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A B S T R A C T

Piplartine (piperlongumine) is a plant-derived compound found in some Piper species that became a novel po-
tential antineoplastic agent. In the present study, we synthesized a novel platinum complex containing a pi-
plartine derivative cis-[PtCl(PIP-OH)(PPh3)2]PF6 (where, PIP-OH = piplartine demethylated derivative; and
PPh3 = triphenylphosphine) with enhanced cytotoxicity in different cancer cells, and investigated its apoptotic
action in human promyelocytic leukemia HL-60 cells. The structure of PIP-OH ligand was characterized by X-ray
crystallographic analysis and the resulting platinum complex was characterized by infrared, molar conductance
measurements, elemental analysis and NMR experiments. We found that the complex is more potent than pi-
plartine in a panel of cancer cell lines. Apoptotic cell morphology, increased internucleosomal DNA fragmen-
tation, without cell membrane permeability, loss of the mitochondrial transmembrane potential, increased
phosphatidylserine externalization and caspase-3 activation were observed in complex-treated HL-60 cells.
Treatment with the complex also caused a marked increase in the production of reactive oxygen species (ROS),
and the pretreatment with N-acetyl-L-cysteine, an antioxidant, reduced the complex-induced apoptosis, in-
dicating activation of ROS-mediated apoptosis pathway. Important, pretreatment with a p38 MAPK inhibitor (PD
169316) and MEK inhibitor (U-0126), known to inhibit ERK1/2 activation, also prevented the complex-induced
apoptosis. The complex did not induce DNA intercalation in cell-free DNA assays. In conclusion, the complex
exhibits more potent cytotoxicity than piplartine in a panel of different cancer cells and triggers ROS/ERK/p38-
mediated apoptosis in HL-60 cells.

1. Introduction

Leukemia is among the most usual cancer in the world, with around
352,000 new cases diagnosed in 2012, and was estimate about 265,500
deaths [1]. In special, the overall five-year survival rate for the acute
myeloid leukemia was only 27% from 2006 to 2012 [2]. Although the
arsenal of currently available chemotherapeutic agents represents a
major advance in the treatment of leukemias, the development of new

cytotoxic agents with less side-effect are need.
Piplartine (piperlongumine) is a plant-derived compound found in

some Piper species that became a novel potential antineoplastic agent.
Potent cytotoxicity, genotoxicity, antitumor, antiangiogenic and anti-
metastatic properties, in addition to presenting adequate bioavailability
and safety profile have been attributed for this molecule and its deri-
vatives [3–19]. Although its cytotoxic properties have been known for
over three decades, the great interest in this molecule has arisen after
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its cytotoxicity and ability to induce the production of reactive oxygen
species (ROS) selectively in cancer cells were described [11,12]. Cur-
rently, the cytotoxic potential of piplartine and/or its derivatives have
been extensively examined in different types of cancer, including leu-
kemia [12,20–23].

The design of metallodrug-based compounds is an interesting

strategy in medicinal chemistry [24–30]. The most important metallo-
drug-based compounds are the platinum-based antineoplastic agents.
Moreover, platinum-based complexes are used in 50% of all che-
motherapeutic regimens that include cisplatin, carboplatin and ox-
aliplatin [31]. Recently, two ruthenium-based piplartine complexes [Ru
(piplartine)(dppf)(bipy)](PF6)2 and [Ru(piplartine)(dppb)(bipy)](PF6)2
(where, dppf = 1,1′-bis(diphenylphosphino) ferrocene; dppb =1,4-bis
(diphenylphosphino)butane and bipy =2,2′-bipyridine) were obtained
and displayed cytotoxicity more potent than piplartine in different
cancer cell lines [32]; however, platinum-based complexes had not
been previously designed with piplartine. In the present study, we

Table 1
Summary of crystal data and refinement statistics for the ligand PIP-OH.

structural formulai C16H17NO5

space group P21/c
Z/Z′ 4/1
a (Å) 7.3951(8)
b (Å) 15.1471(11)
c (Å) 13.3878(11)
β (°) 103.631(8)
V (Å)3 1457.4(2)
calculated density (Mg/m3) 1.382
θ range for data collection (°) 5.842–66.718
data collected 7451
unique reflections 2497
unique reflections with I > 2σI) 1349
symmetry factor (Rint) 0.1237
parameters refined 199
goodness-of-fit on F2 1.077
final R1 factor for I > 2σ(I) 0.0954
wR2 factor for all data 0.3261
largest Δρ peaks (e/Å3) 0.368/− 0.207
CCDC deposit number 1,842,862

Fig. 1. Route for the synthesis of the complex cis-[PtCl(PIP-OH)(PPh3)2]PF6. a) 1 – Al3Cl3, CH2Cl2, 0 °C; 2 – aqueous NaHCO3, rt. b) PtCl2(PPH3)2, NH4PF6, CH2Cl2,
argon atmosphere.

Fig. 2. Asymmetric unit of the ligand PIP-OH drawn with their 50% probability
anisotropic ellipsoids (hydrogen atoms are arbitrary radius spheres).
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synthesized a novel platinum-based piplartine complex cis-[PtCl(PIP-
OH)(PPh3)2]PF6 (where, PIP-OH = piplartine demethylated derivative;
and PPh3 = triphenylphosphine) with enhanced cytotoxicity in dif-
ferent cancer cells, and its apoptotic action was investigated in human
promyelocytic leukemia HL-60 cells.

2. Materials and methods

2.1. Synthesis

2.1.1. General
Elemental analyses were performed in a TruSpec CHNS-O model

(Leco Instruments LTDA). The IR spectra were recorded on KBr pellets
in the 4000–400/cm region in a Bomen–Michelson FT MB-102 instru-
ment. The UV–vis spectra were recorded in CH2Cl2 solution, in a
Hewlett Packard diode array – 8452A. All NMR experiments were re-
corded on a BRUKER, 300MHz equipment, in a BBO 5mm probe, at
298 K, and TMS for internal reference. For 1H, 13C{1H}, and 31P{1H}
NMR spectra the CH3OD and dimethyl sulfoxide (DMSO) were used as
solvents. The splitting of proton, carbon and phosphorus resonances
was reported as s= singlet, d = doublet, t = triplet, dt = double triplet
and m =multiplet. Solvents were purified by standard methods. All
chemicals used were of reagent grade or comparable purity. Piplartine
(Cayman chemical, Ann Arbor, MI, USA) and PtCl2(PPh3)2 (Sigma-
Aldrich Co., Saint Louis, MO, USA) were used as received.

2.1.2. X-ray crystallography
Single crystal X-ray diffraction data were measured using a Bruker-

AXS Kappa Duo diffractometer with an APEX II CCD detector (Cu Kα
radiation, 296 K). Bruker programs SAINT and SADABS [33] were used
for cell refinement and data indexing, integration and reduction. Multi-
scan absorption correction was performed for our Cu Kα dataset [34].

Structure solution and refinement were performed using SHELXL-2014
[35] within the WinGX [36]. Artwork preparation were performed with
ORTEP-3 [37]. Non-hydrogen and hydrogen atoms were refined ani-
sotropically and isotropically, respectively. All hydrogens were added
to their corresponding carbons and oxygen following a riding model
with fixed bond angles and lengths (0.93 Å, 0.96 Å, 0.97 Å and 0.82 Å in
aromatic, methyl, methylene and hydroxyl groups, respectively). Hy-
drogens had their isotropic atomic displacement parameters set to
1.2Uiso(C), except in the case of methyl and hydroxyl groups where this
value was 1.5Uiso(C/O). The complete X-ray diffraction dataset for the
ligand structure is available under CCDC number code shown in
Table 1, wherein a summary of X-ray diffraction data is also presented.

2.1.3. (E)-(3′,-hydroxy-4′,5′-dimethoxycinnamoyl)-5,6-dihydro-2(1H)-
pyridone

For (E)-(3′,-hydroxy-4′,5′-dimethoxycinnamoyl)-5,6-dihydro-2(1H)-
pyridone (PIP-OH) synthesis, 0.3 g (0.945mmol) of piplartine was
dissolved in 10mL of anhydrous dichloromethane and the solution was
cooled to 0 °C. To this solution, 0.88 g (6.61mmol) of anhydrous alu-
minum chloride was slowly added under magnetic stirring. After 5min,
the solution was warmed to room temperature and kept under stirring
for 1 h, when 3mL of saturated NaHCO3 solution and 10mL of water
were added to the mixture. The resulting mixture was extracted with
dichloromethane (3×20mL) and the organic phase obtained was
washed with saturated NaCl solution (3×20mL), dried with anhy-
drous Na2SO4 and evaporated on a rotary evaporator. The obtained
product was purified by column chromatography (eluent: hexane/ethyl
acetate), providing 0.210 g of PIP-OH (73% yield). Anal. Calc. for
C16H17NO3: exp%. (calc%) C, 71.18 (70.83); H, 6.15 (6.32); N, 5.44

Table 2
Chemical shifts (ppm) 1H of PIP-OH and cis-[PtCl(PIP-OH)(PPH3)2]PF6 (CPP) in
CH3OD.

δ (ppm) Δδ (ppm)

Hydrogen PIP-OH CPP

1 2.49 (m) 2.54 (m) 0.05
2 3.97 (t) 4.00 (t) 0.03
3 5.98 (dt) 6.02 (dt) 0.04
4 7.05 (m) 7.09 (m) 0.04
7 7.60 (d) 7.64 (d) 0.04
8 7.31 (d) 7.34 (d) 0.03
10; 14 6.89(s) 6.93 (s) 0.04
15; 16 3.87 (s) 3.90 (s) 0.03

Table 3
Chemical shifts (ppm) 13C{1H} of PIP-OH and cis-[PtCl(PIP-OH)(PPH3)2]PF6
(CPP) in CH3OD.

δ (ppm) Δδ (ppm)

Carbon PIP-OH CPP

1 42.96 43.09 0.13
2 25.69 25.79 0.10
3 148.16 148.32 0.16
4 125.92 126.01 0.09
5 167.72 167.86 0.14
6 170.76 170.90 0.14
7 120.34 120.46 0.12
9 127.29 127.40 0.11
8 145.25 145.34 0.09
10; 14 106.87 106.98 0.11
12 139.65 139.59 0.06
11; 13 149.41 149.52 0.11
15; 16 56.75 56.87 0.12

Table 4
Cytotoxic activity of the complex cis-[PtCl(PIP-OH)(PPh3)2]PF6 (CPP).

Cells IC50 in µM

DOX OXA PIP PIP-OH CPP

Cancer cells
HL-60 0.3 0.6 14.1 8.5 1.9

0.3–0.4 0.1–0.8 8.3–19.8 4.9–15.0 1.2–3.1
K-562 0.3 1.0 18.6 23.2 1.1

0.2–0.5 0.1–1.3 11.6–9,9 17.7–28.8 0.3–3.4
HCT116 0.1 4.1 5.4 11.4 4.8

0.1–0.2 2.7–6.4 3.0–9.6 7.8–16.6 2.8–8.1
MCF-7 1.1 5.7 10.3 24.3 6.8

0.3–3.5 3.3–9.4 4.5–14.3 16.4–29.6 3.8–12.4
HepG2 0.1 2.2 6.3 7.5 4.4

0.1–0.2 1.3–3.8 4.5–8.8 6.6–8.5 3.1–6.2
HSC-3 0.3 3.1 14.1 16.3 1.0

0.2–0.4 1.6–5.3 8.7–18.3 11.0–22.8 0,47–1,94
SCC-9 0.5 N.d. 16.5 23.5 6.2

0.4–0.7 14.2–19.0 15.2–28.3 3.2–2.1
B16-F10 0.1 2.2 10.6 62.6 1.1

0.1–0.2 1.2–4.1 6.9 – 16.1 45.9–85.4 0.5–2.5

Non-cancer cells
MRC-5 1.5 1.3 17.3 14.0 7.5

1.2–2.0 1.0–2.2 11.3–25.5 7.8–24.9 4.3–12.8
PBMC 5.1 9.4 34.2 54.2 10.3

3.2–8.2 6.5–11.4 28.0–43.9 42.7–65.7 7.9–13.5

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, measured by alamar blue assay after 72 h
of incubation. Cancer cells: HL-60 (human promyelocytic leukemia); K-562
(human chronic myelogenous leukemia); HCT116 (human colon carcinoma);
MCF-7 (human breast carcinoma); HepG2 (human hepatocellular carcinoma);
HSC-3 (human oral squamous cell carcinoma); SCC-9 (human oral squamous
cell carcinoma); and B16-F10 (mouse melanoma). Non-cancer cells: MRC-5
(human lung fibroblast) and PBMC (human peripheral blood mononuclear
cells). Doxorubicin (DOX), oxaliplatin (OXA) and piplartine (PIP) were used as
the positive controls. Piplartine demethylated derivative (PIP-OH) was also
tested. N.d. Not determined.
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(5.16). 1H NMR (300MHz; CH3OD, 298 K): 7.60 (d, 12.0 Hz, 1H, H-7),
7.31 (d, 12.0 Hz, 1H, H-8), 7.05 (m, 1 H, H-7), 6.89 (s, 2H, H-10, H-14),
5.98 (dt, 9.9 and 1.9 Hz, 1H, H-3), 3.97 (t, 6.5, 2H, H-2), 3.87 (s, 6H,
OMe-15 and 16), 2.49 (m, 2H, H-1). 1H NMR (300MHz; DMSO-d6,

298 K): 9.00 (s, 1H, OH).13C{1H} NMR (300MHz; CH3OD): 42.96 (C-1),
25.69 (C-2), 148.16 (C-3), 125.92 (C-4), 167.62 (C-5), 170.76 (C-6),
120.34 (C-7), 127.29 (C-9), 145.25 (C-8), 106.87 (C-10, C-14), 139.65
(C-12), 149.41 (C-11, C-13) and 56.75 (C-15, C-16). UV–Vis (CH2Cl2,
4.65×10−5 M): λ/nm (ε/M/L/cm) 344 (24,012).

2.1.4. Cis-[PtCl(PIP-OH)(PPh3)2]PF6
The complex cis-[PtCl(PIP-OH)(PPh3)2]PF6 was prepared by re-

acting 0.05 g (0.06 mmol) of PtCl2(PPh3)2 with 0.017 g (0.06 mmol) of
PIP-OH ligand and 0.02 g (0.13 mmol) of NH4PF6 in 20mL of di-
chloromethane previously degassed. The solution was kept under inert
argon atmosphere and it was stirred for 24 h. The final solution was
concentrated to ca. 2 mL, and 10mL of hexane was added to precipitate
a yellow powder. The solid was filtered off, washed with hexane and
then dried under vacuum, providing 0.049 g of cis-[PtCl(PIP-OH)
(PPh3)2]PF6 (66% yield). Anal. Calc. for C52H47ClF6NO3P3Pt: exp%.
(calc%) C, 52.82 (53.32); H, 4.33% (4.04%); N, 1.44% (1.20%). Molar
conductance (S/cm2/mol, acetone) 60.31. IR (/cm) 1667 (νC=O). 31P
{1H} NMR (121.50MHz, CH3OD, 298 K): δ (ppm) 13.8 and 6.19 (d)
(2JP-P = 19.4 Hz). 1H NMR (300MHz, CH3OD, 298 K): δ (ppm): 7.64 (d,
15.0 Hz, 1 H, H-7), 7.34 (d, 15.0 Hz, 1H, H-8), 7.09 (m, 1H, H4), 6.93
(s, 2H, H-10, H-14), 6.02 (dt, 9.9 and 2.1 Hz, 1H, H-3), 4.00 (t, 6.5, 2H,
H-2), 3.90 (s, 6H, OMe-15 and 16), 2.54 (m, 2H, H-1). 13C{1H} NMR
(300MHz, CH3OD, 298 K): 43.09 (C-1), 25.79 (C-2), 148.32 (C-3),
126.07 (C-4), 167.86 (C-5), 170.90 (C-6), 120.46 (C-7), 145.34 (C-8),
127.40 (C-9), 106.98 (C-10, C-14), 149.52 (C-11, C-13), 139.59 (C12)
and 56.87 (C-15, C16). UV–Vis (CH2Cl2, 5.18× 10−5 M): λ/nm (ε/M/
L/cm) 325 (21,035).

2.2.1. Cell culture
A total of eight cancer cell lines and two non-cancer cells were used

in this study and the detailed are shown in Table S1. Primary cell
culture of peripheral blood mononuclear cells (PBMC) were obtained
with informed consent (# 031019/2013). Cells were cultured in RPMI-
1640 medium (Gibco-BRL, Gaithersburg, MD, USA) with 10% fetal
bovine serum (Life, Carlsbad, CA, USA), 2 mM L-glutamine (Vetec
Química Fina, Duque de Caxias, RJ, Brazil) and 50 μg/mL gentamycin
(Life, Carlsbad, CA, USA). Adherent cells were collected by treatment
with 0.25% trypsin EDTA solution (Gibco-BRL, Gaithersburg, MD,
USA). All cell lines were cultured in flasks at 37 °C in 5% CO2 and sub-
cultured every 3–4 days to maintain exponential growth. All cell lines
were tested for mycoplasma using a mycoplasma stain kit (Sigma-Al-
drich Co.) to validate the use of cells free from contamination. Cell
viability was assessed by trypan blue exclusion assay for all experiments
and over 90% of the cells were viable at the beginning of the culture.

Table 5
Selectivity index of the complex cis-[PtCl(PIP-OH)(PPh3)2]PF6 (CPP).

Cancer cells Non-cancer cells

MRC-5 PBMC

DOX OXA PIP PIP-OH CPP DOX OXA PIP PIP-OH CPP

HL-60 5 2.2 1.2 1.6 4 17 15.7 2.4 6.4 5.4
K-562 5 1.3 0.9 0.6 6.8 17 9.4 1.8 2.3 9.4
HCT116 15 0.3 3.2 1.2 1.6 51 2.3 6.3 4.8 2.2
MCF-7 1.4 0.2 1.7 0.6 1.1 4.6 1.7 3.3 2.2 1.5
HepG2 15 0.6 2.8 1.9 1.7 51 4.3 5.4 7.2 2.3
HSC-3 5 0.4 1.2 0.9 7.5 17 3.0 2.4 3.3 10.3
SCC-9 3 N.d. 1.1 0.6 1.2 10.2 N.d. 2.1 2.3 1.7
B16-F10 15 0.6 1.6 0.2 6.8 51 4.3 3.2 0.9 9.4

Data are presented the selectivity index (SI) calculated using the following formula: SI = IC50[non-cancer cells]/IC50[cancer cells]. Cancer cells: HL-60 (human
promyelocytic leukemia); K-562 (human chronic myelogenous leukemia); HCT116 (human colon carcinoma); MCF-7 (human breast carcinoma); HepG2 (human
hepatocellular carcinoma); HSC-3 (human oral squamous cell carcinoma); SCC-9 (human oral squamous cell carcinoma); and B16-F10 (mouse melanoma). Non-
cancer cells: MRC-5 (human lung fibroblast) and PBMC (human peripheral blood mononuclear cells). Doxorubicin (DOX), oxaliplatin (OXA) and piplartine (PIP)
were used as the positive controls. Piplartine demethylated derivative (PIP-OH) was also tested. N.d. Not determined.

Fig. 3. Effect of the complex cis-[PtCl(PIP-OH)(PPh3)2]PF6 (CPP) in the cell
viability of HL-60 cells, as determined by the trypan blue staining after 24 (A)
and 48 (B) h of incubation. The white bars represent number of viable cells
(x104cells/mL) and the gray bars represent cell inhibition (%). The negative
control (CTL) was treated with the vehicle (0.1% DMSO) used for diluting the
compound tested. Doxorubicin (DOX, 2 µM) and oxaliplatin (OXA, 2.5 µM)
were used as the positive controls. Data are presented as the means ± S.E.M. of
three independent experiments performed in duplicate. * P < 0.05 compared
with the negative control by ANOVA, followed by the Student Newman-Keuls
Test.
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2.2.2. Alamar blue assay
The alamar blue assay was used to quantify the cell viability and

was performed following the procedure that was previously described
[38–40]. Negative controls received the vehicle that was used for di-
luting the compound tested. Doxorubicin (purity ≥ 95%, doxorubicin
hydrochloride, Laboratory IMA S.A.I.C., Buenos Aires, Argentina),

oxaliplatin (Sigma-Aldrich Co.) and piplartine (purity> 98%, Cayman
Chemical) were used as the positive controls. The drug effect was
quantified as the percentage of control absorbance and the half-max-
imal (50%) inhibitory concentration (IC50) was calculated to each
compound. The selectivity index was calculated using the following
formula: selectivity index = IC50 [non-cancer cells]/IC50 [cancer cells].

Fig. 4. Effect of the complex cis-[PtCl(PIP-OH)(PPh3)2]PF6 (CPP) in the morphology of HL-60 cells after 24 and 48 h of incubation. The cells were stained with may-
grunwald-giemsa and examined by light microscopy (bar = 20 µm). Arrows indicate cell shrinkage or cells with fragmented DNA. The negative control (CTL) was
treated with the vehicle (0.1% DMSO) used for diluting the compound tested. Doxorubicin (DOX, 2 µM) and oxaliplatin (OXA, 2.5 µM) were used as the positive
controls.

Fig. 5. Effect of the complex cis-[PtCl(PIP-OH)(PPh3)2]PF6
(CPP) in the morphology of HL-60 cells after 24 and 48 h
of incubation. (A) Quantification of forward light scatter
(FSC) determined by flow cytometry. (B) Quantification of
side scatter (SCC) determined by flow cytometry. The
negative control (CTL) was treated with the vehicle (0.1%
DMSO) used for diluting the compound tested.
Doxorubicin (DOX, 2 µM) and oxaliplatin (OXA, 2.5 µM)
were used as the positive controls. Data are presented as
the means ± S.E.M. of three independent experiments
performed in duplicate. Ten thousand events were eval-
uated per experiment and cellular debris was omitted from
the analysis. * P < 0.05 compared with the negative
control by ANOVA, followed by the Student-Newman-
Keuls test.
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2.2.3. Morphological analysis
Cell morphology was analyzed using May-Grunwald-Giemsa

staining. Morphological alterations were observed by light microscopy
using Image-Pro software. Moreover, light scattering features was
measured by flow cytometry, and the forward light scatter (FSC) and
the side scatter (SCC) were quantified. For flow cytometry analyses, 104

events were recorded per sample using a BD LSRFortessa cytometer
along with BD FACSDiva Software (BD Biosciences) and Flowjo
Software 10 (Flowjo LCC). The cellular debris was omitted from the
analysis.

2.2.4. Annexin-V/PI staining assay
For apoptosis quantification, we used the FITC Annexin V Apoptosis

Detection Kit I (BD Biosciences, San Jose, CA, EUA) and the analysis
were performed according to the manufacturer's instructions and cell
fluorescence was measured by flow cytometry as described above. For
protection assays, Jun kinase (JNK/SAPK) inhibitor (SP 600125;
Cayman Chemical), p38 MAPK inhibitor (PD 169316; Cayman
Chemical), mitogen-activated protein kinase kinase (MEK) inhibitor (U-
0126; Cayman Chemical) and the antioxidant N-acetyl-L-cysteine (NAC,

Sigma-Aldrich Co.) were used. Briefly, the cells were pretreated for 2 h
with 5 µM SP 600125, 5 µM PD 169316, 5 µM U-0126 or 5mM NAC,
followed by incubation with 4 µM of the complex for 48 h. Then, the
cells were trypsinized, and apoptosis quantification assay was per-
formed as described above.

2.2.5. Analysis of the mitochondrial transmembrane potential
Mitochondrial transmembrane potential was investigated using the

retention of the dye rhodamine 123 and was evaluated following the
procedure that was previously described [41]. Cells were incubated
with rhodamine 123 (5 μg/mL, Sigma-Aldrich Co.) at 37 °C for 15min
in the dark and washed with saline. The cells were then incubated again
in saline at 37 °C for 30min in the dark and cell fluorescence was
analyzed by flow cytometry as described above.

2.2.6. Caspase-3 activation assay
A caspase-3 colorimetric assay kit (Sigma-Aldrich Co.) was used to

investigate caspase-3 activation and the analysis was performed ac-
cording to the manufacturer's instructions. Total protein quantification
was performed by Bradford method. Absorbance at 405 nm was

Fig. 6. Effect of the complex cis-[PtCl(PIP-OH)(PPh3)2]PF6 (CPP) in the induction of apoptosis in HL-60 cells after 24 and 48 h of incubation as determined by flow
cytometry using annexin V-FITC/PI staining. (A) Representative flow cytometry dot plots show the percent cells in the viable, early apoptotic, late apoptotic and
necrotic stage. (B) Quantification of apoptotic HL-60 cells. The negative control (CTL) was treated with the vehicle (0.1% DMSO) used for diluting the compound
tested. Doxorubicin (DOX, 2 µM) and oxaliplatin (OXA, 2.5 µM) were used as the positive controls. Data are presented as the means ± 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 the Student-Newman-Keuls test.
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measured using the SpectraMax 190 Microplate Reader (Molecular
Devices, Sunnyvale, CA, EUA). The results were expressed as specific
activity of caspase-3 per 10mg protein.

2.2.7. Internucleosomal DNA fragmentation and cell cycle distribution
The internucleosomal DNA fragmentation and cell cycle distribution

were determined using propidium iodide (PI) (Sigma-Aldrich Co.) in
permeabilized cells and was performed following the procedure that
was previously described [42]. Cell fluorescence was measured by flow
cytometry as described above.

2.2.8. Analysis of intracellular reactive oxygen species levels
The levels of ROS were measured using 2′,7′-dichlorofluorescin

diacetate (DCFH-DA, Sigma-Aldrich Co.) and was evaluated following
the procedure that was previously described [43]. Cell fluorescence was
measured by flow cytometry as described above.

2.2.9. DNA intercalation assay
DNA intercalation was assessed by examining the ability of the

complex to displace ethidium bromide from calf thymus DNA (ctDNA,
Sigma-Aldrich Co.) [44]. The DNA intercalation assay was conducted in
96-well plate (100 µL) and contained 15 µg/mL ctDNA, 1.5 µM ethi-
dium bromide and 5, 10 and 20 µM of the complex in saline solution.
The vehicle (0.1% DMSO) used for diluting the compounds tested was
used as the negative control. Doxorubicin (10 µM) was used as the
positive control. Fluorescence was measured using excitation and
emission wavelengths of 320 and 600 nm, respectively using the spec-
traMax Microplate Reader (Molecular Devices, Sunnyvale, CA, EUA).

2.2.10. Statistical analysis
Data are presented as mean ± S.E.M. or IC50 values with their 95%

confidence intervals obtained by nonlinear regression. Differences be-
tween experimental groups were compared using analysis of variance
(ANOVA) followed by the Student–Newman–Keuls test (p < 0.05). All
statistical analyses were performed using GraphPad Prism (Intuitive
Software for Science, San Diego, CA, USA).

3. Results

3.1. Synthesis of the complex cis-[PtCl(PIP-OH)(PPh3)2]PF6

Initially, the synthesis of piplartine demethylated derivative PIP-OH
was obtained as depicted in Fig. 1 by using a method described by
Adams et al. [11]. The ligand was characterized by 1H and 13C{1H}
NMR, UV–Vis and IR spectroscopy (Figs. S1–S3), in addition to ele-
mental analysis, which was in agreement to the proposed composition.
Important, the ligand PIP-OH had its structure determined by X-ray
crystallography (Fig. 2), showing the presence of hydroxyl group.

The reaction of PIP-OH ligand with the platinum precursor
PtCl2(PPh3)2 resulted in a product of formula cis-[PtCl(PIP-OH)(PPh3)2]
PF6, by one chloride exchange. The ligand PIP-OH acted as mono-
dentade specie, coordinating with the platinum atom through its car-
bonyl group (position C-5) (Fig. 1). Despite the presence of the OH
group (C-12), the coordination to the metallic center occurred by the
carbonyl (C-5). This is probably due to the involvement of the lone pair
of electrons in the electronic resonance of phenyl ring, in which it is
attached, reducing its basicity. With respect to C=O (C-5), a carbonyl
of a lactam, the lone pair of electrons on the N atom delocalized with
the carbonyl group, increases its basicity, and makes O (C-5) atom a
softer base site, thus, the interaction with Pt2+, a soft acid, is more
effective. Resonance effects also act on the carbonyl (C-6), however it
suffers from steric hindrance that makes O-Pt interaction unfeasible.
Moreover, steric effects also contribute to non-coordination by hydroxyl
(C-12). Similar behavior was observed for piplartine when it was co-
ordinated to VO(II) and Ru(II) ions [32]. The elemental analyses agree
well with the proposed formulation for the obtained complex. The
molar conductance value, measured in acetone, at room temperature,
was 60.3 µS/cm, revealing 1:1-type compounds [45].

The 31P{1H} NMR spectra of the complex in CH3OD presented a
typical AX spin system, indicating the magnetic nonequivalence of the
two phosphorus atoms in cis position, in which one is trans to the Cl-

ligand and the other is trans to the O of the carbonyl (C-5) ligand
(Fig. 4S). The chemical shifts and coupling constants (2JP-P) are shown
in the experimental section, and are in agreement with P-Pt-O. The 31P
{1H} NMR chemical shifts was different from starting material
PtCl2(PPh3)2, suggesting that the presence of PIP-OH ligand co-
ordinated to the metal shifted the electron density of the phosphorus
atoms of the PPh3 ligand. Also, were observed coupling P-195Pt by the
satellites presence (Fig. 4S).

The 1H NMR spectra of the complex, in CH3OD, display signals
correspondent to the hydrogen atoms of triphenylphosphine and PIP-
OH ligands (Fig. 5S). As expected, it was observed a consistent shift of
signals for downfield region for the complex when compared to metal-

Fig. 7. Effect of the complex cis-[PtCl(PIP-OH)(PPh3)2]PF6 (CPP) in the mi-
tochondrial membrane potential and caspase-3 activity in HL-60 cells. (A)
Mitochondrial membrane potential was determined by flow cytometry using
rhodamine 123 staining after 24 h of incubation. (B) Caspase-3 activity was
determined by colorimetric assay after 48 h of incubation. The negative control
(CTL) was treated with the vehicle (0.1% DMSO) used for diluting the com-
pound tested. Doxorubicin (DOX, 2 µM) and oxaliplatin (OXA, 2.5 µM) were
used as the positive controls. Data are presented as the means ± 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 the Student-Newman-Keuls test.
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free ligand (Table 2). The small disbanding effect occurs because Pt2+,
has a d8 configuration, which does not exert an electron withdrawing
effect as significant as occurs with more electron deficient metals. Other
aromatic hydrogen atom resonances were in the range 7.1–7.7 ppm
which were attributed to the protons present in the aromatic phosphine
(Fig. 5S). The 13C{1H} NMR spectra of the complex display signals
around 167.96– 170.90 ppm, typical of the C=O group. This signal is
deshielding in comparison to the metal-free piplartine ligand, where
they occur at 167.72 and 170.76 ppm, indicating that oxygen of car-
boxyl group is coordinated to the metal (Table 3 and Fig. S6).

The infrared spectra of the complex show the typical ν(C=O) car-
bonyl stretching frequency at 1667/cm while the metal-free piplartine
ligand displays this stretching mode at 1659/cm. The difference be-
tween the metal-free and coordinated ν(C=O) piplartine values (Δν =
8/cm) is indicative of coordination, through the carbonyl group [46].
Strong bands are present in the spectra of the piplartine and of the
precursor complexes in the region of 1600–1300/cm, characteristics of
νC=C stretching vibrations. Also, νPt-P and νPt-O stretching bands in
the range of 550–500/cm were observed. The characteristic P–F stretch
of the PF6- counter-ion is at 843/cm (Fig. 7S). The UV–vis spectra of the
complex displayed a large band associated with the presence of co-
ordinated PIP-OH, at 320 nm, while free piplartine presented a band at
345 nm, corresponding to π–π* transitions from the PIP-OH and phos-
phine ligands (Fig. 8S).

Finally, time-dependent 31P{1H} NMR experiments in solution were
carried out to evaluate the stability of the complexes. The complexes
were diluted in DMSO and analyzed from 0 to 48 h (Fig. 9S). The 31P
{1H} NMR spectra revealed that after 1 h of incubation, there was a
significant dissociation of PIP-OH ligand from the metal complex, while
after 48 h, most the PIP-OH was dissociated from the metal complex.

3.2. The complex cis-[PtCl(PIP-OH)(PPh3)2]PF6 exhibits more potent
cytotoxicity than piplartine in a panel of cancer cells

The cytotoxicity of the complex cis-[PtCl(PIP-OH)(PPh3)2]PF6 in
eight cancer cell lines (HL-60, K-562, HCT116, MCF-7, HepG2, HSC-3,
SCC-9 and B16-F10) and two non-cancer cells (MRC-5 and PBMC) was
evaluated using the alamar blue assay after 72 h of incubation. Table 4
shows the IC50 obtained. The complex presented enhanced cytotoxicity
to different cancer cells, with IC50 values ranging from 1.0 to 6.8 μM for
cancer cell lines HSC-3 and MCF-7, respectively. Piplartine presented
IC50 values ranging from 5.4 to 18.6 μM for cancer cell lines HCT116
and K-562, respectively, while the piplartine demethylated derivative

PIP-OH presented IC50 values ranging from 7.5 to 62.6 μM for cancer
cell lines HepG2 and B16-F10, respectively. The platinum precursor cis-
[PtCl2(PPh3)2] was not cytotoxic at the concentrations tested
(IC50> 31.6 µM). The complex was more potent than piplartine in HL-
60 (7.4-fold), K-562 (16.9-fold), HCT116 (1.1-fold), MCF-7 (1.5-fold),
HepG2 (1.4-fold), HSC-3 (14.1-fold), SCC-9 (2.7-fold) and B16-F10
(9.6-fold), and more potent than PIP-OH in HL-60 (4.5-fold), K-562
(21.1-fold), HCT116 (2.4-fold), MCF-7 (3.6-fold), HSC-3 (1.7-fold),
SCC-9 (3.8-fold) and B16-F10 (56.9-fold). Doxorubicin, used as positive
control, presented IC50 values ranging from 0.1 to 1.1 μM for cancer cell
lines HCT116 and MCF-7, respectively. Oxaliplatin, also used as posi-
tive control, presented IC50 values ranging from 0.6 to 5.7 μM for cancer
cell lines HL-60 and MCF-7, respectively.

The IC50 value for non-cancer cells was 7.5 and 10.3 μM for the
complex, 17.3 and 34.2 μM for piplartine, and 14.0 and 54.2 μM for
PIP-OH in MRC-5 and PBMC cells, respectively. The platinum precursor
cis-[PtCl2(PPh3)2] was not cytotoxic to non-cancer cells at the con-
centrations tested (IC50> 31.6 µM). In addition, the IC50 value in non-
cancer cells was 1.5 and 5.1 μM for doxorubicin, and 1.3 and 9.4 μM for
oxaliplatin in MRC-5 and PBMC cells, respectively. Table 5 shows the
selectivity index calculated. The complex exhibited selectivity index
similar to piplartine, PIP-OH, doxorubicin and oxaliplatin to most of the
cell lines tested.

In a new set of experiment, human promyelocytic leukemia HL-60
cell line was used as a cellular model, since it was among the most
sensitive cell lines to the complex tested. Moreover, this cell line is often
used as cellular model in the study of the mechanism of action of new
compounds [5,28,47,48]. Therefore, the cytotoxicity of the complex
was confirmed by TBE assay in HL-60 cells after 24 and 48 h of in-
cubation. The complex significantly reduced (p < 0.05) the number of
viable cells (Fig. 3). At concentrations of 1, 2 and 4 μM, the complex
reduced the number of viable cells by 27.4%, 44.1% and 53.9% after
24 h, and 49.0%, 56.8% and 69.3% after 48 h, respectively. Doxor-
ubicin at 2 μM reduced the number of viable cells by 57.1 after 24 h,
and 87.9 after 48 h, and oxaliplatin at 2.5 μM reduced the number of
viable cells by 35.6 after 24 h, and 67.7 after 48 h. No significant
(p > 0.05) increase in the number of non-viable cells was observed.

3.3. The complex cis-[PtCl(PIP-OH)(PPh3)2]PF6 causes ROS/ERK/p38-
mediated apoptosis in HL-60 cells

Cell morphology of complex-treated HL-60 cells presented reduction
in the cell volume, chromatin condensation and fragmentation of the

Table 6
Effect of the complex cis-[PtCl(PIP-OH)(PPh3)2]PF6 (CPP) in the cell cycle distribution of HL-60 cells.

Treatment Concentration (µM) DNA content (%)

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

24 h of incubation
CTL – 12.1 ± 1.2 49.7 ± 3.6 15.1 ± 1.6 16.5 ± 0.5
DOX 2 57.2 ± 2.5* 19.9 ± 2.5* 6.6 ± 1.6* 8.9 ± 1.5
OXA 2.5 20.7 ± 2.9* 29.1 ± 2.4* 12.6 ± 2.5 28.1 ± 2.6*

CPP 1 25.0 ± 1.6* 32.0 ± 5.4* 10.5 ± 1.8 13.2 ± 2.9
2 29.2 ± 0.9* 34.3 ± 2.9* 10.3 ± 1.1 15.0 ± 2.5
4 26.2 ± 4.1* 26.7 ± 4.6* 10.1 ± 1.4 15.3 ± 2.6

48 h of incubation
CTL – 6.3 ± 0.7 58.5 ± 3.1 14.1 ± 1.3 17.0 ± 1.6
DOX 2 65.5 ± 2.8* 21.9 ± 3.0* 6.5 ± 0.6* 3.8 ± 0.9*

OXA 2.5 24.8 ± 1.9* 42.9 ± 2.8 13.2 ± 0.8 23.4 ± 2.6*

CPP 1 19.8 ± 1.4* 49.7 ± 2.2 12.3 ± 1.6 14.5 ± 0.9
2 25.8 ± 3.8* 48.5 ± 3.1 14.3 ± 0.8 14.1 ± 1.5
4 27.3 ± 7.0* 41.9 ± 8.6 8.0 ± 2.0* 12.8 ± 2.8

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 the 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.
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nuclei after 24 and 48 h of incubation (Fig. 4). Doxorubicin and ox-
aliplatin also induced cell shrinkage, chromatin condensation and nu-
clear fragmentation. Moreover, the complex, doxorubicin and ox-
aliplatin caused cell shrinkage, as observed by the decrease in FSC, and
nuclear condensation, as indicated by a transient increase in SCC, both
assessed by flow cytometry (Fig. 5). In addition, analysis of annexin V-
FITC and PI double staining was performed by flow cytometry to
measure the percentage of cells in viable, early apoptotic, late apoptotic
and necrotic stages after 24 and 48 h of incubation (Fig. 6). The treat-
ment with the complex resulted in increasing in apoptotic cells with
more pronounced effect after 48 h of incubation (p < 0.05). Similarly,
doxorubicin and oxaliplatin also caused increase in apoptotic cells
(p < 0.05). Moreover, the treatment with the complex induced loss of
the mitochondrial transmembrane potential after 24 h of incubation
(p < 0.05) (Fig. 7A), as assessed by the incorporation of rhodamine
123 using flow cytometry, and significantly increased the caspase-3
activation after 48 h of incubation (p < 0.05) (Fig. 7B), as measured by
colorimetric assay using DEVD-pNA as the substrate. Doxorubicin and
oxaliplatin also reduced the mitochondrial transmembrane potential
(p < 0.05). In addition, doxorubicin also caused caspase-3 activation

(p < 0.05).
The cell cycle distribution in HL-60 cells treated with the complex

was assessed by DNA content using flow cytometry after 24 and 48 h of
incubation. Table 6 shows the cell cycle distribution obtained. All DNA
that was sub-diploid in size (sub-G0/G1) was considered fragmented.
The treatment with the complex caused a significant increase in the
internucleosomal DNA fragmentation in all concentrations and time
points analyzed (p < 0.05). Doxorubicin also significantly induced
internucleosomal DNA fragmentation (p < 0.05). Oxaliplatin caused
cell cycle arrest at the phase G2/M that was followed by inter-
nucleosomal DNA fragmentation (p < 0.05).

The effect of the complex in intracellular ROS levels was in-
vestigated in HL-60 cells through flow cytometry using DCFH-DA after
1 and 3 h of incubation. The treatment with the complex for 1 h caused
increasing in the ROS levels (Fig. 8). Furthermore, the pretreatment
with the antioxidant NAC reduced the complex-induced apoptotic cells
(Fig. 9). Since the ROS-mediated cell death can induce activation of the
MAPK pathway, we decided to investigate the role of the three main
MAPK families, ERK1/2, JNK/SAPK and p38 MAPK, in complex-in-
duced apoptosis in HL-60 cells. Interestingly, the pretreatment with p38
MAPK inhibitor (PD 169316) and MEK inhibitor (U-0126), which in-
hibits the activation of ERK1/2, but not JNK/SAPK inhibitor (SP
600125), reduced the complex-induced apoptosis (Fig. 10), indicating
that the complex causes ROS/ERK/p38-mediated apoptosis in HL-60
cells.

3.4. The complex cis-[PtCl(PIP-OH)(PPh3)2]PF6 does not induce DNA
intercalation

Since platinum complexes are able to induce DNA intercalation, we
evaluated a DNA intercalation assay by examining the ability of the
complex to displace ethidium bromide from ctDNA using a cell-free
assay. In this assay, if the complex acts as a DNA intercalator, the
ethidium bromide fluorescence decrease. However, the complex did not
reduce the ethidium bromide fluorescence, indicating that is not a
strong DNA intercalator. Doxorubicin, a known DNA intercalator, re-
duced the fluorescence intensity of ethidium bromide (data not shown).

4. Discussion

In the present work, we synthesized a novel platinum complex
containing a piplartine demethylated derivative cis-[PtCl(PIP-OH)
(PPh3)2]PF6 which exhibited an enhanced cytotoxicity in a panel of
cancer cells. As mentioned above, metallo-based piplartine complexes
had been previously synthesized and evaluated in cancer cells, where
the ruthenium-based piplartine complexes displayed more potent cy-
totoxicity than piplartine [32]. In these ruthenium complexes, pi-
plartine is an uncharged ligand that is coordinated to the ruthenium
through the piplartine C=O group. Here, we synthesized a piplartine
demethylated derivative PIP-OH to try coordinate the platinum through
the hydroxyl group of PIP-OH; however, the ligand PIP-OH coordinated
to the platinum through its C=O group. Nevertheless, the platinum-
based complex presented more potent cytotoxicity than piplartine and
PIP-OH. In both ruthenium and platinum complexes, the ligands pi-
plartine or the piplartine demethylated derivative PIP-OH are dis-
sociated from the metal center, suggesting that in physiology solution,
metal complexes can act as a carrier of piplartine [32].

The potent cytotoxic activity of piplartine has been described in
different cancer cell lines [9,12,22,23]. Additionally, diverse platinum
complexes, including the clinically useful drugs cisplatin, carboplatin
and oxaliplatin, have great cytotoxic potential in cancer cell lines
[24,31,49,50].

The cytotoxic effect of the platinum-based piplartine complex has
been associated with its ability to cause apoptosis in HL-60 cells, as
observed by apoptotic cell morphology, increased internucleosomal
DNA fragmentation, without cell membrane permeability, loss of the

Fig. 8. Effect of the complex cis-[PtCl(PIP-OH)(PPh3)2]PF6 (CPP) in the levels
of reactive oxygen species (ROS) of HL-60 cells determined by flow cytometry
using DCFH-DA staining after 1 (A) and 3 (B) h of incubation. The negative
control (CTL) was treated with the vehicle (0.1% DMSO) used for diluting the
compound tested. Doxorubicin (DOX, 2 µM) and oxaliplatin (OXA, 2.5 µM)
were used as the positive controls. Data are presented as the means ± S.E.M. of
three independent experiments performed in duplicate or triplicate. Ten thou-
sand 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 the Student Newman-Keuls Test.
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mitochondrial transmembrane potential, increased phosphatidylserine
externalization and caspase-3 activation. Additionally, treatment with
the complex also caused a marked increase in the production of ROS,
and the pretreatment with the antioxidant NAC, p38 MAPK inhibitor
(PD 169316) and MEK inhibitor (U-0126) reduced the complex-induced
apoptosis, indicating activation of ROS/ERK/p38-mediated apoptosis
pathway.

Piplartine has also been reported to inhibit the proliferation and
survival of different leukemia cells. It inhibits the proliferation of B-cell
acute lymphoblastic leukemia cell lines, but not for normal B cells,
which is achieved by inducing apoptosis via elevation of ROS. The
mRNA levels of AURKB, BIRC5, E2F1, and MYB were significantly
downregulated, and SOX4 and XBP levels were increased. An increase
in the expression of p21 through a p53-independent mechanism was
also observed in piplartine treatment [20]. Piplartine also inhibited the
viability of bone marrow mononuclear cells from the patients with
myeloid leukemias, but not from patients with myelodysplastic syn-
drome, which induced apoptotic and autophagic cell death via activa-
tion of ROS-p38/JNK pathways [22]. Piplartine also reversed doxor-
ubicin resistance in K562/A02 human leukemia cells by PI3K/Akt

pathway [21]. Moreover, piplartine also induced apoptosis through
activation of ERK signaling in cholangiocarcinoma and colon carcinoma
cell lines [51,52].

The platinum-containing drug cisplatin was also previously reported
as cytotoxic agent to HL-60 cells, causing nuclear fragmentation, cas-
pase-3 cleavage and phosphatidylserine externalization, which was
prevented by NAC and glutathione [53]. Its mode of action has been
also associated to its ability to crosslink with the purine bases on the
DNA, interfering with DNA repair mechanisms, causing DNA damage,
and inducing apoptosis in cancer cells [54]. Here, however, the novel
platinum-based piplartine complex produced failed to induce DNA in-
tercalation.

In summary, the complex exhibits more potent cytotoxicity than
piplartine in a panel of different cancer cells and triggers ROS/ERK/
p38-mediated apoptosis in HL-60 cells. These results imply that al-
though piplartine has undergone structural modifications to form a
platinum-based complex and become more potent than piplartine, the
mechanism of action appears to be similar to piplartine, since piplartine
is also able to cause ROS/ERK/p38-mediated apoptosis in different
cancer cells. The formation of this complex represents a new prototype

Fig. 9. Effect of the antioxidant N-acetyl-L-cy-
steine (NAC) in the apoptosis induced by the
complex cis-[PtCl(PIP-OH)(PPh3)2]PF6 (CPP)
in HL-60 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 HL-60 cells. For
protection assay, the cells were pre-treated for
2 h with 5mM NAC, then incubated with 4 µM
CPP for 48 h. The negative control (CTL) was
treated with the vehicle (0.1% DMSO) used for
diluting the compounds tested. Doxorubicin
(DOX, 2 µM) was used as the positive control.
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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Fig. 10. Effect of the JNK/SAPK inhibitor (SP
600125), p38 MAPK inhibitor (PD 169316) and
MEK inhibitor (U-0126) in the apoptosis induced
by the complex cis-[PtCl(PIP-OH)(PPh3)2]PF6
(CPP) in HL-60 cells determined by flow cyto-
metry using Annexin V-FITC/PI staining. (A)
Representative flow cytometric dot plots
showing the percent of cells in the viable, early
apoptotic, late apoptotic and necrotic stage. (B)
Quantification of apoptotic HL-60 cells. For
protection assay, the cells were pretreated for 2 h
with 5 µM SP 600125, 5 µM PD 169316 or 5 µM
U-0126, and then incubated with 4 µM CPP for
48 h. The negative control (CTL) was treated
with the vehicle (0.1% DMSO) used for diluting
the compound tested. Doxorubicin (DOX, 2 µM)
was used as the positive control. Data are pre-
sented as the means ± S.E.M. of three in-
dependent experiments performed in duplicate.
Ten thousand events were evaluated per experi-
ment and cellular debris was omitted from the
analysis. * P < 0.05 compared with the negative
control by ANOVA, followed by the Student-
Newman-Keuls test. # P < 0.05 compared with
the respective treatment without inhibitor by
ANOVA, followed by the Student-Newman-Keuls
test.
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for the development of antitumor drugs.
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