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The selective cytotoxicity elicited by phytochemical extract
from Senecio graveolens (Asteraceae) on breast
cancer cells is enhanced by hypoxia
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Abstract. Breast cancer is the second cause of cancer-related
deaths in woman and the incidence of the disease has increased
worldwide, in part due to improvements in early detection.
Several drugs with anticancer effects have been extracted from
plants in the last 20 years, many of which are particularly effec-
tive against breast cancer cells. In particular, we have become
interested in the ethanolic extract from Senecio graveolens
(synonym of S. nutans), a plant commonly called Chachacoma,
in an effort to isolate compounds that could demonstrate cyto-
toxic effects on breast cancer cells. Senecio (Asteraceae) is the
largest gender in Chile comprising approximatly 200 species.
These herbs inhabit areas over 3,500 meters above the sea level
in the Andes Mountains. S. graveolens is commonly used by
local communities for its medicinal properties, particularly its
capacity to ameliorate high-altitude-associated sickness. The
cytotoxic effect of the alcoholic extract from S. graveolens, as
well as its most abundant compound 4-hydroxy-3-(3-methyl-
2-butenyl)acetophenone, were tested in the breast cancer cell
lines ZR-75-1, MCF-7 and MDA-MB-231, and non-tumorigenic
MCEF-10F cells. We show that the phytochemical extract was
able to induce cytotoxicity in cancer cells but not in MCF-10F.
Importantly, this effect was enhanced under hypoxic conditions.
However, 4-hydroxy-3-(3-methyl-2-butenyl)acetophenone, the
main compound, did not by itself show an effective anticarcino-
genic activity in comparison to the whole extract. Interestingly,
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the cytotoxic effect of the phytochemical extract was dependent
on the basal MnSOD protein expression. Thus, cytotoxicity was
increased when MnSOD levels were low, but resistance was
evident when protein levels were high. Additionally, the crude
extract seems to trigger cell death by a variety of processes,
including autophagy, apoptosis and necrosis, in MCF-7 cells.
In summary, S. graveolens extract possess anticancer activity
displaying a specific cytotoxic effect on cancer cells, thus
serving as a potential source of phytochemical compounds for
cancer treatment.

Introduction

Despite important advances in early detection and treatment,
breast cancer continues to be a relevant public health concern,
currently being the second cause of cancer-related deaths in
woman (1,2). The lifetime risk for developing breast cancer
is 1 in 8 for western countries, and resistance to radiation and
drugs constitutes a major cause of mortality (3).

Although chemotherapy has become a routine in most
anticancer regimens, this therapeutic approach is currently
limited by the ability of cancer cells to develop resistance to
conventional drugs, a phenomenon that is particularly common
during the course of treatment of solid tumors. Therefore, the
search for new compounds with selective anticancer activity
continues to be an important driving force for the development
and implementation of novel anticancer therapies. Ideally,
any anticancer drug should have an acceptable therapeutic
index, that is, the drug should exert a cytotoxic effect on
malignant cells with a minimal effect on normal cells. In
this context, plants that for centuries have been used as part
of folk medicine are unique sources of natural and bioac-
tive compounds with potential anticancer effect (4). Indeed,
numerous anticancer drugs in current use have been extracted
from plants, including vinblastine, an alkaloid extracted from
Catharanthus roseus that inhibits the assembly of the mitotic
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spindle microtubules (5), and paclitaxel, an alkaloid extracted
from Taxus brevifolia whose activity stabilizes microtubules
during cell division (6). Several other drugs extracted from
plants have recently proven useful as anticancer therapies,
including betolunic acid (7), resveratrol (8) and homohar-
ringtotine (9), among others.

Senecio graveolens, also known as Chachacoma, is a
herb that inhabits the Andes Mountains in South America,
thriving in regions located 3,500 meters above the sea level.
It belongs to the group Senecioneae, Asteraceae comprised
of more than 900 species in Chile; Senecio comprises almost
all 200 species, the richest gender in Chile. The ethnobotanic
resources are used regularly for their medicinal properties in
wound healing, as antiemetics, as anti-inflammatory agents,
and as a means to ameliorate altitude sickness (principally as a
vasodilator preparations) (10-12).

Pyrrolizidine alkaloids (PA), eremophilanolides and
cacalolides are characteristic compounds isolated from
Senecio species (13). Although the toxic effects exhibited
by these plants have been largely attributed to their content
of PA (14) the development of oxidative stress and the
consequent generation of reactive oxygen species (ROS) and
ROS-mediated cellular damage (15,16), likely also contribute
to toxicity.

Hypoxia is a pathophysiologic feature of nearly half of all
locally advanced tumors (17). In particular, it is believed that
up to one third of breast tumors are chronically subjected to
hypoxic conditions (18). While the hypoxic microenvironment
may serve as a selection barrier that allows the emergence
of tumor cells with enhanced resistance to anticancer drugs
(19,20), hypoxia may also sensitize cancer cells to the cyto-
toxic effects of ROS generated by some chemotherapeutic
drugs (20). Thus, the tumor microenvironment can determine
the outcome of the pre-clinical assessments of potential
chemotherapeutic agents.

The main goals of this study were to characterize the
cytotoxic effect induced by an important ethnopharmacology
resource called Chachacoma (S. graveolens), and to explore
the possible mechanisms responsible for the induction of cell
death. The ethanolic extract and its major compound were
evaluated in breast cancer cell lines under normoxic and
hypoxic conditions.

Materials and methods

Plant material and crude extract. The S. graveolens was
collected from a region near the Chungard lake in the North
of Chile (18°12'55"S; 69°17'40"0) at 4,500 meters above the
sea level. Approximately 180.87 g of dry and ground plant
material (principally flowers, leaves and stems) were macer-
ated in 95% ethanol for 72 h. The extract was then filtered,
concentrated under reduced pressure at 40°C, and subjected
to separation with a mixture of ethyl acetate/water (500 ml
each). The resulting organic phase was finally concentrated
under reduced pressure, resulting in a yield of 54.86 g of crude
extract.

Purification and identification of major compounds. The
organic phase (20 g) was separated by column chromatog-
raphy using silica gel G-60 as stationary phase. As a mobile
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phase, a gradient of increasing polarity based on mixing
hexane: ethyl-acetate applying gradients with increasing
polarity from 49:1 to 1:49 were used. Following analysis
with thin layer chromatography (TLC), samples with similar
constitution were pooled and concentrated under reducing
pressure. The resulting crystalline product was recrystal-
lized using EtO,:MeOH (1:1). A total of 2.42 g of pure
compound (12.1% yield from the crude extract) was obtained
from the original concentrated organic phase isolated form
the crude plant material, mp 94-95°C. In order to identify
major compounds, the 1H, 13C (DEPT 135), sel. 2D HSQC
and 2D HMBC spectra were recorded in CDCI3 solutions
on a Bruker Avance 400 Digital nuclear magnetic resonance
(NMR) spectrometer.

Cell culture and cytotoxic assays. Four human breast
cancer cell lines were used in this study: MCF-7, ZR-75-1
and MDA-MB-231, and the non-tumorigenic MCF-10F cell
lines. All cell lines were obtained from the American Type
Culture Collection (ATCC). Cells were cultured in specific
media according to ATCC recommendations. When required,
cells were incubated under hypoxic conditions (1% O,), thus
mimicking the in vivo tumor microenvironment. In both cases
the incubation condition was established at 37°C, humid atmo-
sphere and 5% CO,.

The cytotoxic effect of the S. graveolens extract was
assessed in MCF-10F cells in a dose- and time-dependent
manner. Cells (1x10* and 4x10%) cultured under normoxic
and hypoxic conditions, respectively, were seeded in 24-well
plates in quadruplicate and then incubated for 4 days until 70%
confluence. After this incubation period, cells were exposed
to concentrations of the S. graveolens extract ranging from 0
to 1,600 pg/ml (dissolved in 0.5% DMSO). The effect of each
concentration was assayed for 4, 12, 24 and 48 h. In addition,
MCEF-10F cells were exposed to the major compound dissolved
in ethanol (50%) at concentrations ranging from 0 to 96.8 ug/
ml. Cell viability was assessed using neutral red uptake assay
after 24 h of treatment.

Western blot analyses. Cell lysates were prepared by using
extraction buffer [S0 mM Tris-HCI, pH 8.0, 130 mM NaCl,
1% (w/v) NP40, 1 mM phenylmethylsulfonyl fluoride, 5 mM
MgCl,, and 1 mM orthovanadate]. Proteins (40 ug) were sepa-
rated by SDS-PAGE and electroblotted onto PVDF membrane.
The membrane was blocked in 5% non-fat dry milk in TBST
for 1 h at room temperature and incubated overnight with the
following primary antibodies: MnSOD (sc-133134), caspase-8
(sc-7890), caspase-3 (sc-7272), and MAP LC3a/p (sc-292354)
(Santa Cruz Biotechnology, Santa Cruz, CA, USA) (dilu-
tion 1:500-1:1,000). HP-conjugated secondary antibodies
(anti-mouse and anti-rabbit) (Santa Cruz Biotechnology) were
used at a dilution of 1:5,000. Signals were detected using the
ECL kit Super Signal West Pico Chemiluminescent Substrate
(Thermo Scientific, Rockford, IL, USA) according to the
company's protocol and recorded in Kodak BioMax light film
(Sigma-Aldrich, St. Louis, MO, USA). -actin (A5318) (Sigma-
Aldrich) was used as loading control (dilution 1:20,000).

Transmission electron microscopy (TEM). A cell pellet was
collected following scrapping of adherent cells. The pellet was
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Figure 1. Effect of the S. graveolens EtOH extract on cell viability. MCF-10F was treated with different doses of S. graveolens extract (0-1.6 mg/ml) at different
times (0, 4, 12, 24 and 48 h), incubated at (A) normoxic (21% O,) and (B) hypoxic (1% O,) condition. Cell viability was measured by neutral red uptake assay
showing to be more pronounced under hypoxia. (C) LDs, calculated from dose-response curves under normoxic and hypoxic conditions were compared. The
differential effect was enhanced under hypoxia in comparison to normoxia at 24 and 48 h. (D) MCF-10F, ZR-75-1, MCF-7 and MDA-MB-231 cell lines were
treated with 200 ug/ml (LD,s) of crude extract during 24 h under hypoxia. The crude extracts induced specific cytotoxicity on breast cancer cell lines. P<0.05,

significantly different by one-way ANOVA followed by Dunnett's test.

washed two times with PBS and then fixed in 2% gluteralde-
hyde/50 mM sodium phosphate, pH 7.0, at room temperature.
Sample processing and image capture was carried out at The
Advanced Microscopy Unit of the Pontificia Universidad
Catolica de Chile.

Statistical analysis. Numerical data were expressed as the
average + standard error of the mean (SEM). Comparison
between treated groups and controls was carried out by
ANOVA and Dunnet's test. A P<0.05 was considered to be
significant. The lethal dose at 50% (LDs,) was calculated
by a non-linear regression curve with the use of GraphPad
Prism 5.0 for Windows (GraphPad Software, San Diego, CA,
USA).

Results

Differential cytotoxicity effect is caused by synergism between
S. graveolens extract and hypoxia. The viability of MCF-10F
cells treated with the ethanolic extract of S. graveolens was
assessed by neutral red uptake under normoxic and hypoxic
conditions in a concentration- and time-dependent manner
(Fig. 1A and B). As shown in Fig. 1A and B, the cytotoxic
effect was more pronounced in cells subjected to hypoxia
compared to cells maintained under normoxic conditions.

Thus, compared to cells exposed to 21% oxygen, treatment
with the phytochemical extract led to a significant reduc-
tion in LDy, values (P<0.05) in cells that were undergoing
hypoxia (1% oxygen). This reduction in cell viability was more
pronounced at 24 h of treatment, reaching 48% of the values
obtained under normoxia (Fig. 1C).

We next tested the effect of 200 yg/ml of A S. graveo-
lens, a dose that corresponds to the LD,; for MCF-10F cells,
on three tumorigenic mammary epithelial cells lines. Cells
were maintained under hypoxic conditions and their viability
measured 24 h after initiating treatment. Such conditions were
considered the most effective and less harmful for MCF-10F,
which was set as our control. This treatment led to a significant
reduction in cell viability (P<0.05) of all the malignant cell
lines in comparison to its non-tumorigenic counterpart. As
shown in Fig. 1D, the viability of ZR-75-1 and MCF-7 cells
was reduced to 9 and 6%, respectively. However, the viability
of MDA-MB-231 cells diminished only by 50%.

Cytotoxicity elicited by I-[4-hydroxy-3-(3-methylbut-2-enyl)
phenyljethanone. Using H-NMR, we have previously identi-
fied 1-[4-hydroxy-3-(3-methylbut-2-enyl)phenyl]ethanone
(C13H1,0,; MW: 204,26884 g/mol), also known as prenilated
acetophenone, as the major compound present at the organic
phase of extracts from S. graveolens. The working dose of
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Figure 2. Effect of the 1-[4-hydroxy-3-(3-methylbut-2-enyl)phenyl]ethanone on cell viability. (A) MCF-10F was treated with different doses of 1-[4-hydroxy-3-
(3-methylbut-2-enyl)phenyl]ethanone (0-96.8 pg/ml) and viability measured at 24 h after treatments under hypoxic condition (1% O,). (B) MCF-10F, ZR-75-1,
MCEF-7 and MDA-MB-231 cell lines were treated with 13.8 yg/ml (LD,;) of the 1-[4-hydroxy-3-(3-methylbut-2-enyl)phenyl]ethanone and viability measured at
24 h after treatment under hypoxic. The S. graveolens extract induced cytotoxicity only in ZR-75-1 cells, but in general the effect was inefficient in comparison

with the whole extract exposure.

prenilated acetophenone, corresponding to LD, for MCF-10F
(13.8 ug/ml), was estimated by a dose-response curve (Fig. 2A).
The compound was then added to the media of breast cancer
cells growing under hypoxic conditions and the viability was
measured 24 h later. Overall, the prenilated acetophenone was

(-) MDA-MB-231
(+) MDA-MB-231

(-) MCF-10F
(+) MCF-10F
(-) ZR-75-1
(+) ZR-75-1
(-) MCE-7
(+) MCF-7

more cytotoxic than the crude extract. However, the compound A MnSOD _ 25 kDa
was unable to reduce cell viability of malignant cells under i

hypoxic conditions (1% oxygen) in a proportion similar to that B-actin _ 47 kDa
shown by the extract (Fig. 2B). B

Low MnSOD expression is associated with sensitivity to the
cytotoxic effect of the extract. The cytotoxicity elicited by
certain phytochemicals from Senecio species, in synergism
with hypoxia, could be dependent on the ability of the cell to
respond to the cellular damage induced by oxidative stress.
Therefore, we set out to examine the relationship between the
cytotoxic induced by S. graveolens and MnSOD expression,
an important mitochondrial antioxidant enzyme recognized
as relevant in detoxification system from free radicals. As
shown in Fig. 3A, the protein levels of MnSOD did not change
in response to the phytochemical treatment. However, the
basal expression of MnSOD correlated well with the degree
of cytotoxicity observed in the different cell lines, with the
highest levels of cytotoxicity observed in cells with reduced
expression of MnSOD (Figs. 1D and 3A).

Caspases and MAP LC3 expression after S. graveolens
treatment. We next studied the cellular processes that might
be responsible for the cytotoxic effects of S. graveolens.
Apoptosis is the result of the recruitment and activation of
cysteine-aspartic acid proteases (caspases) and caspase-8 is
the most upstream protease involved in the extrinsic apoptotic
pathway. Activated caspase-8 (subunit pl8, 18 kDa) and its
inactive precursor pro-caspase-8 (55 kDa) were overex-
pressed in MCF-7 cells following exposure to S. graveolens
extract (Fig. 3B). In contrast, caspase-8 levels were reduced
in MDA-MB-231 cells in response to the extract. The expres-
sion of caspase-3 is known to be abrogated in MCF-7 cells, as

cleaved caspase § [ R ' >:
pactin [ 7 D:

C
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i | ————————— 7D
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Figure 3. Effect of S. graveolens treatment on pivotal proteins. MCF-10F,
ZR-75-1, MCF-7 and MDA-MB-231 cell lines were treated with S. graveo-
lens extract (200 pg/ml, 24 h, 1% O,) and protein expression was evaluated
by western blotting for MnSOD, caspase-8, caspase-3 and MAPLC3
proteins. B-actin was used as a loading control. Mostly differences after
treatment were observed in MCF-7 and MDA-MB-231 cell lines. (-), non-
treated; (+), treated.

confirmed in Fig. 3C. On the other hand, cleaved caspase-3
(<34 kDa) was observed in ZR-75-1 cells, indicating initia-
tion of the apoptotic process. In contrast, MDA-MB-231 cells
displayed overexpression of pro-caspase-3 (34 kDa), but not
the cleaved isoform.

We next checked the levels of MAP LC3a and f3 proteins,
which are indicative of autophagosome formation and widely
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Figure 4. Effect of S. graveolens on structural changes of MCF-7 under normoxia. MCF-7 was treated with 100 ug/ml of the S. graveolens extract and observed
by electronic microscopy. Representative image shows features that correspond to (B) necrosis components and (C) cellular digestion. The structural changes
were characterized by lysosomes in different stages of maturation, mainly (D) primary lysosomes (white arrow) and residual bodies (black arrow), (E) vacuoles

(white arrow) and (F) lamellar bodies (white arrow).

used as markers of autophagy. Autophagy is a cellular cata-
bolic degradation response to starvation or stress whereby
cellular components are engulfed, digested and recycled to
sustain cellular metabolism (11). Most evidence supports a
role for autophagy in sustaining cell survival, but it is possible
to observe cell death as a result from progressive cellular
consumption attributed to a continued autophagy (21). As
shown in Fig. 3C, both MAP LC3a and MAP LC3f were
downregulated in MCF-10F and MDA-MB-231 cell lines.
However, MAP LC3f was overexpressed in MCF-7 cells
after extract exposure. Under these conditions, we could not
detect MAP LC3 in ZR-75-1 cells. Taken together, the cyto-
toxic effects induced by S. graveolens in MCF-7 cells can be
mechanistically linked to autophagic and apoptotic initiation.
Further work will be necessary to define the relative contribu-
tion of these processes to the final cytotoxic effect elicited by
S. graveolens.

Synergism between S. graveolens and hypoxia leads to cell
death in MCF-7 cells. Our findings (Fig. 3C) suggest that the
extract might trigger the autophagic process in MCF-7 cells
subjected to hypoxia. To confirm the presence of a digestive
process, and specifically the presence of autophagy, an ultra-
structural analysis using transmission electron microscopy
was carried out. At first, these experiments were performed
under normoxic conditions (21% O,) to rule out any cellular
change induced by oxygen concentration. MCF-7 cells were
treated with 100 pg/ml of the S. graveolens extract (half LD,
dose). TEM analysis of treated cells revealed ultrastructural
signs suggestive of cellular digestion (Fig. 4B) and necrosis
(Fig. 4C), when compared with controls (Fig. 4A). These
changes were characterized by the presence of lysosomes in
different stages of maturation, including primary lysosomes

and residual bodies (Fig. 4D), vacuoles (Fig. 4E) and lamellar
bodies (white arrow) (Fig. 4F).

The synergistic effects of hypoxia (1% O,) and the
S. graveolens extract were then studied at the ultra-structural
level. Representative images revealed apoptotic components
(Fig. 5A) coexisting with necrosis (Fig. 5B) in almost all
the samples analyzed, regardless of the presence of extract.
Nonetheless, cells treated with S. graveolens triggered
necrosis to a greater extent compared with non-treated
cells, the latter showing features of apoptotic cell death.
Overall, necrotic cells were characterized by the presence of
swollen mitochondria and disruption of mitochondrial crests
(Fig. 5C), including swollen vacuole morphology (Fig. 5D).
In spite of this complex morphologic scenario, it was still
possible to observe signs of intracellular digestion in treated
cells, including lysosomes in different stages of maduration.
Thus, primary lysosomes (Fig. SE), autolysosomes (Fig. 5F)
and residual bodies (Fig. 5G) were frequent findings in these
cells. Moreover, autophagosomes were also observed in
treated cells in major frequency in comparison to non-treated
cells (Fig. 5H).

Discussion

To our knowledge, this is the first report describing the cyto-
toxic effects induced by the ethanolic extract of S. graveolens
on breast cancer cell lines. This phytochemical extract induced
a cytotoxic effect against breast cancer cells, but failed to have
similar effects on non-tumorigenic cells.

The cytotoxic effect induced by S. graveolens extract in
malignant cells was prominent when these cells were main-
tained under hypoxia in comparison with the same cells
maintained under normoxic conditions.
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Figure 5. Effect of S. graveolens on structural changes of MCF-7 under hypoxia. MCF-7 was treated with 100 ug/ml of the S. graveolens extract and
observed by electronic microscopy. Representative image shows features that correspond to (A) apoptotic component coexisting with (B) necrosis. Necrosis
features characterized by (C) swollen mitochondria (white arrow) and (D) swollen vacuole (white arrow) in almost all the samples with or without treat-
ments. Representative image shows intracellular digestion findings in treated cells characterized by (E) primary lysosomes (white arrow), (F) autolysosomes
(white arrow) and (G) residual bodies (white arrow). (H) Autophagosomes (white arrow) were observed in treated cells in major frequency in comparison to

non-treated cells.

Our study takes advantage of intrinsic differences in
response between non-tumorigenic and malignant cells
exposed to hypoxia. In these settings, hypoxia seems to
enhance the sensitivity of malignant cells to S. graveolens
treatment. By itself, hypoxia is able to stimulate release of
ROS bursts through mitochondria (10,22), which in turn
could explain the greater sensitivity of cells to certain drugs
with the resulting enhancement of the cytotoxic effects. On
the other hand, a dose of 200 pg/ml was able to reduce the
cell viability by more than 90% in MCF-7 and ZR-75-1 cell
lines. Other methanolic extracts, e.g. from Senecio stabianus,
have the ability of inhibit the cell viability on MCF-7 cell line
(ICs, 91.1 pug/ml) under normoxic environment, but was not
compared with a normal counterpart (23).

Previous reports have shown that the highly aggressive
MDA-MB-231 cells, which do not express estrogen receptor,
progesterone receptor, and do not have HER-2/Neu amplifica-
tion (triple-negative), growing under hypoxic conditions, are
able to control the tumor pH, as well as the hypoxia-induced
extracellular acidosis, thus allowing aggressive tumor cells to
survive the hostile environment imposed by hypoxia (24,25).
Since restriction of oxygen may increase superoxide metabolism
(26) and phytochemicals extracts belong from Senecio species
produce reactive oxygen species (ROS) (15), we also investi-
gated whether hypoxia and S. graveolens extract may influence
superoxide dismutase expression, enzyme that removes super-
oxide radicals (O,”) and produces hydrogen peroxide (H,0,),
as the first step to detoxify the environment from radical

oxygen species (27). The expression of MnSOD was not altered
by hypoxia or S. graveolens. However, the cellular response
to these treatments was dependent on the basal levels of this
enzyme. Thus, cells with higher levels of basal MnSOD were
able to better survive S. graveolens exposure, compared to those
showing lower levels of MnSOD. These findings are in line with
the fact that a high MnSOD content in tumor cells is associ-
ated with a more aggressive and metastatic phenotype (28).
Moreover, cytotoxicity studies have revealed that MCF-10F and
MDA-MB-231 cells are resistant to the drug metformin, and
this resistance is accompanied by increased levels of MnSOD.
In contrast, MCF-7 cells, which are sensitive to metformin,
display low MnSOD expression (29). Moreover, tumor cells with
high MnSOD content are associated with invasive and meta-
static profiles (30,31). Based on these findings, the authors (32)
proposed that inhibition of superoxide dismutase may provide a
potential alternative to eliminate cancer cells.

Another novel finding was the synergistic effect of hypoxia
and S. graveolens extract in triggering apoptosis, necrosis, as
well as the self-digestion process known as autophagy. This
catabolic process is characterized by the sequestration of
bulk cytoplasm, proteins and organelles in double-membrane
vesicles, known as autophagosomes, which are carried to
lysosomes for degradation (33). Autophagy plays a pivotal role
in countless processes, including cellular starvation, cellular
differentiation, cell death, aging, innate immunity and as a
mechanism of cell death during embryonic development (34).
Although primarily considered a mechanism of survival (35),
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several reports have suggested that autophagic cell death may
precede apoptosis in some cancer cells treated with antitumor
agents (36). The distinction between apoptosis and autophagy as
mechanisms of programmed cell death is not always clear, with
several cases of autophagy (also known referred to as type II
cell death) showing also traits of apoptosis (37). Presently, it
is not clear whether the autophagic events observed in MCF-7
cells have a protective role or, alternatively, they represent the
initial steps of an apoptotic process. Furthermore, the apop-
totic process observed by electron microscopy in MCF-7 cells
may be the consequence of increased expression of caspase-8,
a fact reported in cases in which ROS-dependent activation
of caspase-8 contributed to apoptosis initiation (22). However,
based on the expression levels of cleaved caspase-3 observed
in ZR-75-1 cells, the S. graveolens extract might trigger apop-
tosis but is not clear if autophagic events exist.

The coexistence of necrosis together with variable levels
of apoptosis and autophagy has been reported in other studies
in which the effect of an anticancer drug seemed to depend
on ROS production (11). It is then possible that hypoxia by
itself triggers necrosis through ROS formation, an effect that is
further enhanced by the use of Senecio species (38).

The resistance to cell death observed in MDA-MB-231
cells seems to be related to the diminished expression in
cleaved caspase-8 after phytochemical treatment, an observa-
tion that was corroborated by the absence of cleaved caspase-3.
Likewise, the reduced expression of markers of autophagy in
MDA-MB-231 cells following S. graveolens treatment indi-
cates a loss in the ability of these cells to upregulate autophagy.
Thus, the mechanisms responsible for the cytotoxicity exerted
by the plant extract are presently unclear. It is very likely
that the relative contribution of apoptosis and autophagy to
the cytotoxic effects of S. graveolens is chiefly dependent on
the genetic profile of the cells tested, as alterations in known
oncogenic pathways (e.g., p53) modify the way in which a cell
responds to external stimuli.

It has been reported that some members of the Senecio
genus produce pyrrolizidine alkaloids as the main metabolites
(39). Since these substances can cause important hepatotoxic
effects under certain conditions (38,40,41), there is a growing
necessity to identify and isolate active cytotoxic compounds
from Senecio that can have anticancer effects without affecting
normal tissues.

Our results suggest that the cytotoxic activity of the etha-
nolic extract obtained from S. graveolens is specific towards
human breast cancer cells and can be enhanced by hypoxia,
an effect that might be explained in part by its ability to
induce a variety of processes, including autophagy, apoptosis
and necrosis in tumor cells. Overall, this study supports the
potential use of S. graveolens as a source of anticancer drugs.
Efforts to isolate the biologically active compound from these
extracts are currently under way in our laboratory.
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