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cell line 786-O being the most sensitive. A COMPARE bioinformatic analysis resulted in a Pearson
correlation factor of 0.9 between the crude S. crassifolia extract and compound 2, indicating that it is
likely the major compound responsible for the extract activity. A weaker correlation factor of 0.7 was
found between the extract and 1 (Figure 4). Although compounds 1 and 2 are structurally similar, their
mutual correlation factor was only 0.5, suggesting that a β-hydroxyl group at C-11 altered the mode
of action and reduced the potency. In addition, oxidation of C-6 and loss of the quinone moiety in
compound 3 drastically reduced its cytotoxic activity, making it ineligible to be tested in a full dose
response in the NCI-60 screen. In accordance with the literature, triterpenes with a quinonemethide
moiety in the A-ring display more potent cytotoxic activity in cancer cells [14].

 

Figure 4. COMPARE correlations between 1, 2 and Salacia extracts.

2.6. LC-MS/MS Analysis of Extracts of Species from the Celastraceae Family

S. crassifolia root is a rich source of compound 2 and other pristimerin-like triterpenes. In order
to identify the presence of quinonemethide triterpenes in other Celastraceae species, we performed
targeted metabolite analysis of twenty-one different extracts from the leaves, stems, and roots of
S. crassifolia, S. elliptica, C. cognatum and P. populnea, obtained using hexane, ethyl acetate or ethanol
as extraction solvents. The compounds 11β-hydroxypristimerin (1), pristimerin (2), 6-oxopristimerol
(3) and vitideasin (4) were monitored by LC-MS/MS, as well as the quinonemethide triterpenes
isoiguesterin ([M + H]+ 403.3 > 201.3), a salaquinone A derivative ([M + H]+ 451.3 > 201.3), a tingenin B
derivative ([M + H]+ 437.3 > 201.3), and tingenone ([M + H]+ 407.3 > 201.3). Of these latter compounds,
only salaquinone A was detected in any of the extracts. In Figure 5, we summarize the findings of
these analyses in a heatmap generated using the MetaboAnalyst platform [15].

Pristimerin (2) is a naturally occurring quinonemethide triterpenoid, restricted to plants of the
Celastraceae [16]. Previously, it has shown cytotoxic [17], antimicrobial [4], anti-inflammatory [18],
and antioxidant [9] activities. Earlier studies showed that pristimerin is found mainly in the roots of
Celastraceae species, while its precursor friedelin, and other similarly cyclized intermediates, are found
in the leaves [5,6]. A study of S. campestris and Maytenus aquifolium suggested a compartmentalized
biosynthesis of quinonemethide triterpenoids in the root bark of Celastraceae species [6]. However,
we detected pristimerin (2) and 6-oxopristimerol (3) in all plant parts of all species studied (Figure 5),
including leaves, albeit at a lower concentration than in the roots. Detection of pristimerin (2) in the
hydroalcoholic leaf extract of Maytenus aquifolium has previously been reported [19]. Salaquinone A
and 11β-hydroxypristimerin were detected in C. cognatum, S. crassifolia and S. elliptica extracts, while
vitideasin (4) was only detected in Salacia extracts (Figure 5).
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Figure 5. Heatmap and similarity analysis obtained using the MetaboAnalyst platform to analyze the
metabolite profile of twenty-one different extracts from leaves, stem and root of S. crassifolia, S. elliptica,
C. cognatum and P. populnea, obtained using hexane, ethyl acetate and ethanol as extraction solvents.

The ethyl acetate extract of S. elliptica root wood showed a mean GI50 in the NCI-60 of
2.04 μg·mL−1, 6-fold greater than the GI50 of the S. crassifolia root wood hexane extract. The leukemia
cell line MOLT-4 and breast cancer line T-47D were the most sensitive to this S. elliptica extract
with a GI50 of 0.7 μg·mL−1. The S. elliptica extract had only 40% (LC-MS/MS peak area) of 2

relative to S. crassifolia and, indeed, it showed a weaker COMPARE correlation coefficient of 0.7
with 2 (Figure 4). The correlation coefficient between the two Salacia extracts was 0.8. The only two
extracts that met the criteria for NCI-60 dose response testing were from the roots of S. elliptica and
S. crassifolia, where 2 is more abundant, reinforcing that 2 is the predominant active compound in
the extracts. Carneiro et al. [20] showed that the methanolic extract of S. crassifolia stem bark had no
in vivo cytotoxic activity. In a similar finding from our study, the ethanolic extract of S. crassifolia stem
bark was not active in any of the eight cancer cell lines in preliminary HTS. The lack of cytotoxic activity
of these polar extracts is consistent with the low abundance of 2, as seen in Figure 5. The C. cognatum
stem bark hexane extract selectively inhibited 87% of MG63 cells at 10 μg·mL−1, and it had only 12.5%
(LC-MS/MS peak area) of the pristimerin content, relative to the S. crassifolia extract (Figure 5).

In summary, the Brazilian Cerrado environment provides a rich source of bioactive plant
metabolites. In particular, species of the Celastraceae offer numerous bioactive quinonemethide
triterpenes, some of which have selective effects on cancer cell growth. In the case of Salacia species,
the roots were rich in pristimerin (2). Compound 2 showed selective inhibitory activity towards a
variety of human tumor cell lines and it was primarily responsible for the cytotoxic activity of the
crude extracts. A co-occurring metabolite was identified as 11β-hydroxypristimerin (1), which is a
new member of this triterpenoid class. These results demonstrate that the combined use of a targeted
search for pristimerin and derivatives, cytotoxicity screening, and COMPARE analysis can efficiently
identify the plant species and plant parts containing these and other growth inhibitory compounds.

3. Materials and Methods

3.1. General Experimental Procedures

UV absorption spectra were obtained using a Varian Cary 50 Bio UV−visible spectrophotometer
(Agilent, Santa Clara, CA, USA). IR spectra were measured using a Perkin-Elmer FT-IR Spectrometer,
SPECTRUM 2000 (Waltham, MA, USA). NMR spectra were acquired on a Bruker Avance III
spectrometer (Billerica, MA, USA) operating at 600 MHz for 1H and 150 MHz for 13C and equipped
with a 3 mm cryogenically cooled probe. 1H and 13C spectra were referenced to the residual deuterated
solvent peaks. HRESIMS data were acquired on an Agilent 6530 Accurate Mass Q-TOF instrument
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(Santa Clara, CA, USA) and on a TripleTOF 5600 mass spectrometer (AB SCIEX, Framingham, MA,
USA). Diol SPE fractionation of the extract was performed on DIO Spe-ed SPE cartridges (Applied
Separations, Allentown, PA, USA), and subsequent fractions were separated on Sephadex LH-20 (GE
Healthcare, Chicago, IL, USA). These fractions were then separated on silica gel. Sephadex LH-20
and silica gel columns were attached to a UA-6 UV detector and Foxy 200 fraction collector (Teledyne
Isco, Lincoln, NE, USA). Final purifications were performed using a Varian ProStar HPLC with the
indicated gradient and column. All solvents and chemicals used were of analytical grade.

3.2. Plant Extracts

Salacia crassifolia (Mart. ex Schult.) G. Don, Celastraceae, identified by esteemed Cerrado specialist
botanist Prof. José Elias de Paula, was collected in August 2007, from the Cerrado sensu stricto-campo
aberto of the Cerrado biome, Santo Antônio do Descoberto, Goiás State, at an altitude of 1169 m;
15◦47′51.8” S 48◦17′44.3” W. A voucher specimen was deposited in the Herbarium of the Universidade
de Brasília under the accession number (UB) 3776. Salacia elliptica (Mart.) G. Don was collected in
August 2007 at 1112 m; 15◦49′00.5” S 48◦19′14.2” W, Cerrado campo sujo ecosystem, voucher (UB) 3819.
Plenckia populnea Reissek was collected in June 2007 at 1.243 m; 15◦39′939” S 47◦53′195” W, voucher
(UB) 3747. Cheiloclinium cognatum (Miers) A.C. Sm. was collected in February 2009 at 961 m; 15◦46′32.7”
S 47◦38′59.5” W, voucher (UB) 3805.

3.3. Antiproliferative Bioassay

The formazan endpoint assay developed by the Assay Development and Screening Section of the
Molecular Targets Laboratory was used for the antiproliferative bioassays. The tests were carried out
as described previously [21]. HTS was used to screen the hexane extract of S. crassifolia root wood at
10 μg·mL−1 in eight cancer cell lines: Colo205 and KM12 (colon cancer), A498 and U031 (renal cancer),
HEP3B and SKHEP (liver cancer) and MG63 and MG63.3 (osteosarcoma). The extract was then further
tested in dose response, from 20 μg·mL−1 to 1.3 μg·mL−1, in colon, renal and osteosarcoma cell lines,
as well as in the NCI-60 cell assay. This screen utilizes 60 different human tumor cell lines, representing
leukemia, melanoma and cancers of the lung, colon, brain, ovary, breast, prostate, and kidney. Three
endpoints are calculated: (1) GI50, the concentration yielding a growth percent of 50 (i.e., 50% growth
inhibition), (2) TGI, the concentration yielding a growth percent of 0, or Total Growth Inhibition, and
(3) LC50, the concentration yielding a growth percent of −50, or lethality in 50% of the starting cells [7].

3.4. Bioassay-Guided Isolation of Compounds

The dried and powdered root wood (315.4 g) of S. crassifolia was subjected to repeated maceration
with hexane, and the solvent was concentrated to dryness under reduced pressure at 30 ◦C yielding
crude extract (3.2977 g). The extract was fractionated by solid phase extraction chromatography using
a stepwise fractionation (2 g, 6 mL Diol cartridge, Applied Separations, Allentown, PA, USA). For the
procedure, 864.3 mg of extract was dissolved in 12.8 mL of 1:1 CH2Cl2/MeOH and the soluble portion
applied to 8 diol cartridges. After drying overnight, each cartridge was sequentially eluted with
6 mL of the following: 9:1 Hexane/CH2Cl2 (fraction A = 217.1 mg), 20:1 CH2Cl2/EtOAc (fraction
B = 527.7 mg), EtOAc (fraction C = 82.7 mg), 5:1 EtOAc/MeOH (fraction D = 25.5 mg) then MeOH
(fraction E = 9.9 mg). The fractions collected were dried under nitrogen gas, submitted for bioassay
and analyzed by 1H NMR. Renal (UO-31 and A498) and osteosarcoma (MG63 and MG63.3) cancer cell
lines were used for bioassay-guided isolation. Based on the biological results, a portion (373.65 mg) of
fraction B was solubilized in 7.5 mL of hexane/CH2Cl2/MeOH (2:5:1) and fractionated on 3 Sephadex
LH-20 columns using the same solvent mixture. For each column, 72 fractions were collected and
combined in 10 fractions (B1 to B10) based on the UV chromatogram. The fractions collected were
dried under nitrogen gas and analyzed by 1H NMR. A portion of the combined B3 fraction (71.4 mg)
was subjected to silica gel column chromatography eluted with mixtures of CH2Cl2/EtOAc (92:8, 90:10,
85:15, 80:20, 70:30, 50:50, 40:60, 0:100) to yield 5 fractions: B3-1 (4.6 mg), B3-2 (49.29 mg), B3-3 (1.8 mg),
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B3-4 (8.05 mg) and B3-5 (7.1 mg). Another portion of the B3 fraction was purified using a Phenomenex
Luna C8 (5 μ, 300 Å, 250 × 4.6 mm) column with 80% to 92% acetonitrile in water gradient (0–30 min),
monitoring at 254 nm.

11β-Hydroxypristimerin (1): UV (MeOH) λ (log ε) 205 (4.34), 280 (3.54), 400 (3.30) nm; 1H NMR
(CDCl3, 600 MHz) δ 7.32 (1H, s, H-1), 6.88 (1H, d, J = 7.2 Hz, H-6), 6.28 (1H, d, J = 7.2 Hz, H-7), 4.57
(1H, dd, J = 12.2, 6.4 Hz, H-11), 3.60 (3H, s, OCH3), 2.40, 1.74 (each 1H, m, H2-19), 2.38, 2.01 (each 1H,
m, H2-12), 2.24, 1.40 (each 1H, m, H2-21), 2.19 (3H, s, H3-23), 2.00, 0.98 (each 1H, m, H2-22), 1.87, 1.51
(each 1H, m, H2-16), 1.64 (3H, s, H3-25), 1.62, 1.58 (each 1H, m, H2-15), 1.59 (1H, m, H-18), 1.30 (3H,
s, H3-26), 1.20 (3H, s, H3-30), 1.10 (3H, s, H3-28), 0.61 (3H, s, H3-27), 13C NMR (CDCl3, 125 MHz) δ
178.8 (C, C-2), 178.7 (C, C-29), 167.2 (C, C-8), 161.6 (C, C-10), 145.9 (C, C-3), 132.2 (CH, C-6), 128.6 (C,
C-5), 121.6 (CH, C-1), 118.8 (C, C-7), 118.0 (C, C-4), 65.3 (CH, C11), 51.8 (CH3, COOCH3), 48.1 (C, C-9),
44.9 (C, C-14), 43.9 (CH, C-18), 43.4 (CH2, C-12), 40.6 (C, C-13), 40.4 (C, C-20), 36.2 (CH2, C-16), 34.4
(CH3, C-25), 34.3 (CH2, C-22), 32.7 (CH3, C-30), 31.4 (CH3, C-28), 30.87 (C, C-17), 30.81 (CH2, C-19),
29.7 (CH2, C-21), 28.7 (CH2, C-15), 21.4 (CH3, C-26), 18.5 (CH3, C-27), 10.4 (CH3, C-23). HRESIMS m/z
463.2849 (calcd. for C30H38O4 + H+; [M − H2O + H]; error = 0.2 ppm).

3.5. LC-MS/MS Analysis of Isolated Compounds

For analysis of isolated compounds, an HPLC ekspert ultraLC 100 coupled with a TripleTOF 5600
mass spectrometer (AB SCIEX, Framingham, MA, USA) was used. For chromatographic separation,
a Shim-pack XR-ODS C18 column (5 cm × 2.0 mm, 2.2 μm particle size) (Shimadzu, Kyoto, Japan) was
used, coupled with a pre-column with the same material. The mobile phases were water and methanol
(both with 0.1% of formic acid). The elution method initiated with 5% of methanol was kept isocratic
for 1.0 min, which was then increased to 95% over 10 min. Four minutes were added to the method
to wash and stabilize the column. The injection volume was 2 μL, and the column temperature was
40 ◦C. The positive ionization mode was employed and the ionization source parameters were CUR 22
(Curtain Gas), source temperature 450 ◦C, ionization voltage (IS) 5500 V, Gas1 (nebulization gas) 45,
Gas2 (turbo heaters gas) 45 and DP 100 (declustering potential).

3.6. LC-MS/MS Analysis of Extracts of Species from the Celastraceae Family: Targeted Search for Pristimerin
and Derivatives

Twenty-one different extracts from P. populnea, C. cognatum, S. crassifolia and S. elliptica were
analyzed using an HPLC (Shimadzu LC-20AD, Kyoto, Japan) coupled with an ESI triple quadrupole
mass spectrometer (ABSciex API 3200). For chromatographic separation, a Supelco Ascentis Express
C18 column (15 cm × 4.6 mm, 2.7 μm particle size) (Bellefonte, PA, USA) was used. The mobile phases
were water and methanol (both with 0.1% of formic acid). The elution method initiated with 70% of
methanol, which was then increased to 100% for 5 min and kept isocratic until 11 min. Four minutes
were added to stabilize the column. The injection volume was 10 μL, the column temperature was
45 ◦C and the autosampler temperature was 15 ◦C. The positive ionization mode was employed and the
ionization source parameters were CUR 12 (Curtain Gas), source temperature 500 ◦C, ionization voltage
(IS) 4500 V, CAD gas (collisionally-activated dissociation gas) 5, Gas1 (nebulization gas) 40 and Gas2
(turbo heaters gas) 40. The parameters DP (declustering potential) was 45, EP (entrance potential) 10,
CE (collision energy) 25, CXP (collision cell exit potential) 3 and DT (Dwell time) 100. The transitions
monitored were 465.3 > 201.2 (pristimerin), 481.3 > 201.2 (11β-hydroxypristimerin), 481.3 > 217.3
(6-oxopristimerol), 463.3 > 201.3 (vitideasin). Other quinonemethides triterpenes were also monitored,
as 403.3 > 201.3 (isoiguesterin), 451.3 > 201.3 (salaquinone A derivative), 437.3 > 201.3 (tingenin B
derivative) and 407.3 > 201.3 (tingenone). The area values were analysed in MetaboAnalyst 4.0 [15]
(McGill University, Montreal, Canada) using log transformation and autoscaling for data scaling
(mean-centered and divided by the standard deviation of each variable). The heatmap was built
using Euclidean distance measure and Ward clustering algorithm. The data was grouped according to
the species.
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Supplementary Materials: The following are available online: Detailed biological results, COMPARE correlations
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Abstract: Seaweeds are some of the largest producers of biomass in the marine environment and
are rich in bioactive compounds that are often used for human and animal health. Porphyran and
carrageenan are natural compounds derived from red seaweeds. The former is a characteristic
polysaccharide of Porphyra, while the latter is well known from Chondrus, Gigartina, and various
Eucheuma species, all in Rhodophyceae. The two polysaccharides have been found to have anti-cancer
activity by improving immunity and targeting key apoptotic molecules and therefore deemed as
potential chemotherapeutic or chemopreventive agents. This review attempts to review the current
study of anti-cancer activity and the possible mechanisms of porphyran and carrageenan derived from
red seaweeds to various cancers, and their cooperative actions with other anti-cancer chemotherapeutic
agents is also discussed.

Keywords: seaweed; porphyran; carrageenan; anti-cancer

1. Introduction

Cancers are serious diseases of various etiologies, especially that of unhealthy eating habits and
lifestyle. In 2018, about 9.6 million cancer-related deaths and 18 million new cases were estimated
by the World Health Organization (WHO) [1]. Uncontrolled growth, invasiveness, and metastasis
are characteristics of tumor cells evoked by acquired genetic changes [2]. With tumor development,
unbalanced programmed cell death, disordered signaling pathways, angiogenesis, and poor immune
response disrupt various homeostatic pathways. Such deregulated pathways are the main targets
of cancer treatment by chemotherapy [3]. According to the characteristics and stage of the tumor,
combined therapy is applied in cancer treatment including surgery, chemotherapy, radiation therapy,
and immunotherapy. The ultimate aim of all treatments is to destroy the tumor cells in the achievement
of cancer treatment, while avoid damaging normal cells as far as possible. Unfortunately, severe side
effects are often unavoidable, limiting the efficacy of treatment. Chemotherapy is commonly and
effectively used in cancer therapeutics, exerting cytotoxicity on rapidly dividing and proliferating
cells, not only including malignant cells, but also normal cells with high-proliferating potential. Thus,
chemotherapy usually brings serious side effects including anemia, appetite loss, delirium, alopecia,
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peripheral neuropathy, and irreversible damage to vital organs [4]. In addition, drug tolerance is also
an issue in cancer treatment, which would weaken the treatment effects. Targeted therapy could avoid
the side effects in part, but not always completely. Monoclonal antibodies are generally safer than
chemotherapy only with mild allergic reactions such as urticaria for the design of a specifically targeted
treatment to the cancer antigens located on tumor cells. However, severe reactions are still hard to
avoid. For instance, patients who have a high burden of tumor cells in their circulation would face a
high risk of tumor lysis syndrome and other severe complications such as anaphylactic reactions and
myocardial infarction in occasional cases [5]. Therefore, developing low side-effect and better-tolerated
anti-cancer agents is compelling.

Natural products are attractive sources for the development of new medicinal and therapeutic
agents for their cell selective and fewer adverse effects. In this context, it is significant to develop
natural products in cancer treatment. According to reports, natural origins are the main origins for
approved drugs in the treatment of cancer, occupying almost 60% [6]. Though the development of
marine natural products is still in its embryonic stage, it is anticipated that marine natural products will
become an invaluable source for the development of new medicinal and therapeutic agents in cancer
treatment because of their large habitat (covering ~70% of the Earth’s surface), high biodiversity (95%
of world biodiversity), and the specific conditions under which some species live [7,8]. It has great
scope in which discover new anti-cancer medicine for large production, biological activity, and have
unique chemicals. Over the last few decades, pharmaceutical companies and academic institutions
have made significant efforts in deriving and identifying new marine products from marine organisms,
with more than 3000 new anti-cancer compounds [9]. Of particular interest are the products derived
from seaweeds with anti-cancer potential in natural marine products.

Seaweeds are widely distributed in cold, temperate, and tropical zones and play vital roles in
sustaining the biodiversity and ecology of marine ecosystems. Several species of economic value such
as Laminaria, Porphyra, and Gracilaria are cultured in the coastal waters of many countries [10]. Seaweeds
are low in lipids, rich in proteins, minerals, vitamins, antioxidants, phytochemicals, polyunsaturated
fatty acids, and are also a source of a vast number of novel compounds with unique health benefits
such as essential amino acids and their proteins as well as essential minerals [11,12]. Epidemiological
studies have shown that a seaweed-rich diet reduces the incidence of obesity, cancer, and heart and
cerebrovascular diseases [13]. A large number of studies have uncovered the anti-cancer activities of
seaweeds and numerous seaweed-derived compounds that have been shown to be effective through
multiple mechanisms such as the inhibition of cancer cell growth, invasiveness and metastasis as well
as by the induction of apoptosis in cancer cells. Some of the substances have been developed into
drugs for cancer treatment [3,14–17]. In recent years, natural compounds extracted from marine algae
have been proposed as effective in inhibiting tumor growth, adhesion, invasion, and migration [15].

Polyphenols and sulfated polysaccharides are the predominant belongings of seaweed, possessing
an array of pharmacological properties [6]. Polysaccharides are found in the intracellular space and in the
fibrillar cell walls of seaweeds [2]. Recently, considerable attention has been focused on polysaccharides
isolated from natural sources. Such polysaccharides, which are the main storage compounds in seaweed,
are polymers of hexoses or other monosaccharides with antioxidant, anti-cancer, anti-coagulant,
and anti-inflammatory properties and are widely included in commercial products [18–20]. Small
differences in structures in these polysaccharides determine their distinctive properties. These large
molecules are divided into either homopolysaccharides or homoglycans and heteropolysaccharides or
heteroglycans. Both are distinguished by a monomeric unit, which is of only one kind in the former
such as cellulose and starch, or two or more kinds in the latter. Additionally, the polymers are divided
into brown, red, green, and blue polysaccharides, according to the type of seaweed from which they are
derived. The former two polysaccharides have attracted more attention and are widely applied. Alginic
acid, fucoidan (sulfated fucose), and laminaran (β-1,3 glucan) are derived from brown seaweed. Agars,
carrageenans, xylans, floridean starch (amylopectin-like glucan), water-soluble sulfated galactans,
and porphyrans are from red algae. Green seaweeds contain sulfuric acid polysaccharides, sulfated
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galactans, and xylans. Seaweed polysaccharides are diverse and characteristic of specific species and
vary with season. Up to 76% of the dry weight is polysaccharide in some genera such as Ascophyllum,
Porphyra, and Palmaria [21]. This review attempts to review the current study of anti-cancer activity
and the possible mechanism of porphyran and carrageenan derived from red seaweeds to various
cancers, and their cooperative action with other anti-cancer chemotherapeutic agents is also discussed.
The keywords, “red seaweed”, “cancer”, “polysaccharide”, “porphyran”, and “carrageenan” were
searched in “Google Scholar” and “Web of Science” in the period between 1980 and 2019.

2. Anti-Cancer Activity from Red Seaweeds

Edible red seaweeds have been considered as a healthy and beneficial food in Asia such as Japan,
China, Thailand, and South Korea for a long time. Red seaweed cultivation has significantly grown
rapidly since the early 20th century due to the continuous increase in demand for food and industry [10].
Kappaphycus, Eucheuma, Gracialria, and Porphyra are the main species largely cultivated in Indonesia and
China. Bioactive compounds of seaweeds are synthesized in accordance with seaweed growth stage
and the ability to interact with environmental changes such as radiation, water pressure, and salinity [7].
Phycobiliproteins, carotenoids, pigments, terpenes, polyphenols, phlorotannins, and polysaccharides
are the major contributors to seaweeds, with various types and amounts in different species [3,11,22].
Terpenes, polysaccharides, and polyphenols are of major interest for their anti-cancer activity [2,3,23].

The anti-cancer effects of seaweed could be as nutrients and cytotoxic properties [19]. As a
nutrient source, seaweed limits the development of cancers, probably by enhancing antioxidant
properties. Through the mechanisms of carcinogenesis promoted by oxidative processes, it is obvious
that antioxidants play vital roles in the later stages of cancer development. Thus, antioxidants are
deemed as a feasible manner to regress premalignant lesions and inhibit cancer development [6].
Meanwhile, natural seaweed products have cytotoxic properties when concentrated. Researchers
have reported that a sulfated polysaccharide from Champia feldmannii did not show obvious in vitro
cytotoxicity, but was antitumor against sarcoma 180 in mice, probably associated with its immune
stimulating properties [24]. A sulfated polysaccharide isolated from Gracilaria lemaneiformis exhibited
remarkable anti-cancer and immunomodulatory activities against transplanted H22 hepatoma cells in
ICR (Institute of Cancer Research) mice. Marked inhibition of tumor growth, promotion of splenocyte
proliferation, macrophage phagocytosis, and the level of increments of IL-2 and CD8+ T cells in
blood [25] were all affected. The in vitro and in vivo anti-cancer studies of the sulfated polysaccharide
isolated from C. feldmannii was carried out in Swiss mice. Though the in vitro cytotoxicity of the
polysaccharide was not significant, the in vivo anti-cancer effect was measurable. The increased
immune stimulation including increasing both the production of specific antibodies and the production
of OVA-specific antibodies as well as inducing a discreet hyperplasia of lymphoid follicles of the
white pulp in the spleen, were associated with anti-cancer activity [24]. Anti-cancer effects were also
demonstrated in the polysaccharides derived from other seaweeds, especially fucoidan from brown
seaweeds. The anti-cancer activity of fucoidans has been reported in many types of cancers such as
lung cancer [26,27], gastric cancer [26], breast cancer [28], and liver cancer HepG2 cell [29]. In the
following section, porphyran and carrageenan, the polysaccharides derived from red seaweeds, are
described in detail.

Anti-cancer activity has also been proven in other compounds. Terpenes and their derivations,
halogenated monoterpenes, are compounds of seaweeds, usually as secretin outside the cell to defend
against environmental stress with high anti-cancer activity. The halogenated monoterpene halomon
[6(R)-bromo-3(S)-bromomethyl)-7-methyl-2,3,7-trichloro-1-octene] was the first monoterpene isolated
from Portieria hornemannii [30] with sub-micromolar activity (IC50 ≤ 0.9 μM) against at least one cancer
cell line including renal-, brain-, and colon-derived solid tumor cell lines [31]. Other halogenated
monoterpenes isolated from the red seaweeds Plocamium suhrii and Plocamium cornutum, showed
greater antiproliferative activity on an esophageal cancer cell line (WHCO1) when compared with
cisplatin, well-known as an anti-cancer drug [32]. Phenolic compounds are composed of a single
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aromatic ring and possess large, broad biological activities due to the ring bearing one or more hydroxyl
groups [4,33]. Bromophenols, polyphenolics compounds with one or more bromine substituents,
are most commonly found in red seaweeds [34]. A polyphenol-rich extract from Eucheuma cottonii
was proven to have selective cytotoxicity in estrogen-dependent MCF-7 and estrogen-independent
MB-MDA-231 human breast-cancer cells (IC50 values of 20 and 42 μg/mL, respectively) depending on
dose. Polyphenol showed anti-cancer activity by inducing apoptosis, downregulating the endogenous
estrogen biosynthesis, and improving antioxidative status [35]. Additionally, polyphenols from red
seaweed Corallina officinalis have been applied in nano-biotechnology and biosynthesized to gold
nanoparticles as a reducing and stabilizing agent. The gold nanoparticles showed cytotoxic activity
against MCF-7 cells depending on the dose of gold nanoparticles and the polyphenol content [36].
Pheophorbide a (Pa) is a product of chlorophyll breakdown, having been applied in the photodynamic
therapy of cancer as a chlorine-based photosensitizer [37]. Pa-mediated photodynamic therapy (PDT)
was used in treating 7,12-dimethylbenz[a]anthracene (DMBA)/12-O-tetradecanoylphorobol-13-acetate
(TPA)-induced mouse papillomas with marked downregulation of proliferating cell nuclear antigen
expression [37]. The Pa isolated from Grateloupia elliptica was proven to have specific anti-cancer activity
toward various cancer cells lines including B16-BL6, HeLa, SiHa, SK-OV-3, and U87MG cells, especially
in U87 MG glioblastoma cells [6]. The Pa induced G0/G1 arrest of U87 MG cells in the absence of direct
photo-irradiation, causing late apoptosis and DNA degradation under dark conditions. These results
suggest that Pa isolated from G. elliptica is a potential glioblastoma-specific anti-cancer agent without
side effects on normal cells.

3. Porphyran

Porphyran is a characteristic polysaccharide of Porphyra, also a red seaweed. Various species are
“Nori”, which is marketed in sheets of dried seaweed and is popular in East and Southeast Asia as well as
globally, especially as a wrap for sushi. Porphyran is a galactose, highly substituted by the 6-O-sulfation
of L-galactose units and 6-O-methylation of d-galactose units (Figure 1) [38,39]. Various methods
including hot water extraction, radical degradation, and ultrasonic treatment have been used to extract
porphyrans from red seaweeds. Porphyrans have been reported to be hypolipidemic, anti-cancer,
and anti-inflammatory in human beings. Porphyran inhibits NO production in macrophages by
blocking NF-B activation in the mouse macrophages of RAW264.7 cells that were stimulated with
lipopolysaccharides. This may explain some of the anti-inflammatory effects of porphyran [40]. It has
been reported that porphyrans have the potential to prevent hyperlipidemia due to its excellent
antioxidant activities in mice [14]. Previous studies have shown that porphyrans inhibited lipid
synthesis in HepG2 cells and also decreased apolipoprotein B100 secretion, realizing its hypolipidemic
effect [41]. Oral porphyran alleviates liver damage induced by the high-fat diet of ICR mice, implicating
the use of porphyran as a dietary hypolipidemic component [42]. Furthermore, porphyran was proven
to be effective and potential in anti-cancer by various studies (Table 1, Figure 2).

Generally, porphyran is non-toxic on normal cells, although toxic for cancer cells, and induces
cell death in a dose-dependent manner [43]. In vitro anti-proliferative activity of crude and purified
porphyran, also in a dose-dependent manner, was reported in HT-29 colon cancer cells and AGS
gastric cancer cells. The polysaccharide portion of the crude porphyran was thought to account for
anti-proliferative activity via apoptosis, as indicated by increased caspase-3 activity [44]. The anti-cancer
activity of porphyran against Ehrlich carcinoma and Meth-A fibrosarcoma has been demonstrated
in mice tumor models [45,46]. Similar results have been reported in cancer cells of AGS and HT-29,
the proliferation of which was arrested by Porphyran-chungkookjang, prepared by adding 5% (w/w)
porphyran into fermented Bacillus subtilis [47]. The methanol extract of porphryan-chungkookjang showed
higher anti-cancer effects than the chungkookjang.

198



Molecules 2019, 24, 4286

 

Figure 1. Typical repetitive structures in porphyran [38]: (a) G-A; (b) G-A2M; (c) G-L6S; (d)
G6M-A. G: 1,3-linked β-d-galactose; A: 1,4-linked 3,6-anhydro-α-l-galactose; A2M: 1,4-linked
2-O-methyl-3,6-anhydro-α-l-galactose; L6S: 1,4-linked α-l-galactose 6-sulfate; G6M: 1,3-linked
6-O-methyl-β-d-galactose.

Figure 2. Possible mechanism in the anti-cancer activity of porphyran and carrageenan.

One study revealed that AGS gastric cancer cells were effectively controlled by porphyrin, which
decreased cell proliferation and induced apoptosis. Negative regulation of IGF-IR phosphorylation and
activation of caspase-3 is a porphyran effect [47]. Other investigations showed that a polysaccharide
from Porphyra yezoensis arrested the cancer cell cycle at either the G0/G1 or G2/M check points [48].
Cell proliferation was also inhibited in the HeLa line, which were induced by porphyran. The cell
cycle was blocked in the G2/M phase by regulating and controlling the expression of p21, p53, cyclin
B1, and CDK1 [49].

There is growing evidence that the biological activities of polysaccharides are dependent on
their molecular weight, conformational state, chemical components, and glycosidic bonds [50,51].
Molecular weight is especially important because it is related to viscosity, water-solubility, conformation,
and other basic properties of polysaccharides [38,52]. Lower molecular weight porphyrans have
a higher antioxidant activity [39,53]. Although discolored due to a lack of nutrients that reduces
their commercial value considerably, in cultured P. yezoensis, a higher level of porphyran was found
in the discolored organisms. It has greater ROS-scavenging activity, likely due to the lower mean
molecular mass of the porphyran [54]. Additionally, oligo-porphyran, the acid hydrolysis product of
porphyran, has the potential to prevent and treat various pathologies such as Parkinson’s disease and
acute renal failure. Previous studies have suggested that oligo-porphyran protects renal morphology
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and function in rats with renal impairment [39]. They also ameliorate neurobehavioral defects
by regulating the PI3K/Akt/Bcl-2 pathway in Parkinsonian mice [55]. The anti-cancer response to
porphyran shows varying results. For example, porphyran derived from P. yezoensis was degraded by
gamma irradiation so that the exposure dose of irradiation was higher and the molecular weight of
porphyrans lower [49]. No significant changes in the contents of sulfate, monosaccharide composition,
and 3,6-anhydroanhydro-α-L-galactose were detected in the three polysaccharides. These inhibited
the cancer cell lines of HeLa and Hep3B more effectively than the degraded products. This discovery
contradicts other studies that concluded that lower molecular weight porphyrans exert more anti-cancer
activity [38]. The relationship between the molecular weight of porphyrans and their anti-cancer
activity along with their conformation should be studied further.

Table 1. Anti-cancer activity and possible mechanisms of porphyran.

Source Target Type of Activity Possible Mechanisms References

P. yezoensis

Mice implanted with
Ehrlich carcinoma and
Meth A fibrosarcoma

Appreciable inhibition of
tumor growth

Not referred
[45,46]

AGS and HT-29 cancer
cells Antiproliferation [47]

SGC-7901 and 95D
cancer cell lines [38]

Hep3B cells
Antiproliferation and

cell cycle blocked in the
G2/M phase

Upregulation of p21 and
p53, while negatively

regulating cyclin B1and
CDK1

[49]

HO-8910, MCF-7, K562,
and SMMC-7721 cells

Antiproliferation and
cell cycle arrested at the
G0/G1or the G2/M check

points

Not referred [48]

HT-29 colon cancer
cells and AGS gastric

cancer cells

Antiproliferation and
apoptosis induced

Increasing caspase-3
activity [44]

Commodity
provided by Korea
Bio Polymer (KBP)

company

AGS human gastric
cancer cells.

Negatively regulating
IGF-IR phosphorylation
and inducing caspase-3

activation

[43]

4. Carrageenan

Carrageenan is a highly sulfated polysaccharide found in Chondrus, Gigartina, and various Eucheuma
species in the red algal family Rhodophyceae [38]. It is widely used in food and pharmaceutical
industries as a stabilizer, a gelling agent, thickener, binder, and additive [56]. D-galactopyranosyl
with one or two sulfate groups is the base unit of carrageenans, linked via alternated (1→3)-β-d-and
(1→4)-α-d-glucoside (Figure 3) [56–58]. The number and position of the sulfate groups divide
carrageenans into α-carrageenan, β-carrageenan, γ-carrageenan, δ-carrageenan, θ-carrageenan,
ι-carrageenan, κ-carrageenan, λ-carrageenan, μ-carrageenan, and ν-carrageenan (Figure 3), and
of these, κ-, ι-, and λ-carrageenans, are of commercial significance [59]. Acidic hydrolysis is effective in
analyzing their structures through reductive hydrolysis [60,61], and enzymatic hydrolysis is preferred
in industrial production [62]. Although carrageenan is generally regarded as safe [38], its consumption
is reported to cause colitis [63–65]. It is also reported to induce paw edema and pleurisy in experimental
rats, which is widely used to study anti-inflammatory activity and the mechanisms involved in
inflammation [66–70]. Carrageenan induces thrombosis in a tail thrombosis model and is frequently
used to study the mechanisms of antithrombosis and thrombolysis in small laboratory animals [71–73].
Growing evidence suggests the anti-cancer ability of carrageenan (Table 2, Figure 2).
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Figure 3. Chemical structure of carrageenans [64]: (a) δ-carrageenan; (b) α-carrageenan; (c)
γ-carrageenan; (d) β-carrageenan; (e) μ-carrageenan; (f) κ-carrageenan; (g) ν-carrageenan; (h)
ι-carrageenan; (i) λ-carrageenan; and (j) θ-carrageenan.

Natural anti-cancer defense mechanisms in the host play an important role in cancer treatment
combined with a variety of therapeutic approaches including new anti-cancer drugs that enhance
immunity [74]. Seaweed polysaccharides are reported to regulate immune responses by activating
immune cells and other generalized immune responses. Immunomodulating activity induced by
carrageenan has been studied in the treatment of tumors by several researchers. λ-carrageenan was
reported to inhibit tumor growth in B16-F10- and 4T1-bearing mice through intratumoral injection [75].
Meanwhile, immune response to the tumor was enhanced by promoting tumor-infiltrating M1
macrophages in the spleen, which secreted higher levels of IL17A in the spleen and TNF-α in the tumor.
Humoral and cell-mediated immunity in S180-bearing mice was also reported to be enhanced by
carrageenan oligosaccharides extracted from Kappaphycus striatum and led to potent tumor therapeutic
activity [76].

The selective cytotoxic effects of carrageenans on cancer cells have been demonstrated in several
investigations. Such studies have shown that concentrations of 250–2500 μg/mL of both κ-carrageenan
and λ-carrageenan inhibited human cervical carcinoma cells by not only arresting the cell cycle at
specific phases, but also by delaying the time of it [56]. κ-carrageenan delayed the cell cycle in the
G2/M phase while λ-carrageenan delayed both G1 and G2/M phases. However, κ-selenocarrageenan
(i.e., κ-carrageenan with selenium) is anti-proliferative on the human hepatoma cell line. It blocks the
cell cycle in the S phase [77]. However, native ι-carrageenan showed no significant anti-proliferation
in the human osteosarcoma cell line in either in vitro or in vivo assays. Degraded ι-carrageenan [78]
suppressed tumor growth, induced apoptosis, and arrested the G1 phase, which improved the survival
rate of tumor-bearing mice. Downregulation of the Wnt/β-catenin signaling pathway was responsible
for that.
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Table 2. Anti-cancer activity and possible mechanisms of carrageenans.

Source Target Type of Activity Possible Mechanisms References

λ-carrageenan
purchased from
Sigma-Aldrich

B16-F10 and 4T1
bearing mice

Inhibition of tumor
growth and improving

immune system

Increasing the number of
tumor-infiltrating M1

macrophages, DCs, and more
activated CD4+ CD8+ T

lymphocytes and enhancing the
secretion of IL17A in spleen and
significantly increase the level of

TNF-α in tumor

[75]

Carrageenan
oligosaccharides

derived from
Kappaphycus

striatum

S180-bearing mice

Increase macrophage
phagocytosis, the form of

antibody secreted by spleen cells,
spleen lymphocyte proliferation,

NK cells activity, serumal IL-2 and
TNF-a level

[76]

κ-carrageenan and
λ-carrageenan

purchased from
Sigma-Aldrich

HeLa cells
Cell cycle delayed in

G2/M phase or in both
G1 and G2/M phase

Not referred [56]

κ-selenocarrageenan
consisted of

selenium and
κ-carrageenan

HepG2 cells Cell cycle delayed in S
phase

Upregulating Cyclin A and chk2
protein and down-regulating
Cdc25A and cdk2 expression.

[77]

ι-Carrageenan
Human

osteosarcoma cell
line

Apoptosis induced and
Cell cycle delayed in

G1 phase

Downregulation of the
Wnt/β-catenin signaling pathway

through suppressing LRP6
expression and phosphorylation

[78]

κ-carrageenan
oligosaccharides
prepared from

κ-carrageenan with
enzyme

MCF-7 xenograft
tumor

Antiproliferation and
anti-angiogenic

Negative regulation of human
VEGF, bFGF, bFGFR, and CD105 [79]

Angiogenesis plays a vital role in cancer development. Therefore, anti-angiogenic activity
is widely explored in cancer treatment. As they have better anti-angiogenic activity than the
standard compound, suramin, carrageenans have been defined as angiogenesis inhibitors [70,80,81].
The anti-angiogenic activity of κ-carrageenan oligosaccharides was shown in ECV304 cells and the
CAM (Chicken chorioallantoic membrane) model to inhibit the proliferation, migration, and tube
formation of cells [79]. Moreover, the oligosaccharides inhibited new blood vessel formation with
the negative regulation of human VEGF, bFGF, bFGFR, and CD105 in MCF-7 xenograft tumors.
The negative effect on tumor blood vessel endothelial cell differentiation was also demonstrated
in human umbilical vein endothelial cells and were affected by λ-carrageenan oligosaccharides at
relatively low concentrations (150–300 μg/mL) [82] by the downregulation of intracellular matrix
metalloproteinase (MMP-2) expression.

The biological activities of sulfated polysaccharides are a function of structural features such as
the amount and position of sulfation and molecular weight. That is, the chemical modification of
carbohydrates leads to variations in their biological activities [83]. For example, λ-carrageenan can be
degraded into five products, all with different molecular weights and all showing anti-cancer effects,
probably through immunomodulation. Lower molecular weight products, 15 and 9.3 kDa, showed
higher anti-cancer and immunomodulation effects [83]. Selective chemical sulfation in the carrageenan
backbone plays a measurable effect on its anticoagulant activity, which would be promoted by the
substitution by sulfate at C6 of β-d-Galp and C2 of 3,6-anhydro-α-d-Galp units [84]. Another example,
sulfate at C2 of the β-d-GalAp units, showed a more positive effect on the anticoagulation than at C4.
Additionally, the partially oxidized molecule promoted the anticoagulant effect of the κ-carrageenan
derivative more than the fully oxidized molecule [85]. Anti-cancer and immunomodulation activities
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of κ-carrageenan oligosaccharides from Kappaphycus striatum were enhanced by sulfation, acetylation,
and phosphorylation where the sulfated derivative was the most effective. Chemical modifications
also promoted oxidant activity by κ-carrageenan oligosaccharides [86].

5. Combination with Conventional Anti-Cancer Drugs

Toxicity analyses have proven that polysaccharides are potent anti-cancer agents and effective
adjuvants in cancer immunotherapy. 5-Fluorouracil (5-Fu), a thymidylate synthase inhibitor, has been
widely used to treat cancer for several decades. However, it is limited by undesirable side effects [87–89].
When the drug was fixed at the 6-position with low molecular weight porphyran in order to obtain
a water-soluble macromolecule prodrug, it led to a slow release of 5-Fu and prolonged the duration
of anti-cancer activity and reduced the side effects [88]. The mixture and conjugate enhanced the
anti-cancer activity of 5-Fu and immunocompetence recovered the damage in transplanted S180 tumor
mice. The medical effect of the λ-carrageenan on anti-cancer activity and immunosuppression by 5-Fu
were explored on transplanted S180 tumor mice [90]. Though the individual use of the λ-carrageenan
sample or 5-Fu at low dose only exerted low anti-cancer activity, a mixture of the two samples at the
same dose increased the activity. Meanwhile, λ-carrageenan enhanced immunocompetence that had
been damaged by 5-Fu by increasing the weight of the spleen, activating lymphocyte proliferation,
recovering the level of TNF-α, and reactivating the decreased spleens and white pulps. Similar research
supports this result in H-22 tumor mice [91].

Gold nanoparticles (AuNPs) have been widely used in catalysis, photothermal therapy,
and targeted drug delivery [92]. The κ-carrageenan oligosaccharide was reported as a reducing
and capping agent to prepare AuNPs, which showed significant cytotoxic activities to HCT-116
and MDA-MB-231 cells [93]. Furthermore, maghemite nanoparticles have been reported to be
electrostatically entrapped by ι-carrageenans in the sulfate groups [94]. In vitro anti-cancer efficacy of
the biocompatible ι-carrageenan-γ-maghemite nanocomposite was demonstrated in the human colon
cancer cell line by inducing cell apoptosis by following the ROS-mediated mitochondrial pathway,
combined with downregulation of the expression levels of mRNA of XIAP and PARP-1, and the
upregulation of caspase3, Bcl-2, and Bcl-xL.

6. Conclusions

The ideal cancer treatment eradicates tumor cells without damage to healthy tissues. Due to the
side effects of current treatments, more attention is being paid to the selective toxicity of seaweed
polysaccharides that are nontoxic to normal cells, but toxic to tumor cells. Several in vitro and in vivo
studies have demonstrated that porphyrans and carrageenans have strong anti-cancer properties.
Moreover, when combined with conventional drugs, these polysaccharides not only showed more
effective anti-cancer activity, but also enhanced immunocompetence that had been damaged by drugs
such as by increasing the weight of the spleen, activating lymphocyte proliferation, recovering the
level of TNF-α, and reactivating the decreased spleens and white pulps.
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Abstract: Cryptolepine, neocryptolepine and isocryptolepine are naturally occurring indoloquinoline
alkaloids with various spectrum of biological properties. Structural modification is an extremely
effective means to improve their bioactivities. This review enumerates several neocryptolepine
and isocryptolepine analogues with potent antiproliferative activity against MV4-11 (leukemia),
A549 (lung cancer), HCT116 (colon cancer) cell lines in vitro. Its activity towards normal mouse
fibroblasts BALB/3T3 was also evaluated. Furthermore, structure activity relationships (SAR) are
briefly discussed. The anticancer screening of neocryptolepine derivatives was performed in order to
determine their cytotoxic and growth inhibitory activities across the JFCR39 cancer cell line panel.

Keywords: cryptolepine; neocryptolepine; isocryptolepine; antiproliferative activity; structure
activity relationships

1. Introduction

1.1. Antitumoral Activity of Cryptolepine

Cryptolepine (1), neocryptolepine (2), and isocryptolepine (3) are typical indoloquinoline alkaloids
isolated from the roots of Cryptolepis sanguinolenta [1,2].

These alkaloids are composed of the tetracyclic indoloquinoline ring system, which only differ with
respect to the orientation and site of their indole and quinoline ring junctures (Figure 1). By introducing
the appropriate motif at the certain positions, their derivatives can increase better biological activity
than the mother core [3].

Molecules 2019, 24, 2121; doi:10.3390/molecules24112121 www.mdpi.com/journal/molecules209



Molecules 2019, 24, 2121

 
Figure 1. Structures of typical indoloquinolines from Cryptolepis sanguinolenta.

Many researchers have achieved the structural modification of cryptolepine scaffold for the
purpose of improving antitumor activity, while the pharmacological properties of the analogues are
being studied deeply.

The bioactivities of many antitumoral agents are related to their interactions with the DNA
molecule, which is regarded as a classical target for these drugs in clinical use. The basic mechanism
of antitumoral activity of these drugs is to affect the replication, expression, transcription and other
physiological functions of the DNA, which causes the tumor cell death [4].

In 1990, Yamato et al. synthesized the indoloquinoline derivatives 4 (Figure 2), and screened its
biological properties in vitro and in vivo. The compounds 4 showed potential antitumor activity (P388
leukemia in mice), DNA intercalative property, and ability to induce topoisomerase II dependent DNA
cleavage [5].

 
Figure 2. Structures of cryptolepine derivatives.

In 1997, Deady et al. studied a series of cryptolepine derivatives 5 and evaluated their antitumoral
activity in a series of murine and human tumor cell lines such as the mice lung cancer cells (LLC), mice
leukemia cells (P388), human leukocyte cells (JL). These compounds appear to be mixed topoisomerase
I/II inhibitors in the human leukemia cell lines studied [6].

In 1998, Bonjean et al. verified the cryptolepine alkaloids bound tightly to DNA as a typical
intercalating agent by various means of absorption, such as fluorescence, circular, and linear dichroism,
as well as by a relaxation assay using DNA topoisomerases. At the same time, they provided direct
evidence that DNA is the primary target of cryptolepine. The mechanism of the compounds inhibiting
tumor cell proliferation is mainly based on the synthesis of DNA inhibition, not the inhibition of
proteins and RNA [7].

In 2002, Lisgarten, John N., reported that cryptolepine interacts with the DNA fragment
d(CCTAGG)2 in a base-stacking intercalation mode by using X-ray crystallography. It was found that
cryptolepine intercalated between pyrimidine bases of the fragment in the form of π-π accumulation.
This is the first single crystal structure of DNA intercalator complex, which is the small molecule to
bind a non-alternating (pyrimidine-pyrimidine) DNA sequence [8].
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In 2012, Boddupally et al. have synthesized a series of 11-substituted cryptolepine derivatives 6

(Figure 2). The compound 6 showed the most potent anticancer activity with IC50 = 0.97 μM against
HCT-116 colon cancer cell line and IC50 = 2.33 μM against Raji lymphoma cells in further cytotoxic test
in vitro. At the same time, this compound showed a strong inhibition of c-MYC expression [9].

Gu and Lu demonstrated the binding of aniline-substituted cryptolepine derivatives with
calf-thymus DNA presumably via an intercalation mechanism and studied the binding mode of
these derivatives with duplex DNA by Surflex-dock software. They reported that these derivatives
intercalated into the base-pairs, and reacted with DNA via mainly π-π interaction with medium,
moreover the functional groups substituted on aniline ring affected the binding abilities [10,11].

The aim of this review is to present an overview of the potential of neocryptolepine and
isocryptolepine as scaffolds for the design and development of new anticancer drugs. Both compounds
have also the linearly arranged tetracyclic plane as same as cryptolepine, so they can be expected as
candidates of antitumoral agent, although they have a slightly weaker capability to intercalate into
DNA and inhibit human topoisomerase II [12].

1.2. Antitumoral Activity of Neocryptolepines and Isocryptolepines

In our group, we have synthesized an array of novel neocryptolepine derivatives 7, and
their congeners 8, 11-aminoalkylamino-substituted chromeno[2,3-b]indoles 9, and isocryptolepine
derivatives 10 (Figure 3). Then the antiproliferative activities of these compounds were tested in vitro
against MV4-11 (human leukemia), HCT116 (human colon cancer), and A549 (human non-small cell
lung cancer) and BALB/3T3 (normal murine fibroblasts) cell lines.

 
Figure 3. Structure of neocryptolepine derivatives 7, 8, chromeno[2,3-b]indoles 9, and isocryptolepine
derivatives 10.

We focused our attention on modifying the neocryptolepine structure at four positions: (1)
the side chain at C11, introducing the various amino groups, e.g., -NH(CH2)nNH2 (n = 2,3,4),
-NH(CH2)3N(C2H5)2, -NH(CH2)3OH, -NHCH2CH(OH)CH2NH2, -NHCH2CH(CH3)CH2NH2,
-NHCH2CH(CH3)NH2, -NHCH2C(CH3)2NH2, and so on; (2) replacing the H atom at C2 with
MeO, Br, Cl, Me, and replacing H at C9 with COOMe; (3) altering the Me from N5 to N6, (4) changing
the N5 to O atom and (5) incorporating metal ion coordinated with diamine side chain [13–18].

In addition, we have also engaged in modifying isocryptolepine derivatives in three ways:
the amino substituent effect at C6, and N11 methyl localization effect, and the substituent group effect
at C2 of quinoline moiety [19].

Some compounds with higher antiproliferative activity are listed in Tables 1 and 2. The SAR
(structure activity relationships) studies reveal that the most necessary strategy is introducing
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ω-aminoalkylamino group in the side chain. Among the tested 84-neocryptolepine derivatives
and 44-isocryptolepine derivatives, the most potent compounds with higher activity contain the
-NH(CH2)3NH2 side chain.

Table 1. Cytotoxic effect of neocryptolepine derivatives [13–16].

No.
Substituent IC50 μM

R1 R2 R3 R4 R5 BALB/3T3 MV4-11 A549 HCT116

7a H NH(CH2)3NH2 H Me - 0.884 ± 0.115 0.066 ± 0.023 0.205 ± 0.079 0.302 ± 0.056
7b Cl NH(CH2)3NH2 H Me - 0.401 ± 0.015 0.068 ± 0.018 0.761 ± 0.169 0.195 ± 0.044
7c Br NH(CH2)3NH2 H Me - 0.869 ± 0.018 0.012 ± 0.002 0.543 ± 0.256 0.274 ± 0.050
7d OMe NH(CH2)3NH2 H Me - 0.978 ± 0.021 0.102 ± 0.021 0.407 ± 0.117 0.155 ± 0.042
7e Cl NHCH2CH(OH)CH2NH2 H Me - 0.896 ± 0.042 0.042 ± 0.014 0.197 ± 0.028 0.138 ± 0.050
7f Br NHCH2CH(OH)CH2NH2 H Me - 0.864 ± 0.015 0.057 ± 0.015 0.190 ± 0.027 0.117 ± 0.055
7g H NH(CH2)3NH2 COOMe Me - 0.933 ± 0.047 0.044 ± 0.011 0.820 ± 0.456 0.176 ± 0.055
7h Br NH(CH2)3NH2 COOMe Me - 0.773 ± 0.023 0.050 ± 0.016 0.302 ± 0.138 0.164 ± 0.070
7i Cl NH(CH2)3NH2 COOMe Me - 0.833 ± 0.030 0.056 ± 0.035 0.194 ± 0.063 0.116 ± 0.078
7j Cl NH(CH2)3NH2 Br Me - 0.834 ± 0.067 0.076 ± 0.034 0.464 ± 0.011 0.284 ± 0.142
8 Cl NH(CH2)2NH2 H - Me 0.437 ± 0.400 0.456 ± 0.123 8.282 ± 0.585 6.989 ± 1.416
9 OMe NH(CH2)2NH2 H - - 6.87 ± 1.74 0.12 ± 0.07 9.29 ± 1.10 1.93 ± 0.24

Cisplatin 8.53 ± 3.53 2.36 ± 0.68 7.83 ± 2.60 3.47 ± 0.77
Doxorubicin HCl 1.08 ± 0.03 0.006 ± 0.002 0.33 ± 0.10 0.39 ± 0.10

Table 2. Cytotoxic effect of isocryptolepine derivatives [17].

No.
Substituent IC50 μM

R1 R2 R3 BALB/3T3 MV4-11 A549 HCT116

10a H NH(CH2)3NH2 H 1.05 ± 0.13 0.12 ± 0.01 0.17 ± 0.05 0.26 ± 0.11
10b OMe NH(CH2)3NH2 H 0.31 ± 0.03 0.12 ± 0.05 0.16 ± 0.03 0.07 ± 0.03
10c NO2 NH(CH2)3NH2 H 0.36 ± 0.15 0.15 ± 0.06 0.35 ± 0.22 0.10 ± 0.02
10d H NH(CH2)3NH2 Me 0.95 ± 0.24 0.11 ± 0.04 0.18 ± 0.03 0.06 ± 0.02
10e NO2 NH(CH2)3NH2 Me 0.08 ± 0.02 0.05 ± 0.01 0.11 ± 0.07 0.01 ± 0.00
10f H NH(CH2)3NH(CH3)2 H 1.18 ± 0.20 0.41 ± 0.31 0.87 ± 0.27 0.55 ± 0.17
10g Cl NH(CH2)3NH(CH3)2 Me 0.82 ± 0.08 0.08 ± 0.03 0.57 ± 0.31 0.10 ± 0.02

Among them, 11-(3-amino-2-hydroxy)propylamino derivatives 7e and 7f were the most cytotoxic
with a mean IC50 value of 0.042 μM and 0.057 μM against the MV4-11 cell line, 0.197 μM and 0.190 μM
against the A549 cell line, and 0.138 μM and 0.117 μM against the HCT116 cell line.

We propose the reason that the amino terminus domain in the side chain would react with negative
charged phosphate groups in DNA, which increases the insertion ability of the complex to DNA.

The methyl localization effect is an important additional contributor to increase the activity.
The activity is greatly reduced (10~30 fold lower) by changing the Me group from N5 to N6 (i.e., 8) of
neocryptolepine derivatives. The Me group can increase the activity of isocryptolepine derivatives, as
found by a comparison of the compounds 10e and 10c.

Replacing H atom at the C2 with MeO, Br, Cl, Me, or replacing H at C9 by COOMe can improve
the antiproliferactive activity of neocryptolepine derivatives. Each group contributes differently
to the antiproliferactive activity of different tumor cells. For example, 7c with Br at C2 shows the
best antiproliferactive activity against MV4-11 leukemia cells, and this modification did not increase
antiproliferactive activity against normal BALB/3T3 cells, but unexpectedly it decreases 2-fold the
antiproliferactive activity against A549 lung cancer cells. It can be suggested that this modification
increases the selectivity of the tested compound, improving their effect on leukemic cells, without
increasing possible adverse effects on normal cells. The substituent effect at C2 of isocryptolepine
core also can change the activity; NO2 is the effective group to increase the activity against cancer but
unfortunately also normal cells (10c and 10e). Therefore, we must examine our best to find an effective
substituent for further improving the activity.

We boldly tried to replace the 5-nirtogen atom with oxygen atom, forming 9, which significantly
drop the antiproliferactive activity [16].
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From all the assay data, isocryptolepine analogues are more potential as the anticancer drug
candidates in comparison with the neocrytolepine analogues, compound 10e (or 10a) shows the higher
antiproliferactive activity against A549 and HCT116 cancer cell, and lower antiproliferactive activity
against normal cells comparing 7a, when amino-substituent is NH(CH2)3NH2 and substituent group
is H at C2.

The mode of neocryptolepine and isocryptolepine binding to DNA was studied using UV-VIS
absorption spectroscopy with salmon fish sperm DNA. From the DNA binding studies, it can be
proven that the methyl localization effect and the substituent group effect at C2 of quinoline moiety
influence the capability to intercalate into DNA. Two effects improve the activity of isocryptolepine to
interact with DNA, the binding constant of 10f-DNA was 1.05× 106 L/mol and 10g-DNA was 4.84 × 106

L/mol [19]. The activity of neocryptolepine to interact with DNA varied; the binding constant of
7c-DNA was 2.93 × 105 and 8-DNA was 3.28 × 105 L/mol [13].

In a series of neocrytolepine analogues, 7c shows the best antiproliferactive activity against
MV4-11 leukemia with IC50 0.012 ± 0.002 μM. Compounds 7f and 7i show almost the same highest
antiproliferactive activity against A549 lung cancer cells with IC50 0.190 ± 0.027 μM and 0.194 ±
0.063 μM, and the antiproliferative activity against HCT116 colon cancer cells with IC50 0.117 ±
0.055 μM and 0.116 ± 0.078 μM. Analogue 7b unfortunately shows 2-fold higher cytotoxic activity
against normal BALB/3T3 cells with the IC50 0.401 ± 0.015 μM than other studied neocrytolepine
analogues and 20-fold higher than cisplatin [13].

In series of isocryptolepine analogues, 10e shows the best antiproliferactive activity against cancer
cell lines with IC50 0.05 ± 0.01 μM (MV4-11), IC50 0.11 ± 0.07 μM (A549), and IC50 0.01 ± 0.00 μM
(HCT116). Unfortunately, this compound had also 4~15 fold higher cytotoxic activity against normal
BALB/3T3 cells with the IC50 0.08 ± 0.02 μM. These two simultaneous modifications at C2-NO2 and
at N11-Me showed 15- and 100-fold increased cytotoxicity of 10e in comparison to doxorubicin and
cisplatin, cytostatic used as a control.

In 2016, in vitro antiproliferative activities of neocryptolepine derivatives were evaluated by
Okada (Table 3). The compounds 7a and 7d showed the highest anticancer activity, having IC50 values
of 0.50 μM and 0.20 μM against the breast cancer MDA-MB-453 cell line, at the same time 7a having
0.64 μM and 2.7 μM against WiDr (colon adenocarcinoma) and SKOv3 (ovarian cancer) cell lines,
7d having 0.37 μM and 1.3 μM against WiDr (colon adenocarcinoma) and SKOv3 (ovarian cancer)
cell lines.

Table 3. Antiproliferative activity of neocryptolepine derivatives against cell lines of the breast cancer
MDA-MB-453, WiDr (colon adenocarcinoma) and SKOv3 (ovarian cancer).

Compound MDA-MB-453 IC50(μM) WiDr IC50(μM) SKOv3 IC50(μM)

Neocryptolepine 7.48 ± 4.42 N.T. N.T.
7a 0.50 ± 0.24 0.64 ± 0.13 2.7 ± 0.42
7d 0.20 ± 0.09 0.37 ± 0.07 1.3 ± 0.18

Cisplatin 7.6 ± 0.7 a 8.84 ± 0.52 c 18.2 ± 0.1 d

Doxorubicin 0.086 ± 0.006 b 0.089 e 0.52

N.T.: not tested, a Rakic et al. (2012), b Sandhu et al. (2012), c Kuo et al. (2010), d Ganta et al. (2014), e Molphy et al.
(2014).

Recently, we reported the in vitro antiproliferative activity of 11-substituted neocryptolepines with
branched ω-aminoalkylamino chain. These 2-substituted 5-methyl-indolo[2,3-b]quinoline derivatives
were prepared by nucleophilic aromatic substitution (SNAr) of 11-chloroneocryptolepines 2 with
appropriate 1,2- and 1,3-diamines (Scheme 1). Many of the prepared neocryptolepine derivatives
showed submicromolar antiproliferative activity of less than μM against the human leukemia MV4-11
cell line (Table 4).
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Scheme 1. Synthesis of 11-aminoalkylamino-5-methylindolo[2,3-b]quinolines.

Table 4. Antiproliferative activity of 11-aminoalkylamino-5-methyl-indolo[2,3-b]quinolines against cell
lines of MV4-11, A549 and HCT116, and cytotoxicity against normal mice fibroblast BALB/3T3 [15].

No. Substituent IC50 μM

Compounds R1 C11-Substituent MV4-11 BALB/3T3 A549 HCT116

Cisplatin - 2.820 ± 0.450 8.700 ± 0.097 9.870 ± 2.400 8.500 ± 0.540

Doxorubicin HCl - 0.006 ± 0.002 1.078 ± 0.033 0.329 ± 0.097 0.390 ± 0.098

2a H Cl 1.312 ± 0.262 - - -

2b Br Cl 0.810 ± 0.145 - - -

7l H 0.150 ± 0.060 4.789 ± 2.018 1.512 ± 0.198 1.262 ± 0.361

7m Cl 0.119 ± 0.043 9.131 ± 0.844 1.455 ± 0.168 1.373 ± 0.351

7n Me 0.105 ± 0.027 10.558 ± 0.330 1.795 ± 0.270 2.370 ± 0.481

7o Cl 0.103 ± 0.014 1.018 ± 0.017 1.269 ± 0.118 1.204 ± 0.283

7p Br 0.078 ± 0.020 0.939 ± 0.018 0.988 ± 0.164 0.842 ± 0.367

For further studying cytotoxic and growth inhibitory activities of neocryptolepine derivatives,
the anticancer screening was performed across the JFCR39 cancer cell line panel, evaluated at five
concentration levels (100, 10, 1.0, 0.1, and 0.01 μM) (Table 5). The results (the means of GI50, TGI,
and LC50 values) showed that 7d have potent anticancer activity against the melanoma (LOX-IMVI)
and lung (NCIH522, A549, and DMS273) cancer cell lines in the JFCR39 panels. Compound 7d shows a
notable cytotoxicity against the breast (BSY-1, LC50 = 0.82 μM), CNS (SF-539, LC50 = 0.60 μM, SNB-75,
LC50 = 0.91 μM), colon (HCC2998, LC50 = 0.74 μM), lung (NCI-H522, LC50 = 0.71 μM, A549, LC50 = 0.85,
DMS273, LC50 = 0.70, DMS114, LC50 = 0.72 μM), and ovarian (VCAR-4, LC50 = 0.48 μM) cancer cell
lines [20].
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Table 5. Growth inhibitory (GI50) and cytotoxic (LC50) activities of compounds 7d, 7k and 7q across
the JFCR 39 panel.

Tissue of
Origin

Cell Line
7d 7k 7q

GI 50

(μM)
TGI
(μM)

IC50

(μM)
GI 50

(μM)
TGI
(μM)

IC50

(μM)
GI 50

(μM)
TGI
(μM)

IC50

(μM)

Breast

HBC-4 0.06 0.80 9.5 0.08 0.61 6.1 1.3 4.3 19
BSY-1 0.11 0.30 0.82 0.12 0.35 3.5 2.0 5.2 20
HBC-5 0.06 0.33 3.4 0.09 0.41 4.1 0.86 10 53
MCF-7 0.04 0.24 17 0.03 0.31 3.1 0.87 7.9 44

MDA-MB-231 0.08 0.33 6.9 0.07 0.34 3.4 0.50 4.1 44

CNS

U251 0.04 0.47 17 0.05 0.55 7.9 0.7 13 58
SF-268 0.05 0.59 26 0.06 0.75 4.7 0.94 14 76
SF-295 0.10 0.81 14 0.11 0.55 2.9 1.3 14 49
SF-539 0.05 0.20 0.60 0.07 0.23 0.63 0.7 3.9 22
SNB-75 0.13 0.34 0.91 0.15 0.38 0.93 3.3 15 42
SNB-78 0.12 0.78 25 0.20 0.98 5.2 2.9 20 62

Colon

HCC2998 0.05 0.22 0.74 0.07 0.23 0.69 1.0 2.9 8.0
KM-12 0.06 0.64 23 0.09 0.59 4.6 0.72 7.0 64
HT-29 0.04 0.54 24 0.06 0.64 28 0.56 5.6 46

HCT-15 0.72 6.9 50 1.0 3.7 100 0.58 5.8 49
HCT-116 0.04 0.57 22 0.04 0.80 5.1 0.43 2.3 15

Lung

NCI-H23 0.06 0.28 1.8 0.07 0.36 2.5 1.2 4.8 98
NCI-H226 0.08 0.49 25 0.09 0.63 6.2 0.74 4.8 44
NCI-H522 0.04 0.20 0.71 0.04 0.18 0.57 0.42 1.8 5.5
NCI-H460 0.05 0.27 3.4 0.05 0.23 1.7 0.45 2.6 20

A549 0.06 0.23 0.85 0.05 0.26 1.9 0.68 2.5 8.3
DMS273 0.04 0.18 0.70 0.05 0.18 0.61 0.42 1.6 4.7
DMS114 0.08 0.26 0.72 0.10 0.33 1.10 1.1 3.7 18

Melanoma LOX-IMVI 0.03 0.11 1.1 0.03 0.11 0.75 0.31 1.5 7.6

Ovarian

OVCAR-3 0.06 0.28 8.0 0.05 0.30 42 0.64 4.6 82
OVCAR-4 0.04 0.15 0.48 0.04 0.16 59 0.52 2.7 19
OVCAR-5 0.05 0.35 9.5 0.05 0.26 42 0.56 3.1 32
OVCAR-8 0.05 0.33 23 0.05 0.43 100 0.48 3.4 100
SK-OV-3 0.13 1.0 20 0.13 1.2 54 1.2 7.4 51

Renal
RXF-631L 0.27 1.4 7.4 0.19 0.67 3.0 1.1 3.0 18

ACHN 0.27 2.1 20 0.25 2.2 10 0.7 7.1 51

Stomach

St-4 0.06 0.43 3.8 0.12 0.60 3.7 0.72 4.9 44
MKN1 0.09 0.38 12 0.11 0.47 3.1 1.1 3.6 14
MKN7 0.04 0.34 23 0.06 0.48 36 0.9 8.0 69
MKN28 0.05 0.9 37 0.05 1.1 58 0.55 12 100
MKN45 0.05 1.0 28 0.05 1.1 8.0 0.44 6.2 100
MKN74 0.05 1.0 52 0.06 0.94 8.0 0.56 6.8 100

Prostate
DU145 0.1 0.34 17 0.09 0.43 3.3 1.2 4.0 22
PC-3 0.16 1.3 70 0.16 1.3 22 2.0 12 56

CNS: Central nervous system; GI50: 50% growth inhibition concentration (μM); TGI: Total Growth inhibition
concentration (μM); LC50: Lethal concentration (μM).

Table 5 shows that all of the compounds are highly potent against the melanoma (LOX-IMVI)
and lung (NCI-H522, A549, and DMS273) cancer cell lines in the JFCR39 panels. Compounds
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7d and 7k are more potent than compound 7q towards the cancer cell lines in the JFCR39 panel.
Compounds 7d and 7k show a similar growth inhibitory activity (GI50 > 0.01 μM) against the 31 and
28 cell lines, respectively, of the JFCR39 panel. Compound 7k shows a notable cytotoxicity against
the breast (BSY-1, LC50 = 0.82 μM), CNS (SF-539, LC50 = 0.60 μM, SNB-75, LC50 = 0.91 μM), colon
(HCC2998, LC50 = 0.74 μM), lung (NCI-H522, LC50 = 0.71 μM, A549, LC50 = 0.85, DMS273, LC50 = 0.70,
DMS114, LC50 = 0.72) and ovarian (VCAR-4, LC50 = 0.48 μM) cancer cell lines. Compound 7q shows
a mentionable cytotoxicity for the CNS (SF-539, LC50 = 0.63 μM, SNB-75, LC50 = 0.93 μM), colon
(HCC2998, LC50 = 0.69 μM), lung (NCI-H522, IC50 = 0.57 μM, DMS273, LC50 = 0.61 μM), and melanoma
(LOX-IMVI, LC50 = 0.75 μM) cancer cell lines. Compound 7q displayed a strong growth inhibitory
activity (GI50 < 1 μM) for 28 panels in the JFCR39 panel of the various cell lines. DMS273 (lung cancer)
and NCI-H522 (lung cancer) are the most sensitive cell lines of the 39 cell lines (GI50 = 0.42 μM for both
and LC50 = 4.7 μM and 5.5 μM respectively). Compound 7q also showed a strong antitumor effect on
LOX-IMVI (melanoma, GI50 = 0.3 μM, LC50 = 7.6 μM).

In our group, we achieved the synthesis of the artemisinin-indoloquinoline hybrids and studied
their antiproliferative activity (Figure 4). The artemisinin-neocryptolepine hybrids 11a, 11b and the
artemisinin-isocryptolepine hybrids 12 showed the potent antiproliferative activity, based on the data
in Table 6.

Figure 4. Structures of artemisinin-neocryptolepine hybrids.

Table 6. Antiproliferative activity of the artemisinin-indoloquinoline hybrids against cell line of MV4-11,
A549 and HCT116, and cytotoxicity against normal mice fibroblast BALB/3T3 [21].

Compound R1 R2 R3 MV4-11 A549 HCT116 BALB/3T3

11a Cl CH3 CH3 0.072 ± 0.022 4.555 ± 2.086 0.893 ± 0.397 6.423 ± 0.996
11b CO2Me CH3 CH3 0.075 ± 0.001 5.060 ± 0.911 2.206 ± 0.687 5.945 ± 1.163
12 CO2Me H H 0.086 ± 0.020 0.649 ± 0.080 0.130 ± 0.014 0.768 ± 0.155

In 2017, Li Wang synthesized the novel tacrine-neocryptolepine hybrids, and evaluated as
inhibitors of human AChE (hAChE) and human BuChE (hBuChE) (Figure 5). Compound 13 was a
highly potent hAChEI having IC50 = 0.95 ± 0.04 nM, and a highly potent hBuChE having IC50 = 2.29 ±
0.14 nM [22].

Figure 5. Structure of tacrine-neocryptolepine hybrids.
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2. Compare Study

The COMPARE analysis assesses the correlation coefficient between the fingerprints of the test
compounds and those of the various reference compounds [23]. This system provides an information
intensive approach to identify the molecular targets of new compounds. The JFCR39 COMPARE
analysis-guided assay is a successful means to find new anticancer drug candidates. The COMPARE
analysis is carried out by calculation of the Pearson correlation coefficient (r value) between the
fingerprints of compounds X and Y. The r value is then used to determine the degree of similarity, that
is, the higher the r value, the greater the similarity of X to Y. Generally, an r value of 0.5 < r < 0.75
between two agents suggests they might have a similar mechanism of action (Figure 6).

(A) 

Figure 6. Cont.
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(B) 

(C) 

Figure 6. Growth inhibitory- and cytotoxic activities of compounds (A) 7d, (B) 7k, and (C) 7q across
a panel of the JFCR39 cell lines. The mean graph was produced by computer processing of the 50%
growth inhibition (GI50) and the 50% lethal concentration (LC50) values. The logarithm of the GI50

and the LC50 values for each cell line is indicated. The X-axis shows the difference on a logarithmic
scale between the mean of Log GI50/Log LC50 values for all 39-cell lines (MG-MID, expressed as 0 in the
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fingerprint) and the Log GI50/Log LC50 for each cell line in the JFCR39 panel. Columns to the right of
0 indicate the sensitivity of the cell lines to a given compound, and columns to the left indicate their
resistance. The MG-MID mean of the Log GI50/Log LC50 values for all 39 cell lines; delta difference
between the MG-MID and the Log GI50/Log LC50 value for the most sensitive cell line; range difference
between the Log GI50/Log LC50 values for the most resistant cell line and the most sensitive cell line.

The COMPARE analysis revealed that compounds 7d and 7k have a very good match to
actinomycin D (r = 0.7 for both). Similarly, compound 7k has a slight similarity to paclitaxel (r = 0.64).
Compound 7q shows some resemblance to vindesine sulfate (r = 0.58) and aclarubicinHCl (r = 0.57).

3. Conclusions

Indoloquinoline alkaloids are important scaffolds for antitumoral drug development. This review
discussed the SAR of neocryptolepine and isocryptolepine, and presents the useful methods for
improving the antitumoral activity of neocryptolepine and isocryptolepine analogues. The amino
substituent effect and methyl localization effect are now available strategies, but the substituent group
effect at the benzene ring of the quinoline moiety has no effect on regular SAR. Thus, the antitumoral
activity is highly related to the activity of interacting with DNA. The computer-assisted database
analysis, COMPARE, suggested that 7d and 7k have a mode of action similar to actinomycin D. It also
suggested that 7l has a mode of action similar to vindesine sulfate or aclarubicin HCl. However,
the new compounds may have other unique modes of action since the correlation coefficients (r) were
at relatively low levels, which present an interesting possibility to examine in further studies.
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Abstract: Capsazepine is a synthetic analogue of capsaicin that can function as an antagonist of TRPV1.
Capsazepine can exhibit diverse effects on cancer (prostate cancer, breast cancer, colorectal cancer,
oral cancer, and osteosarcoma) growth and survival, and can be therapeutically used against other
major disorders such as colitis, pancreatitis, malaria, and epilepsy. Capsazepine has been reported to
exhibit pleiotropic anti-cancer effects against numerous tumor cell lines. Capsazepine can modulate
Janus activated kinase (JAK)/signal transducer and activator of the transcription (STAT) pathway,
intracellular Ca2+ concentration, and reactive oxygen species (ROS)-JNK-CCAAT/enhancer-binding
protein homologous protein (CHOP) pathways. It can inhibit cell proliferation, metastasis, and induce
apoptosis. Moreover, capsazepine can exert anti-inflammatory effects through the downregulation
of lipopolysaccharide (LPS)-induced nuclear transcription factor-kappa B (NF-κB), as well as the
blockage of activation of both transient receptor potential cation channel subfamily V member
1 (TRPV1) and transient receptor potential cation channel, subfamily A, and member 1 (TRPA1).
This review briefly summarizes the diverse pharmacological actions of capsazepine against various
cancers and inflammatory conditions.

Keywords: capsazepine; cancer; inflammatory diseases; ROS; TRPV1

1. Introduction

Capsaicin (8-Methyl-N-vanillyl-trans-6-nonenamide) is the commonly found pungent ingredient
in hot chili peppers [1,2]. Capsaicin can act as a pharmacological agent that can regulate inflammation
and pain using specific receptors of afferent sensory neurons [3]. The transient receptor potential
vanilloid type 1 (TRPV1) channel can be activated by capsaicin [1]. TRPV1 is a ligand-gated
non-selective, cation channel, and it was first reported in sensory neurons such as dorsal root ganglion
(DRG) [4]. As soon as the TRPV1 channel is activated, uptake of calcium (Ca2+) ion is rapidly
increased [5]. Ca2+ plays an important role in diverse signal transduction pathways [5], including cell
proliferation, cell death, neural excitation, neurotransmitter release, etc.

Capsazepine(N-[2-(4-Chlorophenyl)ethyl]-1,3,4,5-tetrahydro-7,8-dihydroxy-2H-2-benzazepine-2
carbothioamide) is a synthetic analogue of capsaicin [1]. It was first discovered and characterized
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by the Sandoz (now Novartis) [1], and it was modified on the chemical backbone of capsaicin [6],
(Figure 1). Interestingly, capsazepine (10 μM) can also reversibly reduce the response to capsaicin
(500 nM) of voltage-clamped DRG neurons in rats [1]. Moreover, capsazepine can act as a potent
blocker of TRPV1 channels. It can bind to the pores of transmembrane domain on TRPV1 channel
and can interact with all monomers residues of this channel [3]. Capsazepine can also exhibit several
pharmacological effects via blocking TRPV1 channel and thereby suppressing the influx of Ca2+ [5].
It can thus be effectively used for the prevention and treatment of various cancers and inflammatory
conditions, although its clinical use has been hampered, owing to its poor pharmacokinetic properties
(Figure 2).

Figure 1. The chemical structures of capsaicin and capsazepine.

Figure 2. Pharmacological properties of capsazepine.

Additionally, capsazepine has been also reported to target various other receptors including other
TRP channels such as TRPV4 and TRPM8 [7–9]. It can also block nicotinic acetylcholine receptors and
voltage-activated calcium channels in rats [7,8]. Interestingly, Docherty et al. reported that capsazepine
can mediate human hyperpolarization-activated cyclic nucleotide-gated two and four channels and
inhibit currents in the HEK293 cells concentration dependently [9]. This finding can also partly explain
the reported anti-nociceptive effects of capsazepine [9].
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2. Pharmacological Actions of Capsazepine in Tumor Cell Lines

2.1. Anti-Cancer Effects of Capsazepine In Vitro

Several compounds derived from Mother Nature can function as potent anti-cancer agents that
can abrogate the process of tumorigenesis [10–26]. Capsazepine has been reported to exert
significant anti-proliferative effects against multiple tumor types in vitro, as summarized in Table 1.
The mechanisms underlying the anti-cancer/growth inhibitory effects include the inhibition of
activation of Janus activated kinase (JAK)/signal transducer and activator of transcription (STAT)
pathway, calcium ion influx, ROS-JNK-CHOP pathway, and modulation of other important signal
transduction pathways (Figure 3).

Table 1. Anti-cancer effects of capsazepine in vitro.

Origin Cell Lines Concentrations Molecular Targets Mechanism of Actions Ref.

Prostate
DU145 1, 2.5, 5 μM for 6, 24 h STAT3, JAK↓ Apoptosis↑ [27]
LNCaP [27]

PC-3 200 μM from for 5 h Intracellular
Ca2+ concentration↑ Apoptosis↑ [4]

Breast MDA-MB-231 25 μM for 48 h System xc
− (xCT),

cystine
ROS↑

Apoptosis↑ [28]

Colon HCT166 10, 30 μM for 6, 24 h ROS, JNK, CHOP Apoptosis↑ [5]

Oral SCC4 30, 60, 90 μM for 24 h ROS cell proliferation↓
Apoptosis↑ [29]

SCC25
HSC3

Bone MG63 50, 100, 150, 200 μM
for 4 h

Intracellular
Ca2+ concentration↑

Tumor cell
multiplication↓ [30]

2.1.1. Prostate Cancer

Signal transducer and activator of transcription (STAT) proteins activation associated with cell
proliferation, survival, and angiogenesis [27,31–40]. STAT3 is frequently hyper-activated in tumor cells
and regulates the expression of oncogenic genes [31]. Capsazepine was found to induce substantial
apoptosis in DU145 and PC-3 prostate cells by inhibiting STAT3 activation [27]. The suppression
of STAT3 was caused through the inhibition of upstream Janus activated kinase-1, 2 (JAK1, JAK2),
and c-Src kinases. Moreover, capsazepine induced the expression of PTPε both protein and mRNA
levels that may mediate the STAT3 inhibitory effects of the drug [27]. Capsazepine also decreases the
expression of various oncogenic proteins, invasion, and promoted apoptosis in prostate cancer [27].

While capsazepine has been known to be a potent blocker of the TRPV1 channel. Huang et al.
reported that capsazepine can exhibit anticancer effects in prostate cancer by inducing intracellular
Ca2+ concentration. There are two different ways to store Ca2+. For example, IP3-sensitive Ca2+

stores release Ca2+ into the cytosol when cells are stimulated by an endogenous agent, whereas
IP3-insensitive Ca2+ stores can release Ca2+ into the cytosol when cells are stimulated by the exogenous
agent [4]. Human PC-3 cells can store Ca2+ in the endoplasmic reticulum [4]. Capsazepine induced
intracellular Ca2+ concentration by Ca2+ influx, and thereby releasing Ca2+ from the endoplasmic
reticulum [4]. Interestingly, capsazepine causes the release of Ca2+ from the endoplasmic reticulum in
a phospholipase C independent manner as the U73122, an inhibitor of phospholipase C, treatment did
not significantly effect capsazepine-induced Ca2+ release [4].

2.1.2. Breast Cancer

System xc
− (xCT), the functional unit of cys-tine/glutamate antiporter, has been found to be

elevated in many tumor types in response to high ROS concentrations [28]. When this antiporter is
upregulated, it can promote cell survival by inducing cysteine uptake and promoting glutathione (GSH)
production [28]. High glutamate released by System xc

− (xCT) has been associated with cancer-induced
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bone pain (CIBP) during distal breast metastasis [28]. The exchange of cystine for glutamate generally
occurs at a stoichiometric ratio of 1:1 induced by the intracellular concentration of glutamate [28].
Therefore, the inhibition of System xc

− (xCT) can induce the downregulation of glutamate release,
and thus reduce mechanical hyperalgesia associated with CIBP [28]. Capsazepine was found to
significantly inhibit System xc

− (xCT) by blocking the uptake of cysteine [28]. Capsazepine was also
found to induce ROS production, which led to a substantial programmed cell death in MDA-MB-231
cells [28].

2.1.3. Colorectal Cancer

TNF-related apoptosis-inducing ligand (TRAIL) has the role of anti-cancer effects [5]. TRAIL can
bind to the death receptors and activate the extrinsic apoptotic cell death pathway [5,41–44]. TRAIL can
induce cancer apoptosis by increasing the activation of death receptors DR4 and DR5. DR induction
has been related to the increased activation of CCAAT/enhancer-binding protein homologous protein
(CHOP), ROS production, as well as to the augmented JNK phosphorylation [45,46]. Interestingly,
capsazepine was found to induce TRAIL receptor expression by upregulating both DR4 and DR5
receptors through JNK activation in colorectal HCT116 cells [5]. It also required ROS and CHOP to
exert these effects [5]. Capsazepine also decreased the expression of cell survival proteins and increases
the pro-apoptotic proteins [5].

2.1.4. Oral Cancer

Gonzales et al. reported that capsazepine can exhibit both cytotoxic and anti-tumor effects in
oral squamous cell carcinoma (OSCC) [29]. These effects were associated with the production of ROS
independently of its action on the TRPV1 channel [29]. ROS can regulate the activation of various
signaling molecules including NF-κB, STAT3, JNK, hypoxia-inducible factor-1α, kinases, growth
factors, cytokines and other proteins, and enzymes [29,35,38,47–52]. It has been closely linked to cell
proliferation, survival, invasion, and metastasis of cancer [48,53]. It is well known that cancer cells
undergo oxidative stress due to increased metabolic activity resulting in a subtle balance between
ROS levels and cellular antioxidant capabilities. When ROS levels are increased above basal level,
the subtle balance may be disrupted and thus trigger ROS induced apoptosis. Vanilloids such as
capsazepine have been found to increase ROS and thus alter the balance between normal ROS contents
and cellular antioxidant capabilities [29,54,55]. Capsazepine was also observed to augment apoptosis
in a concentration-dependent manner in SCC4, SCC25, and HSC3 cells [29].

2.1.5. Osteosarcoma

Capsazepine can also exert potent anti-cancer effects on MG63 osteosarcoma cells [30]. Capsazepine
can induce intracellular Ca2+ increase by causing extracellular Ca2+ influx [30]. Moreover, capsazepine
can cause intracellular Ca2+ release from endoplasmic reticulum via a phospholipase C-independent
manner [30]. It was also noted to attenuate cell proliferation in a concentration dependent manner [30].
The multiple oncogenic targets modulated upon capsazepine treatment are briefly summarized in
Figure 3.

2.2. Anti-Cancer Effects of Capsazepine In Vivo

2.2.1. Prostate Cancer

Capsazepine has been reported to exhibit anti-cancer effects in prostate cancer in preclinical
settings [27]. Capsazepine administered at doses of 1 mg/kg and 5 mg/kg three times a week for up
to 20 days abrogated tumor growth in the xenograft prostate cancer mouse model [27]. Additionally,
capsazepine treatment caused reduction in phosphorylation of STAT3 and increased PTPε protein
levels in tumor tissues [27].
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Figure 3. Potential mechanisms underlying reported anti-cancer effects of capsazepine.

2.2.2. Breast Cancer

Capsazepine can regulate System xc
− activity under in vivo conditions as well [28]. MDA-MB-231

grafted BALB/c nude mice was treated with high (10 mg/kg) and low (5 mg/kg) doses of capsazepine
for three days/week and it was found to delay the CIBP-induced nociceptive behaviors [28].

2.2.3. Oral Cancer

Capsazepine treatment in oral squamous cell carcinoma (OSCC) xenograft mouse model was
observed to attenuate tumor growth [29]. HSC3, SCC4, and SCC25 xenografts were treated with 0.02,
0.04 mg capsazepine for 12, 16, or 18 days, respectively. Anti-tumor effects of capsazepine has no
adverse effects on non-malignant tissues in vivo [29] (Table 2).

Table 2. Anti-cancer effects of Capsazepine on animal studies.

Disease Animal Model Dosage Outcome Ref.

Prostate cancer
mice 1, 5 mg/kg/day for 20 days Tumor growth↓ [27].

STAT3↓
Breast cancer mice 10, 5 mg/kg/day for 36 days CIBP-induced nociceptive

behaviors [28]

Oral cancer mice 0.02, 0.04 mg/day for 12, 16
and 18 days Tumor growth↓ [29]

3. Effects of Capsazepine on Inflammatory Conditions

Lipopolysaccharide (LPS) can interact with Toll-like receptor 4 (TLR4), leading to the activation
of nuclear transcription factor-kappa B (NF-κB), a transcription factor that plays an important role in
both inflammation and cancer [56–67]. NF-κB can initiate the transcription of inducible nitric oxide
synthase (iNOS), tumor necrosis factor-α(TNF-α), interleukin-6 (IL-6), and other pro-inflammatory
mediators [68]. Nitric oxide (NO) is one of the key products generated during an inflammatory
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response [69,70]. Capsazepine can downregulate NO production by attenuating iNOS mRNA
expression in LPS-stimulated RAW264.7 macrophages [70]. Capsazepine was also found to abrogate
LPS-induced NF-κB activation and it was noted that these inhibitory effects were mediated via its
antioxidant activity [70].

Capsazepine is an effective blocker at TRPV1 in human, rat, and guinea pig. Capsazepine can
block the TRPV1 responses in response to low pH and heat in human and guinea pig with a better
efficacy than in rat [71]. Additionally, capsazepine has been reported to reduce both inflammatory and
neuropathic mechanical hyperalgesia in guinea pigs, but not in rats [72]

3.1. Colitis

Sensory neurons have two major polymodal ion channel receptors, TRPV1 and transient receptor
potential ankyrin 1 (TRPA1) [73]. Sensitization of both TRPA1 and TRPV1 can lead to hyperalgesia
and both channels can also exert neurogenic inflammatory effects [73]. TRPA1 was found in DRG
and has an important role in peripheral pain [73]. TRPA1 can also exert anti-inflammatory and
anti-nociceptive effects similar to TRPV1 [73]. Kistner et al. found that capsazepine can also exhibit
inhibitory effects on colitis via the modulation of TRPA1 [73]. They demonstrated this hypothesis
by using capsazepine-induced calcium transients in human TRPA1-expressing HEK293t cells and
mice [73]. The diverse pro-inflammatory mediators affected by capsazepine treatment are depicted in
Figure 4 (Table 3).

 
Figure 4. Potential mechanisms regulating anti-inflammatory effects of capsazepine.

Attenuation of experimental colitis by capsazepine has been attributed to its antagonistic
effects on TRPV1channel, and were also found to be associated with the inhibition of neurogenic
inflammation [74]. For example, repeated capsazepine administration can attenuated trinitrobenzene
sulfonic acid (TNBS)-induced colitis in rats [74]. Rats were treated with 37.7 × 10−5 mg/kg/day

226



Molecules 2019, 24, 995

of capsazepine enema for six days [74]. Capsazepine was found to downregulate macroscopic
damage score (MDS) and MPO scores [74]. Similarly, capsazepine can prevent intestinal inflammation
in dextran sulphate sodium (DSS)-induced colitis [75]. Sprague-Dawley rats were treated with
0.1 mg/kg/day for six days [75]. Capsazepine significantly decreased the levels of disease activity
index (DAI), myeloperoxidase (MPO) activity in DSS-induced colitis [75].

Table 3. Anti-inflammatory Effects of capsazepine in vitro.

Origin Cell Lines Concentrations Molecular Targets Mechanism of Actions Ref.

Macrophage RAW264.7 1, 5, 10 μM for 6 h NF-κB Immune response↑ [70]
Kidney HEK293t 10 μM for 10 s TRPA1 Inflammation↓ [73]

Hippocampus Hippocampal ca1
pyramidal cells 10, 100 μM for 20 min TRPV1 Apoptosis↑, cell

proliferation↓ [76]

Table 4. Anti-inflammatory effects of capsazepine in preclinical disease models.

Disease Animal Model Dosage Outcome Ref.

Colitis Rat 37.7 × 10−5 mg/kg/day for 6 days Inflammatory parameter↓ [74]
Rat 0.1 mg/kg/day for 6 days DAI, MPO activity↓ [74]
Rat 1 mg/kg/day for 7 days Inflammatory parameter↓ [73]

Pancreatitis Rat 37.7 × 10−3 mg/kg for 30 min
before surgery

Inflammatory parameter↓ [76]

Malaria mice 0.05 mg/kg/day for 6 days Immune response↑ [77]
Epilepsy rat 1, 3, 10 mg/kg/day for 7 days seizure severity↓ [78]

mice 5 mg/kg/test antinociceptive effects [79]

mice 50 mg/kg 4-AP(4-aminopyridine)-induced
epileptic status activity↓ [80]

3.2. Pancreatitis

TRPV1 activation was also found to be involved in acute pancreatitis. Wick et al. reported that
the sensory nerves that stimulate pancreas can release TRPV1, substance P (SP), and CGRP in dorsal
horn caused during the nociception process [81]. Antagonism of TRPV1, SP, and CGRP receptors can
inhibit pancreatitis pain [81]. Additionally, pancreaticobiliary duct obstruction may cause an increase
in the pancreatic leukotriene B4 (LTB4) concentrations [76]. It can thus mediate TRPV1 activation
and causes acute pancreatitis. Rats were pre-treated with capsazepine 37.7 × 10−3 mg/kg sc 30 min
before surgery [76]. Capsazepine caused a downregulation of various inflammatory parameters such
as myeloperoxidase (MPO) activity, pancreatic edema, and histological damage in leukotriene B4

(LTB4)-induced pancreatitis [76].

3.3. Malaria

Malaria is an infectious disease caused by the bite of infectious mosquitoes and the outcome
of infection depends on the host’s innate immune response [82]. White et al. investigated the
role of TRPV1 in malaria for the first time and employed C57BL/6 mice treated with capsazepine
0.05 mg/kg/day for six days [82]. They found that capsazepine was able to regulate the innate immune
response to malaria in mice infected with Plasmodium berghei ANKA [82].

3.4. Epilepsy

Calcium ion accumulation in hippocampal neurons is a major contributor to epilepsy [80].
Ghazizadeh et al. and Naziroglu et al. investigated that epilepsy effects on oxidative stress [83,84].
They found that Ca2+ signaling and the apoptosis in pentylentetrazol (PTZ)-induced hippocampal
injury in rats. Shirazi et al. reported that TRPV1 receptors are important for PTZ and amygdala-induced
kindling in rats [85]. TRPV1 antagonist, capsazepine can modulate epileptiform activity by
anti-convulsant properties [85]. During epilepsy induction, intracellular calcium ion concentration
was found to be increased [85]. Capsazepine caused a decrease in intracellular Ca2+ concentration [85].
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There are many studies anti-epileptic effect of capsazepine [6,27,80,86,87]. Gonzalez-Reyes et al.
reported that the capsazepine administration can suppress 4-AP induced ictal activity and propagation
of seizure activity in vitro (10–100 μM) and in vivo (50 mg/kg s.c.) [80]. In addition, capsazepine
can act directly on the axons through the blood brain barrier [80]. Nazıroğlu et al. has also
shown that capsaicin-induced TRPV1 sensitization can cause Ca2+ elevation, thereby increasing
apoptosis and epileptic seizures [80]. These processes were reduced by capsazepine (0.1 mM)
treatment [87]. Additionally, capsazepine can potentiate the anti-nociceptive effects of morphine
in mice [79]. Morphine treatment can induce TRPV1 expression in the DRG, spinal cord upon repeated
exposure [79]. Interestingly, TRPV1 antagonists can be used effectively as pharmacological agents
against morphine treatment. Santos et al. found that capsazepine treatment can lead to an inhibitory
avoidance, thereby leading to a decrease in the rat elevated plus-maze test and thus indicating that
TRPV1 may have a key role in regulating anxiety [88]. Similarly, a decreased expression of TRPV1
channels and inhibitory avoidance behavior was observed in rats that received capsazepine in the
elevated plus-maze test [69] (Table 4).

3.5. Neurogenic Inflammation

Capsazepine can inhibit neurogenic inflammation mediated by TRPV1 [89,90]. Inflammatory
responses caused by the release of inflammatory mediators such as neuropeptide calcitonin
gene-related peptide (CGRP) and substance P (SP) from primary afferent nerve terminals are referred
to as neurogenic inflammation [89,91]. Inflammatory neuropeptides release by antidromic activation
of afferent nociceptors and dorsal root reflexes (DRRs) play a key role in this process [91]. Flores et al.
reported that capsazepine (300 μL) abolished the capsaicin-evoked release of immunoreactive CGRP
(iCGRP) in Sprague-dawley rats buccal mucosa [92]. Moreover, the neurosecretion of capsaicin-evoked
iCGRP via the vanilloid receptor mediated mechanism [92].

Further, capsazepine can inhibit H2S-induced neurogenic inflammation [89,90,93]. Hydrogen
sulfide (H2S) is a mediator of diverse biological effects [89]. It also contributes to local and systemic
inflammation [94]. Sodium hydrogen sulfide (NaHS) used as a donor of H2S and induces sensory
nerve activation in the guinea pig airways [89]. Capsazepine can abrogate NaHS evoked neuropeptide
release through desensitization of TRPV1 [89]. Bhatia et al. noted that capsazepine pretreatment
(15 mg/kg) in mice can protect H2S-inducing lung inflammation [90]. Additionally, they found that
H2S is located upstream of TRPV1 activation, and can regulate the release of sensory neuropeptides in
sepsis [93].

4. Conclusions and Future Perspectives

In this article, we have briefly reviewed diverse pharmacological actions of capsazepine in vitro
and in vivo. Capsazepine can exert therapeutic effects against various malignancies and inflammatory
disorders. It can suppress proliferation and metastasis, induce apoptosis by modulating several
oncogenic signaling pathways, and thereby exert its anti-tumoral effects in different cancers. Moreover,
capsazepine can reduce the levels of inflammatory mediators such as DAI, and MPO activity, however,
the concentrations at which it can exert these pleiotropic anti-tumoral/anti-inflammatory effects
may vary depending on the cell types and in vivo model systems used for investigation. Additional
studies are required to elucidate the unmet potential of capsazepine in suitable animal models and
clinical settings.
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Abbreviations

TRPV1 Transient receptor potential vanilloid type 1
DRG Dorsal root ganglion
STAT Signal transducer and activator of transcription
JAK1, JAK2 Janus activated kinase-1, 2
GSH Glutathione
CIBP Cancer-induced bone pain
ROS Reactive oxygen species
CHOP CCAAT/enhancer-binding protein homologous protein
LPS Lipopolysaccharide
NF-κB Nuclear transcription factor-kappa B
OSCC Oral squamous cell carcinoma
TLR4 Toll-like receptor 4
iNOS Inducible nitric oxide synthase
TNF-α Tumor necrosis factor-α
IL-6 Interleukin-6
NO Nitric oxide
TRPA1 Transient receptor potential ankyrin 1
TNBS Trinitrobenzene sulfonic acid
MDS Macroscopic damage score
MPO Myeloperoxidase
DSS Dextran sulphate sodium
LTB4 Leukotriene B4

PTZ Pentylentetrazol
CGRP Calcitonin gene-related peptide
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Abstract: There is an increasing awareness of the importance of a diet rich in fruits and vegetables
for human health. Cancer stem cells (CSCs) are characterized as a subpopulation of cancer cells
with aberrant regulation of self-renewal, proliferation or apoptosis leading to cancer progression,
invasiveness, metastasis formation, and therapy resistance. Anticancer effects of phytochemicals are
also directed to target CSCs. Here we provide a comprehensive review of dietary phytochemicals
targeting CSCs. Moreover, we evaluate and summarize studies dealing with effects of dietary
phytochemicals on CSCs of various malignancies in preclinical and clinical research. Dietary
phytochemicals have a significant impact on CSCs which may be applied in cancer prevention
and treatment. However, anticancer effects of plant derived compounds have not yet been fully
investigated in clinical research.

Keywords: cancer stem cells; phytochemicals; plant-derived foods; fruit; vegetable; cell signaling

1. Introduction

Despite progress in anticancer therapy, cancer is a major health problem and one of the leading
causes of morbidity worldwide [1,2]. Cancer is characterized by uncontrolled cell growth, invasiveness,
and formation of metastasis. Malignant tumours are represented by heterogeneous populations of
cancer cells. The heterogeneity may be explained by evolutional accumulation of mutations in one or
few cells or by presence of cells with stem-like properties. Cancer stem cells (CSCs) are characterized
as a subpopulation of cells with an intrinsic ability of self-renewal and differentiation [3–6]. Dietary
phytochemicals are suggested to possess anti-cancer properties with minimal or no side effects [7–9];
moreover, they may also improve the efficacy of chemo- or radiotherapy, and therefore may represent
an important strategy to target CSCs [10].
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1.1. Aim of the Study

The review focuses on the anticancer effectiveness of dietary phytochemicals, either isolated or as
mixtures via targeting CSCs. Firstly, it discusses the basics of CSCs and signaling pathways modulating
their stem-like properties. The core of the review is the summary of preclinical and clinical studies
evaluating whether dietary phytochemicals target CSCs in various malignancies. Plant-derived dietary
compounds which are effective agents against CSCs in preclinical in vitro and in vivo research should
be further evaluated in clinical research. We emphasize the need to include dietary phytochemicals in
the current clinical research.

1.2. Source of Data

Data were recovered from the biomedical literature published in the English-language literature
by use of “cancer stem cells” and “plant-based functional foods“ or “phytochemicals” or “fruit“ or
“vegetables” or “herbs” as either a keyword or medical subject heading (MeSH) term in searches of
the PubMed bibliographic database. We emphasize the most recent scientific papers from the years
2013–2019. About 40 studies were selected with the database accessed between December 2018 and
February 2019.

2. CSCs (Cancer Stem Cells)

CSCs are multipotent cells exhibiting stem-like properties and possessing the capability of the
initiation of tumor growth, invasiveness, and dissemination to distant organs [6,11]. CSCs are like
normal stem cells in several ways; however, if the balance of the influence of internal or external
factors is not maintained, it may lead to hyperproliferation and metastasis [12]. Moreover, CSCs are
resistant to chemical and electromagnetic insults due to their infrequent replication, active drug efflux
system, increase in defense against reactive oxygen species and importantly higher ability of DNA
repairs which may result in a lower rate of apoptosis [13]. Moreover, autophagy is characterized as a
process allowing cells to survive under stress conditions. Accordingly, therapy-resistance and survival
of CSCs may be also associated with increase in autophagy activity [14]. CSCs are also characterized
by active telomerase expression, increased membrane transport activity [2] and hypoxic niche [12].
The survival of stem cells and CSCs depends on their niche or microenvironment which provides
signals regulating their proliferative and self-renewal maintenance [15]. In conclusion, CSCs are
related to the development of cancer, metastasis and resistance to conventional anticancer therapies
and recurrence or relapse of malignancy. Targeting CSCs is a promising strategy of anti-cancer
research [12,16].

2.1. Cancer Stem Cells Markers

CSCs have been recognized in various types of tumors and it is now possible to identify and
isolate them using a distinctive profile of surface (e.g. CD24, CD44, CD133, CD49, CXCR4, LGR5) or
intracellular markers (e.g. ALDH) [17]. Table 1 lists a brief overview of generally accepted markers
associated with CSCs. However, no universal marker for CSCs has been identified [13]. Moreover, their
phenotypes exhibit different markers due to the occurrence of epigenetic alterations, possible presence
of multiple CSCs pools or technical variations [18]. Importantly, these markers are also present in
normal stem cells and other cell types [19]; therefore, a combination of markers is usually required
to denote the CSCs population [20]. CSCs markers are also associated with induction of stem-like
phenotype of cancer cells via modulation of various molecular pathways (Figure 1). On the contrary,
a novel 3D spheroid-based label-retention assay followed by FACS sorting allows the identification
and isolation of stem cells at a single cell level which is considered to be a marker-free method of
isolation of both normal stem cells and CSCs. Consequently, this method dealing with isolation and
characterization of the novel properties of CSCs may be of a great interest in anti-cancer therapeutic
strategy [14]. Moreover, the isolation of stem cells can be also helpful in the understanding of the

236



Molecules 2019, 24, 899

initiation of carcinogenesis as a result of environmental carcinogens targeting stem cells as was
demonstrated by Hu et al. [21] and Prins et al. [22] in in vivo models using prostasphere cells.

Table 1. Markers of CSCs in various tissues.

Cancer type Marker References

Brain cancer CD34+/CD38−/CD133+/CD44+ [6,23]

Breast cancer CD44+/CD24−/Lineage-/ALDH1+/ EpCAM+ [18,20,23]

Colon cancer CD133+/CD44+/CD166+/ ALDH1+/LGR5+/EpCAM+ [6,18,19]

Leukemia CD34+/CD38−/CD90− [6,18,19]

Liver CD133+/CD90+/EpCAM+ [6]

Lung CD133+/CD44+/CD90+ [2,18]

Ovary CD44+/ALDH1+/CD133+ [6,18]

Pancreas CD44+/CD24+/CD133+/EpCAM+ [18,23]

Explanatory notes: + presence; − absence. Abbreviations used: ALDH1-Aldehyde dehydrogenase 1; CD24/34/38/
44/90/133/166-Cluster of Differentiation 24/34/38/44/90/133/166; EpCAM-Epithelial Cell Adhesion Molecule.

Figure 1. Association between surface markers and promotion of CSCs stem-like properties [3,20,23–41].

Cluster of differentiation 44 (CD44) promotes increase in growth factor beta (TGF-β) leading
to Epithelial–mesenchymal transition (EMT). Binding of hyaluronic acid (HA) with CD44 activates
Protein kinase C (PKC) which then phosphorylates transcription factor Nanog resulting in upregulation
of ATP binding cassette subfamily B member 1 (ABCB1) contributing to multidrug resistance (MDR)).
CD44 serves as a coreceptor for growth factors and stimulate CSCs self-renewal. Tumour necrosis
factor alfa (TNF-α) upregulates CD44 through Janus kinase (JNK), thus inducing migration, invasion,
metastasis or EMT. Cluster of differentiation 24 (CD24) stimulates metastasis formation via interaction
with P-selectin and cancer progression and trigger EMT via activation of Notch1signaling. Cluster
of differentiation 133 (CD133) is involved in tumour cell proliferation, metastasis, tumorigenesis
or therapy resistance—via activation of the phosphatidylinositol-3-kinase (PI3K)/Akt. Hypoxia
(H) in stem cells and the tumour microenvironment promote CD133 expansion via upregulation
of hypoxia-inducible factor 1-alpha (HIF-1α). Overexpression of CD133 is associated with tumour
progression through epidermal growth factor receptor (EGFR)-dependent Akt activation. The role of
cluster of differentiation 90 (CD90) in cancer depends on the cancer type and signaling mechanism.
For example, cancer stem-like activity is elevated through up-activation of Notch pathway. Increased
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expression of cluster of differentiation13 (CD13) reduces reactive oxygen species (ROS) promoting CSCs
survival via EMT. Leucine-rich repeat-containing G-protein-coupled 5 (LGR5) promotes proliferation
of cancer cells via activation of Wnt/β-catenin pathway. Epithelial cell adhesion molecule (EpCAM)
cleavages with its intracellular domain (EpICD) and provide key signals for achieving CSCs properties
by modulation of Wnt pathway or LIF/STAT3. Activity of aldehyde dehydrogenase (ALDH) may
protect CSCs against cell death caused by ROS. ALDHs metabolizes retinoic acid (RA) thus regulating
stem-like properties of CSCs. Aberrantly regulated signaling pathways and cross-talks between them
may ultimately influence their target genes such as c-Myc, cyclinD1, Survivin, Nanog, Oct-4, Sox2, etc.

2.2. EMT (Epithelial–Mesenchymal Transition)

EMT is the reversible change occurring usually during embryogenesis in which epithelial cells
acquire mesenchymal phenotypes [42]; moreover, EMT is an important process during wound healing
and reestablishment of basal and apical polarity [20]. However, EMT is a crucial step in the initiation
of tumor metastasis in which cancer cells alter their morphology, loose epithelial cell-cell junctions
and obtain migratory properties and metastatic capacity. CSCs are considered to possess enhanced
EMT ability, and thus produce metastatic tumors or circulate in the body in a dormant state, until its
activation which may occurs years later [2,20]. EMT also supports the resistance of CSCs to therapeutic
drugs [6]. The process of EMT is associated with modulation of E-cadherin, N-cadherin, vimentin,
C-X-C chemokine receptor type 4 (CXCR4) or cyclooxygenase-2 (COX-2) and also with activation of
transcription factors Snail or Twist [20,43]. It is indicated that metastatic cancer cells undergoing EMT
may possess a CSCs phenotype [44].

2.3. Molecular or Cellular Signaling of CSCs

Strictly regulated signaling pathways control the activity of stem cells [6]. However, some
pathways could be abnormally repressed or activated in human malignancies and these irregularities
contribute to the proliferative, differentiation, self-renewal, and survival properties of CSCs via
aberrant regulation of target genes, such as c-Myc, cyclin D1, Survivin, Nanog, Oct-4, Sox2 and others.
Interestingly, signaling pathways are not linear which means that cross-talk between various pathways
occasionally occur and may lead to consequences including promotion of resistance to therapy, CSCs
expansion or other fatal consequences [40,41].

2.3.1. Signaling Pathways in CSCs

The evolutionary conserved Notch signaling pathway possesses an important role in the balance
of differentiation, cell cycle progression [6], survival, and apoptosis of stem cells. Alterations in this
ligand-receptor pathway guide undifferentiated cells toward malignant transformation and acquisition
of EMT via increased expression of Notch1, Sox2, Nanog, Oct4 or Lin28; moreover the cross-talks
between Notch and other oncogenic signaling pathways also play a crucial role in the development of
cancer [41,45]. Notch signaling is considered to be one of the most activated pathways in cancer cells
and is an important linkage between angiogenesis and CSCs self-renewal [46].

Wnt signaling pathway is involved in embryonic development and homeostasis of tissues.
Evolutionary conserved and highly complex Wnt signaling is considered to encompass two pathways
which are not exclusive and cross-talk may occur between them. β-catenin-independent pathway (or
noncanonical) with calcium as the major mediator regulates asymmetrical division of cells, cell polarity
and migration [40,45]. On the contrary, the transcriptional regulator β-catenin-dependent (canonical)
pathway regulates the survival and proliferation of cells [47]. The aberrant activation of Wnt pathway
and deregulated expression of Wnt-binding proteins, ligands, inhibitors or other co-regulators is
associated with various human malignancies, acquisition of EMT phenotype, self-renewal or cancer
cell dedifferentiation into CSCs. Targeting Wnt may be another option of decreasing or eliminating
CSCs [41,45].
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The Hedgehog (HH) signaling pathway plays a crucial role in the embryonic development,
especially the development of skin, hair follicles and sebaceous glands and also in adult brain
development [6]. Moreover, HH functions in the regulation of proliferation, maintenance of the stem
cells and progenitor cell and self-renewal capacity [48]. There are several Hedgehog homologues which
are well studied in mammals including sonic (sHH), desert (dHH), and indian (iHH). Significantly,
it is supposed that HH plays an important role in the process of acquiring stem cell-like properties
during the EMT [41]. For instance, aberrant activation of sHH/transcription factor GLI1 signaling may
lead to changes in expression of GLI1-regulated oncoproteins like N-myc, CyclinD1, Foxm1, and Bcl-2
playing a crucial role in CSCs self-renewal [49].

The phosphatidylinositol-3-kinase (PI3K)/Akt and the mammalian target of rapamycin (mTOR)
is a signaling pathway playing crucial role in metabolism, proliferation, angiogenesis, differentiation,
and survival of cells [48]. It is abnormally regulated in cancer cells due to mutation, deletion,
methylation, amplification or post-translational modifications and is important for regulation of
apoptosis, radioresistance, metastasis, and maintenance of CSCs populations. Phosphatase and tensin
homolog (PTEN) is suggested to be a negative regulator of PI3K/Akt/mTOR pathway and also to
function as a tumour suppressor [50]. Components of PI3K pathway are considered to be the most
activated and mutated in human cancers, thus it is important to consider its targeting in cancer
treatment [51].

The Janus kinase (JAK) and signal transducer and activator of transcription (STAT) signaling
pathway possess and important role in cytokines and growth factor signaling affecting cell growth,
proliferation and immune response. Aberrant regulation of the JAK/STAT pathway is associated
and implied with maintenance of germ-line stem cell populations in various cancers [48]. Moreover,
interleukin-8 (IL-8) is suggested to trigger the activation of STAT3 which may lead to inflammation,
ROS production and multidrug resistance (MDR) [52]. More detailed overview of aberrantly regulated
CSCs signaling pathways attributed to various malignancies is shown in Table 2. Importantly, this
table is adjusted to several concrete cancer types, and thus other abnormally regulated pathways or
signaling molecules, which are not mentioned, may be also responsible for the CSCs-phenotype of
other malignancies.

Table 2. Cancer stem cells signaling pathways aberrantly regulated in selected malignancies.

Signaling Pathway Cancer type Mechanism of action References

Notch

Brain cancer ↑Notch1 ↑JAG1 ↑DLL1

[6,40,44]

T cell acute lymphoblastic
leukemia ↑ Notch1

Breast cancer ↑Notch1 ↑JAG1,

Pancreatic cancer ↑Notch1 ↑Notch3
↑Jag1 ↑Jag2 ↑Hes1

Non-Small Lung Cancer ↑ Notch3

Wnt/β-catenin

Breast cancer
↑LEF-1 ↑TCF-4

↑cyclin D1 ↑β-catenin
↓SFRP

[6,40,41,47]Colorectal carcinoma
Brain tumor

Prostate cancer

Mutations in APC/β-catenin
site

Hematologic cancer
Skin cancer
Lung cancer

↓ WIF-1 ↓SFRP-1
↓ DKK ↓AXIN2
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Table 2. Cont.

Signaling Pathway Cancer type Mechanism of action References

Hedgehog

Colon cancer ↑sHH ↑GLI2

[6,40]
Medulloblastoma

predisposition Mutations in PTCH1

Myeloma ↑SMO ↑GLI1

Glioma ↑GLI1 ↑SHH
↑PTCH1

PI3K/Akt/mTOR

Gastric cancer ↑Akt1

[19]

Ovarian cancer
Pancreatic cancer ↑Akt2

T cell acute lymphoblastic
leukemia

Melanoma
Endometrial carcinoma

Prostate cancer
Glioblastoma

Mutations in PTEN

JAK/STAT
Breast cancer
Gastric cancer
Glioblastoma

↑STAT3 [40,53,54]

Explanatory notes: ↓decrease; ↑increase.

Abberant regulation of Notch signaling may be modulated via abnormal expression of Notch
ligands including Delta-like (DLL1/3/4) and JAGGED (JAG1/2), Notch receptors (Notch1–4) or
Notch target genes (Hes1). Wnt/β-catenin pathway may contribute to cancer-like phenotype of
cells via abnormal expression of Secreted frizzled-related proteins (SRFP-1), Wnt inhibitory factor
(WIF), Dickkopf-related protein (DKK), Axis inhibition protein 2 (AXIN2) and increased levels of Wnt
signaling proteins including Lymphoid enhancer-binding factor 1 (LEF-1) or T-cell factor 4 (TCF-4)
binding to which β-catenin influence expression of target genes (eg. Cyclin D or c-Myc). Deregulation
of Hedgehog (HH) pathway may be influenced via aberrant expression of HH ligands (sonic, desert,
indian), receptors PATCHED (PTCH), transmembrane proteins SMOOTHENED (SMO) or transcription
factors Zinc finger proteins (GLI1-3). Abnormal modulation of PI3K/Akt/mTOR may be based on
dysregulated Protein kinase B (Akt) or negative regulator of the Phosphatase and tensin homolog
(PTEN). JAK/STAT signaling may be deregulated via abnormal expression of Signal transducer and
activator of transcription 3 (STAT3).

2.3.2. Apoptotic and Death Resistance Signaling of CSCs

Apoptosis is regulated by an extrinsic or intrinsic pathway. Dysregulated apoptosis is a hallmark
of cancer, and failure in signaling either of extrinsic or intrinsic pathways occurs also in CSCs [2,55].
Deficiency in apoptotic pathways of CSCs is induced via various mechanisms. Firstly, upregulation of
cFLIPs, FLICE-like inhibitory proteins functioning as negative modulators of death receptor-induced
apoptosis, and dysregulated expression of Bcl-2 family members are critical for the survival of CSCs.
Additionally, increase in expression of inhibitors of apoptosis proteins (IAPs) is also associated with
the tendency of CSCs to evade apoptosis. An increase in survivin, antiapoptotic protein which belongs
to IAP family, may also contribute to maintenance of CSCs [55,56]. Furthermore, it is suggested that
chemo- or radioresistance of CSCs is dependent on interleukin-4 (IL-4) signaling pathway because
upregulation of the already mentioned pathway may result in apoptosis resistance [6]. Increase in
autophagy flux is also observed in stem cells; therefore it may be related with therapy resistance
of CSCs (Hu et al. [14]). Cancer cells may contain activated nuclear factor-κB (NF-κB) and tumour
necrosis factor receptor-1 associated death domain protein (TRADD) which is considered to possess
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an important role in NF-κB activation and survival of CSCs [56]. NF-κB enables CSCs to mediate
metastasis [40] and cooperates with other pathways which are associated with CSCs, such as Notch,
TGF-β or STAT3 [57]. Importantly, activation of nuclear respiratory factor 2 (Nrf-2) may lead to
inhibition of NF-κB signaling [58]. In addition, overactivation of ATP-binding (ABC) efflux multidrug
resistance transporters, which induce resistance to chemotherapy, was observed to be highly expressed
in various CSCs. Moreover, hypoxia-inducible factor 1 (HIF-1) mediating efflux of chemotherapy
is implicated in resistance of CSCs to chemotherapy. The use of agents reducing efflux may be a
viable strategy targeting CSCs. Activation of enzyme aldehyde dehydrogenase (ALDH) is associated
with drug metabolic activities. Restoration of apoptotic processes in CSCs may lead to increased
sensitiveness of CSCs to anticancer strategies [56,59].

In conclusion, multiple mechanisms are involved in regulation of the stem-cells related processes
of self-renewal, differentiation or apoptosis, many of them are deregulated in CSCs. Figure 2 depicts
an overview of signaling pathways involved in the maintenance of CSCs survival, self-renewal,
differentiation, and mechanisms of death resistance. Nevertheless, several pharmaceuticals and dietary
phytochemicals were suggested to repair these abnormally regulated cellular or molecular signaling
pathways in CSCs, and thus function as anticancer agents. In the following chapter we will focus on
anticancer effects of dietary phytochemicals (isolated and/or compounds) in CSCs.

Figure 2. Mechanisms involved in stem-like maintenance and death resistance of CSCs.

Self-renewal, differentiation and maintenance of other stem-like properties may be mediated via
modulation of signaling pathways including Notch, Wnt/β-catenin, Hedgehog, PI3K/Akt, JAK/STAT
and others. cFLIPS, FLICE-like inhibitory proteins; IAPs, inhibitors of apoptosis proteins; Bcl-2, Bcl-2
family proteins; ABC, ATP-binding efflux multidrug resistance transporters; HIF-1, hypoxia-inducible
factor 1; IL-4, interleukin-4; NF-κB, nuclear factor-κB are suggested to modulate CSCs resistance to
death and cancer therapies.

3. Natural Compounds Targeting CSCs in Cancer Research

The importance of natural compounds in cancer treatment or prevention is supported by abundant
evidence from cancer research [60]. Natural products are a source of bioactive compounds [20]
demonstrating antioxidant, proapoptotic, and antiproliferative effects on a variety of cancers, for which
existence of CSCs have been reported [61]. Significantly, dietary phytochemicals possess an ability of
multilateral targeting of cellular and molecular signaling pathways which are abnormally activated
in CSCs [18,59]. Since the first identification of CSCs in the late 1990s, there is great interest of this
approach in cancer research [15]. Although, the clear evidence of phytochemicals targeting CSCs was
in the early 21st lacking, a possible association between phytochemicals and their potential anti-CSCs
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effects was indicated by several studies. Jaiswal et al. [62] and Ryu et al. [63] suggested an active role
of curcumin in the Wnt/β-catenin attenuation in colon cancer cells. Moreover, downregulation of
Notch1 was observed in pancreatic cancer cells [64]. However, more recent evidence from various
preclinical and clinical studies suggests a direct association of natural bioactive compounds either in
form of isolated dietary phytochemicals or in a form of plant functional foods in targeting CSCs.

3.1. Preclinical Research

3.1.1. Isolated Phytochemicals

Epigallocatechin-3-gallate (EGCG) is the main constituents of green tea and its protective effects
are associated with various human malignancies whereas the combination of EGCG and anticancer
therapy is more effective for inhibiting CSCs [65]. Interestingly, EGCG diminished lung CSCs
activity in vitro via inhibition of tumorsphere formation, decrease in CSCs markers, suppression
of proliferation, and induction of apoptosis. The mechanism of already mentioned effects of EGCG is
attributed to the modulation of the Wnt/β-catenin pathway [66]. EGCG also inhibited self-renewal
capacity of head and neck CSCs by attenuating the expression of stem cell markers and suppressing
sphere forming capacity. Moreover, EGCG augmented cisplatin-mediated chemosensitivity by
suppression of ABC transporter genes, inhibited tumor formation and induced apoptosis in xenograft
model. The presumed mechanism of the anti-CSCs activity of EGCG is attributed to decrease in
transcription level of Notch signaling components [67].

Resveratrol is a protective ingredient widely spread in the traditional Mediterranean diet which
is considered to lower the risk of cancer. Resveratrol and its analogue pterostilbene target CSCs via
multiple signaling pathways [68]. Resveratrol is characterized as polyphenolic stilbene derivate found
in the skin of grapes and berries which possess antioxidant, anti-inflammatory, and anticarcinogenic
properties [20]. Resveratrol suppressed the Wnt/β-catenin signaling pathway in breast CSCs in vitro
and in vivo, and thus inhibited breast cancer stem cells and induced autophagy [69]. Moreover,
resveratrol was found to impair glioma stem cells proliferation and motility by modulating the
Wnt signaling and EMT activators in glioblastoma multiforme lines [70]. Furthermore, resveratrol
eliminated CSCs of osteosarcoma by reduction of expression of cytokines activating JAK/STAT
signaling [71]. Pterostilbene is a bioactive compound of blueberries and grapes gaining an attention
due to its chemo-preventive effects in a variety of cancer types. Tumor-associated macrophages (TAM)
are suggested to promote metastasis and malignancy; interestingly, it is suggested that pterostilbene
influences CSCs/TAM regulation in breast cancer. Pterostilbene suppressed the generation of breast
CSCs via modulation of NF-κB/microRNA 448 circuit [72]. Moreover, pterostilbene was found
to function as an anticancer stem cell agent via suppressing irradiation-mediated enrichment of
CD133+ Mahlavu cells, preventing tumor sphere formation, reducing stemness gene expression and
suppressing invasion, migration, and process of EMT in hepatoma CSCs [43].

Genistein is a soy isoflavone functioning as a natural NF-κB inhibitor [73]. Genistein is
associated with antitumor effects in various malignancies, especially in breast and prostate cancer.
The study evaluating effects of genistein in vitro and in vivo was performed in MCF-7 breast cancer
cells and in nude mice. Genistein inhibited breast cancer stem cells through down regulation of
Hedgehog-GLI1 signaling pathway [74]. Moreover, genistein was found to inhibit stemness of SKOV3
cells induced by macrophages co-cultured with ovarian cancer stem-like cells thus becoming a
potential chemo-preventive agent in human ovarian cancer. Genistein disrupted interaction between
OCSLCs and THP-1 macrophages via blocking IL-8/STAT3, reversing M2 polarization of macrophages
and inhibiting stemness of SKOV3 cells in co-culture system and co-injection in nude mice [52].
7-Difluoromethoxyl-5,4′-di-n-octyl genistein (DFOG) is a novel synthetic genistein analogue. DFOG
inhibited stem-like properties and reverse EMT phenotype in gastric cancer stem-like cells in vitro [75].

Curcumin is a dietary polyphenol derived from Curcuma longa. Curcumin targets CSCs through
acting on the signaling pathways including Wnt, HH or Notch [76,77]. Importantly, curcumin decreased
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CSCs markers in Burkitt lymphoma and acute myeloid leukemia cell line via modulation of self-renewal
CSCs mechanisms [78]. Another study evaluated effects of curcumin on the reduction of breast CSCs
population for sensitizing cancer cells to mitomycin C. Curcumin sensitized breast cancer cells to
chemotherapy via decrease in ABC transporter (ABCG2) expression [79]. Curcumin also suppressed
malignant glioma cells growth and induced apoptosis via inhibition of sHH/Gli1 pathway in vitro
and in vivo [49]. Curcumin also induced cell cycle arrest via regulation of G0/G1 phase related factors
including cyclin D1, cyclin-dependent kinase 2 (CDK-2), nuclear factor erythroid 2–related factor 2
(p21) and cyclin-dependent kinase inhibitor 1 (p27) and apoptosis in prostate cancer cells in vitro via
down regulation of Notch signaling [80].

Isothiocyanates (ITCs) suppress cellular proliferation, EMT and self-renewal of CSCs via inhibition
of oncogenic signaling pathways such as NF-κB, STAT3 or other pathways which are found to be
upregulated in various cancers [81]. Phenethyl isothiocyanate (PEITC) and sulforaphane are most
widely investigated isothiocynates of cruciferous plants [82]. Sulforaphane reduced tumor growth
of orthotopically implanted primary pancreatic CSCs into NOD/SCID/IL2Rgamma mice, isolated
from human pancreatic tumors via modulation of Sonic hedgehog-GLI pathway. Despite reduced
expression of sHH components, sulforaphane also inhibited pluripotency maintaining transcription
factors and markers of angiogenesis including vascular endothelial growth factor (VEGF) together with
platelet-derived growth factor receptor alpha (PDGFRα). Interestingly, all of them are downstream
targets for GLI transcription. Sulforaphane also reduced markers of EMT, in which Zinc finger
E-box-binding homeobox 1 (Zeb-1) is included [83]. Moreover, sulforaphane inhibited CSCs properties
and enhanced therapeutic efficacy of cisplatin in NSCLC through up-regulation of miR-214 which then
targeted c-Myc in vitro and in xenografted nude mice [84]. Additionally, sulforaphane suppressed
the growth of triple-negative breast cancer stem-like cells in vitro and in vivo via modulation of
stem-related embryonic oncogene CRIPTO-1/TDGF1 (CR1) and its homologue CR3. Despite the
crypto-modulated pathway, sulforaphane decreased expression of various stem cell markers [85].
PEITC is an effective inhibitor of colorectal CSCs by targeting Wnt/β-catenin pathway in vitro. PEITC
reduced the size and number of cell spheroids and expression of CSCs markers and suppressed
colony formation and proliferation indicating the repression of self-renewal ability [77]. PEITC also
suppressed pluripotency factors, self-renewal capacity, and clonogenicity of CSCs in vitro CSCs model
derived from colon cancer cells and in a mouse xenograft model injected with EpCAM-expressing
cells [86].

Diallyl trisulfide (DATS) is a garlic derived organosulfur suggested to possess anticancer
properties. DATS reduced tumorsphere formation, decreased CSCs markers expression, inhibited
proliferation and induced apoptosis via inhibition of Wnt/β-catenin pathway and its target genes in
colorectal cancer cell line [87]. Similarly, DATS inhibited the viability of CSCs, decreased expression of
CSCs markers, inhibited proliferation and induced apoptosis in human breast cancer cell line also via
inhibition of Wnt/ β-catenin pathway [88].

3.1.2. Plant-Derived Functional Foods

Anti-cancer research demonstrated benefits of phytochemicals combinations over isolated
phytochemicals [89]. Plant-derived functional foods contain various bioactive compounds, and
therefore are effective agents targeting CSCs. Several studies evaluated anti-CSCs effectiveness
of plant-functional foods in preclinical research. Green algae Capsosiphon fluvescens glycoprotein
downregulated the Wnt-1 signaling pathway in human gastric cell line, and therefore inhibited gastric
cancer cell migration [90]. Anticarcinogenic effects of plant derived functional foods were evaluated
in the chemopreventive models of experimental rat mammary carcinogenesis. Administration of
Origanum vulgare L. in diet in the lower dose (0.1%) suppressed expression of CD24 by 34% and
by 57% in the higher dose (1%). Moreover, the level of expression of EpCAM was decreased
by 14% and 10% respectively. Furthermore, dietary administration of Syzygium aromaticum L. in
high dose (1%) showed decrease in expression of CD24 and CD44 and increase in expression
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of ALDH1. These effects on CSCs were associated with significant chemopreventive activity in
both studies [91,92]. Pomegranate (Punica granatum L.) is a fruit rich in nutrients and bioactive
phytochemicals [93]. A pomegranate emulsion was found to possess chemopreventive properties
against DMBA-induced mammary tumorigenesis in rats via disruption of Estrogen Receptor and
Wnt/β-catenin signaling pathways [94]. Further investigation revealed that preventive effects of
pomegranate extract in DMBA-evoked mammary carcinogenesis involve anti-inflammatory regulation
of two interrelated pathways NF-κB and Nrf2 [93], and this mechanism may be interrelated with
CSCs signaling. Trianthema portulacastrum L. is an exotic plant exhibiting various pharmacological
properties including antibacterial, antifungal, anti-inflammatory or antioxidant effects. T. portulacastrum
extract (TPE) was found to prevent DMBA-induced breast carcinogenesis by anti-inflammatory
mechanism mediated via modulation of NF-κB and Nrf signaling pathways [94]. Moreover, extract
of Geissospermum vellosii also known as Pao Pereira, inhibited pancreatic CSCs via modulation of
Wnt/β-catenin in vitro and in vivo [95]. Similarly, pancreatic CSCs were inhibited by extract of
traditional African plant Rauwolfia vomitoria in vivo and in vitro also via modulation of Wnt/β-catenin
signaling pathway [96]. Significantly, Chinese bayberry (Myrica rubra) leaf proanthocyanidins (BLPs)
containing epigallocatechin-3-O-gallate (EGCG) as their terminal and major extension units exhibited
inhibitory effects on chemotherapy-resistant OVCAR-3 spheroid cells via modulation of cell viability
and sphere and colony formation. Furthermore, BLPs also inhibited self-renewal abilities of CSCs
via targeting Wnt/β-catenin signaling pathway [97]. The anticancer benefits of three marine brown
seaweed polyphenol extractions including Hormophysa triquerta (HT-EA), Spatoglossum asperum (SA-EA)
or Padina tetrastromatica (PT-EA) were explored utilizing pancreatic cancer (PC) stem cells grown ex
vivo and mouse model of residual-PC. Results of the study demonstrated the ability of these extracts to
target signaling pathways playing critical role in the regulation of EMT, pluripotency and maintenance
of CSCs after first-line therapy [98]. Water extract of Gynura divaricata (GDE) was found to target liver
CSCs in a moderate to weak level and to sensitize Huh7 cell to cisplatin therapy by regulation of
Wnt/β-catenin pathway and target genes [99].

Moreover, the efficacy of resveratrol (RSV) in combination with grape seed extract (GSE)
was investigating in isolated human colon CSCs in vitro and in an azoxymethane-induced
mouse model of colon carcinogenesis in vivo. RSV-GSE suppressed Wnt/β-catenin and induced
mitochondrial-mediated apoptosis of CSCs [100]. A summary evaluating the anti-CSCs mechanisms
of phytochemicals (isolated or mixtures) is shown in Table 3.

Table 3. Anticancer mechanisms of dietary phytochemicals (isolated or mixtures) targeting CSCs.

Phytochemical
(Isolated or Mixture)

Cell Line/Animal Model Mechanism References

EGCG A549, H1299

↓β-catenin
↓CD133 ↓CD44
↓ALDH1A1

↓Nanog ↓Oct4

[66]

EGCG/
EGCG and cisplatin

HNSC CSCs
BALB/c nude mice

↓Oct4 ↓Sox2 ↓Nanog
↓CD44

↓ABCC2 ↓ABCG2
[67]

Resveratrol

MCF-7, SUM159
NOD/SCID xenografted

mice

→autophagy
↓Wnt/β-catenin [69]

GBM2, GBM7, G144, G179,
G166, GliNS2, GBM04

↓β-catenin ↓c-Myc
↓Twist1 ↓Snail1 [70]

MNNG/HOS. MG-63,
hFOB1.19

↓JAK2/STAT3
↓CD133 [71]

244



Molecules 2019, 24, 899

Table 3. Cont.

Phytochemical
(Isolated or Mixture)

Cell Line/Animal Model Mechanism References

Pterostilbene
MCF7, MDA-MB-231

↓NF-κB ↓Twist1
↓vimentin
↑E-cadherin

[72]

HCC Mahlavu
↓c-Myc ↓COX-2

↓vimentin ↓CXCR4
↓Twist1

[43]

Genistein

MCF-7
Nude mice

↓SMO
↓GLI1 [74]

SKOV3
Nude mice

↓CD 163 ↓p-STAT3
↓IL-10 ↑IL-12
↓CD133 ↓CD44

[52]

GCSLCs

↓ Twist1
↓N-cadherin
↑E-cadherin

↓CD133 ↓CD44 ↓ALDH1

[75]

Curcumin

BL41-3, Ramos, DG-75,
THP-1

↓ALDH+ cells ↓GLI1
↓Notch1 ↓cyclin D1 [78]

MCF-7, MDA-MB-231
Athymic mice ↓ABCG2 ↓ABCC1 [79]

U87, T98G
U87-implanted nude mice

↓sHH
↓SMO ↓GLI1
↓cyclin D1

↓Bcl-2 ↓FoxM1
↑Bax/Bcl-2 ratio

[49]

DU-145
↓cyclin D1 ↓CDK2 ↓Bcl-2

↑p21 ↑p27 ↑p53 [80]

Sulforaphane

NOD/SCID/IL2Rgamma
mice

↓SMO ↓GLI1 ↓GLI2
↓Nanog ↓Oct-4 ↑Bcl-2
↓Zeb-1 ↓E-cadherin
↓VEGF ↓PDGFRα

[83]

BalbC/nude mice
↓CR1 ↓CR3

↓Nanog ↓ALDHH1A1
↓Wnt3 ↓Notch4

[85]

BEAS-2B, H460, H1299,
A549 ↓c-Myc [84]

Phenethyl isothiocyanate

DLD-1
SW480

↓size/number of cell
spheroids
↓CD133+

[77]

293T, NCCIT, HCT116
Xenograft model ↓Oct4 ↓Sox-2 ↓Nanog [86]

Diallyl trisulfide

SW48, DLD-1 ↓β-catenin
↓c-Myc ↓cyclin D1 [87]

MCF-7, SUM159
↓CD44 ↓ALDH1A1

↓Nanog
↓Oct4

[88]
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Table 3. Cont.

Phytochemical
(Isolated or Mixture)

Cell Line/Animal Model Mechanism References

Capsosiphon fulvescens AGS ↓Wnt-1 ↓β-catenin
→ G0/G1 arrest [90]

Origanum vulgare NMU-induced rat
mammary carcinogenesis

↓CD24
↓EpCAM [91]

Syzygium aromaticum NMU-induced rat
mammary carcinogenesis ↓CD24 ↓CD44 ↑ALDH1 [92]

Pomegranate extract DMBA-induced rat
mammary carcinogenesis

↓ER-α:ER-β↓β-catenin
↓cyclin D1 ↓COX-2

↑Nrf2
IκBα degradation and
NF-κB translocation

blockage

[93]

Trianthema portulacastrum
extract

DMBA-induced rat
mammary carcinogenesis

↓COX-2 ↑Nrf2
IκBα degradation and
NF-κB translocation

blockage
[94]

Pao Pereira extract

PANC-1, MIA PaCa-2,
AsPC-1, HPAF-II, BxPC-3
in immunocompromised

mice

↓Nanog
↓β-catenin [95]

Rauwolfia vomitoria
extract

PANC-1, AsPC-1, HPAF-II,
BxPC-3 and MiA PaCa-2 in

immunocompromised
mice

↓Nanog
↓β-catenin [96]

Chinese bayberry leaf
proanthocyanidins

(BLPs)
OVCAR-3

↓β-catenin ↓cyclin D1
↓c-Myc

→G1 arrest
[97]

HT-EA, SA-EA, PT-EA

Panc-1, MiaPaCa-2,
Panc-3.27, and BxPC-3

Athymic NCr-nu/nu nude
mice

↓Nanog ↓Oct-4
↓Sox2 ↓N-cadherin [98]

Water extract of Gynura
divaricata (GDE) Huh7, Hep3B ↓β-catenin [99]

Resveratrol (RSV) and
grape seed extracts (GSE)

Human colon CSCs
Azoxymethane-induced

mice

↓ nuclear translocation of
β-catenin
↓c-Myc

↓cyclin D1
↑p53

↑Bax/Bcl-2

[100]

Explanatory notes: ↓ decrease; ↑ increase; → induction. Abbreviations used: ABCC1-ATP Binding Cassette Subfamily
C Member 1; ABCC2-ATP Binding Cassette Subfamily C Member 2; ABCG2-ATP Binding Cassette Subfamily G
Member 2; ALDH1A1-Aldehyde Dehydrogenase 1 Family Member A1; Bcl-2-B-cell Lymphoma Protein Family
CD136/133/44/24, Cluster of Differentiation 136/133/44/24; CDK2-Cyclin-dependent Kinase 2; c-Myc, MYC
protoonkogene; COX-2-Cyclo- oxygenase 2; CR1-CRIPTO-1/TDGF1, Teratocarcinoma-derived Growth Factor
1, CR3, CRIPTO-3/TDGF1P3, Putative Teratocarcinoma-derived Growth Factor 3; CXCR4-Chemokine Receptor
Type 4; EpCAM-Epithelial Cell Adhesion Molecule; ERα-Estrogen Receptor Alfa; ERβ-Estrogen Receptor Beta;
FoxM1-Forkhead Box Protein M1; GLI1/2-Zinc Finger Protein 1/2; IL-10/12-Interleukin 10/12; JAK-Janus kinase;
NF-κB-Nuclear Factor Kappa-light-chain-enhancer of Activated B cells; Notch1-4-Notch receptors; NRF2-Nuclear
Factor Erythroid 2–related Factor 2; p21-Cyclin-dependent Kinase Inhibitor 1; p27-Cyclin-dependent Kinase Inhibitor
1B; p53-Tumour Protein p53; PDGFRα-Platelet-derived Growth Factor Receptor Alpha; pSTAT3-Phospho-Signal
Transducer and Activator of Transcription 3; sHH- Sonic Hedgehog; SMO- Transmembrane protein SMOOTHENED;
Snail1-Zinc Finger Protein; STAT-Signal Transducer and Activator of Transcription; Twist1-Twist family BHLH
Transcription Factor 1/gene; VEGF-Vascular Endothelial Growth Factor; Zeb-1-Zinc finger E-box-binding
Homeobox 1.
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3.2. Clinical research

Anti-CSCs potential of dietary phytochemicals (isolated or mixtures) was investigated in several
previously mentioned preclinical studies [43,49,52,66,67,69–72,74,75,77–80,83–88,90–100]. Significantly,
anticancer properties of phytochemicals were evaluated in several clinical trials. Firstly, a phase I pilot
study on patients with colon cancer was conducted to evaluate effects of a low dose of resveratrol
formulation and resveratrol-containing freeze-dried grape powder (GP) on Wnt signaling in the colon.
Results of the trial are based on the expression of Wnt target genes. Resveratrol/GP inhibited Wnt
target gene expression in normal colon mucosa; however did not inhibit the Wnt pathway in colon
cancer tissue [101]. Moreover, a phase 2 randomized, placebo-controlled trial was conducted on
59 subjects diagnosed with urothelial bladder cancer. The aim of the trial was to investigate whether
daily dose of genistein in the form of purified soy extract G-2535 for 14 to 21 days before surgery alter
molecular pathways in bladder epithelial tissue. The primary outcome of the study was inhibition
of EGFR phosphorylation in a dose of 300mg/d. However, no significant changes were observed in
expression of COX-2, Ki67, caspase-3, Akt or p-Akt [102]. Furthermore, a randomized clinical trial
on 35 colorectal cancer patients, who were daily administrated 900 mg of ellagitannins-containing
pomegranate extract (PE) showed the expression of CRC-genes in normal and cancerous colon tissue
was evaluated before (biopsies) and after (surgical specimens) 5–35 days of supplementation. Tissues
were also obtained from a control group of patients with no supplementation. The consumption of
the PE was significantly associated with a counterbalance effect in the expression of CD44, β-catenin,
p21 or others suggesting that the intake of PE modulated the impact on gene expression in a gene-
and tissue-specific manner [103]. While searching in the clinical trial database [104], we found few
clinical trials which may be partially related to CSCs. A prospective phase II study was initiated
in 2015 with the aim to investigate the effect of Fursultiamine, a derivate of vitamin B, combined
with concurrent chemo/radiotherapy in esophageal cancer patients (ClinicalTrials.gov Identifier:
NCT02423811). Moreover, pancreatic ductal adenocarcinoma (PDA) stem cells were target of a pilot
study initiated in 2013 with the aim to find whether the application of freeze-dried broccoli sprouts
lead cancer inhibition in patients with advanced PDA (ClinicalTrials.gov Identifier: NCT01879878).
However, no results of these clinical trials are available at this time.

Figure 3 shows an overview of dietary phytochemicals (isolated or mixtures) in preclinical or
clinical research and their effects on CSCs. Finally, there is number of clinical trials evaluating plant
derived foods or dietary supplements in anticancer research; however, we were not successful in
finding clinical trials focusing on CSCs specifically.

Figure 3. Dietary phytochemicals targeting CSCs in preclinical and clinical cancer research.
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Isolated dietary phytochemicals including diallyl trisulfide, pterostilbene, sulforaphane,
resveratrol, curcumin, genistein, epigallocatechin-3-gallate (EGCG), phenethyl isothiocyanate (PEITC)
and plant functional foods including S. aromaticum, C. fluvescens, O. vulgare, Chinese bayberry leaf
proanthocyanidins (BLPs) and extracts of pomegranate, Trianthema portulacastrum, Gynura divaricata,
Hormophysa triquerta (HT-EA), Spatoglossum asperum (SA-EA), Padina tetrastromatica (PT-EA) and
resveratrol in combination with grape seed extracts (GSE) demonstrated anticancer properties via
targeting CSCs-mediated pathways and thus modulating CSCs proliferation, invasiveness, migration,
self-renewal, EMT and sensitivity to therapeutic approaches in preclinical research. The data evaluating
effects of dietary phytochemicals in clinical research were insufficient. Ellagitannins-containing
pomegranate extract (PE) and purified soy extract (G-2535) may modulate CSCs signaling at least
partially. Resveratrol formulation and resveratrol-containing freeze-dried grape powder RSV/GP
did not exhibit any prosperous effects in inhibition of CSCs pathways in cancer tissue. Clinical trials
evaluating anticancer effects of broccoli sprouts and fursultiamine were initiated in 2013 and 2015,
however no results were reported for these studies.

4. Conclusion and Future Perspectives

There is great evidence suggesting that aberrant regulation of CSCs signaling pathways may lead
to deregulation of self-renewal, apoptosis, proliferation, and importantly resistance to anti-cancer
therapy. Considering the cancer research, phytochemicals (isolated or mixtures) are suggested
to possess antioxidant, antiproliferative, and anticancer properties and also to have the ability to
target aberrantly regulated signaling of CSCs. Importantly, the use of plant derived compounds is
associated with no or very little adverse events. Phytochemicals are thought to modulate various
signaling pathways of CSCs. Cross talk between these pathways influence self-renewal, differentiation,
EMT, therapy resistance and other pro-cancer mechanism associated with stem-like cells. Here
we summarized the current state of the anticancer effectiveness of different plant-derived dietary
phytochemicals in preclinical and clinical research. In vitro and in vivo preclinical studies indicated
significant anticancer effects of dietary phytochemicals mediated by CSCs targeting via modulation of
signaling pathways, including Wnt, Notch, Hedgehog, or other, as well as via regulation of mechanisms
involved in the processes of apoptosis or drug resistance. Based on the comparative preclinical
oncology studies, functional foods (characterized by the presence of mixture of phytochemicals) are
suggested to exhibit better anti-cancer activities (including the anti-CSCs properties) when compared
to isolated phytochemicals. Importantly, each of the preclinical studies included in our review is
specific in its aims and uses specifically designed methods. However, individual processes in the cell
and therefore processes of carcinogenesis are complex and interconnected. Nevertheless, it would be
beneficial to find out if there are associations or discrepancies between studies dealing with the same
type of cancer, cell line, model, phytochemical or specific pathway responsible for anti-CSCs effects of
particular substance. After all, more specific and comparative studies are needed for such analysis.
Despite numerous preclinical studies, clinical research in this area is significantly lagging behind and
only a few trials could be identified. On the contrary, we have encountered a large number of clinical
studies focused on how are CSCs influenced by synthetic drugs; however, evidence of plant-derived
foods or other dietary supplements as anti-CSCs agents is lacking. In conclusion, we emphasize the
significant anti-cancer effects of dietary phytochemicals on CSCs in a wide range of cancer types via
influencing multiple signaling mechanisms, and thus demonstrating the urgent need for their in-depth
investigation in clinical research.
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Abstract: Cancer is still a major risk factor to public health globally, causing approximately
9.8 million deaths worldwide in 2018. Despite advances in conventional treatment modalities
for cancer treatment, there are still few effective therapies available due to the lack of selectivity,
adverse side effects, non-specific toxicities, and tumour recurrence. Therefore, there is an
immediate need for essential alternative therapeutics, which can prove to be beneficial and
safe against cancer. Various phytochemicals from natural sources have been found to exhibit
beneficial medicinal properties against various human diseases. Zerumbone is one such compound
isolated from Zingiber zerumbet Smith that possesses diverse pharmacological properties including
those of antioxidant, antibacterial, antipyretic, anti-inflammatory, immunomodulatory, as well as
anti-neoplastic. Zerumbone has shown its anti-cancer effects by causing significant suppression of
proliferation, survival, angiogenesis, invasion, and metastasis through the molecular modulation of
different pathways such as NF-κB, Akt, and IL-6/JAK2/STAT3 (interleukin-6/janus kinase-2/signal
transducer and activator of transcription 3) and their downstream target proteins. The current
review briefly summarizes the modes of action and therapeutic potential of zerumbone against
various cancers.

Keywords: zerumbone; cancer; apoptosis; NF-κB; IL-6/JAK2/STAT3; Akt; FOXO1

1. Introduction

Cancer is a serious health problem globally and is the second leading cause of death [1–5].
The risk factors for cancer mortality may be due to behavioural and environmental factors such diet,
exposure to air pollution, use of addictive substances, lack of physical activity, etc. [6]. The recent
targeted therapies for cancer are associated with non-specific toxicities, exhibit limited efficacy, and are
expensive to use [7]. Also, one of the major drawbacks of anti-cancer drugs has been the lack of
selectivity, and thus they can exert adverse effects on the healthy tissues and organs [8]. Furthermore,
conventional chemotherapeutics are also associated with the development of chemoresistance [9–12].
Overall, most cancer treatment strategies are associated with side effects, lack of selectivity, toxicity,

Molecules 2019, 24, 734; doi:10.3390/molecules24040734 www.mdpi.com/journal/molecules255



Molecules 2019, 24, 734

and development of chemoresistance, leading to high mortality and poor prognosis [7–13]. Herbs,
vegetables, fruits, spices, cereals, pulses, and nuts have been shown to produce a large number
of phytochemicals that exert chemopreventive and therapeutic properties against various human
ailments [14–29]. Since ancient times, plants and plant-based compounds have been extensively
used in tribal and folklore medicine due to their beneficial pharmacological properties and fewer
side effects [20,30–32]. One such plant-derived compound is zerumbone (Figure 1), extracted from
the traditional plant Zingiber zerumbet Smith, which is also known as bitter ginger, shampoo ginger,
and pinecone ginger [33–38].

 
Figure 1. Structure of zerumbone [38].

Traditionally, the rhizomes of Z. zerumbet are widely used as a food flavouring agent and
appetizer in various cuisines; it is also used in herbal folk medicine and pain relief [37–40].
Zerumbone is known for its biomedical properties such as being antioxidant, antibacterial, antipyretic,
antinociceptive, anti-hypersensitive, anti-inflammatory, as well as possessing hepatoprotective,
and immunomodulatory activities [16,17,41–44]. Besides the aforementioned properties, zerumbone
can also function as an antitumor drug exhibiting its diverse effects on proliferation, angiogenesis,
and apoptosis against various cancer cell lines, which has drawn the attention of many
researchers [45–47]. Zerumbone (2,6,9,9-tetramethyl-(2E,6E,10E)-cycloundeca-2,6,10-trien-1-one) is
a crystalline sesquiterpene compound containing an 11-membered ring with three double bonds
at C6, C2, and C10, forming part of a cross-conjugated ketone system that participates in its
biological activity [48–51]. A number of prior studies have elaborated upon the potential anti-allergic,
immunomodulatory, and anti-cancer properties of zerumbone. The present review summarizes the
anti-cancer properties of zerumbone along with its mode of actions and molecular targets in different
cancer types.

2. Molecular Targets of Zerumbone against Cancer

It is now well established that cancer arises as a result of dysregulation of multiple cellular
pathways. Therefore, multi-targeted compounds have high potential in the prevention and treatment
of cancer [2,5,18,26,52–58]. Increasing lines of evidence suggest that zerumbone can act on multiple
pathways and can suppress the growth of cancer cells. With regard to this, in melanoma zerumbone
treatment downregulated Bcl-2 (B-cell lymphoma 2), upregulated Bax (BCL2 associated X protein),
cytochrome c gene-related proteins, and activated caspase-3 [59]. In addition, zerumbone decreased
cell viability through the downregulation of cyclin B1, cyclin-dependent kinase (CDK)-1, Cdc25C,
and Cdc25B, and induced apoptosis by significantly activating Bax and Bak proteins in breast
cancer [60]. Moreover, zerumbone downregulated CXCR4 expression on human-epidermal growth
factor receptor-2 (HER2)-overexpressing breast cancer cells by abrogating NF-κB activation which
correlated with the arrest of invasion and metastasis induced by CXCL12 expression [61]. In addition,
zerumbone could also activate caspase-3 and poly (ADP-ribose) polymerase (PARP) production and
reduced Akt phosphorylation, which increased cell death induction in glioblastoma [62]. Further,
the treatment of zerumbone on mouse epidermal JB6 cells can induce an increase in NF-E2-related
factor 2(Nrf2) nuclear translocation complemented by the upregulation of heme oxygenase-1 (HO-1),
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causing Nrf2 to bind directly to the antioxidant response element, and thus exert chemopreventive
effects against mouse skin carcinogenesis [63]. In addition, zerumbone inhibited breast cancer and
multiple myeloma-induced osteoclast formation through suppression of activated IkappaBalpha (IκBα)
kinase (IKK), IκBα phosphorylation, and IκBα degradation, which led to the abrogation of receptor
activator of nuclear factor kappa-B ligand (RANKL)-induced NF-κB activation, which serves as a major
mediator for bone resorption [64]. Zerumbone could also induce apoptosis in leukemic cells through
the initiation of the cleavage of Bid, Bax, and Mcl-1 proteins, loss of the mitochondrial transmembrane
potential, and activation of caspase-3 and -9, leading to degradation of PARP [65].

Natural products possess several properties, which enable them to fight against various cancer
cell types [34,66]. Zerumbone possesses antiproliferative properties against various cancers such as
brain, breast, cervical, colon, liver, lung, pancreas, and skin cancer [3,67]. The reported anti-tumour
activities of zerumbone against different malignancies are briefly summarized below.

2.1. Zerumbone and Brain Tumor

Brain tumors are the leading cause of cancer-related death in children [68,69]. The incidence
of primary malignant brain tumours is increasing, of which 80% consist of high-grade malignant
tumors such as glioblastoma multiforme (GBM) [70]. Prior studies have reported that treatment with
zerumbone suppressed FOXO1 and Akt phosphorylation due to inactivation of IKKα while activating
caspase-3 protein and PARP, which resulted in decreased cell viability, and induction of apoptosis in
GBM cells [62].

2.2. Zerumbone and Breast Cancer

Breast cancer is the most common and highly complex cancer associated with poorest clinical
outcome in women worldwide [71–76]. Among the various subtypes, triple-negative breast cancer
(TNBC) is the most aggressive form and, occurs in young age pre-menopausal women [77,78].
Triple-negative breast cancer fails to express the estrogen receptor (ER), human-epidermal growth factor
receptor-2 (HER2) proteins, and progesterone receptor (PR) [77]. Zerumbone was found to increase
the induction of presenilin-1 protein and transcriptional activation of Notch, leading to cleavage of
Notch2. In addition, there was a reduction in cleaved Notch1 and Notch4 proteins, which resulted
in increased apoptosis and suppression of cellular migration [79]. Zerumbone also decreased the
levels of IL-8 and MMP-3 expression through the downregulation of NF-κB activity, which led to
reduction in IL-1β-induced cell migration and invasion in TNBC [72,80]. Zerumbone induced G(2)/M
cell arrest and Bax/Bak-mediated apoptosis [60]. Zerumbone also inhibited invasion and metastasis
in breast cancer by downregulating the expression of CXCR4 [61]. Further, zerumbone suppressed
TGF-β1-induced FN, MMP-2, and MMP-9 expression through the decreased phosphorylation of
TGF-β1-induced Smad3, and also inhibited Ki67 expression [77].

Further, in mouse xenografts, zerumbone treatment was noted to reduce the tumor growth [60].
In addition, zerumbone decreased breast cancer-associated osteolysis in athymic nude mice with
MDA-MB-231 breast cancer [64]. The mice treated with 20 mg/kg of zerumbone were observed to
develop significantly smaller tumors than the control group treated with vehicle. Thus, zerumbone
mitigated the tumorigenicity by reducing tumor volume and weight, and metastasis in xenograft
models of TNBC [77].

2.3. Zerumbone and Colorectal Cancer

Colorectal cancer (CRC) is the third-leading cause of cancer-related deaths after lung
and breast cancer [81,82]. Zerumbone inhibited the proliferation of colon cancer cells and
thereby induced apoptosis, which might be due to mitochondria transmembrane dysfunction,
translocation of phosphatidylserine, and chromatin condensation [83]. Zerumbone downregulated
the expression of FLICE-like inhibitory protein (cFLIP); and in the presence of both Bax and p21,
stimulated tumor necrosis factor-related apoptosis-inducing ligand (TRAIL) death receptor (DR)4 and
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DR5, which intensified TRAIL-induced apoptosis in human HCT116 colon cancer cells, thus resulting
in the enhanced anticancer effects of TRAIL [84]. Zerumbone pre-treatment inhibited the expression
of radiation-induced DNA repair proteins ataxia-telangiectasia mutated (ATM) and DNA-PKcs
through glutathione (GSH) depletion, leading to cell cycle arrest (G2/M) and increase in apoptosis,
thus enhancing radiosentitivity of CRC cells [82]. Zerumbone induced IL-1β pathways through the
expression of interleukin (IL)-1α, IL-1β, IL-6, and tumor necrosis factor (TNF)-α, which might be
associated with the activation of c-Jun N-terminal kinase and extracellular signal-regulated protein
kinase [85]. Further, zerumbone treatment on HCT-116 and SW48 cells showed its anti-metastatic
potential through the inhibition of Fak/PI3k/NF-κB-uPA pathway [86].

Oral administration of zerumbone at 100, 250, and 500 ppm for the duration of 17 weeks to the
mice significantly inhibited the multiplicity and inflammation in colonic adenocarcinomas through the
repression of NF-κB and heme oxygenase (HO)-1, which resulted in suppression of the proliferation
and induction of apoptosis [87].

2.4. Zerumbone and Cholangiocarcinoma

Cholangiocarcinoma (CCA) is an aggressive and deadly malignant tumor arising in the bile duct
epithelial cells [88–90]. It is characterized by a high degree of genetic instability contributing to a
heterogeneous malignant phenotype, and this variation is related to the distribution of different risk
factors [91,92]. Surgical resection continues to be the best therapeutic approach for patients with CCA.
Nevertheless, it is often associated with poor prognosis, and due to lack of early diagnostic evidence,
most patients are not suitable for surgery [93]. The inhibition of CDK-2, CDK-5 or EGFR could result
in reduction in CCA cell proliferation, and previous reports have revealed the overexpression of
CDK-2, CDK-5 or EGFR in CCA. Molecular docking studies have demonstrated that derivatives of
zerumbone with the presence of amine, epoxyamine, hydroxylamine, and nitrile groups can exhibit
potent anti-cancer activities against CCA cells by interacting with the molecular target EGFR, but not
CDK-2, CDK-5, and GSK-3. The derivative with the presence of an amine group has shown higher
potency against proliferation of cancer cells through the inhibition of EGFR [49].

2.5. Zerumbone and Gastric Cancer

Gastric cancer is the fourth most common malignant tumor and second main cause of cancer
deaths in both sexes worldwide [13,94–98]. Zerumbone could induce apoptosis in gastric cancer cells by
blocking the activity of cyclophilin A and subsequently promoting mitochondrial pathway-mediated
apoptosis. The mitochondrial pathway caused cyt C release from the mitochondria into the
cytoplasm, leading to caspase-3 activation, which acted as an effector molecule for caspase-dependent
apoptosis [13]. In addition, zerumbone caused inhibition of cell proliferation and tube formation area
of human umbilical vein endothelial cells through the reduction in expression of vascular endothelial
growth factor (VEGF) and NF-κB activities, and thereby inhibiting angiogenesis [99].

2.6. Zerumbone and Leukemia

Leukemia is the most common cancer that occurs in the blood forming tissues [5,100].
Zerumbone was reported to reduce the proliferation of leukemic cells by inducing G2/M cell
cycle arrest through suppression of cyclin B1/cdk 1 protein along with the phosphorylation of
ATM/Chk1/Chk2, followed by apoptosis via initiation of Fas (CD95)/Fas Ligand (CD95L) expression
associated with caspase-8 activation [65,101]. Analogous to the abovementioned anti-proliferative
effects, the use of a zerumbone-loaded nanostructured lipid carrier (NLC) arrested Jurkat cells in
the G2/M phase via inactivation of cyclin B1 protein and activation of intrinsic apoptotic proteins
(i.e., caspase-3 and caspase-9), and release of cytochrome c with subsequent cleavage of PARP [102,103].
Zerumbone-NLC also induced activation of the mitochondrial-dependent apoptotic pathway in murine
leukemic cells [104]. Zerumbone inhibited K562 chronic myelogenous leukemic cell proliferation and
colony formation, with induction of DNA damage and mitochondria mediated apoptosis through
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the activation of pro-caspase-3, -9, and PARP cleavage, with an increase in free intracellular Ca2+,
ROS, and soluble histone-H2AX (H2A histone family member X) upregulation [105]. Additionally,
zerumbone exerted a cytotoxic effect against CEM-ss leukemic cells by producing characteristics of
apoptosis such as membrane blebbing, holes, and cytoplasmic extrusions [100].

2.7. Zerumbone and Liver Cancer

Hepatocellular carcinoma (HCC) is one of the most prevalent and highly aggressive liver
malignancy [106–114]. Zerumbone has been shown to cause the inhibition of HCC cells proliferation
by G2-M cell cycle arrest through the inhibition of PI3K/AKT/mTOR and signal transducer and
activator of transcription 3 (STAT3) signalling pathways leading to the induction of apoptosis [115].
Zerumbone also inhibited the proliferation and migration of a liver cancer HepG2 cell line
by significantly decreasing the expression of the MMP-9, VEGF, and VEGF receptor proteins
in a dose-dependent manner [116]. Further, zerumbone exhibited also induced apoptosis via
upregulation of Bax and suppression of Bcl-2 protein expression on HepG2 cells [117]. In line
with the above, zerumbone treatment in DEN/AAF (diethylnitrosamine/2-acetylaminofluorene)
rat livers induced mitochondria-regulated apoptosis by increasing Bax and decreasing Bcl-2
protein expression, along with a reduction of oxidative stress and an inhibition of proliferation,
and thereby minimizing DEN/AAF-induced carcinogenesis [67]. Zerumbone can activate the
Nrf2/ARE-dependent detoxification pathway induced by nuclear localization of Nrf2, which can bind
to the antioxidant response element of the phase II enzyme genes, thereby suggesting an antioxidant
role of zerumbone in neutralizing lipid peroxidation in liver cells to put a stop to cancer [48]. A soluble
complex of zerumbone with hydroxypropyl-β-cyclodextrin (HP-β-CD) induced apoptosis and G2/M
arrest along with the release of cytochrome c and loss of mitochondrial membrane potential, with a
significant increase in caspase 3/7, caspase 9, and caspase 8, and with the depletion of BID that is
cleaved by caspase 8 [118].

2.8. Zerumbone and Lung Cancer

Lung cancer is one of the most common malignancies and leading cause of cancer-related death
worldwide [119–122]. About 80% of diagnosed lung cancer is non-small cell lung cancer (NSCLC),
which ranks top in both incidence and mortality [123,124]. Zerumbone induces apoptosis through
loss of mitochondrial membrane potential, release of cytochrome c, caspase-9 and -3 activation,
increased expression of p53 and Bax, and increased ROS production, and zerumbone also sensitized
NSCLC cells to cisplatin [125].

Further, dietary administration of zerumbone at 250 and 500 ppm to the mice for
21 weeks was found to significantly inhibit the multiplicity of lung cancer in a dose-dependent
manner. The suppression of lung carcinogenesis was caused through the reduction of growth,
decreased inflammation, and decreased expression of NF-κB and HO-1, thereby causing apoptosis [87].

2.9. Zerumbone and Oral Cancer

Oral cancer is a serious cancer in developing countries and many parts of the globe, with varying
incidence rate according to geographic regions [126,127]. It affects approximately 274,000 people
worldwide annually and the pattern of use of tobacco products usually marks the frequency of
occurrence [128]. Zerumbone treatment inhibited cell proliferation, migration, and invasion in oral
squamous cell carcinoma by suppressing the expression of CXCR4, RhoA proteins, and PI3K-mTOR
signalling pathway, causing G2/M cell cycle arrest followed by apoptotic activity. The inhibition of the
PI3K-mTOR signalling pathway was associated with the suppression of Akt and S6 proteins [129].

2.10. Zerumbone and Cervical and Ovarian Cancer

Cervical cancer ranks as the second most common cause of cancer death among women [130].
Zerumbone along with cisplatin treatment can stimulate apoptosis by arresting cells at the G2/M
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phase and decreasing the levels of IL-6 in HeLa and Caov-3 cells [131]. Zerumbone also downregulated
the expression of proliferating cellular nuclear antigen, thus revealing its antitumor effect on human
cervical cancer cells [132]. Similarly, zerumbone can induce apoptosis by causing regression of
cervical intraepithelial neoplasia (CIN) tissues in female Balb/c mice treated with diethylstilbestrol,
which showed an effect resembling that of cisplatin, through the modulation of Bax and Bcl-2
genes [130]. Zerumbone showed its cytotoxic property on HeLa cells by increasing cellular caspase-3
levels and producing distinct morphological features of apoptotic death such as nuclear and
chromatin condensation, cell shrinkage, membrane blebbing, abnormalities of mitochondrial cristae,
multinucleation, and formation of apoptotic bodies [133].

Also, the combination of zerumbone with cisplatin has been shown to cause regression of (CIN)
via modulation of the IL-6 level in the serum of female Balb/c mice. Four groups of mice were taken
for the treatment along with a group with no treatment from 52 days of age to 60 days of age with
four dosages on alternate days. Group 1 mice were treated with 0.9% normal saline for the positive
control while group 2 and group 3 mice were administered with 8 mg/kg and 16 mg/kg of zerumbone,
respectively. The mice representing group 4 was treated with 10 mg/kg while group 5 was given no
treatment to act as a negative control. Both the compounds, at their mentioned effective dosages were
able to regress the progression of cancerous cervix tissues [130].

2.11. Zerumbone and Pancreatic Cancer

Pancreatic carcinoma is a common cancer with a gradual increase in incidence rate [134].
Treatment of pancreatic cancer cells with zerumbone inhibited tube formation of human umbilical
vein endothelial cells through the suppression of mRNA expression and proteins associated with
angiogenic function and NF-κB activity [135]. Further, zerumbone reduced cell viability and induced
apoptosis in PANC-1 cells, as evidenced the upregulated expression of p53, p21 protein, and elevated
ROS levels [134]. In addition, zerumbone caused downregulation in the expression of CXCR4,
which correlated with suppression of CXCL12-induced invasion [61].

2.12. Zerumbone and Prostate Cancer

Prostate cancer is the one of the most common causes of malignancy in males, and is
without curative options in the advanced state [136–143]. Pre-treatment of prostate cancer cells
with zerumbone significantly decreased the radiation-induced expression of phosphorylated ATM
(ataxia telangiectasia-mutated) and suppressed the expression of JAK2 and STAT3, which are involved
in DNA damage repair [144]. In addition, zerumbone selectively inhibited the IL-6/JAK2/STAT3
pathway and blocked the prostate cancer-associated genes- cyclin D1, IL-6, COX2 (cytochrome c
oxidase), and ETS Variant 1 (ETV1); thereby inducing cytotoxicity through G0/G1 cell cycle arrest and
causing apoptosis [145]. Zerumbone also attenuated microtubule assembly and induced endoplasmic
reticulum (ER) stress and MMP-2 expression in prostate cancer cells and upregulated the expression of
GRP-78 and C/EBP homologous protein (CHOP)/ growth arrest and DNA damage 153 (GADD153).
An increase in intracellular Ca2+ levels potentially acted as a crosstalk marker between this ER stress
and mitochondrial insult, which was associated with the formation of the active calpain I fragment.
Zerumbone also induced apoptosis and autophagy through the caspase-dependent pathway and
LC3-II formation [43].

2.13. Zerumbone and Renal Cell Carcinoma

Renal cell carcinoma (RCC) is a malignant disease insensitive to conventional treatments,
contributing >90% of the most common form of kidney cancer [146,147]. Zerumbone showed its
anti-cancer effects by initiating apoptosis through the activation of caspase-3 and caspase-9, leading to
cleavage of PARP and downregulation of Gli-1 and Bcl-2 [146]. In addition, zerumbone could
induce the expression of tyrosine phosphatase SHP-1(Src homology region 2 domain-containing
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phosphatase-1), which has been associated with inhibition of STAT3 activation thereby resulting in the
suppression of the gene products that are involved with proliferation, survival, and angiogenesis.

In line with the above, similar abrogation of STAT3 activation was exhibited in tumor growth and
tissues upon administration of zerumbone in athymic nu/nu mice with an RCC xenograft. For this,
the tumor tissues were treated with vehicle and 50 mg/kg body weight of zerumbone for 6-week
duration and substantial inhibition of STAT3 activation was noted [148].

2.14. Zerumbone and Skin Cancer

Skin cancer is the most commonly diagnosed cancer that begins with an abnormal growth
in the epidermal layer, and can be classified as melanoma and non-melanoma skin cancer [149].
Pre-treatment with zerumbone at the tumor promotion stage in mice suppressed tumor growth and the
mechanism behind its effect might be due to increased expression of xenobiotic-metabolizing enzymes
(GSTP1, NQO1) and mRNA levels for manganese superoxide dismutase (MnSOD) and glutathione
peroxidase-1 (GPx1). In addition, zerumbone decreased the levels of cyclooxygenase-2 (COX-2)
expression, ERK1 phosphorylation, H2O2-induced edema formation, and leukocyte infiltration [150].

Further, treatment of epidermal cells with zerumbone in mice enhanced the binding property of
Nrf2 to the antioxidant element, which resulted in increased HO-1 activity, thus providing a basis for
the reported antioxidant effects of this agent against skin carcinogenesis [63].

3. Cytotoxicity Data

The cytotoxicity data has been analyzed for both the in vitro and in vivo studies. The treatment
of zerumbone on various cancers was reported to be effective in various in vitro studies. For the
liver cancer, the IC50 of zerumbone in HepG2 cells was reported to be 6.20 μg/mL [116]. While the
IC50 for cervical cancer in Hela cells was reported to be 6.4 μg/mL, and in breast cancer cell lines
(MCF-7 and MDA-MB 231) 23.0 μg/mL and 24.3 μg/mL respectively [151]. In case of the in vivo
studies, zerumbone suppressed the tumor growth and volume in different cancers with different
dosage rates. In line with this, the treatment of zerumbone for a 6-week duration caused tumor
growth inhibition in renal cancer model, the dosage was five times a week with 50 mg/kg body
weight. The treatment also showed less substantial toxic effects as it did not cause weight loss in
treated mice [148] while in cervical cancer models different groups were administered with 4 mg/kg,
8 mg/kg, and 16 mg/kg of zerumbone respectively. No remarkable regression of the CIN lesions was
observed with 4 mg/kg dosage as compared to the later dosages. The dosage of 8 mg/kg showed
antiproliferative properties while 16 mg/kg showed decreased in CIN lesions [130]. The dosage of
zerumbone in breast cancer can also be compared where the mice models were treated with 20 mg/kg
of zerumbone which resulted to smaller tumors than the control group treated with vehicle. The weight
level of tumor in zerumbone treated mice was lesser with 1.22 ± 0.35 g as compared to the mice treated
with vehicle that weighed 2.56 ± 0.68 g [77]. In case of colon and lung cancer studies, the mice
models were injected with azoxymethane (10 mg/kg bw), promoted by 1.5% dextran sulphate sodium
in drinking water for 7 days to initiate colon tumour while the other models were injected with
4-(methylnitrosamino)-1-(3-pyridyl)-1-butanone (10 micromol/mouse) to induce lung tumor. Both the
tumor models were later administered with zerumbone at 100, 250, and 500 ppm for 17 weeks and
21 weeks, respectively, that resulted in inhibition of multiplicity the cancers [87].

4. Limitation and Future Prospects

Various potential studies of zerumbone against different tumor cell lines have been reported.
However, most of the reports are mainly confined to in vitro studies. Few in vivo model studies
are reported in only few cancers such as breast, colorectal, cervical, lung, renal cell carcinoma,
and skin cancers. Also, relevant clinical trials to test the safety and efficacy of zerumbone are not
available. The limitations in clinical studies might be due to few in vivo model findings. Further,
the pharmacokinetic properties such as solubility, distribution, etc. of the compound should be
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analysed properly. A previous study that aimed to enhance the solubility of zerumbone was explored
to analyse its interaction with hydroxypropyl-β-cyclodextrin (HPβCD) in aqueous media where it
was showed that the solubility of zerumbone substantially increased with an augmentation in the
concentration of HPβCD at 20 ◦C thereby suggesting that this complexation can be used in this drug
formulation [50].

Therefore, apart from in vitro and in vivo studies, the pharmacokinetic properties of zerumbone
can be investigated and established, and also clinical trial studies can be carried out further to validate
its therapeutic application in cancer patients.

5. Conclusions

Despite the advancement in treatment methods, cancer is still one of the deadliest diseases
causing havoc to human health. Most of the treatment methods available are less effective and
often associated with severe side effects and emergence of chemoresistance. Therefore, it is essential
to discover a new alternate, safe, and efficacious treatment method against cancer. Zerumbone,
a monocyclic sesquiterpene, isolated from Z. zerumbet is a compound that has been reported for its
diverse anti-cancer properties mediated by suppression of proliferation, induction of cell cycle arrest,
and apoptosis in various cancers such as those of brain, breast, colon, liver, and lung through the
modulation of various proteins and signalling pathways (Table 1). With regard to this, various in vitro
studies have shown that zerumbone can downregulate the expression CXCR4, activation of NF-κB,
and other oncogenic proteins. Additionally, zerumbone can also repress the IL-6/JAK2/STAT3,
PI3K/AKT/mTOR pathways, and expression of associated genes such as cyclin D1, IL-6, COX2,
and ETV1, thus inhibiting proliferation and angiogenic activity by increasing cell cycle arrest and
apoptosis. Moreover in preclinical studies, administration of zerumbone in various mouse models
was observed to tumor growth and metastasis. However, despite the availability of many pre-clinical
studies on the anti-cancer properties of zerumbone, clinical trials with this compound have been rarely
reported. Therefore, more preclinical studies would be required to establish clinical results and a better
therapeutic potential of zerumbone, to target cancer.
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Abbreviations

ATM Ataxia-telangiectasia mutated
Bcl-2 B-cell lymphoma- 2
Bak Bcl-2 homologous antagonist/killer
Bax BCL2-associated X protein
CD1d Cluster of differentiation 1
CD44 Cluster of differentiation 44
DR Death receptor
Gli 1 Glioma-associated oncogene 1
GSH Glutathione
IL-6 Interleukin 6
IL-8 Interleukin 8
IL-1β Interleukin 1 beta
JAK2 Janus kinase 2
MMP-3 matrix metalloproteinase-3
MMP-9 Matrix metallopeptidase 9
mTOR Mammalian target of rapamycin
NF-κB nuclear factor kappa light chain enhancer of activated B cells
OSCC Oral squamous cell carcinoma
ROCK Rho-associated protein kinase
ROS Reactive oxygen species
STAT-3 Signal transducer and activator of transcription 3
TGF-β1 Transforming growth factor beta 1
TNFα Tumour necrosis factor alpha
VEGF Vascular endothelial growth factor
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Abstract: Apple is a rich source of bioactive phytochemicals that help improve health by preventing
and/or curing many disease processes, including cancer. One of the apple polyphenols is phloretin
[2’,4’,6’-Trihydroxy-3-(4-hydroxyphenyl)-propiophenone], which has been widely investigated for
its antioxidant, anti-inflammatory and anti-cancer activities in a wide array of preclinical studies.
The efficacy of phloretin in suppressing xenograft tumor growth in athymic nude mice implanted with
a variety of human cancer cells, and the ability of the compound to interfere with cancer cells signaling,
have made it a promising candidate for anti-cancer drug development. Mechanistically, phloretin
has been reported to arrest the growth of tumor cells by blocking cyclins and cyclin-dependent
kinases and induce apoptosis by activating mitochondria-mediated cell death. The blockade of the
glycolytic pathway via downregulation of GLUT2 mRNA and proteins, and the inhibition of tumor
cells migration, also corroborates the anti-cancer effects of phloretin. This review sheds light on the
molecular targets of phloretin as a potential anti-cancer and anti-inflammatory natural agent.

Keywords: phloretin; cell proliferation; inflammation; apoptosis; glucose uptake; migration

1. Introduction

Cancer, a heterogenous disease process, still remains a major challenge for human health.
Despite the development of a wide variety of anti-cancer therapies such as alkylating agents, various
kinase inhibitors, hormone modulators, and very recently introduced immune checkpoint inhibitors,
the incidence of and mortality from cancer is still increasing throughout the world. Based on the current
trend, unless effective therapeutic interventions are available, a two-fold increase of cancer-related
deaths is expected in the next 50 years [1]. A major hurdle to developing anti-cancer therapy is the
heterogenous nature of the disease, which often leads to chemotherapy failure or increased resistance
to the therapy, thereby allowing recurrence of cancer [2]. Although the neoplastic transformation of
cells begins through genetic alterations, such as activation of oncogenes and/or suppression of tumor
suppressor genes via chromosomal abrasions, DNA damage, and dysregulation of epigenetic signaling,
it has been well documented that various environmental and lifestyle related factors are the major
triggers for tumor-inducing genetic and epigenetic changes. Major lifestyle factors that contribute
to carcinogenesis include, but are not limited to, consumption of carcinogens from diet, exposure to
solar radiation, intake of alcohol, smoking, and lack of physical exercise. Many of these are modifiable
factors and thus, cancer can be prevented by adopting an appropriate lifestyle. About half a century
ago, the concept cancer prevention was proposed by Michael B. Sporn, who first coined the term
“chemoprevention”, which refers to the inhibition or reversal of tumorigenic process by non-toxic
chemicals [3].

Over the last several decades, the concept of cancer chemoprevention has been matured through
extensive research-based proof-of-principle. Although chemoprevention is regarded as intervening
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with the pathophysiologic course of tumor development—the initiation, promotion and progression
stages [4,5]—based on the clinical perspective, chemoprevention is also classified as either primary,
secondary or tertiary prevention of cancer. Any approach directed to prevention of cancer among
relatively healthy and at risk groups within a population is termed as primary chemoprevention,
while halting the premalignant lesions to complete neoplasia is termed as secondary chemoprevention.
The approach of preventing the recurrence of cancer after successful therapy is conceptually termed
as tertiary chemoprevention [1,6,7]. Mechanistically, the course of neoplastic transformation of cells
can be prevented by intervening with various biochemical processes that become abnormal as a result
of DNA damage, and oxidative modifications of proteins and lipids upon exposure to potential
carcinogens. These biochemical processes include, but are not limited to, alterations in the activities
of enzymes involved in carcinogen metabolism and detoxification, inappropriate amplification of
intracellular signaling pathways regulating cell proliferation and apoptosis, tumor angiogenesis,
invasion, metastasis, and dysregulation of host immune functions. The key driving forces for all the
cancer-related biochemical changes are the persistent oxidative and/or inflammatory stresses imposed
on cells or tissues, leading to cellular transformations. Thus, curbing oxidative damage to cellular
macromolecules and mitigating inflammatory tissue damage can help prevent tumor development
and progression.

A wide array of preclinical and human intervention studies have revealed the potential
of various antioxidant and anti-inflammatory phytochemicals to prevent carcinogenesis [2,8].
In fact, many elements of a vegetarian diet, especially fruits and vegetables, contain numerous
phytochemicals which can protect cells or tissues from noxious oxidative and inflammation-mediated
tissue damage, and hence can prevent the development of tumors. Extensive research has been
carried out to explore anti-cancer phytochemicals from fruits and vegetables such as turmeric,
broccoli, green tea, grapes, berries, apples, pomegranate, etc. Among those dietary sources, apple is
a source of many antioxidant and anti-inflammatory agents. There is a proverb saying that having
an apple a day can keep the doctor away. One of the polyphenols present in apple is phloretin
[2′,4′,6′-Trihydroxy-3-(4-hydroxyphenyl)-propiophenone], which has received much attention for
anti-cancer drug discovery. Being a chalcone compound and having unsaturation and phenolic
hydroxyl moieties, phloretin has shown the potential to modify various protein functions, leading
to reversal of abnormal signaling and cellular transformation. This review sheds light on the
potential of developing phloretin as an anticancer therapy with special focus on its underlying
molecular mechanisms.

2. Anti-Inflammatory and Anticancer Effects of Phloretin—Evidence from In Vivo Studies

In addition to its nutritive values, apple (Malus spp., Rosaceae) can be used for the prevention
and treatment of various diseases. The anti-cancer activity of apple products has been evaluated in
a large number of epidemiological and laboratory-based studies [9,10]. For example, a significant
reduction in the number and size of polyp in the colon and intestine of adenomatous polyposis
(APC)min+/+ mice has been observed after allowing these animals to drink a polyphenolic extract
obtained from apple for 12 weeks [11]. This popular fruit is a rich source of various bioactive
chemicals, such as chalcones, flavonoids, procyanidins and terpenoids [9]. One of the bioactive
constituents of apple is phloretin [12], which has been widely investigated for its anti-cancer
activities. In a pioneering study, Tanaka et al. [13] first demonstrated that phloretin inhibited the
neoplastic transformation of BALB/3T3 cells upon exposure to a prototypic tumor promoting agent
12-O-tetradecanoyl phorbol-13 acetate (TPA). Subsequent studies have reported that phloretin exhibits
antioxidative, anti-inflammatory, antiproliferative and apoptosis inducing properties. In addition,
when used alone or in combination with conventional chemotherapy, phloretin can suppress the in vivo
growth of xenograft tumors in nude mice [12,14–16]. For example, phloretin significantly reduced
the volume and weight of xenograft tumors in severe combined immunodeficiency (SCID) mice
inoculated with human hepatocellular carcinoma (HepG2) cells [17]. Phloretin elicited inhibitory
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effects on the growth of human lung adenocarcinoma (A549) cell xenograft tumors in nude
mice [18] and enhanced the growth inhibitory effect of paclitaxel in HepG2 cell xenograft tumors
in SCID mice [15]. Further evidence of in vivo anti-tumor effects of phloretin were reported by
Shin et al. [19], who demonstrated that topical application of phloretin significantly reduced the
multiplicity of papillomas in 7,12,-dimethylbenz(a)anthracene (DMBA)-initiated and TPA-promoted
mouse skin. Oral administration of phloretin also attenuated DMBA-induced buccal pouch
carcinogenesis in male Syrian golden hamsters [20]. In healthy human volunteers, topical application
of an antioxidant formulation containing vitamin C, ferrulic acid and phloretin suppressed ultra violet
(UV) radiation-induced sunburn, thymidine dimer formation, and matrix metalloproteinase-9 (MMP-9)
expression in skins [21]. Since exposure to UV radiation is a major cause of skin cancer, this study
suggests the potential of phloretin to inhibit UV-induced skin carcinogenesis.

The link between chronic inflammation and cancer has been well documented. Amelioration
of colitis, a condition characterized by persistent colonic mucosal inflammation, often progresses
to colorectal cancer [22]. Management of colitis with anti-inflammatory therapy reduces the risk
colorectal cancer [23]. Administration of phloretin significantly ameliorated trinitrobenzene sulfonic
acid (TNBS)-induced colon inflammation and the loss of body weight in rats [24], suggesting the
potential of this compound to prevent colorectal carcinogenesis. This has been supported by a recent
study demonstrating the effectiveness of phloretin in suppressing the growth of human colorectal
cancer (COLO 205) tumor xenografts in Balb/c nude mice [25]. When given intraperitoneally, phloretin
inhibited ovalbumin-induced airway inflammation in Balb/C mice [26]. Moreover, intraperitoneal
administration of phloretin diminished cigarette smoke (CS)-induced secretion of mucins, infiltration
of inflammatory cells and the release of inflammatory cytokines in mouse lungs, and attenuated
CS extract-induced expression of MUC5AC and IL-1β in NCI-H292 bronchial epithelial cells, partly
by blocking the activation of EGFR, ERK and p38 mitogen-activated protein (MAP) kinase [27].
Thus, it would be interesting to examine whether phloretin can suppress CS-induced lung
carcinogenesis. Phloretin was reported to inhibit the xenograft tumor growth of human lung cancer
(A549) cells [18] and human breast cancer (MDA-MB-231) cells [28] in Balb/c nude mice.

3. The Biochemistry behind the Anti-Inflammatory and Anti-Cancer Effects of Phloretin

The biochemical mechanisms of anti-inflammatory and anti-cancer effects of phloretin have
been widely investigated (Table 1). Phloretin has been shown to scavenge peroxynitrite radicals
and inhibit lipid peroxidation, largely due to the presence of 2,6-dihydroxyacetone moiety as the
130 pharmacophore [29]. In another study, Nakamura et al. [12] demonstrated that the presence
of a hydroxyl group at 2′-position of all dihydrochalcones, including phloretin, is an essential
pharmacophore for the radical scavenging and lipid peroxidation activities. The bond dissociation
enthalpies (BDEs) for hydroxyl (-OH) moieties (an indicator of antioxidant activity) of phloretin has
recently been examined in a computational modeling study. The authors demonstrated that compared
to well-known antioxidants, the BDEs among the four OH groups for phloretin were found to be the
lowest, indicating the antioxidant potential of the compound [30]. Phloretin prevented oxidative DNA
damage by restoring cellular glutathione (GSH) levels in human colon cancer (Caco-2 and HT-29)
cells [31]. Likewise, the elevated cellular GSH level in phloretin-treated rat hepatocytes has been
attributed to the induction of γ-glutamyl cysteine ligase (GCL), a rate limiting enzyme in GSH synthesis,
via activation of a redox-regulated transcription factor, nuclear factor-erythroid related factor-2 (Nrf2)
signaling [32]. These authors also demonstrated that phloretin induced the expression of another
Nrf-2-regulated antioxidant enzyme, hemeoxygenase-1 (HO-1), in rat hepatocytes, via the activation
of extracellular signal regulated kinase (ERK). By virtue of its antioxidative properties, phloretin
attenuates the activation of exogenously exposed carcinogens as well as endogenous accumulation of
damaged DNA or proteins, and inhibits the aberrant activation of various kinases and transcription
factors involved in inflammatory signaling pathways. The following section will focus on detailing the
molecular targets of phloretin as an anti-cancer agent (Figure 1).
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Figure 1. Molecular targets of phloretin as an chemoprevention agent. Anti-inflammation: COX-2
(Cyclooxygenase-2), PGE2 (Prostaglandin E2), iNOS (Nitric oxide synthases), ERK (extracellular-signal-
regulated kinases), PKC (Protein kinase C), NF-kB (nuclear factor kappa-light-chain-enhancer
of activated B cells). Anti-proliferation: CDKs (Cyclin-dependent kinases), Rb (Retinoblastoma
protein), Akt (protein kinase B), p-JNK (Phospho-c-Jun N-terminal kinases), Apoptosis induction:
Bax (Bcl-2-associated X protein), PARP (Poly ADP-ribose polymerase), Bcl2 (B-cell lymphoma 2).
Tumor metabolism: GLUT2 (Glucose transporter 2). Anti-invasion: FAK (focal adhesion kinase), α-SMA
(Smooth muscle actin), MMPs (Matrix metalloproteinases). Chemosensitization: P-gp (P-glycoprotein 1).
Detoxification: HO-1 (heme oxygenase 1), GCL (Glutamate Cysteine Ligase), GSH (glutathione), GST
(Glutathione S-transferases), Nrf2 (Nuclear factor erythroid-related factor-2).

3.1. Inhibitory Effects of Phloretin on Inflammatory Markers

While inflammatory tissue damage is an initial trigger for tumor development, persistent
intra-tumoral inflammation contributes to the invasion and metastasis of tumors. The key mediators
of inflammation involved in neoplastic transformation of cells include, but are not limited to, inducible
nitric oxide synthase (iNOS) and cyclooxygenase-2 (COX-2), and the cellular products catalyzed
these enzymes, such as nitric oxide (NO) and prostaglandins (PGs) [22]. Studies have shown that
mice harboring transgenic overexpression of cox-2 in the stomach [44] and skin [45] are highly
prone to develop tumors in these organs, whereas genetic ablation of cox-2 protects mice against
gastro-intestinal [46] and skin carcinogenesis [47]. The elevated levels of iNOS and its catabolic product
NO have promoted dextran sulfate sodium-induced polyp formation in the colon of APCmin+ mice
as compared to wild type mice [48]. The role of iNOS in skin papillomas has been evident from the
inhibition of chemically induced mouse skin tumor development upon treatment with aminoguanidine,
which is an iNOS inhibitor [49]. A large number of cytokines, for example, interleukins (IL) and tumor
necrosis factor-α (TNFα), and chemokines also act as inflammatory mediators and participate in
the tumorigenic process. The burst of inflammatory mediators requires inappropriate amplification
of intracellular signaling cascades comprising various kinases and transcription factors. Aberrant
activation of MAP kinases, Janus-activated kinase (JAK), and protein kinase B (PKB)/Akt have been
implicated in precipitating inflammation and cancer. These upstream kinases transmit activating
signals to a variety of redox-sensitive transcription factors, such as nuclear factor-kappaB (NF-κB),
activator protein-1 (AP-1), signal transducer and activator of transcription (STAT), which leads to
transactivation of genes encoding proteins involved in inflammation and oncogenesis [8,50].
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Phloretin exerts anti-cancer effects by curbing inflammatory responses. For instance, phloretin
markedly diminished the expression of pro-inflammatory genes by repressing the activation of NF-κB-,
IL-8-, and STAT1-dependent signal transduction in human colon cancer (DLD1) cells and other
immune cells (T84, MonoMac6, Jurkat) in a concentration-dependent manner [51]. The compound also
inhibited TNFα-induced inflammatory responses in human colonic epithelial cells [24]. Shin et al. [19]
reported that topical application of phloretin reduced phorbol ester-induced COX-2 expression and
skin inflammation in mice by blocking the activation of NF-κB and ERK-mediated signaling. Moreover,
pretreatment with phloretin diminished the production of various inflammatory markers, such as
NO, PGE2, IL-6, and TNFα, and attenuated the expression of iNOS and COX-2 in lipopolysaccharide
(LPS)-stimulated murine macrophage RAW264.7 cells. According to this study, phloretin blocked
nuclear localization of the p65 protein, a component of NF-κB, and negated the phosphorylation in
MAP kinases [16]. Phloretin reduced the expression of COX-2 and intracellular adhesion molecule -1
(ICAM-1), and the production of IL-6 in human lung epithelial (A549) cells stimulated with IL-1β by
blocking the activation of NF-κB via downregulation of Akt and MAP kinases phosphorylation [35].
Likewise, the secretion of various cytokines and chemokines, such as IL-6, IL-8, and monocyte
chemoattractant protein-1(MCP1), and the reduced expression of ICAM-1 in TNF-α-stimulated HaCaT
keratinocytes by phloretin, have been attributed to the inactivation of NF-κB and MAP kinases [36].
Huang et al. recently reported that treatment with phloretin attenuated the gene expression of a variety
of inflammatory markers, such as COX-2, iNOS, CCL5, MCP1, and ICAM-1 in LPS-treated mouse lung
tissue [22,34,36,52,53].

3.2. Modulating Biotransformation of Putative Carcinogens

Cellular transformation is often led by exposure to potential carcinogenic stimuli. While many
environmental or dietary factors are non-toxic, some can be turned into potential genotoxic agents
once metabolically activated. A rational approach for preventing cells from potential toxic effects of
carcinogens is either to block metabolic activation of the apparently nontoxic chemicals or to enhance
cellular detoxification pathways to eliminate the noxious chemical entities. A wide array of cytochrome
(CYP) P450 enzymes carry out the bioactivation of pro-carcinogens, whereas a series of detoxification
enzymes, such as glutathione-S-transferase (GST), glucuronyl transferase, sulfotransferase, etc., help in
the elimination of metabolically active carcinogens or their reactive intermediates. Phloretin inhibited
the biotransformation of aflatoxin B1 (AFB1) to generate AFB1-8,9-epoxide (AFBO), an active metabolite
of AFB1, by blocking the activities of CYP1A2 and CYP3A4 enzymes. Moreover, phloretin induced
the activity of GST and increased the expression of GSTA3, GSTA4, GSTM1, GSTP1 and GSTT1
via the activation of Nrf2 in alpha mouse liver 12 (AML12) cells [54]. Since metabolically activated
AFB1 acts as a potential hepatocarcinogen and causes liver cancer, phloretin may prevent chemically
induced liver cancer. Phloretin increased the expression of Nrf2, a redox-regulated transcription factor
involved in transactivation of antioxidant and detoxification genes, and upregulated the expression
of heme oxygenase-1 (HO-1) in TNFα-stimulated HaCaT keratinocytes [35] and LPS-treated mouse
lung tissue [34], suggesting the potential of phloretin to protect against oxidative tissue damage in
these organs.

3.3. Antiproliferative and Apoptosis Inducing Effects of Phloretin

There is accumulating evidence suggesting that phloretin arrests the proliferation of tumor
cells and induces apoptosis in various human cancer cells, including those of the skin, colon, breast
and prostate in culture. The underlying mechanisms of the antiproliferative effects of phloretin
appears to be the interference with cell cycle progression via modulation of cyclins and induction
of mitochondria-dependent programmed cell death. Park et al. [14] reported that the induction of
apoptosis in human colon cancer (HT-29) cells upon treatment with phloretin was associated with
increased expression of Bax and release of cytochrome c and Smac/DIABLO in the cytosol, thereby
resulting in the cleavage of caspase-8, -9, -7, and -3 and poly(ADP-ribose) polymerase (PARP) [14].
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A recent study demonstrated that phloretin induced apoptosis selectively in human gastric cancer cell
lines (MGC80-3, BGC-823, SGC-7901, SNU-1, SNU-5, RF-1 and AGS), with IC50 values ranging from 8
to 32 μM without affecting the growth of normal gastric epithelial cells [39]. Incubation of AGS cells
with phloretin reduced the colony formation in a concentration-dependent manner by arresting cell
cycle at the G2/M phase. Moreover, the induction of apoptosis in AGS cells by phloretin was associated
with the increase in Bax expression, inhibition of Bcl-2 levels and decrease in the phosphorylation
of c-Jun N-terminal kinase (JNK) and p38 MAP kinase [39]. In contrast, the activation of JNK and
p38 MAP kinase has been attributed to phloretin-induced caspase-3 cleavage in H-ras-transformed
human mammary epithelial cells (H-ras-MCF-10A) [55]. These authors also reported that phloretin
attenuated the proliferation of H-ras-MCF-10A cells in a concentration-dependent manner and induced
apoptosis via upregulation of p53 and Bax and the cleavage of PARP [55]. Although the induction of
apoptosis in B16 melanoma cells by phloretin was associated with the elevated expression of Bax and
caspase activation, the compound did not affect the expression of p53 or that of anti-apoptotic proteins
Bcl-2 or Bcl-xl [56]. However, according to a recent study phloretin inhibited the expression of Bcl-2
and X-linked inhibitor of apoptosis (XIAP), and activated p53 as the mechanism of apoptosis induction
in human esophageal cancer (EC-109) cells [40]. Phloretin arrested cell cycle at the G0/G1 phase and
reduced proliferation of human breast cancer (MDA-MB-231) cells in a p53 mutant-dependent manner
as evidenced by pre-incubating cells with a p53-specific dominant-negative expression vector [28].
Thus, the effects of phloretin on MAP kinase activation, Bcl-2 expression and p53 induction may be
a cell-type specific phenomena.

Kobori et al. reported that phloretin caused apoptosis in human leukemia (HL60) cells, which
was associated with decreased protein kinase C (PKC) activity [57]. Various chalcone compounds
have been shown to prevent prostate cancer [58]. Phloretin, being a dihydrochalcone, significantly
enhanced TNFα-related apoptosis-inducing ligand (TRAIL)-induced apoptosis and cytotoxicity in
human prostate cancer (LNCaP) cells [58].

Phloretin attenuated growth and induced apoptosis in a number of lung cancer cells in culture.
Treatment of human lung cancer (A549, Calu-1, H838 and H520) cells with phloretin resulted in reduced
expression of anti-apoptotic protein Bcl-2 and elevation in the protein expression of cleaved-caspase-3
and -9 [41]. The induction of apoptosis in A549 cells by phloretin was associated with increased levels
of Bax, cleavage of caspase-3 and -9, and PARP, and decreased Bcl-2 expression. Mechanistically,
phloretin-induced caspase activation was mediated through the induction of p38 MAP kinase and
JNK1/2 phosphorylation, as inhibition of these kinases by using specific inhibitors significantly
abolished the phloretin-induced caspase activation [18].

The anti-proliferative effects of phloretin are also mediated through the modulation of cyclins
and cyclin-dependent kinases (CDKs). According to a recent study, phloretin induced cell cycle arrest
at the G0/G1 phase in human glioblastoma cells, at least in part, by increasing the expression of p27
and dampening that of CDK-2, -4, and -6, and cyclin-D, and -E. In addition, the compound suppressed
signaling through the PI3K/AKT/mTOR cascades, resulting in reduced cell proliferation. The study
also demonstrated that phloretin triggered the mitochondria-mediated cell death via generation of
ROS, up-regulation of Bax, Bak and c-PARP, and the inhibition of Bcl-2 [59].

3.4. Blockade of Tumor Cell Migration and Invasion

One of the pathophysiologic features of carcinogenesis is the spreading of localized tumors
to distant tissue sites through migration and invasion [60]. Tumor cell migration involves
epithelial-mesenchymal transition (EMT) followed by matrix degradation to invade through stromal
tissue [61]. While upregulation of N-cadherin and vimentin are known markers of EMT, matrix
metalloproteinases (MMPs) are essential molecules that cause matrix degradation [62]. Several studies
have demonstrated the ability of phloretin to reduce the migratory potential of various tumors
cells, thus blocking tumor progression. Incubation with phloretin diminished migration of human
lung epithelial cancer (A549) cells in a concentration-dependent manner, which was associated with
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downregulation of NF-κB and MMP-9 expression [18]. Likewise, the inhibition of migration and
invasion of non-small cell lung cancer (H838 and H520) cells by phloretin treatment was mediated
through suppression of MMP-2 and MMP-9 at both gene and protein levels [41]. According to Wu et al.,
phloretin treatment diminished the expression of paxillin and α-smooth muscle actin (α-SMA), and
decreased the phosphorylation of focal adhesion kinase and Src kinase, thereby slowing down the
migration of human breast cancer MDA-MB-231 cells. Although phloretin had no remarkable effect on
the expression of E-cadherin in MDA-MB-231 cells, the study showed that the compound upregulated
E-cadherin and inhibited N-cadherin and vimentin expression in MDA-MB-231 cells xenograft tumors
in nude mice. While a decrease in vimentin level is in agreement, the effect of the compound on
cadherin expression failed to support its antimigratory effect [28]. Further studies are required to
confirm the effects of phloretin on cadherin levels and its impact on tumor cell migration. Phloretin
also attenuated the invasion of human gastric cancer (AGS) cells by blocking the phosphorylation of
MAP kinases [39].

3.5. Inhibition of Glucose Uptake by Phloretin

Enhanced glycolysis, a feature of many rapidly growing solid tumors, is associated with elevated
expression of glucose transporter proteins (GLUT) and other glycolytic enzymes in neoplastic cells.
Treatment with phloretin sensitized human colon cancer (SW620) and leukemia (K562) cells to
daunorubicin by reducing the glucose uptake by these cells [63]. Lin et al. [25] reported that elevated
levels of GLUT2 mRNA were detected in human colon cancer (COLO 205 and HT29) cells as well as in
colorectal cancer tissues. Treatment with phloretin attenuated GLUT2 mRNA and protein expression
by blocking hepatocyte nuclear factor 6 (HNF6), which is a transcription factor regulating GLUT2
expression. When compared to normal hepatocytes, the levels of GLUT2 mRNA were found to be
five times greater in human hepatoma (HepG2) cells. Phloretin re-sensitized these cells to paclitaxel
and induced apoptosis via caspase activation by attenuating GLUT2 expression. Thus, the growth
of HepG2 cells xenograft tumors in nude mice markedly diminished by co-treatment with phloretin
and paclitaxel, as compared to treatment with paclitaxel alone [15]. Another study has shown that
GLUT2 expression is elevated in HepG2 cells and that the siRNA-mediated silencing of GLUT2 induced
apoptosis in these cells [17]. While co-treatment of these cells with glucose uptake inhibitor cytochalasin
B enhanced phloretin-induced apoptosis, the effect of phloretin was reversed by pretreatment with
glucose. These findings suggest that induction of apoptosis in HepG2 cells by phloretin is mediated
through inhibition of GLUT2 expression. Likewise, phloretin inhibited the proliferation of rat mammary
adenocarcinoma and Fischer bladder cell carcinoma cells and arrested the growth of xenograft tumors
of these cells in mice by blocking glucose transmembrane transport [64].

3.6. Phloretin as a Potential Cancer Immunotherapy Agent

The emergence of immunotherapies in recent years is considered a major breakthrough in
the development of cancer therapeutics. Reinvigoration of exhausted T cells by blocking immune
checkpoint markers, such as cytotoxic T cells antigen-4 (CTLA4), programmed cell death 1 (PD-1) and
PD-1 ligand (PDL-1), have recently received Food and Drug Administration approval for the treatment
of melanoma, renal cell carcinoma, and non-small cells lung cancer [65]. Although substantial progress
has been made in developing cancer immunotherapies, the potential of natural compounds in boosting
antitumor immunity is yet to be investigated. A recent study by Zhu et al. [66] reported that phloretin
can enhance the tumoricidal effect of γδ T cells on human colon cancer (SW-1116) cells, possibly by
stimulating the proliferation of γδ T cells. In another study, phloretin potentiated the anti-cancer effects
of intratumorally administered recombinant heat shock protein-70 (HSP70) in B16 mouse melanoma
cells, through enhancement of tumor cell sensitivity to cytotoxic lymphocytes by 16%–18% as compared
to a treatment with HSP-70 alone. The combined treatment with phloretin and recombinant HSP-70
resulted in B16 melanoma cells xenograft tumor growth and increased the life span of tumor-bearing
mice through the activation of innate and adaptive immunity. Authors also demonstrated that rHSP70
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was more active in induction of CD8+ cell function and interferon-γ (γIFN) production, but phloretin
induced CD56+ cell response [42].

3.7. Phloretin Alleviates Chemotherapy Resistance

A major challenge to the clinical success of curing cancer is the frequent incidence of therapy
failure, largely due to the acquisition of resistance by tumor cells to ongoing chemotherapy [67,68].
The biochemical mechanism underlying the development of chemoresistance is the ability of tumor
cells to enhance drug efflux, thereby reducing the intracellular drug concentration to a sub-therapeutic
level [69]. The overexpression of multidrug resistance proteins (MRP or MDR), for example
P-glycoprotein (P-gp), on the cancer cell membrane often facilitates drug efflux and helps tumors to
gain chemotherapy resistance [70]. Thus, the blockade of MDR-efflux proteins may help promote the
effectiveness of cancer chemotherapy. Co-administration of a wide variety of dietary phytochemicals
are shown to sensitize chemoresistant tumor cells in preclinical studies. Nguyen et al. [71] demonstrated
that the accumulation of daunomycin and vinblastine in human pancreatic carcinoma Panc-1 cells
was significantly increased when the cells were co-treated with phloretin and the effect was mediated
through the inhibition of MRP1-mediated drug transport. According to another study, treatment with
phloretin reduced the P-gp activity in human MDR1 gene-transfected mouse lymphoma cells (L1210)
and human breast cancer cells MDA-MB-231 expressing the MRP1 pump (HTB26) [72]. Moreover,
phloretin facilitated cisplatin-induced downregulation of Bcl-2, MMP-2 and -9, and activation of
caspase cleavage in NSCLC cells [41], while the compound inhibited cisplatin-induced apoptosis of
normal auditory cells [73]. These findings suggest that phloretin not only enhances chemotherapeutic
effects of cisplatin, but also prevents the potential side effects of cisplatin in causing auditory damage.
Zhou et al. [74] examined the growth inhibitory effect of a combination of atorvastatin, an anti-lipidemic
agent, and phloretin on SW620 and HCT116 colon cancer cells. The combination treatment caused
a remarkable decrease in cell survival in both cell lines as compared to treatment with an individual
compound. The computational analysis of the interaction index between phloretin and atorvastatin
appeared to be <1.0, indicating a strong synergistic effect exerted by the compounds. Synergistic
anti-cancer effects were revealed by the induction of apoptosis and cell cycle arrest at the G2/M phase,
which was associated with reduced expression of cyclin B and elevated expression of phospho-cdc2
and Myt1 [74].

4. Pharmacokinetics and Toxicity Profile of Phloretin

Although the anti-cancer activities of phloretin have been investigated in various cell
culture experiments in vitro and animal models in vivo, there have been limited studies on its
pharmacokinetics and toxicity profile. In one study, the plasma and urine analysis of phloretin
metabolites in rats fed a single meal containing 0.157% phloretin (corresponding to the ingestion of
22 mg of phloretin equivalents) revealed that phloretin was present in plasma primarily as glucuronide
and sulphate conjugates, but unconjugated phloretin was also detected. The study also showed
that phloretin appeared more rapidly in plasma when rats were fed the aglycone as opposed to its
glucoside form. Moreover, the return of plasma phloretin concentration to its baseline after 24 h of
the meal indicates the rapid elimination of the compound from the body. The total urinary excretion
rate of phloretin was estimated to be 8.5 μmol/24 h, and about 10.4% of the ingested dose was
recovered in urine after 24 h of the phloretin-containing meal [75]. Ingestion of polyphenol-rich cloudy
apple juice by healthy volunteers followed by ileostomy extract analysis showed that most of the
orally administered apple polyphenols are absorbed from, or metabolized in, the small intestine.
Both phloretin and its glucuronide conjugates were detected in the ileostomy extract from 2 to 4 h,
indicating that most of the apple juice polyphenols, including phloretin, are well absorbed in the small
intestine [76]. In contrast, translocation of phloretin and its glucosides through ex vivo pig intestinal
smooth muscle remained undetected, suggesting poor absorption of phloretin [77]. A recent study
demonstrated the protective effect of a low dose (0.2 to 0.4 mmol/kg body weight) of phloretin against
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acetaminophen (AAP)-induced hepatotoxicity in mice, while the compound given intraperitoneally
at a dose of 2.4 mmol/kg alone showed 64% lethality [78]. Thus, further studies are warranted to
obtain more precise pharmacokinetics parameters, and lethal and sub-acute toxicity for the therapeutic
effectiveness of the compound as an anti-cancer agent.

5. Future Perspectives

Despite substantial progress in developing molecular target-based cancer chemotherapeutic
agents, including the recently introduced immunotherapies, the clinical success of these therapeutic
agents remains limited. The risk of developing resistance, high cost and cancer type-specificity narrow
down the utility of these agents for treating millions of cancer patients worldwide. A wide variety of
phytochemicals present in our regular foods are shown to prevent or delay the carcinogenesis process.
The search for dietary anti-cancer principles and the elucidation of their biochemical mechanisms
appears as a rational and active branch of new drug discovery research over this century. The beneficial
health effects of plant polyphenols have been well documented. One of the dietary polyphenols is
phloretin, which has emerged as a promising anti-cancer agent. While diverse biochemical mechanisms
of anti-cancer effects of this apple polyphenol have been explored, exploitation of this molecule for
new anti-cancer drug design requires more rigorous studies to address issues like toxicity profile,
pharmacokinetics and more elaborate molecular basis of anti-cancer activity.
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