, mainly through downregulating the expression of proteins or kinases such as CDKs involved
in the cell proliferation pathways and preventing the formation of cyclin complexes that allow cell
cycle progression.

5.2. Programmed Cell Death

As growth of a cell is tightly regulated by the cell cycle, death of a damaged or aged cell also
needs to be programmed to maintain homeostasis in our body. There are three models of programmed
cell death (PCD), namely apoptosis, autophagy and necrosis [99]. A tumour mass of cancerous cells is
formed when the cancerous cells develop the ability to evade cell death. Not responding to the death
signal, the cells continue to grow and proliferate, leading to progression of cancer. Thus, NOB, being an
agent that targets the key signalling pathways of programmed cell death, may help in chemoprevention
of CRC. Apoptosis will be the main focus in this subsection, while autophagy will only be discussed
briefly. Necrosis, the most abrupt death of all three, will not be discussed in this section as there are
no data in this area. Although necrotic death is usually associated with inflammation, this does not
exclude its possibility to be exploited as a means to eliminate cancerous cells [100].

Apoptosis can be induced by two core mechanisms, namely the extrinsic and the intrinsic pathway.
The cell death signals in the extrinsic pathway come from external sources such as the Fas ligands
or tumour necrosis factors [101]. The intrinsic pathway generally arises from the mitochondrial
intracellular protein of the Bcl-2 family. Bcl-2 is an important regulator for apoptosis, which plays a
role in mitochondrial disruption that activates the caspases [102]. High levels of Bcl-2 are expressed in
various types of cancer and is associated with chemoresistance. Levels of Bcl-2 need to be lowered to
promote apoptosis [103,104]. As a result of reduced Bcl-2 levels, a cascade of activity is activated in the
cell leading to apoptosis with caspase-9 acting as the initiator caspase in the intrinsic pathway [105]
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and caspase-8 in the extrinsic pathway. It may also be crucial to mention here that the procaspase-8
forms a complex called Death Inducing Signalling Complex (DISC) before it is activated to caspase-8.
The downstream effect would be the activation of the executioner caspase-3, and other caspases such
as caspase-1, caspase-6 and caspase-7 [106,107] which then cleaves Poly (ADP-ribosome) polymerase
(PARP) [108,109]. Soon after, the cell starts to bleb and shrink while its nucleus is condensed
and fragmentised, proteolysis happens and the cell loses adhesion to the extracellular matrix and
neighbouring cells [110,111]. Once the cell undergoes apoptosis, its contents are taken up by the body
and recycled for new cell synthesis.

Action of NOB and Metabolites Inducing Programmed Cell Death

In vitro tests using different colon cell lines such as HCT116 and HT-29 reveals that the action
of NOB and its various metabolites vary in different cell types. NOB was only shown to induce
apoptosis of colon cancer cells when tested at high concentration. Zheng et al. [79] demonstrated
that NOB increased DNA fragmentation in COLO302 only at 200 μM. Treatment with NOB, 3′-DMN,
4′-DMN and 3′,4′-DMN in HCT116 cell lines raise the early apoptotic cell population by 3.3-fold,
5.0-fold, 4.9-fold and 7.6-fold, respectively, while also resulting in 4.2-fold, 3.5-fold 7.1-fold and 4.5-fold
increments in the late apoptotic cell population, respectively. In contrast, 3′-DMN and 4′-DMN did not
cause any significant changes in apoptotic cell population in HT-29 cell lines, but the pro-apoptotic
effect of 3′,4′-DMN was observed to be higher than that of NOB. An in vitro test using HCT116 shows
that all three metabolites of NOB are able to induce the activation of caspase-3, caspase-9 and PARP,
while NOB can only induce activation of caspase-9 but not that of caspase-3 or PARP. A negative
result was also reported on the apoptosis inducing effect of NOB, whereby no apoptosis was detected
when NOB was tested at concentrations of up to 100 μM in HT-29 [14]. In contrast, an in vivo test
in AOM/DSS treated mice revealed a 2.3-fold increase of caspase-3 levels with NOB treatment [54].
Nevertheless, we can be certain that the metabolites of NOB render a higher proapoptotic effect as
compared to their parent compound NOB.

Several previous works have demonstrated that NOB and its derivatives exhibit pro-apoptosis
properties. However, this effect is known to be tissue specific. To illustrate, apoptosis is observed in
colon cell lines but not the HL-60, promyelocytic leukaemia cell lines [79,112]. Interestingly, apoptosis
could also be related to MMP-7. It has been discovered that cells that express MMP-7 are less sensitive
to the Fas ligand-induced apoptosis as MMP-7 has a higher tendency to produce the non-apoptotic
form of soluble Fas ligand by releasing the ligands in the cell membranes [77]. MMP will be further
discussed in Section 5.4.

In vivo tests using xenograft mice show that 5-DMN triggers apoptosis at a concentration of
40 μM [49]. 5-DMN has been reported to increase levels of caspase-8, caspase-3 and PARP in a
dose dependent manner, and results in 2.2-fold increase in the population of early apoptotic cells as
compared to the control. In contrast, there is no apparent increase in the apoptotic effect even after
doubling the concentration of NOB, suggesting NOB is required at a significantly higher concentration
to induce a pro-apoptotic effect [14,63]. However, the effect of 5-DMN was notably distinct for different
types of cancer cell lines. To illustrate, 5-DMN can induce early apoptosis in HCT116 colon cancer cell
lines at a concentration as low as 8 μM while 5-DMN only slightly raises the apoptotic activities at a
concentration as high as 36 μM in colon HT-29 cancer cell lines [63].

Annexin-V/PI analysis reveals that 5-DMN significantly increased the Annexin-V positive cells,
especially in the late apoptotic or necrotic cell population among the HCT116 (p53 −/−) cells, suggesting
that the action of 5-DMN may be independent of p53 [80]. The fact that 5-DMN induces early apoptosis
in HCT116 (Bax +/+) cells but not in HCT116 (Bax −/−) may suggest that Bax (Bcl-2 associated X
protein) is important for apoptosis to occur. In other words, absence of Bax confers resistance to
apoptosis [80,113,114]. A recent study by Chiou et al. proved that 5-DMN increases the expression
of p53 proteins, which not only induces apoptosis, but also triggers cell death by autophagy that
contributes to the prevention of tumour growth [49]. However, the detailed mechanism of how NOB
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prevents CRC development through the autophagy process is yet to be elucidated. From the current
stage of knowledge, autophagy is known to exhibit both the pro-tumour and anti-tumour formation
effects. In response to stress, autophagy acts as a protective mechanism for cell survival, which has
already been elaborated in previous literature [115]. It is likely that overactivation of autophagy
contributes to suppressing tumour formation by inhibiting the anti-autophagic-related genes (ATGs)
in oncogenesis and activating the pro-ATG [116]. The effect of autophagy and apoptosis may be
synergistic in chemoprevention of cancer [117,118].

To conclude, NOB was shown to be less effective in inducing apoptosis of colon cancer cells.
Instead, the metabolites of NOB, 3′-DMN, 4′-DMN and 3′,4′-DMN were suggested to be responsible
for the induction of apoptosis of colon and modulation of cancer cell growth in the colon carcinogenesis
animal model [54] On top of that, the autohydrolysis product of NOB, 5-DMN could induce apoptosis
in colon cancer cells at a lower concentration as compared to NOB.

5.3. Anti-Inflammation

Inflammation is a natural physiological response of our body, characterised by five main signs,
namely loss of function, redness, pain, heat and swelling. Inflammation plays a significant role at times
of infection and injury. It triggers the immune system to function and helps to protect our body through
the release of chemical molecules called pro-inflammatory signals. However, too much inflammation
is also not a good sign. There is increasing evidence narrating the interrelation between tumorigenesis
and inflammation [119]. Whilst chronic inflammation is a hallmark of cancer, the inflammatory
cytokines aggravate cancer progression by preventing differentiation of cells and promoting tumour
formation [120]. The inflammatory cells release ROS after being activated, leading to the oxidative
damage of DNA and p53 mutation [121–123]. The mechanism that triggers inflammation is a rather
complex pathway and has been covered by previous literature [123,124]; only the anti-inflammatory
effects mediated by NOB are discussed in this review.

Increasing evidence shows that progression of CRC can be accelerated by the upregulation of
pro-inflammatory cytokines expressions—for example, TNF-α, IL-1α, IL-1β and IL-6 [81,119,125].
These proinflammatory cytokines enhance the secretion of inflammatory mediator PGE2. Song et al.
reported that treatment with NOB results in a noteworthy reduction of tumour size and frequency
correlated with the significant lowering of IL-1, IL-6, iNOS and COX-2 levels [78]. ELISA test quantified
the reduction of TNF-α, IL-1β and IL-6 at 51%, 92% and 69%, respectively, in the NOB treated group
while real-time qRT-PCR quantified the reduction of the above pro-inflammatory cytokines at 65%,
69% and 45%, respectively, when compared to the control mice [54].

Anti-Inflammation Effect of NOB and Its Metabolites

Besides NOB, multiple studies have shown that its metabolites, especially, 4′-DMN and 3′,4′-DMN,
also exhibit significant inhibitory effects towards nitric oxide production, iNOS and cyclooxygenase
(COX) expressions in both in vivo and in vitro conditions [30,31,62,76,81,126]. However, the combined
effect of NOB and its metabolites warrants further investigation [76]. Notably, NOB selectively inhibits
COX-2 and did not affect COX-1 [81]. COX-2 is normally absent in healthy cells, but its release is
triggered when the environment is inflammatory or hypoxic [127]. COX-2 is known to enhance CRC
carcinogenesis, and inhibiting COX-2 also limits the production of PGE2 [128], which may be associated
with the inhibition of cell proliferation in colonic mucosa [41]. iNOS speeds up the conversion of
L-arginine to NO through the process of oxidative deamination. NO is a potent inflammatory mediator
that activates signalling molecules that trigger the process of inflammation and mutagenesis [129].
By inhibiting the iNOS and its downstream products, NOB helps in reducing the inflammation
observed in chronic diseases like ulcerative colitis and CRC [130]. Introduction of NOB to colonic
tissues harvested from mice treated with AOM/DSS results in a 35% reduction of cells expressing iNOS
compared to the untreated tissue. This is consistent with the in vitro test. By administering NOB and
its metabolites at a concentration equivalent to that found in the colons to the LPS-induced RAW 246.7
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macrophages is shown to effectively and completely inhibits expression of iNOS, while, at half the
concentration, the expression of iNOS was lowered by 56.4% compared to the untreated LPS-induced
macrophages [76]. This shows that a similar process is likely to happen in the human body and NOB is
indeed a promising anti-inflammatory agent.

Additionally, NOB also increases the release of the Nrf2-dependent enzymes which regulate
Phase II enzyme production, such as heme oxygenase-1 (HO-1) and NQO1. HO-1 is an anti-oxidative
enzyme that exhibits its anti-inflammatory effect by producing anti-oxidants like carbon monoxide
and bilirubin. It is also important to note that HO-1 is not solely controlled by Nrf-2 [76]. NQO1
upregulation counteracts the increased expression of IL-1β and TNF-α induced by LPS [131]. This is
consistent with the findings of Khor et al. reporting that a lower Nrf-2 expression greatly increases
susceptibility of mice models to AOM-induced colitis [132]. The colonic mucosa of AOM/DSS-induced
mice orally administrated with NOB was found to have increment of nuclear Nrf2 by 1.94-fold and
reduction of cytoplasmic Nrf2 by 36% when compared to the AOM/DSS-treated mice. The upregulation
and translocation of Nrf2 transcription factor is thought to be the cause for subsequent increment of
HO-1 and NQO1 by 2.78-fold and 2.59-fold, respectively. This is consistent with the results from the
combinatory effect of NOB and metabolites treatment on macrophages cell lines, which induces a
10% increase in the level of HO-1 and a 34% increase in the level of NQO1 when the concentration
ratio of NOB and metabolites is equivalent to that in the colon [76]. In short, Nrf-2, which neutralises
carcinogens and reactive oxygen species (ROS), is identified as a key signalling pathway to target in
the effort to halt CRC progression [133,134].

5.4. Anti-Angiogenesis

Angiogenesis refers to the process by which new blood vessels are formed. This process is
an important pathway that results in the progression of all types of cancer. This is because, when
the tumour mass grows, it naturally needs more nutrients and nourishment to support its growth.
To achieve this necessity, new blood vessels have to be formed surrounding the tumour mass to ensure
a continuous supply of oxygen and glucose to support the growing cell mass [135,136].

Anti-Angiogenesis Effect of NOB

It is postulated that NOB prevents metastasis by inhibiting the activity of activator protein-1
(AP-1), a dimeric protein, thus preventing DNA binding [77]. Another hypothesis suggests that NOB
acts via the Nuclear Factor-kappa B (NF-κB) pathway, altering the gene expression by modulating the
promoter regions [126,137].

For angiogenesis to occur, the vascular endothelial growth factor (VEGF) plays a key role. VEGF
not only acts as a signal to induce new blood vessel growth, but also inhibits the apoptosis induction.
VEGF works by activating the mitogen activated protein kinase (MAPK). This kinase triggers the signal
transduction and allows the endothelial cells to proliferate in order to form new blood vessels [138–140].
To elaborate on VEGF, it is necessary to mention leptin and insulin-like growth factor 1 (IGF-1) here.
There is evidence suggesting that bidirectional cross talk exists between the leptin protein and IGF-1,
a serum growth factor. Acting together, they not only catalyse the cell proliferation process, but also
transactivate the epidermal growth factor receptor (EGFR), which enhances the migration and invasion
power of the cancer malignancy [141].

Miyamoto et al. discovered that leptin, a protein that regulates energy balance and body mass
has a positive correlation with CRC, where leptin is thought to be a mitogenic factor that leads to
the development of colon cancer [84]. It induces cell proliferation by activating the nuclear factor
κB, p38 MAPK and p42/44 MAPK [142]. Previous evidence demonstrates that introduction of 0.1 to
10 nM of leptin enhances the proliferation rate of HT-29 cells by 1.3 to 1.6 times [84] through c-Jun
NH2 terminal kinase and extracellular regulated kinase (ERK) 1/2 activation [143,144]. In other
words, the chances of developing CRC can be reduced if leptin concentration is regulated. Treatment
with NOB suppresses cell proliferation induced by leptin through inhibition of mitogen-activated
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protein/extracellular signal-regulated kinase (MEK) 1/2 [145]. Consistent with the in vitro findings,
a reduction of 75% of leptin concentration by NOB, partly through the inactivation of the insulin
signalling pathway, was reported at the end of the 17-week study in an in vivo model using Institute
for Cancer Research (ICR) mice [83,84]. In this light, Miyamoto et al. conducted a study aiming to
determine the prognosis of cancer in obese rats with flavonoid intervention. They reported that the
flavonoids significantly reduced the incidence of β-catenin accumulated crypt (BCAC) by 64% to 71%
and aberrant crypt foci (ACF) by 68% to 91% and proposed that this arises from the effect of NOB in
downregulating the secretion of IGF-1 [83].

Metalloproteinase (MMP) plays a fundamental role in angiogenesis. MMP induces the protein
that breaks down the extracellular matrix (ECM), thus making the blood vessel more permeable and
allowing the cancerous cells to detach from the lump to flow, extravasate or invade the other parts
of the body, causing the spread of tumour to other vital organs. This is a process called metastasis,
leading to malignancy and cancer aggravation. The mortality rate greatly increases when cancerous
cells metastasise to vital organs like the liver [146]. Similar to how a dexamethasone steroid acts, NOB
is proven to be able to increase the expression of tissue inhibitor metalloprotease-1 (TIMP-1) in human
synovial cells [81]. However, the benefit of upregulating TIMP-1 in CRC is debatable due to its bilateral
role in cancer progression. Although TIMP-1 upregulation contributes to the anti-oncogenic effect,
enhanced expression of it may lead to early phase tumour development via the pathways independent
of MMPs. With this understanding, TIMP-1 glycosylation can function as a biomarker to aid in CRC
staging [147].

There are more than 20 types of MMP involved in metastasis [148], with each one of them playing
a distinct role [149]. However, whether MMP is produced by cancer cells or their surrounding stromal
cells is still an ongoing debate [150]. Abnormally high levels of MMP-1, MMP-2, MMP-3, MMP-7,
MMP-9 and MMP-13 have been implicated in CRC [150]. Treatment with NOB significantly inhibits
release of pro-MMPs especially pro-MMP-7 (also known as metrilysin) mRNA in HT-29 cell lines.
To illustrate, NOB at a concentration range of 25 μM to 100 μM, the proMMP-7 levels in the media
diminishes significantly by 35% to 47% [77]. The maximal expression of MMP-7 arises from the
β-catenin/TCF complex transcription factors formed in the presence of mutated APC genes [150–152].
Apart from MMP-7, the action of NOB on other MMPs in CRC is yet to be investigated. MMP-9, which
is mainly secreted by inflammatory cells, is correlated with the transition phase from adenoma to
adenocarcinoma, while the upregulation of MMP-3 usually suggests poor prognosis as it has a positive
correlation with low microsatellite stability. On the other hand, high levels of MMP-12 reduces CRC
mortality as it can potentially inhibit angiogenesis [150] by secreting angiostatin, a chemical that halts
tumour progression and inhibits tumour neovascularisation [153–155]. As mentioned in the previous
section, NOB suppresses MEK. This suppression of MEK then further diminishes the expression
of pro-MMPs, which results in the reduction of MMP and subsequently confers anti-angiogenesis
effect [144,145]. Briefly, NOB prevents angiogenesis and metastasis in CRC mainly via the inhibition of
MMP, EGFR and VEGF through the regulation of leptin and IGF-1.

6. Pharmacokinetics, Bioavailability and Delivery Systems of NOB

The pharmacokinetic properties of NOB represent a key factor to be considered in an attempt to
formulate it into a therapeutic product. Understanding the interactions between the compound and
our body opens ways to creative strategies in solving the problem which require novel formulation in
delivering NOB for chemoprevention purpose. For oral delivery, an important consideration is the
bioavailability of the active compound. However, the bioavailability studies on NOB are limited [156].
Therefore, understanding the pharmacokinetic profile of NOB becomes even more crucial to assisting
in the prediction of bioefficacy as the absorption, metabolism and elimination pattern indirectly affect
its bioavailability.
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There are many factors that affect the absorption of a compound; one important consideration is
the molecular structure [157]. The proper absorption of any compound is depicted by its solubility and
permeability across physiological barriers of which both properties are directly related to its molecular
structure. Attributed to its unique chemical structure with multiple methoxy groups, NOB is lipophilic
in nature and can easily pass through the cell membrane. Murakami et al. successfully demonstrated
the relatively high permeation of NOB across differentiated Caco-2 cells which mimics the epithelial
cells lining the small intestine. A significantly high 48.1% of NOB has been found to permeate through
the basolateral compartment while another 39.3% remains on the apical compartment four hours after
introduction of NOB in a Caco-2 monolayer trans-well permeability assay [158]. Parallel artificial
membrane permeation assay (PAMPA) deciphered the permeability of NOB, 4′-DMN and 3′-DMN
at 1.38 × 10−6 cm/s, 1.14 × 10−6 cm/s and 1.05 × 10−6 cm/s, respectively [159]. It was discovered that
the methoxylated flavonoids show five to eight-fold higher permeability in the intestinal wall than its
unmethoxylated counterparts [160]. The drawback is that PMF in general has limited solubility. Results
from the high-throughput lyophilisation solubility assay (LYSA) reveal that NOB has a low solubility
at 12 μg/mL, while its metabolites, 4′-DMN, 3′-DMN and 5-DMN exhibited two to three-fold higher
solubilities of 22 μg/mL, 29 μg/mL and 32 μg/mL, respectively [156,161]. In general, the solubility
increased with the number of hydroxyl group of the compound. This may also partly explain the
higher activity of the derivatives of NOB as compared to its parent compound, which has a higher
number of methoxy groups.

After absorption, NOB is found to be widely distributed throughout the body, as a significant
amount of NOB could be detected in organs such as the stomach, small intestine, large intestine,
brain, liver and kidney within four hours of single dose administration [162,163]. Interestingly, NOB
was suggested to be absorbed through the muscularis layer of the gastrointestinal tract, especially
the stomach tissue into the blood circulation given the distinctly higher concentration of NOB in the
muscularis (390 ± 120 nmol/g) as compared to other organs [162]. Furthermore, it is also noteworthy
that NOB was found to be distributed in the mucous membrane and muscularis from the large intestine
(cecum, colon and rectum) of a rat at 4.3 ± 1.6 nmol/g after one hour of oral administration by gastric
intubation [162]. More recent evidence demonstrated that the levels of NOB in the colonic mucosa of
mice were 2.03 nmol/g of tissue after long-term oral administration of NOB (0.05 wt%) containing diet.
Furthermore, Wu et al. [164] also suggested that the dose of NOB used (0.05 wt%) could be equivalent
to approximately 100 mg/day for human oral consumption, which is achievable in humans.

After oral administration of NOB to rats, the mean plasma concentration of NOB was quantified
in several pharmacokinetic studies. Wang et al. [163] reported that the plasma levels of total NOB
and its metabolites could reach as high as 10 μg/mL (25 μM). Using a highly sensitive Liquid
Chromatography-Mass Spectrometry/Mass Spectrometry-Electrospray ionisation (LC-MS/MS-ESI)
method, the maximum concentration (Cmax) of NOB in rat plasma was determined at 0.4 μg/mL (1 μM)
after oral administration of 5 mg/kg NOB [165]. Meanwhile, a maximum concentration of 1.78 μg/mL
(4.4 μM) was measured by a validated HPLC method in rat plasma after oral administration of 50 mg/kg
NOB [166]. In addition, another study by Manthey et al. [167] reported that a peak of NOB serum level
of 9.03 μg/mL (22.4 μM) was detected by HPLC-ESI-MS in rats after oral gavage of 50 mg/kg NOB.
Nevertheless, these studies demonstrated a relatively early peak time (Tmax) of 0.25 to one hour after
oral administration of NOB in rats. This high rate of cellular uptake may be attributed to the highly
hydrophobic nature of the compound rendered by the presence of six methoxy groups [162].

NOB undergoes extensive metabolism after being taken orally. As detailed in Section 3, NOB
undergoes Phase I and Phase II metabolism after being absorbed in the small intestine where it may
be conjugated to sulphate and glucuronide, and then again deconjugated by the microflora in the
colon [60]. The three common phase I metabolites of NOB have been identified as 3′-DMN, 4′-DMN
and 3′,4′-DMN [52,53]. Wang et al. found evidence of transformation of 3′-DMN and 4′-DMN into
3′,4′-DMN in the colon [163]. The liver is another important organ involved in metabolising NOB.
Koga et al. identified three metabolites, demethylated at the 4, 6 or 7 positions respectively under the
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action of human liver microsomes when incubated aerobically with NADPH [56]. The metabolites
exhibit distinct activity and distribution pattern in different areas of the body. It was found that 4’-DMN
is the major metabolite present in the small intestine and liver while 3′,4′-DMN was predominantly
present in the colon and spleen [163]. An in vitro test on NOB using rat liver S-9 extract shows that
only 7% of NOB metabolites were detected towards the end of a 24 hour treatment, while 72.6% of
NOB remains unchanged towards the end of the experiment [158]. This may be attributed to the slow
rate of demethylation of NOB showed by Murakami et al. [162].

The elimination half-life of NOB from the blood plasma of a rat was reported as 1.8 h via a validated
HPLC test [166] while Kumar et al. reported a terminal half-life of NOB at 4.75 ± 0.57 h following
oral administration and a terminal half-life of 1.51 ± 0.61 h following parenteral administration using
the LC-MS/MS-ESI method [165]. Despite the wide distribution throughout the body, concentration
of NOB quickly diminishes with time and becomes undetectable in the serum, stomach, intestines,
liver and kidney. Aside from the parent compound, mono-demethylated metabolites and conjugated
NOB are detected in the urine, with the concentration of conjugated NOB revealing a time-dependent
increment over a period of 24 h [162]. Since NOB is rapidly eliminated from the body, significant
adverse effects reported after administration of NOB are rare.

Although the in vitro results were promising, most of the reported concentrations of NOB
evaluated (>20 μM) were not achievable in physiological conditions as demonstrated by in vivo
pharmacokinetic studies of NOB. Comparing the high experimental levels used against the relatively
low peak plasma concentration—a mere 1.78 μg/mL (4.4 μM)—after one hour of oral administration of
50 mg/kg NOB [166] and the rapid elimination from the body [162] points out a limitation to utilizing
NOB in its unaltered natural form as a clinical drug. In fact, the levels of NOB detected in the colonic
mucosa ranged between 2 to 4 μM using the assumption that one gram of tissue is equivalent of 1 mL of
volume [54,162]. However, there was a study demonstrating that NOB at lower concentration (≤5 μM)
exhibited antiproliferative effects against colon cancer cells [70], perhaps indicating true promise for
clinical use after all.

To further substantiate the notion of NOB for colon cancer chemoprevention, multiple in vivo
studies have demonstrated that dietary treatment with NOB could inhibit colon carcinogenesis in
rats [54,76]. As mentioned earlier, this may be related to the fact that, while bioavailability of NOB
itself is low, much of its anti-CRC effect may be via its metabolites. Wu et al. [54] indicated that the
NOB level in the colonic mucosa only accounted for <5% of the total levels of NOB and its metabolites
after oral administration of NOB. The study further suggested that the NOB metabolites, which were
formed as a result of phase I and II metabolism and biotransformation by gut microbiome, play an
important role in colon carcinogenesis inhibition [54]. Although there is some suggestion that lower
doses can have an effect on cancer, clearly, enhancement of NOB bioavailability is necessary and also
represents a major challenge that needs to be addressed to achieve the desired therapeutic effect.

Given the importance of actually delivering adequate amounts of NOB to the target site to
achieve chemopreventive activity, we also reviewed the delivery systems aiming to enhance the
bioavailability of NOB in the gut. For chemoprevention of CRC, oral delivery represents the preferred
route. There is a growing interest to formulate lipophilic natural compounds such as NOB into
emulsion, as these systems not only improve the bioavailability of the active compound, but also
reduce the rate of degradation during storage [168]. Yang et al. attempted to enhance the solubility
of NOB by encapsulating NOB with citrus oil-based emulsion. The team discovered that dissolving
NOB at a higher temperature and in an oil with log P close to NOB, such as bergamot oil, helps to
increase solubility of the compound [169]. Yao et al. also experimented with the possibility of using
self-microemulsifying drug delivery systems (SMEDDS) to improve the permeability of NOB in the
rat intestines and reported that SMEDDS resulted in similar efficacies to micelles, but showed better
absorption profile when compared to sub-microemulsions [170]. Self-assembled NOB proliposomes
were also reported to improve the absorptive rate and confer longer mean residence time as compared
to NOB suspension in rats [171].
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Furthermore, Chen and colleagues demonstrated that, through the addition of hydroxypropyl
methylcellulose (HPMC), the retention of NOB in nanoemulsion is increased by 25% [172]. Even
though the fabrication of supersaturating nanoemulsion with the addition of HPMC aimed to improve
the physical stability of NOB and prevent precipitation of NOB in the emulsion, the fabrication did not
perform as expected at high NOB concentration where precipitation still occurred during storage and
digestion process in the gut [172]. To address the issue of component precipitation in the emulsion
system, a recent intervention of nanoemulsion-filled hydrogel matrix has been developed to stabilize
NOB and prevent precipitation during delivery along the GI tract [173]. Interestingly, the hydrogels
could provide a controlled release of NOB along the GI tract, thereby the hydrogel shrank at acidic
condition pH 1.2 but swelled and burst at pH 7.4. Due to the lower bioaccessibility of NOB in hydrogel
as compared to nanoemulsion during digestion, the nanoemulsion-filled hydrogel matrix could confer
a sustainable absorption of NOB through a controlled release in the intestinal tract [173].

Aside from the liquid formulations, Onoue and colleagues proposed a solid formulation of NOB
with the intention to further enhance the bioavailability in addition to solving the stability issues which
showed a remarkable 13-fold increment in bioavailability compared to the nanosized NOB amorphous
solid dispersion [174]. However, the results only quantitate the brain permeability, but the data for
colon effect is still lacking. Further research is needed to establish the practicability and feasibility
of each delivery method to address the bioavailability challenges before NOB can be used in aiding
patients at high risk of CRC.

7. Toxicity

Although NOB is derived from a natural source, excessive intake of any substance might lead to
some changes in the body. To illustrate, there are several case studies reporting that ingestion of products
containing bitter orange causes adverse effects such as tachycardia and ventricular fibrillation [175].
To address this concern, a number of studies have been carried out to further evaluate this problem.

Body weight is commonly used as a surrogate marker for toxicity, whereby the weight is expected
to reduce significantly if toxicity occurs. Wu et al. concluded there was no significant change in body
weight, weight of liver, spleen appearance and behaviour throughout the length of their research,
suggesting that the oral intake of NOB at the effective concentration 40 μM or 0.05% for a period of
3 to 20 weeks does not lead to adverse side effects [41,49,54]. This is consistent with the findings of
Murakami et al. suggesting that NOB leads to no cytotoxic effects [42]. The action of NOB is more
likely of a cytostatic nature rather than cytocidal as, at the concentration that inhibits cell proliferation,
it does not trigger apoptosis. Furthermore, the treated cells continue to grow normally once the effect
of NOB diminishes [14]. This shows that NOB could be a safer option for CRC treatment as it is less
cytotoxic as compared to the available chemotherapy agents.

8. Commercial Uses

A search on Google Scholar using the keywords “nobiletin patents” gives about 1160 relevant
results. This initial search was refined through the advanced search function for patents using the
SciFinder database which helps to narrow down the number of patents directly and indirectly related
to NOB to 300.

After a close analysis of the patents, we found that, among the 300 patents related to the concept of
NOB, the largest portion of the total patents involves the usage of NOB in the medical, pharmaceutical and
nutraceutical fields. The patents include both the application in traditional treatments and also western
medications, where there are about 20 patents related to cardiovascular diseases [176–178], hypertension
and hypercholesterolemia [179], roughly 10 patents targeting the central nervous system [180,181] or
neurodegenerative disorders [182], diabetes [183,184] and obesity [185] each, and about five patents
concerning body metabolism and hormonal functions, bone-related disorders [186], oral issues such
as ulcer and halitosis [187,188], liver-related problems like hepatitis [189] and anti-infectives such as
anti-bacterial, anti-viral [190] and vaccines, respectively. The patents also include a small number of
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NOB usage in diseases like prostate disease, asthma [191,192], allergy [193], eye relief, prevention and
improvements of conditions like hair fall [194], dysuria [195] and muscular atrophy [196].

A large proportion of the patents are related to anti-cancer treatments, which account for almost
13% of the total patents. The types of cancers covered are broad, ranging from the more prevalent
ones like lung cancer [197] and breast cancer [198] to those lower down the prevalence indices like
uterine, liver cancer, oral [199], and skin cancer [19]. Application wise, some major areas that involve
the usage of NOB compounds include the synergistic effect of NOB with existing chemotherapeutic
agents targeting the multidrug resistance cancer [200] which aim to increase therapeutic efficacy as
well as aiming to address the side effects from conventional chemotherapeutic treatments, especially
diarrhoea [201]. Some common cancer inhibition pathways leading to cancer that are targeted by the
compound include anti-angiogenesis [202], anti-proliferation and anti-tumour or anti-neoplastic effects.

The usage of NOB in nutraceutical industries is also extensive; there are up to 20 patents of beverages
that contain NOB, with some of the fortified drinks claiming to have pharmacological effects [203].
Next in the line, comprising one-fifth of the total patents, are the methods of extraction [204–206],
purification [207,208], preparation [209,210], manufacturing [44,211,212] analysis [213], drug delivery
and pharmacokinetics information such as ways to improve absorption, solubility and bioavailability.

Apart from that, the use of NOB in fields other than medicine is also very broad, which includes
about 20 patents in cosmetics [214–216], another 20 patents in the food industry, which include its use
as preservatives [217], flavourings or food additives [218], and four patents in the agricultural industry,
of which mostly it is used as pesticide controls. Last but not least, there are also patents of NOB usage
in stem cell technology and genetic analysis.

9. Future Directions

While NOB and its metabolites seem to have tremendous potential as chemopreventive agents,
at this juncture of time, more intensive research is needed to resolve the challenges that arise from
the limitations of this compound. As mentioned earlier, NOB showed dose dependent anti-cancer
effects, but the challenge is to increase its bioavailability to enhance the chemopreventive effect. This is
important as oral administration seems to be a more promising route of administration at the moment
as intraperitoneal injection has been associated with severe side effects such as ischemic stroke [36].
In addition, given that the chemopreventive metabolites appear to be formed by via metabolism within
the gut, the oral route seems to be a promising way of delivering drugs to the target site.

Although several effective delivery systems were developed to enhance the bioavailability of
NOB, studies on targeted-delivery of NOB to the colon are still limited. Despite having delivery
systems that enhance aqueous solubility and bioavailability, a colon-specific drug delivery system is
highly desirable for efficient drug delivery of NOB to the colon or where the colorectal cancer reside.
In 2012, a folate-modified self-microemulsifying drug delivery system (FSMEDDS) was developed
with the aim to improve solubility of curcumin and specifically target colorectal cancer cells mediated
by the binding of folate receptors in facilitating the endocytosis of the formulation [219]. Given the
previous evidence of the successful preparation of NOB in SMEDDS [170], this intervention could
be possible to be implemented to facilitate specific uptake of NOB into colorectal cancer cells via the
FSMEDDS and further coated by Eudragit®S 100 (Evonik Industries AG, Essen, Germany), which
prevent dissolution of the formulation under the condition of pH < 7.5 [219,220]. Recently, a dual
stimuli-responsive Pickering emulsion (pH and magnetic- responsive) reported may hold immense
potential for the biomedical field, particularly in the treatment of colorectal cancer [221,222]; to achieve
an active targeting of specific sites, an external magnetic field could be utilized to direct the movement
and accumulation of the drug carrier at the targeted sites to exert their therapeutic effects [223].

In addition to that, biotechnology can be applied to biosynthetically produce NOB in larger yields
as citrus peel may only contain a limited amount of this bioactive product. In this regard, Itoh et al.
successfully isolated five genes from C. depressa which encode the flavonoids by O-methyltransferases
(FOMT), a precursor for a number of flavonoids. Quercetin has been synthesised via this method
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and it is highly likely that the same enzyme is also involved in the biosynthesis of NOB, suggesting
that it may also be possible for NOB to be synthesised using this strategy [39]. However, the data on
the effectiveness in this application is still lacking as there is limited research that uses this method
to synthesise NOB. Apart from biotechnology, the introduction of reliable, efficient and economical
validation methods such as ultraperformance liquid chromatography coupled with quadrupole
time-of-flight mass spectrometry (UPLC-Q-TOP-MS) which allows high rate of separation of PMF
compounds within 12 min also opens up more possibilities for NOB to be marketed [224].

In addition, another major challenge of chemotherapy that we are facing today is the development
of drug resistance in cancer treatment. One possible cause that results in chemoresistance may be
attributed to the cancer stem cell (CSC). CSCs are known to play a crucial role in tumour formation
as they possess unique characteristics including unlimited cell renewal capacity and the ability to
evade drug penetration [225,226]. Seeing the limitation of the single cell in vitro model [227], Silva et al.
came up with a brilliant method of culturing cells into a three-dimensional block, which they named
a 3D spheroid. At day seven, the 3D spheroids mimic the tumour lump, with the undifferentiated
cells in the outer region surrounding the hypoxic inner core. Experiments showed that 2.9-fold higher
concentration is needed to exhibit the same effect reported in the two-dimensional cell model [47].

Interestingly, the concomitant exposure of NOB and its metabolites gives rise to synergistic effects
that are distinct from the response caused by NOB alone [228,229]. Therefore, the combinatory effect
of NOB and its various metabolites should be explored in order to establish a solid foundation of
understanding of the synergistic effect of NOB and its natural metabolites generated through the
biotransformation process. Apart from that, compelling evidence showed that NOB produces a
synergistic effect in tumour growth inhibition when co-administered with atorvastatin. When used
together, only half the minimal effective concentration of each drug is required to achieve the targeted
therapeutic outcome. Wu and co-authors reported a series of mechanisms by which this combination
works, namely through altering important cellular signals that triggers inflammation, inhibiting cell
cycle progression, inducing apoptosis and preventing angiogenesis and metastasis [164,230]. In this
light, the drugs already in the market can be combined with NOB and tested for their synergistic effects
in inhibiting CRC. In addition, the combinatory effect of NOB and its metabolites needs to be further
elucidated to achieve a precisely targeted biological action in CRC chemoprevention. More clinical
trials in human subjects with due ethical considerations are warranted as disparity will certainly exist
if the data is solely extracted from in vitro or animal tests.

10. Conclusions

While there is a significant research focus on cancer, science is still at an early stage in understanding
this noxious condition affecting people from every segment of society, but answers are critical as cancer’s
prevalence and variance are continuously on the rise. The current clinical practice in cancer treatment,
which largely consists of the three broad fields, namely surgery, chemotherapy and radiotherapy,
may be helpful to patients to some extent but more intensive and in-depth ongoing studies are needed
in the quest for a panacea for cancer given the high mortality rates of this malady. Many more patients
will be relieved from pain and suffering if scientific research can shine a light on the root causes of
cancer and focus on its prevention so as to nip the problem in the bud before the need to treat it arises.

The advancement in science has allowed the discovery of numerous beneficial compounds offered
by nature. It is reassuring to learn that NOB, a compound that is extracted from the ubiquitous citrus
species confers a wide range of beneficial biological effects that includes cancer prevention. On top of
that, the autohydrolysis product, 5-DMN and several metabolites of NOB such as 3′-DMN, 4′-DMN
and 3′,4′-DMN, demonstrate more potent effects as compared to their parent compound NOB. It is
apparent that NOB is indeed a prospective compound that exhibits a promising chemopreventive effect
on CRC, especially for the types which are induced by carcinogens or associated with diseases such as
colitis. In addition to that, this review also focuses on the underlying molecular mechanism of which
NOB acts in CRC. The plus point is that NOB and its products target a number of different hallmarks
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of cancer. To illustrate, NOB is endowed with anti-proliferative, pro-apoptotic, anti-inflammatory and
anti-angiogenesis effects, which renders it the potential to counteract the pathology of CRC in patients
at various stages of cancer progression.

Besides NOB, many compounds under the polymethoxyflavones family are currently promising
candidates in the field of cancer research, yet it is too early for science to conclude a best compound to
formulate as the elixir. More studies, be it in vitro, in vivo or clinical studies, are needed to unravel
the full potential of each possible compound. Furthermore, it would be worthwhile to explore the
synergistic effect or possible interactions between NOB and well-known anti-cancer drugs by both
experimental and clinical studies. The vast number of existing patents of NOB across various industries
may suggest that this compound does have commercial value besides its noteworthy pharmacological
benefits. Further research work needs to be intensified to overcome the current gap and limitation in
formulation, for instance to increase the bioavailability and to enhance the efficacies of NOB in CRC
chemoprevention. Although significant advances have been made, there is still a long way to go before
NOB could truly become part of the arsenal of CRC chemoprevention.
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