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N-oxide derivatives 5(aeb), 8(aeb), and 11(aec) were designed, synthesized and evaluated in vitro and
in vivo as potential drugs that are able to ameliorate sickle cell disease (SCD) symptoms. All of the
compounds demonstrated the capacity to releasing nitric oxide at different levels ranging from 0.8 to
30.1%, in vivo analgesic activity and ability to reduce TNF-a levels in the supernatants of monocyte
cultures. The most active compound (8b) protected 50.1% against acetic acid-induced abdominal con-
strictions, while dipyrone, which was used as a control only protected 35%. Compounds 8a and 8b
inhibited ADP-induced platelet aggregation by 84% and 76.1%, respectively. Both compounds increased g-
globin in K562 cells at 100 mM. The mechanisms involved in the g-globin increase are related to the
acetylation of histones H3 and H4 that is induced by these compounds. In vitro, the most promising
compound (8b) was not cytotoxic, mutagenic and genotoxic.

© 2018 Elsevier Masson SAS. All rights reserved.
1. Introduction

Sickle Cell Disease (SCD) is one of the most prevalent genetic
hemoglobinopathies worldwide. The disease is caused by a single
nucleotide polymorphism (GTC to GAC) at the sixth codon of the b-
globin gene, which causes the substitution of glutamic acid (Glu6)
to valine (Val6) [1]. Under low oxygen stress, the interactions of
hydrophobic b-chains promote the polymerization of sickle he-
moglobin (HbS) inside red blood cells (RBCs) and cause changes in
the erythrocyte cytoskeleton that result in rigid and irregularly
shaped cells that are prone to hemolysis [2]. Erythrocyte damage
ntos).

served.
leads to the release of cell-free hemoglobin and arginase. The heme
group sequesters nitric oxide (NO) from the vascular endothelium
and causes the ‘vasoconstriction crisis’ that is commonly found in
sickle cell patients [3]. Furthermore, NO deficiency contributes to
vasculopathy and hypercoagulability [4,5].

Abnormal adhesion of red blood cells to the vascular endothe-
lium and their increased interaction with leucocytes and platelets
leads to the formation of heterocellular aggregates, which are
responsible for the vaso-occlusion phenomenon that leads to the
main clinical symptoms of SCD, including ischemia, acute chest
syndrome, priapism, pain crisis and strokes [6,7].

Hydroxyurea (HU) and glutamine are the only therapeutic al-
ternatives approved by the Food and Drug Administration (FDA) to
treat sickle cell disease [8,9]. HU acts as a selective inhibitor of
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Fig. 1. Structures of current state-of-the-art of HbF-inducing agents in SCD treatment.

T.R.F. Melo et al. / European Journal of Medicinal Chemistry 154 (2018) 341e353342
ribonucleotide diphosphate reductase synthesis, an enzyme
required to convert diphosphate ribonucleotides to diphosphate
deoxyribonucleotides. This drug prevents the cells leaving the G1/S
phase of the cell cycle, being used mainly in neoplasias of the he-
matopoietic system [8]. For SCD patients, HU demonstrates multi-
ple beneficial effects, including an increase of fetal hemoglobin
levels and reduction of cellular adhesion to the vessel endothelium
[9]; however, serious adverse effects, such as myelosuppression,
limit its long-term use. In addition, approximately one-third of
adult patients do not respond to HU therapy, justifying the search
for new drugs [6,10].

The current ‘state-of-art’ for discovery new drugs to treat SCD
include several approaches such as: a) inhibition of erythrocyte
Fig. 2. Design of the hybri
dehydratation (eg. senicapoc); b) cellular adhesion inhibitors (e.g.,
rivipansel); c) adenosine agonists (e.g., regadenoson); d) Rho-
kinase (Rock) inhibitors (e.g., hydroxy-fasudil); e) chelating
agents (e.g., deferasirox) and f) fetal hemoglobin (HbF) inducers
(Fig. 1). Among these strategies, that aiming to increase HbF is the
most promising [11] and several agents that act through this
mechanism have been described. Reactivation of HbF in adults
ameliorates the clinical symptoms of sickle cell disease [12].
Currently, experimental HbF inducers include a) nucleoside ana-
logues with inhibitory effects on DNA methyltransferases (e.g.,
decitabine), b) histone deacetylase inhibitors (e.g., butyric acid), c)
thalidomide and pomalidomide and; d) NO-donors (e.g., furoxan)
among others [12,13].

Several molecular mechanisms are involved in g-globin gene
silencing in adult erythroid cells [14]. These mechanisms include
epigenetic DNA modifications, such as histone modifications and
DNA methylation [15]. Studies have shown that thalidomide in-
duces g-globin expression through the p38MAPK phosphorylation
pathway as well as histone H4 acetylation [16,17]. Its analogue
pomalidomide induces HbF synthesis and modulates erythrocyte
differentiation by decreasing the levels of the transcriptional fac-
tors BCL11-A and SOX-6 during erythropoiesis [18,19].

Other HbF inducer compounds include NO-donors. N-oxide
compounds (e.g., furoxan) are widely known for their ability to
release NO [20e23]. Experimental data revealed that NO-released
from furoxan occurs due to the nucleophilic attack of thiol groups
present in L-cysteine residues into furoxan nucleus leading to the
formation of intermediate that undergo ring oppening to a nitroso
derivative. Further, NO is formed by oxidation of eliminated nitrosyl
anions [24,25]. NO contributes to increase fetal hemoglobin levels
through activation of the soluble guanylyl cyclase (sGC) pathway
[26]. Therefore, the synergistic combination of thalidomide within
N-oxide subunits is a useful strategy to increase HbF [10].
d furoxan derivatives.



Scheme. 1. Synthesis of N-oxide-thalidomide analogues.
aReagents and conditions: a) aminobenzhydrazides, EtOH, Hþ, r. t. 4e24 h; b) phthalic anhydride, EDC, DMAP, DMF anhydrous, N2 atmosphere, r. t., 24e30 h.

Table 2
In vivo antinociceptive effects of dipyrone (Dyp) and compounds 5(aeb),
8(aeb), and 11(aec) using acetic acid-induced mice abdominal constric-
tions. The data are expressed as the percentage of inhibition of the total
writhings induced by acetic acid (n¼ 8).

Compound % protection (100 mmol/kg, p.o.)

Dip 35.0± 1.5
5a 36.2± 2.2
5b 44.8 ± 1.8*
8a 42.0 ± 1.2*
8b 50.1 ± 1.6*
11a 30.5± 2.5
11b 40.5 ± 2.5*
11c 48.3 ± 3.1*

*, p < 0.01 compared to dipyrone (ANOVA followed by Dunnett's test).
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During the drug design both furoxan and phthalimide subunits
were linked using as spacer the N-acil-hydrazone subunit. This
spacer was described as presenting antiplatelet and antithrombotic
activity [27]. Specifically, the compound (E)-3-((2-(4-((2-
acetoxybenzoyl)oxy)benzoyl)hydrazono)methyl)-4-phenyl-1,2,5-
oxadiazole 2-N-oxide (Fig. 2), used as prototype, was able to inhibit
ADP-induced platelet aggregation up to 68.8% [27]. Here, we report
the synthesis and pharmacological study of N-oxide derivatives
aimed at inducing HbF. Analgesic, anti-inflammatory and anti-
platelet effects that are useful for preventing vaso-occlusion were
also studied. The putative mechanism of action for the most active
compounds was characterized to provide a new alternative to HU
that will be useful for ameliorating sickle cell disease symptoms.

2. Results

2.1. Chemistry

The synthetic routes for the preparation of the N-oxide
Table 1
NO-release and inhibition of platelet aggregation induced by ADP (10 mM) in platel

Compounds % NO2
� (mol/mol) 50� 10�4 M of L-Cysa

ASA e

DNS 12.2± 0.9
5a 16.4± 0.8
5b 17.1± 0.2
8a 30.1± 0.5
8b 23.7± 0.9
11a 0
11b 0
11c 0

*p< 0.01 vs. the control group.
yp< 0.01 vs. ASA. ASA, acetylsalicylic acid; ADP, adenosine diphosphate; DNS, isoso

a NO-release measured after incubation of the listed compounds with a 1:50M
b Effects of DNS (100 mM) and the N-oxide derivatives 5(aeb), 8(aeb), and 11(

induced by ADP (10 mM) in platelet-rich plasma. The data are expressed as the
experimental and control groups were evaluated by analysis of variance followed
derivatives 5(aeb), 8(aeb), and 11(aec) are outlined in Scheme 1.
The derivatives were obtained in two steps with overall yields
ranging from 25 to 55%. The first step of the synthesis involved the
et-rich plasma.

ADP-induced platelet aggregation (% inhibition)b

5.0± 1.1
e

17.2± 2.8y*

26.5± 0.8y*

84.0± 1.3y*

76.1± 1.6y*

0
1.2± 0.5
2.8± 1.1

rbide dinitrate.
excess of L-cysteine.
aec)100 mM and acetylsalicylic acid (ASA) (100 mg/kg) on platelet inhibition
means± standard errors of the means. Significant differences between the
by the Tukey test.



Table 3
Level of pro-inflammatory mediator TNF-a determined by ELISA in the supernatant
of macrophagemononuclear culture treatedwith LPS and co-incubatedwith the test
compounds 5b, 8(aeb) and 11(bec).

Compound % TNF-a inhibition

6.2 mM 12.5 mM 25 mM 50 mM

Control (¡) e e e e

Thal e e e 31.7
5b e e e e

8a 61.0* 64.9* 73.6* e

8b 41.0* 54.2* 76.5* e

11b e e e e

11c ND 99.9* 99.5* 54.5*

Thalidomide (Thal) (50 mM) was used as the reference drug. *, p < 0.05 (ANOVA
followed by Tukey's Multiple Comparison Test). All of the tested-compounds
demonstrated levels of significance compared with the control (�). The asterisk
(*) denotes the level of significance of the difference between Thal and the tested
compounds (n ¼ 3).

Fig. 3. Expression of g-globin in K562 cells. K562 cells were treated with different concentra
with 100 mM hydroxyurea (HU) and 0.1% DMSO (DMSO) were used as positive and negative
antibody. b-actin was used as the internal control. The mean relative g-globin expression
software. The error bars represent the SD from 3 individual experiments, *p < 0.05.
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coupling reaction of furoxan derivatives (1, 6(a-b) and 9) with hy-
drazides 2(aec) in a solution containing ethanol and acetic acid
with variable yields ranging from 34 to 75%. In the last step,
phthalic anhydride and amino derivatives were condensed using 1-
ethyl-3-(3-dimethylaminopropyl)carbodiimide (EDC) and 4-
dimethylaminopyridine (DMAP) as coupling reagents to obtain
the proposed N-oxide derivatives with global yields ranging from
17 to 55%. All of the compounds were analyzed by HPLC, and their
purities were confirmed to be over 98.5%. The 1HNMR spectra of all
of the intermediates showed one signal that corresponded to the
ylidenic hydrogen of the E-diastereomers [28,29].

2.2. Detection of nitrite (Griess reaction)

The nitrite produced by all of the N-oxide derivatives at 100 mM,
5(aeb), 8(aeb), and 11(aec), resulted from the oxidation of NO
with oxygen and water [30e32]. The quantity of NO produced was
tions of compounds 8a (panel A) and 8b (panel B) for 48 h and 96 h. K562 cells treated
controls, respectively. Cell lysates were analyzed by Western blot using a hemoglobin-g
level was normalized to b-actin by analyzing the band density using Quantity One
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measured using the Griess reaction [20]. Thiol-induced NO gener-
ationwas determined after incubating the compounds for 1 h in the
presence of a large excess of L-cysteine (1:50). The results are
expressed as a percentage of nitrite (NO2

�; mol/mol) and are sum-
marized in Table 1.

Compounds 5(aeb), 8(aeb), and 11(aec) were capable of
inducing nitrite formation at levels ranging from 0.8 to 30.1% after
1 h. Isosorbide dinitrate (DNS), which contains two organic nitrate
esters that are capable of releasing NO, was used as the control.
With DNS, we observed a 12.2% induction of nitrite formation. The
relationship between the NO-release capacity and pattern of sub-
stitution at C-3 for the furoxan subunit was observed. Furoxan
derivatives containing electron-withdrawing substituents at the 3-
position released more NO than those containing weak electron-
withdrawing groups. It was found that phenyl-sulfonyl de-
rivatives (8a-b) were the best NO-donors, followed by phenyl (5a-
b) derivatives. Benzofuroxan derivatives (11a-c) did not release NO
under this experimental condition. In the absence of L-cysteine it
was not observed production of nitrite in the medium.

Moreover, we have evaluated in vitro the chemical stability of
compound 8b at pH 7.4 using a validated HPLC-UV method. The
results showed a reduction of approximately 30% of concentration
after 4 h, and it suggest that compound 8b has a good stability in
this pH (Supplementary Figure S1).

The capacity of all of the compounds to inhibit platelet aggre-
gation induced by ADP (10 mM) was evaluated using rat platelet-
rich plasma (Table 1) [33]. For this assay, all of the compounds,
including the control acetylsalicylic acid (ASA), were tested at
100 mM. The results show that all of the compounds, except 11a,
inhibited platelet aggregation at levels ranging from 1.2 to 84%
(Table 1). Phenyl-sulfonyl derivatives 8(aeb) were the most active
compounds and inhibited the aggregation induced by ADP by 84%
Fig. 4. P38-MAPK phosphorylation levels in K562 cells treated with thalidomide analogue
somycin 10 mgmL�1 (A) and 0.1% DMSO (DMSO) were used as positive and negative contro
and 76.1%, respectively. Benzofuroxan derivatives 11(bec) were
weak inhibitors of the platelet aggregation induced by ADP. The
prodrug clopidogrel did not inhibit platelet aggregation in this
in vitro assay (data not shown).

2.3. Antinociceptive activity

The antinociceptive profiles of compounds 5(aeb), 8(aeb), and
11(aec) were evaluated using acetic acid-induced abdominal con-
strictions in mice [34]. All of the compounds were administered
orally at 100 mmol/kg. Compounds 5b, 8(aeb) and 11(bec)
exhibited antinociceptive effects superior to that of dipyrone,
which was used as control, at the same dose (Table 2). Compound
8b was the most active antinociceptive molecule and reduced the
number of induced abdominal constrictions by 50.1%. Compound
11a showed antinociceptive activity inferior to that of dipyrone.

2.4. Quantification of TNF-a levels in the macrophage supernatant

The levels of proinflammatory cytokine TNF-awere determined
by ELISA in the supernatant of a macrophage culture treated with
LPS and co-incubatedwith themost active compounds identified in
the analgesic assay, 5b, 8(aeb), and 11(aeb). LPS (50mg/mL) was
used as an inflammatory stimulus (not shown). For this assay, a
dose-response curve for characterizing cell viability was initially
determined to identify the concentrations required for TNF-a
quantification for each compound. Only those concentrations that
led to cell viability greater than 75% were considered. Compounds
11(bec) were added to cultured cells at concentrations of 12.5 mM,
25 mM and 50 mM. For compounds 5b and 8(aeb), the concentra-
tions were 6.2 mM, 12.5 mM and 25 mM. The control thalidomide at
50 mM inhibited 31.7% of TNF-a production (Table 3). Compounds
compounds 8a (A) and 8b (B) by Western blot analysis. K562 cells treated with ani-
ls, respectively.



Fig. 5. K562 cells were treated with different concentrations of compounds 8(a-b) for 24 h. K562 cells were treated with N-oxide derivatives 8a (panel A) and 8b (panel B). or 5 mM
Sodium butyrate (S) or 100 mM thalidomide (T) and 0.1% DMSO (DMSO) was used as positive and negative controls, respectively. Cellular proteins were analyzed by Western Blot
using acetyl-histone H3 or acetyl-histone H4 antibodies. Total histones H3 or H4 were used as internal controls. The mean relative acetyl-histone H3 or H4 protein expression level
was normalized to total histone H3 or H4 by analyzing the band density using Quantity One software. The error bars represent the SD from 3 individual experiments, *p < 0.05.

Fig. 6. Cytotoxicity of compound 8b (cell viability) assessed in CHO-K1 cells by XTT
assay. CHO-K1 were treated with compound 8b or 3 mgmL�1 doxorubicin (PC). Col-
umns indicate the mean value of cell viability. NC (negative control) was considered
100% cell viability (Ham-F10þD-MEM medium with DMSO 0.5%). Bars indicate the
standard error. *** ¼ p < 0.0001 in relation to NC; * ¼ p < 0.05 in relation to NC.
Dunnett's test.

Fig. 7. Genotoxicity of compound 8b at different concentration evaluated by the Comet
Assay. Positive controls (PC) were cells treated with hydrogen peroxide (80 mmol L�1).
NC (negative control) were cells treated with 2% DMSO. Columns indicate the mean
value of the percentage of DNA found in the nucleoid tail. Bars indicate the standard
error. *** ¼ p < 0.0001 in relation to NC; * ¼ p < 0.05 in relation to NC. Dunnett's test.
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8(aeb) and 11(bec) inhibited lipopolysaccharide-induced TNF-a
production at levels ranging from 41.0 to 99.9%, with doses inferior
to that used for thalidomide. Compounds 5b and 11b did not reduce
the TNF-a levels at the tested concentrations. Compound 11c
exhibited a high efficacy for reducing TNF-a production compared
to the other synthesized compounds (Table 3).
2.5. Gamma-globin expression

The most promising compounds, 8a and 8b, were evaluated to
determine their capacity to induce gamma-globin expression in
K562 cells. These cells present many similarities to the



Table 4
Mean value and standard error (SE) of Nuclear Division Index (NDI), Frequency of
Micronucleus Binucleated Cells (FBMN) and Frequency of Micronucleus (FMN) ob-
tained from each treatment.

Treatment NDI Mean± SE FBMN Mean± SE FMN Mean± SE

NC 1.703± 0.004 20.67± 1.453 24.7± 2.404
PC 1.683± 0.003 107 ± 2.646* 161.3 ± 4.410*
DMSO 1.701± 0.002 22.33± 1.453 26± 1.202
100 1.697± 0.008 38± 1.155 44± 1.528
50 1.690± 0.006 32.33± 0.882 38± 1
25 1.691± 0.006 29.33± 1.764 34.7± 1.667

Cells were exposed for 24 h to compound 8b in three concentrations (100, 50,
25 mM), or 2% DMSO. Negative control (NC) was culture flasks with culture medium
supplemented with 10% FBS in the absence of any material (untreated controls).
Positive control (PC) was treated with doxorubicin (0.3 mgmL�1).*p < 0.05 in rela-
tion to NC. Dunn's Test.
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erythrocytes, such as membrane glycoproteins and glycophorin A
synthesis, being extensively used as experimental model for
screening of globin gene regulatory compounds [35e37]. K562 cells
were treated with each compound at 6.7, 12.5, 25, 50 and 100 mMor
the control hydroxyurea (HU) (100 mM) for 48 h and 96 h. The g-
globin levels were determined by Western blot analysis. An in-
crease of g-globin levels was detected in K562 cells 48 h after
treatment with compound 8a at 6.7 and 12.5 mM. We also found an
induction of g-globin production after 96 h of treatment at 100 mM
(Fig. 3A).

For compound 8b, a significant increase in g-globin expression
compared with the negative control was observed after 96 h of
treatment at concentration of 25, 50 and 100 mM (Fig. 3B). Com-
pound 8b was more active than 8a at increasing g-globin
production.

To assess the mechanism by which compounds 8a and 8b act on
g-globin production, we studied the effect of these compounds on
the phosphorylation of the p38MAPK protein levels by Western
blot analysis. Phosphorylation of p38MAPK was not observed in
K562 cells treated with any one of those compounds (Fig. 4AeB).

We also evaluated whether the N-oxide derivatives were able to
modulate the level of acetylated histone H3 and H4 during HbF
induction. Protein lysates from K562 cells treated with these com-
pounds or vehicle control (DMSO) for 24 h were analyzed by
Western blot using anti-acetyl histone H3 and H4 antibodies. As
shown in Fig. 5A, significant activation of histone H3 acetylation
was detected in K562 cells treated with compound 8a at 100 mM
(Fig. 5B). In addition, we found that this compound increased his-
tone H4 acetylation compared with the negative control (0.1%
DMSO-treated cells) (Fig. 5B). Compound 8b showed a level of
acetylation of the histone H3 protein that was comparable with the
negative control, but no difference of histone H4 acetylation be-
tween this compound and DMSO was detected in K562 cells
(Fig. 5AeB). Thus, compound 8b affects the acetylation of histone
H3, resulting in increased g-globin levels. These results suggest that
acetylation of histone H3 and/or H4 is involved in the up-regulation
of g-globin production induced by both compounds.

2.6. In vitro cytotoxicity, genotoxicity and mutagenicity studies

The most promising compound 8b was further evaluated
regarding its ability to induce cytotoxicity, genotoxicity and
mutagenicity in CHO-K1 cells. CHO cell line has been widely used
for studies that assess cytotoxicity and genotoxicity, besides being
recommended by Organization for Economic Cooperation and
Development (OECD) for genotoxicity screening [38,39].

The cytotoxicity of compound 8bwas evaluated by XTT method
[40] (Fig. 6). At high concentration (100 mM), compound 8b
exhibited cytotoxic effect by reducing the cell viability up to 30%;
however, at low concentrations (50 and 25 mM) compound 8b did
not present significant difference related to the negative control,
and decreased the cell viability at only 14 and 4%, respectively.

The Single Cell Gel or Comet Assay is able to detect DNA single-
strand breaks (SSB), alkali-labile sites, crosslinkings, and SSB
associated with incomplete excision repair site. [41,42] Fig. 7 shows
the results of genotoxicity expressed as percentage of DNA in Tail
for compound 8b evaluated at 100, 50 and 25 mM. Only at 100 mM, it
was observed very low genotoxic effect compared to positive
control; however, this result was not confirmed in the Tail Moment
assay (Supplementary Figure S2).

Cytokinesis-block micronucleus assay (CBMN) [43] was per-
formed as an additional assay to evaluate mutagenicity for com-
pound 8b. The results shows the Nuclear Division Index (NDI),
frequency of binucleate cells with micronucleus (FBMN) and fre-
quency of micronucleus (FMN) in the presence and absence of
compound 8b (Table 4). The NDI was similar among all groups
(p> 0.05, Dunn's Test), indicating that the exposure of CHO-K1 to
the different concentrations of 8b and positive control did not
induce nuclear division arrest and not interfere in the cell division.
In addition, the assay reveals that compound 8bwas not mutagenic
at all concentrations tested.
3. Discussion

HU remains themain drug approved by the FDA for ameliorating
SCD symptoms, despite of its lack of efficacy in some patients and
serious adverse effects during long-term treatment [11,44]. There-
fore, it is important to develop new safe and effective drugs. Among
the strategies used to discover potential drugs for the treatment of
SCD, those aimed at increasing fetal hemoglobin seem to be
beneficial in preventing complications related to the disease
[12,45]. Increased levels of HbF interfere with sickle hemoglobin S
polymerization, reduce the severity of the disease and increase the
lifespan of patients.

Immunomodulatory imide drugs, including thalidomide and
pomalidomide, have been reported to increase HbF in vitro and
in vivo. [46e48] Thalidomide increases gamma-globin mRNA
expression without altering beta-globin expression. The drug also
increases reactive oxygen species (ROS) and activates the p38
mitogen-activated protein kinase (MAPK) signaling pathway along
with histone H4 hyperacetylation [16]. A role for p38MAPK in
gamma-globin regulation has been reported in human erythroid
progenitors and K562 erythroleukemia cells. Moreover, thalido-
mide exhibits analgesic and anti-inflammatory activities that are
beneficial to SCD patients [49]. Therefore, thalidomide is an inter-
esting prototype for further molecular modifications to discovery
new compounds to ameliorate SCD symptoms.

Furoxan (1,2,5-oxadiazole 2-oxide) derivatives are widely
known for their capacity to release NO. Nitric oxide is an important
mediator of cell functions and has various effects, including vaso-
dilatation, inhibition of platelet aggregation, and reduction of ad-
hesive molecules. This mediator also stimulates the expression of
the gamma globin gene and consequently increases the production
of HbF. This mechanism seems to involve soluble guanylyl cyclase
(sGC), which increases the expression of g-globin in eryth-
roleukemic cells and primary erythroblasts. Elevated levels of sGC
were observed in erythroid progenitors expressing g-globin
compared to b-globin [26]. NO/cGMP plays an important role in g-
globin expression by activating transcription factors, including c-
Jun and c-Fos, which bind to hypersensitive site 2 in the b-locus
control region [50]. This mediator also increases the binding of Sp-1
to the CACCC box, activating g-globin gene expression [13].
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Because the beneficial effect of HU, which is related in part to its
capacity to generate NO [50e52], it was hypothesized that the
combination of thalidomide and a NO-donor subunit could
enhance the efficacy and potency to increase gamma-globin
expression and fetal hemoglobin, making it an alternative to hy-
droxyurea for SCD treatment.

In this work, we demonstrated that compounds 5(aeb), and
8(aeb) released nitric oxide at different levels in the presence of L-
cysteine. Indeed, preliminary chemical stability studies in the
presence of L-cysteine suggest that coumpound 8b is metabolized
to an opened ring nitroso intermediate (results not shown). These
observations are in according to experimental data from literature
[24]. Compounds 8(aeb), containing the group 3-
phenylsulfonylfuroxan, were the most potent at releasing NO at
levels ranging from 23.7%e30.1%, whereas the other compounds
produced values of NO ranging from 16.4%e17.1% (mol/mol). This
different profile of NO production is related in part to the presence
of electron-withdrawing substituents at the 3-position. Therefore,
it was found that phenylsulfonyl, a strong electron-withdrawing
substituent, was more active at releasing NO than phenyl and
methyl groups [20,53]. Benzofuroxan derivatives (11a-c) did not
release NO in this assay. The concentration of all compounds
(100 mM) in the Griess assay was determined based on its water
solubility and limit of detection of UV-spectrophotometer.

Intravascular hemolysis reduces endothelial NO bioavailability
and promotes inflammatory and proadhesive states in the endo-
thelium favoring vaso-occlusion and prothrombotic events [3]. In
addition, tissue injury and platelet activation produce a state of
hypercoagulability in SCD patients [39]. In humans, antagonists of
the P2Y12 adenosine diphosphate (ADP) receptor have shown the
capacity to reduce the hypercoagulability state in SCD, preventing
the vaso-occlusion process [6,54]. Prasugrel, for example, decreased
platelet adherence to monocytes and neutrophils, reducing the
cell-platelet aggregate size [55]. Plasma ADP levels are not only
increased in humans but also in animals. For example, Berkeley
sickle cell mice exhibited a 2.7-fold increase in plasma ADP
compared to control mice [56]. Therefore, we evaluated the ca-
pacity of compounds 5(aeb), 8(aeb), and 11(aeb) to inhibit the
platelet aggregation induced by ADP. All of the compounds, except
11a, exhibited a capacity to inhibit platelet aggregation. Com-
pounds 8a and 8b were the most promising inhibitors of ADP-
induced platelet aggregation, with rates of 84.0% and 76.1%,
respectively. These interesting effects should be attributed not only
to the antagonism of P2Y12 ADP receptor but also to the ability to
release nitric oxide by the compounds.

Nitric oxide also plays an important role in decreasing platelet
aggregation due to its involvement in the NO/sGC/cGMP/PKG sys-
tem [57]. NO-donor compounds, such as organic nitrate esters,
exhibited an antithrombotic effect and inhibited platelet aggrega-
tion in vitro and in vivo [27,58].

Pain is one of the most common reasons for hospital admissions
in people with SCD. It has been reported that both neuropathic and
nociceptive components are present in vaso-occlusive pain [59]. In
addition, the pro-inflammatory state present in SCD patients ex-
acerbates this symptom. Leukocyte activation and overexpression
of adhesion molecules increase pro-inflammatory cytokines, such
as TNF-a, IL-1b and IL-8, aggravating the vaso-occlusive process and
acute pain [6]. Ribeiro and co-workers described that thalidomide
exhibits analgesic and anti-inflammatory effects using both in vitro
and in vivo models. This drug decreased the writhing nociceptive
response inmice due to its capacity to inhibit TNF-a [60]. Therefore,
to investigate the analgesic effect of the synthesized compounds,
we used the classical model of abdominal constriction in mice
induced by acetic acid [34]. Compound 8b was identified as the
most active molecule, reducing acetic acid-induced abdominal
constrictions by 50.1%. Compounds 5b, 8(aeb) and 11(bec) showed
significant antinociceptive activity compared to dipyrone.

Based on these results, we hypothesized that the analgesic effect
could be attributed to the TNF-a inhibition caused by the com-
pounds. It is known that TNF-a plays an important role in noci-
ceptive signaling and SCD patients exhibit high levels of this pro-
inflammatory cytokine [7,61]. In our study, we found that the
most analgesic compounds inhibited lipopolysaccharide-induced
TNF-a production. Specifically, compounds 8(a-b) and 11(b-c)
exhibited activity superior to that of thalidomide, showing a cor-
relation between pain and TNF-a inhibition.

Because of the balance among the NO-donor, anti-platelet and
analgesic effects seems to be beneficial to SCD patients, we selected
compounds 8a and 8b for additional studies to characterize their
capacity to induce g-globin production in K562 cells. g-globin is a
fetal hemoglobin tetramer that is present during fetal develop-
ment. After birth, HbF is gradually replaced by HbA (a2b2). HbF
induction is a promising strategy to reduce the clinical severity of
SCD [13,62]. Indeed, the beneficial effects of HU have been associ-
ated with its capacity to increase g-globin expression.

We observed that compound 8a increases g-globin expression
in K562 cells only after 96 h of treatment at 100 mM compared with
the negative control. By contrast, compound 8b increased g-globin
expression at concentrations of 25, 50 and 100 mM for 96 h. It has
been shown that thalidomide induces g-globin gene expression by
increasing reactive oxygen speciesemediated p38 mitogen-
activated protein kinase (p38MAPK) signaling and histone H4
acetylation [16]. MAPKs regulate gene expression through phos-
phorylation of transcription factors [63].

To assess the mechanism by which compounds 8a and 8b
regulate g-globin, we studied the effects of these compounds on
the phosphorylation of the p38MAPK protein levels. However, no
phosphorylation of p38MAPK was observed in K562 cells treated
with each of these compounds. Thus, we concluded that the up-
regulation of g-globin mediated by these analogues does not act
through p38MAPK phosphorylation as observed for thalidomide.

To evaluate whether these compounds modulate g-globin in-
duction via histone acetylation, we determined the level of acety-
lated histone H3 and H4 in K562 cells lysates. A significant
activation of acetylated histones H3 and H4 was detected in cells
treated with compound 8a compared with the negative control
(DMSO). However, compound 8b only acted on the acetylation of
histone H3. These results indicate that acetylation of histone H3
and/or H4 is involved during the up-regulation of g-globin pro-
duction induced by these compounds.

In vitro cytotoxic, genotoxic and mutagenic studies using CHO-
K1 cells were performed for compound 8b. In general manner,
the results showed that compound 8bwas not cytotoxic, genotoxic
and mutagenic. These results corroborates with previous studies
that shows that phthalimide derivatives were not mutagenic
[10,64]. In part, this effect can be attributed to the absence of the
glutarimide ring in compound 8b. The glutarimide subunit is
responsible for teratogenic effects of thalidomide due to its ability
to bind in the active site of the Cereblon damaged DNAebinding
protein 1 (CRBN-DDB1) E3 ubiquitin ligase complex causing cyto-
toxic and teratogenic effects [65].

All of these results demonstrate thatN-oxide derivatives present
analgesic and antiplatelet activity, TNF-a inhibition effect and ca-
pacity to induce g-globin expression representing a novel approach
for treating sickle cell disease symptoms.

4. Conclusions

A novel series of N-oxide derivatives, 5(aec), 8(aeb), and
11(aeb), was synthesized and characterized by 1H and 13C NMR,
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mass spectrometry and IR spectroscopy. All of the compounds
demonstrated NO-donor properties at levels ranging from 0 to
30.1%. Compounds 5b, 8(aeb) and 11(bec) showed significant
antinociceptive activity compared to dipyrone. However, com-
pound 8bwas the most active antinociceptive compound, reducing
acetic acid-induced abdominal constrictions by 50.1%. The anal-
gesic effect seems to be related to TNF-a inhibition. In vitro, com-
pounds 8(aeb) and 11(bec) reduced TNF-a levels. Compounds 8a
and 8bwere the most promising inhibitors of ADP-induced platelet
aggregation, with rates of 84.0% and 76.1%, respectively. Both of
these compounds also increased g-globin expression after 96 h of
treatment in K562 cells. The results indicated that the mechanism
involved in this up-regulation of g-globin is related to the acety-
lation of histone H3 and H4 by these compounds. Specifically, the
most promising compound 8b was not genotoxic and mutagenic
using CHO-K1 cells. Therefore, phenylsulfonyl furoxan derivative
(8b) is a promising novel prototype for designing new compounds
that will be useful for treating SCD symptoms.

5. Experimental section

5.1. Chemistry. General information

Reagents and solvents were purchased from commercial sup-
pliers at reagent purity grade and were used without any further
purification. Dry solvents used in the reactions were obtained by
distillation of technical grade materials over appropriate dehy-
drating agents. Thin-layer chromatography (TLC), precoated with
silica gel 60 (HF-254; Merck) to a thickness of 0.25mm, was used
for monitoring all reactions. The plates were revealed under UV
light (265 nm). All compounds were purified on a chromatography
columnwith silica gel (60Å pore size, 35e75-mm particle size) and
the following solvents were used as mobile phase: dichloro-
methane, hexane, ethyl acetate and petroleum ether. In addition,
the purity analyzed by HPLC for all tested compounds was superior
to 98%. Melting points (mp) were determinate in open capillary
tubes using an electrothermal melting point apparatus (SMP3;
Bibby Stuart Scientific). Infrared (IR) spectroscopy (KBr disc) were
performed on an FTIR-8300 Shimadzu spectrometer, and the fre-
quencies are expressed per cm�1. The nuclear magnetic resonance
(NMR) for 1H and 13C of all compounds were scanned on a Bruker
Fourier with Dual probe 13C/1H (300-MHz) NMR spectrometer us-
ing dimethyl sulfoxide (DMSO‑d6), as solvent. Chemical shifts were
expressed in parts per million (ppm) relative to tetramethylsilane.
The signal multiplicities are reported as singlet (s), doublet (d),
doublet of doublet (dd), andmultiplet (m). Mass spectrometry of all
of the compounds was performed with a model micrOTOF elec-
trospray ionization-time of flight (ESI-TOF) (Bruker Daltonics)
spectrometer, and the spectra were accumulated for 60 s. The
compounds were injected at a flow rate of 300 ml/h, a capillary
voltage of 4.5 kV, a cone voltage of 120 V, and a desolvation tem-
perature at 180 �C. The spectra were obtained in positive mode and
acquired over range of 200e800m/z.

5.2. General procedures for the synthesis of N-oxide derivatives 5(a-
b), 8(a-b), and 11(a-c)

Compounds 1, 6(a-b) and 9 were synthesized according to a
previously described methodologies [18,54,59].

An equivalent amount of furoxan derivatives 1, 6(a-b) or 9
(0.01mol) was added to a solution of hydrazide derivatives (2aeb)
(0.01mol) in 15mL of ethanol in the presence of a catalytic amount
of glacial acetic acid. The reaction was stirred for 7e24 h at room
temperature and monitored by TLC. Subsequently, the solvent was
evaporated under reduced pressure. The precipitate was collected
by filtration, washed with cold water, and dried under vacuum to
give the derivatives 3(aeb), 7(aeb), and 10(aec) with yields
ranging from 34 to 75%. In the last step, phthalic anhydride (4)
(0.001mol) and the derivatives 3(aeb), 7(aeb), or 10(aec)
(0.001mol) were condensed using 1-ethyl-3-(3-
dimethylaminopropyl)carbodiimide (EDC) (0,0015mol) and 4-
dimethylaminopyridine (DMAP) using dimethylformamide as the
solvent. The N-oxide derivatives were obtained at yields ranging
from 25 to 55% after purification by column chromatography (flash
silica, eluent: 70% ethyl acetate, 30% hexane).

5.2.1. N'-((2-(l1-oxidanyl)-4-phenyl-1,2l4,5-oxadiazol-3-yl)
methylene)-2-(1,3-dioxoisoindolin-2-yl)benzohydrazide (5a)

Yield 53%; mp: 250e251 �C. IR (nmax cm�1 KBr pellets): 3253
(NeH), 1780, 1710 (C¼O imide); 1656 (C¼O amide); 1602 (CH¼N);
1379 (C-N); 1269 (NeO). 1H NMR (300 Mz, DMSO‑d6) d: 7.17e7.50
(3H, m); 7.54e7.67 (3H, m); 7.73e7.87 (3H, m); 7.94e7.96 (4H, m);
8.23 (1H, s), 12.43 (1H, s) ppm. 13C NMR (DMSO‑d6) d: 113.0; 123.9;
124.0; 129.1; 129.3; 130.9; 131.9; 132.4; 133.5; 135.3; 156.5; 162.0;
167.3 ppm. MS/ESI m/z: [M]þ 476, [M -Na]þ 453 (54%).

5.2.2. 3-((2-(4-(1,3-dioxoisoindolin-2-yl)benzoyl)hydrazono)
methyl)-4-phenyl-1,2,5-oxadiazole 2-oxide (5 b)

Yield 55%; mp: 205e208 �C. IR (nmax cm�1 KBr pellets): 3230
(NeH), 1740, 1712 (C¼O imide); 1651 (C¼O amide); 1606 (CH¼N);
1379 (C-N); 1269 (NeO). 1H NMR (300 Mz, DMSO‑d6) d: 7.61 (2H, d,
J¼ 7,7 Hz); 7.66e7.82 (3H, m); 7.96e7.94 (2H, m); 8.02e8.00 (4H,
m) 8.06 (d, 2H, J¼ 7,7 Hz) 8.41, (1H, s), 12.37 (1H, s) ppm. 13C NMR
(DMSO‑d6) d: 114.3; 125.0; 127.1; 128.5; 129.8; 130.2; 130.5; 133.0;
134.9; 136.3; 157.5; 160.0; 168.2. MS/ESI m/z: [M]þ 476, [M -Na]þ

453 (84%).

5.2.3. 4-(3-((2-(4-(1,3-dioxoisoindolin-2-yl)benzoyl)hydrazono)
methyl)phenoxy)-3-(phenylsulfonyl)-1,2,5-oxadiazole 2-oxide (8a)

Yield 25%; mp: 202e204 �C. IR (nmax cm�1 KBr pellets): 3292
(NeH), 1782 (C¼O imide); 1650 (C¼O amide); 1607 (CH¼N); 1399
(C-N); 1H NMR (300 Mz, DMSO‑d6) d: 7.56 (2H, m); 7.73e7.64 (3H,
m); 7.85e7.77 (3H, m); 7.96e7.92 (3H, m); 8.09 (4H, m); 8.50 (1H,
s), 12.09 (1H, s) ppm. 13C NMR (DMSO‑d6) d: 111.7; 118.1; 121.5;
124.5; 127.6; 128.7; 129.0; 130.5; 131.9; 136.7; 137.3; 147.1, 153.3;
161.2, 167.2 ppm. MS/ESI m/z: [M]þ 632,08, [M -Na]þ 609 (88%).

5.2.4. 4-(4-((2-(4-(1,3-dioxoisoindolin-2-yl)benzoyl)hydrazono)
methyl)phenoxy)-3-(phenylsulfonyl) 1,2,5-oxadiazole 2-oxide (8 b)

Yield 30%; mp: 220e223 �C. IR (nmax cm�1 KBr pellets): 3268
(NeH), 1774 (C¼O imide); 1650 (C¼O amide); 1604 (CH¼N); 1388
(C-N). 1H NMR (300 Mz, DMSO‑d6) d: 7.54 (2H, m); 7.64 (2H, d,
J¼ 7.7 Hz); 7.74e7.80 (2H, m); 7.86e7.89 (2H, m); 7.94e7.90 (3H,
m); 7.98e8.01 (2H, m); 8.04e8.07 (4H, m); 8.49 (1H, s),12.05 (1H, s)
ppm. 13C NMR (DMSO‑d6) d: 111.4; 120.2; 123.6; 127.2; 128.3; 128.6;
129.0; 130.1; 132.7; 130.1; 134.9; 136.4; 136.9; 146.8; 158.2; 162.8;
166.8. MS/ESI m/z:[M]þ 632,08, [M -Na]þ 609 (92%).

5.2.5. 6-((2-(2-(1,3-dioxoisoindolin-2yl)benzoyl)hydrazono)
methyl)benzo [1,2,5]oxadiazole 1-oxide (11a)

Yield 43%; mp: 250e251 �C. IR (nmax cm�1 KBr pellets): 3282
(NeH); 1708 (C¼O imide); 1685 (C¼O imide), 1654 (C¼O amide);
1614 (CH¼N); 1381(C-N). 1H NMR (300 Mz, DMSO‑d6) d: 7.90 (3H,
m); 7.88 (2H, m); 7.77 (6H, m); 8.40 (1H, s); 12.45 (1H, s) ppm. 13C
NMR (DMSO‑d6) d: 117.0; 118.0; 123.0; 125.0; 129.2; 131.0; 134.5;
159.0. MS/ESI m/z: [M]þ 320,09, [M -Na]þ 297 (42%).

5.2.6. 6-((2-(3-(1,3-dioxoisoindolin-2yl)benzoyl)hydrazono)
methyl)benzo [1,2,5]oxadiazole 1-oxide (11 b)

Yield 30%; mp: 218 �C. IR (nmax cm�1 KBr pellets): 3032 (NeH),
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1772 (C¼O imide); 1718 (C¼O imide), 1635(C¼O amide); 1616
(CH¼N); 1398 (C-N); 1H NMR (300 Mz, DMSO‑d6) d: 7.90 (3H, m);
7.88 (2H, m); 7.92 (1H, m); 7.94 (1H, m); 7.98 (1H, m); 8.06 (1H, s);
8.13e8.18 (3H, m); 11.60 (1H, s) ppm. 13C NMR (DMSO‑d6) d: 117.0;
118.0; 123.0; 125.0; 129.2; 131.0; 134.5; 159.0. MS/ESI m/z: [M]þ

320,09, [M -Na]þ 297 (52%).

5.2.7. 6-((2-(4-(1,3-dioxoisoindolin-2 yl)benzoyl)hydrazono)
methyl)benzo [1,2,5]oxadiazole 1-oxide (11c)

Yield 50%; mp: 218 �C. IR (nmax cm�1 KBr pellets): 3414 (NeH),
1772, 1718 (C¼O imide); 1635 (C¼O amide); 1616 (CH¼N); 1400 (C-
N). 1H NMR (300 Mz, DMSO‑d6) d: 7.86e7.88 (2H, m); 7.89e7.93
(5H, m); 7.96 (2H, dd, J¼ 8.0 Hz); 8.07 (2H, dd, J¼ 8.0 Hz); 8,7 (1H,
s), 11.70 (1H, s) ppm. 13C NMR (DMSO‑d6) d: 118.5; 122.8; 125.0;
129.2; 131.5; 132.7; 160.0; 195.0. MS/ESI m/z: [M]þ 320, [M -Na]þ

297 (54%).

5.3. Pharmacology

5.3.1. Quantification of nitrite by the Griess reaction
Quantification of nitrite was performed according to previously

published methods [20]. The yields of nitrite are expressed as %
NO2

� (mol/mol).

5.3.2. Animals
Adult male and female Swiss albino mice (25e35 g) and Wistar

rats (200e250 g) were used in the experiments. They were housed
in single-sex cages under a 12 h light/12 h dark cycle (lights on at
06:00) in a controlled-temperature room (22± 2 �C). The animals
had free access to food andwater. The experiments were performed
after approval by local Institutional Ethics Committee (CEUA Pro-
cess No. 10/2010 and 32/2013). All experiments were performed in
accordance with the current guidelines for the care of laboratory
animals and the ethical guidelines for the investigation of experi-
mental pain in conscious animals.

5.3.3. Antiplatelet activity
Platelet-rich plasma (PRP) was obtained from the blood of

Wistar rats by centrifugation at 375�g for 10min at room tem-
perature [21]. A volume of 300 mL of PRP was incubated at 37 �C for
1min with continuous stirring (900 rpm). Platelet aggregation was
monitored by the turbidimetric method using a Chrono-Log
aggregometer. The aggregant agent was ADP at 10 mM. The
vehicle DMSO (0.5% v/v; negative control), test compounds
(100 mM) or acetylsalicylic acid (AAS; 100 mM; positive control) was
added to the PRP samples 1min before addition of the aggregating
agent. The results are expressed as the percentage of inhibition and
analyzed using ANOVA followed by Tukey's test.

5.3.4. Antinociceptive activity
The analgesic activity was evaluated in vivo using the acetic

acid-induced (0.6%, 0.1 mL/10 g) abdominal constriction model
[22]. Swiss mice of both sexes (18e23 g) were used. Compounds
were administered orally (100 mmol/kg) as a suspension in 5%
arabic gum in saline (vehicle). Dipyrone (100 mmol/kg) was used as
the standard drug, administered under the same conditions. An
acetic acid solution was administered i. p. 1 h after the adminis-
tration of each compound. Ten minutes after the acetic acid injec-
tion, the number of constrictions per animal was recorded for
20min. The control animals received an equal volume of vehicle.
Antinociceptive activity is expressed as the percentage inhibition of
the constrictions compared with those in the vehicle-treated con-
trol group. The results are expressed as the mean± SEM of 8 ani-
mals per group. The data were analyzed statistically with ANOVA
followed by Dunnett's test at a significance level of p< 0.01.
5.3.5. Cellular viability and quantification of TNF-a levels in
macrophage supernatant

A solution of thioglycollate at 3% was administered into the
peritoneal cavity of Swiss mice to stimulate macrophage migration.
Three days later, the peritoneal exudates were collected, washed
with 5mL of sterile PBS (pH 7.4) and resuspended in RPMI-1640C
medium to obtain the macrophage cells, which were counted in a
Neubauer chamber (Boeco, Germany) and adjusted to 5� 106 cells/
mL in of 96-well microplates (100 mL). Non-adherent cells (mostly
neutrophils) were removed by incubating the suspension in cell
culture plates for 1 h at 37 �C in an atmosphere containing 5% CO2
(Forma Scientific, Marietta, OH) and discarding the supernatant.
Adherent cells were incubated at 37 �C and 5% CO2 for 24 h in the
presence of bacterial lipopolysaccharide (Escherichia coli 0111 B)
(LPS) (10mg/mL), tested molecules thalidomide or [5(a-b), 8(a-b),
and 11(a-c)] or RPMI-1640C medium. After 24 h, 100 mL of a solu-
tion containing 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide (MTT) (1mg/mL) was added to
each well. The plates were incubated for 3 additional hours at 37 �C
in an atmosphere containing 5% CO2. The content was discarded,
and 100 mL of isopropyl alcohol was added to each well. The
absorbance was measured at 540 nm using a BioTek® microplate
reader spectrophotometer. The results are expressed as the per-
centage of viable cells. For quantification of the TNF-a levels, con-
centrations with a macrophage viability greater than 70% were
considered. The levels of pro-inflammatory cytokine TNF-a were
quantified in the culture supernatants of 96-well microplates by
ELISA (OptEIA; BD Biosciences, San Diego, CA) according to the
manufacturer's instructions. The cytokine concentrations were
calculated from a standard curve of known cytokine concentrations
and expressed in pg/mL. In all of the experiments, the results were
expressed as the means± SEM. Each experiment was performed in
triplicate at least three times. One-way ANOVA with Tukey's Mul-
tiple Comparison Test as a post hoc test was performed using
GraphPad InStat version 3.00 for Windows 95 (GraphPad Software,
San Diego, California, U.S.A.). The statistical significance was
defined as a p value less than 0.05.

5.3.6. Cell cultures
K562 cells were cultured in Dulbecco modified Eagle medium

(Thermo Fisher Scientific, Cat#11965-092, Waltham, MA) contain-
ing 10% fetal bovine serum (Thermo Fisher Scientific, Cat#16000-
044) and 1X penicillin-streptomycin (Thermo Fisher Scientific,
Cat#15140-148). Cells were treated with each compound at a final
DMSO concentration of 0.1%. Cells were cultured at 37 �C in a 5%
CO2 humidified atmosphere.

5.3.6.1. Western blot analysis. K562 cells (2� 105 cells/mL) were
treated with each compound at 6.7, 12.5, 25, 50 and 100 mM in 0.1%
DMSO or 100 mM thalidomide, whichwas used as a control, for 24 h.
Cells were washed twice in phosphate-buffered saline (PBS;
Thermo Fisher Scientific, Cat# 10010-023) and lysed in RIPA buffer
(Sigma Aldrich, Cat# R0278-50ML). Total cell lysates were elec-
trophoresed on NUPAGE 4e12% Bis (2-hydroxyethyl)- Tris (tris-
hydroxymethyl-aminomethane) gels (Thermo Fisher Scientific,
Cat# NP0321BOXor NP0336BOX) and transferred to polyvinylidene
difluoride (PVDF) membranes (Thermo Fisher Scientific, Cat#
IB401001 or IB401002) using an iBlot gel transfer device (Thermo
Fisher Scientific). The membranes were blocked in 1X Tris-buffered
saline (TBS; Quality Biological, Cat# 351-086-131, Gaitherburg, MD)
with 0.1% Tween-20 (Sigma-Aldrich, Cat# P1379-500ML) and 5%
blotting grade non-fat dry milk (Bio-Rad, Cat# 1706404XTU, Her-
cules, CA) for 1 h and incubated with anti-acetyl-histone H4
(1:1000; Cell Signaling Technology,Cat# 2591 S) antibody at 4 �C
overnight. After washing three times, blots were incubated with
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horseradish peroxidase-conjugated anti-rabbit antibody (GE
Healthcare Life Sciences, Cat# NA934-1ML, Pittsburgh, PA) and
developed using a SuperSignal West Pico Chemiluminescent
detection system (Thermo Fisher Scientific, Cat# 34080). Anti-b-
actin antibody (Santa Cruz Biotechnology, Cat# sc-47778, Dallas,
TX) was used as an internal control.

5.3.6.2. g-globin expression in K562 cells. K562 cells were treated
with each compound at a final DMSO concentration of 0.1%. Com-
pounds 8(a-b) were dissolved in dimethyl sulfoxide (DMSO; Sigma-
Aldrich, Cat# D2650-100ML) to prepare a stock concentration of
100mM. Cells were cultured at 37 �C in a 5% CO2 humidified at-
mosphere. K562 cells (2� 105 cells/mL) were treated with each
compound at 6.7, 12.5, 25, 50 and 100 mM including 0.1% DMSO or
100 mM hydroxyurea, which was used as a control, for 30min. Cells
were washed twice in phosphate-buffered saline (PBS; Thermo
Fisher Scientific, Cat# 10010-023) and lysed in RIPA buffer (Sigma
Aldrich, Cat# R0278-50ML). Total cell lysates were electrophoresed
on NUPAGE 4e12% Bis (2-hydroxyethyl)-Tris (tris-hydroxymethyl-
aminomethane) gels (Thermo Fisher Scientific, Cat# NP0321BOX or
NP0336BOX) and transferred to polyvinylidene difluoride (PVDF)
membranes (Thermo Fisher Scientific, Cat# IB401001 or IB401002)
using an iBlot gel transfer device (Thermo Fisher Scientific). The
membranes were blocked in 1X Tris-buffered saline (TBS; Quality
Biological, Cat# 351-086-131, Gaitherburg, MD) with 0.1% Tween-
20 (Sigma-Aldrich, Cat# P1379-500ML) and 5% blotting grade
non-fat dry milk (Bio-Rad, Cat# 1706404XTU, Hercules, CA) for 1 h
and incubated with anti-hemoglobin g (1:500; Santa Cruz
Biotechnology, Cat# sc-21756, Dallas, TX) After washing three
times, blots were incubated with horseradish peroxidase-
conjugated anti-rabbit antibody (GE Healthcare Life Sciences,
Cat# NA934-1ML, Pittsburgh, PA) or anti-mouse antibody (GE
Healthcare Life Sciences, Cat# NA931-1ML) and developed using a
SuperSignal West Pico Chemiluminescent detection system
(Thermo Fisher Scientific, Cat# 34080). Anti-b-actin antibody
(Santa Cruz Biotechnology, Cat# sc-47778) was used as an internal
control.

5.3.6.3. Phosphorylation of p38MAPK protein in K562 cells. The ef-
fect on the phosphorylation of p38MAPK protein levels in
K562 cells was evaluated byWestern blot analysis. Compounds 8(a-
b) were dissolved in dimethyl sulfoxide (DMSO; Sigma-Aldrich,
Cat# D2650-100ML) to prepare a stock concentration of 100mM.
Cells were cultured at 37 �C in a 5% CO2 humidified atmosphere.
K562 cells (2� 105 cells/mL) were treated with each compound at
6.7,12.5, 25, 50 and 100 mM in 0.1% DMSO or anisomycin 10 mgmL�1

(positive control). Cells were washed twice in phosphate-buffered
saline (PBS; Thermo Fisher Scientific, Cat# 10010-023) and lysed
in RIPA buffer (Sigma Aldrich, Cat# R0278-50ML). Total cell lysates
were electrophoresed on NUPAGE 4e12% Bis (2-hydroxyethyl)-Tris
(tris-hydroxymethyl-aminomethane) gels (Thermo Fisher Scienti-
fic, Cat# NP0321BOX or NP0336BOX) and transferred to poly-
vinylidene difluoride (PVDF) membranes (Thermo Fisher Scientific,
Cat# IB401001 or IB401002) using an iBlot gel transfer device
(Thermo Fisher Scientific). The membranes were blocked in 1X
Tris-buffered saline (TBS; Quality Biological, Cat# 351-086-131)
with 0.1% Tween-20 (Sigma-Aldrich, Cat# P1379-500ML) and 5%
blotting grade non-fat dry milk (Bio-Rad, Cat# 1706404XTU) for 1 h
and incubated with antibody anti-phospho-p38 (1:1000; Cell
Signaling Technology, Cat# 4511 S, Danvers, MA) or anti-total-p38
(1:1000; Cell Signaling Technology, Cat# 9212 S) antibodies at
4 �C overnight. After washing three times, blots were incubated
with horseradish peroxidase-conjugated anti-mouse antibody (GE
Healthcare Life Sciences, Cat# NA931-1ML) and developed using a
SuperSignal West Pico Chemiluminescent detection system
(Thermo Fisher Scientific, Cat# 34080). Anti-b-actin antibody
(Santa Cruz Biotechnology, Cat# sc-47778) was used as an internal
control.

5.3.6.4. Histone H3 and H4 acetylation in K562 cells. K562 cells
(2� 105 cells/mL) were treated with each compound (8a-b) at 6.7,
12.5, 25, 50 and 100 mM including 0.1% DMSO or 5mM sodium
butyrate (EMD Millipore, Cat#19-137, Billerica, MA) 100 mM
thalidomide used as a control for 24 h. Cells were washed twice in
phosphate-buffered saline (PBS; Thermo Fisher Scientific, Cat#
10010-023) and lysed in RIPA buffer (Sigma Aldrich, Cat# R0278-
50ML). Total cell lysates were electrophoresed on NUPAGE 4e12%
Bis (2-hydroxyethyl)-Tris (tris-hydroxymethyl-aminomethane)
gels (Thermo Fisher Scientific, Cat# NP0321BOX or NP0336BOX)
and transferred to polyvinylidene difluoride (PVDF) membranes
(Thermo Fisher Scientific, Cat# IB401001 or IB401002) using an
iBlot gel transfer device (Thermo Fisher Scientific). The membranes
were blocked in 1X Tris-buffered saline (TBS; Quality Biological,
Cat# 351-086-131) with 0.1% Tween-20 (Sigma-Aldrich, Cat#
P1379-500ML) with 5% blotting grade non-fat dry milk (Bio-Rad,
Cat# 1706404XTU) for 1 h and incubated with anti-acetyl-histone
H3 or H4 (1:1000; Cell Signaling Technology, Cat# 2591 S) anti-
body at 4 �C overnight. After washing three times, blots were
incubated with horseradish peroxidase-conjugated anti-rabbit
antibody (GE Healthcare Life Sciences, Cat# NA934-1ML, Pitts-
burgh, PA) and developed using a SuperSignal West Pico Chemi-
luminescent detection system (Thermo Fisher Scientific, Cat#
34080). Anti-b-actin antibody (Santa Cruz Biotechnology, Cat# sc-
47778) was used as an internal control.

5.3.7. Cytotoxicity test
XTT assay: Chinese hamster ovary cells (CHO-K1) were grown in

1:1 Ham-F10þD-MEM (Sigma®, St. Louis, MO) culture medium
supplemented with 10% (v/v) fetal bovine serum (FBS) (fetal bovine
serum - Cultilab, Campinas, Brazil) and antibiotic antimycotic so-
lution (A5955 Sigma®, St. Louis, MO) at 37 �C in a 5% CO2 atmo-
sphere. Cells were used between the third and eighth passages. For
cytotoxicity, genotoxicity and mutagenicity tests, compound 8b
was diluted in 0.5% DMSO and three concentrations (100, 50,
25 mM) were used. As reference, each assay was performed on
duplicates within three independent experiments. To perform
these experiments CHO-K1 cells were used and the Cell Prolifera-
tion Kit II (Roche Applied Science). This test is based on the cleavage
of tetrazolium salt (sodium 3'-[1-(phenylaminocarbonyl)-3,4-
tetrazolium]-bis(4-methoxy-6-nitro) benzene sulfonic acid hy-
drate) to form an orange formazan dye. Cells were seeded (2� 104)
in 24-well plates in a volume of 1mL of HAM-F10: D-MEMmedium
(1: 1) supplemented with 10% FBS, and incubated at 37 �C in a 5%
CO2 24 h. On the following day, the treatments were carried out for
24 h with the diluted material in four concentrations (100, 50,
25 mM). Each well was supplemented with 10% FBS. Negative con-
trols (NC) were wells with cells and culture medium supplemented
with 10% FBS in the absence of any material (untreated controls).
Positive controls (PC) were wells containing CHO-K1 cells treated
with doxorubicin (3 mgmL�1) for 24 h. After treatment, the cultures
were washed with PBS solution and fresh medium was added. In
the next day, the cultures were washed with PBS solution and
immediately 500 mL of DMEM without phenol red were added,
followed by the addition of 60 mL of the XTT/electron solution
(50:1) (Cell Proliferation Kit II e Roche Applied Science). After 3 h
reaction, the supernatant was transferred to a 96-well culture plate,
and the absorbance was measured by a Microplate Reader (Versa-
Max, Molecular Devices, Sunnyvale,CA) at 492 and 690 nm. The
absorbance is directly proportional to the number of metabolically
active cells (viable cells) in each treatment after 24 h of exposure.
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Cell viability was calculated from the absorbance and expressed as
percentage of viable cells.

5.3.8. Genotoxicity and mutagenicity assays
Comet assay: The alkaline version of the comet assay was used

according to Singh et al. (1988) [66]. CHO-K1 cells were seeded
(5� 104 cells) and after 24 h they were exposed to the diluted
material in four concentrations (100, 50, 25 mM) for 24 h in 24-well
plates. Each well was supplemented with 10% FBS. Negative control
(NC)was wells with culturemedium supplementedwith 10% FBS in
the absence of any material. Positive controls (PC) were cells
treated with hydrogen peroxide (80 mmol L�1 for 10min). After
exposure, the cultures were washed with PBS solution, trypsin was
used, and 500 mL of the cell suspension were obtained, kept on ice
and protected from light. After centrifugation, the cell pellet was
homogenized with 0.5% low melting point agarose in sufficient
volume to 200 mL. Suchmaterial was equally divided and applied on
2 pregelatinized histological slides (Knittel, Germany) with 1.5%
normal melting point agarose (Gibco). They were then covered
with coverslips and left in the refrigerator for 10min when, after
careful removal of the cover slip, the slides were immersed in a lysis
solution (1% Triton X-100, 10% DMSO, 2.5mmol L�1 NaCl,
100mmol L�1 Na2EDTA, 100mmol L�1 Tris, pH 10) for 24 h pro-
tected from light in the refrigerator. Subsequently, the slides were
immersed in alkaline electrophoresis (1mmol L�1 Na2EDTA,
300mmol L�1 NaOH, pH> 13) for 20min for DNA denaturation.
Then run in electrophoresis at 43 V and 308mA for 25min. At the
end, the slides were immersed in a neutralization buffer
(0.4mol L�1 TriseHCl, pH 7.5) for 15min, protected from light in a
refrigerator. After drying the slides at room temperature, they were
fixed in absolute ethanol for 3min.

The slides were stained with ethidium bromide (0.02mg/mL)
and photographed under a fluorescence microscope (ZEISS®, Jena,
Thuringia, DEU) equipped with an excitation filter of 515e560 nm,
a barrier filter of 590 nm and a 40�objective. The DNA damagewas
evaluated by an image analysis system (TriTek CometScore®1.5,
2006, Sumerduck, VA, USA), and the percentage of tail DNA and Tail
Moment were obtained for each treatment, with 100 nucleoids
analyzed for each treatment.

5.3.9. Cytokinesis-blocked micronucleus assay (CBMN)
CBMN assay was carried out to evaluate mutagenicity induced

by compound 8b. [43] CHO-K1 cells (37� 104 cells) were seeded in
25 cm2 culture flasks at 37 �C, 5% CO2. After 24 h of seeding, cells
were exposed for 24 h to the diluted material in three concentra-
tions (100, 50 and 25 mM). Each culture flask was supplemented
with 10% FBS. Negative control (NC) was culture flasks with culture
medium supplemented with 10% FBS in the absence of anymaterial
(untreated controls). Positive controls were treated with doxoru-
bicin (0.3 mgmL�1) for 4 h. Cytochalasin-B (CytB) was added to the
CHO-K1 cultures at a final concentration of 5 mgmL�1 and left for
20 h. After treatments, the cultures werewashed with PBS solution,
trypsinized and centrifuged for 5min at 406� g. The pellet was
then resuspended in cold hypotonic solution (0.3% KCl, w/v) for
3min. Cells were fixed twice with methanol:glacial acetic acid (3:1,
v/v), four drops of formaldehyde, and then homogenized carefully.
The cell suspensions were dripped on a slide with a film of distilled
water at 4 �C. The slides were stained with 5% Giemsa solution
diluted in phosphate buffer (Na2HPO4 0.06mol L�1, KH2PO4

0.06mol L�1 e pH 6.8) for 7min, washed with distilled water, air
dried and examined by light microscopy (400�magnification).

Five hundred (500) of viable cells were scored to determine the
frequency of cells with 1, 2, 3 or 4 nuclei. The nuclear division index
(NDI) was calculated using the formula:
[NDI ¼ M1 þ 2(M2) þ 3(M3) þ 4 (M4)/N], where M1eM4
represents the number of cells with 1e4 nuclei, respectively, and N
is the total number of viable cells scored [43]. The frequency of
binucleated cells with micronuclei (MNBCF) and the total fre-
quency of micronuclei (MF) were scored in 1000 binucleated cell
for each treatment. At least 3 experiments were conducted for each
analyzed parameter. The results were expressed as mean and
standard error (SE). The Shapiro-Wilk test was used to assess the
normality of the data and Levene's test for homogeneity. For XTT
and Comet assay one-way ANOVA test followed by Tukey's test
were applied to the data. In addition, the data from treated groups
were compared with the negative control (Dunnett's test). For
CBMN assay, the non-parametric Kruskal-Wallis test was applied,
followed by Dunn's test. Graphpad Prism 6.0 was used to perform
the statistic tests. Differences were considered statistically signifi-
cant when p< 0.05.
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