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The antiproliferative activity of lectins Canavalia ensiformis (ConA) and Canavalia brasiliensis (ConBr) were
studied using human leukemia MOLT-4 and HL-60 cell lines. It was revealed that both ConA and ConBr
were markedly cytotoxic to cells using MTT and NAC assays. The IC50 values were approximately 3 and
20 lg/mL for ConA and ConBr, respectively, for both MOLT-4 and HL-60 cells. However, in normal human
peripheral blood lymphocytes, the lectins were not cytotoxic, even when tested at concentrations as high
as 200 lg/ml. Using comet assay, the lectins produced a rate of DNA damage exceeding 80% in MOLT-4
and HL-60 cells. Fluorescence analysis revealed the morphology characteristic of apoptosis, with low con-
centrations of apoptotic bodies and fragmented DNA (5 lg/ml). Flow cytometric analysis demonstrated
an accumulation of cells in the sub-G1 cell cycle that is characteristic of DNA fragmentation, and a
decrease in membrane integrity at high concentrations. Lastly, we evaluated the alterations in mitochon-
drial potential that reduced after treatment with lectins. Our results indicate that ConA and ConBr inhib-
ited cell proliferation selectively in tumor cells and that apoptosis was the main death mechanism.
Therefore, lectins can be considered a class of molecules with a high antitumor activity potential.

� 2012 Elsevier Ltd. Open access under the Elsevier OA license.
1. Introduction

Lectins are proteins of non-immune origin that either bind to
carbohydrates and sugar-containing substances in a specific and
reversible manner or precipitate glycoconjugates (Goldstein
et al., 1980). They are widely distributed in nature and can be
found in almost all living organisms, including plants, algae, fungi,
animals (vertebrates and invertebrates), microorganisms, and
viruses (Peumans and Van Damme, 1996). Additionally, it has been
shown that lectins can be used to differentiate malignant tumors
from benign cells and their degree of glycosylation, which is asso-
ciated with metastasis. It has also been demonstrated that lectins
inhibit cell proliferation and have cytotoxic effects on human tu-
mor cells (De Mejía and Prisecaru, 2005). Furthermore, lectins ex-
ert an immunostimulatory effect at low amounts and a cytotoxic
effect at higher concentrations.
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In recent years, a great number of lectins with in vivo and
in vitro antiproliferative properties against cancer cells have been
isolated and characterized (Dhuna et al., 2005; Liu et al., 2009a;
Zhang et al., 2010). Among the seven major lectin families, legume
lectins have received more attention from cancer biologists due to
their remarkable anti-tumor properties compared to the other lec-
tin families. In their review, Li et al. (2011) focused on analyzing
the anti-tumor activities of Concanavalin A (ConA), the first and
most typical representative of the legume lectin family, and its re-
lated mechanisms of cell death implicated in apoptosis and
autophagy. Induction of in vitro and in vivo cell death (apoptosis
and autophagy) in cancer cells by ConA has been reported (Kulkar-
ni et al., 1998; Suen et al., 2000; Chang et al., 2007; Liu et al.,
2009a–c).

Of note is the fact that the development of cancer can be asso-
ciated with programmed cell death (PCD), which is an evolutionary
conserved process that plays a crucial role in metazoan develop-
ment (Bortner and Cidlowski, 2007). Apoptosis, type I of PCD, is
characterized by the condensation of the cytoplasm and nucleus,
DNA fragmentation, chromatin merging in the nuclear periphery,
cell contraction, dynamic membrane blebbing, and cell phagocyto-
sis. Several antitumor drugs are now known to induce apoptosis in
cancerous cells. Cell apoptosis is considered to be one of the most
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important mechanisms regulated by numerous cellular signaling
pathways for tumor cell suicide (Andrew, 2008).

It has been shown that the mitochondrial membrane permeabi-
lization can be sensitive to the redox state and reactive oxygen
species (ROS) can also enable such membrane permeabilization
both in vitro and in vivo approaches (Kroemer and Reed, 2000).
Although free radicals are essential for normal cells, they can cause
cell damage or act directly as intermediate signaling molecules,
leading to oxidative stress as well as a variety of biological effects,
including apoptosis (Nakano et al., 2006). These results on ROS sig-
naling have been employed for the improvement of novel thera-
peutic applications in human diseases (Trachootham et al., 2009).

Our recent studies have shown that lectins ConA, ConBr, and
CFL are all structurally related and induce apoptosis in the MCF-7
cell line (Faheina-Martins et al., 2011). Therefore, this study ex-
plores the antileukemic and DNA-damaging activities of ConA
and ConBr in terms of two human leukemia cell lines (HL-60 and
MOLT-4). Furthermore, we investigate the mechanism of death
induction caused by these lectins.
2. Materials and methods

2.1. Chemicals

Fetal bovine serum (FBS), phytohaemagglutinin, and trypsin–
EDTA were purchased from Cutilab (Campinas, SP, Brazil). RPMI
1640 medium was purchased from GIBCO (Invitrogen, Carlsbad,
CA, USA). ConA, Rhodamine 123 (Rho-123), etoposide, penicillin,
streptomycin, and MTT (3-(4,5-Dimethylthiazol-2-yl)-2,5-diphe-
nyltetrazolium bromide) were purchased from Sigma–Aldrich Co.
(St. Louis, MO, USA). Normal melting point agarose (NMPA) and
low melting point agarose (LMPA) were obtained from Invitrogen
(Carlsbad, CA, USA). Doxorubicin (Doxolem

�
) was purchased from

Zodiac Produtos Farmacêuticos S. A. (São Paulo, SP, Brazil). All
other chemicals and reagents used were of analytical grade. ConA
was obtained from SIGMA (São Paulo, Brazil) and ConBr was puri-
fied from the crude saline extract of seed flour through affinity
chromatography on Sephadex G-50 fast flow (SIGMA) according
to Cavada et al. (1998).
2.2. Cell line and cell culture

The human promyelocytic leukemia (HL-60) and acute lympho-
blastic cell (MOLT-4) lines were acquired from Rio de Janeiro Cell
Bank (Federal University of Rio de Janeiro, RJ, Brazil). Leukemia
cells were maintained in RPMI 1640 medium supplemented with
10% FBS, 2 mM glutamine, 100 U/ml penicillin, and 100 lg/ml
streptomycin at 37 �C with 5% CO2. For experiments, the concen-
tration of FBS was reduced to 1% so that the lectins would display
their effects (Faheina-Martins et al., 2011).

Heparinized blood (from healthy, non-smoking donors who had
not taken any drugs for at least 15 days prior to sampling) was col-
lected from donor blood at the blood bank of the João Pessoa, Paraí-
ba, Brazil. From these blood samples, we isolated the peripheral
blood mononuclear cells (PBMC). The study was approved by the
Institutional Ethical Committee of Lauro Wanderley Hospital/Fed-
eral University of Paraíba. PBMC were isolated by a standard meth-
od of density-gradient centrifugation over Histopaque-1077 (GE
Healthcare, USA). PBMC were washed and resuspended in RPMI
1640 medium supplemented with 10% FBS, 2 mM glutamine,
100 U/ml penicillin, and 100 lg/ml streptomycin at 37 �C with 5%
CO2. Phytohemagglutinin (2%) was added at the beginning of the
culture. After 24 h of culture, cells were treated with the test
lectins.
2.3. MTT assay

The cytotoxicity of ConA and ConBr to leukemic cells was eval-
uated using the original enzymatic reduction of 3-(4,5-dimethyl-
thiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay to
produce formazan crystals (Mosmann, 1983). Cells were seeded
at 5 � 104 cells/well in 96-well tissue culture plates. Cells were
exposed to different concentrations of ConA or ConBr lectins
(1–200 lg/mL) dissolved in the RPMI medium (three wells per
concentration) with 1% FBS. After 72 h of incubation, plates were
centrifuged (500g, 5 min) and the supernatant was removed,
followed by the addition of MTT solution (0.5 mg/mL in PBS) and
incubation for 4 h at 37 �C. After 4 h, the MTT formazan product
was dissolved in SDS/HCl 0.01 N and absorbance was measured
at 570 nm in reader plate ELISA (Biotek ELx800). Etoposide (1 lg/
mL) was used as a positive control.

2.4. Nucleic acid content (NAC)

The number of cells in both the control and treated cell samples
were estimated based on their total nucleic acid content, as de-
scribed by Cingi et al. (1991). Cells were seeded at 5 � 104 cells/
well in 96-well tissue culture plates and exposed to different con-
centrations of ConA or ConBr lectins (1–200 lg/ml) dissolved in the
RPMI medium (with 1% FBS). After 72 h of incubation, cells were
fixed (5% trichloroacetic acid), washed twice with ice-cold PBS,
and a soluble nucleotide pool was extracted with cold ethanol.
The cell pellet was dissolved in 0.5 M NaOH at 37 �C overnight. Fol-
lowing this, the absorbance at 260 nm of the NaOH fraction was
used as an index of the cell number (Bianchi and Fortunati,
1990). The results are expressed as mean percentages of absor-
bance at 260 nm in treated cells compared to the controls. Etopo-
side (1 lg/ml) was used as a positive control.

In MTT and NAC assays the concentration that inhibits 50% of
cell proliferation (IC50) was determined from plots of cell viability.

2.5. BrdU incorporation assay

Proliferating cells can be identified using DNA labeling with
nucleotide analogs such as bromodeoxyuridine (BrdU). Leukemic
cells were plated in 24-well tissue culture plates (0.3 � 106 cells/
mL) and treated with lectins at different concentrations dissolved
in RPMI medium (with 1% FBS). After 21 h of exposure, 20 ll of
BrdU (10 mM) was added to each well and incubated for 3 h at
37 �C. To determine the amount of BrdU incorporated into DNA
(Pera et al., 1977), cells were harvested and then transferred to
cytospin slides and allowed to dry for 2 h at room temperature.
Cells that had incorporated BrdU were labeled by direct peroxidase
immunocytochemistry using the chromogen diaminobenzidine
(DAB). Slides were counterstained with hematoxylin, mounted,
and coverslipped. Determination of BrdU positivity was performed
by light microscopy (Olympus, Tokyo, Japan). Two hundred cells
were counted per sample to determine the percentage of BrdU-po-
sitive cells. Etoposide (1 lg/ml) was used as a positive control.

2.6. DNA strand breaks

The comet assay, which is used to detect DNA strand breaks,
was conducted under alkaline conditions as described by Singh
et al. (1988) with minor modifications (Klaude et al., 1996) follow-
ing the recommendations of the International Workshop on Geno-
toxicity Test Procedures (Tice et al., 2000). HL-60 and MOLT-4
(0.3 � 106 cells/ml) cells were incubated for 24 h with lectins at
5, 25, and 50 lg/ml. After this, the cells were centrifugated and
resuspended in the medium. Subsequently, 20 ll of the cells in sus-
pension (�106 cells/ml) were dissolved in 0.75% low melting point



G.V. Faheina-Martins et al. / Toxicology in Vitro 26 (2012) 1161–1169 1163
agarose and immediately spread onto a glass microscope slide pre-
coated with a layer of 1% normal melting point agarose. The aga-
rose was allowed to set at 4 �C for 5 min. The slides were
incubated in an ice-cold lysis solution (2.5 M NaCl, 10 mM Tris,
100 mM EDTA, 1% Triton X-100 and 10% dimethylsufoxide, DMSO,
pH 10) at 4 �C for at least 1 h to remove cellular proteins, leaving
the DNA as ‘nucleoids.’ After the lysis procedure, the slides were
placed on a horizontal electrophoresis apparatus, which was filled
with fresh buffer (300 mM NaOH and 1 mM EDTA, pH > 13) to cov-
er the slides, for 20 min at 4 �C to allow DNA unwinding and
expression of alkali-labile sites. Electrophoresis was conducted
for 20 min at 25 V (300 mA). All of the above steps were conducted
either under a yellow light or in the dark to prevent additional DNA
damage. The slides were then neutralized (0.4 M Tris, pH 7.5),
dried with 100% ethanol, stained with ethidium bromide (20 lg/
mL), and analyzed using a fluorescence microscope. Two hundred
randomly selected cells (100 cells from each of the two replicate
slides) were analyzed for each concentration of the test substance
(Faheina-Martins et al., 2011). Cells were grouped visually accord-
ing to tail length into the following five classes: (1) class 0—
undamaged, without a tail; (2) class 1—with a tail shorter than
the diameter of the head (nucleus); (3) class 2—with a tail length
of 1–2� the diameter of the head; (4) class 3—with a tail longer
than 2� the diameter of the head; (5) class 4—comets with no
heads. A value (damage index, DI) was assigned to each comet
according to its class using the equation below:

DI ¼ ð0� n0Þ þ ð1� n1Þ þ ð2� n2Þ þ ð3� n3Þ þ ð4� n4Þ

where n = the number of cells in each class that were analyzed. The
damage index thus ranged from 0 (completely undamaged:
100 cells � 0) to 400 (with maximum damage: 100 cells � 4), and
damage frequency (%) was calculated based on the number of cells
with a tail versus the number of those without (Cavalcanti et al.,
2009). Etoposide (1 lg/mL) was used as a positive control.

2.7. Determination of the proportion of apoptotic and necrotic cells

Staining of cells with acridine orange/ethidium bromide (AO/
EB) was performed (McGahon et al., 1995) to observe the cell death
pattern induced by increasing concentrations of compounds after
24 h of incubation. HL-60 and MOLT-4 (0.3 � 106 cells/ml) cells
were incubated for 24 h with lectins at 5, 25, and 50 lg/ml. After
incubation, each sample (25 ll) was mixed with 1 ll of AO/EB
solution (1 part of 100 lg/ml of AO in PBS; 1 part of 100 lg/ml
EB in PBS) just prior to microscopic examination and quantifica-
tion. At least 300 cells were examined under a fluorescence micro-
scope using a fluorescein filter and 40X objective lens. The cells
were then classified as either apoptotic or necrotic. The percentage
of apoptotic and necrotic cells was then calculated. Experiments
were performed in duplicate in three independent experiments.
Etoposide (1 lg/ml) was also used as a positive control.

2.8. Determination of internucleosomal DNA fragmentation and
mitochondrial transmembrane potential analysis

For internucleosomal DNA fragmentation, after 24 h of expo-
sure with lectins, cells were incubated at 37 �C for 30 min in the
dark in a lysis solution containing 0.1% citrate, 0.1% Triton X-100,
and 50 lg/ml PI. The percentage of degraded DNA was determined
by the number of cells displaying subdiploid (sub-Go/G1) DNA di-
vided by the total number of cells examined.

Transmembrane mitochondrial potential was evaluated by
incorporating Rhodamine-123 (Rho-123), which is a cell-perme-
able, cationic, fluorescent dye that is readily sequestered by active
mitochondria without inducing cytotoxic effects. Treated and un-
treated leukemic cells during 24 h were centrifuged at 500g for
5 min and the pellet was resuspended in 200 ll of a 1 lg/ml solu-
tion of Rho-123 for 15 min in the dark. After incubation, cells were
centrifuged at 500g for 5 min. The resulting pellet was resus-
pended in 200 ll of phosphate-buffered saline (PBS) and incubated
for 30 min in the dark. Fluorescence was measured and the mito-
chondrial depolarization percentage was determined.

For all cytometric experiments, cell fluorescence was deter-
mined by flow cytometry in a Guava EasyCyte Mini (Guava Tech-
nologies, Inc., Hayward, CA, USA) using Guava Express Plus
software, as described by Logrado et al. (2010). Five thousand
events were evaluated per experiment.
2.9. Measurement of intracellular reactive oxygen species (ROS)

The intracellular ROS was estimated by fluorescent probe, 2́,7́-
dichlorohydrofluorescein diacetate (H2-DCF-DA). This dye is
deacetylated by intracellular esterase and converted to non fluo-
rescent 2́,7́-dichlorohydrofluorescein (H2-CDF), which is rapidly
oxidized to the highly fluorescent compound 2́,7́-dichlorohydroflu-
orescein (DCF) in the presence de ROS. The MOLT-4 and HL-60 cells
(4 � 105 cells/well) were treated with lectins ConA or ConBr (5, 25
and 50 lg/ml). As a positive control H2O2 (50 lM) was used for
15 min. After 24 h of exposure, the samples were centrifuged
(200g, 5 min), washed with PBS at 37 �C and labeled of H2-DCFH-
DA for 30 min, in the dark conditions, at 37 �C. The cells were then
washed with PBS and analysed by flow cytometry in BD FACSCali-
bur, NJ, USA (Ravidran et al., 2011).
2.10. Statistical analysis

The data are expressed as mean ± SEM from three replicates per
treatment. Results were analyzed by one-way ANOVA followed by
Newman-Keuls post-test. The level of significance was set at
p < 0.05. Data of all the results in this study were obtained from
at least three independent experiments.

The correlation between numbers of late apoptosis cells, ex-
pressed as arbitrary unit of DNA damage, was performed using
the least squares linear regression, f = ax + b, where a means the
slope of the line and b determines the point at which the line
crosses the y-axis. The Pearson’s correlation coefficient (r), was
considered to be significant when p < 0.05.
3. Results

3.1. Lectins reduce both proliferation and viability of leukemic cells

As displayed in Table 1, the MTT-based assay and total nucleic
acid content (NAC) measurements show that ConA and ConBr lec-
tins have cytotoxic effects in leukemic cells. The MOLT-4 cell line
was more sensitive to exposure of ConA and ConBr than the HL-
60 cells were after 72 h of treatment. Among the tested lectins,
ConBr was much less active than ConA in the MTT assay. To further
study the inhibition of proliferation, the incorporation of the nucle-
otide BrdU into DNA was evaluated by direct peroxidase immuno-
cytochemistry in treated and untreated leukemic cells (Fig. 1).
After 24 h, ConA at concentrations of 5, 25, and 50 lg/ml inhibited
BrdU incorporation by 47.66 ± 2.79%, 72.45 ± 1.95%, and
87.58 ± 2.16%, respectively, in MOLT-4 cultures (Fig. 1A), and
39.12 ± 2.69%, 61.18 ± 3.68%, and 78.95 ± 2.66%, respectively, in
HL-60 cultures (Fig. 1B). Leukemic cell cultures exposed to ConBr
showed an inhibition of BrdU incorporation equal to
47.78 ± 4.52%, 69.31 ± 3.53%, and 86.60 ± 1.80% for MOLT-4 cells
treated at 5, 25, and 50 lg/mL, respectively, and 28.65 ± 2.95%,
58.10 ± 3.01%, and 66.81 ± 3.49% for HL-60 cells treated at 5, 25,



Table 1
Cytotoxic activity of ConA and ConBr lectins on HL-60 and MOLT-4 cell lines.

Substances HL-60 MOLT-4

MTT NAC MTT NAC

Etoposide 2.6 (1.7–4.0) 10.0 (6.0–15) 0.1 (0.04–0.18) 0.1 (0.07–0.15)
ConA 14.0 (7.0–27.0) 10.0 (6.6–15.0) 3.6 (2.8–4.5) 3.0 (2.8–3.6)
ConBr 90.0 (75.0–109.0) 12.0 (5.0–28.0) 21.0 (20.0–23.0) 7.0 (6.2–7.8)

Results were expressed as CI50 in lg/ml and statistical confidence interval of 95% (CI 95%), which are shown by numbers in parentheses, was
obtained using non-linear regression of three independent experiments in triplicate. Etoposide was applied as a positive control.

Fig. 1. Effect of ConA and ConBr on the BrdU incorporation by MOLT-4 (A) and HL-60 (B) cells. Negative control (C): cells not treated. Etoposide (5 lM) was used as a positive
control (E). ⁄p < 0.001 compared with control by ANOVA, followed by Newman–Keuls post-test. Data are presented as mean values ± SEM from three independent
experiments of percentage of BrdU positivity.
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and 50 lg/mL, respectively. The positive control, etoposide,
strongly inhibited the BrdU incorporation, as expected.

Etoposide exhibited potent cytotoxicity against HL-60 and
MOLT-4 cell lines, as expected. The results presented in Fig. 2 dem-
onstrate that ConA and ConBr are not cytotoxic for normal cells
(PBMC) at 200 lg/ml using MTT assay.

3.2. Lectins induce DNA strand breaks followed by cell death (apoptosis
and necrosis) in leukemic cells

Fig. 3A and B show the effects of ConA and ConBr on DNA dam-
age index and frequency (tailed cells) as measured by DNA damage
in leukemic cells according to the alkaline version of the comet as-
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Fig. 2. Effect of ConA (A) and ConBr (B) after 24 h of treatment on PBMC viability using
Newman–Keuls post-test. Bars represent the mean ± SEM of three independent experim
say. In both cell line cultures exposed to ConA and ConBr, the trea-
ted cells clearly show a significant increase in the means of DNA
damage index (p < 0.001) and tailed cells (p < 0.001) at all evalu-
ated concentrations. Etoposide, used as the positive control, in-
duced a significant increase in DNA damage and frequency when
compared to the negative control, or vehicle (data not shown).
While attempting to determine the mechanism responsible for
their antiproliferative effects, both the induction of apoptosis or
necrosis and the DNA integrity of cells that were treated with lec-
tins were assayed. After 24 h, more than 90% of the counted HL-60
and MOLT-4 cells in the control groups were uniformly green, via-
ble, and had normal morphology (Fig. 4). As shown in Fig. 4A and B,
both lectins reduced the number of viable cells in a concentration-
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MTT assay. All data showed p > 0.05 compared with control by ANOVA, followed by
ents in triplicate.
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Fig. 3. Effect of lectins ConA and ConBr after 24 h of treatment on DNA damage index using MOLT-4 (A) and HL-60 cells (B) determined by comet assay. Control (untreated) or
treated cells with lectins at concentrations 5, 25, and 50 lg/ml were used. Data are mean ± SEM from three experiments in duplicate and were analyzed by ANOVA followed
by Newman–Keuls post-test. ⁄p < 0.001 compared to control.

Fig. 4. Effect of lectins ConA and ConBr on MOLT-4 (A) and HL-60 (B) viability using acridine orange and ethidium bromide staining determined by fluorescence microscopy
after 24 h of incubation. Negative control (C): cells were treated with medium alone. Bars represent the mean ± SEM of three independent experiments in triplicate. ⁄p < 0.001
and ⁄⁄p < 0.01 compared with control by ANOVA followed by Newman–Keuls post-test.
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dependent manner after 24 h of exposure at each evaluated con-
centration (p < 0.001) in leukemic cell cultures (MOLT-4 and HL-
60). However, the effect on cell viability was more pronounced in
cultures treated with ConA. The mechanism of induction of cell
death in leukemic cells appears to be the same among the tested
lectins. The antiproliferative capacity of both lectins seems to be
predominately related to the apoptosis activation rather than
necrosis. At the highest tested concentration, MOLT-4 and HL-60
cells exposed to ConA and ConBr showed that more than 60% of
analyzed cells shared apoptotic features. These features include
condensed or fragmented chromatin, blebs, and apoptotic bodies.
The increase in the population of necrotic cells was smaller, achiev-
ing 25.33 ± 0.59% and 21.99 ± 1.14% when MOLT-4-treated with
50 lg/mL of ConA and ConBr, respectively. For HL-60 cultures ex-
posed to ConA and ConBr at the highest concentration, the percent-
ages of necrotic cells were 28.6 ± 2% and 21.3 ± 2%, respectively.

The number of late apoptosis cells induced by ConA and ConBr
was compared with arbitrary unit of DNA damage induced by
treatments. In MOLT-4 cultures, the increased induction of DNA
damage correlated to the augmented late apoptosis cells induced
by ConA (a = 3.01, r = 0.958, p < 0.05) and ConBr (a = 2.24,
r = 0,904, p < 0.05) treatments. Also a correlation between arbitrary
unit of DNA damage and late apoptosis cell number was observed
for HL-60 treated cells with ConA (a = 2.5, r = 0.976, p < 0.05) and
ConBr (a = 2.57, r = 0.922, p < 0.05). These correlations mean that
an increase in DNA damage enhances the possibility of irreversible
cell death, which can be late apoptosis in this case.

3.3. Lectins induce internucleosomal DNA fragmentation and alter
mitochondrial transmembrane potential in leukemic cells

Both lectins induced mitochondrial depolarization in MOLT-4
and HL-60 cells, as measured by incorporation of Rho 123 after
24 h of exposure at all evaluated concentrations (Fig. 5A and B).
This data suggests that ConA and ConBr induce apoptosis in leuke-
mic cells by triggering an intrinsic mitochondrial pathway. At all
tested concentrations, lectins caused cell shrinkage and nuclear
condensation as evidenced by a decrease in forward light scatter-
ing and a transient increase in side scattering, respectively. The
sub-diploid-sized DNA (sub-G0/G1) was considered to be due to
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Fig. 5. Alteration of mitochondrial transmembrane potential (DWm) in MOLT-4 (A) and HL-60 lineages (B). Cells were treated with ConA and ConBr (5, 25 and 50 lg/ml) for
24 h. Those cells were stained with RHO 123 and the percentage of depolarized cells was quantified by flow cytometry. Analysis of DNA fragmentation in MOLT-4 (C) and HL-
60 cells (D). Cells were treated with lectins ConA and ConBr (5, 25 and 50 lg/ml) for 24 h. After treatment, cells were stained with PI and analyzed by flow cytometry. Data are
expressed as mean ± SEM of three independent experiments. ⁄p < 0.01 compared to control by ANOVA, followed by the Newman–Keuls post-test.
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internucleosomal DNA fragmentation. Increased lectin-induced
apoptotic sub-G0/G1 peaks mainly represent apoptotic cells having
fractional DNA content and were observed at all concentrations
24 h after treatment (Fig. 5C and D).

3.4. Lectins increase ROS in leukemic cells

It has been described that ROS can play an important role in
inducing apoptosis in various cell types; therefore we measured
the intracellular ROS level using the fluorescence dye, DCF-DA. In
this case, MOLT-4 cells incubated with ConA and ConBr produced
high levels of ROS. The rate of DCF-positive cells increased signifi-
cantly from 0.97 ± 0.13% to 45.07 ± 14.5% and 60.33 ± 24.48% after
treatment with ConA and ConBr, respectively, for 24 h of incuba-
tion (Fig. 6A). In HL-60 cell line an increase in ROS production
was also demonstrated, when these lectins (50 lg/mL) were incu-
bated separately. However, these results showed that levels of ROS
produced did not exceed 10% when compared to control, even in
presence of H2O2 (Fig. 6B).

4. Discussion

It was reported that anticancer agents have been derived from a
form or other natural sources, including plants, marine organisms,
and microorganisms (Cragg and Newman, 2005). In recent years,
plant lectins, obtained mainly from seeds, have gained much atten-
tion from the scientific community due to their extreme usefulness
in the identification of cancer and degrees of metastasis (De Mejía
and Prisecaru, 2005; Liu et al., 2010). Literature has shown the ef-
fects of induction of cytotoxicity, apoptosis, and necrosis of certain
lectins against tumor cells (Kim et al., 1993; Kim et al., 2000; Suen
et al., 2000; Seifert et al., 2008; Liu et al., 2009a–c.

ConA and ConBr possess identical three-dimensional structures
and carbohydrate-binding specificity (Sanz-Aparicio et al., 1997).
However, these lectins commonly exhibit distinct affinity for the
same ligand (Ramos et al., 2002). As a result, they frequently differ
in terms of dose–response activity (Barbosa et al., 2001). Despite
the numerous uses of lectins as tools, there are few studies that re-
fer to their antitumor activity or report the underlying mechanisms
involved in lectin cytotoxicity. One aspect of this study shows lec-
tins ConA and ConBr to be cytotoxic against both MOLT-4 and HL-
60 cells, with IC50 values being approximately 3 lg/ml (ConA) and
20 lg/mL (ConBr) after 72 h of incubation (Table 1). For PBMC,
ConA and ConBr lectins were not cytotoxic at high concentrations
(200 lg/ml), demonstrating selectivity for tumor cells (Fig. 2).

Several studies have revealed data that corroborates our find-
ings, demonstrating the cytotoxicity of ConA lectin in tumor cells.
ConA was shown to be more toxic because it becomes completely
tetrameric at physiological pH, exposing its catalytic site better
than ConBr. Hence, it is able to exert more pronounced activity
than ConBr, which presents as a mixture of dimers and tetramers
at physiological pH (Sanz-Aparicio et al., 1997; Calvete et al.,
1999). In order to identify the mechanism of action related to the
antiproliferative effect of lectins, genetic toxicity, morphological
changes, and experiments of cell death using flow cytometry were
conducted.
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Fig. 6. Induction of ROS generation in MOLT-4 (A) and HL-60 (B) cell lines. Cells
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Comet assay has shown that lectins ConA and ConBr promoted a
significant increase in DNA strand breaks in MOLT-4 and HL-60
cells. Since the DNA lesions may disturb the maintenance of geno-
mic integrity, the use of molecules that cause extensive damage to
the DNA of these cells can induce programmed cell death and block
tumor development (Hanahan and Weinberg, 2000; Hoang et al.,
2007; Leonetti and Zupi, 2007).

The morphological analysis by differential staining with EB/AO
demonstrated that cells treated with the lectins (ConA and ConBr)
predominantly showed specific apoptosis features, as opposed to
necrosis. Once again, our findings (Fig. 3) are supported by previ-
ous studies on the apoptotic effects of lectins (Barbosa et al.,
2001; Gastman et al., 2004; Kulkarni et al., 1998; Liu et al.,
2009a–c).

An important marker of cell death by apoptosis is the internu-
cleosomal cleavage of chromatin and the fragmentation of DNA
by DNases, such as the Apoptosis Induction Factor (AIF), endonu-
clease G, and caspase-activated DNase (CAD). These DNases are re-
leased from the mitochondria during apoptosis and are then
translocated to the nucleus to promote DNA fragmentation (El-
more, 2007). The apoptotic nuclei can be distinguished by their
hypodiploid DNA content, compared with the diploid DNA content
of normal cells (Cury-Boaventura et al., 2003).

The lectins ConA and ConBr induced DNA fragmentation with
an increase of fragmentation levels in a concentration-dependent
manner. This coincides with the results obtained in our laboratory
for DNA extraction and analysis using agarose gel electrophoresis,
where the MOLT-4 and HL-60 line cells treated with lectins ConA
and ConBr showed the pattern of a DNA ‘‘ladder’’ characteristic
of apoptosis (data not shown). The literature has shown that the
lectin ConA induces apoptosis of mice macrophages PU5–1.8,
DNA fragmentation by agarose gel electrophoresis at 25 lg/ml,
and liberation of cytochrome-c (Suen et al., 2000). A375 human
melanoma cells treated with ConA at 25 lg/ml showed a consider-
able increase in sub-G1 cells with hypodiploid content, which is
characteristic of apoptotic cell death (Liu et al., 2009c).

Our results indicate that lectins ConA and ConBr promoted
mitochondrial depolarization in a concentration-dependent man-
ner with MOLT-4 cells from 5 lg/ml (p < 0.001). The lectin ConA
produced a greater depolarization than ConBr (Fig. 5A). These re-
sults are confirmed by data from Kulkarni et al. (1998), which
shows that ConA (50 g/ml) induces apoptosis in FGH human fibro-
blast cells and is associated with a decrease in transmembrane po-
tential, reduced intracellular calcium levels, and decreased
expression of Bcl-2, a protein involved with cell death protection.
Another report shows that treatment with ConA on A375 mela-
noma cells resulted in the induction of mitochondrial dysfunction
due to an increased depolarization, release of cytochrome c, and in-
creased activity of caspases -8, -9, and -3, which are all character-
istic of apoptosis (Liu et al., 2009c).

The generation of ROS from mitochondria and other intracellu-
lar sources can cause serious damage to fundamental cellular mol-
ecules such as lipids, proteins and DNA. In addition, chemical
agents that induce cytotoxicity have been implicated in the pro-
duction of ROS. Indeed, ROS is known to be involved in the early
stages of apoptosis and induces mitochondrial membrane depolar-
ization (Ravidran et al., 2011). In this paper we demonstrated that
ConBr and ConA lectins provoked apoptosis on MOLT-4 and HL-60
cells and this action also showed an increase of ROS levels. How-
ever the production of these radicals was significant only at the
highest concentration tested (50 lg/mL, p < 0.001) suggesting that
ROS production stimulated by lectins is not the initial factor induc-
ing apoptosis, since the cellular damage and apoptotic events in-
duced by ConA and ConBr might already be observed from the
lowest concentration of lectins tested (5 lg/mL).

It is reported in the literature that apoptosis is the main mech-
anism of cell death caused by lectins (Oliveira et al., 2011; Li et al.,
2011). The lectin from rice bran induced chromatin condensation,
phosphatidylserine externalization, the formation of a DNA ‘‘lad-
der’’ in human monoblastic leukemia U937 cells, and apoptosis
with cell cycle arrest. This mechanism is similar to that of wheat
germ agglutinin (WGA), yet different from that of Viscum album
agglutinin (Miyoshi et al., 2001). It is also reported that the mistle-
toe extract inhibited protein synthesis in malignant cells and the
lectins isolated from this extract (ML-I, ML II, and ML-III) dissoci-
ated into catalytic subunits before they translocated across the
membrane and entered the cytoplasm. The involvement of caspas-
es cascade and their effects on U937 cells, by lectin ML-II, explains
its cytotoxicity and apoptosis induction (Kim et al., 2000), as well
as the lectin ML-I (Lyu et al., 2001). Along with confirming pre-
existing data for ConA, the present results show that legume lec-
tins ConA and ConBr promoted apoptosis (Figs. 4A,B and 5A–D).
Even though these lectins have slight structural differences, they
have specificity for the same type of carbohydrate (glucose/man-
nose) and show a similar effect on the tumor cell lines MOLT-4
and HL-60. Nonetheless, in each trial, it was noticeable that lectin
ConA was more potent in its effects. This confirms the idea that the
cytotoxicity exhibited by the lectins ConA and ConBr on tumor
cells was caused mainly by induction of cell death via apoptosis,
but also by necrosis when they are at higher concentrations. Thus,
the cytotoxic agent may induce either apoptosis or necrosis
depending on the concentrations and time of contact with the sub-
stance. Generally, apoptosis induction in tumor cells is a beneficial



1168 G.V. Faheina-Martins et al. / Toxicology in Vitro 26 (2012) 1161–1169
effect for chemotherapy treatment of cancer. The lectins may pro-
mote apoptosis via two mechanisms. One possibility is by interact-
ing with the cell surface, being endocytosed, and then reaching the
mitochondria. This possibility would occur directly through the
intrinsic pathway, as with ConA in some cell lines and other lectins
such as WGA (Chang et al., 2007; Gastman et al., 2004; Suen et al.,
2000). A second possibility is by binding to glycosylated portions of
death receptors and then leading to its activation and apoptotic
signal transduction through the extrinsic pathway.

It is expected that this cytotoxicity will be mediated by the car-
bohydrate-binding site of the lectins. These sites should specifi-
cally recognize membrane glycoreceptors on the cell surfaces of
both HL-60 and MOLT-4 leukemic cells. Data from this study has
shown the in vitro antitumor potential of legume lectins ConA
and ConBr in breast tumor MCF-7 cells (Faheina-Martins et al.,
2011). This is in agreement with existing literature on ConA and
other lectins known for their cytotoxic potential, such as that ob-
tained from mistletoe (Pryme et al., 2007).

In summary, ConA and ConBr lectins induce cell death in leuke-
mic cells and promote apoptosis with DNA fragmentation, mito-
chondrial depolarization and increased production of ROS.
Apoptosis plays a critical role in the molecular pathogenesis of can-
cer and can influence the outcome of chemotherapy and radiother-
apy. Because of this, dietary compounds such as plant lectins
should be considered promising for cancer treatment.
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