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ABSTRACT - Background: Current therapies for acute leukemias (ALS) are associated with severe adverse
reactions and high relapse rates, which makes the search for new antileukemic agents a necessity. Therefore,
the aim of this study was to evaluate the effects of a new sulfonamide, S1, in AL cells K562 and Jurkat.
Methods: The cytotoxic activity of S1 was assessed using MTT method. The involvement of apoptosis in the
mechanism of cell death was assessed by flow cytometry and fluorescence microscopy. Results: Our results
demonstrated that S1 induced morphological changes suggestive of apoptosis in both K562 and Jurkat cells.
Additionally, S1 was not cytotoxic to normal erythrocytes and mononuclear cells and had a highly selective
cytotoxicity for AL lineages. The mechanisms of cell death induced by S1 in K562 cells involves cell cycle
arrest at G2/M phase and the activation of both extrinsic and intrinsic apoptosis, with an increased FasR and
AIF expression and the loss of mitochondrial potential. As for Jurkat, we observed cell cycle blockade at
GO0/G1 phase, phosphatidylserine exposure and the involvement of intrinsic apoptosis only, with mitochondrial
potential loss and a reduced expression of Survivin. Although sulfonamide S1 did not altered Bcl-2 and Bax
expression in AL cell lines, it was able to activate caspase-3 in K562 cells. Conclusion: Our results suggest
that sulfonamide S1 may be a promising candidate for the development of new drugs for the treatment of ALs.

INTRODUCTION resistance during AL treatment decrease the

therapeutic options and aggravate the patients'

Acute leukemias (ALs) are heterogeneous clinical condition (4,5).

hematological malignant diseases that involve It is known that the inhibition of apoptosis
uncontrolled cell proliferation, abnormalities in causes an imbalance between cell proliferation and
cell maturation and differentiation, and the ability cell death, which is highly associated with the
to self-renewal during hematopoiesis (1,2,3). malignant phenotype (7). Consequently, the
While in chronic leukemias there is an exacerbated activation of signaling pathways that trigger
production of mature non-functional cells, in ALs apoptosis is one of the most successful mechanisms
the maturation capacity is lost, leading to the of chemotherapeutic drugs, as it can eliminate
accumulation of immature cells (blasts) in the bone tumor cells in a regulated manner (5). In the past
marrow (BM) and/or peripheral blood (PB) (4). few decades, no significant progress has been made
Treatment for ALs is based mainly on regarding the therapy against ALs. Taking this
chemotherapy with combined cytotoxic drugs that together with the well-known obstacles faced in
aim to induce regulated cell death to the leukemic currently available treatments, such as unfavorable
blasts and then restore normal hematopoiesis (5,6). prognosis, resistance to therapy, relapses and low
However, currently available chemotherapeutic selectivity, the search for more effective and
drugs are not selective for neoplastic cells, which specific drugs is mandatory (8,9). As mentioned
results in severe adverse effects that compromise before, compounds that induce regulated cell death
the patients’ life quality. In addition, the high through apoptosis or cell cycle arrest are promising
relapse rates, and the frequent development of drug strategies in the search for new antileukemic
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agents. In this regard, sulfonamides are drugs with The precipitates were filtered and dried.
several derivatives that have different biological Sulfonamide S1 was characterized by *H and BC
activities, such as antimalarial (10), antimicrobial nuclear magnetic resonance (NMR) spectroscopy
(11) and antitumor effect (11,12). In addition to the and melting points (MP). *H and *C NMR spectra
sulfonyl group bonded to an amino group (or were obtained using a Bruker Avance DRX 400
sulfonamidic group) (SO2NH>), the main structure (Billerica, USA), (operating at 400 MHz for *H and
of sulfonamides has an amino group (NH.) at the 100 MHz for C), with tetramethylsilane as
para position of a benzene ring (13,14,15,16,17). internal standard. MP were determined with a
Previous studies have demonstrated the Microquimica MGAPF-301 (Campinas, Brazil)
antineoplastic activity of sulfonamides or their apparatus. The compound was confirmed by mass
derivatives on leukemia cell lines (18,19,20,21). spectrometry, using the high-resolution mass
However, many of these studies do not show the spectra (HRMS) and recorded on a micrOTOF-QII
specific cytotoxicity mechanisms exerted by the (Bruker, Billerica, USA) mass spectrometer,
compounds analyzed. Thus, in the present study, equipped with an automatic syringe pump (KD
we investigated the cytotoxic effects and the main Scientific, Holliston, USA) for sample injection
apoptotic mechanisms of a new sulfonamide (constant flow of 3 pL mint), by positive mode of
derived from 2,4 dinitrobenzenesulfonyl in AL atmospheric pressure chemical ionization (APCI-
cells K562 and Jurkat. MS) technique (4.5 kV and 200 °C) using

acetonitrile as solvent. The instrument was
MATERIALS AND METHODS calibrated in the range m/z 50-3000 using an

internal calibration standard (low concentration
Sulfonamide synthesis and characterization tuning mix solution), supplied by Agilent
The compound N,N'-(ethane-1,2-diyl)bis(2,4- Technologies (Santa Clara, USA). Data was
dinitrobenzenesulfonamide) (S1) was previously processed via Bruker Data Analysis software
selected from a series of sulfonamides screened for (version 4.0). When the calculated and
their cytotoxic potential in K562 cells (see experimental masses were compared, the error was
supplementary Figure 1). S1 was prepared with 2 as expected (< 2 ppm). Before the experimental
mmol of 2,4-dinitrobenzene-1-sulfonyl chloride procedures, sulfonamide S1 was diluted in
and 1 mmol of ethane-1,2-diamine as previously dimethylsulfoxide (DMSQ) to prepare the stock
described (22) (Figure 1). Briefly, reagents were solution (10 mM) and stored at 4°C. All reagents
placed under magnetic stirring for 24 hours at room were obtained commercially (Sigma-Aldrich, S&o
temperature with 10 mL of dichloromethane. Then, Paulo, Brazil), and all solvents used were analytical
10 mL of methanol was added, and the reactions grade, without additional purification.

were accompanied by thin layer chromatography.
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Figure 1. Synthesis and chemical structure of sulfonamide S1
leukemia, ALL). Cells were maintained in culture
In silico evaluation flasks under 5% CO; humidified atmosphere, 37°C
ADMETSAR 2.0 and OSIRIS platforms were used and cultured in Roswell Park Memorial Institute
to predict the physicochemical and biological (RPMI) 1640 medium, pH 7.2, supplemented with
profiles of sulfonamide S1 (23,24). 10% inactivated fetal bovine serum, 100 U/ml
penicillin, 100 pg/ml streptomycin and 10 mM
Cell culture HEPES (Gibco, Sao Paulo, Brazil). The viable cells
Two human AL cell lines were included in this were counted by the Trypan blue method (25) and
study: K562 (chronic myeloid leukemia in blast only samples with at least 90% of cell viability
phase, used as a model of acute myeloid leukemia, were used in the experiments.

AML) and Jurkat (T-cell acute lymphoblastic
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Cell viability assays

K562 and Jurkat cells were seeded, respectively, at
1 x 10° and 2 x 10° cells/well (12 hours), 5 x 10*
and 1 x 10° cells/well (24 hours), 2.5 x 10* and 5 x
10* cells/well (48 hours). Then, cells were
incubated with 1 to 100 uM of sulfonamide S1 for
12, 24 and 48 hours. Cell viability was assessed by
the 3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-2H
tetrazolium (MTT) colorimetric assay as
previously described (26) and the optical densities
(OD) were detected at 540 nm in a Microwell
Systems Spectrophotometer (Organon Teknika,
Turnhout, Belgium). OD of the control groups
(untreated cells) were considered as 100% of cell
viability. The 50% inhibitory concentrations
(IC50) were calculated using GraphPad Prism 5
software.

PB assays

PB samples from four nonsmoker healthy
volunteers took part of this study (University
Human Research Ethics Committee - CEPSH
n’72.838.107/2018). The samples were collected,
and mononuclear cells (MC) were isolated by
Ficoll-Hypaque (density 1.077 g/m3, Sigma-
Aldrich, S&o Paulo, Brazil) and seeded at 7,5 x 10°
cells/well for 24 hours with 1-10 uM of S1. Cell
viability was assessed by MTT and the IC50 was
calculated as previously described. The ratio
between the IC50 obtained in peripheral blood
mononuclear cells (PBMC) and the IC50 obtained
in AL cells was used to determine the selectivity
index (SI) of sulfonamide S1 according to the
following equation: SI = IC50 PBMC/IC50
leukemia cells (27,28). A high selectivity was
considered as SI > 3 (29,30). The hemolytic
activity of sulfonamide S1 was evaluated in
erythrocytes. Briefly, PB samples were collected,
washed twice with saline (0.9% NaCl) and the
erythrocytes were resuspended to obtain a stock
dispersion. Thereafter, saline (negative control,
100% membrane integrity), water (positive control,
0% membrane integrity) or saline containing 5 to
100 uM of sulfonamide S1 were added to the
erythrocyte dispersion. After incubation at 37 °C,
the samples were centrifuged, and the supernatants
were read at 540 nm. The hemolysis rate was
calculated by the following equation: Hemolysis
rate (%) = (Dt - Dnc)/(Dpc - Dnc) x 100, where: Dt,
OD of the test sample; Dnc, OD of the negative
control; Dpc, OD of the positive control.

Cell cycle evaluation

K562 and Jurkat cells (1 x 10° cells/well) were
incubated for 24 hours at the 24-hour IC50
(1C5024n) of sulfonamide S1. Cells were then fixed

with 70% ethanol, washed with 2% bovine serum
albumin solution, and incubated with propidium
iodide (Pl) (PI/RNAse solution kit) (Sigma-
Aldrich, Saint Louis, USA) according to the
manufacturer's instructions. Cells (20,000 events)
were acquired in BD FACSCanto™ 1II flow
cytometer (Becton Dickinson Immunocytometry
Systems) and data were analyzed by Infinicyt
software version 1.7 (Cytognos®). The negative
control was prepared with untreated cells, the
doublets were withdrawn using FSC High and FSC
Area.

Apoptosis assays

Apoptotic cells were evaluated by the observation
of morphological alterations with acridine orange
(AO) and ethidium bromide (EB) (31) and by the
phosphatidylserine exposure with the Annexin V-
FITC Apoptosis Detection kit (Immunostep,
Salamanca, Spain). K562 and Jurkat cells (1 x 10°
cells/well) were incubated for 12 hours with S1 at
IC5024n. For the EB/AO staining, cells were
resuspended in a 1:1 EB (5 pug/ml) and AO (10
ug/ml) solution and morphological characteristics
were observed in a fluorescence microscope
(Olympus BX-FLA) using a 40x objective. For the
Annexin assay, cells were incubated with 5 pL of
Annexin V-FITC according to the manufacturer’s
instructions and then acquired by flow cytometry
as previously described.

Evaluation of the mitochondrial membrane
potential (A¥m)

K562 and Jurkat cells (1 x 10° cells/well) were
incubated for 12 hours with S1 at 1C50.4. Cells
were then incubated with a MitoView (Biotium®,
Fremont, USA) solution (1:10,000) for 30 minutes
before flow cytometry acquisition (as previously
described). The control groups (untreated cells)
were considered as 100% of cells with an intact
A¥Ym.

Evaluation of apoptotic proteins by flow
cytometry

K562 and Jurkat cells (1 x 10° cells/well) were
incubated for 12 hours with S1 at 1C50.4n, except
cells that would be labeled with anti- activated
caspase-3, which were incubated for 24 hours.
Cells were then permeabilized with BD Fix/Perm
kit (BD Biosciences, New Jersey, USA) (except the
cells used in FasR analysis) and labeled with the
monoclonal antibodies conjugated to their
respective fluorochromes, as follows: anti-Bax-
PerCP (Santa Cruz Biotechnology, Dallas, USA),
anti-Bcl-2-FITC (EXBIO Praha a. s., Vestec,
Czech Republic), anti-Survivin-PE (Santa Cruz
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Biotechnology, Dallas, USA), anti-AlF-FITC
(Santa Cruz Biotechnology, Dallas, USA), anti-
activated-caspase-3-V450 (BD Biosciences, New
Jersey, USA) and anti-FasR-PE (EXBIO Praha a.
s., Vestec, Czech Republic). Samples (20,000
events) were acquired at BD FACSCanto™ II as
previously described and data were analyzed in
Infinicyt software version 1.7. The medium
fluorescence intensity (MFI) of the control groups
(untreated cells) were considered as 100%.

Statistical analysis

Results were expressed as mean + standard error of
mean (SEM) and repeated at least twice,
independently. A minimum significance level of
5% was adopted in relation to the control groups
and the statistical analyzes were performed in
GraphPad Prism 5 software. Student's t-test or
analysis of variance (one-way or two-way
ANOVA) complemented by the Bonferroni or
Tukey post-hoc tests were used.

RESULTS

Characterization of Sulfonamide S1
Sulfonamide S1 described in this work is a
compound unpublished in the literature. Using the
general procedure previously described, S1 was
obtained as an amorphous yellowish solid with a
yield of 92%. Mp.: 208.0-208.8 °C; 'H NMR (400
MHz, acetone-ds) 8: 8.79 (d; 2H; J = 2.2 Hz; CH);
8.69 (dd; 2H; J=8.5e 2.2 Hz; CH); 8.40 (d; 2H; J
= 8.5 Hz; CH); 7.26 (s, 2H, NH); 3.41 (m, 4H,
CH,). 3C NMR (100 MHz, acetone-ds) &: 151.23;
149.13; 139.37; 133.26; 128.27; 121.43; 44.30;
HRMS (m/z) 521.0023 [M+H]*, calcd 521.0027
for C14H12NsO12S2. These results can be seen in the
supplementary material (Figures 2-4). After
synthesis and characterization of S1, the tests were
performed.

In silico evaluation

Sulfonamide S1 showed good characteristics for
intestinal absorption and a positive result regarding
the oral bioavailability, although it represented a
low score (0.5571). The in silico prediction also
suggests that S1 might be an inhibitor of CYP3A4

and CYP2C19 enzymes. On the other hand, the
compound showed no potential as a substrate or
inhibitor of P-gp. Sulfonamide S1 did not present
potential for mutagenicity, tumorigenicity or
irritating potential, and was classified as category
III for acute oral toxicity (500 mg kg — 1 <LD50 <
5000 mg kg — 1). These results can be seen in the
supplementary Table 1.

New sulfonamide S1 is strongly cytotoxic
against AML and ALL cell lines

Sulfonamide S1 reduced the viability of two AL
cell lines, K562 and Jurkat, in a concentration and
time-dependent manner (Figure 2A and B). After
12 hours, S1 was significantly more cytotoxic to
ALL Jurkat (IC50: 6.0 £ 0.4 uM) than to AML
K562 (IC50: 10.7 + 0.6 uM). However, after 24
and 48 hours, the compound was similarly
cytotoxic to both cell lines: 1C50kse2: 4.4 + 0.7 uM
and 3.0 £ 0.4 uM and IC50urkat: 4.3 £ 0.5 uM and
1.1 + 1.8 uM for 24 and 48 hours, respectively.

Sulfonamide S1 is non-cytotoxic to non-tumor
cells

The IC50 obtained after 24 hours incubation of
PBMC with S1 was 37.5 + 2.7 uM (Figure 2C),
which is more than eight times higher than the IC50
found in AL cells incubated with the compound for
the same period. The Sl was 8.5 when PBMC were
compared with K562 and 8.7 when compared with
Jurkat. In addition, sulfonamide S1 did not induce
significant hemolysis in healthy erythrocytes even
at a concentration much higher than the IC50
values found in AL cells (100 puM) (Figure 2D).
The hemolytic percentages ranged from 0,04 *
0,14% at 5 uM to 0,83 + 0,5% at 100 pM.

Sulfonamide S1 induces cell cycle arrest in AL
cells

Sulfonamide S1 significantly increased the
proportion of cells at the Sub-G0/G1 phase (dead
cells) in both AL cell lines when compared with the
control group (untreated cells): a 3.7- and 6.8-times
increase was observed in K562 and Jurkat dead
cells after S1 treatment, respectively (Figure 3A

Table 1. Effect of sulfonamide S1 on the cell cycle of AL cell lines

K562 Jurkat

Control S1 Control S1
Sub G0/G1 (%) 4,68 + 0,68 17,32+ 0,24 5,05+ 1,84 34,38 + 2,88
G0/G1 (%) 53,66 + 1,58 44,09 £2,94 49,34 £ 0,10 74,50 + 6,398
S (%) 23,46 + 1,87 23,22 +1,69 21,40+ 0,44 18,63 + 4,61
G2/M (%) 22,79+ 1,27 32,59+1,97 29,27 + 0,53 6,58 +£1,48
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Figure 2. Cytotoxicity of sulfonamide S1 in K562, Jurkat, PBMC and erythrocytes. Cytotoxic effect of S1 in K562 (A),
Jurkat (B), PBMC (C) and erythrocytes (D). The results are the mean + SEM of at least two independent experiments. *p
< 0.05 when compared to the control groups, using ANOVA followed by the Bonferroni post-hoc.

and B, Table 1). The compound also blocked the
G2/M phase in K562 cells, whereas in Jurkat cells,
the blockage was observed at GO/G1 phase, as
reflected by a significant increase in the percentage
of cells at these phases when compared with the
respective controls.

Sulfonamide S1
death in AL cells
To assess whether the cell cycle arrest induced by
sulfonamide S1 on AL cells led to apoptosis, the
compound’s effect on K562 and Jurkat cells
morphology was first evaluated. Figure 3C and D
shows that the control groups (untreated cells)
presented uniform morphology with homogeneous
cell size, intact membranes, and green fluorescence
by AO. Oppositely, cells treated with S1 (Figure 3E
and F) presented morphological changes mostly
characteristic of late apoptosis, such as formation
of apoptotic bodies, chromatin condensation and
loss of membrane integrity, which allows the
orange staining by EB. Characteristics of early

induces apoptotic-like cell

apoptosis may also be observed in cells with intact
membranes, stained in green, with chromatin
condensation and bleb formation. Some cells also
had reduced size, which may be associated with
apoptosis. Although no significant difference was
observed in K562 (Figure 3G), apoptosis was
confirmed by phosphatidylserine externalization in
Jurkat cells, which showed a significant increase of
Annexin-V positive cells by 12.2 + 1.7% after
being exposed to S1 (Figure 3H).
Cytotoxicity induced by sulfonamide S1
involves intrinsic and extrinsic apoptosis

As shown in Figure 4A and B, S1 significantly
reduced the proportion of cells with an intact A¥m
in both AL cell lines, as reflected by a reduction of
16.3% in K562 and 88.0% in Jurkat. This suggests
the involvement of mitochondria in the cytotoxicity
induced by this sulfonamide. The compound did
not modulate the expression of Bcl-2 and Bax
(Figure 4C-F), however it significantly increased
the expression of pro-apoptotic protein AIF in
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K562 cells by 17.3 £ 2.1% (Figure 4G), whereas in
Jurkat cells there was no difference in AIF
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Figure 3. Effect of sulfonamide S1 on the cell cycle, cell morphology and phosphatidylserine (PS) exposure. K562 and
Jurkat cells (1 x 108 cells/well) were incubated with S1 (IC5024p) for 12 or 24 hours. The percentage of K562 (A) and
Jurkat (B) cells in each cell cycle phase was determined by flow cytometry and were represented as G0/G1, S and G2/M.
Cell morphology of treated and untreated K562 (C and E) and Jurkat (D and F) cells, respectively, were observed after
staining with EB/AO and the white arrows show cells with apoptotic features. PS exposure was evaluated in K562 (G)
and Jurkat (H) cells after labeling with Annexin VV-FITC. The control groups consisted of untreated cells. Results represent
the mean + SEM of at least two independent experiments, one-way ANOVA followed by Tukey's post-hoc (cell cycle
analyses) and Student’s t-test (Annexin-V labeling analysis). *p <0.05, ** p <0.01 and *** p <0.001.

expression (Figure 4H). In K562 cells, S1 also
increased the expression of FasR by 18.0 + 5.5%
(Figure 41) (no difference in Jurkat cells — Figure
4])) and of activated caspase-3 by 10.7 + 0.5%
(Figure 4K) (no difference in Jurkat cells — Figure
4L). Although there was no difference in

antiapoptotic protein Survivin expression in K562
(Figure 4M), in Jurkat cells, a significant decrease
in Survivin was observed after treatment with S1
(39.9 + 8.86%) (Figure 4N).
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Figure 4. Effect of sulfonamide S1 in the mitochondria and in the expression of proteins involved in the apoptotic
machinery. K562 and Jurkat cells (1 x 106 cells/ well) were incubated with S1 (IC5024h) for 12 or 24 hours. The A¥m
was assessed with the MitoView kit (A and B). Treated and untreated cells were labeled with anti-Bcl-2-FITC (C and D),
anti-Bax-PerCP (E and F), anti-AlIF-FITC (G and H), anti-FasR-PE (I and J), anti-activated-caspase-3-V450 (K and L)
and anti-Survivin-PE (M and N). Untreated cells were considered as control groups. The results represent the mean +
SEM of at least two independent experiments, Student’s t-test. *p <0.05, ** p <0.01 and *** p <0.001.

DISCUSSION

Malignant transformation of normal cells involves
a series of events that occur gradually and
culminates in the onset of cancer. Among these
events are included the deregulation of cell division
and proliferation, failures in DNA repair processes
and disturbances in the process of regulated cell
death (33). Cases of AL have grown worldwide in
the past few years, while treatment for this disease
is still mainly based on the same old non-selective
cytotoxic drugs (6,33). Thus, non-tumor
hematological cells such as lymphocytes,
erythrocytes and granulocytes are also exposed to
the cytotoxic activity of these chemotherapeutics,
which leads to serious adverse effects, such as

anemia, leukopenia, thrombocytopenia, and
neutropenia (34). Therefore, considering the
increased incidence of AL cases and the limitations
of the currently available treatments, it is important
to search for new and more efficient antileukemic
compounds. For this reason, in this work we
presented the cytotoxic and selective potential of a
new synthetic sulfonamide, S1, in two AL cell
lines, as well as the main mechanisms involved in
cell death induced by this novel compound.
Initially, S1 was evaluated for its
physicochemical  properties and ADMET
parameters. Although the compound had good
intestinal absorption characteristics, oral
bioavailability had a low score (0.5571), which
indicates a low probability (just above 50%). In
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addition, the compound violates the rules of Ghose
(1999), Egan (2000), Lipinski (2000), Muegge
(2001) and Veber (2002) for good oral
bioavailability, due to its high molecular weight,
TPSA and number of hydrogen bond donors and
acceptors  (35,36,37,38,39). Nevertheless, this
result does not discard the potential use of the
compound in the future, since most drugs used in
chemotherapy are administered by other routes.
Furthermore, encapsulation or nanoencapsulation
are good strategies that can be investigated. In
silico prediction also evaluated the ability of the
compound to interact with several proteins, such as
Cytochrome P450 (CYP450) superfamily and
glycoprotein-P  enzymes. CYP450 superfamily
enzymes plays a key role in drugs metabolism, and
the inhibition or stimulation of these proteins can
cause drug-drug interactions (40). Since the in
silico prediction demonstrated that S1 might be an
inhibitor of CYP3A4 and CYP2C19 enzymes, care
should be taken when drugs metabolized by these
enzymes are administered in combination, such as
imatinib and omeprazole (41,42). Sulfonamide S1
also showed no potential as a substrate or inhibitor
of P-gp, which is an important result since P-gp is
highly related to resistance to several drugs (43).
Regarding the toxicity of the compound,
sulfonamide S1 did not present potential for
mutagenicity, tumorigenicity or irritating potential.
The compound was classified as category Il for
acute oral toxicity, which suggests that it is non-
toxic (44).

Next, we demonstrated that S1 was
cytotoxic to both AML and ALL cell lines. In
general, the IC50 values presented to K562 cells
were slightly higher than those of Jurkat.
According to the literature, K562 cell line is
originated from an AML secondary to a chronic
myeloid leukemia and it is positive for the BCR-
ABL fusion gene, which is associated with a worse
prognosis as it can lead to an increased cell
proliferation, blockade in cell differentiation and
resistance to cell death induced by treatment
(45,46). On the other hand, Jurkat cell line is
originated from a T-ALL in its first relapse (47).
The differences between these AL subtypes and the
aggressiveness of the BCR-ABL gene might
explain why K562 lineage may be considered more
resistant. In fact, several studies that evaluated the
cytotoxicity of new compounds in these two cell
lines have demonstrated that there is a tendency to
obtain higher 1C50 values in K562 than in Jurkat
(48,49). Different 1C50 thresholds have been
reported in the literature to determine whether a
compound has a cytotoxic activity to the evaluated
cell line. However, usually, it is established that

compounds with high pharmacological impact
have 1C50 values below 10 puM in vitro (50,51).
Sulfonamide S1 showed IC50 values below 10 uM
in both AL cell lines, which confirms its strong
cytotoxic potential. This cytotoxic activity may be
explained by the presence of four nitro (NO,)
groups in S1 structure (Figure 1). Nitro groups can
be bioreduced and produce reactive oxygen species
capable of damaging cells by oxidative stress
(52,53). Sulfonamide S1 also has two sulfonamidic
groups, each one bounded to a benzene ring and,
according to the literature, this group can interact
with several pharmacological targets, such as DNA
and amino acids (54). Thus, the presence of nitro
groups as well as the presence of two sulfonamidic
groups in S1 may contribute to its strong cytotoxic
activity.

Other studies in the literature investigating
sulfonamide derivatives in AL cells reported
similar 1C50 results, however, these studies usually
used lower amounts of cells and/or longer
incubation periods (20,21,51,55,56). As the lower
the number of cells exposed and the longer the
incubation period, the more efficiently the
compound will induce cell death, the cytotoxic
results obtained for S1 are very promising, even
when compared with similar studies.

To investigate whether a potentially new
cytotoxic compound could be safely administered
intravenously, the in vitro hemolysis test and the
evaluation of cytotoxicity in PBMC are commonly
performed to obtain preliminary safety results.
Interestingly, sulfonamide S1 did not reduce the
viability of PBMC even when incubated with twice
the 1C5024n obtained in the AL cell lines, which
suggests a possible selective activity against
malignant cells. In fact, the SI between AL cells
and PBMC were much higher than three, which
according to the literature, is considered as a high
selectivity (29,30). Moreover, sulfonamide S1 was
not cytotoxic to healthy red blood cells, as it did not
induce the rupture of the erythrocyte membrane
even at much higher concentrations compared to
the 1C50 found in AL cells. Since many of the
chemotherapeutic agents currently used in AL
treatments are administered intravenously and
most of them are not selective for malignant cells,
these tests are extremely important. Our results
suggest that S1 has biocompatibility with the
evaluated healthy cells (erythrocytes and PBMC),
which might be associated with a lower range of
adverse effects.

The results presented in this study showed
that sulfonamide S1 led to cell cycle arrest at the
G2/M and GO0/G1 phases in K562 and Jurkat cell
lines, respectively. Most studies investigating the
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effect of sulfonamides on hematological neoplastic
cells do not provide much information regarding
their cytotoxic mechanisms. However, our results
corroborate the data presented in the literature
reporting the inhibition of cell cycle progression
with GO/G1 or G2/M blockade after treating
different hematological malignancies cell lines
with different sulfonamides or derivatives
(51,57,58). It is known that cell cycle arrest at the
G2/M phase is mainly associated with disturbances
in the microtubule’s assembly (59), whereas arrest
at GO/G1 affects the pre-synthesis of DNA (60).
These results open the perspectives for more
pathways that could be investigated in the future
regarding S1 activity.

In general, when cellular damage, such as
DNA damage, cannot be repaired during the cell
cycle, intracellular events are stimulated and lead
to regulated cell death such as apoptosis (7,61). Our
results demonstrated that sulfonamide S1 induces
characteristic morphological alterations of early
and late apoptosis in both AL cell lines.
Furthermore, it is well established that the
externalization of PS residues in the cell membrane
is one of the first apoptotic signals (7). During
apoptosis, PS is translocated from the inner to the
outer membrane and, once exposed, Annexin-V
can bind to these residues (62,63). The significant
increase in Annexin-V positive Jurkat cells, as well
as the significantly increased expression of
activated caspase-3 in K562, suggest that S1
induces an apoptotic-like cell death in AL cells.

Apoptosis is  probably the  most
investigated type of cell death and is known to be
involved in several biological processes, such as
cell differentiation, normal cell turnover and
removal of damaged cells (64). Thus, apoptotic
mechanisms are fundamental for the maintenance
of tissue homeostasis, while the dysfunction or the
inhibition of apoptosis may be responsible for
tumorigenesis (65,66,67). Current therapies against
various malignancies include drugs that target the
apoptotic pathways, as the restoration of signaling
involved in apoptosis activation is a promising
target for the development of new antileukemic
agents (64). In this regard, there are several
proteins and organelles responsible for the
activation, regulation, and execution of events
necessary to lead to apoptotic cell death (65,66,67).
Damage to the mitochondria can cause A¥m
dissipation and, consequently, increase the
mitochondrial membrane permeability and release
pro-apoptotic molecules (68). After finding a
significant AWYm reduction in both K562 and Jurkat
cells after S1 treatment, we evaluated the

expression of some proteins involved in the
activation of intrinsic apoptosis.

During intrinsic apoptosis, proteins from
the Bcl-2 family, such as pro-apoptotic protein Bax
and anti-apoptotic protein Bcl-2, control the
formation of pores in the mitochondrial membrane,
which affects the AYm. Consequently, the
modulation of these proteins may lead to the
blockade or release of proteins involved in the
activation  of  apoptosis  (67,69,70,71,72).
Sulfonamide S1 did not alter the expression of Bax
and Bcl-2, which suggests that these proteins are
not involved in the cell death induced by this
compound at the incubation period evaluated in
this study. However, it is known that tumor cells
acquire resistance to apoptosis by various
mechanisms, which include the expression of anti-
apoptotic proteins or the down-regulation or
mutation of pro-apoptotic proteins (72), which
might be the case of K562 and Jurkat cells
incubated with S1. Moreover, there are many other
Bcl-2 family proteins, such as Bcl-xL, Bak,
PUMA, etc, that have not been evaluated in this
study. As we have shown evidence that S1
activates intrinsic apoptosis, the modulation of
other Bcl-2 family proteins by this compound is a
valid hypothesis.

The dissipation of AWYm after S1 treatment
significantly increased the expression of the
apoptosis inducing factor (AIF) in K562, but not in
Jurkat. AIF is one of the many pro-apoptotic
proteins released to the cytosol by the mitochondria
after A¥m loss and is responsible for chromatin
condensation when translocated to the nucleus,
thus initiating apoptotic cell death independently of
caspase activation (73,74). Our results suggest that,
in Jurkat cells, other mitochondrial pro-apoptotic
proteins may be involved in cell death induced by
S1, such as cytochrome ¢, endonuclease G and
SMAC/Diablo. Furthermore, this cell line had a
significant reduced Survivin expression after S1
treatment, which contributes to the apoptogenic
signal. Survivin is the smallest protein of the
inhibitors of apoptosis proteins (IAP) family and is
involved in both apoptosis inhibition and cell cycle
regulation. Survivin is expressed in all types of
tumors and is correlated with  tumor
aggressiveness, resistance to chemotherapy and
inhibition of caspase activation. Also, it is known
that Survivin superexpression is associated with the
inhibition of both intrinsic and extrinsic apoptosis
(7,75).

Differently from intrinsic apoptosis, the
extrinsic apoptosis is initiated by the activation of
proteins from the death receptor family that can
translate signals from the extracellular space or
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neighboring cells to signaling components present
in both cell membrane and cytoplasm. Among
these death receptors is Fas (FasR), whose
activation by its respective ligand (FasL) generates
a series of events, such as caspase-8 activation and,
consequently, caspase-3 activation (7). The
significant increased FasR expression in K562 cells
suggests that the activation of extrinsic apoptosis is
another cytotoxic mechanism of compound S1 in
AML cells. However, extrinsic apoptosis may not
be excluded in Jurkat ALL cells as other membrane
receptors might be activated by sulfonamide S1,
such as TrailR.

Taken together, our results indicate that
sulfonamide S1 is cytotoxic to AL cell lines and
non-cytotoxic to non-tumor cells. Moreover, the
compound acts by different mechanisms in AML
and ALL, as PS exposure as well as the expression
of proteins involved in intrinsic and extrinsic
apoptosis were different in K562 and Jurkat cells
treated with the compound. This is also evident in
the cell cycle result, since S1 blocked different
phases in AML and ALL cells. As ALs are
heterogeneous diseases, different subtypes may
respond differently to Sl-induced cytotoxicity.
Moreover, it is of interest to evaluate the
expression of other proteins involved in intrinsic or
extrinsic apoptosis, whose expression may or may
not be altered after exposing the cells to this
sulfonamide.

CONCLUSIONS

Sulfonamide S1 is a novel compound with potent
in vitro biological activity against AL cells, with no
significant toxicity to healthy cells, and has the
potential to be further explored in the development
of a new antileukemic drug. However, more studies
are needed to elucidate the complete mechanisms
of this compound in the induction of cell death.
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