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ABSTRACT: Phthalimide derivatives containing furoxanyl
subunits as nitric oxide (NO)-donors (3a−g) were designed,
synthesized, and evaluated in vitro and in vivo for their
potential uses in the oral treatment of sickle cell disease
symptoms. All compounds (3a−g) demonstrated NO-donor
properties at different levels. Moreover, compounds 3b and 3c
demonstrated analgesic activity. Compound 3b was deter-
mined to be a promising drug candidate for the aforemen-
tioned uses, and it was further evaluated in K562 culture cells
to determine its ability to increase levels of γ-globin expression.
After 96 h at 5 μM, compound 3b was able to induce γ-globin
expression by nearly three times. Mutagenic studies using
micronucleus tests in peripheral blood cells of mice
demonstrated that compound 3b reduces the mutagenic
profile as compared with hydroxyurea. Compound 3b has emerged as a new leading drug candidate with multiple beneficial
effects for the treatment of sickle cell disease symptoms and provides an alternative to hydroxyurea treatment.

■ INTRODUCTION
Sickle cell disease (SCD) is themost prevalent hereditary chronic
hemolytic anemia worldwide. It has been hypothesized that the
disease appeared as a form of resistance to malaria in endemic
regions of Africa.1 This autosomal recessive disease is
characterized by a punctual mutation (GTG to GAG) at the
sixth codon of the β-globin gene that leads to the substitution of
glutamic acid to valine residue in the gene for β-globin chain. At
low oxygen tensions, hydrophobic interactions of β-chains
induce hemoglobin polymers form in sickle cell human
hemoglobin (HbS). The formation of these polymers,
aggravated by the constant process of HbS oxygenation and
deoxygenation, initiates by homogeneous nucleation which
progress to a heterogeneous nucleation characterized by the
formation of crystals and tactoids. These polymers can change
the structures of red blood cells (RBCs) into rigid irregularly
shaped cells, causing intravascular hemolysis and releasing of
hemoglobin and arginase into the plasma.2 The arginase is the
enzyme that converts arginine into ornithine and urea, reducing

the plasma concentration of arginine that acts as a substrate for
endothelial nitric oxide synthase to produce nitric oxide (NO).
The released hemoglobin also kidnaps endothelial nitric oxide
(NO), contributing to vasoconstriction in affected patients.3

Vaso-occlusion is a common phenomenon involved in major
clinical symptoms of SCD including: ischemia, painful crisis,
acute chest syndrome, and strokes. The process initiates by an
increased RBC adhesion to venular endothelium due interactions
between α4β1/vascular cell adhesion molecule 1 (VCAM-1).
Studies have demonstrated that RBC containing HbS present
higher adhesion to venular endothelium than RBC from healthy
individuals.4 In addition, leukocytes−endothelium interactions
contribute to the heterocelullar aggregation (white blood cells
and sickle cells), resulting in obstruction and local hypoxia.White
blood cells contribute to endothelial inflammation in micro-
vasculature. Chronic inflammatory character is maintained by
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constant injury caused by sickle cell aggregates to the vascular
endothelial wall.5−7 All of these factors contribute to vaso-
occlusive phenomena. Strategies which increase γ-globin
expression and consequently HbF can inhibit HbS polymer-

ization. An inverse relationship between HbF increased and
mortality reduction of SCD patients has been described.5

Pain is the main complication reported by SCD patients;8

acute pain is the main cause of morbidity and the common cause

Scheme 1. Structural Planning Using Molecular Hybridization

Scheme 2a

aReagents and conditions: (a) NaNO2, CH3COOH, 0 °C, 24 h, 90%; (b) SOCl2, 25 °C, 24 h, 45%; (c) potassium phthalimide, dimethylformamide,
90 °C, 24 h, 80% d) CH2Cl2, dicyclohexylcarbodiimide, 0 °C, 5−6 h, 42−50%.
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of hospitalization.9,10 High levels of pro-inflammatory cytokines
presented in SCD patients contribute to pain associated with
vaso-occlusive processes.11,12

Currently, the only drug approved by U.S. Food and Drug
Administration (FDA) for treatment of SCD is hydroxyurea
(HU). The beneficial effects of HU are attributed to its ability to
increase the expression of γ chains in HbF.13 After metabolism,
HU is converted to NO, which induces γ-globin gene expression
and fetal hemoglobin production, promoting vasodilatation and
the inhibition of platelet aggregation.14,15 However, despite these
beneficial effects, the drug can cause myelosuppression and
stimulates the production of pro-inflammatory gene expression
and levels of cytokines such as TNFα, IL1A, IL1B, IL6, and
IL8.16,17 Hydroxyurea therapy also fails to treat some individuals,
which justifies the search for new compounds to treat SCD
symptoms.18

Recently, it has been reported that thalidomide (Thal) and
some of its derivatives, such as pomalidomide and lenalidomide,
induce γ-globin mRNA expression and HbF synthesis in vitro
and in vivo in transgenic sickle mice.19−21 Furthermore, these
compounds possess analgesic activity related to inhibition of pro-
inflammatory cytokines.22,23 We reported that thalidomide
derivatives containing organic nitrate esters, as a NO-donor
subunit, demonstrated anti-inflammatory and analgesic activity,
decreasing the levels of pro-inflammatory cytokines such as
TNFα.24

In a continuing effort to develop new drug candidates with
improved pharmacokinetic profiles for treatment of SCD
symptoms, we report here on the design, synthesis, and
pharmacological evaluation of phthalimide derivatives (3a−g),
obtained by molecular hybridization of the prototypes furoxan
(1) and thalidomide (2) (Scheme 1). The furoxan subunit was
selected because of its ability to generate different levels of
NO.25,26 This approach aims to combine enhanced analgesic
activity and NO-donor capacity in the same molecule to act in
multiple SCD pathways.

■ RESULTS

Chemistry. The synthetic preparation of phthalimide
derivatives (3a−g) is summarized in Schemes 2 and 3.
Compound 3a was obtained in three synthetic steps, with an
overall yield of 32.4%.27 Cinnamic alcohol (4) reacted with
sodium nitrite in acetic acid medium to give 3-(hydroxymethyl)-
4-phenyl-1,2,5-oxadiazole 2-oxide (5); this compound was
converted to alkyl chloride (6), which in the last step reacted
with potassium phthalimide to give compound 3a (Scheme 2).
Phthalimide derivatives (7a−c) were prepared by using

coupling reactions of phthalic anhydride with functionalized
amino derivatives, with variable yields of 68%−91%. The last step
required to obtain compounds 3e, 3f, and 3g involved coupling
reactions of phthalimide derivatives with compound (5), with
variable overall yields of 28.5−39% (Scheme 2).

Scheme 3a

aReagents and conditions: (a) CH3COOH, 130 °C, 3 h, 24%; (b) aniline, 130 °C, 3 h, 90%; (c) HOSO2Cl, PCl3, 50 °C, 45 min, 80%; (d) CH2Cl2,
triethylamine, rt, 2 h, 46%; (e) p-aminobenzoic acid, CH3COOH, 130 °C, 3h, 91%; (f) SOCl2, dimethylformamidecatalytic amount, 60 °C, 4h, 90%; (g)
CH2Cl2, triethylamine, rt, 2 h, 40%.
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The compound 4-(2-aminoethoxy)-3-(phenylsulfonyl)-1,2,5-
oxadiazole 2-oxide (9) (Scheme 3) was synthesized according to
procedures described by Sorba and co-workers.28 Compound 3b
was prepared through a condensation reaction of phthalic
anhydride (8) and compound 9 in acetic acid at 130 °C, with a
24% yield after purification (Scheme 3). In this reaction, as
previously described by Gasco, the furoxan ring suffers a thermal
isomerization process, yielding the 4-phenylsulfonyl isomer (3b)
(Scheme 3), according to the analyses of HMBC experi-
ments.29−31

Compounds 3c and 3d were obtained through condensation
of phthalimide derivatives (10 and 11) with furoxan (9), using
coupling reactions in dichloromethane, with global yields of,
respectively, 34.6% and 21.8% (Scheme 3). The structures of all
compounds were established by mass spectroscopy, elemental
analysis, IR spectroscopy, and 1H and 13C NMR. All compounds
were analyzed by HPLC, and their purities were confirmed to be
over 98.5%.
Detection of Nitrite (Griess Reaction). The nitrite produced

by all compounds (3a−g) from the oxidative reaction of nitric
oxide, oxygen, and water was measured using the Griess reaction
procedure.28,32 The extent of thiol-induced NO generation was
determined after incubation for 1 h in the presence of a large
excess of L-cysteine (1:50). The results, expressed as percentage
nitrite (NO2

−; mol/mol), are summarized in Table 1.

All compounds (3a−g) were capable of inducing nitrite
formation at levels of 9.5−28.2%. Isosorbide dinitrate (DNS),
used as the control, induced 11.6% nitrite formation. From a
structural point of view, we observed a clear relationship between
furoxan substitutions and NO-release capability. Derivatives with
electron-withdrawing substituents at the 3-position, i.e., 3-
phenylsulfonyl-substituted derivatives 3c and 3d, released the
most NO while the 3-alkyl-substituted furoxans, i.e., 3a−b and
3e−g, released the least NO in these experimental conditions.
Biology. Antinociceptive Activity. The antinociceptive

profiles of compounds 3a−g were evaluated using acetic acid-
induced abdominal constrictions in mice.33 All compounds were
administered orally at a dosage of 100 μmol/kg (Figure 1).
Compound 3b was the most active antinociceptive compound,
reducing the acetic acid-induced abdominal constrictions by
43%. Compound 3c showed antinociceptive activity similar to
that of the control, dypirone (Dyp), which was administered at
the same dose as that of the phthalimide derivatives.
Hydroxyurea and saline, used as control, did not demonstrate
analgesic activity (data not shown). Compounds 3a and 3d−g
demonstrated low protection of acetic acid-induced abdominal

constrictions (Figure 1) as compared with the effects of
compounds 3b and 3c.

Quantitative Real Time Polymerase Chain Reaction and
Gene Expression Analysis. γ-Globin mRNA levels in K562 cells
induced by compound 3b were measured at different times (24,
48, 72, and 96 h) and concentrations (5, 30, 60, and 100 μM)
(Figure 2). After 24 h, compound 3b was able to induce γ-globin
gene expression at a concentration of 5 μM. The compound also
was able to induce nearly a 3-fold (2.8×) increase in γ-globin
gene expression after 96 h at 5 μM as compared with levels in
control cells (Ctrl; Figure 2). K562 cells were incubated with HU
(5 and 100 μM) for different durations (24, 48, 72, and 96 h);
HU was able to induce a nearly 2-fold (1.77×) γ-globin gene
expression after 96 h of treatment at a concentration of 100 μM
as compared with K562 control cells (Ctrl-HU); HU did not
increase the γ-globin gene expression at concentrations of 5 μM
(data not shown).
The β-soluble guanilate cyclase (sGC) subunit gene

expression (RT-PCR) induced by compound 3b in K562 cells
occurred only at times in which γ-globin also increased during the
treatment. We analyzed the data collected at different times (24,
48, 72, and 96 h) and with different concentrations of compound
3b (5 and 30 μM) and found that compound 3b was not able to
induce the expression of β-sGC gene relative to levels in K562
control cells (Ctrl) under any combination of tested conditions
(Figure 3).

Evaluation of Mutagenicity Using a Micronucleus Test in
Peripheral Blood Cells of Mice. Mutagenicity induced by HU
and compound 3b after oral administration at different
concentrations (25, 50, and 100 mg/kg) were evaluated in vivo
using a micronucleus test in the peripheral blood cells of mice.34

At 25 mg/kg, the average frequencies of micronucleated
reticulocytes (MNRETs) induced by HU and compound 3b
were, respectively, 9.9 ± 2.47 and 4.0 ± 1.4; at 50 mg/kg, the
average MNRET frequencies were, respectively, 15.0 ± 7.9 and
5.5 ± 0.54; at 100 mg/kg, HU showed an average MNRET
frequency of 33.7 ± 10.7, while that of compound 3b was 6.7 ±
1.8 (Figure 4), indicating that compound 3b is less mutagenic
than HU.

■ DISCUSSION
Despite efforts to develop new drugs for treating SCD
symptoms, HU still remains as the only drug approved by the
regulatory agency U.S. FDA. Beneficial effects of HU include: (a)
increase γ-globin expression and fetal hemoglobin concentration,
(b) decreased platelet and white cells counts, and (c) changed

Table 1. NO Release Data

compd % NO2
− (mol/mol)a,b L-Cys 50 × 10−4 M

DNSc 11.6 ± 0.4
3a 14.8 ± 0.2
3b 9.5 ± 0.9
3c 28.1 ± 0.1
3d 28.2 ± 0.2
3e 9.7 ± 0.5
3f 10.6 ± 0.1
3g 13.2 ± 0.8

aAll values are mean ± SEM. bDetermined by Griess reaction, after
incubation for 1 h at 37 °C in pH 7.4 buffered water, in the presence of
1:50 molar excess of L-cysteine. cDNS: isosorbide dinitrate (DNS
possesses two ONO2 groups that may release NO).

Figure 1. Antinociceptive effect of Thal, Dyp, and studied compounds
(3a−g) (all in doses of 100 μmol/kg, po) in the 0.6% acetic acid
(AcOH)-induced abdominal constrictions observed for 20 min after the
administration of acetic acid. Data are expressed as the inhibition
percentage of total writhings calculated from eight animals. *P < 0.01
(ANOVA followed by Dunnett’s test).
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expression of adhesion molecules.35,36 However, some adverse
effects of HU, such as myelosuppression and genotoxicity, can
limit its use in long-term therapy.37,38 In addition, many patients
fail to respond to HU therapy, thus justifying the search for new
compounds which are able to induce fetal hemoglobin in SCD
patients.39

Metabolic activity bioconverts HU to NO, which has several
beneficial roles in the treatment of SCD, including increased γ-
globin gene expression, inhibition of platelet aggregation, and
vasodilatation. On the basis of the discovery that individuals with
SCD present reduced plasmatic levels of NO, it was proposed
that NO-supplementation therapies might ameliorate some SCD
symptoms.40−42 The severity and duration of crisis by NO
inhalation is still controversial in SCD.43,44 An increase in NO
levels can also reverse the adhesive properties of neutrophils, thus
decreasing vaso-occlusive phenomena in SCD patients.45

Furthermore, NO donors, such as organic nitrate esters, S-
nitrosocysteine, and deta-NONOate, can increase γ-globin
mRNA in K562 cells.46 We have previously reported that
organic nitrate esters with NO-donor capacity could represent a
new approach to SCD treatment. However, we observed no
differences in the levels of NO donation among all thalidomide
derivatives.24 To improve NO-donor capacity, we designed and
synthesized a series of phthalimide analogues containing the
1,2,5-oxadiazole-2-oxide (furoxan) NO-donor subunit (Scheme
1). The NO-donation properties of furoxan derivatives are well
established in the literature.26 The compounds 3a−g demon-

strated different levels of NO-donor ability, as measured by the
generation of nitrite in the medium using the Griess reaction.
Compounds 3c and 3d, containing the 3-phenylsulfonylfuroxan
subunit, were the most potent inductors of nitrite formation,
yielding 28.1% and 28.2% NO2

− (mol/mol), respectively.
Compounds 3a−b and 3e−g were capable of inducing nitrite
formation at concentrations of 9.5−14.8% NO2

− (mol/mol).
From a patient’s perspective, acute pain is the most common

complication of SCD, with a lifetime prevalence of greater than
95%.47 An important relationship exists between inflammation
and pain: patients with SCD present overexpression of pro-
inflammatory cytokines, which activates the vascular endothe-
lium, compromises vascular integrity, and increases the
expression of adhesion molecules by activated leukocytes.
Although the exact relationship between pain and vaso-occlusion
is still unclear, it has been shown that cytokines such as TNFα
play an important role in this process. The inhibition of TNFα by
Thal was demonstrated to be responsible for the antinociceptive
effect in a writhing-response model using mice.48 Indeed, our
previous results demonstrate that phthalimide derivatives
containing NO-donor subunits are able to reduce TNFα levels
in adult knockout−transgenic sickle cell mice at levels
comparable to dexamethasone, which was used as a control.24

Paradoxically, HU induced the formation of the pro-inflamma-
tory cytokine TNFα in vivo. Laurence and co-workers have
describedHU-induced production of gene expression and of pro-
inflammatory cytokines such as TNFα, IL-1, and IL-8.16 To

Figure 2. γ-Globin gene expression (RT-PCR) using K562 cells induced by compound 3b at different times (24, 48, 72, and 96 h) and different
concentrations (5, 30, 60, and 100 μM). The concentration of HU used was 100 μM at different times of treatment. Result is expressed as mRNA levels
of γ-globin gene, normalized according β-actin and GAPDH expressions. Values represent mean ± SEM (n = 5) and are representative of five
independent experiments. ** P < 0.01 and *p < 0.05 compared with Ctrl (vehicle: DMSO). # p < 0.05 compared with Ctrl-HU (vehicle: water).
(ANOVA followed by Dunnett’s test).
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characterize the analgesic activity of compounds 3a−g, we
evaluated their effects after oral administration (100 μmol/kg)by
using a mouse model of acetic acid-induced abdominal
constriction.33 The most active compounds, 3b and 3c, reduced
acetic acid constrictions by 43% and 36%, respectively. This
effect seems to be related to TNFα inhibition by these
compounds (unpublished results).
Considering these results, we selected compound 3b for

further evaluation of its ability to induce γ-globin expression in
K562 cells. γ-Globin and α-globin constitute part of the fetal
hemoglobin tetramer present during fetal development. After the
postnatal period, HbF is gradually replaced by HbA (α2β2) in

healthy individuals. The beneficial effects of HU are associated
with its capacity to increase γ-globin gene expression and
consequently fetal hemoglobin. Activation of soluble guanylate
cyclase (sGC) by NO up-regulates γ-globin gene transcription in
erythroid cell lines and primary erythroblasts. The increase in
cGMP levels by NO in erythroid cells is one proposed
mechanism for HbF induction.49 We observed in our experi-
ments with K562 cells that HU increases γ-globin gene
expression only after 96 h of treatment at 100 μM (Figure 2).
Compound 3b was able to induce γ-globin gene expression after
treatments of 24 h at 30 μM. At 96 h at 5 μM, compound 3b was
able to induce nearly a three-time γ-globin gene expression as
compared with controls. We determined gene-expression levels
of human sGC α and β subunits by qRT in K562 cells which had
received compound 3b treatments. However, the α subunit
showed no gene expression in our K562 cells, although a positive
control of gene expression by the α subunit in PC-3 cells (ATCC
no. CRL-1435) was used to confirm the primer's integrity. The β
subunit was expressed at lower levels during treatment with
compound 3b as compared with K562 controls at every
treatment time. Conran and co-workers showed that sGC
mRNA expression was not significantly higher in reticulocytes of
sickle cell anemia patients than in the reticulocytes of control
individuals; however, they found that treatment of red blood cells
with NO-donor sodium nitroprusside (SNP) resulted in
enhanced cGMP production by endogenous sGC in both
normal and sickle red blood cells.49 Thus, new experiments will
be necessary to evaluate whether compound 3b alters the NO/
sGC pathway. Curiously, Aerbajinai and co-workers have
demonstrated that Thal also induces γ-globin expression in a
dose-dependent manner by increasing the concentration of
reactive oxygen species (ROS); they have proposed that the
mechanism for increased ROS is related to the p38 mitogen-
activated protein kinase (MAPK) signaling pathway and histone

Figure 3. β-sGC subunit gene expression (RT-PCR) was evaluated in K562 cells induced by compound 3b at different times (24, 48, 72, and 96 h) and
different concentrations (5, 30 μM).We analyzed these times and concentrations because it was where γ-globin gene expression was increased compared
with K562 control (Ctrl). Result is expressed as mRNA levels of β-GCs gene, normalized according β-actin and GAPDH expressions. Values represent
mean ± SEM (n = 5) and are representative of five independent experiments. ** p < 0.01 and *p < 0.05 (Mann−Whitney) compared with Ctrl.

Figure 4.Average frequency of micronucleated reticulocytes (MNRET)
and standard deviation of 1000 cells obtained frommice treated with the
positive control cyclophosphamide (50 mg/kg), CMC/Tween
(negative control), hydroxyurea (HU), and compound 3b (25, 50,
and 100 mg/kg). *p < 0.05 (compared to negative control), **p < 0.05
(compared to the compound 3b), ***p < 0.05 (compared to the
negative control, hydroxyurea, and compound 3b).
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H4 acetylation.19 Further studies using the Thal derivatives
pomalidomide and lenalidomide demonstrated that these drugs
also induce HbF expression by modulating erythroid differ-
entiation in CD34+ progenitor cells. The HbF synthesis
induction seems to be related to modification of the chromatin
structure that results from histone H3 acetylation.20

We also evaluated the mutagenicity induced by compound 3b
using a micronucleus test in the peripheral blood cells of mice.
Compound 3b demonstrated a reduced ability to induce
mutagenicity as compared with HU. Although exposure to NO
has been reported to cause mutagenic and carcinogenic effects
because of the formation of N-nitroso compounds and the
formation of oxidative species such as peroxynitrite and peroxide
anions, the few reports existing in the literature show that furoxan
derivatives with NO-donor ability demonstrate reduced
induction of mutagenicity.50−53

Taken together, these results show that hybrid furoxan
derivatives combining NO-donor ability, analgesic activity, and
the capacity to induce γ-globin expression with reduced
mutagenicity could provide an alternative to HU therapy, thus
representing a new approach to the development of molecules to
treat SCD symptoms.

■ CONCLUSIONS
A novel series of phthalimide derivatives (3a−g), containing a
furoxanyl-moiety as NO-donor subunit, was synthesized and
characterized by elemental analysis, IR spectroscopy, and 1H and
13C NMR. All compounds demonstrated NO-donor properties.
Compounds 3b and 3c were the most active analgesic molecules
developed in the study, reducing acetic acid-induced abdominal
constrictions by 43% and 36%, respectively. Compound 3b was
able to increase γ-globin gene expression by nearly three times
after 96 h at 5 μM, while HU did not demonstrate any activity at
these conditions. In addition, at doses of 100 mg/kg, compound
3b demonstrated reduced mutagenic activity as compared with
HU, as determined by amicronucleus test in the peripheral blood
cells of mice. Compound 3b, which contains a furoxan subunit,
has emerged as a novel and leading drug candidate for the
treatment of SCD symptoms.

■ EXPERIMENTAL SECTION
General. Melting points were measured with an electrothermal

melting-point apparatus (SMP3, Bibby Stuart Scientific) in open
capillary tubes and are uncorrected. Infrared spectra (KBr disk) were
produced on an FTIR-8300 Shimadzu and the frequencies expressed in
cm−1. 1H NMR and 13C NMR spectra were scanned on a Bruker DRX-
400 (400MHz)NMR spectrometer using DMSO-d6 or acetone-d as the
solvent. Chemical shifts were expressed in parts per million (ppm)
relative to tetramethylsilane. Elemental analyses (C, H, and N) were
performed on a Perkin-Elmer model 240C analyzer, and the data were
within±0.4% of the theoretical values. HPLC analysis was performed on
a Shimadzu LC-10AD chromatograph equipped with a model SPD-10A
UV−Vis detector (Shimadzu). All compounds were analyzed by HPLC,
and their purity was confirmed to be greater than 98.5%. The
compounds were separated on a reversed phase C18 column (5 μm
particle, 250 mm × 4.6 mm I.D.) Shimadzu Shim-pack CLC-ODS (M).
HPLC-grade solvents (acetonitrile, methanol, acetic acid, and toluene)
were used in the analyses and were bought from a local supplier. The
progress of all reactions was monitored by TLC, which was performed
on 2.0 × 6.0 cm2 aluminum sheets precoated with silica gel 60 (HF-254,
Merck) to a thickness of 0.25 mm. The developed chromatograms were
viewed under UV light (265 nm) and treated with iodine vapor. Merck
silica gel (70−230 mesh) was used for preparative column
chromatography. Reagents and solvents were purchased from
commercial suppliers and used as received.

Compounds 3a, 5, 7a−c, 9, 10, and 11 were synthesized according to
a previously described methodology.54−57 Compound 8 was purchased
commercially.

Preparation of Compound (3b). Amixture of 4-(2-aminoethoxy)-3-
(phenylsulfonyl)-1,2,5-oxadiazole 2-oxide (9) (0.23 g, 0.6 mmol),
phthalic anhydride (8) (0.09 g, 0.6 mmol), and 7 mL of acetic acid was
stirred under nitrogen at 140 °C for 2 h. The compound (3b) was
isolated by the addition of 4 mL of ice−water. The pH was adjusted to
7.0 using sodium hydroxide solution 20%. Then, 20 mL of ethyl acetate
was added. The aqueous phase was washed twice with 20 mL of ethyl
acetate. The organic phase was dried with sodium sulfate or magnesium
sulfate. After filtration, the organic phase was concentrated under
reduced pressure to produce a brown powder.

If necessary, the samples were further purified with silica gel column
chromatography, using hexane:ethyl acetate (6:4) as the mobile phase.
After, this compound was purificated by silica gel column chromatog-
raphy, using hexane:ethyl acetate (60:40) as the mobile phase to give the
compound (3b) as a white powder.

4-[2-(1,3-Dioxo-1,3-dihydro-2H-isoindol-2-yl)ethoxy]-3-(phenyl-
sulfonyl)-2-N-1,2,5-oxadiazole (3b). Yield 24%; mp 136−139 °C. IR
νmax (cm

−1; KBr pellets): 3059 (C−H aromatic), 2933 (C−H), 1778
and 1720 (CO imide), 1620 and 1548 (CN furoxan), 1600 and
1460 (CC aromatic), 1358 (N−O). NMR 1H (400MHz, acetone-d6)
δ: 8.01 (2H; dd, Jortho = 7.4 Hz and Jmeta = 1.3 Hz), 7.92 (4H; m), 7.82
(1H; ddd, Jortho = 7.4 Hz and Jmeta = 1.3 Hz), 7.66 (2H; dd, Jortho = 7.4 Hz
and Jmeta = 1.3 Hz), 4.77 (2H; t, J = 5.41 Hz), 4.22 (2H; t, J = 5.41 Hz)
ppm. 13C NMR (100 MHz, acetone-d6) δ: 168.41, 156.48, 136.36,
135.00, 132.87, 130.37, 129.17, 123.77, 95.44, 68.76, 36.78 ppm.
Calculated for C18H13N3O7S: C, 52.05; H, 3.15; N, 10.12. Found: C,
52.3; H, 3.19; N, 10.5.

General Procedure for the Synthesis of Compounds (3c−d). A
mixture of 4-(2-aminoethoxy)-3-(phenylsulfonyl)-1,2,5-oxadiazole 2-
oxide (9) (0,1 g, 0.35 mmol), 48 μL of triethylamine (0.35 mmol), and 5
mL of anhydrous dichloromethane was stirred at room temperature
under nitrogen for 10 min. Further, sulfonyl chloride (10) (0.1 g, 0.31
mmol) or acyl chloride (11) was slowly added. The reaction, under
nitrogen, was stirred for more 2 h. The solvent was evaporated at
reduced pressure, and the compounds were purified by silica gel column
chromatography, using hexane:ethyl acetate (60:40) as themobile phase
to give the compounds (3c and 3d).

4 - [ 2 - ( 1 , 3 - D i o x o - 1 , 3 - d i h y d r o - 2H - i s o i n d o l - 2 - y l - N -
phenylbenzenosulfonamide)ethoxy]-3-(phenylsulfonyl)-2-N-1,2,5-
oxadiazole (3c). Yield 46%; mp 144−148 °C. IR νmax (cm

−1; KBr
pellets): 3300 (N−H aromatic), 3059 (C−H aromatic), 2925 and 2854
(C−H), 1745 and 1718 (CO imide), 1629 (CN furoxan), 1560
and 1464 (CC aromatic), 1389 (C−N−C), 1363 (N−O). 1H NMR
(400 MHz, acetone-d6) δ: 8.13 (2H; m), 8.08 (2H; m), 8.30−7.95 (4H;
m), 7.89 (1H; ddd), 7.82 (2H; dd), 7.76 (2H; ddd), 4.6 (2H; t), 3.53
(2H; q) ppm. 13C NMR (100 MHz, acetone-d6) δ: 167.39, 159.96,
136.70, 135.64, 132.76, 130.72, 129.51, 128.37, 128.09, 124.37, 100.83,
70.81, 42.41 ppm. Calculated for C24H18N4O9S2: C, 50.52; H, 3.18; N,
9.82; O, 25.24; S, 11.24. Found: C, 50.73; H, 3.33; N, 10.03.

4 - [ 2 - ( 1 , 3 - D i o x o - 1 , 3 - d i h y d r o - 2H - i s o i n d o l - 2 - y l - N -
phenylbenzenocarboxamide)ethoxy]-3-(phenylsulfonil)-2-N-1,2,5-
oxadiazole (3d). Yield 40%; mp 137−140 °C. IR νmax (cm

−1; KBr
pellets): 3303 (N−H imide), 3059 (C−H aromatic), 2923 and 2852
(C−H), 1784 and 1718 (CO imide), 1560 (CN furoxan), 1606,
1560, and 1464 (CC aromatic), 1380.9 (N−O). 1HNMR (400MHz,
acetone-d6) δ: 8.16−8.21 (2H; m), 8.04−8.09 (2H; m), 7.94−8.00 (4H;
m), 7.81 (1H; ddd), 7.67−7.72 (2H; ddd), 7.59−7.63 (2H; ddd), 4.71
(2H; t), 3.95 (2H; q) ppm. 13C NMR (100 MHz, acetone-d6) δ: 167.4,
160.0, 136.80, 135.32, 131.8, 132.8, 130.5, 129.7, 128.66, 128.13, 124.44,
100.9, 70.77, 42.38 ppm. Calculated for C25H18N4O8S: C, 56.18; H,
3.39; N, 10.48. Found: C, 56.44; H, 3.42; N, 10.62.

General Procedure for the Synthesis of Compounds (3e−g). A
mixture of previously selected phthalimide derivatives (7a−c) (1.3
mmol), 3-(hydroxymethyl)-4-phenyl-1,2,5-oxadiazole 2-oxide (5) (1.5
mmol), dicyclohexylcarbodiimide (1.3 mmol), dimethylaminopyridine
(0.13 mmol), and 15 mL of anhydrous dichloromethane was stirred
under nitrogen at 0 °C for 5 h. After, the solvent was evaporated at
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reduced pressure and the compounds were purified by silica gel column
chromatography, using hexane:ethyl acetate (60:40) as themobile phase
to give the compounds (3e−g) with variable yields (42−50%).
3-({[2-(1,3-Dioxo-1,3-dihydro-2H-isoindol-2-yl)benzoyl]oxy}-

methyl)-2-hydroxy-4-phenyl-)-2-N-oxide-1,2,5-oxadiazole (3e). .
Yield 42%. IR νmax (cm

−1; KBr pellets): 3084 (C−H aromatic), 2933
and 2861 (C−H), 1786−1718 (CO imide), 1730 (CO), 1598
(CN furoxan), 1560−1450 (CC aromatic), 1318 (C−N−C), 1356
(N−O). 1HNMR (400MHz, DMSO-d6) δ: 8.05 (1H; dd, Jortho = 7.7 Hz
and Jmeta = 1.4 Hz), 7.95 (2H; H16), 7.91−7.81 (7H; m, H1, H2, H17
and H18), 7.7 (1H; H7), 7.63 (1H; H8), 7.56 (1H; H6), 5.2 (1H; s,
H12) ppm. 13C NMR (100 MHz, acetone-d6) δ: 167.9, 165.23, 157.99,
135.7, 134.84, 134.18, 133.03, 132.54, 131.77, 130.35, 130.17, 130.10,
128.73, 128.60, 124.35, 112.22, 56.06 ppm. Calculated for C24H15N3O6:
C, 65.31; H, 3.43; N, 9.52. Found: C, 65.5; H, 3.47; N, 9.71.
3 - ( { [ 5 - ( 1 , 3 -D io xo -1 , 3 -d i hyd ro -2H - i s o i ndo l - 2 - y l ) - 2 -

hydroxybenzoyl]oxy}methyl)-2-N-oxide-4-phenyl-1,2,5-oxadiazole
(3f). . Yield 50.4%; mp 153−157 °C. IR νmax (cm

−1; KBr pellets): 3058
(C−H aromatic), 2925 and 2837 (C−H), 1786 and 1715 (CO
imide), 1724 (CO), 1598 (CN furoxan), 1494 and 1450 (CC
aromatic), 1381 (C−N−C), 1356 (N−O). 1H NMR (300 MHz,
DMSO-d6) δ: 8.1 (2H; m, H1 and H2), 7.97 (1H; dd, H16), 7.9 (1H;
dd, H10), 7.8 (2H; m, H17 and H18), 7.4 (1H; dd, H7), 5.1 (1H; s,
H12) ppm. 13C NMR (100 MHz, DMSO-d6) δ: 168.00, 158.00, 134.5,
132.31, 130.4, 130.00, 128.92, 128.03, 123.5, 115.00, 55.00 ppm.
Calculated for C24H15N3O7: C, 63.02; H, 3.31; N, 9.19. Found: C, 63.4;
H, 3.34; N, 9.16.
3-({[3-(1,3-Dioxo-1,3-dihydro-2H-isoindol-2-yl)benzoyl]oxy}-

methyl)-2-N-oxido-4-phenyl-1,2,5-oxadiazole (3g). . Yield 48%; mp
150−153 °C. IR νmax (cm

−1; KBr pellets): 3084 (C−H aromatic), 2927
and 2850 (C−H), 1786 and 1717 (CO imide), 1724 (CO), 1573
(CN furoxan), 1560 and 1450 (CC aromatic), 1381 (C−N−C),
1356 (N−O). 1H NMR (300 MHz, DMSO-d6) δ: 7.87 and 8.1 (2H; m,
H1 andH2), 7.2 and 7.8 (7H;m,H6, H7, H8, H10, H16, H17 andH18),
5.4 (1H; s, H12) ppm. 13C NMR (75 MHz, DMSO-d6) δ: 168.00,
158.00, 134.5, 123.5, 115.0, 55.0 ppm. Calculated for C24H15N3O6: C,
65.31; H, 3.43; N, 9.52. Found: C, 65.6; H, 3.6; N, 9.81.
Detection of Nitrite (Griess Reaction). A solution of the

appropriate compound (20 μL) in DMSO was added to 2 mL of a
mixture of 50 mM phosphate buffer (pH 7.4) and methanol (1:1, v:v)
containing 5 mM of L-cysteine. The final concentration of the
compound was 10−4 M. After 1 h at 37 °C, 1 mL of the reaction
mixture was treated with 250 μL of Griess reagent (4 g of sulfanilamide,
0.2 g of N-naphthylethylenediamine dihydrochloride, 85% phosphoric
acid [10 mL] in distilled water [final volume, 100 mL]). After 10 min at
room temperature, the absorbance was measured at 540 nm using a
Shimadzu UV-2501PC spectrophotometer. Standard sodium nitrite
solutions (10−80 nmol/mL) were used to construct the calibration
curve. The yields of nitrite are expressed as % NO2

− (mol/mol). No
production of nitrite was observed in the absence of L-cysteine.28,32

Pharmacology. Drugs and Reagents. The agents used here were
acetic acid and, arabic gum, thalidomide, and dipyrone (Sigma
Chemical). The compounds and standards were used as suspensions
in arabic gum in all experiments.
Animals. Adult male Swiss albino mice (20−35 g) were used in the

experiments. They were housed in single-sex cages under a 12 h light:12
h dark cycle in a controlled-temperature room (22 ± 2 °C). The mice
had free access to food and water. The experiments were performed after
the protocol was approved by the local Institutional Ethics Committee
(CEP/FCFAR/no. 05/2010 and CEP/FCFAR/no. 25/2011). All
experiments were performed in accordance with the current guidelines
for the care of laboratory animals and the ethical guidelines for the
investigation of experimental pain in conscious animals.
Antinociceptive Activity. Analgesic activity was determined in vivo

with the acetic acid-induced (0.6%, 0.1 mL/10 g) abdominal
constriction test in mice.33 Groups of eight Swiss mice of both sexes
(18−23 g) were used in each test group and the control animals. The
compounds were administered orally (100 μmol/kg) as a suspension in
5% arabic gum in saline (vehicle). Dypirone (100 μmol/kg) was used as
the standard drug, administered under the same conditions. Acetic acid

solution was administered ip 1 h after the administration of the
compounds. Ten after the ip acetic acid injection, the number of
constrictions per animal was recorded for 20 min. The control animals
received an equal volume of vehicle. Antinociceptive activity was
expressed as percentage inhibition of the constrictions compared with
those in the vehicle-treated control group. The results are expressed as
means ± SEM of 10 animals per group. The data were analyzed
statistically with Student’s t test at a significance level of P < 0.05.

K562 Cell Culture. Human K562 erythroleukemia cells (ATCC,
Philadelphia, PA, USA) were maintained in Dulbecco’s Modified Eagle’s
Medium (Invitrogen, Carlsbad, CA) supplemented with 10% fetal
bovine serum (Invitrogen), 100 U/mL penicillin (Invitrogen), and 100
μg/mL streptomycin (Invitrogen) in a humidified 5%CO2 atm at 37 °C.
The cells were cultivated in a density of 1× 107cells/100 mL and treated
with the concentrations 5, 30, 60, and 100 μMof compound 3b and 100
μM of HU (Sigma). The samples were collected after 24, 48, 72, and 96
h of treatment.

Quantitative Real-Time Polymerase Chain Reaction and Gene
Expression Analysis. Total RNA was extracted using Trizol reagent
(Invitrogen) according to the manufacturer’s protocol for cell cultures.
cDNA was synthesized from total RNA extracts with Super Script III,
following the manufacturer’s instructions (Invitrogen, Carlsbad, CA).
Synthetic oligonucleotide primers were designed to amplify cDNA for γ-
globin, α-sGC, β-sGC, β-actin (BAC), and glyceraldehyde phosphate
dehydrogenase (GAPDH) genes (Primer Express; Applied Biosystems,
Foster City, CA, USA). The α-sGC and β subunits were evaluated only
at points that showed increased gene expression of γ-globin. For primer
sequences and concentrations, see Table 2. Primers were synthesized by

Invitrogen. All samples were assayed in a 12 μL volume containing 1 ng
of cDNA (3.0 μL), 6.0 μL of SYBR Green Master Mix PCR (Applied
Biosystems), and 3.0 μL of specific primers in a MicroAmp Optical 96-
well reaction plate (Applied Biosystems) using the StepOne Plus
(Applied Biosystems), as previously described. BAC, GAPDH genes
were used as endogenous control. Gene expression was quantified using
the Gnorm program.58 Two replicas were run on the plate for each
sample. Results are expressed as mRNA levels of γ-globin and β-sGC
genes, normalized according to β-actin and GAPDH expressions. Data
were analyzed statistically using the INSTAT software version 3.0.
Results were compared before and after the treatment with ANOVA
followed byDunnett’s test. To compare β-sGC gene expression between
control and treated cells was used Mann−Whitney. P value of less than
0.05 was considered to be statistically significant.

Evaluation of Mutagenicity Using a Micronucleus Test in
Peripheral Blood Cells of Mice. The doses of HU and synthesized
compounds 3b were evaluated (25, 50, and 100 mg/kg) after they were
administered to the animals by gavage. Groups of 10 Swiss mice of both
sexes (25−30 g) were used in each test group and the control animals.
The positive control group receive ip cyclophosphamide (50 mg/kg).
The negative control group received 0.3 mL of 1% carboxymethylcellu-
lose (CMC) suspension and 0.2% Tween by gavage. A group in which
the animals received only water was also used. The laminas were
prestained with acridine orange. After 30 h, the animals were killed to
collect their blood. We counted 1000 reticulocytes per animal and
recorded the frequencies of micronucleated cells. After the cytological

Table 2. Primers Sequences

genes forward and reverse sequences

γ-globin F−5′: TGTGGAAGATGCTGGAGGAGA−3′
R−5′: CAAAGAACCTCTGGGTCCATG−3′

α-sGC F−5′: AAATCAATGTCAGCCCAACA−3′
R−5′: AAACACGAAACCAGGACAGTC−3′

β-sGC F−5′: GCCAGGTTCAAGTAGATGGTG−3′
R−5′: GGCATCCGCTGTCCTATG−3′

BAC F−5′: AGGCCAACCGCGAGAAG−3′
R−5′: ACAGCCTGGATAGCAACGTACA−3′

GAPDH F−5′: GCACCGTCAAGGCTGAGAAC−3′
R−5′: CCACTTGATTTTGGAGGGATCT−3′
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analysis of the laminas containing samples of peripheral blood from the
mice treated with the various drugs, we calculated the average
frequencies of cell micronuclei (and the standard deviations) for each
treatment group. These results were tested with analysis of variance
(ANOVA). When P < 0.05, the average values for the treatments were
compared using the Tukey method, calculating the minimum significant
difference at α = 0.05.
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