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Larrea divaricata is a plant with antiproliferative principles. We have previously identified the flavonoid
quercetin-3-methyl ether (Q-3-ME) in an ethyl acetate fraction (EA). Both the extract and Q-3-ME were found
to be effective against the EL-4 T lymphoma cell line. However, the mechanism underlying the inhibition of tu-
mor cell proliferation remains to be elucidated. In this work, we analyzed the role of nitric oxide (NO) in the in-
duction of apoptosis mediated by Q-3-ME and EA. Both treatments were able to induce apoptosis in a
concentration-dependent and time-dependent manner. The western blot analysis revealed a sequential activation
of caspases-9 and 3, followed by poly-(ADP-ribose)-polymerase cleavage. EA and Q-3-ME lowered the mito-
chondrial membrane potential, showing the activation of the intrinsic pathway of apoptosis. Q-3-ME and EA in-
creased NO production and inducible NO synthase expression in tumor cells. The involvement of NO in cell
death was confirmed by the nitric oxide synthases inhibitor L-NAME. In addition, EA and Q-3-ME induced a
cell cycle arrest in G0/G1 phase. These drugs did not affect normal cell viability. This data suggested that EA
and Q-3-ME induce an increase in NO production that would lead to the cell cycle arrest and the activation of
the intrinsic pathway of apoptosis.Copyright © 2016 John Wiley & Sons, Ltd.
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INTRODUCTION

Cancer is the leading cause of death worldwide, and ac-
cording to the World Health Organization, this disease
produced 8.2 million deaths in 2012 (Ferlay et al.,
2015). Among cancers, leukemia and lymphoma are a
group of heterogeneous neoplastic disorders of white
blood cells characterized by the uncontrolled prolifera-
tion and the blockage in the differentiation process of
hematopoietic cells. The treatments of these pathologies
include radiotherapy, chemotherapy, as well as hor-
monal and immunomodulatory therapies. These con-
ventional treatments may be inefficient as a result of
the development of drug resistance (Hopfinger et al.,
2012). In this sense, plants offer a wide variety of com-
pounds that can be useful tools in the treatment of
cancer.
Larrea divaricata Cavanilles (Zygophyllaceae) is an

evergreen shrub that grows in South America. The
leaves of L.divaricata are coated with a polyphenol-rich
resin whose main compound is the
nordihydroguaiaretic acid (NDGA) (Davicino et al.,
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2011). Although NDGA has antioxidant and antitu-
moral properties, evidences indicate that L.divaricata
has other compounds with similar properties
(Bongiovanni et al., 2008). Therefore, the searching
for natural products other than NDGA is highly en-
couraged. A phytochemical analysis of an ethyl acetate
fraction (EA) obtained from the aqueous extract of this
plant was found to contain low levels of NDGA and
high levels of flavonoids. Among flavonoids,
quercetin-3-methyl ether (Q-3-ME) was identified as
one of the compounds present in EA at a concentration
of 0.52 g%. Both EA and Q-3-ME have been demon-
strated to decrease the proliferation rate and viability
of the EL-4 lymphoma cell line (Martino et al., 2013).
However, the underlying mechanism by which these
drugs exert their antiproliferative effect remains
unknown.

Nitric oxide (NO) is a free radical derived from the
metabolism of L-arginine through the action of nitric ox-
ide synthases (NOS) (Luanpitpong and Chanvorachote,
2015). Works carried out over the past decades have
demonstrated the capacity of NO to inhibit carcinogen-
esis and tumor growth in a concentration-dependent
manner (Iyer et al., 2014).

The aim of this work was to elucidate the mechanism
of action of the EA governing tumor inhibition, and to
investigate the role of Q-3-ME in the biological activity
observed for the whole fraction.
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MATERIALS AND METHODS

Plant material. Leaves of L.divaricata Cav. were col-
lected in the province of Córdoba, Argentina, and were
identified by means of morphological, anatomical, and
histochemical analyses. A voucher specimen was depos-
ited at the Museum of Pharmacobotany, School of Phar-
macy and Biochemistry, University of Buenos Aires
(BAFC no. 38). The obtention of the EA fraction and
the isolation of Q-3-ME were performed as described
previously (Martino et al., 2013).
Cell line and culture conditions. The EL-4 lymphoma
cell line (ATCC) is a murine T lymphocytic leukemia in-
duced by the treatment of C57BL/6N mice with 9,10-di-
methyl-1,2-benzanthracene. Cell suspensions from
lymph nodes of C57BL/6N female mice (2–4months
old) were obtained aseptically by nylon wool purifica-
tion of T cells as described previously (Martino et al.,
2015). Resident macrophages were obtained from the
peritoneal cavity, according to Martino et al. (2014). An-
imals were humanely handled according to the National
Institutes of Health guide for the care and use of labora-
tory animals (NIH 8023, 1978). The protocols used in
this work were approved by the Ethics Committee from
the School of Pharmacy and Biochemistry, UBA (no.
220612-1).
The cells were cultured at optimal concentrations of

5×105 cells/ml in RPMI 1640 medium (Gibco, NY,
USA) supplemented with 10% fetal calf serum (FCS,
Internegocios, Argentina), 2mM glutamine, and antibi-
otics (100 IU/ml penicillin and 100μg/ml streptomycin)
(Sigma, USA).

Apoptosis assays

Flow cytometry. To determine whether EA and Q-3-
ME induced apoptosis in tumoral lymphocytes, the cells
were incubated in the absence or the presence of differ-
ent concentrations of EA or Q-3-ME for 6h and 24h.
The cells were then washed and resuspended in binding
buffer at a concentration of 1× 106 cells. Aliquots of
1 ×105 cells were incubated with annexin V-FITC and
propidium iodide (PI) for 15min. The samples were di-
luted with binding buffer and analyzed by flow cytome-
try using a FACSCalibur flow cytometer (Becton
Dickinson Biosciences). Data were analyzed with the
Flow Jo 7.6 software, and expressed as the percentage
of viable cells (annexin V�, PI�), early apoptotic cells
(annexin V+, PI�), late apoptotic cells (annexin V+,
PI+), and necrotic cells (annexin V�, PI+). In another
set of experiments, the cells were incubated with the
NOS inhibitor L-NG-nitroarginine methyl ester (L-
NAME), before the addition of EA and Q-3-ME, and
the percentage of annexin V-FITC positive cells was de-
termined (Manuele et al., 2010).

Acridine orange–ethidium bromide staining. The pres-
ence of apoptotic morphology was determined by the
acridine orange–ethidium bromide staining. Briefly,
EL-4 cells were incubated for 6h and 24h at different
concentrations of EA or Q-3-ME. The cells were then
Copyright © 2016 John Wiley & Sons, Ltd.
washed and resuspended in PBS. Ten microliters of a
fluorescent dye mixture containing AO and EB
(100μg/ml) was added to the cells and incubated for
10min. Freshly stained cell suspensions were dropped
onto glass slides and covered by coverslips. The slides
were observed under a UV-fluorescence microscope at
a ×400 magnification (Di Rosso et al., 2013).

DNA fragmentation. To assess DNA fragmentation,
EL-4 cells were lysed with lysis buffer (50mM Tris-HCl
pH 7.5; 1mM EDTA; 0.2% Triton X 100), and centri-
fuged. The DNAwas then precipitated with isopropanol
and 5M NaCl, and the samples were incubated over-
night at �20 °C. The samples were then centrifuged,
and the dry pellets were resuspended in loading buffer,
resolved on a 1% agarose gel, and stained with ethidium
bromide. The gels were then observed under UV light
(Martino et al., 2012).

Mitochondrial membrane potential. EL-4 cells were
cultured in the absence or presence of EA or Q-3-ME
for 24h, and then incubated with 1μM rhodamine 123
for 30min. The cells were then centrifuged and resus-
pended in PBS. Changes in the mitochondrial mem-
brane potential were detected by flow cytometry using
a FACSCalibur flow cytometer (Becton Dickinson Bio-
sciences). Data were analyzed with the Flow Jo 7.6 soft-
ware and expressed as the percentage of rhodamine 123
negative cells (Martino et al., 2015).

Western blot analysis. EL-4 cells were cultured in ab-
sence or presence of EA or Q-3-ME for different times.
The cells were then lysed for 30min at 4 °C in lysis
buffer. After centrifugation (14 000g, 15min, 4 °C), the
whole-cell protein extracts (50μg) were mixed with
SDS sample buffer [2% SDS, 10% (v/v) glycerol,
62.5mM Tris-HCl, pH 6.8, 0.2% bromophenol blue,
and 1% (v/v) 2-mercaptoethanol]. Equal amounts of
protein were separated by SDS-PAGE on 10% poly-
acrylamide gels, and transferred to PVDF membranes.
Nonspecific binding sites on the PVDF membranes
were blocked with blocking buffer (5% nonfat dried
milk containing 0.1% Tween 20 in 100mM Tris-HCl,
pH 7.5, and 0.9% NaCl). The PVDF membranes were
then incubated overnight with rabbit anti-active caspase
8, rabbit anti-active caspase 9, rabbit anti-active caspase
3, mouse anti-cleaved poly-(ADP-ribose)-polymerase
(PARP), rabbit anti-iNOS, or rabbit anti-β-actin anti-
bodies. All antibodies were used at a dilution of 1:1000
(Santa Cruz Biotech). After washing with PBS-Tween,
the membranes were incubated with anti-rabbit or
anti-mouse (1:2500) antibodies coupled to horseradish
peroxidase for 1h. After washing with PBS-Tween, an
enhanced chemiluminescent system (ECL, GE
Healthcare Life Sciences) was used for detection. A
densitometric analysis of the bands was performed using
Image J software (version 5.1, Silk Scientific Corpora-
tion, NIH, Bethesda, MA, USA). The intensities of the
analyzed protein were normalized to those of the corre-
sponding bands for β-actin (Di Rosso et al., 2013).

Total nitrite determination. The effect of EA and Q-3-
ME on total nitrite production by EL-4 cells was deter-
mined using the Griess reagent. Briefly, the cells were
incubated in the absence or presence of EA (100μg/
Phytother. Res. (2016)



Figure 1. Apoptosis of EL-4 cells triggered by ethyl acetate (EA) and quercetin-3-methyl ether (Q-3-ME). (A) apoptosis evaluated by annexin
V/PI staining. Cells were incubated with EA (10; 100 and 1000 μg/ml) or Q-3-ME (10, 20, and 50 μg/ml) for 6 h and 24 h. The cells were then
analyzed by flow cytometry after incubation with annexin V-FITC and propidium iodide (PI). Graphs represent the dot plot analysis for each
condition scored: viable cells (lower left quadrant, annexin V�/PI�), early apoptosis cells (lower right quadrant, annexin V+/ PI�), late ap-
optosis cells (upper right quadrant, annexin V+/PI+), and necrotic cells (upper left quadrant, annexin V�/PI+). (B) Apoptosis evaluated by
acridine orange and ethidium bromide staining. After incubation with EA or Q-3-ME, EL-4 cells were labeled with acridine orange–ethidium
bromide and analyzed by fluorescence microscopy (×400). The results are representative of three independent experiments. (C) DNA frag-
mentation assay. EL-4 cells were incubated with EA (100 μg/ml) or Q-3-ME (20 μg/ml) for 24 h. The DNAwas precipitated, run in an agarose
gel, and stained with ethidium bromide. The picture is representative of three independent experiments. (D) Effect of EA and Q-3-ME on DNA
content. The cells were stained with PI, and the DNA content was determined by flow cytometry. The percentage of cells in the Sub-G1
phase was determined. The results represent the mean ± SEM of three independent experiments performed in triplicate. (E) Effect of EA
and Q-3-ME on mitochondrial membrane potential. Changes in mitochondrial membrane potential were detected by flow cytometry. Histo-
grams are representative of three independent experiments. The bar graph indicates the percentage of rhodamine 123negative cells. The re-
sults represent the mean ± SEM of three independent experiments performed in triplicate. *p<0.05; **p<0.01; ***p<0.001 significant
differences with respect to basal conditions (ANOVA and Dunnett’s test).
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ml) or Q-3-ME (20μg/ml) for 24h. After incubation,
culture supernatants were collected and centrifuged,
and then incubated with the Griess reagent for 20min
in the dark, and measured at 540nm. The concentration
of total nitrites was derived from a standard curve
(Martino et al., 2014).

Proliferation assessment. In order to establish a rela-
tionship between the induction of NO production and
the inhibition of cell proliferation, the EL-4 cells were
pre-incubated with the NOS inhibitor L-NAME, before
EA or Q-3-ME stimulation. Cell proliferation was eval-
uated by the tritiated thymidine ([3H]TdR) uptake tech-
nique, as described previously (Martino et al., 2013).
The results were expressed as % of proliferation.

Determination of cell cycle arrest. Lymphoma cells
were treated with EA (100μg/ml) or Q-3-ME (20μg/
ml) for 3 h, 6 h, and 24h. The untreated cells were used
as control. After incubation, the cells were harvested
and fixed with ice-cooled 70% ethanol at �20 °C for
2h. Before the analysis, the cells were washed with cold
PBS and resuspended in sodium citrate buffer, contain-
ing PI and RNase A. The DNA content was determined
by a FACSCalibur flow cytometer (Becton Dickinson).
The data were analyzed with the Flow Jo 7.6 software
and expressed as percentage of cells in each stage (G0/
G1, S, and G2/M). The percentage of cells in the Sub-
G1 phase (nonviable cells) was determined (Martino
et al., 2015).

Cell viability. The cell viability of normal lymphocytes
and peritoneal macrophages was determined by the re-
duction of 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltet-
razolium bromide (MTT) as previously described
(Martino et al., 2015). Briefly, the cells were incubated
alone or in the presence of different concentrations of
EA or Q-3-ME for 24h. The MTT solution was then
added and incubated for 4h. The blue formazan formed
was solubilized in acidic isopropanol. The absorbance
Table 1. Percentage of viable, early apoptotic, late apoptotic, and nec
represent the mean ± SEM

24 h % viable % early apo

Basal 96.6 ± 0.4 2.5 ± 0.1
EA 10 μg/ml 96.5 ± 0.2 2.7 ± 0.1
EA 100 μg/ml 32.8 ± 2.7 ** 25.1 ± 0.7
EA 1000 μg/ml 4.9 ± 0.8 *** 0.9 ± 0.5
Q-3-ME 10 μg/ml 85.4 ± 0.8 * 12.3 ± 1.0
Q-3-ME 20 μg/ml 36.3 ± 4.5 ** 38.2 ± 0.9
Q-3-ME 50 μg/ml 50.4 ± 3.8 ** 4.0 ± 0.2
6 h

Basal 98.5 ± 0.2 0.6 ± 0.1
EA 10 μg/ml 96.8 ± 0.4 2.2 ± 0.1
EA 100 μg/ml 93.5 ± 1.1 5.0 ± 0.5
EA 1000 μg/ml 7.2 ± 2.4 *** 0.1 ± 0.1
Q-3-ME 10 μg/ml 97.5 ± 1.4 1.6 ± 0.1
Q-3-ME 20 μg/ml 97.2 ± 2.5 1.8 ± 0.9
Q-3-ME 50 μg/ml 92.8 ± 0.8 6.1 ± 0.7

*p<0.05.
**p<0.01.
***p<0.001.

Copyright © 2016 John Wiley & Sons, Ltd.
was measured at 570nm in a microplate reader. The un-
treated cells were used as 100 % viability control. The
results were expressed as the percentage of viability rel-
ative to the control.

Statistics. The results are presented as mean±SEM.
The level of statistical significance was determined by
a one-way analysis of variance (ANOVA) and the
Dunnett’s test. The GraphPad Prism 5.0 software
(GraphPad Software Inc., San Diego, CA, USA) was
employed. Comparisons were referred to the control
group. P values <0.05 were considered significant.
RESULTS AND DISCUSSION

This study was aimed at elucidating the mechanism in-
volved in the antiproliferative action of EA fraction
from L.divaricata and its main flavonoid Q-3-ME on tu-
mor cells.
EA fraction and Q-3-ME induce cell death through the
intrinsic pathway of apoptosis

It is well known that drugs from plant origin can exert
their antiproliferative activity by cytotoxic and/or cyto-
static effects. A good example of both is vincristine, a cy-
tostatic and cytotoxic alkaloid, with an IC50 value of
0.03μg/ml in EL-4 cells. In this work, the mechanism
by which EA fraction and its main flavonoid Q-3-ME
exerted the previously reported antiproliferative activity
was studied (Martino et al., 2013). In order to establish if
these drugs have cytotoxic activity on EL-4 cells, apo-
ptosis and/or necrosis phenomena were evaluated. To
this end, the cells were treated either with EA or Q-3-
ME at different concentrations and time. Fig. 1A and
Table 1 show the percentage of viable cells and cells in
different stages of apoptosis (early apoptosis, late
rotic cells after 6 h and 24 h of culture with EA or Q-3-ME. Data

ptosis % late apoptosis % necrosis

0.1 ± 0.0 0.8 ± 0.5
0.3 ± 0.1 0.5 ± 0.1

** 37.7 ± 1.2 *** 4.4 ± 0.8 *
0.5 ± 0.5 93.7 ± 2.9 ***

* 1.4 ± 0.2 * 0.9 ± 0.1
** 6.6 ± 1.9 ** 18.9 ± 5.5 *

0.9 ± 0.6 44.7 ± 3.4 **

0.3 ± 0.1 0.6 ± 0.1
* 0.4 ± 0.2 0.6 ± 0.3
* 0.5 ± 0.1 1.0 ± 0.1

0.1 ± 0.1 92.6 ± 4.5 ***
0.4 ± 0.1 0.5 ± 0.2
0.4 ± 0.2 0.6 ± 0.1

* 0.4 ± 0.1 0.7 ± 0.1

Phytother. Res. (2016)
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apoptosis, and necrosis). The EA fraction (10μg/ml and
100μg/ml), as well as Q-3-ME (50μg/ml), exerted their
apoptotic effect (annexin V+/PI�) after 6h of incuba-
tion. Interestingly, after 24h of incubation, a
concentration-dependent effect was observed when the
cells were treated either with EA or Q-3-ME. A de-
crease in the percentage of viable cells and an increase
in the percentage of the early and late apoptotic cells
were observed with EA at 10 and 100μg/ml and with
Q-3-ME at 10 and 20μg/ml. Finally, both EA and Q-3-
ME induced necrosis at the highest concentrations
tested (EA at 1000μg/ml and Q-3-ME at 50μg/ml). To
corroborate these results, the cells were labeled with
AO and EB, and analyzed by fluorescence microscopy
(Fig. 1B). The control cells had green fluorescence and
a nucleus with a normal morphology. Treatment with
EA (100μg/ml) for 6h induced a change in the staining
pattern, which turned the fluorescent green and orange,
indicating the initiation of the apoptotic process. The
number of apoptotic cells increased after 24h. Further-
more, EA (1000μg/ml) increased the number of cells
with condensed nuclei and apoptotic bodies stained with
Figure 2. Caspases proteolytic activation and poly-(ADP-ribose)-polymer
D). EL-4 cells were cultured in the absence (time 0 h) or presence of EA (1
activation of caspases 8, 9, and 3 and PARP cleavage were analyzed by w
(41 kDa), caspase 9 (37 kDa), active caspase 3 (17 kDa), cleaved PARP (
the bar graphs. Values represent the mean ± SEM of three independent ex
**p<0.01 significant differences with respect to basal conditions (ANO

Copyright © 2016 John Wiley & Sons, Ltd.
fluorescent orange (6h and 24h), which is compatible
with necrosis. In the case of Q-3-ME, the number of ap-
optotic cells increased in a time-dependent and
concentration-dependent manner. Both EA (100μg/
ml) and Q-3-ME (20μg/ml) induced the fragmentation
of the DNA in internucleosomal fragments and a conse-
quent increase in the number of cells in Sub-G1 phase.
Taking these results together, we can conclude that the
antiproliferative action of EA is due, at least in part, to
the induction of apoptosis. These results are in line with
those obtained by Davicino et al. (2010), who demon-
strated that the L.divaricata aqueous extract was able
to induce apoptosis in the BW5147 lymphoma cell line,
in which increasing ROS and NO production, through
a p38, ERK-1/2, and NF-κB pathways, were demon-
strated. Q-3-ME was also found to induce apoptosis in
EL-4 cells. This finding allows postulating Q-3-ME as
one of the compounds responsible of the effects ob-
served with EA.

Mitochondria plays an important role in the initiation
and final stages of apoptosis. Several apoptotic insults
induce mitochondrial membrane depolarization, which
ase (PARP) cleavage mediated by EA (A and C) and Q-3-ME (B and
00 μg/ml) or Q-3-ME (20 μg/ml) for the indicated times. Proteolytic
estern blot. Specific antibodies revealed bands for active caspase 8
89 kDa), and β-actin (43 kDa). Densitometric analyses are shown in
periments. β-actin bands were used as loading control. *p<0.05;
VA+Dunnett’s test).

Phytother. Res. (2016)



Figure 3. Role of nitric oxide (NO) in the antiproliferative effect of EA and Q-3-ME. (A) Production of NO by EL-4 cells. Tumor cells were in-
cubated with EA (100 μg/ml) or Q-3-ME (20 μg/ml) for 24 h, and the NO produced was determined in culture supernatants. The results were
expressed as μM of NO/106 cells, and represented the mean ± SEM of three independent experiments. (B) Inducible nitric oxide synthase ex-
pression (iNOS). The expression of iNOS (131 kDa) was determined by western blot analysis carried out with cells cultured for the indicated
times. β-actin expression was used as loading control. Densitometric analyses were represented in the bar graphs as iNOS expression/β-actin
expression. Values represent the mean ± SEM of three independent experiments. (C) Proliferation and apoptosis analysis. EL-4 cells were pre-
incubated with L-NAME (a NOS inhibitor) before treatment with EA (100 μg/ml) or Q-3-ME (20 μg/ml) for 24 h. Cell proliferation was evalu-
ated by the [3H]TdR uptake, and expressed as % of proliferation relative to basal conditions. Apoptosis was evaluated by annexin V-FITC
followed by flow cytometry analysis. Histograms and the bar graph indicate the percentage of annexin V positive cells. The results are
expressed as the mean ± SEM of three independent experiments. *p<0.05; **p<0.01; ***p<0.001 significant differences respect to
basal conditions (ANOVA+Dunnett’s test).
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is a consequence of the opening of the mitochondrial
permeability transition pore. These membrane changes
allow the release of apoptotic factors such as cyto-
chrome c (Lopez and Tait, 2015). In order to understand
the mechanism underlying the apoptotic activity of EA
and Q-3-ME, their ability to interfere with the mito-
chondria membrane potential was evaluated by flow cy-
tometry using rhodamine 123. As shown in Fig. 1E, both
EA and Q-3-ME were able to decrease the mitochon-
drial membrane potential, as revealed by the presence
of a significant increase in the number of rhodamine-
123 negative cells (p< 0.001 for EA and p<0.01 for
Q-3-ME). These results indicate the initiation of a
mitochondrial-dependent apoptotic process upon treat-
ment with EA and Q-3-ME.
Upon release to the cytosol, cytochrome c binds to the

adaptor molecule Apaf-1, and the activation of caspase-9
occurs through the formation of the apoptosome com-
plex. Caspase-9 then activates caspase-3, which is the
central caspase in the apoptotic signaling machinery.
The latter signaling cascade is called ‘intrinsic pathway
of apoptosis’ (Zaman et al., 2014). Taking into account
the involvement of mitochondria in cell death, the apo-
ptosis pathway triggered by EA and Q-3-ME was also
evaluated by western blot. As expected, EA (Fig. 2A)
and Q-3-ME (Fig. 2C) were able to activate caspase-9
and caspase-3 as early as 6h after stimulation, leading
to an increase in the expression of the cleaved form of
Figure 4. Effect of EA and Q-3-ME on the cell cycle of tumor cells. Ce
(20 μg/ml) (B) during 3 h, 6 h, and 24 h. After treatment, DNA was staine
untreated cells (basal), and white bars represent EA or Q-3-ME-treated c
cycle phases (G0/G1; S and G2/M) and are expressed as the mean ±
*p<0.05; **p<0.01; ***p<0.001 significant differences with respe

Copyright © 2016 John Wiley & Sons, Ltd.
PARP after 12h of incubation with the drugs (Figs. 2B
and 2D). In fact, the highest levels of cleaved PARP
were detected at the longest incubation time tested
(24h). This finding further supported the hypothesis in-
dicating the requirement of sequential steps in the apo-
ptotic event. On the other hand, no modifications in
the levels of expression of cleaved caspase-8 were de-
tected throughout the period of time tested. These re-
sults are in agreement with those obtained by Li et al.
(2013), who have tested the activity of Q-3-ME on the
breast cancer cell line SK-Br-3, demonstrating that this
compound was able to induce apoptosis via caspase-3
and caspase-7 activation. When the EL-4 cells were
treated with EA and Q-3-ME, the final stages of apopto-
sis were also observed. Such stages included chromatin
condensation and DNA fragmentation (Fig. 1B, C, and
D). Taking these results together, it can be concluded
that EA and Q-3-ME exerted their cytotoxic effect
through the activation of the intrinsic mitochondrial ap-
optotic pathway.
NO is involved in the antiproliferative action of EA and
Q-3-ME

The role of NO and the nitrosative stress in the mecha-
nism of action of EA and Q-3-ME was assessed. The
treatment with EA or Q-3-ME significantly increased
lls were incubated with or without EA (100 μg/ml) (A) or Q-3-ME
d with PI and quantified by flow cytometry. Black bars represented
ells. The results were expressed as % of cells in the different cell
SEM of three independent experiments, performed in triplicate.
ct to basal conditions (ANOVA+Dunnett’s test).

Phytother. Res. (2016)



R. MARTINO ET AL.
the NO production by EL-4 cells (p< 0.01) (Fig. 3A).
TheseresultsareinlinewiththeincreasedexpressionofiNOS
foundafterthetreatmentofcellswithEAorQ-3-ME.WhileQ-
3-MEincreasedtheexpressionofiNOSinatime-dependent
manner,EAexertedthehighestexpressionat6hofincubation
(Fig.3B).L-NAMEwasemployedasaNOSinhibitor,andits
effectonEL-4cellproliferationandapoptosiswasevaluated
(Fig.3C).TheNOaccumulationintumorcellswasresponsible
for the growth inhibition and apoptosis induction, because
cells pre-incubatedwithL-NAME, beforeEA(100μg/ml)
orQ-3-ME(20μg/ml)treatment,wereabletoreverttheinhibi-
tionofproliferationexertedbybothdrugs(p< 0.01).Asimilar
effectwasobservedwhenapoptosiswasassessed:L-NAME
wasabletoinduceasignificantdecreaseinthepercentageof
annexin-Vpositive cells (from43.5%to9.2%in the caseof
EA-treated cells and 52.7% to6.5% in the caseofQ-3-ME
treatment;p<0.001).ItisknownthatNOcanactasanintracel-
lularmessenger,asitcanmodulatevarioussignalingpathways
throughnitration, S-nitrosylation, andDNAdeamination,
amongothers(Frederiksenetal.,2007).NOhasrecentlybeen
demonstratedtohaveagreatpotentialtoinhibitcarcinogene-
sisandtumorgrowth.Moreover,nitrosativestresscaninduce
cellcyclearrestintheG0/G1phasethroughthedownregula-
tionoftheexpressionofcyclinsD1andE,andtheupregulation
of p21waf1/cip1 expression in gastric cancer cells (Sang et al.,
2011).Therefore,NOcouldbe themolecule responsible in
EAandQ-3-MEcellcyclearrest.Otherflavonoids,likefisetin,
havebeenreportedtohaveasimilarmechanismofactionin
acutemonocyticleukemiacells(Ashetal.,2015).
Cytostatic effect of EA fraction and Q-3-ME

In order to investigate if EA and Q-3-ME have cyto-
static activity, the effect on the cell cycle was analyzed.
Figure 5. Effect of EA and Q-3-ME on normal lymphocyte and macropha
phages (B) from C57BL/6N mice were cultured with or without EA or Q
method. The results were expressed as cell viability (% of basal) a
*p<0.05 significant difference with respect to basal conditions (ANOV

Copyright © 2016 John Wiley & Sons, Ltd.
EA was able to arrest cells in G0/G1 phase as early as
3h of cell culture, maintaining this state throughout
the period of time evaluated. Q-3-ME exerted a strong,
but slower effect than EA, by arresting almost 80% of
the cells in the G0/G1 phase at 24h. We also observed
a decrease in the number of cells in the G2/M stage at
all the timepoints tested (Fig. 4). These results indicate
that although Q-3-ME is one of the compounds respon-
sible of the cytostatic effect of EA, others might also be
exerting a similar effect. Other authors have demon-
strated that Q-3-ME can induce cell cycle arrest in SK-
Br-3 breast cancer cells (Li et al., 2013) and JB6 P+
epidermal cells (Li et al., 2012). However, these authors
observed an arrest in G2/M phase, suggesting that this
flavonoid has probably a different impact on the pro-
teins related to the cell cycle progression and arrest that
are dependent on the cell line and the culture conditions
employed.
Effect of EA and Q-3-ME on normal cell viability

Finally, the goal of any antitumoral treatment is to
achieve a good selectivity, that is, a balance between ef-
ficacy and innocuousness (Machana et al., 2012). In this
sense, the viability of lymphocytes and macrophages
was assessed by the MTT method. Neither EA nor Q-
3-ME alone reduced MTT (data not shown). It was
found that, at the concentrations that interfered with tu-
mor cell proliferation, neither EA fraction nor Q-3-ME
affected lymphocyte and macrophage viability (Fig. 5).
Furthermore, the isolated flavonoid was capable of in-
creasing macrophages MTT reduction at the highest
concentrations tested (p< 0.05). The latter finding could
be a result of a macrophage activation phenomenon. It
ge viability. Lymph nodes T lymphocytes (A) and peritoneal macro-
-3-ME for 24 h. After that, cell viability was assessed by the MTT
nd represent the mean ± SEM of three independent experiments
A+Dunnett’s test).

Phytother. Res. (2016)



LARREA DIVARICATA INDUCES APOPTOSIS IN LYMPHOMA CELLS
is known that L.divaricata has immunomodulatory
properties which are evidenced by the activation of mac-
rophages by the classical pathway (Martino et al., 2014).
This finding could be a helpful tool to enhance the im-
mune system to eliminate cancerous cells in vivo.
CONCLUSIONS

The evaluation of the effectiveness of drugs against tu-
mor lines and the analysis of the mechanisms of action
involved could be useful in the search for novel thera-
peutic agents for cancer treatment. At the concentra-
tions tested, EA and Q-3-ME proved to be active
against lymphoma cells and nontoxic to normal cells.
Furthermore, in this work, it was demonstrated that
these drugs exerted their antiproliferative activity by in-
ducing cell apoptosis by activation of the intrinsic
Copyright © 2016 John Wiley & Sons, Ltd.
pathway and by arresting the cell cycle in the G0/G1
phase. These effects seemed to be driven by NO. Taking
into account the results obtained herein, EA and Q-
3-ME could be considered good candidates to perform
further studies to determine if they can be associated
with other drugs used for cancer treatment.
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