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Xylopine Induces Oxidative Stress and Causes G2/M Phase Arrest,
Triggering Caspase-Mediated Apoptosis by p53-Independent
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Xylopine is an aporphine alkaloid that has cytotoxic activity to cancer cells. In this study, the underlying mechanism of
xylopine cytotoxicity was assessed in human colon carcinoma HCT116 cells. Xylopine displayed potent cytotoxicity in
different cancer cell lines in monolayer cultures and in a 3D model of cancer multicellular spheroids formed from
HCT116 cells. Typical morphology of apoptosis, cell cycle arrest in the G2/M phase, increased internucleosomal DNA
fragmentation, loss of the mitochondrial transmembrane potential, and increased phosphatidylserine externalization and
caspase-3 activation were observed in xylopine-treated HCT116 cells. Moreover, pretreatment with a caspase-3 inhibitor
(Z-DEVD-FMK), but not with a p53 inhibitor (cyclic pifithrin-α), reduced xylopine-induced apoptosis, indicating
induction of caspase-mediated apoptosis by the p53-independent pathway. Treatment with xylopine also caused an
increase in the production of reactive oxygen/nitrogen species (ROS/RNS), including hydrogen peroxide and nitric oxide,
but not superoxide anion, and reduced glutathione levels were decreased in xylopine-treated HCT116 cells. Application
of the antioxidant N-acetylcysteine reduced the ROS levels and xylopine-induced apoptosis, indicating activation of ROS-
mediated apoptosis pathway. In conclusion, xylopine has potent cytotoxicity to different cancer cell lines and is able to
induce oxidative stress and G2/M phase arrest, triggering caspase-mediated apoptosis by the p53-independent pathway in
HCT116 cells.

1. Introduction

Colon and rectal carcinoma is a major public health
problem with the third highest incidence and the fourth
highest mortality worldwide [1]. The most common che-
motherapy used for colon and rectal carcinoma treatment
include 5-fluorouracil (5-FU, combined with folinic acid),
capecitabine, irinotecan, oxaliplatin, and trifluridine (com-
bined with tipiracil); however, resistance development and
severe side effects are limitations commonly associated
with the use of these drugs [2].

Aporphine alkaloids are plant-derived compounds that
belong to the isoquinoline class of alkaloids and possess
diverse therapeutical potential, including cancer treatment,
with potent cytotoxic activity to cancer cells and the ability
to prevent cell proliferation and induce apoptosis and inhibi-
tion of DNA topoisomerase and epidermal growth factor
receptor [3]. Moreover, the 1,2-methylenedioxy andmethyla-
tion of nitrogen have been reported as important pharmaco-
phoric groups for the cytotoxicity of aporphine alkaloids [4, 5].

Xylopine (Figure 1) is an aporphine alkaloid found in the
stem of Xylopia laevigata (Annonaceae). In our previous
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studies, we identified xylopine as a potent cytotoxic agent
that causes G2/M cell cycle arrest and apoptosis in human
hepatocellular carcinoma HepG2 cells [6]. However, the
mechanisms of action of xylopine in cancer cells have not
been clearly demonstrated. In this study, the underlying
mechanism of xylopine cytotoxicity was assessed in human
colon carcinoma (HCT116) cells.

2. Material and Methods

2.1. Xylopine Isolation. The stem of X. laevigata was collected
in “Serra de Itabaiana” between Itabaiana and Areia Branca
cities (coordinates: 10°44′50″S, 37°20′24″W), Sergipe, Brazil,
in February 2013. The identity of the plant was confirmed
by Dr. Ana Paula do N. Prata, Department of Biology,
Federal University of Sergipe, Brazil, and a voucher specimen
(number 26805) has been deposited in the Herbarium of the
Federal University of Sergipe. The dried and powdered stem
of X. laevigata (1.4 kg) was successively extracted with
hexane followed by methanol, to yield hexane (18.8 g) and
methanol (87.8 g) extracts. Xylopine was isolated from the
methanol extract as previously described [6].

2.2. Cells. MCF7 (human breast carcinoma), HCT116
(human colon carcinoma), HepG2 (human hepatocellular
carcinoma), SCC-9 (human oral squamous cell carcinoma),
HSC-3 (human oral squamous cell carcinoma), HL-60
(human promyelocytic leukemia), K-562 (human chronic
myelogenous leukemia), B16-F10 (murine melanoma),
MRC-5 (human lung fibroblast), WT SV40 MEF (wild-type
immortalized mouse embryonic fibroblast), and BAD KO
SV40 MEF (BAD gene knockout immortalized mouse
embryonic fibroblast) cell lines were obtained from the
American Type Culture Collection (ATCC, Manassas,
VA, USA). Cells were cultured in complete medium with
appropriate supplements as recommended by ATCC. All
cell lines were tested for mycoplasma using the Myco-
plasma Stain Kit (Sigma-Aldrich) to validate the use of
cells free from contamination. Primary cell culture of

peripheral blood mononuclear cells (PBMC) was obtained
by standard Ficoll density protocol. The Research Ethics
Committee of the Oswaldo Cruz Foundation (Salvador,
BA, Brazil) approved the experimental protocol (number
031019/2013). Cell viability was examined using trypan
blue exclusion assay for all experiments.

2.3. Cytotoxic Activity Assay. Cell viability was quantified
using the alamarBlue assay according to Ahmed et al. [7].
Cells were inserted in 96-well plates for all experiments
(7× 104 cells/mL for adherent cells or 3× 105 cells/mL for
suspended cells in 100μL of medium). After 24h, xylopine
was dissolved in dimethyl sulfoxide (DMSO) and added to
each well and incubated for 72 h. Doxorubicin (purity≥ 95%,
doxorubicin hydrochloride, Laboratory IMA S.A.I.C., Bue-
nos Aires, Argentina) and oxaliplatin (Sigma-Aldrich Co.,
Saint Louis, MO, USA) were used as positive controls. Four
(for cell lines) or 24 h (for PBMCs) before the end of incuba-
tion, 20μL of a stock solution (0.312mg/mL) of the alamar-
Blue (resazurin, Sigma-Aldrich Co., Saint Louis, MO, USA)
was added to each well. Absorbance at 570 nm and 600nm
was measured using the SpectraMax 190 Microplate Reader
(Molecular Devices, Sunnyvale, CA, USA), and the drug
effect was quantified as the percentage of control absorbance.

2.4. 3D Multicellular Spheroids Culture. HCT116 cells were
cultivated in three-dimensional (3D) multicellular spheroids.
Briefly, 100μL of a solution of cells (0.5× 106 cells/mL) was
inserted in 96-well plates with a cell-repellent surface
(Greiner Bio-One, Kremsmünster, Austria) and cultured
in complete medium plus 3% Matrigel (BD Biosciences,
San Jose, CA, USA). Spheroids with stable structures had
formed after three days. Then, the spheroids were exposed
to a range of drug concentrations for 72 h, after which the
cell viability was quantified by alamarBlue assay as
described above.

2.5. Morphological Analysis. To evaluate alterations in mor-
phology, cells were cultured under coverslip and stained with
May-Grünwald-Giemsa. Morphological changes were exam-
ined by light microscopy using Image-Pro software.

2.6. Internucleosomal DNA Fragmentation and Cell Cycle
Distribution. Cells were harvested in a permeabilization solu-
tion containing 0.1% Triton X-100 (Sigma Chemical Co., St
Louis, MO, USA), 2μg/mL propidium iodide (Sigma Chem-
ical Co.), 0.1% sodium citrate, and 100μg/mL RNAse (Sigma
Chemical Co.) and incubated in the dark for 15min at room
temperature [8]. Finally, cell fluorescence was measured by
flow cytometry on a BD LSRFortessa cytometer using the
BD FACSDiva software (BD Biosciences) and FlowJo soft-
ware 10 (FlowJo, LCC, Ashland, OR, USA).

2.7. Annexin V/PI Staining Assay. For apoptosis detection, we
used the FITC Annexin V Apoptosis Detection Kit I (BD
Biosciences), and the analysis was performed according to
the manufacturer’s instructions. The cell fluorescence was
determined by flow cytometry as described above. The pro-
tection assays using a caspase-3 inhibitor (Z-DEVD-FMK,
BD Biosciences), a p53 inhibitor (cyclic pifithrin-α, Cayman
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Figure 1: Chemical structure of xylopine.
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Chemical, Ann Arbor, MI, USA), and an antioxidant N-ace-
tyl-L-cysteine (NAC, Sigma-Aldrich Co.) were performed. In
brief, the cells were pretreated for 2 h with 50μM Z-DEVD-
FMK and 10μM cyclic pifithrin-α and for 1 h with 5mM
NAC, followed by incubation with 14μM xylopine for 48 h.
The cells were then trypsinized and the FITC Annexin V
Apoptosis Detection assay was conducted as described above.

2.8. Measurement of the Mitochondrial Transmembrane
Potential. Mitochondrial transmembrane potential was
determined by the retention of the dye rhodamine 123 [9].
Cells were incubated with rhodamine 123 (5μg/mL, Sigma-
Aldrich Co.) at room temperature for 15min in the dark
and washed with saline. The cells were then incubated again
in saline for 30min in the dark and cell fluorescence was
determined by flow cytometry as described above.

2.9. Caspase-3 Activation Assay. A Caspase-3 Colorimetric
Assay Kit (Sigma-Aldrich Co.) was used to investigate
caspase-3 activation in xylopine-treated HCT116 cells based
on the cleavage of Ac-DEVD-pNA and the analysis was
performed according to the manufacturer’s instructions.

2.10. Measurement of Cellular Reactive Oxygen Species Levels.
The levels of reactive oxygen species (ROS) were measured

Table 2: Selectivity index of xylopine (XYL).

Cancer cells
Noncancer cells

MRC5 PBMC
DOX OXA XYL DOX OXA XYL

MCF7 1.4 0.3 2 4.7 2.5 1.5

HCT116 15 0.4 3.8 52 3.6 2.9

HepG2 15 1.5 2.6 52 14.9 2

SCC-9 3 N.d. 0.9 10.4 N.d. 0.7

HSC-3 5 0.5 1.5 17.3 4.5 1.2

HL-60 5 3.8 1.3 17.3 37.3 1

K-562 5 1.7 3.1 17.3 16.6 2.4

B16-F10 50 15 2.5 173.3 149 1.9

Data are presented the selectivity index (SI) calculated using the following
formula: SI = IC50(noncancer cells)/IC50(cancer cells). Cancer cells: MCF7
(human breast carcinoma), HCT116 (human colon carcinoma), HepG2
(human hepatocellular carcinoma), SCC-9 (human oral squamous cell
carcinoma), HSC-3 (human oral squamous cell carcinoma), HL-60
(human promyelocytic leukemia), K-562 (human chronic myelogenous
leukemia), and B16-F10 murine melanoma. Noncancer cells: MRC-5
(human lung fibroblast) and PBMC human peripheral blood mononuclear
cells. Doxorubicin (DOX) and oxaliplatin (OXA) were used as positive
controls. N.d.: not determined.

Table 1: Cytotoxic activity of xylopine (XYL).

Cells Histological type
IC50 in μM

DOX OXA XYL

Cancer cells

MCF7 Human breast carcinoma
1.1 5.9 12.0

0.3–3.5 3.5–9.9 6.1–23.6

HCT116 Human colon carcinoma
0.1 4.1 6.4

0.04–0.11 2.7–6.4 5.1–8.2

HepG2 Human hepatocellular carcinoma
0.1 1.0 9.4

0.04–0.11 0.2-3.9 6.0–14.8

SCC9 Human oral squamous cell carcinoma
0.5

N.d.
26.6

0.4–0.7 21.9–32.1

HSC3 Human oral squamous cell carcinoma
0.3 3.3 15.7

0.2–0.4 1.4–7.8 10.2–24.3

HL-60 Human promyelocytic leukemia
0.3 0.4 18.5

0.3–0.4 0.1–3.8 16.0–21.3

K562 Human chronic myelogenous leukemia
0.3 0.9 7.8

0.2–0.5 0.1–9.7 6.1–9.9

B16-F10 Murine melanoma
0.03 0.1 9.6

0.02–0.07 0.03–1.3 8.0–11.4

Noncancer cells

MRC5 Human lung fibroblast
1.5 1.5 24.1

1.2–2.0 0.9–2.8 20.8–28.3

PBMC Human peripheral blood mononuclear cells
5.2 14.9 18.3

2.4–11.4 8.9–24.8 11.0–29.0

Data are presented as IC50 values in μM and their respective 95% confidence interval obtained by nonlinear regression from at the least three independent
experiments performed in duplicate and measured by alamarBlue assay after 72 h incubation. Doxorubicin (DOX) and oxaliplatin (OXA) were used as
positive controls. N.d.: not determined.
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Figure 2: Effect of xylopine (XYL) in 3D in vitro model of cancer multicellular spheroids formed from HCT116 cells. (a) Cells examined by
light microscopy (bar = 100μm). (b) IC50 values in μM and their respective 95% confidence interval obtained by nonlinear regression from
three independent experiments performed in duplicate and measured by alamarBlue assay after 72 h of incubation. The negative control
(CTL) was treated with the vehicle used for diluting the compound tested. Doxorubicin (DOX) and oxaliplatin (OXA) were used as
positive controls.
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Figure 3: Effect of xylopine (XYL) in the cell viability of HCT116 cells determined by trypan blue staining after 24 h (a) and 48 h (b) of
incubation. The gray bars represent the number of viable cells (×104cells/mL), and the white bars represent cell inhibition (%). The
negative control (CTL) was treated with the vehicle (0.1% DMSO) used for diluting the compound tested. Doxorubicin (DOX, 1μM) and
oxaliplatin (OXA, 2.5μM) were used as positive controls. Data are presented as the mean± S.E.M. of three independent experiments
performed in duplicate. ∗p < 0 05 compared with the negative control by ANOVA followed by Student–Newman–Keuls test.
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according to previously described [10] using 2′,7′-dichloro-
fluorescin diacetate (DCF-DA) (Sigma-Aldrich Co.). In brief,
cells were treated with xylopine for 1 and 3h. Then, the
cells were collected, washed with saline, and resuspended
in FACS tubes with saline containing 5μM DCF-DA for
30min. Finally, the cells were washed with saline and the
cell fluorescence was determined by flow cytometry as
described above. The protection assay using the antioxi-
dant NAC and catalase (Sigma-Aldrich Co.) was per-
formed. In brief, the cells were pretreated for 1 h with
5mM NAC or 2000UI catalase and then incubated with

xylopine in the established concentration for 1 h. The cells
were then trypsinized and the ROS levels were measured
as described above.

2.11. Measurement of Cellular Superoxide Anion Level.
Hydroethidine (Sigma-Aldrich Co.) was used to detect cel-
lular superoxide levels after 1 h of treatment with xylopine
[11]. The cells were labeled with 10μM of hydroethidine
for 30min. Finally, the cells were washed with saline and
the cell fluorescence was determined by flow cytometry
as described above.

Table 3: Effect of xylopine (XYL) in the cell cycle distribution of HCT116 cells.

Treatment Concentration (μM)
DNA content (%)

Sub-G0/G1 G0/G1 S G2/M

24 h incubation

CTL — 3.9± 1.0 42.0± 2.5 12.6± 2.8 30.7± 4.1
DOX 1 9.7± 2.5 28.0± 6.3 10.0± 2.5 44.1± 3.4∗

OXA 2.5 8.8± 3.5 32.4± 3.7 13.5± 3.1 39.9± 1.5
XYL 3.5 6.2± 1.9 17.0± 7.0∗ 24.7± 4.8 57.2± 3.5∗

7 5.1± 1.6 14.9± 4.2∗ 23.3± 3.7 58.5± 2.9∗

14 11.3± 1.4 30.5± 6.0 11.1± 1.6 54.0± 6.1∗

48 h incubation

CTL — 3.3± 0.7 44.8± 1.1 13.5± 2.4 23.8± 2.8
DOX 1 18.3± 2.5 22.5± 4.0∗ 14.9± 2.5 44.2± 4.4∗

OXA 2.5 17.7± 1.9 36.2± 2.6 7.6± 0.4 32.2± 4.4
XYL 3.5 15.2± 1.9 17.0± 6.3∗ 11.1± 2.2 52.0± 6.8∗

7 25.9± 2.5∗ 10.3± 1.3∗ 6.8± 2.0 52.7± 3.6∗

14 33.4± 6.2∗ 14.6± 2.6∗ 9.3± 1.7 40.8± 5.7∗

Data are presented as the mean ± S.E.M. of three independent experiments performed in duplicate. The negative control (CTL) was treated with the vehicle
(0.1% DMSO) used for diluting the compound tested. Doxorubicin (DOX) and oxaliplatin (OXA) were used as positive controls. Ten thousand events were
evaluated per experiment, and cellular debris was omitted from the analysis. ∗p < 0 05 compared with the negative control by ANOVA followed by
Student–Newman–Keuls test.

CTL

24 h

48 h

DOX OXA XYL—3.5 �휇M XYL—7 �휇M XYL—14 �휇M

Figure 4: Effect of xylopine (XYL) in the morphologic analysis of HCT116 cells after 24 and 48 h incubation. The cells were stained withMay-
Grünwald-Giemsa and examined by light microscopy (bar = 20 μm). Arrows indicated cells with a reduction in the cell volume, chromatin
condensation, or fragmented DNA. The negative control (CTL) was treated with the vehicle (0.1% DMSO) used for diluting the
compound tested. Doxorubicin (DOX, 1 μM) and oxaliplatin (OXA, 2.5 μM) were used as positive controls.
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2.12. Measurement of Nitric Oxide Production. Nitric oxide
generation was detected with 4-amino-5-methylamino-2′-,7
′-difluofluorescein diacetate (DAF-FM diacetate) (Molecular
Probes, Eugene, OR, USA) [12]. The cells were labeled
with 3μM of DAF-FM diacetate for 60 minutes at 37°C.
Following staining cells were washed with saline and incu-
bated for an additional 15 minutes at 37°C to allow for
complete deesterification of the intracellular diacatates.
Then, the nitric oxide radical was measured by flow
cytometry as described above.

2.13. Measurement of Cellular GSH Level.A quantification kit
for reduced glutathione (L-γ-glutamyl-L-cysteinyl-glycine,
GSH, Sigma-Aldrich Co.) was used to investigate cellular

GSH level in xylopine-treated HCT116 cells and the analysis
was performed according to the manufacturer’s instructions.

2.14. DNA Intercalation Assay. DNA intercalation was
assessed by examining the ability of xylopine to displace ethi-
dium bromide from calf thymus DNA (ctDNA, Sigma-
Aldrich Co.) [13]. The assay was conducted in 96-well plates
and contained 15μg/mL ctDNA, 1.5μM ethidium bromide,
and 10 or 20μM xylopine in 100μL saline solution. Doxoru-
bicin (10μM) was used as positive control. Fluorescence was
measured using excitation and emission wavelengths of 320
and 600nm, respectively.

2.15. Statistical Analysis.Data are presented as mean± S.E.M.
or IC50 values and their 95% confidence intervals (CI 95%)
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Figure 5: Effect of xylopine (XYL) in the induction of apoptosis in HCT116 cells determined by flow cytometry using annexin V-FITC/PI
staining after 24 and 48 h incubation. (a) Representative flow cytometric dot plots showing the percentage of cells in viable, early
apoptotic, late apoptotic, and necrotic stages. (b) Quantification of the cell viability. The negative control (CTL) was treated with the
vehicle (0.1% DMSO) used for diluting the compound tested. Doxorubicin (DOX, 1μM) and oxaliplatin (OXA, 2.5μM) were used as
positive controls. Data are presented as the mean± S.E.M. of three independent experiments performed in duplicate. Ten thousand events
were evaluated per experiment and cellular debris was omitted from the analysis. ∗p < 0 05 compared with the negative control by
ANOVA followed by Student–Newman–Keuls test.
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obtained by nonlinear regression. Differences between
experimental groups were compared using analysis of var-
iance (ANOVA) followed by the Student–Newman–Keuls
test (p < 0 05). All statistical analyses were performed
using GraphPad (Intuitive Software for Science, San Diego,
CA, USA).

3. Results

3.1. Xylopine Displays Potent Cytotoxicity in Different Cancer
Cell Lines. The cytotoxicity of xylopine was assessed in eight
different cancer cell lines (MCF7, HCT116, HepG2, SCC-9,
HSC-3, HL-60, K-562, and B16-F10) and in two noncancer
cells (MRC-5 and PBMC) using the alamarBlue assay after
72 h incubation. Table 1 shows the results obtained. Xylopine
presented IC50 values ranging from 6.4 to 26.6μM for cancer
cells HCT116 and SCC9, respectively. Doxorubicin presented
IC50 values ranging from 0.03 to 1.1μM for cancer cell lines
B16-F10 and MCF7, respectively. Oxaliplatin presented IC50
values ranging from 0.1 to 5.9μM for cancer cell lines B16-
F10 and MCF7, respectively. The IC50 value for noncancer
cells was 24.1 and 18.3μM for xylopine, 1.5 and 5.2μM for
doxorubicin, and 1.5 and 14.9μM for oxaliplatin for MRC5
and PBMC cells, respectively. Table 2 shows the selectivity
index obtained. For the most cancer cell lines, xylopine
exhibited selectivity index similar to positive controls doxo-
rubicin and oxaliplatin.

HCT116 was the most sensitive cell line to xylopine-
induced cytotoxicity and was used as a cellular model in
a new set of experiment. Furthermore, the cytotoxic effect
of xylopine was then evaluated in an in vitro 3D model of
cancer multicellular spheroids formed from HCT116 cells.
Xylopine-treated spheroids presented morphological alter-
ations that indicate drug permeability and cytotoxicity in
the 3D culture (Figure 2(a)). The IC50 value of xylopine was
24.6μM after 72h incubation (Figure 2(b)). Doxorubicin

and oxaliplatin showed IC50 values of 4.5 and 6.0μM,
respectively.

Cell viability of HCT116 cell treated with xylopine was
also determined by trypan blue exclusion assay after 24 and
48 h incubation. Xylopine significantly reduced (p < 0 05)
the number of viable cells (Figure 3). At concentrations of
3.5, 7, and 14μM, xylopine reduced the number of viable
cells by 50.2, 64.4, and 71.8% after 24 h and 79.9, 84.6, and
89.4% after 48 h, respectively. No significant increase in the
number of nonviable cells was observed (p > 0 05). Doxoru-
bicin and oxaliplatin also reduced the number of viable cells
after 24 and 48 h incubation.

3.2. Xylopine Induces G2/M Phase Arrest and Caspase-
Mediated Apoptosis in HCT116 Cells. The cell cycle distribu-
tion in xylopine-treated HCT116 cells was investigated by
flow cytometry after 24 and 48h incubation. Table 3 shows
the obtained cell cycle distribution. All DNA that was subdi-
ploid in size (sub-G0/G1) was considered fragmented. At all
concentrations, xylopine treatment resulted in a significant
increase in the number of cells in G2/M phase compared to
the negative control (30.7% at control against 57.2, 58.5,
and 54.0% at 3.5, 7, and 14μM xylopine after 24 h incubation
and 23.8% at control against 52.0, 52.7, and 40.8% at the
same concentration of xylopine after 48 h incubation,
resp.). The G2/M phase block was followed by an increase
in the internucleosomal DNA fragmentation (p < 0 05).
Doxorubicin and oxaliplatin also caused cell cycle block
at the phase G2/M, which was also followed by internu-
cleosomal DNA fragmentation.

Cell morphology of xylopine-treated HCT116 cells
presented a reduction in the cell volume, chromatin con-
densation, and fragmentation of the nuclei (Figure 4).
Doxorubicin and oxaliplatin also induced cell shrinkage,
chromatin condensation, and nuclear fragmentation. Apo-
ptosis induction was assessed using the annexin V/PI dou-
ble stain by flow cytometry in xylopine-treated HCT116
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Figure 6: Effect of xylopine (XYL) in the caspase-3 activity and mitochondrial membrane potential in HCT116 cells. (a) Mitochondrial
membrane potential determined by flow cytometry using rhodamine 123 staining after 24 h incubation. (b) Caspase-3 activity determined
by colorimetric assay after 48 h incubation. The negative control (CTL) was treated with the vehicle (0.1% DMSO) used for diluting the
compound tested. Doxorubicin (DOX, 1 μM) and oxaliplatin (OXA, 2.5 μM) were used as positive controls. Data are presented as the
mean± S.E.M. of three independent experiments performed in duplicate. For flow cytometry analysis, 10,000 events were evaluated per
experiment and cellular debris was omitted from the analysis. ∗p < 0 05 compared with the negative control by ANOVA followed by
Student–Newman–Keuls test.
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Figure 7: Effect of the caspase-3 inhibitor (Z-DEVD-FMK) and p53 inhibitor (cyclic pifithrin-α) in xylopine-induced apoptosis in HCT116
cells determined by flow cytometry using annexin V-FITC/PI staining. (a) Representative flow cytometric dot plots showing the percentage of
cells in viable, early apoptotic, late apoptotic, and necrotic stages. (b) Quantification of apoptotic cells. The cells were pretreated for 2 h with
50μM Z-DEVD-FMK and 10 μM cyclic pifithrin-α and then incubated with 14μM xylopine (XYL) for 48 h. The negative control (CTL) was
treated with the vehicle (0.1% DMSO) used for diluting the compound tested. Doxorubicin (DOX, 1 μM) and oxaliplatin (OXA, 2.5 μM) were
used as positive controls. Data are presented as the mean± S.E.M. of three independent experiments performed in duplicate. Ten thousand
events were evaluated per experiment, and cellular debris was omitted from the analysis. ∗p < 0 05 compared with the negative control by
ANOVA followed by Student–Newman–Keuls test. #p < 0 05 compared with the respective treatment without inhibitor by ANOVA
followed by Student–Newman–Keuls test.
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Figure 8: Effect of xylopine (XYL) in the levels of reactive oxygen species (ROS) of HCT116 cells and protection by N-acetyl-L-cysteine
(NAC) and catalase determined by flow cytometry using DCF-DA staining. (a) ROS levels of HCT116 cells after 1 and 3 h incubation. (b)
ROS levels of HCT116 cells pretreated with the antioxidant NAC and then treated with xylopine. (c) ROS levels of HCT116 cells
pretreated with the antioxidant catalase and then treated with xylopine. For the protection assay, the cells were pretreated for 1 h with
5mM NAC or 2000UI catalase and then incubated with 14μM xylopine for 1 h. The negative control (CTL) was treated with the vehicle
(0.1% DMSO) used for diluting the compound tested. Hydrogen peroxide (H2O2, 200μM), doxorubicin (DOX, 1 μM), and oxaliplatin
(OXA, 2.5 μM) were used as positive controls. Data are presented as the mean± S.E.M. of three independent experiments performed in
duplicate or triplicate. Ten thousand events were evaluated per experiment, and cellular debris was omitted from the analysis. ∗p < 0 05
compared with the negative control by ANOVA followed by Student–Newman–Keuls test. #p < 0 05 compared with the respective
treatment without inhibitor by ANOVA followed by Student–Newman–Keuls test.
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cells (Figure 5). Xylopine significantly increased the early
and late apoptosis (p < 0 05). A significant increase in
necrotic cells was observed in xylopine-treated HCT116
cells after 48 h incubation (p < 0 05). Xylopine also
induced mitochondrial depolarization (p < 0 05) in
HCT116 cells after 24 h incubation (Figure 6(a)) and
increased caspase-3 activation (p < 0 05) after 48 h incuba-
tion (Figure 6(b)). Moreover, cotreatment with a caspase-3
inhibitor (Z-DEVD-FMK), but not with a p53 inhibitor
(cyclic pifithrin-α), prevented the xylopine-induced
increasing apoptosis (Figures 7(a) and 7(b)). On the other
hand, the IC50 values for xylopine were 6.4μM for the
BAD gene knockout immortalized mouse embryonic fibro-
blast (BAD KO SV40 MEF) cell line, while 8.0μM was for
wild-type immortalized mouse embryonic fibroblast (WT
SV40 MEF) cell line, suggesting that BAD gene is not
essential for xylopine-induced cytotoxicity. Doxorubicin
presents IC50 values of 0.4 and 0.03μM, while 5-FU

presents IC50 values of 7.3 and 1.7μM on BAD KO
SV40 MEF and WT SV40 MEF cell lines, respectively.

3.3. Xylopine Causes ROS-Mediated Apoptosis in HCT116
Cells. The effect of xylopine in intracellular reactive oxygen/
nitrogen species (ROS/RNS) levels was investigated in
HCT116 cells through flow cytometry. Treatment with
xylopine for 1 and 3h caused an increase in the ROS
levels (Figure 8(a)), and the cotreatment with the antioxi-
dant NAC prevented the xylopine-induced increase in the
intracellular ROS level (Figure 8(b)). Cotreatment with
catalase, which induces decomposition of hydrogen perox-
ide, also prevented xylopine-induced increase in intracellu-
lar ROS levels that indicate the production of hydrogen
peroxide induced by xylopine (Figure 8(c)). Using fluores-
cent probe specific for individual ROS/RNS, we found that
xylopine increases nitric oxide (Figure 9(b)), but not super-
oxide anion (Figure 9(a)), in HCT116 cells. Furthermore,
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Figure 9: Effect of xylopine (XYL) in the levels of reactive oxygen species (ROS) and reduced glutathione (GSH) of HCT116 cells after 1 h
incubation. (a) Nitric oxide level of HCT116 cells determined by flow cytometry using DAF-FM diacetate staining. (b) Superoxide anion
level of HCT116 cells determined by flow cytometry using hydroethidine staining. (c) GSH level of HCT116 cells determined by
colorimetric assay. The negative control (CTL) was treated with the vehicle (0.1% DMSO) used for diluting the compound tested.
Hydrogen peroxide (H2O2, 200 μM), doxorubicin (DOX, 1 μM), and oxaliplatin (OXA, 2.5μM) were used as positive controls. Data are
presented as the mean± S.E.M. of three independent experiments performed in duplicate. For flow cytometry analysis, 10,000 events were
evaluated per experiment and cellular debris was omitted from the analysis. ∗p < 0 05 compared with the negative control by ANOVA
followed by Student–Newman–Keuls test.
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GSH levels were decreased in xylopine-treated cells
(Figure 9(c)). The cotreatment with NAC also prevented
the xylopine-induced increase of the cell death by apoptosis
(Figures 10(a) and 10(b)).

3.4. Xylopine Does Not Induce DNA Intercalation. DNA
intercalation was evaluated by examining the ability of

xylopine to displace ethidium bromide from ctDNA and
thus decreasing the fluorescence intensity of ethidium
bromide. Xylopine was not able to decrease the ethidium
bromide fluorescence, indicating that it is not a strong
DNA intercalator. Doxorubicin, a potent DNA intercala-
tor, significantly reduced the fluorescence intensity (data
not shown).
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Figure 10: Effect of the antioxidant N-acetyl-L-cysteine (NAC) in xylopine-induced apoptosis in HCT116 cells determined by flow cytometry
using annexin V-FITC/PI staining. (a) Representative flow cytometric dot plots showing the percentage of cells in viable, early apoptotic, late
apoptotic, and necrotic stages. (b) Quantification of apoptotic cells. The cells were pretreated for 1 h with 5mMNAC and then incubated with
14μMxylopine (XYL) for 48 h. The negative control (CTL) was treated with the vehicle (0.1% DMSO) used for diluting the compound tested.
Doxorubicin (DOX, 1μM) and oxaliplatin (OXA, 2.5μM) were used as positive controls. Data are presented as the mean± S.E.M. of three
independent experiments performed in duplicate. Ten thousand events were evaluated per experiment, and cellular debris was omitted
from the analysis. ∗p < 0 05 compared with the negative control by ANOVA followed by Student–Newman–Keuls test. #p < 0 05
compared with the respective treatment without inhibitor by ANOVA followed by Student–Newman–Keuls test.
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4. Discussion

In the present study, we report for the first time that xylopine
induces oxidative stress and causes G2/M phase arrest
triggering caspase-mediated apoptosis in HCT116 cells. Pre-
vious works with xylopine reported that it induces potent
cytotoxicity to cancer cells, but its mechanism of action has
been not described [6].

Diverse aporphine alkaloids have been reported to
exhibit cytotoxic effect on various types of human cancer
cells, including acutiaporberine, anonaine, artabotrine,
lysicamine, magnoflorine, norglaucine, norpurpureine, caly-
cinine, and liriodenine [6, 14–20]. Acutiaporberine induces
apoptosis in human non-small-cell lung cancer PLA-801
cells and human lung cancer 95-D cells, accompanied by
downregulation of the bcl-2 gene and upregulation of the
bax gene [14, 15]. Liriodenine inhibits human lung adenocar-
cinoma A549 cell proliferation and blocks the cell cycle
progression at the G2/M phase, accompanied by a reduction
of G1 cyclin D1 and accumulation of G2 cyclin B1, and the
enzymatic activity of the cyclin B1/cyclin-dependent kinase
1 complex was reduced in liriodenine-treated cells. Activa-
tion of caspases and induction of apoptosis were also
observed in liriodenine-treated A549 cells [16]. Herein, xylo-
pine blocked cell cycle progression at the G2/M phase and
triggered caspase-mediated apoptosis pathway in HCT116
cells, as observed by internucleosomal DNA fragmentation,
externalization of phosphatidylserine, loss of mitochondrial
transmembrane potential, and activation of caspase-3.
Additionally, xylopine-induced apoptosis was prevented
by pretreatment with a caspase-3 inhibitor, but not with
a p53 inhibitor.

ROS/RNS are toxic products of cellular metabolism and
are involved in cellular apoptosis by both the extrinsic cell
death receptor pathway and the intrinsic mitochondrial cell
death pathway. ROS include free radicals deprived of oxy-
gen, including superoxide anions (O2

•−), hydroxyl radicals
(HO•), peroxyl (RO2

•), alkoxyl (RO•), and nonradical spe-
cies deprived of oxygen, including hydrogen peroxide
(H2O2), whereas RNS include mainly nitric oxide (•NO).
Moreover, glutathione is usually presented as a reduced
form (GSH), but GSH can be converted into an oxidized
form (GSSG) by stimulation of oxidative stress, and
decreased cellular GSH levels are associated with ROS-
mediated apoptosis [21–25]. Xylopine induces oxidative
stress, including the increase of the levels of nitric oxide
and hydrogen peroxide, but not superoxide anion, in
HCT116 cells. Depletion of cellular GSH was also
observed in xylopine-treated cells. Moreover, pretreatment
with the antioxidant NAC prevented xylopine-induced
apoptosis, indicating ROS-mediated apoptosis pathway.
The aporphine alkaloids anonaine, glaucine, and norglau-
cine were previously reported as inductors of oxidative
stress [18]. In addition, liriodenine/valproic acid combina-
tion treatment enhances ROS production and intracellular
GSH depletion [26].

Some aporphine alkaloids are DNA intercalator agents,
including liriodenine and dicentrine, which can induce inhi-
bition of DNA topoisomerases as a mechanism of

cytotoxicity [27]. Herein, DNA intercalation ability of xylo-
pine was assessed in ctDNA; however, xylopine failed to
induce DNA intercalation.

5. Conclusion

In conclusion, xylopine has potent cytotoxicity to different
cancer cell lines and induces oxidative stress and causes
G2/M phase arrest triggering caspase-mediated apoptosis
by the p53-independent pathway in HCT116 cells.
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PBMC: Peripheral blood mononuclear cells
RNS: Reactive nitrogen species
ROS: Reactive oxygen species.

Conflicts of Interest

The authors have declared that there is no conflict of interest.

Authors’ Contributions

Luciano de Souza Santos and Valdenizia Rodrigues Silva con-
tributed equally to this work.

Acknowledgments

The authors are grateful to the flow cytometry platform of
FIOCRUZ-Bahia for the performance flow cytometric data
acquisition. This work received financial support and fellow-
ships from Brazilian agencies Coordenação de Aperfeiçoa-
mento de Pessoal de Nível Superior (CAPES), Conselho
Nacional de Desenvolvimento Científico e Tecnológico
(CNPq), Fundação de Amparo à Pesquisa do Estado da Bahia
(FAPESB), and Fundação de Amparo à Pesquisa do Estado
do Amazonas (FAPEAM).

References

[1] J. Ferlay, I. Soerjomataram, R. Dikshit et al., “Cancer incidence
andmortality worldwide: sources, methods andmajor patterns
in GLOBOCAN 2012,” International Journal of Cancer,
vol. 136, no. 5, pp. E359–E386, 2015.

[2] A. Vogel, R. D. Hofheinz, S. Kubicka, and D. Arnold, “Treat-
ment decisions in metastatic colorectal cancer – beyond first
and second line combination therapies,” Cancer Treatment
Reviews, vol. 59, pp. 54–60, 2017.

[3] Y. Liu, J. Liu, D. Di, M. Li, and Y. Fen, “Structural and mech-
anistic bases of the anticancer activity of natural aporphinoid

12 Oxidative Medicine and Cellular Longevity



alkaloids,” Current Topics in Medicinal Chemistry, vol. 13,
no. 17, pp. 2116–2126, 2013.

[4] C. Stevignyl, C. Bailly, and J. Quetin-Leclercq, “Cytotoxic and
antitumour potentialities of aporphinoid alkaloids,” Current
Medicinal Chemistry - Anti-Cancer Agents, vol. 5, no. 2,
pp. 173–182, 2005.

[5] Q. Z. Zhao and Y. M. Zhao, “Progress in biological activities of
aporphinoid alkaloids,” Natural Product Research and Devel-
opment, vol. 18, no. 2, pp. 316–324, 2006.

[6] L. R. A. Menezes, C. O. S. Costa, A. C. B. C. Rodrigues et al.,
“Cytotoxic alkaloids from the stem of Xylopia laevigata,”Mol-
ecules, vol. 21, no. 7, article E890, 2016.

[7] S. A. Ahmed, R. M. Gogal Jr., and J. E. Walsh, “A new rapid
and simple non-radioactive assay to monitor and determine
the proliferation of lymphocytes: an alternative to [3H]thymi-
dine incorporation assay,” Journal of Immunological Methods,
vol. 170, no. 2, pp. 211–224, 1994.

[8] I. Nicoletti, G. Migliorati, M. C. Pagliacci, F. Grignani, and
C. Riccardi, “A rapid and simple method for measuring thy-
mocyte apoptosis by propidium iodide staining and flow
cytometry,” Journal of Immunological Methods, vol. 139,
no. 2, pp. 271–279, 1991.

[9] F. X. Sureda, E. Escubedo, C. Gabriel, J. Comas, J. Camarasa,
and A. Camins, “Mitochondrial membrane potential measure-
ment in rat cerebellar neurons by flow cytometry,” Cytometry,
vol. 28, no. 1, pp. 74–80, 1997.

[10] C. P. LeBel, H. Ischiropoulos, and S. C. Bondy, “Evaluation of
the probe 2′,7′-dichlorofluorescin as an indicator of reactive
oxygen species formation and oxidative stress,” Chemical
Research in Toxicology, vol. 5, no. 2, pp. 227–231, 1992.

[11] Z. Ni, S. Hou, C. H. Barton, and N. D. Vaziri, “Lead exposure
raises superoxide and hydrogen peroxide in human endothe-
lial and vascular smooth muscle cells,” Kidney International,
vol. 66, no. 6, pp. 2329–2336, 2004.

[12] H. Kojima, N. Nakatsubo, K. Kikuchi et al., “Detection and
imaging of nitric oxide with novel fluorescent indicators:
diaminofluoresceins,” Analytical Chemistry, vol. 70, no. 13,
pp. 2446–2453, 1998.

[13] L. S. Glass, A. Bapat, M. R. Kelley, M. M. Georgiadis, and E. C.
Long, “Semi-automated high-throughput fluorescent interca-
lator displacement-based discovery of cytotoxic DNA binding
agents from a large compound library,” Bioorganic & Medici-
nal Chemistry Letters, vol. 20, no. 5, pp. 1685–1688, 2010.

[14] Q. Chen, W. Peng, and A. Xu, “Apoptosis of a human non-
small cell lung cancer (NSCLC) cell line, PLA-801, induced
by acutiaporberine, a novel bisalkaloid derived from
Thalictrum acutifolium (Hand.-Mazz.) Boivin,” Biochemical
Pharmacology, vol. 63, no. 8, pp. 1389–1396, 2002.

[15] Q. Chen, W. Peng, S. Qi, and A. Xu, “Apoptosis of human
highly metastatic lung cancer cell line 95-D induced by acutia-
porberine, a novel bisalkaloid derived from Thalictrum acuti-
folium,” Planta Medica, vol. 68, no. 6, pp. 550–553, 2002.

[16] H. C. Chang, F. R. Chang, Y. C. Wu, and Y. H. Lai, “Anti-can-
cer effect of liriodenine on human lung cancer cells,” The
Kaohsiung Journal of Medical Sciences, vol. 20, no. 8,
pp. 365–371, 2004.

[17] S. M. Mohamed, E. M. Hassan, and N. A. Ibrahim, “Cytotoxic
and antiviral activities of aporphine alkaloids of Magnolia
grandiflora L,” Natural Product Research, vol. 24, no. 15,
pp. 1395–1402, 2010.

[18] C. C. Chiu, H. L. Chou, P. F. Wu, H. L. Chen, H. M.Wang, and
C. Y. Chen, “Bio-functional constituents from the stems of Lir-
iodendron tulipifera,”Molecules, vol. 17, no. 4, pp. 4357–4372,
2012.

[19] T. K. Kwan, F. Shipton, N. S. Azman, S. Hossan, K. T. Jin, and
C. Wiart, “Cytotoxic aporphines from Artabotrys crassifolius,”
Natural Product Communications, vol. 11, no. 3, pp. 389–392,
2016.

[20] E. V. Costa, M. L. Pinheiro, B. H. Maia et al., “7,7-Dimethyla-
porphine and other alkaloids from the bark of Guatteria friesi-
ana,” Journal of Natural Products, vol. 79, no. 6, pp. 1524–
1531, 2016.

[21] R. S. Balaban, S. Nemoto, and T. Finkel, “Mitochondria,
oxidants, and aging,” Cell, vol. 120, no. 4, pp. 483–495,
2005.

[22] J. Zhao, “Interplay among nitric oxide and reactive oxygen
species: a complex network determining cell survival or death,”
Plant Signaling & Behavior, vol. 2, no. 6, pp. 544–547, 2007.

[23] M. L. Circu and T. Y. Aw, “Reactive oxygen species, cellular
redox systems, and apoptosis,” Free Radical Biology & Medi-
cine, vol. 48, no. 6, pp. 749–762, 2010.

[24] K. Sinha, J. Das, P. B. Pal, and P. C. Sil, “Oxidative stress:
the mitochondria-dependent and mitochondria-independent
pathways of apoptosis,” Archives of Toxicology, vol. 87, no. 7,
pp. 1157–1180, 2013.

[25] T. Kamogashira, C. Fujimoto, and T. Yamasoba, “Reactive
oxygen species, apoptosis, and mitochondrial dysfunction
in hearing loss,” BioMed Research International, vol. 2015,
Article ID 617207, 7 pages, 2015.

[26] C. Y. Chen, Z. L. Li, K. T. Chung, F. J. Lu, and C. H. Chen,
“Process biochemistry liriodenine enhances the apoptosis
effect of valproic acid in human colon cancer cells through
oxidative stress upregulation and Akt inhibition,” Process
Biochemistry, vol. 49, no. 11, pp. 1990–2000, 2014.

[27] S. H. Woo, N. J. Sun, J. M. Cassady, and R. M. Snapka,
“Topoisomerase II inhibition by aporphine alkaloids,” Bio-
chemical Pharmacology, vol. 57, no. 10, pp. 1141–1145,
1999.

13Oxidative Medicine and Cellular Longevity


	Xylopine Induces Oxidative Stress and Causes G2/M Phase Arrest, Triggering Caspase-Mediated Apoptosis by p53-Independent Pathway in HCT116 Cells
	1. Introduction
	2. Material and Methods
	2.1. Xylopine Isolation
	2.2. Cells
	2.3. Cytotoxic Activity Assay
	2.4. 3D Multicellular Spheroids Culture
	2.5. Morphological Analysis
	2.6. Internucleosomal DNA Fragmentation and Cell Cycle Distribution
	2.7. Annexin V/PI Staining Assay
	2.8. Measurement of the Mitochondrial Transmembrane Potential
	2.9. Caspase-3 Activation Assay
	2.10. Measurement of Cellular Reactive Oxygen Species Levels
	2.11. Measurement of Cellular Superoxide Anion Level
	2.12. Measurement of Nitric Oxide Production
	2.13. Measurement of Cellular GSH Level
	2.14. DNA Intercalation Assay
	2.15. Statistical Analysis

	3. Results
	3.1. Xylopine Displays Potent Cytotoxicity in Different Cancer Cell Lines
	3.2. Xylopine Induces G2/M Phase Arrest and Caspase-Mediated Apoptosis in HCT116 Cells
	3.3. Xylopine Causes ROS-Mediated Apoptosis in HCT116 Cells
	3.4. Xylopine Does Not Induce DNA Intercalation

	4. Discussion
	5. Conclusion
	Abbreviations
	Conflicts of Interest
	Authors’ Contributions
	Acknowledgments

