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Abstract: Stryphnodendron adstringens (Mart.) Coville (Fabaceae) is a tree species native to the Brazilian
Cerrado commonly known as barbatimão. In traditional medicine, decoctions or infusions of the
stem bark of this plant are used in the treatment of several diseases. The objective of this study was to
analyze the chemical composition of Stryphnodendron adstringens aqueous extracts (SAAE) prepared
from the stem bark to assess their antioxidant activity and anticancer effects as well as characterize
cell death mechanisms against murine B16F10Nex-2 melanoma cells. From the SAAE, gallic
acid, gallocatechin, epigallocatechin, dimeric and trimeric proanthocyanidins mainly composed of
prodelphinidin units and the isomeric chromones C-hexosyl- and O-pentosyl-5,7-dihydroxychromone
were identified. The SAAE showed antioxidant activity through direct free-radical scavenging as well
as through oxidative hemolysis and lipid peroxidation inhibition in human erythrocytes. Furthermore,
SAAE promoted apoptosis-induced cell death in melanoma cells by increasing intracellular reactive
oxygen species (ROS) levels, inducing mitochondrial membrane potential dysfunction and activating
caspase-3. Together, these data show the antioxidant and anticancer effects of Stryphnodendron
adstringens. These results open new perspectives for studies against other tumor cell lines and in vivo
models as well as for the identification and isolation of the chemical constituents responsible for
these effects.

Keywords: Cerrado; medicinal plants; LC-DAD-MS; oxidative stress; ROS; melanoma;
caspase-3; apoptosis

1. Introduction

Brazilian biodiversity has numerous plant species with bioactive compounds among their
constituents with potential for the development of new drugs. Among them, Stryphnodendron
adstringens (Mart.) Coville (Fabaceae) is a tree species native to the Brazilian Cerrado, commonly
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known as barbatimão or casca-da-mocidade. In traditional medicine, decoctions or infusions of the
stem bark of this plant are used to treat prostate problems, liver and skin diseases, poor circulation,
wounds, fungal infections, dental inflammation, gastritis and diabetes [1,2]. Some of these effects
have already been scientifically shown, including their wound healing [3], anti-inflammatory [4,5],
antifungal [6,7] activities. However, other biological properties may still be characterized.

Chemical studies show that the stem bark of S. adstringens has high concentrations of condensed
tannins (proanthocyanidins) and flavan-3-ol monomers [8,9], which are described in the literature for
their antioxidant activities and anticancer properties [10,11].

The search for medicinal plants with antioxidant properties has intensified in recent years [12–16].
Natural antioxidants are molecules that protect the organism from cellular damage resulting from
excess free-radicals responsible for inducing oxidative stress [17].

Oxidative stress is characterized by the imbalance between the production of oxidizing substances
and endogenous antioxidants, and it may cause the oxidation of biomolecules such as nucleic acids,
proteins and lipids [13]. This biological condition is strongly related to the development of various
diseases, including cancer [18].

Melanoma is the most aggressive skin cancer due to its high metastatic capacity. Melanoma cells
originate in melanocytes, cells responsible for the production of melanin, which is the pigment that
gives color to the skin [19]. Although melanoma is a multifactorial disease, excessive exposure to
ultraviolet radiation is among the main risk factors [20]. Its worldwide incidence is increasing, with
annual rates of approximately 132,000 new cases [21]. The chances of a cure are related to detection
and surgical treatment in the early stages of the disease. In the more advanced stages, the five-year
survival prognosis ranges from approximately 15 to 20% of cases [22]. Currently, no fully effective
treatment against metastatic melanoma is available. However, different chemotherapeutic drugs are
among the main melanoma treatment options [23,24].

Despite the benefits from the treatment of melanoma with pharmacological drugs,
chemotherapeutic drug resistance and high toxicity are the main problems identified. Therefore,
the identification of effective anticancer compounds and molecules with high target cell selectivity is of
great pharmacological interest. Approximately 49% of Food and Drug Administration (FDA)-approved
anticancer therapeutic agents are derived from natural products or their derivatives [25].

These chemotherapeutic agents of plant origin used in cancer treatment include vincristine,
vinblastine, and Taxol [26]. Hence, the identification of compounds extracted from medicinal plants,
combined with cancer treatment strategies, is crucial for developing effective therapies for melanoma.

Thus, the objectives of this study were to analyze the chemical composition of S. adstringens
aqueous extracts prepared from stem bark and to assess their antioxidant activity, anticancer effects
and in vitro cell death mechanisms against B16F10Nex-2 melanoma cells.

2. Results

2.1. Identification of the Constituents from the SAAE by LC-DAD-MS/MS

The chemical constituents from the Stryphnodendron adstringens aqueous extracts (SAAE) were
identified based on UV, accurate MS and MS/MS data compared to spectral data reported in the
literature, and some compounds could be confirmed by analyses of authentic standards. All identified
compounds and spectral data are summarized on Table 1.
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Table 1. Identification of the constituents from S. adstringens aqueous extract (SAAE) by LC-DAD-MS/MS.

Peak RT (min) Compound UV (nm) MF
Negative Mode (m/z) Positive Mode (m/z)

MS [M − H]− (*) MS/MS MS [M + H]+ (*) MS/MS

1 1.2 PDE-PDE (B type) 275 C30H26O14 609.1250 (2.5) 423, 305, 177 611.1411 (2.6) 287, 263, 179
PDE-PDE-PDE (B type) C45H38O21 913.1803 (3.3) 423, 305, 261, 243, 177 915.1955 (2.5) -

di-hexoside C12H22O11 341.1093 (1.0) - 365.1051 (0.9) -
2 2.4 Gallic acid st 270 C7H6O5 169.0140 (1.7) - 171.0291 (1.9) -
3 2.9 PDE-PDE (B type) 275 C30H26O14 609.1280 (4.9) 423, 305, 177, 165 611.1392 (0.6) 425, 299, 287, 275, 263, 179
4 3.6 PDE-PDE (B type) 276 C30H26O14 609.1254 (0.8) 423, 305, 177, 165 611.1395 (1.6) 425, 299, 287, 263, 179
5 4.2 PDE-PDE (B type) 275 C30H26O14 609.1259 (1.6) 423, 305, 177, 165 611.1400 (0.7) 425, 299, 287, 275, 263, 245, 179
6 4.3 Gallocatechin st 275 C15H14O7 305.0673 (2.0) 179 307.0812 (3.2) 163, 159
7 6.1 PDE-PDE (B type) 275 C30H26O14 609.1245 (0.8) - 611.1422 (4.3) -
8 10.3 Epigallocatechin st 274 C15H14O7 305.0673 (1.9) 167 307.0823 (3.4) 195, 177, 163, 159
9 13.5 PRO-PDE (B type) 280 C30H26O13 593.1312 (1.9) 305, 177 595.1446 (0.1) 427

10 15.5 C-hexosyl O-pentosyl
5,7-dihydroxychromone 257, 285, 327 sh C21H26O13 485.1312 (2.4) 353, 335, 245, 233, 215, 205 487.1460 (2.9) 355, 337, 319, 289, 259, 235, 205

11 17.3 C-hexosyl O-pentosyl
5,7-dihydroxychromone 257, 295, 325 sh C21H26O13 485.1317 (3.3) 365, 353, 335, 263, 245,

263, 233, 215, 205 487.1452 (1.0) 319, 301, 283, 259, 235, 205

12 19.0 PCY-PDE (B type) 278 C30H26O13 593.1308 (1.3) 305 595.1453 (1.1) 427, 307, 289
13 19.8 PDE-PDE benzoate (B type) 278 C37H30O16 729.1461 (3.5) 423, 305, 287, 261, 177 731.1611 (0.6) 425, 407, 299, 287, 275, 263
14 23.5 NI 280 C26H32O12 535.1840 (3.6) - 537.1981 (2.7) -
15 35.4 NI 290, 330 C32H36O16 675.1946 (2.2) 245, 233, 215, 207 677.2088 (1.8) 235, 191, 163

16 36.2 NI 300 C33H38O17 705.2068 (4.5) 573, 467, 365, 335, 317,
245, 237, 233, 215 707.2193 (1.6) 325, 221, 191

*: error in ppm; st: confirmed by authentic standard; sh: shoulder; MF: molecular formula; RT: retention time; NI: non identified; PDE: prodelphinidin, PRO: prorobinetidin;
PCY: procyanidin.
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The chromatographic peaks (Figure 1) 1–9 and 12–13 showed an intense band at ≈280 nm
(λmax) in the UV spectrum, which are assignable to gallic acid and flavan-3-ol units, including the
proanthocyanidins (condensed tannins) (Figure 2). The compounds 2, 6 and 8 exhibited deprotonated
ions at m/z 169.0140, 305.0673 and 305.0673, respectively, which are compatible with the molecular
formulas C7H6O5 and C15H14O7, and these compounds were confirmed to be gallic acid, gallocatechin
and epigallocatechin by the injection of standards. Their fragmentation profiles were compatible with
published data [27], and they had already been reported from S. adstringens [8,28].

Figure 1. Total ion chromatogram in the negative ion mode (A) and chromatogram at wavelengths of
270-330 nm (B) of S. adstringens aqueous extract (SAAE).

Figure 2. Structures of flavan-3-ol monomers composed the proanthocyanidins from S. adstringens
aqueous extract (SAAE), a typical condensed tannin B-type and some chemical compounds that
were identified.

The metabolites 1, 3–5, 7, 9 and 12 exhibited ions at m/z 609 and 593, which correspond to
C30H26O14 and C30H26O13, characterizing dimeric proanthocyanins. All of the metabolites showed
fragment ions at m/z 305 that are yielded from quinone methide reactions with losses of 304
and 288 u, thus confirming prodelphinidin (PDE) and procyanidin (PCY)/prorobinetidin (PRO).
The common losses by Retro Diels Alder (RDA) reactions of 168 and 152 u suggest the presence
of prodelphinidin/prorobinetidin and procyanidin, respectively. For example, the product ion m/z
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423 [M – H-168-H2O]− is observed for the metabolites 1, 3–5 and 7, the ion m/z 423 [M – H-152-H2O]−

is observed for 12 and the ion m/z 425 [M-H-168]− of 9 suggested prodelphinidin (PDE), procyanidin
(PCY) and prorobinetidin (PRO) units. Thus, the dimers PDE-PDE, PCY-PDE and PRO-PDE could be
identified in the extract, and their spectral data are compatible with the published data [27]. In the
same way, the trimer of prodelphinidin (1) and the hydroxy-benzoyl dimer of prodelphinidin, which
already were isolated from S. adstringens [8], were identified.

Compounds 10 and 11 showed similar UV spectra with bands at wavelengths of approximately
257, 290 and 325 nm (shoulder), which are compatible with chromone compounds [29]. They presented
accurate masses (m/z 485.1312 and 485.1317 [M − H]−) that corresponded to the molecular formula
C21H26O13. The fragmentation of ions at m/z 485 yielded ions at m/z 353 [M−H-132]−, suggesting
an O-pentosyl substituent on the structure. In addition, the product ions m/z 263 [M−H-90]−,
245 [M−H-90−H2O]−, 233 [M−H-120]− and 215 [M−H-120−H2O]− result from losses of C4H8O4

(120 u), C3H6O3 (90 u) and water molecules (18 u). The losses of 120 and 90 u are produced from the
fragmentation of the sugar ring and suggest a C-hexoside group. All of these losses were confirmed
by the calculation of the accurate masses of product ions. Thus, substances 10 and 11 were putatively
identified as C-hexosyl- and O-pentosyl-5,7-dihydroxychromone, and their spectral data are similar to
their reported data [30,31].

2.2. Chemical Composition

The concentration of total phenols was 195.16 ± 0.94 mg GAE/g SAAE, and the concentration of
flavonoids was 2.87 ± 0.08 mg QE/g SAAE.

2.3. Antioxidant Activity

2.3.1. ABTS and DPPH Free-Radical Scavenging

The 50% inhibitory concentration (IC50) of 2,2′-Azino-bis(3-ethylbenzothiazoline-6-sulphonic
acid) (ABTS) and 2,2-Diphenyl-1-picrylhydrazyl (DPPH) free-radicals as well as the maximum activity
of the SAAE are outlined in Table 2. The SAAE had IC50 results similar to those of the antioxidant
control, ascorbic acid, in both assays. Conversely, the necessary concentrations of SAAE to reach the
maximum free-radical inhibition were two and five times higher than those of ascorbic acid in the
ABTS and DPPH assays, respectively.

Table 2. IC50 and maximum activity of the standard antioxidant and of S. adstringens aqueous extract
(SAAE) in ABTS and DPPH free-radical scavenging.

Methods

Ascorbic Acid SAAE

IC50 Maximal Inhibition IC50 Maximal Inhibition
µg/mL % µg/mL µg/mL % µg/mL

ABTS 1.34 ± 0.01 99.67 ± 0.04 5 1.83 ± 0.15 99.68 ± 0.08 10
DPPH 2.65 ± 0.03 87.44 ± 2.13 10 3.81 ± 0.02 89.92 ± 1.36 50

Results are expressed as the mean ± SEM (n = 3).

2.3.2. Protective Effect of the SAAE Against Oxidative Hemolysis

Throughout the experimental period, the SAAE showed no hemolytic activity in human
erythrocytes at any time and concentration tested (Figure 3A–D). When in contact with the oxidizing
agent 2,2′-Azobis (2-methylpropionamidine) dihydrochloride (AAPH), all of the SAAE concentrations
tested were able to protect the erythrocytes against hemolysis during the 240 min incubation in a
concentration- and time-dependent manner (Figure 4A–D). This result was better than that of the
antioxidant control, ascorbic acid, which lost its anti-hemolytic activity at concentrations of 50 and
75 µg/mL after 240 min of incubation (Figure 4D).
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Figure 3. Assessment of hemolysis in human erythrocytes incubated for (A) 60, (B) 120, (C) 180 and
(D) 240 min with different concentrations of ascorbic acid and the SAAE (50–125 µg/mL). Data are
expressed as the mean ± SEM (n = 3) in duplicates.

Figure 4. Assessment of hemolysis in human erythrocytes incubated for (A) 60, (B) 120, (C) 180 and
(D) 240 min with the oxidizing agent AAPH with different concentrations of ascorbic acid and the
SAAE (50–125 µg/mL). Data are expressed as the mean ± SEM (n = 3) in duplicates. *** p < 0.0001,
compared with the control group AAPH.
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2.3.3. Malondialdehyde (MDA) Dosage

The ability of the SAAE to protect erythrocytes incubated with the oxidizing agent AAPH
against lipid peroxidation was assessed by MDA quantification. All of the SAAE concentrations were
able to reduce the MDA levels after 240 min of incubation. Erythrocyte treatment with the SAAE
at concentrations of 50 and 75 µg/mL reduced the MDA levels by 59.9% and 62.0%, respectively,
compared with the control AAPH. These results were better than those assessed with the control
ascorbic acid, which showed similar reductions (52.8% and 62.3%) only at concentrations of 100 and
125 µg/mL, respectively (Figure 5). The higher doses SAAE were not so effective and a pro-oxidant
effect probably occurs.

Figure 5. Malondialdehyde (MDA) concentration after adding the oxidizing agent AAPH to
erythrocytes incubated for 240 min with different concentrations (50–125 µg/mL) of ascorbic acid and
the SAAE. Data are expressed as the mean ± SEM (n = 3) in duplicate. * p < 0.05 and *** p < 0.0001
compared with the control group AAPH.

2.4. Cytotoxic Activity and Cell Death Profile

B16F10Nex-2 cells were treated with the SAAE for 24 and 48 h to assess its cytotoxicity. Peripheral
blood mononuclear cells (PBMC) were used as the control. Figure 6 shows that the extract had lower
cytotoxicity against peripheral blood mononuclear cells (IC50 = 238.5 ± 32.1 µg/mL and IC50 = 257.7
± 82.7 µg/mL) than against B16F10Nex-2 cells (IC50 = 65.0 ± 1.6 µg/mL and IC50 = 65.0 ± 5.6 µg/mL)
in both treatment periods.

Figure 6. Viability curve in PBMC and B16F10Nex-2 cells. Cells were treated with different
concentrations of the SAAE for (A) 24 h or (B) 48 h. Data are expressed as the mean ± SEM (n = 3) in
triplicates. * p < 0.05, ** p < 0.01, and *** p < 0.0001 compared with B16F10Nex-2 cells.
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The SAAE showed concentration-dependent cytotoxic activity against B16F10Nex-2 cells
(Figure 7A). After the 24 and 48 h treatments, the inhibitory concentration (IC50) observed was
65 µg/mL. Treatments with the SAAE at concentrations of 65 and 100 µg/mL promoted double
labeling (annexin V+/PI+), highlighting cell death by late apoptosis in approximately 19.6 and 36.7%
of cells, respectively (Figure 7B,C).

Figure 7. Viability and cell death profiles of the B16F10Nex-2 melanoma cell line after treatment with
different concentrations of the SAAE. (A) Cell viability versus concentration (10–500 µg/mL) after 24
and 48 h of treatment. (B) Diagram of flow cytometry of cells stained with Annexin V–fluorescein
isothiocyanate (FITC) and propidium iodide (PI) after a 24 h of treatment with the SAAE (65 and
100 µg/mL). The lower left quadrant (Anx−/PI−) represents viable cells, the lower right quadrant
(Anx+/PI−) represents apoptotic cells, the upper left quadrant (Anx−/PI+) represents necrotic cells,
and the upper right quadrant (Anx+/PI+) represents late apoptotic cells. (C) Percentage of dead cells
assessed in the diagram corresponding to concentrations of 65 and 100 µg/mL. Data are expressed as
the mean ± SEM (n = 3) in duplicates. *** p < 0.0001, compared with the untreated control group.

2.4.1. Cell Cycle Phases

The histogram shows the distribution of the cell cycle phases of control (untreated) and treated
(65 µg/mL SAAE for 24 h) B16F10Nex-2 cells (Figure 8A). No significant differences were observed
between cells from the control and SAAE treatment group, thus showing that treatment with the SAAE
had no effect on the distribution of cell cycle phases of this cell line (Figure 8B)
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Figure 8. (A) Histogram and (B) graphical representation of the percentages of cells in the G0/G1, S
and G2/M phases after treatment with the SAAE (65 µg/mL) for 24 h. Data are expressed as the mean
± SEM (n = 3) in duplicates.

2.4.2. Reactive Oxygen Species (ROS) Levels

Cells treated with the SAAE (65 µg/mL) had increased ROS levels, as shown by the right-shifted
fluorescence levels in the histogram (Figure 9A). The ROS levels increased by approximately 75% in
B16F10Nex-2 cells treated with the SAAE in comparison to untreated cells (Figure 9B).

Figure 9. (A) Histogram and (B) graphical representation of the fluorescence intensity of ROS levels of
B16F10Nex-2 cells treated with the SAAE (65 µg/mL). Data are expressed as the mean ± SEM (n = 3)
in duplicates. *** p < 0.0001 compared with the untreated control group.

2.4.3. Mitochondrial Membrane Potential

B16F10Nex-2 cells treated with the SAAE showed decreased mitochondrial membrane potential
after 24 h of treatment (Figure 10A). The mitochondrial membrane potentials of cells treated with the
positive control CCCP (30 µM) and the SAAE (65 µg/mL) decreased by 63.1 ± 2.4% and 38.7 ± 2.9%,
respectively, in comparison with the untreated control cells (Figure 10B).
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Figure 10. (A) Density Plot and (B) graphical representation of the percentages of mitochondrial
membrane potential change in the control, CCCP-treated (30 µM) and SAAE-treated (65 µg/mL)
B16F10Nex-2 melanoma cells. Data are expressed as the mean± SEM (n = 3) in duplicates. *** p < 0.0001
compared with the untreated control group.

2.4.4. Caspase-3 Activation

The assessment of the effects of the SAAE on caspase-3 in B16F10Nex-2 cells showed a right shift
in the fluorescence levels in the histogram (Figure 11A), with an approximately 40% increase in the
cleaved caspase-3 labeling intensity compared with untreated control cells (Figure 11B).

Figure 11. (A) Histogram and (B) graphical representation of caspase-3 activation in B16F10Nex-2
cells treated with the SAAE (65 µg/mL). Data are expressed as the mean ± SEM (n = 3) in duplicates.
* p < 0.05 compared with the untreated control group.

3. Discussion

Medicinal plants have been used for centuries by humanity in the prevention and treatment of
various diseases. However, the chemical constituents and biological properties of a wide variety of
endemic plants in poorly studied biomes remain unidentified and uncharacterized.

In this context, Brazil has been highlighted for its rich plant diversity with the potential for the
development of new antioxidant and antitumor drugs, which are important for preventing oxidative
stress-related diseases and different types of cancer [13].

Stryphnodendron adstringens is one of the species found in the Brazilian Cerrado that shows
potential for the development of new drugs considering its chemical composition and biological
activities previously described in the literature [3,5,6]. Previous phytochemical studies show that
S. adstringens stem bark has proanthocyanidins [7,32], chalcones and triterpene compounds [4]. Those
compounds are described for their antioxidant and anticancer activities [33–36].
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In our study, gallic acid, gallocatechin, epigallocatechin, and dimeric as well as trimeric
proanthocyanidins (condensed tannins), composed of mainly prodelphinidin along with procyanidin
and prorobinetidin, were identified. These substances are commonly reported from S. adstringens [8,9].
However, chromone metabolites were only reported in the family Fabaceae [37]. Thus, the isomeric
compounds C-hexosyl- and O-pentosyl-5,7-dihydroxychromone are newly discovered from the genus
Stryphnodendron.

In recent years, natural antioxidants have gained importance for their prophylactic and therapeutic
potential for many diseases as an effective tool in scavenging reactive species responsible for inducing
oxidative stress [14,17,38]. The SAAE prepared from stem bark showed antioxidant activity by
scavenging ABTS and DPPH free-radicals. This property is related to the concentration of phenolic
compounds present in the SAAE, as these compounds are considered excellent natural antioxidants.
These compounds are mainly described for their redox activity, acting as reducing agents, hydrogen
donors and singlet oxygen scavengers [39], thereby preventing several diseases associated with
oxidative stress [40]. Among the phenolic compounds identified in the SAAE, tannins are described as
key antioxidant agents [41]. Furthermore, Luiz et al. [7] identified proanthocyanidins in S. adstringens
stem bark, which are a class of polyphenols also known as condensed tannins. Dimeric procyanidins
are the most active compounds of the proanthocyanidin class in scavenging free-radicals because they
have a high molecular weight and a high degree of hydroxylation in the aromatic ring [41].

In addition to the direct effect on free-radical scavenging, the SAAE also protected human
erythrocytes against damage caused by the antioxidant agent AAPH, resulting in oxidative hemolysis
inhibition and reduced MDA levels. Antioxidant activity assessments in cellular models are highly
important for studying the mechanisms of action of different compounds, including natural products.
The antioxidant property observed in erythrocytes was not due to gene expression regulation because
this cell model is anucleate, although it may occur through permeation of the compounds through the
cellular membrane and interaction with endogenous antioxidant systems [42].

The ROS act as inducers of cell membrane lipid oxidation, a metabolic process that releases
several by-products, such as malondialdehyde, which promotes DNA damage and may significantly
contribute to cancer development [43].

The antioxidant capacity observed in erythrocytes may be related to the chemical compounds
identified in the SAAE. Among the compounds identified, gallic acid is a well-described phenolic
compound for its antioxidant and anti-hemolytic activities in human erythrocytes [14,44]. Procyanidins
are also excellent antioxidants [45] capable of protecting erythrocytes from oxidative hemolysis and
AAPH-induced lipid peroxidation [46,47]. Furthermore, flavonoids known as catechins are among the
most abundant and important chemical constituents of green tea [48,49] and other plant species [13],
and they are described as lipid peroxidation inhibitors [50].

Several studies have shown that extracts from natural products with high concentrations of
phenolic compounds inhibit lipid peroxidation in human erythrocytes, thus decreasing the production
of malondialdehyde [14,15] and showing cytotoxic effects on tumor cells [12,16,51].

The growing search for natural products with antioxidant properties and selective cytotoxic effects
on tumor cells is among the strategies for discovering new anti-cancer drugs. Accordingly, this study
aimed to investigate the cytotoxic activity of the SAAE against the B16F10Nex-2 melanoma line and to
identify its mechanisms of action. The SAAE showed cytotoxic effects on melanoma cells, inducing
cell death by apoptosis. Those effects may be attributed to the phenolic composition of the SAAE
because these compounds have already been described for their cytotoxic effects on other tumor cell
lines [52–54]. In vitro models are readily available and economically practical. In addition, they have
been widely applied, including for studies related to discovery, therapeutic efficacy, and identification
of molecular mechanism, optimizing the obtention of results. Despite the beneficial use of B16 lineage,
melanoma cells isolated from human donors also are important to reveal the real clinical relevance of
antitumor compounds [54].
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Melanoma is among the cancers described for its chemoresistance to antitumor agents [55,56].
The search for derivatives of natural products has identified compounds with promising results in the
treatment of this type of cancer. Among them, the chloroform fraction of Anthelminticum centratherum
fruit seeds [57] and lectins extracted from Polygonatum curtonema rhizomes [58] showed cytotoxic
effects via apoptosis in A375 melanoma cells resulting from increased ROS production, decreased
mitochondrial membrane potential, cytochrome C release and caspase activation.

Apoptosis is a programed cell death process essential for maintaining homeostasis; however,
this is the mechanism of action of some antitumor drugs, such as doxorubicin [59], cisplatin [60]
and vinblastine [61]. This mechanism is characterized by a series of biochemical and morphological
changes, including an increase in ROS levels [62], caspase activation [63], cell shrinkage, chromatin
condensation, DNA fragmentation and the formation of apoptotic bodies [64]. ROS are chemically
reactive molecules produced in the mitochondria that present essential functions in cellular respiration,
acting in the maintenance of homeostasis in normal cells. In tumor cells, the ROS production
imbalance may be irreversible, making the cell vulnerable to increased oxidative stress by promoting
cellular apoptosis [65]. Agents such as procarbazine [66] and various phytochemical compounds
have shown cytotoxic effects in tumor cells by increasing the intracellular ROS production [57,58,67].
The increase in the ROS promotes mitochondrial dysfunction, resulting in the loss of the mitochondrial
membrane potential [68]. In this study, the SAAE increased the production of ROS, which may have
triggered the dysfunction in mitochondrial membrane potential and apoptotic cell death observed
in melanoma cells. Singh et al. [69] showed that proanthocyanidins extracted from cranberries
have a cytotoxic effect on neuroblastoma cells by increasing ROS production and depolarizing the
mitochondrial membrane potential. Furthermore, other extracts and natural compounds have already
been described as promising in cancer treatment because they increase ROS and depolarize the
mitochondrial membrane potential [70–73]. Excessive ROS production contributes to apoptotic cell
death by releasing pro-apoptotic factors, including caspases [74]. The SAAE increased the caspase-3
activity, thus highlighting that the activation of this enzyme is directly involved in the apoptosis of
B16F10Nex-2 melanoma cells.

Caspases are a family of proteases considered to be central regulators of apoptosis [75]. They act
as a key apoptotic-signaling factor, triggered by the expression of proteins of the Bcl-2 family and by
cytochrome C release from the internal mitochondrial membrane into the cytosol [76]. Caspases can
be activated through two pathways, the extrinsic and intrinsic pathways [77]. The extrinsic pathway
begins after extracellular signaling with death receptors [78], whereas the intrinsic pathway is initiated
by intracellular stimuli that trigger mitochondrial membrane permeabilization, cytochrome C release
into the cytosol, and subsequent caspase-9 activation, which activates caspase-3, the key enzyme for
apoptosis [77,79,80].

Among the compounds identified, gallic acid shows cytotoxic effects against various tumor cell
lines, including basal-like breast [81], non-small cell lung [82], oral squamous cell carcinoma [83]
and hepatocellular cancer cell lines, showing no cytotoxic effects on normal cells [84]. In murine
B16F10 melanoma cells, this compound is described for inducing apoptosis through the mitochondrial
pathways by promoting the overexpression of the enzymes caspase-3, caspase-9 and PARP-1 as well as
the pro-apoptotic proteins Bax and Bad; it also promotes the under-expression of the anti-apoptotic
proteins Bcl-2 and Bcl-xL [85]. In human melanoma cells (A375.S2), in addition to the involvement
of caspases and pro- and anti-apoptotic proteins, an increase in ROS production and a decrease
in mitochondrial membrane potential are observed [86]. However, Badhani et al. [87] show that
the anticancer potential of gallic acid is not related to its antioxidant activity but instead to its
pro-oxidant activity.

Prodelphinidins, whose subunits contain gallocatechin and epigallocatechin, inhibit cell
proliferation and induce apoptosis in cancer cells by caspase-dependent extrinsic and intrinsic
apoptotic pathways [88] as well as cell cycle arrest [89]. Procyanidins, the most abundant class
of proanthocyanidins found in plants [88], show no cytotoxic effects on normal cells [90], although
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they are able to inhibit cell proliferation and induce apoptotic death in cancer cells by increasing the
ROS levels [91], decreasing the mitochondrial membrane potential and activating caspase-3 [92].
Chromones and their derivatives are heterocyclic compounds distributed throughout the plant
kingdom [93] known for presenting various pharmacological activities, including antioxidant and
anticancer activities, especially against multiple drug-resistant tumor cell lines [94,95].

4. Materials and Methods

4.1. Plant Material Collection

Stryphnodendron adstringens stem bark was collected at October 2014 and 2015 in the state of Mato
Grosso do Sul, Brazil, at coordinates S 22◦05′545, W 055◦20′746, upon authorization from the SISBIO
(Biodiversity Authorization and Information System), number 37931-3.

The plant material was identified by a botanist of the School of Biological and Environmental
Sciences-FCBA in Federal University of Grande Dourados-UFGD, Dourados, Mato Grosso do Sul (MS),
Brazil. A voucher was deposited in the DDMS Herbarium under record number 4815.

4.2. Aqueous Extract Preparation

Approximately 300 g of fresh bark was subjected to maceration in distilled water (2 L) for 48 h at
room temperature. The macerate was filtered through Whatman No. 1 filter paper, frozen at −20 ◦C
and subsequently lyophilized to prepare the Stryphnodendron adstringens aqueous extract (SAAE). The
dry extract yield was 2.3%, calculated using the following formula: extraction yield (%) = (WDE/WFB)
× 100, where WDE is the dry extract weight (g) and WFB is the fresh bark weight (g). The SAAE was
stored at −20 ◦C and protected from light.

4.3. Chemical Analysis

4.3.1. Identification of Constituents by LC-DAD-MS

A chromatographic system UFLC Shimadzu Prominence coupled to a diode array detector (DAD)
and a mass spectrometer was used to analyze and identify the compounds from SAAE extract. The
mass spectrometer was a MicrOTOF-Q III (Bruker Daltonics, Billerica, MA, USA), composed by
an electrospray ionization source and quadrupole time-of-flight analyzers. The MS analyses were
performed on negative and positive ion mode. The applied chromatographic and mass spectrometric
parameters were the same described by Nocchi et al. [27]. The SAAE extract was solubilized in
methanol and ultrapure water (6:4, v/v) at 1 mg/mL, filtered (PTFE membrane, 0.22 µm, Millex®,
Millipore Corporation, Bedford, MA, USA) and 2 µL was injected on the chromatographic column.

4.3.2. Determination of Phenolic Compounds and Total Flavonoids

Phenolic Compounds

To determine the total phenolic content present in the SAAE, the Folin–Ciocalteu colorimetric
method was performed [96]. Thus, 2.5 mL of Folin–Ciocalteu reagent (1:10 v/v, diluted in distilled
water) were added to 0.5 mL SAAE (at concentration 200 µg/mL). This solution was incubated in the
dark for 5 min. Subsequently, 2.0 mL of 14% aqueous sodium carbonate (Na2CO3) were added and
incubated at room temperature for 120 min and protected of light. The absorbance was measured
at 760 nm using a T70 UV/Vis spectrophotometer (PG Instruments Limited, Leicestershire, UK).
To construct a calibration curve, gallic acid (0.04–200 µg/mL) was used as standard. The concentration
of phenolic compounds present in SAAE was expressed in mg equivalent to gallic acid (GAE)/g of
SAAE. The assay was performed in triplicate.
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Total Flavonoids

Total flavonoid content in SAAE was determined as described by Liberio et al. [97]. A methanolic
solution of 2% aluminum chloride hexahydrate (AlCl3·6H2O) (4.5 mL) was added to 0.5 mL of SAAE
(at concentration 200 µg/mL) and this solution was kept in the dark for 30 min at room temperature.
Subsequently, the absorbances were measured at 415 nm (T70 UV/Vis spectrometer, PG Instruments
Limited, Leicestershire, UK) and the flavonoid quercetin (00.4–200 µg/mL) was used to construct a
calibration curve. The total flavonoid content was expressed in mg equivalent of quercetin (QE)/g
extract. The assay was performed in triplicate.

4.4. Antioxidant Activity

The antioxidant activities were determined by different methods and the doses were defined
by previously assays performed, as well as based on data reported from species of Cerrado
Biome [12,14–16].

4.4.1. ABTS•+ Radical Discoloration Assay

The discoloration test of 2,2′-azinobis-(3-ethylbenzothiazoline-6-sulfonic acid) (ABTS+) radical
was performed as described by Re et al. [98]. The ABTS•+ radical was prepared with 5 mL of ABTS•+

aqueous solution (7 mM) and 88 µL of potassium persulfate solution (140 mM). The solution was
incubated for 12–16 h in dark at room temperature and then diluted in absolute ethanol (50 mL) to
obtain an absorbance of 0.70 nm ± 0.05 units at 734 nm applying a T 70 UV/Vis spectrophotometer
(PG Instruments Limited, Leicestershire, UK). A volume of 20 µL from SAAE solution (0.1–500 µg/mL)
was mixed with 1980 µL of the ABTS•+ radical solution, incubated for 6 min (in the dark at room
temperature) and the absorbances were measured at 734 nm. Ascorbic acid (AA) were used as a
reference antioxidant and controls with the extract was performed for each concentration evaluated.
Three independent assays were performed in triplicate. The percentage inhibition of the ABTS•+

radical was calculated according to the following equation, where Abscontrol is the absorbance of
ABTS•+ radical without the tested sample:

Inhibition of the radical ABTS•+ (%) = ((Abscontrol − Abssample)/Abscontrol) × 100

4.4.2. DPPH Free Radical Capture Activity

The 2,2-diphenyl-1-picrylhydrazyl (DPPH) radical capture activity was evaluated as described by
Gupta and Gupta [99]. For the assay, 0.2 mL of SAAE extract (0.1–500 µg/mL) was added to 1,800 µL
of DPPH solution (0.11 mM, 80% ethanol) and maintained for 30 minutes at room temperature in the
dark. Thereafter, the absorbances at 517 nm were measured by a T 70 UV/VIS spectrophotometer (PG
Instruments Limited, Leicestershire, UK). Ascorbic acid (AA) were used as a reference antioxidant and
the controls of the extract were also acquired for each concentration evaluated. Three independent
experiments were performed in triplicate. The inhibition was determined according to the following
equation, where Abscontrol is the absorbance of the unsampled DPPH solution:

Capture activity of DPPH (%) = (1 − Abssample/Abscontrol) × 100

4.4.3. Antioxidant Assay in Human Erythrocytes

Erythrocyte Suspension Preparation

The experiments were approved by the Research Ethics Committee (Comitê de Ética em Pesquisa,
CEP) of the Federal University of Grande Dourados, (UFGD, Brazil (CEP process number: 2.407.793)).
The human erythrocytes were obtained from peripheral blood of healthy donors. The collected blood
was added in tubes containing the anticoagulant sodium citrate and they were centrifuged (400× g
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for 10 min). Subsequently, the plasma was removed, and the erythrocytes were washed three times
with 0.9% sodium chloride solution (NaCl). The erythrocytes were resuspended in 0.9% NaCl solution,
obtaining a final concentration of 2.5%.

Hemolytic Activity and Oxidative Hemolysis Inhibition

The evaluations of hemolytic activity and lipid peroxidation were determined in human
erythrocytes according to the method described by Campos et al. [100]. The erythrocytes were
preincubated with SAAE or ascorbic acid (50–125 µg/mL) at 37 ◦C for 30 min. Afterwards, 0.5 mL
of 0.9% NaCl was added to evaluate the hemolytic activity of treatments or 0.5 mL of the oxidizing
agent, 2,2′-azobis-(2-amidinopropane) dihydrochloride (AAPH), at 50 mM was added to evaluate the
protection against oxidative hemolysis. As control of basal hemolysis, erythrocytes were incubated
with 0.9% NaCl, while the erythrocytes were incubated with distilled water for total hemolysis control.
The treatments were maintained for 240 min at 37 ◦C under constant agitation and analyzed each
60 min. To evaluate the hemolysis, the respective tubes (each time) were centrifuged at 700× g for
5 min and the supernatants (0.2 mL) were separated, added to 1800 µL of 0.9% NaCl and measured at
540 nm using a T 70 UV/VIS spectrophotometer (PG Instruments Limited, Leicestershire, UK). The
percentage of hemolysis was calculated by the formula below; where A is the absorbance of sample and
B the absorbance of the total hemolysis. Three independent experiments were performed in duplicate.

Hemolysis (%) = (Asample/Btotal hemolysis) × 100

Malondialdehyde (MDA) Dosage

The ability of SAAE to protect against lipid peroxidation in human erythrocytes was determined
by dosage of malondialdehyde (MDA) according to the methodology described by Campos et al. [100].
Erythrocytes were preincubated with SAAE or ascorbic acid (50–125 µg/mL) at 37 ◦C for 30 min.
Then, 0.5 mL of the oxidizing solution AAPH (50 mM) was added in each treatment and incubated at
37 ◦C for 240 min with constant stirring. After 60, 120, 180 and 240 min, the tubes were centrifuged at
700× g for 5 min, and then 0.5 mL of supernatant was transferred into tubes containing 1 mL of 10 nM
thiobarbituric acid (TBA) and incubated at 96 ◦C for 45 min. Soon after, the samples were cooled,
added n-butyl alcohol (4 mL) and centrifuged at 1600× g for 5min. The supernatant was measured at
the wavelength 532 nm by a T 70 UV/VIS spectrophotometer (PG Instruments Limited, Leicestershire,
UK). The control was prepared by the mixture of TBA (1 mL) and 20 mM MDA solution (0.5 mL). Two
independent experiments were performed in duplicate. The MDA levels were expressed in nM/mL,
according to the following formula:

MDA (nmol/mL) = Abssample ×
(

20 × 220, 32
AbsstandardMDA

)
4.5. Cell Cultures

Human peripheral blood from healthy donors was collected in tubes containing the anticoagulant
sodium citrate. Peripheral blood mononuclear cells (PBMC) was isolated by Ficoll Histopaque-1077
(1.077 g/cm3) (Gold Analisa Diagnóstica, Belo Horizonte, MG, Brasil) following the manufacturer’s
instructions, the blood was centrifuged at 400× g for 30 min separating mononuclear cells into easily
differentiated interfaces. The use of human samples was approved by the local Ethical Committee of
the Federal University of Grande Dourados (protocol number 2.407.793) and signing written informed
consent by donors.

The B16F10 cell line was originally provided by the Ludwig Institute for Cancer Research (LICR),
São Paulo, Brazil. B16F10Nex-2, a sub-line isolated at the Department of Experimental Oncology,
Federal University of São Paulo (UNIFESP), has the same characteristics as the original tumor cell line
with moderate in vivo aggressiveness. Human peripheral blood mononuclear B16F10Nex-2 cells were



Int. J. Mol. Sci. 2018, 19, 2432 16 of 23

grown in RPMI 1640 media (Gibco/Invitrogen, Minneapolis, MN, USA) supplemented with 10 nM
4-(2-hydroxyethyl) piperazine-1-ethanesulfonic acid (HEPES), 24 nM sodium bicarbonate and 10%
fetal bovine serum (FBS), all from Gibco/Invitrogen, as well as with 40 mg/mL gentamicin (Hipolabor
Farmacêutica, Sabará, Minas Gerais, MG, Brazil). All cells were kept in an incubator with a humidified
atmosphere containing 5% CO2 at 37 ◦C.

4.5.1. MTT Cell Viability Assay

Cell viability was assessed based on the colorimetric assay using 3-(4,5-dimethylthiazol-2-yl)-
2,5-diphenyltetrazolium bromide (MTT). PBMC (12 × 104 cells/mL) and B16F10Nex-2
(5 × 103 cells/mL) cells were plated in 96-well microtiter plates with different concentrations
of the SAAE (0–500 µg/mL in RPMI 1640) for 24 and 48 h. After the treatments, the media were
discarded, and 100 µL of MTT (0.5 mg/mL) was subsequently added to each well, followed by
incubation for 4 h at 37 ◦C. After this period, the supernatant was discarded, and 100 µL of solvent
(10% SDS, 0.01 M HCl and Milli-Q water) was subsequently added to solubilize the formazan
crystals. The absorbance of each well was read at 630 nm using the SpectraMax 250 Microplate
Reader (Molecular Devices, Sunnyvale, CA, USA). The cell viability was calculated using the
following formula:

Cell viability (%) = (Abstreated cells/Abscontrol) × 100

4.5.2. Cell Death Profile

The cell death profile was evaluated according to the methods described by
Paredes-Gamero et al. [101], with minor modifications. B16F10Nex-2 cells were grown on 48-well cell
culture plates (1 × 104 cells/mL) in RPMI medium containing 10% FBS for 24 h. After this period the
cells were stimulated with IC50 of SAAE (65 µg/mL) and 100 µg/mL. Then, the cells were retired and
washed with PBS. Afterward, the cells were resuspended in annexin labeling buffer (0.14 M NaCl,
0.01 M Hepes, and 2.5 Mm CaCl2, pH 7.4). The cells were labeled with annexin V-FITC and Propidium
iodide (PI) (Becton Dickinson, San Jose, CA, USA) according to the manufacturer’s instructions for 15
min at room temperature. A total of 10,000 events were acquired per sample through analysis in an
Accuri C6 flow cytometer (Becton Dickinson). The analysis was performed using FlowJo v10.2 LCC
software (Ashland, OR, USA).

4.5.3. Cell Cycle Phases

The cell cycle was profiled according to the method described by Paredes-Gamero et al. [101].
B16F10Nex-2 cells were plated in 24-well microtiter plates (6 x 104 cells/mL) and grown in RPMI
1640 media supplemented with 10% FBS with or without SAAE (65 µg/mL) for 24 h at 37 ◦C. After
this period, the cells were fixed, permeabilized as previously described and incubated with 4 mg/mL
RNAse (Sigma-Aldrich) for 1 h at 37 ◦C. To label cellular DNA, the cells were incubated with 5 µg/mL
SytoxGreen (Molecular Probes Inc., Eugene, OR, USA). The percentage of cells in each cell cycle
phase (G0/G1, S and G2/M) was determined by flow cytometry, in an Accuri™ C6 cytometer (Becton
Dickinson). A total of 20,000 events were acquired per sample. The analysis was performed using
FlowJo v10.2 LCC software.

4.5.4. Assessment of Reactive Oxygen Species (ROS) Levels

Intracellular ROS levels were assessed by flow cytometry using the dye 2′,7′-
dichlorodihydrofluorescein diacetate (CM-H2DCFDA) (Molecular Probe-Life Technologies,
Carlsbad, CA, USA). B16F10Nex-2 cells were plated in 24-well microtiter plates (6 × 104 cells/mL)
were treated with SAAE (65 µg/mL) for 24 h at 37 ◦C. Subsequently, the cells were trypsinized
and incubated with 10 µM H2DCFDA for 30 min at room temperature and protected from light.
The fluorescence of the ROS was assessed in an Accuri™ C6 flow cytometer (Becton Dickinson,
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San Jose, CA, USA). A total of 10,000 events were acquired per sample. The analysis was performed
using FlowJo v10.2 LCC software.

4.5.5. Assessment of the Mitochondrial Membrane Potential

To assess the possible effect of the SAAE on the mitochondrial membrane potential,
B16F10Nex-2 cells were incubated with the fluorescent dye JC-1 (5,5’,6,6′-tetrachloro-1,1′,3,3′-
tetraethylbenzimidazolylcarbocyanine iodide; Molecular Probes, Eugene, OR, USA) according to
the method described by Moraes et al. [102]. The JC-1 probe accumulates in mitochondria depending
on the potential. Viable cells have a high mitochondrial membrane potential and are labeled in red.
When the mitochondrial membrane potential decreases, cells are labeled in green. In this assay, cells
were plated in 24-well microtiter plates (6 × 104 cells/mL) containing RPMI media supplemented with
10% FBS and treated with the positive control carbonyl cyanide m-chlorophenylhydrazone (CCCP,
30 µM) or with SAAE (65 µg/mL) for 24 h at 37 ◦C. After this period, the cells were trypsinized,
centrifuged and incubated with JC-1 (1 µg/mL) for 15 min at room temperature. The fluorescence was
analyzed in an Accuri™ C6 flow cytometer (Becton Dickinson). A total of 10,000 events were acquired
per sample. The analysis was performed using FlowJo v10.2 LCC software.

4.5.6. Caspase-3 Activity

Caspase-3 activation was assessed by flow cytometry according to the method described by
Moraes et al. [102], with small modifications. B16F10Nex-2 cells were plated in 24-well plates
(6 × 104 cells/mL) containing RPMI media supplemented with 10% FBS and treated with SAAE
(65 µg/mL) for 24 h at 37 ◦C. Then, cells were fixed with 2% paraformaldehyde in PBS for 30 min
and permeabilized in 0.01% saponin for 20 min at room temperature. Subsequently, the cells were
incubated with the antibody conjugated to the cleaved caspase-3 fluorophore (Asp175), Alexa Fluor
488, at room temperature and protected from light. After incubation, the fluorescence was analyzed in
an Accuri™ C6 flow cytometer (Becton Dickinson, San Jose, CA, USA). A total of 10,000 events were
acquired per sample. The analysis was performed using FlowJo v10.2 LCC software.

4.6. Statistical Analysis

Data are expressed as the mean ± standard error of the mean (SEM). Significant differences
between groups were determined using the Student’s t-test for comparison between two groups and
analysis of variance (ANOVA) followed by Dunnett’s test for comparison of two or more groups using
the GraphPad Prism 5 software (San Diego, CA, USA). The results were considered significant when p
< 0.05.

5. Conclusions

In conclusion, the results from the present study show that the SAAE from stem bark had a high
concentration of phenolic compounds (flavan-3-ols, gallic acid, proanthocyanidins and chromones),
which may be related to its antioxidant activities and anticancer effects on B16F10Nex-2 melanoma
cells. Furthermore, the SAAE promoted cell death by apoptosis by increasing the intracellular ROS
levels, mitochondrial membrane potential dysfunction and cleaved caspase-3 activation. These results
open new perspectives for studies on these effects on other tumor cell lines and in vivo cancer models.
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AAPH 2,2’-Azobis (2-methylpropionamidine) dihydrochloride
ABTS 2,2’-Azino-bis(3-ethylbenzothiazoline-6-sulphonic acid)
CCCP Carbonilcianeto-m-clorofenilhidrazona
CM-H2DCFDA 2′,7′-dichlorodihydrofluorescein diacetate
DPPH 2,2-Diphenyl-1-picrylhydrazyl
FBS Fetal bovine serum
GAE Gallic acid equivalente
HEPES 4-(2-Hydroxyethyl) piperazine-1-ethanesulfonic acid
LICR Ludwig Institute for Cancer Research
MDA Malondialdehyde
MTT 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
NaCl Sodium chloride
PBMC Human peripheral blood mononuclear cells
PI Propidium iodide
QE Quercetin equivalents
ROS Reactive oxygen species
SAAE Stryphnodendron adstringens aqueous extract
SEM Standard error of the mean
TBA Thiobarbituric acid

References

1. Santana, B.F.; Voeks, R.A.; Funch, L.S. Ethnomedicinal survey of a maroon community in Brazil’s Atlantic
tropical forest. J. Ethnopharmacol. 2016, 181, 37–49. [CrossRef] [PubMed]

2. Albuquerque, U.P.; Monteiro, J.M.; Ramos, M.A.; de Amorim, E.L.C. Medicinal and magic plants from a
public market in northeastern Brazil. J. Ethnopharmacol. 2007, 110, 76–91. [CrossRef] [PubMed]

3. Hernandes, L.; Pereira, L.M.D.S.; Palazzo, F.; Mello, J.C.P.D. Wound-healing evaluation of ointment from
Stryphnodendron adstringens (barbatimão) in rat skin. Braz. J. Pharm. Sci. 2010, 46, 431–436. [CrossRef]

4. Lima, J.C.S.; Martins, D.T.O.; de Souza, P.T. Experimental evaluation of stem bark of Stryphnodendron
adstringens (Mart.) Coville for antiinflammatory activity. Phytother Res. 1998, 12, 218–220. [CrossRef]

5. Henriques, B.O.; Corrêa, O.; Azevedo, E.P.C.; Pádua, R.M.; de Oliveira, V.L.; Oliveira, T.H.C.; Boff, D.;
Dias, A.C.F.; de Souza, D.G.; Amaral, F.A.; et al. In vitro TNF-inhibitory activity of brazilian plants and
anti-inflammatory effect of Stryphnodendron adstringens in an acute arthritis model. Evid.-Based Complement.
Altern. Med. 2016, 2016. [CrossRef] [PubMed]

6. Morey, A.T.; Souza, F.C.; Santos, J.P.; Pereira, C.A.; Cardoso, J.D.; de Almeida, R.S.; Costa, M.A.; Mello, J.C.;
Nakamura, C.V.; Pinge-Filho, P.; et al. Antifungal activity of condensed tannins from Stryphnodendron
adstringens: Effect on candida tropicalis growth and adhesion properties. Curr. Pharm. Biotechnol. 2016, 17,
365–375. [CrossRef] [PubMed]

7. Luiz, R.L.; Vila, T.V.; Mello, J.C.; Nakamura, C.V.; Rozental, S.; Ishida, K. Proanthocyanidins polymeric
tannin from Stryphnodendron adstringens are active against Candida albicans biofilms. BMC Complement. Altern.
Med. 2015, 15, 68. [CrossRef] [PubMed]

8. Mello, J.P.; Petereit, F.; Nahrstedt, A. Prorobinetinidins from Stryphnodendron adstringens. Phytochemistry 1996,
42, 857–862. [CrossRef]

9. Mello, J.C.P.; Petereit, F.; Nahrstedt, A.A. Dimeric proanthocyanidin from Stryphnodendron adstringens.
Phytochemistry 1999, 51, 1105–1107.

10. Padumadasa, C.; Dharmadana, D.; Abeysekera, A.; Thammitiyagodage, M. In vitro antioxidant,
anti-inflammatory and anticancer activities of ethyl acetate soluble proanthocyanidins of the inflorescence of
Cocos nucifera L. BMC Complement. Altern. Med. 2016, 16, 345. [CrossRef] [PubMed]

http://dx.doi.org/10.1016/j.jep.2016.01.014
http://www.ncbi.nlm.nih.gov/pubmed/26802786
http://dx.doi.org/10.1016/j.jep.2006.09.010
http://www.ncbi.nlm.nih.gov/pubmed/17056216
http://dx.doi.org/10.1590/S1984-82502010000300005
http://dx.doi.org/10.1002/(SICI)1099-1573(199805)12:3&lt;218::AID-PTR220&gt;3.0.CO;2-4
http://dx.doi.org/10.1155/2016/9872598
http://www.ncbi.nlm.nih.gov/pubmed/27867403
http://dx.doi.org/10.2174/1389201017666151223123712
http://www.ncbi.nlm.nih.gov/pubmed/26696018
http://dx.doi.org/10.1186/s12906-015-0597-4
http://www.ncbi.nlm.nih.gov/pubmed/25886244
http://dx.doi.org/10.1016/0031-9422(95)00953-1
http://dx.doi.org/10.1186/s12906-016-1335-2
http://www.ncbi.nlm.nih.gov/pubmed/27595601


Int. J. Mol. Sci. 2018, 19, 2432 19 of 23

11. Meng, X.H.; Liu, C.; Fan, R.; Zhu, L.F.; Yang, S.X.; Zhu, H.T.; Wang, D.; Yang, C.R.; Zhang, Y.J. Antioxidative
Flavan-3-ol Dimers from the Leaves of Camellia fangchengensis. J. Agric. Food Chem. 2018, 66, 247–254.
[CrossRef] [PubMed]

12. Casagrande, J.C.; Macorini, L.F.B.; Antunes, K.A.; dos Santos, U.P.; Campos, J.F.; Dias-Júnior, N.M.;
Sangalli, A.; Cardoso, C.A.L.; Vieira, M.D.C.; Rabelo, L.A.; et al. Antioxidant and cytotoxic activity of
hydroethanolic extract from Jacaranda decurrens leaves. PLoS ONE 2014, 9, e112748. [CrossRef] [PubMed]

13. Campos, J.F.; Castro, D.T.H.; Damião, M.J.; Torquato, H.F.V.; Paredes-Gamero, E.J.; Carollo, C.A.;
Estevinho, L.M.; Souza, K.P.; Santos, E.L. The chemical profile of Senna velutina leaves and their antioxidant
and cytotoxic effects. Oxid. Med. Cell Longev. 2016, 2016, 1–12. [CrossRef] [PubMed]

14. Espindola, P.T.; Rocha, P.S.; Carollo, C.A.; Schmitz, W.O.; Pereira, Z.V.; Vieira, M.C.; Santos, E.L.; Souza, K.P.
Antioxidant and antihyperlipidemic effects of Campomanesia adamantium O. Berg root. Oxid. Med. Cell Longev.
2016, 2016, 1–8. [CrossRef] [PubMed]

15. Lopes, R.H.; Macorini, L.F.; Antunes, K.Á.; Espindola, P.T.; Alfredo, T.M.; da Rocha, P.S.; Pereira, Z.V.;
Santos, E.L.; Souza, K.P. Antioxidant and hypolipidemic activity of the hydroethanolic extract of Curatella
americana l. leaves. Oxid. Med. Cell Longev. 2016, 2016, 1–6. [CrossRef] [PubMed]

16. Santos, U.P.; Campos, J.F.; Torquato, H.F.; Paredes-Gamero, E.J.; Carollo, C.A.; Estevinho, L.M.; Souza, K.P.;
Santos, E.L. Antioxidant, antimicrobial and cytotoxic properties as well as the phenolic content of the extract
from Hancornia speciosa Gomes. PLoS ONE 2016, 11, e0167531. [CrossRef] [PubMed]

17. Ratnam, D.V.; Ankola, D.D.; Bhardwaj, V.; Sahana, D.K.; Kumar, M.N. Role of antioxidants in prophylaxis
and therapy: A pharmaceutical perspective. J. Control. Release. 2006, 113, 189–207. [CrossRef] [PubMed]

18. Acharya, A.; Das, I.; Chandhok, D.; Saha, T. Redox regulation in cancer: A double-edged sword with
therapeutic potential. Oxid. Med. Cell Longev. 2010, 3, 23–34. [CrossRef] [PubMed]

19. Dror, S.; Sander, L.; Schwartz, H.; Sheinboim, D.; Barzilai, A.; Dishon, Y.; Apcher, S.; Golan, T.; Greenberger, S.;
Barshack, I.; et al. Melanoma miRNA trafficking controls tumour primary niche formation. Nat. Cell Biol.
2016, 18, 1006–1017. [CrossRef] [PubMed]

20. Gorantla, V.C.; Kirkwood, J.M. State of melanoma: An historic overview of a field in transition. Hematol.
Oncol. Clin. North Am. 2014, 28, 415–435. [CrossRef] [PubMed]

21. World Health Organization (WHO). Ultraviolet Radiation and the Intersun Programme. Skin Cancers.
Available online: http://www.who.int/uv/faq/skincancer/en/index1.html (accessed on 15 July 2016).

22. American Cancer Society (ACS). Melanoma Skin Cancer Detailed Guide. Available online:
https://www.cancer.org/cancer/melanoma-skin-cancer/detection-diagnosis-staging/survival-rates-for-
melanoma-skin-cancer-by-stage.html (accessed on 31 July 2017).

23. Marelli, M.M.; Marzagalli, M.; Moretti, R.M.; Beretta, G.; Casati, L.; Comitato, R.; Gravina, G.L.; Festuccia, C.;
Limonta, P. Vitamin E δ-tocotrienol triggers endoplasmic reticulum stress-mediated apoptosis in human
melanoma cells. Sci Rep. 2016, 6, 30502. [CrossRef] [PubMed]

24. Mattia, G.; Puglisi, R.; Ascione, B.; Malorni, W.; Carè, A.; Matarrese, P. Cell death-based treatments of
melanoma:conventional treatments and new therapeutic strategies. Cell Death. Dis. 2018, 9, 112. [CrossRef]
[PubMed]

25. Newman, D.J.; Cragg, G.M. Natural products as sources of new drugs from 1981 to 2014. J. Nat. Prod. 2016,
79, 629–661. [CrossRef] [PubMed]

26. Cragg, G.M.; Newman, D.J. Natural products: A continuing source of novel drug leads. Biochim. Biophys.
Acta 2013, 1830, 3670–3695. [CrossRef] [PubMed]

27. Nocchi, S.R.; Companhoni, M.V.; de Mello, J.C.; Dias Filho, B.P.; Nakamura, C.V.; Carollo, C.A.; Silva, D.B.;
Ueda-Nakamura, T. Antiviral Activity of Crude Hydroethanolic Extract from Schinus terebinthifolia against
Herpes simplex Virus Type 1. Planta Med. 2017, 83, 509–518. [CrossRef] [PubMed]

28. Isler, A.C.; Lopes, G.C.; Cardoso, M.L.C.; Mello, J.C.P. Development and validation of a LC-method for
the determination of phenols in a pharmaceutical formulation containing extracts from Stryphnodendron
adstringens. Quím. Nova 2010, 33, 1126–1129. [CrossRef]

29. Robeson, D.J.; Ingham, J.L.; Harborne, J.B. Identification of two chromone phytoalexins in the sweet pea,
Lathyrus odoratus. Phtochemistry 1980, 19, 2171–2173. [CrossRef]

30. Yang, S.J.; Ryu, J.H.; Jang, D.S.; Yang, L.; Han, H.K. A sensitive LC–MS/MS method for the quantitative
determination of biflorin in rat plasma and its application to pharmacokinetic studies. J. Pharm. Biomed. Anal.
2015, 115, 272–276. [CrossRef] [PubMed]

http://dx.doi.org/10.1021/acs.jafc.7b04572
http://www.ncbi.nlm.nih.gov/pubmed/29232949
http://dx.doi.org/10.1371/journal.pone.0112748
http://www.ncbi.nlm.nih.gov/pubmed/25402205
http://dx.doi.org/10.1155/2016/8405957
http://www.ncbi.nlm.nih.gov/pubmed/27803764
http://dx.doi.org/10.1155/2016/7910340
http://www.ncbi.nlm.nih.gov/pubmed/27493705
http://dx.doi.org/10.1155/2016/9681425
http://www.ncbi.nlm.nih.gov/pubmed/27247703
http://dx.doi.org/10.1371/journal.pone.0167531
http://www.ncbi.nlm.nih.gov/pubmed/27907185
http://dx.doi.org/10.1016/j.jconrel.2006.04.015
http://www.ncbi.nlm.nih.gov/pubmed/16790290
http://dx.doi.org/10.4161/oxim.3.1.10095
http://www.ncbi.nlm.nih.gov/pubmed/20716925
http://dx.doi.org/10.1038/ncb3399
http://www.ncbi.nlm.nih.gov/pubmed/27548915
http://dx.doi.org/10.1016/j.hoc.2014.02.010
http://www.ncbi.nlm.nih.gov/pubmed/24880939
http://www.who.int/uv/faq/skincancer/en/index1.html
https://www.cancer.org/cancer/melanoma-skin-cancer/detection-diagnosis-staging/survival-rates-for-melanoma-skin-cancer-by-stage.html
https://www.cancer.org/cancer/melanoma-skin-cancer/detection-diagnosis-staging/survival-rates-for-melanoma-skin-cancer-by-stage.html
http://dx.doi.org/10.1038/srep30502
http://www.ncbi.nlm.nih.gov/pubmed/27461002
http://dx.doi.org/10.1038/s41419-017-0059-7
http://www.ncbi.nlm.nih.gov/pubmed/29371600
http://dx.doi.org/10.1021/acs.jnatprod.5b01055
http://www.ncbi.nlm.nih.gov/pubmed/26852623
http://dx.doi.org/10.1016/j.bbagen.2013.02.008
http://www.ncbi.nlm.nih.gov/pubmed/23428572
http://dx.doi.org/10.1055/s-0042-117774
http://www.ncbi.nlm.nih.gov/pubmed/27706530
http://dx.doi.org/10.1590/S0100-40422010000500023
http://dx.doi.org/10.1016/S0031-9422(00)82217-7
http://dx.doi.org/10.1016/j.jpba.2015.07.032
http://www.ncbi.nlm.nih.gov/pubmed/26263054


Int. J. Mol. Sci. 2018, 19, 2432 20 of 23

31. Zou, L.; Li, X.; Shi, Q.; Feng, F. An effective integrated method for comprehensive identification of eighty-five
compounds in Zhi-Zi-Da-Huang decoction by HPLC-DAD-ESI-MS (TOF) and HPLC-DAD-ESI-MS/MS
(QqQ) without the help of reference standards. Anal. Methods 2014, 6, 4312–4327. [CrossRef]

32. Pinto, S.C.; Bueno, F.G.; Panizzon, G.P.; Morais, G.; dos Santos, P.V.; Baesso, M.L.; Leite-Mello, E.V.;
de Mello, J.C. Stryphnodendron adstringens: Clarifying wound healing in streptozotocin-induced diabetic rats.
Planta Med. 2015, 81, 1090–1096. [CrossRef] [PubMed]

33. Chen, X.; Liu, Z.; Meng, R.; Shi, C.; Guo, N. Antioxidative and anticancer properties of Licochalcone A from
licorice. J. Ethnopharmacol. 2017, 198, 331–337. [CrossRef] [PubMed]

34. Allouche, Y.; Warleta, F.; Campos, M.; Sánchez-Quesada, C.; Uceda, M.; Beltrán, G.; Gaforio, J.J. Antioxidant,
antiproliferative, and pro-apoptotic capacities of pentacyclic triterpenes found in the skin of olives on
MCF-7 human breast cancer cells and their effects on DNA damage. J. Agric. Food Chem. 2010, 59, 121–130.
[CrossRef] [PubMed]

35. Orlikova, B.; Tasdemir, D.; Golais, F.; Dicato, M.; Diederich, M. Dietary chalcones with chemopreventive and
chemotherapeutic potential. Genes Nutr. 2011, 6, 125–147. [CrossRef] [PubMed]

36. Mendoza-Wilson, A.M.; Castro-Arredondo, S.I.; Espinosa-Plascencia, A.; Robles-Burgueño, M.R.;
Balandrán-Quintana, R.R.; Bermúdez-Almada, M.C. Chemical composition and antioxidant-prooxidant
potential of a polyphenolic extract and a proanthocyanidin-rich fraction of apple skin. Heliyon 2016, 2, e00073.
[CrossRef] [PubMed]

37. Amoussa, A.M.; Bourjot, M.; Lagnika, L.; Vonthron-Sénécheau, C.; Sanni, A. Acthaside: A new chromone
derivative from Acacia ataxacantha and its biological activities. BMC Complement. Altern. Med. 2016, 16, 506.
[CrossRef] [PubMed]

38. Santos, H.F.D.; Campos, J.F.; Santos, C.M.D.; Balestieri, J.B.P.; Silva, D.B.; Carollo, C.A.; Souza, K.P.;
Estevinho, L.M.; Santos, E.L. Chemical profile and antioxidant, anti-inflammatory, antimutagenic and
antimicrobial activities of geopropolis from the stingless bee Melipona orbignyi. Int. J. Mol. Sci. 2017, 18, 953.
[CrossRef] [PubMed]

39. Kähkönen, M.P.; Hopia, A.I.; Vuorela, H.J.; Rauha, J.P.; Pihlaja, K.; Kujala, T.S.; Heinonen, M. Antioxidant
activity of plant extracts containing phenolic compounds. J. Agric. Food Chem. 1999, 47, 3954–3962. [CrossRef]
[PubMed]

40. Dai, J.; Mumper, R.J. Plant phenolics: Extraction, analysis and their antioxidant and anticancer properties.
Molecules 2010, 15, 7313–7352. [CrossRef] [PubMed]

41. Macáková, K.; Kolečkář, V.; Cahlíková, L.; Chlebek, J.; Hošt’álková, A.; Kuča, K.; Jun, D.; Opletal, L. Chaper
6: Tannins and their Influence on Health. In Recent Advances in Medicinal Chemistry, 1st ed.; Choudhary, M.I.,
Perry, G., Rahman, A., Eds.; Elsevier, Bentham Science Publishers: San Antonio, TX, USA, 2014; Volume 1,
pp. 159–208.

42. López-Alarcón, C.; Denicola, A. Evaluating the antioxidant capacity of natural products: A review on
chemical and cellular-based assays. Anal. Chim. Acta 2013, 763, 1–10. [CrossRef] [PubMed]

43. Ayala, A.; Muñoz, M.F.; Argüelles, S. Lipid peroxidation: Production, metabolism, and signaling mechanisms
of malondialdehyde and 4-hydroxy-2-nonenal. Oxid. Med. Cell Longev. 2014, 2014, 360438. [CrossRef]
[PubMed]

44. Suwalsky, M.; Colina, J.; Gallardo, M.J.; Jemiola-Rzeminska, M.; Strzalka, K.; Manrique-Moreno, M.;
Sepúlveda, B. Antioxidant capacity of gallic acid in vitro assayed on human erythrocytes. J. Membr. Biol.
2016, 249, 769–779. [CrossRef] [PubMed]

45. Li, W.; Liu, J.; Guan, R.; Chen, J.; Yang, D.; Zhao, Z.; Wang, D. Chemical characterization of procyanidins
from Spatholobus suberectus and their antioxidative and anticancer activities. J. Funct. Foods. 2015, 12, 468–477.
[CrossRef]

46. Zhu, Q.Y.; Schramm, D.D.; Gross, H.B.; Holt, R.R.; Kim, S.H.; Yamaguchi, T.; Kwik-Uribe, C.L.; Keen, C.L.
Influence of cocoa flavanols and procyanidins on free-radical-induced human erythrocyte hemolysis. Clin.
Dev. Immunol. 2005, 12, 27–34. [CrossRef] [PubMed]

47. Arwa, P.S.; Zeraik, M.L.; Ximenes, V.F.; da Fonseca, L.M.; Bolzani, V.S.; Siqueira Silva, D.H.S. Redox-active
biflavonoids from Garcinia brasiliensis as inhibitors of neutrophil oxidative burst and human erythrocyte
membrane damage. J. Ethnopharmacol. 2015, 174, 410–418. [CrossRef] [PubMed]

48. Majchrzak, D.; Mitter, S.; Elmadfa, I. The effect of ascorbic acid on total antioxidant activity of black and
green teas. Food Chem. 2004, 88, 447–451. [CrossRef]

http://dx.doi.org/10.1039/C4AY00219A
http://dx.doi.org/10.1055/s-0035-1546209
http://www.ncbi.nlm.nih.gov/pubmed/26218337
http://dx.doi.org/10.1016/j.jep.2017.01.028
http://www.ncbi.nlm.nih.gov/pubmed/28111219
http://dx.doi.org/10.1021/jf102319y
http://www.ncbi.nlm.nih.gov/pubmed/21142067
http://dx.doi.org/10.1007/s12263-011-0210-5
http://www.ncbi.nlm.nih.gov/pubmed/21484163
http://dx.doi.org/10.1016/j.heliyon.2016.e00073
http://www.ncbi.nlm.nih.gov/pubmed/27441252
http://dx.doi.org/10.1186/s12906-016-1489-y
http://www.ncbi.nlm.nih.gov/pubmed/27923358
http://dx.doi.org/10.3390/ijms18050953
http://www.ncbi.nlm.nih.gov/pubmed/28467350
http://dx.doi.org/10.1021/jf990146l
http://www.ncbi.nlm.nih.gov/pubmed/10552749
http://dx.doi.org/10.3390/molecules15107313
http://www.ncbi.nlm.nih.gov/pubmed/20966876
http://dx.doi.org/10.1016/j.aca.2012.11.051
http://www.ncbi.nlm.nih.gov/pubmed/23340280
http://dx.doi.org/10.1155/2014/360438
http://www.ncbi.nlm.nih.gov/pubmed/24999379
http://dx.doi.org/10.1007/s00232-016-9924-z
http://www.ncbi.nlm.nih.gov/pubmed/27568391
http://dx.doi.org/10.1016/j.jff.2014.11.009
http://dx.doi.org/10.1080/17402520512331329514
http://www.ncbi.nlm.nih.gov/pubmed/15712596
http://dx.doi.org/10.1016/j.jep.2015.08.041
http://www.ncbi.nlm.nih.gov/pubmed/26320685
http://dx.doi.org/10.1016/j.foodchem.2004.01.058


Int. J. Mol. Sci. 2018, 19, 2432 21 of 23

49. Macedo, J.A.; Battestin, V.; Ribeiro, M.L.; Macedo, G.A. Increasing the antioxidant power of tea extracts by
biotransformation of polyphenols. Food Chem. 2011, 126, 491–497. [CrossRef]

50. Chen, L.; Yang, X.; Jiao, H.; Zhao, B. Tea catechins protect against lead-induced cytotoxicity, lipid peroxidation,
and membrane fluidity in HepG2 cells. Toxicol. Sci. 2002, 69, 149–156. [CrossRef] [PubMed]

51. Campos, J.F.; Santos, U.P.; Macorini, L.F.B.; Melo, A.M.M.F.; Balestieri, J.B.P.; Paredes-Gamero, E.J.;
Cardoso, C.A.L.; Souza, K.P.; Santos, E.L.D. Antimicrobial, antioxidant and cytotoxic activities of propolis
from Melipona orbignyi (Hymenoptera, Apidae). Food Chem. Toxicol. 2014, 65, 374–380. [CrossRef] [PubMed]

52. Gong, Y.; Fang, F.; Zhang, X.; Liu, B.; Luo, H.; Li, Z.; Zhang, X.; Zhang, Z.; Pang, X. B Type and complex A/B
Type epicatechin trimers isolated from Litchi pericarp aqueous extract show high antioxidant and anticancer
activity. Int. J. Mol. Sci. 2018, 19, 301. [CrossRef] [PubMed]

53. Ravi Shankara, B.E.; Ramachandra, Y.L.; Rajan, S.S.; Ganapathy, P.S.; Yarla, N.S.; Richard, S.A.;
Dhananjaya, B.L. Evaluating the anticancer potential of ethanolic gall extract of Terminalia chebula (Gaertn.)
Retz. (Combretaceae). Pharmacognosy Res. 2016, 8, 209. [CrossRef] [PubMed]

54. Kuete, V.; Mbaveng, A.T.; Nono, E.C.; Simo, C.C.; Zeino, M.; Nkengfack, A.E.; Efferth, T. Cytotoxicity of seven
naturally occurring phenolic compounds towards multi-factorial drug-resistant cancer cells. Phytomedicine
2016, 23, 856–863. [CrossRef] [PubMed]

55. Brys, A.K.; Gowda, R.; Loriaux, D.B.; Robertson, G.P.; Mosca, P.J. Nanotechnology-based strategies for
combating toxicity and resistance in melanoma therapy. Biotechnol. Adv. 2016, 34, 565–577. [CrossRef]
[PubMed]

56. Soengas, M.S.; Lowe, S.W. Apoptosis and melanoma chemoresistance. Oncogene 2003, 22, 3138–3151.
[CrossRef] [PubMed]

57. Looi, C.Y.; Moharram, B.; Paydar, M.; Wong, Y.L.; Leong, K.H.; Mohamad, K.; Arya, A.; Wong, W.F.;
Mustafa, M.R. Induction of apoptosis in melanoma A375 cells by a chloroform fraction of Centratherum
anthelminticum (L.) seeds involves NF-kappaB, p53 and Bcl-2-controlled mitochondrial signaling pathways.
BMC Complement. Altern. Med. 2013, 13, 166. [CrossRef] [PubMed]

58. Liu, B.; Cheng, Y.; Zhang, B.; Bian, H.J.; Bao, J.K. Polygonatum cyrtonema lectin induces apoptosis and
autophagy in human melanoma A375 cells through a mitochondria-mediated ROS–p38–p53 pathway. Cancer
Lett. 2009, 275, 54–60. [CrossRef] [PubMed]

59. Wang, S.; Konorev, E.A.; Kotamraju, S.; Joseph, J.; Kalivendi, S.; Kalyanaraman, B. Doxorubicin induces
apoptosis in normal and tumor cells via distinctly different mechanisms intermediacy of H2O2-and
p53-dependent pathways. J. Biol. Chem. 2004, 279, 25535–25543. [CrossRef] [PubMed]

60. Florea, A.M.; Büsselberg, D. Cisplatin as an anti-tumor drug: Cellular mechanisms of activity, drug resistance
and induced side effects. Cancers 2011, 3, 1351–1371. [CrossRef] [PubMed]

61. Selimovic, D.; Badura, H.E.; El-Khattouti, A.; Soell, M.; Porzig, B.B.; Spernger, A.; Ghanjati, F.; Santourlidis, S.;
Haikel, Y.; Hassan, M. Vinblastine-induced apoptosis of melanoma cells is mediated by Ras homologous
A protein (Rho A) via mitochondrial and non-mitochondrial-dependent mechanisms. Apoptosis 2013, 18,
980–997. [CrossRef] [PubMed]

62. Simon, H.U.; Haj-Yehia, A.; Levi-Schaffer, F. Role of reactive oxygen species (ROS) in apoptosis induction.
Apoptosis 2000, 5, 415–418. [CrossRef] [PubMed]

63. Kaufmann, S.H.; Lee, S.H.; Meng, X.W.; Loegering, D.A.; Kottke, T.J.; Henzing, A.J.; Earnshaw, W.C.;
Ruchaud, S.; Samejima, K.; Earnshaw, W.C. Apoptosis-associated caspase activation assays. Methods 2008,
44, 262–272. [CrossRef] [PubMed]

64. Bortner, C.D.; Cidlowski, J.A. Apoptotic volume decrease and the incredible shrinking cell. Cell Death. Differ.
2002, 9, 1307–1310. [CrossRef] [PubMed]

65. Chakraborty, B.; Dutta, D.; Mukherjee, S.; Das, S.; Maiti, N.C.; Das, P.; Chowdhury, C. Synthesis and biological
evaluation of a novel betulinic acid derivative as an inducer of apoptosis in human colon carcinoma cells
(HT-29). Eur. J. Med. Chem. 2015, 102, 93–105. [CrossRef] [PubMed]

66. Renschler, M.F. The emerging role of reactive oxygen species in cancer therapy. Eur. J. Cancer 2004, 40,
1934–1940. [CrossRef] [PubMed]

67. Anantharaman, A.; Hemachandran, H.; Mohan, S.; Ayyathan, D.M.; Kumar, D.T.; Doss, G.P.C.;
Siva, R. Induction of apoptosis by apocarotenoids in B16 melanoma cells through ROS-mediated
mitochondrial-dependent pathway. J. Funct. Foods 2016, 20, 346–357. [CrossRef]

http://dx.doi.org/10.1016/j.foodchem.2010.11.026
http://dx.doi.org/10.1093/toxsci/69.1.149
http://www.ncbi.nlm.nih.gov/pubmed/12215669
http://dx.doi.org/10.1016/j.fct.2014.01.008
http://www.ncbi.nlm.nih.gov/pubmed/24412556
http://dx.doi.org/10.3390/ijms19010301
http://www.ncbi.nlm.nih.gov/pubmed/29351247
http://dx.doi.org/10.4103/0974-8490.182919
http://www.ncbi.nlm.nih.gov/pubmed/27365992
http://dx.doi.org/10.1016/j.phymed.2016.04.007
http://www.ncbi.nlm.nih.gov/pubmed/27288921
http://dx.doi.org/10.1016/j.biotechadv.2016.01.004
http://www.ncbi.nlm.nih.gov/pubmed/26826558
http://dx.doi.org/10.1038/sj.onc.1206454
http://www.ncbi.nlm.nih.gov/pubmed/12789290
http://dx.doi.org/10.1186/1472-6882-13-166
http://www.ncbi.nlm.nih.gov/pubmed/23837445
http://dx.doi.org/10.1016/j.canlet.2008.09.042
http://www.ncbi.nlm.nih.gov/pubmed/19010591
http://dx.doi.org/10.1074/jbc.M400944200
http://www.ncbi.nlm.nih.gov/pubmed/15054096
http://dx.doi.org/10.3390/cancers3011351
http://www.ncbi.nlm.nih.gov/pubmed/24212665
http://dx.doi.org/10.1007/s10495-013-0844-4
http://www.ncbi.nlm.nih.gov/pubmed/23564313
http://dx.doi.org/10.1023/A:1009616228304
http://www.ncbi.nlm.nih.gov/pubmed/11256882
http://dx.doi.org/10.1016/j.ymeth.2007.11.005
http://www.ncbi.nlm.nih.gov/pubmed/18314058
http://dx.doi.org/10.1038/sj.cdd.4401126
http://www.ncbi.nlm.nih.gov/pubmed/12478467
http://dx.doi.org/10.1016/j.ejmech.2015.07.035
http://www.ncbi.nlm.nih.gov/pubmed/26248310
http://dx.doi.org/10.1016/j.ejca.2004.02.031
http://www.ncbi.nlm.nih.gov/pubmed/15315800
http://dx.doi.org/10.1016/j.jff.2015.11.019


Int. J. Mol. Sci. 2018, 19, 2432 22 of 23

68. Shi, X.J.; Yu, B.; Wang, J.W.; Qi, P.P.; Tang, K.; Huang, X.; Liu, H.M. Structurally novel steroidal spirooxindole
by241 potently inhibits tumor growth mainly through ROS-mediated mechanisms. Sci Rep. 2016, 6, 31607.
[CrossRef] [PubMed]

69. Singh, A.P.; Lange, T.S.; Kim, K.K.; Brard, L.; Horan, T.; Moore, R.G.; Vorsa, N.; Singh, R.K. Purified cranberry
proanthocyanidines (PAC-1A) cause pro-apoptotic signaling, ROS generation, cyclophosphamide retention
and cytotoxicity in high-risk neuroblastoma cells. Int. J. Oncol. 2012, 40, 99–108. [PubMed]

70. Zhang, Y.; Luo, M.; Zu, Y.; Fu, Y.; Gu, C.; Wang, W.; Yao, L.; Efferth, T. Dryofragin, a phloroglucinol derivative,
induces apoptosis in human breast cancer MCF-7 cells through ROS-mediated mitochondrial pathway. Chem.
Biol. Interact. 2012, 199, 129–136. [CrossRef] [PubMed]

71. Jin, M.L.; Park, S.Y.; Kim, Y.H.; Park, G.; Lee, S.J. Halofuginone induces the apoptosis of breast cancer cells
and inhibits migration via downregulation of matrix metalloproteinase-9. Int. J. Oncol. 2014, 44, 309–318.
[CrossRef] [PubMed]

72. Chan, C.K.; Supriady, H.; Goh, B.H.; Kadir, H.A. Elephantopus scaber induces apoptosis through
ROS-dependent mitochondrial signaling pathway in HCT116 human colorectal carcinoma cells. J.
Ethnopharmacol. 2015, 168, 291–304. [CrossRef] [PubMed]

73. Rahman, M.A.; Akhtar, J.; Sahabjada; Arshad, M. Evaluation of cytotoxic potential and apoptotic effect of a
methanolic extract of Bauhinia racemosa Lam. against a human cancer cell line, HeLa. Eur. J. Integr. Med. 2016,
8, 513–518. [CrossRef]

74. Qian, Y.; Guan, T.; Huang, M.; Cao, L.; Li, Y.; Cheng, H.; Jin, H.; Yu, D. Neuroprotection by the soy isoflavone,
genistein, via inhibition of mitochondria-dependent apoptosis pathways and reactive oxygen induced-NF-κB
activation in a cerebral ischemia mouse model. Neurochem. Int. 2012, 60, 759–767. [CrossRef] [PubMed]

75. Kuranaga, E. Beyond apoptosis: Caspase regulatory mechanisms and functions in vivo. Genes Cells 2012, 17,
83–97. [CrossRef] [PubMed]

76. Kwon, S.J.; Lee, J.H.; Moon, K.D.; Jeong, I.Y.; Ahn, D.U.; Lee, M.K.; Seo, K.I. Induction of apoptosis by
isoegomaketone from Perilla frutescens L. in B16 melanoma cells is mediated through ROS generation and
mitochondrial-dependent,-independent pathway. Food Chem. Toxicol. 2014, 65, 97–104. [CrossRef] [PubMed]

77. Ichim, G.; Tait, S.W. A fate worse than death: Apoptosis as an oncogenic process. Nat. Rev. Cancer. 2016, 18,
539–548. [CrossRef] [PubMed]

78. Taylor, R.C.; Cullen, S.P.; Martin, S.J. Apoptosis: Controlled demolition at the cellular level. Nat. Rev. Mol.
Cell Biol. 2008, 9, 231–241. [CrossRef] [PubMed]

79. Zhang, G.; Liu, S.; Liu, Y.; Wang, F.; Ren, J.; Gu, J.; Zhou, K.; Shan, B. A novel cyclic pentapeptide, H-10,
inhibits B16 cancer cell growth and induces cell apoptosis. Oncol. Lett. 2014, 8, 248–252. [CrossRef] [PubMed]

80. Tait, S.W.G.; Green, D.R. Mitochondria and cell death: Outer membrane permeabilization and beyond. Nat.
Rev. Mol. Cell Biol. 2010, 11, 621–632. [CrossRef] [PubMed]

81. Wang, K.; Zhu, X.; Zhang, K.; Zhu, L.; Zhou, F. Investigation of gallic acid induced anticancer effect in human
breast carcinoma MCF-7 cells. J. Biochem. Mol. Toxicol. 2014, 28, 387–393. [CrossRef] [PubMed]

82. Wang, R.; Ma, L.; Weng, D.; Yao, J.; Liu, X.; Jin, F. Gallic acid induces apoptosis and enhances the anticancer
effects of cisplatin in human small cell lung cancer H446 cell line via the ROS-dependent mitochondrial
apoptotic pathway. Oncol. Rep. 2016, 35, 3075–3083. [CrossRef] [PubMed]

83. Santos, E.M.S.; Rocha, R.G.; Santos, H.O.; Guimarães, T.A.; Fraga, C.A.C.; Silveira, L.H.; Batista, P.R.;
Oliveira, P.S.L.; Melo, G.A.; Santos, S.H.; et al. Gallic acid modulates phenotypic behavior and gene
expression in oral squamous cell carcinoma cells by interfering with leptin pathway. Pathol. Res. Pract. 2018,
214, 30–37. [CrossRef] [PubMed]

84. Sun, G.; Zhang, S.; Xie, Y.; Zhang, Z.; Zhao, W. Gallic acid as a selective anticancer agent that induces
apoptosis in SMMC-7721 human hepatocellular carcinoma cells. Oncol. Lett. 2016, 11, 150–158. [CrossRef]
[PubMed]

85. Liu, C.; Lin, J.J.; Yang, Z.Y.; Tsai, C.C.; Hsu, J.L.; Wu, Y.J. Proteomic study reveals a co-occurrence of gallic
acid-induced apoptosis and glycolysis in B16F10 melanoma cells. J. Agric. Food Chem. 2014, 62, 11672–11680.
[CrossRef] [PubMed]

86. Lo, C.; Lai, T.Y.; Yang, J.H.; Yang, J.S.; Ma, Y.S.; Weng, S.W.; Chen, Y.Y.; Lin, J.G.; Chung, J.G. Gallic
acid induces apoptosis in A375.S2 human melanoma cells through caspase-dependent and -independent
pathways. Int. J. Oncol. 2010, 37, 377–385. [PubMed]

http://dx.doi.org/10.1038/srep31607
http://www.ncbi.nlm.nih.gov/pubmed/27527552
http://www.ncbi.nlm.nih.gov/pubmed/21994123
http://dx.doi.org/10.1016/j.cbi.2012.06.007
http://www.ncbi.nlm.nih.gov/pubmed/22796323
http://dx.doi.org/10.3892/ijo.2013.2157
http://www.ncbi.nlm.nih.gov/pubmed/24173318
http://dx.doi.org/10.1016/j.jep.2015.03.072
http://www.ncbi.nlm.nih.gov/pubmed/25861953
http://dx.doi.org/10.1016/j.eujim.2016.02.004
http://dx.doi.org/10.1016/j.neuint.2012.03.011
http://www.ncbi.nlm.nih.gov/pubmed/22490611
http://dx.doi.org/10.1111/j.1365-2443.2011.01579.x
http://www.ncbi.nlm.nih.gov/pubmed/22244258
http://dx.doi.org/10.1016/j.fct.2013.12.031
http://www.ncbi.nlm.nih.gov/pubmed/24380754
http://dx.doi.org/10.1038/nrc.2016.58
http://www.ncbi.nlm.nih.gov/pubmed/27364482
http://dx.doi.org/10.1038/nrm2312
http://www.ncbi.nlm.nih.gov/pubmed/18073771
http://dx.doi.org/10.3892/ol.2014.2121
http://www.ncbi.nlm.nih.gov/pubmed/24959255
http://dx.doi.org/10.1038/nrm2952
http://www.ncbi.nlm.nih.gov/pubmed/20683470
http://dx.doi.org/10.1002/jbt.21575
http://www.ncbi.nlm.nih.gov/pubmed/24864015
http://dx.doi.org/10.3892/or.2016.4690
http://www.ncbi.nlm.nih.gov/pubmed/26987028
http://dx.doi.org/10.1016/j.prp.2017.11.022
http://www.ncbi.nlm.nih.gov/pubmed/29254802
http://dx.doi.org/10.3892/ol.2015.3845
http://www.ncbi.nlm.nih.gov/pubmed/26870182
http://dx.doi.org/10.1021/jf504035s
http://www.ncbi.nlm.nih.gov/pubmed/25397718
http://www.ncbi.nlm.nih.gov/pubmed/20596665


Int. J. Mol. Sci. 2018, 19, 2432 23 of 23

87. Badhani, B.; Sharma, N.; Kakkar, R. Gallic acid: A versatile antioxidant with promising therapeutic and
industrial applications. Rsc. Adv. 2015, 5, 27540–27557. [CrossRef]

88. Fu, Y.; Ye, X.; Lee, M.; Rankin, G.; Chen, Y.C. Prodelphinidins isolated from Chinese bayberry leaves induces
apoptosis via the p53-dependent signaling pathways in OVCAR-3 human ovarian cancer cells. Oncol Lett.
2017, 13, 3210–3218. [CrossRef] [PubMed]

89. Fujii, W.; Toda, K.; Kawaguchi, K.; Kawahara, S.I.; Katoh, M.; Hattori, Y.; Fujii, H.; Makabe, H. Syntheses of
prodelphinidin B3 and C2, and their antitumor activities through cell cycle arrest and caspase-3 activation.
Tetrahedron 2013, 69, 3543–3550. [CrossRef]

90. Engelbrecht, A.M.; Mattheyse, M.; Ellis, B.; Loos, B.; Thomas, M.; Smith, R.; Peters, S.; Smith, C.; Myburgh, K.
Proanthocyanidin from grape seeds inactivates the PI3-kinase/PKB pathway and induces apoptosis in a
colon cancer cell line. Cancer Lett. 2007, 258, 144–153. [CrossRef] [PubMed]

91. Kumar, R.; Deep, G.; Wempe, M.F.; Surek, J.; Kumar, A.; Agarwal, R.; Agarwal, C. Procyanidin B2
3,3”-di-O-gallate induces oxidative stress-mediated cell death in prostate cancer cells via inhibiting MAP
kinase phosphatase activity and activating ERK1/2 and AMPK. Mol. Carcinog. 2017, 57, 57–69. [CrossRef]
[PubMed]

92. Hsu, C.P.; Lin, Y.H.; Chou, C.C.; Zhou, S.P.; Hsu, Y.C.; Liu, C.L.; Ku, F.M.; Chung, Y.C. Mechanisms of
grape seed procyanidin-induced apoptosis in colorectal carcinoma cells. Anticancer Res. 2009, 29, 283–289.
[PubMed]

93. Reis, J.; Gaspar, A.; Milhazes, N.; Borges, F. Chromone as a Privileged Scaffold in Drug Discovery: Recent
Advances. J. Med. Chem. 2017, 60, 7941–7957. [CrossRef] [PubMed]

94. Sharma, S.K.; Kumar, S.; Chand, K.; Kathuria, A.; Gupta, A.; Jain, R. An Update on Natural Occurrence and
Biological Activity of Chromones. Curr. Med. Chem. 2011, 18, 3825–3852. [CrossRef] [PubMed]

95. Keri, R.S.; Budagumpi, S.; Pai, R.K.; Balakrishna, R.G. Chromones as a privileged scaffold in drug discovery:
A review. Eur. J. Med. Chem. 2014, 6, 340–374. [CrossRef] [PubMed]

96. Meda, A.; Lamien, C.E.; Romito, M.; Millogo, J.; Nacoulma, O.G. Determination of the total phenolic,
flavonoid and proline contents in Burkina Fasan honey, as well as their radical scavenging activity. Food Chem.
2005, 91, 571–577. [CrossRef]

97. Liberio, S.A.; Pereira, A.L.; Dutra, R.P.; Reis, A.S.; Araújo, M.J.; Mattar, N.S.; Silva, L.A.; Ribeiro, M.N.;
Nascimento, F.R.; Guerra, R.N.; Monteiro-Neto, V. Antimicrobial activity against oral pathogens and
immunomodulatory effects and toxicity of geopropolis produced by the stingless bee Melipona fasciculata
Smith. BMC Complement. Altern. Med. 2011, 11, 108. [CrossRef] [PubMed]

98. Re, R.; Pellegrini, N.; Proteggente, A.; Pannala, A.; Yang, M.; Rice-Evans, C. Antioxidant activity applying an
improved ABTS radical cation decolorization assay. Free Radic. Biol. Med. 1999, 26, 1231–1237. [CrossRef]

99. Gupta, D.; Gupta, R.K. Bioprotective properties of Dragon’s blood resin: In vitro evaluation of antioxidant
activity and antimicrobial activity. BMC Complement. Altern. Med. 2011, 13. [CrossRef] [PubMed]

100. Campos, J.F.; dos Santos, U.P.; Rocha, P.S.; Damião, M.J.; Balestieri, J.B.P.; Cardoso, C.A.L.;
Paredes-Gamero, E.J.; Estevinho, L.M.; Souza, K.P.; Santos, E.L. Antimicrobial, antioxidant, anti-inflammatory,
and cytotoxic activities of propolis from the stingless bee Tetragonisca fiebrigi (Jataí). Evid.-Based Complement.
Altern. Med. 2015, 296186. [CrossRef]

101. Paredes-Gamero, E.J.; Martins, M.N.; Cappabianco, F.A.; Ide, J.S.; Miranda, A. Characterization of dual
effects induced by antimicrobial peptides: Regulated cell death or membrane disruption. Biochim. Biophys.
Acta 2012, 1820, 1062–1072. [CrossRef] [PubMed]

102. Moraes, V.W.R.; Caires, A.C.F.; Paredes-Gamero, E.J.; Rodrigues, T. Organopalladium compound 7b targets
mitochondrial thiols and induces caspase-dependent apoptosis in human myeloid leukemia cells. Cell Death.
Dis. 2013, 4, e658. [CrossRef] [PubMed]

© 2018 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1039/C5RA01911G
http://dx.doi.org/10.3892/ol.2017.5813
http://www.ncbi.nlm.nih.gov/pubmed/28529565
http://dx.doi.org/10.1016/j.tet.2013.02.087
http://dx.doi.org/10.1016/j.canlet.2007.08.020
http://www.ncbi.nlm.nih.gov/pubmed/17923279
http://dx.doi.org/10.1002/mc.22731
http://www.ncbi.nlm.nih.gov/pubmed/28876465
http://www.ncbi.nlm.nih.gov/pubmed/19331163
http://dx.doi.org/10.1021/acs.jmedchem.6b01720
http://www.ncbi.nlm.nih.gov/pubmed/28537720
http://dx.doi.org/10.2174/092986711803414359
http://www.ncbi.nlm.nih.gov/pubmed/21824102
http://dx.doi.org/10.1016/j.ejmech.2014.03.047
http://www.ncbi.nlm.nih.gov/pubmed/24691058
http://dx.doi.org/10.1016/j.foodchem.2004.10.006
http://dx.doi.org/10.1186/1472-6882-11-108
http://www.ncbi.nlm.nih.gov/pubmed/22053900
http://dx.doi.org/10.1016/S0891-5849(98)00315-3
http://dx.doi.org/10.1186/1472-6882-11-13
http://www.ncbi.nlm.nih.gov/pubmed/21329518
http://dx.doi.org/10.1155/2015/296186
http://dx.doi.org/10.1016/j.bbagen.2012.02.015
http://www.ncbi.nlm.nih.gov/pubmed/22425533
http://dx.doi.org/10.1038/cddis.2013.190
http://www.ncbi.nlm.nih.gov/pubmed/23744358
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Results 
	Identification of the Constituents from the SAAE by LC-DAD-MS/MS 
	Chemical Composition 
	Antioxidant Activity 
	ABTS and DPPH Free-Radical Scavenging 
	Protective Effect of the SAAE Against Oxidative Hemolysis 
	Malondialdehyde (MDA) Dosage 

	Cytotoxic Activity and Cell Death Profile 
	Cell Cycle Phases 
	Reactive Oxygen Species (ROS) Levels 
	Mitochondrial Membrane Potential 
	Caspase-3 Activation 


	Discussion 
	Materials and Methods 
	Plant Material Collection 
	Aqueous Extract Preparation 
	Chemical Analysis 
	Identification of Constituents by LC-DAD-MS 
	Determination of Phenolic Compounds and Total Flavonoids 

	Antioxidant Activity 
	ABTS+ Radical Discoloration Assay 
	DPPH Free Radical Capture Activity 
	Antioxidant Assay in Human Erythrocytes 

	Cell Cultures 
	MTT Cell Viability Assay 
	Cell Death Profile 
	Cell Cycle Phases 
	Assessment of Reactive Oxygen Species (ROS) Levels 
	Assessment of the Mitochondrial Membrane Potential 
	Caspase-3 Activity 

	Statistical Analysis 

	Conclusions 
	References

