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Summary
Cervical cancer is the third most commonly diagnosed tumor type and the fourth cause of cancer-related death in females.
Therapeutic options for cervical cancer patients remain very limited. Annona crassiflora Mart. is used in traditional medicine as
antimicrobial and antineoplastic agent. However, little is known about its antitumoral properties. In this study the antineoplastic
effect of crude extract and derived partitions from A. crassiflora Mart in cervical cancer cell lines was evaluated. The crude
extract significantly alters cell viability of cervical cancer cell lines as well as proliferation and migration, and induces cell death
in SiHa cells. Yet, the combination of the crude extract with cisplatin leads to antagonistic effect. Importantly, the hexane partition
derived from the crude extract presented cytotoxic effect both in vitro and in vivo, and initiates cell responses, such as DNA
damage (H2AX activity), apoptosis via intrinsic pathway (cleavage of caspase-9, caspase-3, poly (ADP-ribose) polymerase
(PARP) and mitochondrial membrane depolarization) and decreased p21 expression by ubiquitin proteasome pathway.
Concluding, this work shows that hexane partition triggers several biological responses such as DNA damage and apoptosis,
by intrinsic pathways, and was also able to promote a direct decrease in tumor perimeter in vivo providing a basis for further
investigation on its antineoplastic activity on cervical cancer.
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Introduction

Cervical cancer is considered an important public health prob-
lem worldwide, representing the third most common cancer
type among women [1, 2]. In addition to its high incidence, this

tumor is usually diagnosed at advanced stages, which hampers
effective treatment, especially in developing countries [2].
Cisplatin (cis-diamminedichloroplatinum) is the most used che-
motherapeutic agent, generally applied concomitantly to radio-
therapy. Despite constituting a potent antineoplastic, this
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compound is associated to several side effects as well as patient
resistance [3]. These facts have limited the clinical utilization of
cisplatin, which has been directed towards combination thera-
pies aiming to reduce the dose administered to the patient [3]. In
this context, novel chemotherapeutic agents are of great interest
to improve cancer therapy.

Medicinal plants represent an immense source for drug
discovery. Many drugs currently employed as gold standard
in tumor therapy have a natural origin or are direct derivatives
of natural compounds [4]. They include epipodophyllotoxins,
vinca alkaloids, camptothecin derivatives and taxanes [4, 5].
Nevertheless, it is estimated that less than 2% of the higher
plants have their antineoplastic activity analyzed, owing to the
time and intensive resources necessary for drug discovery
process [6, 7]. The biodiversity found in Brazil is among the
largest in the world (20–22% of the total), offering a broad
range of opportunities for the production of plant medicines.
Among the plant families found in the Brazilian Cerrado bi-
ome, Annonaceae comprises 29 geners [8, 9], of which
Annona includes approximately 166 species of trees and
shrubs [9, 10].

Among the species of the genus Annona, A. crassiflora
Mart., 1841 (Annonaceae), commonly known as araticum,
has several applications in the popular medicine [9]. Its leaves,
bark, fruits and seeds have been widely used as invigorating,
anti-inflammatory, antimalarial and antidiarrheal agents, in
addition to chemopreventive action [11, 12]. Recently, the
methanolic leaf extract as well as the seed extract of A.
crassiflora, have demonstrated in vitro antiproliferative prop-
erties in several tumor types (glioblastoma, leukemia and
lung, colorectal, ovarian cancer cell lines) [13]. Moreover, it
has been reported that an acetogenin-rich fraction of the
ethanolic extract from wood of A. crassiflora promotes toxic-
ity and antitumor activity in Ehrlich tumors [14]. These works
have raised the interest in A. crassiflora in the oncology field,
but more studies are needed to elucidate its whole therapeutic
antitumor potential.

In the present study we determined the biological effect of
total leaf extract from A. crassifloraMart. in a panel of cervi-
cal cancer cell lines. In addition, the hexane partition derived
from the extract was also characterized in vitro about func-
tional and molecular mechanisms as well as in vivo model of
cervical cancer.

Material and methods

Crude extract preparation

The crude extract from A. crassiflora was obtained by the
Federal University of São João del-Rei (SJDRFU) (Centro-
Oeste Dona Lindu Campus-MG). The leaves of A. crassiflora
were collected on Cerrado area (S 18° 58′ 08B and W 49° 27’

54^) and identified by Dr. Arali Aparecida Costa Araujo and
deposited in the Herbarium of the Botany Department of
Federal University of Minas Gerais (143400). The samples
collected were washed, cut and dried for 5 days at room
temperature. After that, the samples were submitted of extrac-
tion with ethylic alcohol 70% (1:5 by 5 days). The crude
extract liquid obtained was filtrated, froze and submitted to
freeze-drying. The crude extract was initially dissolved in
dimethyl sulfoxide (DMSO) at concentration of 50 mg/mL
and stored at −20 °C.

Partitioning preparation

After results obtained with the crude extract, the partitioning
preparation was carried out by SJDRFU using 4 different
solvents with increases polarity: A- Hydroalcoholic, B-
Hexane, C- Chloroform and D- Ethyl acetate. The partitions
were submitted at freeze-drying. Studies from our group re-
vealed that the hexane partition has one of the highest cyto-
toxic bioactivities (data not shown). Then, the hexane parti-
tion was also dissolved in DMSO at a concentration of
25 mg/mL and stored at −20 °C. The intermediate dilutions
of the hexane partition were prepared to obtain a concentra-
tion of 1% DMSO.

Analysis of secondary compounds present
in the hexane partition in Annona crassiflora Mart
by FT-ICR MS

The hexane partition was analyzed using the negative ion-
mode Electrospray Ionization Fourier Transform Ion
Cyclotron Resonance Mass Spectrometer (ESI (−) FT-ICR
MS,model 9.4 T Solarix, Bruker Daltonics Bremen). All mass
spectra were externally calibrated using NaTFA (m/z from 200
to 2000). The parameters of the ESI (−) source were: nebulizer
gas pressure of 0.5–1.0 bar, capillary voltage 3–3.5 kV and
capillary transfer temperature 250 °C. The mass spectrum
used Compass Data Analysis software. The resolution power
used was m/Δm50% ≅ 200,000 (where Δm50% is the maxi-
mum peak width at peak heightm/z ≅ 400) and mass accuracy
<8 ppm. The degree of unsaturation for each molecule can be
deduced directly from its DBE value according to the equation
DBE = c - h/2 + n/2 + 1, where c, h, and n are the numbers of
carbon atoms, hydrogens, and nitrogen in the molecular for-
mula, respectively. The FT-ICR mass spectrum was acquired
and processed using Compass Data Analysis software. The
elemental compositions of the present compounds were deter-
mined by measuring the m/z ratio values. The proposed struc-
tures for each formula were determined using the ChemSpider
database (www.chemspider.com) and the Dictionary of
Natural Products database (http://dnp.chemnetbase.com).
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Cell lines and cell culture

Seven immortalized human cervical cancer cell lines model
obtained from European Collection of Cell Cultures
(ECACC, Salisbury, United Kingdom) were analysed, being
then: HtTA-1, HR5, HeLa, SiHa, BU25TK, HR5-CL11 and
CaSki. The identity of all cell lines was confirmed by genotyp-
ing and further tested for micoplasma presence through
MycoAlertTmMycoplasma Detection Kit (Lonza), following
the manufacturer’s instructions [15]. All cell lines were main-
tained in Dulbecco’s modified Eagle’s medium (DMEM 1X,
high glucose; Gibco, Invitrogen) supplemented with 10% fetal
bovine serum (FBS) (Gibco, Invitrogen) and 1% penicillin/
streptomycin solution (P/S) (Gibco, Invitrogen), at 37 °C
and 5% CO2, until confluence. Posteriorly, the cells were
trypsinized (0.05% trypsin/0.53 mM EDTA - TripLE
Express, Life Technologies), plated and maintained under
the conditions described above for the biological characteri-
zation and therapeutic response studies.

Cell viability assay

The cytotoxicity effect of crude extract and hexane partition
were assessed by Cell Titer 96 Aqueous cell proliferation as-
say (MTS assay, PROMEGA, Madison, WI, USA) as previ-
ous described and following the manufacturer’s instructions
[15, 16]. Briefly, cells were plated into 96-well plates, treated
with increasing concentrations of the samples (crude extract:
1.5 μg/mL to 300 μg/mL, cisplatin: 0.12 μg/mL to 30 μg/mL
and hexane partition: 2.5 to 200 μg/mL) diluted in DMEM
(0.5% FBS) or vehicle (1% DMSO) and incubated for 72 h.
Absorbance of samples was measured in automatic microplate
reader Varioskan (Thermo) at 490 nm. The datas were
expressed as mean viable cells relatively to DMSO alone (rep-
resented as 100% viability) ± SD. Half maximal inhibitory
concentration (IC50) values were determined using the non-
linear regression curve using GraphPad PRISM version 7
(GraphPad Software, La Jolla California USA).

Clonogenic- assay

Inhibition of anchorage-independent growth of tumor cells
was assessed by soft-type-agar assay as we previously re-
ported [16, 17]. Briefly, 5 × 103 SiHa cells was treated every
2 days by DMEM medium (0.5% FBS) containing crude
extract or hexane partition (at IC50 concentrations) during
20 days and colonies formed were stained with 0.05% crys-
tal violet for 15 min. Photo-documented colonies were ana-
lyzed using the Image J software (National Institutes of
Health; http://rsbweb.nih.gov/ij/). The assay was performed
in two biological replicates and the experiments were done
in duplicate.

Wound-healing migration assay

Cell migration properties were evaluated by wound-healing
assay, as previously described by our group [16, 18]. SiHa
cells were treated with crude extract at IC50 concentration
and photographed by phase contrast microscopy (Model
IX71 Olympus) to evaluate wound closure at 0, 24, 48 and
72 h after treatment. The percentage of relative migration dis-
tance was calculated as wound area at a given time compared
to the initial wound surface. Pictures shown are representative
of three independent experiments performed in triplicates.

Drug combination studies

Combination drug studies were done using all cell lines with a
fixed concentration of cisplatin (Sigma Aldrich),
representing its IC50 value, and increasing concentrations
of crude extract [16]. Drug interactions were evaluated by
the combination index (CI) that was calculated by the Chou–
Talalay equation, which takes into account both the potency
(Dm or IC50) and the shape of the dose–effect curve [19],
using CalcuSyn software version 2.0 (Biosoft; Ferguson,
MO, USA). In CI analysis, synergy was defined as CI values
significantly lower than 1.0; antagonism as CI values signifi-
cantly higher than 1.0; and additivity as CI values equal to 1.0
at drug IC50 value for each cell line.

Western blot-analysis

Survival/proliferation, death and cell cycle signaling pathways
were evaluated by western-blot as as previously described
[16]. For this approach, after 24 h of treatment, protein ex-
tracts by SiHa cells treated with 15 μg/mL of both, crude
extract and hexane partition, were separated by 10% SDS-
PAGE and incubated with cleaved anti-PARP (1:1000), anti-
caspase 3, 7, 8 and 9 (1: 1000), anti-ERK (1:1000), anti-pERK
(1:1000), anti-AKT (1:1000), anti-AKT (1:1000), anti-
pH2AX (1:500), anti-H2AX (1:500) and anti-p21 (1:1000),
all purchased from Cell Signaling.

To validate the results obtained, SiHa cells were pre-treated
for 1 h with MG132 10 μM and N-Acetyl-Cysteine (NAC)
2 mM prior to treatment with the partition. After 24 h of
treatment, protein extracts were blotted against the primary
antibodies described above and their corresponding
peroxidase-conjugated secondary antibody. The membranes
were then incubated with ECL (GE) and revelaed by chemi-
luminescence method. Chemiluminescent detection was per-
formed on Image Quant LAS4000 mini photo documentation
system (GE Healthcare Life Sciences). Labeled bands were
subsequently analyzed and quantified using the Image J soft-
ware (National Institutes of Health; http://rsbweb.nih.gov/ij/).
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Determination of mitochondrial depolarization

SiHa cells were plated in 6-well plates until reach 100%
confluence. Cells were then incubated with the hexane
partition at the concentration of 15 μg/mL. After 24 h,
ce l l s we re sub j ec t ed to Mi toS ta tus RED (BD
Biosciences) labeling, as recommended by the manufac-
turer. Data acquisition was performed on BD FACSCanto
II (BD Biosciences) and analyzed with BD FACSDiva
software (BD Biosciences). Data shown are representative
of two independent experiments performed in duplicates.

In vivo characterization of the hexane partition effect
on tumor growth and angiogenesis

The hexane partition effect on the proliferative and angio-
genic potential of cervical cancer cells was evaluated by
the corialantoid membrane (CAM) assay as previously
described [18]. The eggs used were subdivided into four
groups: group I, inoculated only DMSO (partition vehi-
cle); group II, inoculated with the hexane partition; group
III, inoculated with SiHa tumor cells and treated with
DMSO; and group IV, inoculated with the SiHa cells
and treated with the hexane partition. At the tenth day
of development, a small plastic ring was inoculated onto
CAM in groups I and II whereas tumor cells (SiHa – 2 ×
106 cells) were inoculated into 20 μL of DMEM medium
without FBS and 20 μl matrigel (Corning) in groups III
and IV. The eggs were kept in the incubator and on the
fourteenth day of development, groupsx I, II, III and IV
were photodocumented in ovo using an Olympus SZX16
stereomicroscope and Olympus DP71 digital camera.
Then, groups I and III received 20 μL DMEM medium
containing 0.5% FBS with DMSO (control eggs) while
groups II and IV received 20 μl of DMEM (0.5% FBS)
medium and 15 μg/mL of the hexane partition. On the
seventeenth day (72 h of incubation with the samples),
the rings and tumors were again photodocumented, in
ovo. The fertilized eggs were then euthanized at −80 °C
for 10 min. Moreover, tumors or CAM containing the ring
we r e f i x ed w i t h 3 . 7% pa r a f o rma ld ehyde and
photodocumentated ex ovo. To confirm the death of the
embryos, parameters described by BAVMA Guidelines for
the Euthanasia of animals: 2013 (Leary, Underwood et al.
2013)^ were followed.

Tumor perimeter was measured on the fourteenth and
seventeenth day using ImageJ software (National
Institutes of Health; http://rsbweb.nih.gov/ij/) and the
results were expressed as mean percentage of tumor
growth in each group, relative to the fourteenth day ±
standard deviation (SD). For blood vessel counts, images
performed on the seventeenth day were counted ex ovo
and results expressed as mean vessel count in each

treated group. Both results were expressed as mean of
three independent experiments. This study was approved
by the Committee on Ethics in the Use of Animals
(CEUA) of the Institution (number: 028/2016).

Statistical analysis

Results of in vitro and in vivo experiments are
expressed as mean ± SD of three independent experi-
ments. Student’s t test was applied for comparing two
conditions, whereas two-way analysis of variance
(ANOVA) was used for assessing differences between
more groups. p-values <0.05 were considered signifi-
cant. All statistical analyses were performed using
GraphPad PRISM version 7 (GraphPad Software, La
Jolla California USA).

Results

Biological characterization of the crude extract
from A. crassiflora

Crude extract from A. crassiflora promotes cytotoxicity
in cervical tumor cells

To evaluate the cytotoxicity of crude extract in vitro, the
IC50 was determined in a panel of immortalized cervical
cancer cell lines. The screening revealed that the crude
extract had a lower cytotoxic activity in all the cells
evaluated when compared to cisplatin (Table 1). Based
on the cytotoxicity profile, the lines HtTa-1 and SiHa
were considered sensitive and resistant, respectively.
The IC50 values for HtTa-1 were 3.40 μg/mL for the
crude extract and 21.10 μg/mL for cisplatin. For SiHa,
the obtained values were 39.88 μg/mL for the crude
extract and 14.95 μg/mL for cisplatin (Table 1). The
other cervical lines (HR5, HR5Cl-11, HeLa, CaSki and
Bu25TK) also exhibited decrease in cell viability and
dose-dependent effect upon treatment with the com-
pounds (data not shown).

The efficacy of the crude extract in combination with
cisplatin was also tested. The present results showed
that, when combined, the crude extract and cisplatin
seems to have an antagonistic effect (combination index
(CI > 1) for the majority of the investigated cervical tu-
mor cell lines (Table 1).

Crude extract of A. crassiflora shows antiproliferative
potential and inhibits cell migration

To determine whether the reduction in cell viability de-
rived from decrease in proliferation rate, the clonogenic
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potential of treated cells was evaluated. The assay dem-
onstrated a drastic reduction ((56% for HtTA-1 (sensitive)
and 70% for SiHa (resistant)) in the number of colonies
formed after treatment with the crude extract compared to
control group (Fig. 1a, b). In addition, using the wound-

healing assay we evaluate the effect of the crude extract
on SiHa migration, and observed that it promoted attenu-
ation of migration over time, with a significant decrease
of 80% (p < 0.05) in comparison to the control cells at
72 h (Fig. 1c, d).

Table 1 Comparison of the mean
IC50 values of crude extract,
cisplatin and hexane partition in
cervical cancer cell lines

Cell line Crude extract

Mean IC50 ± S.D.

(μg/mL)

Cisplatin

Mean IC50 ± S.D.

(μg/mL)

Combination index (CI)a Hexane partition

Mean IC50 ± S.D.

(μg/mL)

HtTA-1 3.40 ± 3.60 21.10 ± 0.99 27.9 0.47 ± 0.05

HR5 15.31 ± 0.07 0.01 ± 1.63 3.02 0.49 ± 0.19

HR5CL-11 16.71 ± 0.03 1.96 ± 1.92 1.4 0.18 ± 0.07

HeLa 17.46 ± 0.43 6.39 ± 1.80 2.17 5.67 ± 1.49

CaSki 7.48 ± 0.42 1.91 ± 1.08 19.12 ND

Bu25TK 13.94 ± 0.99 11.60 ± 0.04 2.22 11.65 ± 1.20

SiHa 39.88 ± 0.74 14.95 ± 3.62 4.24 14.71 ± 1.55

ND Not determined
aDrug combination studies were done with cisplatin and crude extract. The CI was analyzed using CalcuSyn
Software version 2.0. The CI value significantly lower than 1.0, indicates drug synergism; CI value significantly
higher than 1.0, drug antagonism; and CI value equal to 1.0, additive effect

Fig. 1 Effect of crude extract on anchorage independent growth and
migration in cervical cancer cell lines. a Representative images of
colony assay of SiHa and HtTA-1 cell lines exposed to crude extract
(40 μg/mL and 3.4 μg/mL, respectively). The cells were tested for their
ability to proliferate in growth medium containing 0.35% agar. The for-
mation of multicellular colonies was photographed after 20 days of treat-
ment with the crude extract. The figure is representative of two indepen-
dent experiments performed in duplicate. b Graph of the data are

represented as mean ± SD and differences with p <0.05 in the Student's
t test (*). c Representative images of wound healing assay of SiHa cell
line after 24 hours, exposed to the crude extract (40 μg/mL). A standard-
ized (wound) zero was applied to the monolayer and scanned images
were taken at various time points (0, 24, 48 and 72 hours). The experi-
ments were performed three times independently and in duplicate. d Bars
represent the relative migration expressed as the mean ± SD and differ-
ences with p <0.005 in the Student's t-test (**)
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Characterization of the hexane partition from A.
crassiflora

The hexane partition from A. crassiflora contains acids
palmitate, octadecatrienoic acetogenins and alkaloids in their
constituition

Studies from our group revealed that the hexane partition
has one of the highest cytotoxic bioactivities (data not
shown). Thus, we evaluated the profile of secondary com-
pounds identified in the hexane partition of A. crassiflora
via FT-ICR MS analysis (Table 2). Twenty secondary
compounds were identified in their deprotonated form,
[M-H+]− ions corresponding to compounds: palmitic acid,
[ C 1 6 H 3 2 O 2 - H ] − o f m / z 2 5 5 ( c om p o u n d 1 ) ;
octadecatrienoic acid, [C18H30O2-H]− ion of m/z 277
(compound 2); coriacyclodienin, [C18H32O2-H]

− ion of
m/z 279 (compound 3); nornuciferina, [C18H34O2-H]

−

ion of m/z 281 (compound 4); annoglaucin, [C18H36O2-
H+]− ion of m/z 283 (compound 5); rolliniastatin,
[C18H30O3-H]− ion of m/z 293 (compound 6) ;
hydroxydehydronuciferine, [C18H34O3-H]− ion of m/z
309 (compound 7); caffeine of α-terpineol, [C18H36O4-
H]− ion of m/z 315 (compound 8); norglaucine,
[C19H30O2-H

+]− ion of m/z 325 (compound 9); rollitacin,
[C19H34O5-H]

− ion of m/z 329 (compound 10); β-sitoster-
ol, [C26H52O2-H]− ion of m/z 395 (compound 11);

polycarpol, [C29H44O2-H]
− ion of m/z 423 (compound

12); cyclosenegalin A, [C27H42O5-H]
− ion of m/z 445

(compound 13); reticulacinone, [C27H42O5-H]
− ion of m/

z 471 (compound 14); tryptamine, [C37H30O2-H]
− ion of

m/z 505 (compound 15); catechin metylated, [C37H69O5-
H]− ion of m/z 591 (compound 16); goniotriocin,
[C37H64O7-H]− ion of m/z 619 (compound 17);
Coriaheptocin, [C36H44O11-H]− ion of m/z 651 (com-
pound 18); procyanidin, [C40H70O10-H]

− ion of m/z 704
(compound 19); rhamnopyranosyl, [C42H70O10-H]

− ion of
m/z 834 (compound 20). The m/z values of the main iden-
tified molecules are presented on Table 2 [20–38].

The hexane partition of A. crassiflora promotes cytotoxicity
and reduces the proliferative potential of cervical cancer cell
lines

The cytotoxicity assays showed that treatment with concentra-
tions from 2.5 to 25 μg/mL of hexane partition reduced the cell
viability of the cancer cell lines in a dose-dependent manner
(Fig. 2a). Treatment with the hexane partition showed stronger
effect on cell viability compared to the crude extract, in which
reduced the IC50 average of values, from 16.32 μg/mL to
5.53 μg/mL (Table 1). This partition was also evaluated for
its effect on anchorage-independent growth, and resulted in a
reduction of more than 90% in the number of colonies formed
after the treatment in comparison to control cells (Fig. 2b, c).

Table 2 Proposed structures by
ESI(−)FT-ICR MS for hexane
partition in A. crassiflora Mart

m/z
mesured

m/z
theoretical

Error
(ppm)

DBE [M-H]− Proposed compound Reference

255.2332 255.23324 −1.12 1 [C16H32O2- H]
− palmitic acid [20]

277.21897 277.21894 6.01 4 [C18H30O2-H]
− octadecatrienoic acid [21]

279.23448 279.2344 6.58 3 [C18H32O2-H]
− coriacyclodienin [22]

281.24992 281.24899 4.7 2 [C18H34O2-H]
− nornuciferina [23]

283.26637 283.26632 8.79 1 [C18H36O2-H]
− annoglaucin [24]

293.21101 293.21098 2.12 4 [C18H30O3-H]
− rolliniastatin [25]

309.20739 309.20733 9.9 2 [C18H34O3-H]
− hydroxydehydronuciferine [26]

315.25144 315.25132 9 1 [C18H36O4-H]
− caffeine of α-terpineol [27]

325.19395 325.19365 1.83 4 [C19H30O2-H]
− norglaucine [28]

329.23289 329.23271 1.04 2 [C19H34O5-H]
− rollitacin [22, 29]

395.38339 395.3832 11.9 1 [C26H52O2-H]
− β-sitosterol [30]

423.32499 423.32445 0.89 8 [C29H44O2-H]
− polycarpol [30]

445.35916 445.35859 1.04 8 [C27H42O5-H]
− cyclosenegalin A [32]

471.34435 471.34425 6.92 7 [C27H42O5-H]
− reticulacinone [33]

505.22051 505.22045 2.34 23 [C37H30O2-H]
− tryptamine [34]

591.26044 591.26042 1.04 22 [C37H69O5-H]
− Catechin metylated [35]

619.28834 619.26784 1.24 20 [C37H64O7-H]
− goniotriocin [22]

651.28013 651.24741 0.5 15 [C36H44O11-H]
− Coriaheptocin [36]

709.49049 704.45012 1.69 6 [C40H70O10-H]
− procyanidin [37]

834.74642 834.65471 1.24 6 [C42H70O10-H]
− rhamnopyranosyl [38]
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Hexane partition modulates intracellular signaling pathways

To better characterize the effects of the hexane partition in
important tumorigenesis signaling pathways (apoptosis, pro-
liferation, survival and motility), the proteins PARP, ERK,
AKT, H2AX and p21 were quantified after 24 h in SiHa cell
line treated with crude extract and the hexane partition at
15 μg/mL (IC50 value for hexane partition).

We observed that only hexane partition promoted an in-
crease in ERK activity, when compared to the DMSO control
or the total extract groups. Moreover, no alteration was ob-
served in AKT activity after both treatments when compared
with DMSO control group, indicating that this protein possi-
bly does not seen to belong to the signaling pathway modu-
lated by the partition (Fig. 3a). However, when we treated the
cells with the respective IC50 concentrations for the extract
and cisplatin (40 and 15 μg/mL, respectively), we were able
to see and increase in the activity of ERK and a reduction in
the activity of the protein AKT only in the crude treated cells,

which was validated in two different cell lines (Supplementary
Fig. 1).

Hexane partition promotes p21 degradation via ubiquitin
proteasome system

To further explore the extract and the partition effect in the
intracellular signalling, we evaluated p21 protein expression,
known important regulator of cell cycle as well as cell death
regulation in response to DNA damage [39]. A decrease in
p21 expression in the SiHa cell line was observed in both
treatments compared (IC50 value for hexane partition -
15 μg/mL) to the control, suggesting an involvement in cell
cycle modulation (Fig. 3b). Moreover, degradation of p21 was
also observed with both crude and cisplatin at their IC50 con-
centrations in two different cell lines (Supplementary Fig. 1).

Decrease in p21 expression is reported to lead to cell cycle
arrest, mediated by the ubiquitin proteasome system (UPS)
[40]. Therefore, to verify this hypothesis, SiHa cells were

Fig. 2 Effect of hexane partition treatment on the cytotoxicity and
anchorage independent growth in cervical cancer cell lines. a Cellular
viability was measured at 72 hours by MTS assay. The results were
expressed as the mean percentage ± SD of three independent
experiments of viable cells relatively to the DMSO alone (considered as
100% viability). Data represent the mean of at least three independent
experiments done in triplicate. b Representative images of colony assay
of SiHa cell lines exposed to hexane partition (15 μg/mL). The SiHa cell

line was tested for its ability to proliferate in growth medium containing
0.35% agar. The formation of multicellular colonies was photographed
after 20 days of treatment with the hexane partition. The figure is
representative of two independent experiment performed in duplicate. c
Graph representing the number of colonies obtained in the control and
treatment. The asterisks (***) indicate statistical significance (p <0.0001)
between control and experimental group in the Student's t test

608 Invest New Drugs (2019) 37:602–615



treated for 1 h with the proteasome inhibitor MG132 (10 μM),
prior to treatment with the hexane partition. Ubiquitin antibody
was used as control of the MG132 treatment (Fig. 3c). Our
results revealed that inhibition of the UPS by MG132
(Fig. 3d) hindered the degradation of p21, indicating that treat-
ment with the partition activates the ubiquitination system, re-
sponsible for modulation of p21 expression. Moreover, this
effect correlated with the downregulation of ERK activity. No
effect of MG132 was observed in AKT, nor in the PARP cleav-
age induced by the hexane partition treatment (Fig. 3d).

Hexane partition promotes apoptosis via intrinsic pathway

Our results demonstrated that treatment with the hexane parti-
tion and the crude extract triggered cleavage of caspases 3 and 9.
Cleavage of PARP was also observed, suggesting induction of
cell death (Fig. 4a). Moreover, it was also observed an increase
PARP cleavage with both crude and cisplatin at IC50 concentra-
tions in two different cell lines (Supplementary Fig. 1).

To further explore the apoptotic pathways involved, cleav-
age of caspase 8 andmitochondrial depolarization (ΔΨm)were

evaluated. No alteration was observed in cleaved-caspase 8 in
SiHa cells treated either with crude extract or hexane partition,
when compared with DMSO control group (Fig. 4b).

Evaluation of mitochondrial membrane depolarization
(ΔΨm), assayed with MitoStatus Red (BD Biosciences), re-
vealed that treatment with hexane partition caused a decrease
of 64.8% in positive cells of polarizedmitochondrial membrane
(from 87.7 to 22.9%) in comparison to the control. The largest
part (77.1%) presented fluorescence intensity at the wavelength
of 527 nm, indicating depolarization of themitochondrial mem-
brane of the cells (Fig. 4c, d). Hence, these results indicate that
treatment with hexane partition, and with the extract (data not
shown), triggers depolarization of the mitochondrial mem-
brane, activating cell death via the intrinsic apoptotic pathway.

Hexane partition increases H2AX activity, triggered by ROS

It has been described that cell death can be initiated by cell
damage and stress [41]. Therefore, the activity of H2AX pro-
tein was evaluated. Following 24 h of treatment, it was ob-
served in both crude and hexane partition an expressive
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Fig. 3 Biological effect of crude extract and hexane partition
treatment on cervical cancer cell proliferation, survival and cell
cycle. a Representative images of western blotting from SiHa cells
incubated with crude extract (15 μg/mL) and hexane partition (15 μg/
mL) for 24 hours. Controls were treated with DMSO (1%). Total cell
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proteins. b Representative images of western blotting from SiHa cells
incubated with crude extract (15 μg/mL) and hexane partition (15 μg/
mL) for 24 hours. Controls were treated with DMSO (1%). Total cell
extracts from the same preparation were subjected to western-blotting

analysis to evaluate p21 expression. c Effect of MG132 inhibitor pre-
treatment on cervical cancer lines exposed to hexane partition. SiHa cells
were pretreated with 10 μM ofMG132 inhibitor for 1 hour and thereafter
15 μg/mL of the hexane partition. Controls were treated with DMSO
(1%). Total cell extracts from the same preparation were subjected to
western-blotting analysis to evaluate ubiquitin proteins expression. d
Total cell extracts from the treatment of MG132 inhibitor pre-treatment
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evaluate the PARP, p-AKT, AKT, p-ERK, ERK and p21, p-H2AX and
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increase in H2AX activity (Fig. 5a). Curiously, it was also
observed an increase in H2AX expression with both crude
and cisplatin at IC50 concentrations in two different cell lines
(Supplementary Fig. 1), which may indicate DNA damage
triggered by increase in reactive oxygen species (ROS) [42].
In this context, SiHa cells were pre-treated with 2 mM of N-
acetylcysteine (NAC), a known antioxidant, prior to treatment
with the hexane partition. Our results demonstrated that stress
inhibition by NAC hindered H2AX activation, but was not
able to modulate p21, PARP, ERK and AKT (Fig. 5b).

Hexane partition induces antitumor activity in vivo

To evaluate the effect of hexane partition treatment on prolif-
eration in vivo, SiHa cells were inoculated into the chicken
embryo CAM. From day 14 to day 17 of embryo develop-
ment, we showed a mean growth of 165.3 ± 78.28 μm of
tumors formed on the control group (III) (Fig. 6a, b). In con-
trast, tumors treated with hexane partition showed a reduction
of 59.8 ± 32.1% of the tumor growth and on the treated group

(IV) were − 137.2 ± 34.19 μm, respectively (DMSO, n = 16;
hexane partition, n = 17) (Fig. 6a, b).

The number of blood vessels recruited to the tumors
treated with hexane partition did not decreased compared
to the tumors treated with control group (mean 97.56 ±
8.21 μm and 88 ± 5.97 μm blood vessels, respectively)
(Fig. 6c). This result was confirmed when we compared
the number of vessels in the absence of tumors; groups I
and II (mean 119.5 ± 11.2 μm and 97 ± 7.84 μm, respec-
tively) (Supplementary Fig. 2), indicating that in this CAM
model, the hexane partition effect is anti-neoplastic rather
than anti-angiogenic.

Discussion

Natural products constitute potential therapy alternatives for
the treatment of various neoplasms, including cervical cancer
[5, 6, 9]. In the present study, the cytotoxic and antineoplastic
potential of the crude extract and hexane partition obtained
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from leaves of the plant A. crassiflora Mart. derived from
Brazilian cerrado bioma was investigated. Our results demon-
strated dose-dependent cytotoxic effects of the crude extract in
cervical cancer lines. According to the American NCI criteria,
the crude extract of A. crassiflora has promising potential for
new analyses, as long as the IC50 values are lower than 20 μg/
mL for 48 h or lower than 30 μg/mL for 72 h (http://www.
cancer.gov) [43, 44]. The cytotoxic effects promoted by the
crude extract reflected in IC50 values lower than 30 μg/mL for
five of the six tested tumor lines, except for SiHa, the most
resistante cell line evaluated. In addition, although when com-
pared to cisplatin, the crude extract showed a higher mean
value of IC50 and had revealed an antagonistic effect in cis-
platin drug combination, the crude extract promoted a large
part of the important antineoplastic alterations evidenced for
cisplatin such as cell motility and clonogenic potential inhibi-
tion, as well as signaling modulation. These results are in
accordance with recent in vitro studies, which suggested that
crude extracts of A. crassiflora may present tumor effects,
such as glioma, melanoma, leukemia and lung, breast, ovarian
cancer [9, 13, 14].

The phytochemical studies and FT-ICR MS analysis of the
hexane partition revealed that it contains different classes of
oxygenated compoundswith carbon and oxygen numbers vary-
ing from C16 and O2 to C42 and O10, with DBE values between
1 and 23, with emphasis to fatty acids, acetogennins such as
goniotrocin and coriaheptocin and alkaloids. The acetogenins
present in the seed and fruits as well as the essential oil obtained
from the leaves of Annona genus have also shown antitumor
potential in various tumor types, incluiding anti-proliferative

effect in cervical cancer [9, 45, 46]. Moreover, most of the
observed efficacy of a crude extract could be result by a com-
bined effect of more than one component. Therefore, the
partition/fraction results may not always give a real efficacy
of in vivo observation. Here, the hexane partition exhibited an
IC50 average (5.53 μg/mL) significantly lower compared to the
crude extract (16.32 μg/mL) and cisplatin (8.91 μg/mL), and
was able to reduce approximately 90% the SiHa cells
clonogenic potential suggesting a great tumorigenic activity
from hexane partition and that great part of the metabolites
present in the crude extract that are responsible for the anti-
tumor potential might be present in the hexane partition.

We also interrogated the signaling pathways of cell prolif-
eration and survival following the crude extract and the hex-
ane partition exposure. Our results indicated that the crude
extract induced lower levels of AKT protein activation and
higher levels of ERK activation in both cell lines, suggesting
to be a common mechanism of this extract. An increase in the
activity of ERK was also verified after treatment with the
hexane partition, at variance with the expression/activity of
AKT that was not altered, indicating that the classes of sec-
ondary compounds found in this partition or the concentration
used here are not able to promote AKT modulation as evi-
denced by crude extract. The ERK result is in accordance with
the data in the literature about the mechanism of action of
cisplatin, an agent that promotes DNA damage and culminates
in activation of pro-apoptotic factors [47–50].

The expression of p21 protein, a cyclin-dependent kinase
inhibitor, was also evaluated. Importantly, we showed for the
first time that both crude extract and hexane partition
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decreased p21 expression in SiHa cells by ubiquitin protea-
some pathway (UPS). Interestingly, this effect was correlated
to the downregulation of the activity of ERK and AKT.
Otherwise, no different effect was observed in the activity of
H2AX and PARP, indicating that the DNA damages or PARP
activation are not inhibited by MG132 treatment. It is also
known that p21 leads to arrest of the cell cycle in G1 phase,
with inhibition of the replication process, and may induce cell
death after treatment with antitumor drugs [51, 52]. The cell
death findings indicate that treatment with the crude extract
and the hexane partition induces apoptosis via the intrinsic
pathway, through depolarization of the mitochondrial mem-
brane and cleavage of caspases 3 and 9, as well as PARP.

Notably, several studies evidenciated the capacity of natu-
ral compounds to sensitize tumor cells from oxidative stress
resulting in damage and cell death [53, 54]. In agreement with
studies we investigated whether the damage suggested to the

DNA, indicated by activation of the protein H2AX in both
treatments, crude extract and the partition, was linked to the
stress induced by ROS. Our results revealed that inhibition of
ROS by NAC hindered the activation of the H2AX-induced
by hexane partition, corroborating the literature that associates
the increase in ROS to DNA damage [54]. However, the pre-
treatment with NAC was not able to alter the modulation of
p21 and PARP, suggesting that hexane partition promotes cel-
lular stress through ROS, which may act as causing damage,
but not as direct modulator of the cell cycle and apoptosis, at
least in the analyzed time and concentrations. Moreover, re-
cent studies also support the existence of a new DNA repair
pathway that involves degradation of p21. These mechanisms
of regulation/verification allow cells to repair the DNA dam-
age before the cell cycle progression is resumed, i.e., if the
damage is too extensive, they may initiate apoptosis or cell
senescence which supports our results [55].

Fig. 6 In vivo effect of hexane partition treatment on tumor growth
and angiogenesis of SiHa cell line. a Representative images of CAM
assay at days 14 and 17 of tumor growth in ovo. b Tumor growth was
measured by perimeter (μM) in ovo as described in methodology section.
Data are representative of the mean percentage of tumor growth from day
14 (considered as 0%) to day 17 of development ± SD and the differences
with p <0.05 by Student's t-test were considered statistically significant. c

In vivo effect of the hexane partition treatment in angiogenesis at day 17
of the SiHa cell line. Representative images of CAM assay at day 17 of ex
ovo tumor growth. d The ex ovo blood vessel count was performed by
ImageJ software. Data are representative of the mean number of vessels
for each group of treatments = ± SD and the differences with p <0.05 by
Student's t-test were considered statistically significant

612 Invest New Drugs (2019) 37:602–615



Furthermore, through in vivo assay, we observed a signifi-
cant decrease in the perimeter of SiHa tumors formed in the
CAM, confirming the antitumoral activity of hexane partition
on cervical cancer cells. Yet, the treatment did not affect an-
giogenesis, suggesting that the in vivo effect of the partition is
directly related to tumor cytotoxicity, and not to a direct effect
on chicken endothelial cells. Among the studies carried out for
the family Annonaceae, leaf extract of A. muricata applied
directly under the CAM exhibited a modulatory effect on an-
giogenesis in a dose-dependent manner, which was attributed
to the presence of acetogenins [56]. Similarly, several other
phytochemical compounds, such as polyphenols, flavonoids
and chalcones, have been shown to influence angiogenesis
[57, 58]. Although our phytochemical studies of the hexane
partition of A. crassiflora have revealed the presence of sev-
eral classes of these compounds, such as flavonoids and
acetogenins, no evidence was found for an effect on angio-
genesis during development of the cervical cancer tumor.
Regarding A. crassiflora extract, Pimenta and collaborators
demonstrated the reduction of Ehrlich solid tumors upon treat-
ment with a partition rich in acetogenins [14].

In conclusion, our study represents a comphreensive
characterization of antitumor mechanisms associated to
the extract and its partition of A. crassiflora Mart. in cer-
vical cancer. The results revealed that the crude extract,
and mainly its hexanic partition significantly alters cell
viability, proliferation and migration, and induces cell
death via intrinsic pathway in cervical cancer cell lines.
Moreover, the hexane partition display antitumoral effect
in vivo in cervical cancer cells. These results provide ev-
idences for further in vitro and in vivo analysis of hexane
partition of A. crassiflora Mart. as an antineoplastic agent
for cervical cancer.
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