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Schistosomiasis is a chronic and debilitating disease caused by a trematode of the genus Schistosoma and affects over 207 million

people. Chemotherapy is the only immediate recourse for minimizing the prevalence of this disease and involves predominately

the administration of a single drug, praziquantel (PZQ). Although PZQ has proven efficacy, there is a recognized need to develop

new drugs as schistosomicides since studies have shown that repeated use of this drug in areas of endemicity may cause a tempo-

rary reduction in susceptibility in isolates of Schistosoma mansoni. Hydrazones, thiosemicarbazones, phthalimides, and thia-

zoles are thus regarded as privileged structures used for a broad spectrum of activities and are potential candidates for sources of

new drug prototypes. The present study determined the in vitro schistosomicidal activity of 10 molecules containing these struc-

tures. During the assays, parameters such motility and mortality, oviposition, morphological changes in the tegument, cytotox-

icity, and immunomodulatory activity caused by these compounds were evaluated. The results showed that compounds formed

of thiazole and phthalimide led to higher mortality of worms, with a significant decline in motility, inhibition of pairing and ovi-

position, and a mortality rate of 100% starting from 144 h of exposure. These compounds also stimulated the production of ni-

tric oxide and tumor necrosis factor alpha (TNF-�), thereby demonstrating the presence of immunomodulatory activity. The

phthalyl thiazole LpQM-45 caused significant ultrastructural alterations, with destruction of the tegument in both male and fe-

male worms. According to the present study, phthalyl thiazole compounds possess antischistosomal activities and should form

the basis for future experimental and clinical trials.

Schistosomiasis is a chronic and debilitating disease caused by a
trematode of the genus Schistosoma and is one of the most

prevalent and neglected diseases of tropical and subtropical re-
gions. This parasitic disease ranks second after malaria in terms of
its public health importance and has a significant economic and
social impact. It is estimated that more than 207 million people
have been infected worldwide, while 779 million people remain at
risk of infection (1–6).

According to the World Health Organization, schistosomiasis
is the cause of more than 200,000 deaths per year in sub-Saharan
Africa, and this may still be an underestimate (5). Schistosoma
mansoni is one of the most common etiological agents of human
schistosomiasis, and the disease is triggered by the inflammatory
granulomatous reaction that occurs during deposition of parasite
eggs in the liver and other host tissues (7).

The eggs released during the progression of schistosomiasis
produce antigens that induce a stronger Th2 response, leading to
the formation of granulomas, whereas the parasite antigen in-
duces a Th1 response, with a predominantly Th1 response being
observed in the acute phase that is replaced by a Th2 immune
response upon egg antigen production (8–10).

Current schistosomiasis treatment is based on the use of prazi-
quantel (PZQ), a pirazylisoquinoline, which is effective against all
Schistosoma species infecting humans (11, 12) and has been suc-
cessfully used over the last 20 years as the drug of choice in most
areas where the disease is endemic (3, 13, 14). Even though PZQ
the antihelminthic drug of choice and despite its advantages,
which include tolerability, safety, efficacy, and low cost, PZQ does

not protect individuals from reinfection and is not active against
the immature stages of the worm, such as the schistosomula and
preadult and juvenile adult stages (13, 15).

Furthermore, the appearance of drug-resistant strains of Schis-
tosoma is a constant concern for public health authorities (16–18).
Hence, the massive use of PZQ in zones of endemicity with the
possibility of the emergence of drug-resistant Schistosoma, com-
bined with the lack of any other effective antischistosomal drug,
requires new effective schistosomicidal compounds to be devel-
oped and further studies to be carried out with a view to develop-
ing alternative therapies that could either replace or complement
the use of PZQ for treatment of S. mansoni infection (4, 13).

It is well known that hydrazones, thiosemicarbazones, and
phthalimides as well as thiazoles are considered privileged struc-
tures as leads in medicinal chemistry (19–21). These core struc-
tures have figured prominently in a vast number of structural
subunits used for a broad spectrum of activities, and the mode of
action of the nuclei of these pharmacophores is usually attributed
to the inhibition of multiple targets. For example, hydrazones and
thiosemicarbazones have been shown to possess antimicrobial,
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anticonvulsant, analgesic, anti-inflammatory, antiplatelet, antitu-
bercular, and antitumor properties, among others (22).

Likewise, hydrazones, thiazolidinone, and their bioisoster thi-
azole derivatives are known for their potential pharmaceutical ap-
plications and possess antimicrobial (23), antischistosomal (24),
antifungal (25), antimalarial (26), herbicidal (27), antiviral (28),
antidiabetic (29), and antioxidant (30) properties. Thiazole deriva-
tives have been used to prepare various drugs that are important
for antimicrobial (31), antibacterial (32, 33), antifungal (32), anti-
inflammatory (34), and antitubercular (35) treatment, and some
of the thiazole derivatives are used as antiprotozoals (36).

On the other hand, phthalimide derivatives, such as thalido-
mide, are known for their immunomodulatory activities, inhibit-
ing the cytokine tumor necrosis factor alpha (TNF-�), interleu-
kins-1� (IL-1�), IL-6, and IL-12, and granulocyte-macrophage
colony-stimulating factor. They also activate the Th1 response, by
increasing gamma interferon (IFN-�) and IL-2, have antiangio-
genic and antiproliferative properties, activate apoptosis, T cells,
and NK cells, and inhibit cell adhesion (37, 38).

With this in mind, we performed a synthesis of a set of molecules
whose structures have a hydrazine and/or thiazole nucleus as a com-
mon group. With a view to ascertaining whether the new thiosemi-
carbazone, phthalyl thiosemicarbazone, phthalyl thiazole, and
phthalyl thiazolidinone pharmacophores are an essential require-
ment for antischistosomal activity, 10 compounds were synthesized,
and their antischistosomal potentials were determined.

The efficacy of the compounds was examined in terms of (i)
schistosome survival, (ii) egg output (oviposition), (iii) motor
activity, (iv) ultrastructural alterations in the tegument of S. man-
soni as determined by scanning electron microscopy (SEM), and
(v) cytotoxicity and immunomodulatory activity induced by these
new compounds on splenocytes and macrophages, respectively.

MATERIALS AND METHODS

Compounds. The compounds 2-(1-phenoxypropan-2-ylideno)thiosemicar-
bazide (LpQM-01), 2-(1-phenoxypropan-2-ylideno)-4-phenylthiosemicarba-
zide (LpQM-02), and 2-(1-phenoxypropan-2-ylideno)-4-methylthiosemicarba-
zide (LpQM-03) were prepared as described by Moreira et al. (39). The
compounds 2-(2-(1,3-dioxoisoindolin-2-yl)ethylidene)-1-methylthiosemicar-
bazide (LpQM-38), (3-methyl-4-oxothiazolidin-2-ylidene)hydrazono)ethyl)
isoindoline-1,3-dione (LpQM-40), 2-(2-(2-(4-(4-fluorophenyl)thiazol-2-yl)
hydrazono)ethyl)isoindoline-1,3-dione(LpQM-43), 2-(2-(2-(4-(4-methoxy-
phenyl)thiazol-2-yl)hydrazono)ethyl)isoindoline-1,3-dione (LpQM-45), and
2-(2-(2-(4-(4-chlorophenyl)thiazol-2-yl)hydrazono)ethyl)isoindoline-1,3-
dione (LpQM-47) were prepared as described by Pessoa et al. (40); compounds
2-(2-(1-(3-bromophenyl)propylidene)hydrazinyl)-4-methoxyphenyl)thiazole
(LpQM-14) and 2-(2-(1-(3-bromophenyl)propylidene)hydrazinyl)-4-(4-nitro-
phenyl)thiazole (LpQM-17) were also used (C. L. Leite and P. A. T. Gomes, un-
published data). All compounds were chemically characterized by nuclear mag-
netic resonance(NMR), infrared,andmassspectraandbyelementalanalysisand
presented purity of �95%. PZQ (catalog no., 4668; bench, BCBD3257V) was
purchased from Sigma-Aldrich (St. Louis, MO, USA).

Parasites and intermediary and definitive hosts. The LE strains (Belo
Horizonte, Minas Gerais, Brazil) of S. mansoni were used throughout this
study. These strains were maintained in Biomphalaria glabrata snails and
Swiss mice, in the laboratory at the Aggeu Magalhães Research Center
(CPqAM) of the Oswaldo Cruz Foundation (FIOCRUZ, PE, Brazil).

Female Swiss mice weighing 20 � 2 g were used as the definitive host
and were infected transcutaneously with about 120 cercariae (LE strain).
The animals were kept in a controlled temperature and light environment
and had access to food and water ad libitum. After 55 days of infection,
adult S. mansoni specimens were recovered from the mice by perfusion,

using the technique developed by Duvall and De Witt (41).The experi-

ments were approved by the Ethics Committee on Animal Use (CEUA),

FIOCRUZ (process number 22/2011).

In vitro assay. S. mansoni worms harvested from Swiss mice were kept

in RPMI 1640 medium (Sigma-Aldrich, St. Louis, MO, USA) buffered to

pH 7.5, supplemented with HEPES (20 mM), 10% fetal bovine serum,

penicillin (100 U/ml), and streptomycin (100 �g · ml�1). Incubation was

carried out at 37°C in a humid atmosphere containing 5% CO2 gas.

LpQM-43, LpQM-45, LpQM-47, and LpQM-14 compounds were dis-

solved in 1.6% dimethyl sulfoxide (DMSO) and used in concentrations

varying from 40 to 100 �g · ml�1; compounds were added to the medium

containing the worms after a 2-h period of adaptation to the culture me-

dium. One pair of adult worms/well was used in this study. The control

worms were assayed in RPMI 1640 medium with 1.6% DMSO as a nega-

tive-control group. All experiments were carried out in five replicates and

were repeated at least three times. The motor activity, egg output (ovipo-

sition), tegumental alterations, and survival of the parasites were moni-

tored every 24 h for 192 h using an inverted microscope (SMZ 1000;

Nikon).

SEM. Male and female worms after in vitro exposure to LpQM-45

compound over a period of 24 and 48 h were fixed overnight at room

temperature with 2.5% glutaraldehyde, 4% formaldehyde, and 0.1 M ca-

codylate buffer at pH 6.8. They were then postfixed in 2% osmium tetrox-

ide (OsO4) in a 0.1 M cacodylate buffer at pH 6.8 for 60 min in the absence

of light at room temperature. The next steps included washing and dehy-

dration in a graded ethanol series for 15 min each. The worms were crit-

ical-point dried using liquid CO2, directly sputter coated with colloidal
gold for 1 min, and examined under a JEOL-5600LV microscope.

Animals used for cytotoxicity and immunological assays. Male

BALB/c mice (6 to 8 weeks old) were raised at the animal facility of the

Oswaldo Cruz Foundation (Rio de Janeiro, Brazil) and maintained at the

animal facility of the Aggeu Magalhães Research Center, Oswaldo Cruz

Foundation, in Recife, Brazil. All mice were euthanized, and their spleens

were removed in accordance with the guidelines of the Oswaldo Cruz

Foundation Commission for Experiments with Laboratory Animals

(Ministry of Health, Brazil, 0266/05).
Spleen cell harvesting. Spleen cells were harvested according to a pre-

vious protocol (42). After the BALB/c mice were euthanized with CO2 gas,
the spleen of each mouse was removed aseptically and placed in a Falcon

tube containing incomplete RPMI 1640 medium with fetal calf serum

(complete medium). In a vertical flow, each spleen was transferred to a

petri dish where it was soaked. The cell suspensions obtained were trans-

ferred to Falcon tubes containing approximately 10 ml of incomplete

medium per spleen and centrifuged at 4°C and 200 	 g for 5 min. After the

supernatant was discarded, distilled water was added to the sediment to

trigger red blood cell lysis. The supernatant (containing no cell debris) was

collected and centrifuged at 4°C and 200 	 g for 5 min. The resulting
sediment (containing cells) was resuspended in complete RPMI 1640 me-

dium. An aliquot of each cell suspension was separated and diluted in

trypan blue for quantification in a Neubauer chamber, and the viability of

cells was determined.

In vitro cytotoxicity assay. Spleen cells (6 	 105 cells/well), obtained
as described in the previous paragraph, were cultured in 96-well plates

containing RPMI 1640 medium. These cells were incubated with the com-

pounds at six concentrations (1, 5, 10, 25, 50, and 100 �g · ml�1) in the
presence of [3H]thymidine (Amersham Biosciences, USA) (1 �Ci ·
well�1) for 24 h at 37°C and 5% CO2. Cells treated with saponin (0.05%)
were used as a positive control, and cells treated with DMSO (1%) were

used as a negative control. Each drug was tested in triplicate.

The contents of the plate were then harvested to determine [3H]thymi-

dine incorporation using a beta-radiation counter (Wallac 1209; Rackbeta

Pharmacia, Stockholm, Sweden). Compound toxicity was determined by

comparing the percentage of [3H]thymidine incorporation (as an indicator of
cell viability) in treated cells with that in untreated cells. Noncytotoxic con-

centrations were defined as those where [3H]thymidine incorporation was
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30% lower than the level in untreated controls. Six concentrations were also
used for PZQ (1, 5, 10, 25, 50, and 100 �g · ml�1).

Measurement of cytokine levels in macrophage supernatants. Cyto-
kines were quantified in supernatants of macrophage cultures treated in
vitro after 48 h and 72 h with LpQM-43, LpQM-45, LpQM-47, LpQM-14,
and PZQ at 56, 58, 55, 50, and 51 �g · ml�1, respectively (50% cytotoxic
concentration [CC50] in macrophages). As a positive control, cells were
stimulated with the mitogens lipopolysaccharide (LPS at 50 �g · ml�1)
and concanavalin A (ConA at 2.5 �g · ml�1), while for the negative con-
trols, cells did not receive either mitogen or drugs. The levels of the IL-6,
IL-10, IL-12, and TNF-� cytokines were measured using sandwich en-
zyme-linked immunosorbent assays (ELISAs), according to the manufac-
turer’s suggested protocols. The monoclonal antibodies used were the
OptEIA (BD Biosciences) kit, and these were used after titration. Plates
with 96 wells (NalgeNunc International Corp.) were sensitized with spe-
cific anticytokine antibodies (according to the manufacturer’s instruc-
tions) and incubated overnight at 4°C. Cytokine standards were added
after serial dilutions from their initial concentrations (16,000 pg · ml�1).
After a washing step, 50 �l of all samples and standards was added in
duplicate, and the plate was incubated for 2 h at room temperature. The
specific antibodies were then combined with biotin (according to the
manufacturer’s instructions) and incubated for 1 h 30 min at room tem-
perature. Revealer solution containing 2,2-azino-bis(3-ethylbenzothiazo-
line-6-sulfonic acid) diammonium salt (ABTS) was added. The reaction
was blocked with 1 M sulfuric acid, and the reading was carried out on a
spectrophotometer (3550; Bio-Rad, Hercules, CA) at 415 nm. Sample
concentrations were calculated in the linear region of the titration curve of
cytokine standards, and final concentrations were expressed in pg · ml�1,
using Microplate Manager, version 4.0, software (Bio-Rad Laboratories).

In vitro nitrite analysis. Nitric oxide (NO) production was measured
as nitrite (a stable breakdown product of NO) accumulated in the super-
natant of the macrophage culture stimulated with LpQM-43, LpQM-45,
LpQM-47, LpQM-14, and PZQ at 56, 58, 55, 50, and 51 �g · ml�1, respec-
tively (the 50% cytotoxic concentration [CC50] in the macrophages) Dul-
becco’s modified Eagle’s medium (DMEM) supplemented with 10%
heat-inactivated fetal bovine serum and LPS (50 ng · ml�1) were used as
positive and negative controls, respectively.

The Griess indirect method (43) was used, and nitrite levels were
quantified using 50 �l of each supernatant and an equal volume of Griess
reagent [1% sulfanilamide, 0.1% dihydrochloride of N-(1-naphthyl)-eth-
ylenediamine, 2.5% H3PO4], and samples were incubated at room tem-
perature for 10 min. Absorbance was measured on a 540-nm reader (Mul-
tiskan FC; Thermo Scientific) at 540 nm, and the nitrite levels in each
sample after 24 h, 48 h, and 72 h were determined by extrapolation from
a previously determined standard curve.

Statistical analysis. The differences between groups were analyzed
using Mann-Whitney U and Dunnett’s nonparametric tests. All results are
expressed as mean values of groups � standard deviations, and a P value
of 
0.05 was taken to be statistically significant.

RESULTS

Effect of new compounds on adult S. mansoni survival. Ten de-
rivatives containing the pharmacophore phthalimide, thiazole,
thiazolidinone, and thiosemicarbazone nuclei were tested for
schistosomicidal properties (Table 1). Compounds were evalu-
ated at a concentration of 40 to 100 �g · ml�1 every 24 h for a
period of 192 h, and mortality, motility, and alterations in the
integument of the worms were observed. The mortality after 144 h
of exposure at a concentration of 100 �g · ml�1 was initially used
to perform a screening of compounds. Of the tested compounds,
those formed of thiazole and phthalimide led to higher mortality
among worms (Fig. 1). One exception was LpQM-17, a thiazole
derivative that did not kill worms under the conditions cited. We
investigated the action of four compounds, LpQM-43, LpQM-45,

LpQM-47, and LpQM-14, in greater detail, examining the effect of
these compounds on the mortality rate with respect to concentra-
tion and incubation time. Other factors evaluated included
changes in motility and integument and the 50% inhibitory con-
centration (IC50; 50% mortality).

All compounds were tested in concentrations of 5, 10, and 20
�g · ml�1, but they did not cause worm mortality in these concen-
trations (data not shown). Because of this, only concentrations
above 40 �g · ml�1 are described in Table 2. The phthalyl thiazoles
LpQM-45 and LpQM-14 caused 100% worm mortality at concen-
trations of 100 and 80 �g · ml�1 within 144 and 168 h, respectively.
Similarly, the phthalyl thiazoles LpQM-43 and LpQM-47 caused
67% and 95% worm mortality, respectively, in 192 h at a concen-
tration of 100 �g · ml�1 (Table 2). Interestingly, oviposition by
adult worms was not seen with any of the four compounds exam-
ined. All of the worms in the control group remained viable until
the end of the experiment.

As can be seen in Table 3, there was a significant reduction in
motility under the treatment with the LpQM-45 compound at
all concentrations. The LpQM-47 compound brought about a
reduction in motility at all concentrations, and LpQM-14 re-
duced motility at 60 to 100 �g · ml�1. LpQM-43 caused only a
partial reduction in worm motility. Many physiological altera-
tions were observed in adult worms exposed to the new com-
pounds (Table 2). The IC50, the concentration of compound
required to cause 50% mortality of worms, was another param-
eter used to evaluate schistosomicidal activity, and the results
are shown in Table 2.

The activity of compounds was evaluated after 120 h of expo-
sure in terms of changes in motility and the tegument of the
worms and according to the criteria established by Ramirez et al.
(44). According to these criteria, LpQM-43 was considered par-
tially active at a concentration range of 40 to 100 �g · ml�1, while
LpQM-45 and LpQM-47 were considered active at a concentra-
tion of 40 to 100 �g · ml�1, and LpQM-14 was active at a concen-
tration of 60 to 100 �g · ml�1 and partially active at a concentra-
tion of 40 �g · ml�1.

Scanning electron microscope examination. The compound
LpQM-45 caused 100% worm mortality, and it was the most po-
tent of the compounds; therefore, we studied its effects on the
worm morphology.

The tegument surface of male and female S. mansoni worms
after in vitro exposure to LpQM-45 for periods of 24 and 48 h was
examined using scanning electron microscopy (SEM). The worms
exposed to DMSO and to medium alone (controls) were also ex-
amined using SEM. The control male and female worms that were
not exposed to any drugs (negative controls) presented normal
surface membrane topography. The male worms exhibited a large
number of tubercles with typical spines, sensory papillae, oral and
ventral suckers, and no abnormality, and, in the anterior part of
the body, the gynecophoral canal showed no abnormality after 24
and 48 h (Fig. 2A to D). In the female worms, parallel fissures,
tegument spines, and sensory papillae with no abnormality were
observed at 24 and 48 h (Fig. 2E to H).

Exposure of the worms to compound LpQM-45 resulted in
ultrastructural alterations, which were already apparent during
the first period of exposure (24 h), revealing a variety of changes in
the tegument surface. In the male worm, complete destruction of
some tubercles was found, with extensive sloughing and exposure
of the subtegument layer of muscle tissue (Fig. 3A to D). The
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severity of tegument damage was higher in the males after 48 h of

exposure, with an increasing number of tubercles completely de-

structed or eroded, a roughened surface in the same areas, and

disintegration of the tegument in this area, as revealed by higher

magnification (Fig. 3E to H).

The female worms exposed to LpQM-45 showed serious damage,

with extensive sloughing and disintegration of the tegument and expo-

sure and injury of the layer of muscle tissue after 24 and 48 h (Fig. 4).

Cytotoxic activity in splenocytes. After determining the antip-

arasitic activity against S. mansoni worms, we determined the cyto-

toxicity in splenocytes of BALB/c mice for the most potent antipara-

sitic compounds. The evaluation of cytotoxic compounds showed

that LpQM-43, LpQM-45, and LpQM-47 presented nontoxic effects

at concentrations up to 100 �g · ml�1, while LpQM-14 presented

nontoxic effects at concentrations up to 25 �g · ml�1 (Table 2). On

the other hand, PZQ showed higher toxicity in splenocytes (
1 �g ·

ml�1) at all concentrations tested.

TABLE 1 Structure of new thiosemicarbazone analogs used in this study

Analog Structure Compound Identification of R

LpQM-01 OH

Phenoxy-thiosemicarbazones
LpQM-02

LpQM-03 OCH3

Phenyl-thiazoles
LpQM-14

LpQM-17

OOOCH3

ONO2

Phthalyl-thiosemicarbazone LpQM-38

LpQM-47 OCl

Phthalyl-thiazoles LpQM-43 OF

LpQM-45 OOOCH
3

Phthalyl-thiazolidinone LpQM-40

FIG 1 Effects of LpQM compounds on the mortality rate of S. mansoni at a
concentration of 100 �g · ml�1 after 144 h. Compounds are indicated by the
numerical suffix following LpQM.
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Immunomodulatory activity in macrophages treated with
the compounds. The ability of the compounds to stimulate the
secretion of IL-6, IL-10, IL-12, and TNF-� was investigated
through the measurement of these cytokines in the superna-
tants of macrophage cultures. Results are shown in Fig. 5. In
comparison to the untreated cells (negative control), a signifi-

cant (P 
 0.001) production of TNF-� was observed after 48 h
of treatment with the compound LpQM-47. A similar finding
was observed for PZQ-treated cells. After 72 h of treatment,
compounds LpQM-43, LpQM-45, and LpQM-47 caused sig-
nificant TNF-� secretion. In contrast, compound LpQM-14
caused significant TNF-� secretion only after 72 h of treat-

TABLE 2 In vitro effects of LpQM-43, LpQM-45, LpQM-47, and LpQM-14 against adult worms of S. mansoni

Drug Time (h)

Mortality (%) at the

indicated concn (�g/ml)

IC50 (�g/ml)

Cytotoxicity

(�g/ml)a Worm characteristic(s) observed100 80 60 40

LpQM-43 24 13 0 7 0 82.24 �100 Not paired

48 23 3 10 0 84.13 No sucker adherence

72 30 7 10 0 83.53 Absence of eggs

96 37 13 16 0 73.65 Nontransparent blackish tegument

120 40 20 24 0 64.13

144 47 37 29 0 58.01

168 60 40 45 0 55.83

192 67 53 56 53 32.93

LpQM-45 24 5 36 9 32 46.20 �100 Not paired

48 40 41 28 41 19.97 No sucker adherence

72 60 60 57 51 26.36 Absence of eggs

96 70 80 62 56 31.53 Integument morphology altered (nontransparent blackish

tegument, appearance of bubbles)120 90 95 76 61 33.78

144 100 100 90 70 32.09

168 100 100 90 85 25.88

192 100 100 90 95 24.69

LpQM-47 24 5 9 10 5 40.08 �100 Not paired

48 5 9 19 15 51.38 No sucker adherence

72 15 25 39 21 41.90 Absence of eggs

96 20 29 53 44 37.48 Integument morphology altered (nontransparent,

blackish tegument, appearance of bubbles)120 40 46 66 66 23.78

144 60 54 74 73 24.92

168 80 58 88 83 26.97

192 95 58 91 88 30.95

LpQM-14 24 5 0 5 0 65.70 25 Not paired

48 25 0 20 0 72.77 No sucker adherence

72 50 10 25 0 76.17 Absence of eggs

96 50 40 25 5 60.15 Integument morphology altered (nontransparent,

blackish tegument, appearance of bubbles)120 78 75 39 22 53.95

144 89 95 52 37 48.06

168 100 100 57 47 43.41

192 100 100 67 61 33.52
a The highest nontoxic concentration on spleen cells of BALB/c mice. Saponin (
1.0 �g/ml) was used as a positive control.

TABLE 3 Motility score of control and worms treated with PZQ and LpQM-43, LpQM-45, LpQM-47, and LpQM-14 for 120 h

Group

Percentage of worms by motility score after drug treatment at:a

100 �g/ml 80 �g/ml 60 �g/ml 40 �g/ml

3 2 1 0 3 2 1 0 3 2 1 0 3 2 1 0

Control 100 0 0 0 100 0 0 0 100 0 0 0 100 0 0 0

PZQ 0 0 0 100 0 0 0 100 0 0 0 100 0 0 0 100

SC-43 17 29 17 38 3 50 27 20 13 46 18 23 4 48 10 38

SC-45 0 0 10 90 0 5 0 95 0 5 19 76 0 20 19 61

SC-47 5 10 45 40 8 13 34 45 0 4 30 66 0 13 21 66

PT-1.4 5 11 6 78 0 20 5 75 0 23 39 39 16 42 20 22
a The measurement of mean worm motility is scored on a scale of 0 to 3 as follows: 3, normally active; 2, slowed activity; 1, minimal activity with occasional movement of head and

tail and absence of motility apart from gut movements; 0, total absence of mobility.
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ment. In addition, we observed that the TNF-� content under
treatment with compound LpQM-14 was quite similar to that
observed for LPS-stimulated cells (positive control), indicating
that this compound substantially modulates the immune re-
sponse. After the TNF-� content was measured, the secretion
of IL-6, IL-10, and IL-12 was evaluated under compound treat-
ment. However, in comparison to the LPS-stimulated cells
(positive control), none the compounds induced the secretion
of IL-6, IL-10, and IL-12 in macrophages until 72 h after drug
incubation (data not shown).

NO content in macrophages. In another set of experiments, the
nitrite content was determined in the supernatant of macrophages
treated with the drugs LpQM-43, LpQM-45, LpQM-47, and LpQM-

14. LPS-treated cells (positive control) and untreated cells (negative
control) were included in the experiment (Fig. 6). In comparison to
untreated cells, the production of nitrite was significantly higher un-
der compound LpQM-14 treatment, and this was observed during
the three data points (24, 48, and 72 h after incubation). In contrast,
compound LpQM-45 produced a statistically significant amount of
nitrite only at a time point under 48 h after incubation, while PZQ
had no effect on the nitrite production.

DISCUSSION

The 10 tested compounds all had a phthalimide nucleus, a hydrazone
moiety, and/or a thiazole ring system. In general, compounds that
possessed a phthalimide and thiazole ring system showed significant

FIG 2 Scanning electron micrographs of adult male and female S. mansoni worms from the control group. (A) Male worms kept in medium and DMSO after
24 h, showing the anterior portion of the body with oral (OS) and ventral suckers (VS) and the gynecophoral canal (GC) with no abnormalities. (B) Male worms
kept in medium and DMSO after 48 h, showing in detail numerous spines (S) covering the tubercules (T). (C) The dorsal region of male worms kept in medium
alone after 48 h, showing numerous tubercles distributed along the body. (D) Male worms kept in medium only after 24 h, showing in detail the dorsal region
with sensory papillae (SP) and parallel wrinkles (W) visible. (E) Female worms kept in medium and DMSO after 24 h, showing the whole extent of the body. (F)
Female worms kept in medium and DMSO after 48 h, showing the sensory papillae (SP). (G) Female worms kept in medium alone showing the integrity of the
tegument. (H) Female worms kept in medium alone, showing spines (S) in detail.
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antiparasitic activity against S. mansoni worms. No antiparasitic ac-
tivity was observed in the case of LpQM-17, a thiazole derivative that
also has a nitro group in the 4-position of the phenyl ring. The cyto-
toxicity in mouse cells of PZQ was greater than that of any of the
tested compounds that showed anti-S. mansoni activity; therefore,
the compounds described here were more selective. In terms of the
oviposition profile of adult worms (absence), the tested compounds
exhibited activity similar to that observed for PZQ.

The thiazole nucleus, which is present in an important class of
heterocyclic compounds present in many biologically potent ac-
tive molecules (45), is also present in the most active compounds
of the whole series. Some thiazoles have, in fact, been shown in the
literature as schistosomicidal agents (19, 46). The phthalyl thia-
zoles LpQM-43, LpQM-45, and LpQM-47 and the thiazole
LpQM-14 have been shown to have antischistosomal properties,
with the IC50s ranging from 82.24 to 32.93 �g · ml�1, 46.20 to
24.69 �g · ml�1, 40.08 to 30.95 �g · ml�1, and 65.70 to 33.52 �g ·
ml�1, respectively. These results suggest that the efficacy varies

according to the substituent in the 4-position of the phenyl group.
LpQM-45 exhibited the best schistosomicidal properties in rela-
tion to other compounds, with 100% mortality within 144 h at
concentrations of 100 and 80 �g · ml�1. LpQM-14 also showed
significant schistosomicidal activity, with 100% mortality within
168 h at concentrations of 100 and 80 �g · ml�1.

The compounds LpQM-14 and LpQM-45 have in common
a methoxyl group attached in the 4-position of the phenyl
ring.

In comparison to the literature findings, it was also observed
that heterocyclic compounds containing a methoxyl group exhib-
ited higher schistosomicidal activity than compounds without this
group (47). Another interesting structure-activity relationship is
observed for the compound LpQM-47, which produced a mortal-
ity rate of 95% at 100 �g · ml�1 and 91% at 60 �g · ml�1 after 192
h of incubation. This compound has a chloro atom attached to the
4-position of the phenyl ring. In agreement with this, it is de-
scribed in the literature that the attachment of a chloro atom im-

FIG 3 Scanning electron micrographs of adult male S. mansoni worms exposed to 80 �g · ml�1 LpQM-45. (A to D) Worms after 24 h of incubation showing
extensive sloughing (Sl), erosion (E), loss of spines (*) and disintegration (Di) of tegument with exposure of subtegumental tissue (TS) and muscle layer (ML).
(E to H) Worms after 48 h of incubation showing a greater area of erosion (E) and disintegration (Di) of the tegument and exposure of muscle layer (ML).

Santiago et al.

358 aac.asm.org Antimicrobial Agents and Chemotherapy

http://aac.asm.org


proves the schistosomicidal activity for 2-thioxoimidazolidin-4-
one compounds (48).

Another common feature of all active compounds described
here is the presence of a hydrazone moiety. Some 9-acridanone
hydrazones were found to be effective against S. mansoni in mice,
killing almost all of the skin schistosomules, when administered at
a dose of 100 mg/kg (49). In another study, 9-acridanones derived
from thiazoles were effective against S. mansoni in the skin phase,
killing almost all of the parasites in mice at a dose of 100 mg/kg, 24
h after penetration by cercariae. This same study showed that
when the compound is administered to monkeys at a dose of 25
mg/kg, worms and eggs are absent from liver tissue and rectal
mucosa 7 days after infection, which constitutes cure (20).

Detailed microscopic observation showed that LpQM-43,
LpQM-45, LpQM-47, and LpQM-14 molecules caused alterations
in the teguments of the worms compared with the untreated con-

trol group. These compounds also appear to influence the ovipo-
sition of parasites since no eggs were found in the culture medium.

The thick tegument that covers the entire surface of schisto-
somes is an important target for drugs because the functioning of
the surface membrane and the integrity of the tegument are criti-
cal for the survival and proliferation of the Schistosoma parasite
(13). These structures play vital roles in the immune evasion, nu-
trient absorption, and cholesterol metabolism of the host (13, 50).
Alterations in the surface ultrastructure of schistosome worms
have been investigated by a number of authors in order to evaluate
antischistosomal drugs (13, 24, 50, 51, 52, 53). The present study
thus examined the surface topography of male and female worms
to determine the schistosomicidal effect of LpQM-45. We found
extensive damage to the tegument in both male and female worms
after 24 and 48 h of exposure.

SEM analysis revealed progressive damage to the tegument

FIG 4 Scanning electron micrograph of adult female S. mansoni worms exposed to 80 �g · ml�1 LpQM-45. (A to D) Worms after 24 h of incubation showing
sloughing (Sl), disintegration (Di) of tegument, and exposure of subtegumental muscle layer (ML) with muscle damage (MI). (E to H) Worms after 48 h of
incubation showing sloughing (Sl), disintegration (Di) of the tegument with exposure of muscle layer (ML), swelling (Sw), and shrinking (Sh).
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surface, causing destruction of tubercles in the male, extensive
sloughing with disintegration of the tegument in the same ar-
eas, and exposure of subtegumental tissue and the layer of mus-
cle tissue in both male and female worms. Similar changes
occurred in response to different drugs (13, 50). For instance,
Manneck et al. (50) have presented a detailed study of tegu-
ment surface alterations caused by 100 �g · ml�1 of mefloquine
in S. mansoni worms, finding in females extensive sloughing,
with the base membrane exposed along with roughened tegu-
ments which have already started to disintegrate. The males
showed a roughened surface with disintegration of the tegu-
ment, resulting in a fibrous appearance, loss of tubercles,
spines, and parallel wrinkles. Bertão et al. (13) also found se-
vere damage to the surface of adult male schistosomes caused
by exposure to miltefosine, which was characterized by peeling
of the tegument, reduction in the size of the spine, erosion, the

formation and rupturing of blisters, and the emergence of holes
with exposure of layers of muscle tissue.

After 3 h of exposure, PZQ cause severe muscle contraction;
the worms became curved, resulting in a decrease in body size (13,
54). In contrast, LpQM-45 caused severe damage to the surface of
the worm but no muscle contraction. The lesions were more nu-
merous in parasites exposed to LpQM-45 than in those treated
with PZQ. Similarly, miltefosine (13) and thioxoimidazolidine
(54) have also been shown to be more effective than PZQ in caus-
ing tegument damage in S. mansoni. In terms of differences be-
tween the changes in males and females, it was noted that the
tegument of female worms was slightly more affected and that
mefloquine (13) and artemether (55) likewise tend to have a
greater effect on females.

The outer membrane and lipid bilayers of S. mansoni worms
proved to be extremely sensitive to LpQM-45. The morphological

FIG 5 TNF-� production in supernatants of the macrophage culture in the presence of LpQM-43,-45,-47, and -14 and PZQ at 56, 58, 55, 50, and 51 �g · ml�1,
respectively. Assays were performed at 48 h (A) and 72 h (B). The horizontal bars represent median values. *, P 
 0.05; **, P 
 0.01; ***, P 
 0.001.

FIG 6 Nitrite production in supernatants of the macrophage culture in the presence of LpQM-43, -45, -47, and -14 and PZQ at 56, 58, 55, 50, and 51 �g · ml�1,
respectively. Assays were performed at 24 h (A), 48 h (B), and 72 h (C). The horizontal bars represent median values. *, P 
 0.05; **, P 
 0.01; ***, P 
 0.001.
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changes brought on by LpQM-45 may therefore have exerted a
profound effect upon the metabolic activity of the parasite and
may be the mechanism that causes these compounds to kill the
worms. The damage to the tegument along the worm’s body may
impair the functioning of the tegument and destroy the worm’s
defense system so that it is easy prey to the host’s immune system
(24).

The morbidity caused by human schistosomiasis is attributed
to the granulomatous inflammation caused by an immune re-
sponse to the egg antigen. Many studies have shown that in schis-
tosomotic patients, there is a balance between the Th1 and Th2
responses (12). Furthermore, these same studies strongly suggest
that resistance to infection is multifactorial and that it cannot be
clearly correlated with a single immune mechanism. The Th1 im-
mune response, generated by tumor necrosis factor alpha (TNF-
�), IL-1, and IL-6, seems to predominate in the acute phase, but it
is replaced by a Th2 immune response upon egg antigen produc-
tion. The main Th2 cytokine responsible for fibrosis is IL-13 (56).
Some mediators such as IL-12, TNF-�, NO, and gamma inter-
feron (IFN-�) prevent production of excess IL-13 during S. man-
soni infection (9). For immunological assays, the present study
investigated IL-6, IL-10, IL-12, and TNF-� cytokines and NO pro-
duction in the supernatants of macrophage cultures stimulated in
vitro with LpQM-43, LpQM-45, LpQM-47, and LpQM-14 com-
pounds.

In terms of cytokine production, statistically significant levels
of TNF-� were observed, compared to those of the negative con-
trol, for all four compounds analyzed. In the case of LpQM-47,
peak production of TNF-� was observed after 24 h, decreased
production was noted after 48 h, and there was no significant
production after 72 h. LpQM-43 and LpQM-45 affected peak pro-
duction after 48 h, and LpQM-14 had an effect after 72 h. These
results demonstrate that the compounds analyzed stimulate a
response with a Th1 cytokine profile. Some compounds that
stimulate production of TNF-� have shown antiparasitic activ-
ity, including meglumine antimoniate, which has been shown
to have antileishmania properties involving increased produc-
tion of TNF-� (57).

NO has been shown to be an important cytotoxic and cyto-
static effector for a number of pathogens, including viruses, bac-
teria, fungi, and parasites (58). It is implicated as an integral com-
ponent of the host armament against invading parasites, and
evidence has been put forward for the beneficial role of NO during
helminthic infections. In the case of Schistosoma mansoni, for ex-
ample, NO plays a role in regulation of egg-induced inflamma-
tion, acting as an antifibrogenic substance and preventing hepa-
tocyte death and widespread tissue damage, in addition to being
toxic to the schistosomula (9, 59, 60). It is significant that schisto-
somes are known to be more susceptible to oxidative stress than
the hosts (61). The production of NO may also contribute to
worm mortality by way of S-nitrosylation of cysteine proteases,
given that schistosomes express cysteine proteases that play a role
in digestion, reproduction, and protein turnover and that this
appears to be a common and widespread mechanism (58, 62).
Studies have also shown that compounds that induce the NO re-
lease possess potential immunomodulatory properties (63–65).
The present study found that LpQM-14 stimulated NO produc-
tion for the three incubation times analyzed, while LpQM-45
stimulated production only after 48 h of exposure. This behavior
may indicate the immuno-stimulant properties of these com-

pounds, especially when it is noted that the same compounds
caused production of TNF-�.

Conclusions. To sum up, our results indicate that the thia-
zoles, especially those containing a methoxyl or chloro group, are
antiparasitic agents and that they were more potent than their
analogs, the thiosemicarbazones. These compounds showed sub-
stantial schistosomicidal properties against adult S. mansoni
worms, with a significant reduction in motility, severe alterations
in the integument and mortality of worms, lower toxicity than the
reference drug (PZQ), and production of nitric oxide, inhibiting
oviposition. The present study revealed LpQM-45 to possess the
most effective schistosomicidal properties, suggesting its use as a
prototype for the development of new schistosomicidal com-
pounds. The present findings provide a sound basis for further
in-depth studies of the antischistosomal properties of phthalyl
thiazoles, particularly LpQM-45. It is also important that, in view
of the results obtained, further biological studies are needed to
shed light on the mechanism(s) of schistosomicidal action.

ACKNOWLEDGMENTS

This study received financial support from the Conselho Nacional de
Desenvolvimento Científico e Tecnológico (CPNq) and Fundação Os-
waldo Cruz (FIOCRUZ). D.R.M.M. holds a FAPESB postdoctoral schol-
arship.

We are also grateful to the Núcleo de Plataformas Tecnológicas of the
Aggeu Magalhães Research Center.

REFERENCES

1. Lescano SZ, Chieffi PP, Canhassi RR, Boulos M, Neto VA. 2004. Antischisto-
somal activity of artemether in experimental Schistosoma mansoni. Rev. Saúde
Pública 38:71–75. http://dx.doi.org/10.1590/S0034-89102004000100010.

2. Keiser J, Chollet J, Xiao SH, Mei JY, Jiao PY, Utzinger J, Tanner M.
2009. Mefloquine—an aminoalcohol with promising antischistosomal
properties in mice. PLoS Negl. Trop. Dis. 3:e350. http://dx.doi.org/10
.1371/journal.pntd.0000350.g001.

3. Moraes J, Nascimento C, Lopes PO, Nakano E, Yamaguchi LF, Kato
MJ, Kawano T. 2011. Schistosoma mansoni: In vitro schistosomicidal ac-
tivity of piplartine. Exp. Parasitol. 127:357–364. http://dx.doi.org/10.1016
/j.exppara.2010.08.021.

4. de Oliveira RN, Rehder VL, Santos Oliveira AS, Júnior IM, Carvalho JE,
Ruiz AL, Jeraldo VL, Linhares AX, Allegretti SM. 2012. Schistosoma
mansoni: in vitro schistosomicidal activity of essential oil of Baccharistri-
mera (less) DC. Exp. Parasitol. 132:135–143. http://dx.doi.org/10.1016/j
.exppara.2012.06.005.

5. WHO. 2012. Schistosomiasis: epidemiological situation. World Health
Organization, Geneva Switzerland. http://www.who.int/schistosomiasis
/epidemiology/en/.

6. Rollinson D, Knopp S, Levitz S, Stothard JR, Tchuenté LA, Garba A,
Mohammed KA, Schur N, Person B, Colley DG, Utzinger J. 2013. Time
to set the agenda for schistosomiasis elimination. Acta Trop. 128:423–
440. http://dx.doi.org/10.1016/j.actatropica.2012.04.013. http://dx.doi
.org/10.1016/j.actatropica.2012.04.013.

7. Gryseels B, Polman K, Clerinx J, Kestens L. 2006. Human schistosomiasis.
Lancet 368:1106–1118. http://dx.doi.org/10.1016/S0140-6736(06)69440-3.

8. Pearce EJ, MacDonald AS. 2002. The immunobiology of schistosomiasis.
Nat. Rev. Immunol. 2:499 –511. http://dx.doi.org/10.1038/nri843.

9. Miranda MA, Kuehn CC, Cardoso JF, Oliveira LG, Magalhães LG,
Tiossi RF, Rodrigues V, Zucolloto S, Prado JC, Jr, Bastos JK. 2013.
Immunomodulatory effect of the alkaloidic extract of Solanumly lyco-
carpum fruits in mice infected with Schistosoma mansoni. Exp. Parasitol.
133:396 – 402. http://dx.doi.org/10.1016/j.exppara.2012.12.012.

10. Stadecker MJ, Asahi H, Finger E, Hernandez HJ, Rutitzky LI, Sun J.
2004. The immunobiology of Th1 polarization in high-pathology schisto-
somiasis. Immunol. Rev. 201:168 –179. http://dx.doi.org/10.1111/j.0105
-2896.2004.00197.

11. Gonnert R, Andrews P. 1977. Praziquantel, a new board-spectrum anti-
schistosomal agent. Z. Parasitenkd. 52:129 –150. http://dx.doi.org/10
.1007/BF00389899.

New Anti-Schistosoma mansoni Drugs

January 2014 Volume 58 Number 1 aac.asm.org 361

http://dx.doi.org/10.1590/S0034-89102004000100010
http://dx.doi.org/10.1371/journal.pntd.0000350.g001
http://dx.doi.org/10.1371/journal.pntd.0000350.g001
http://dx.doi.org/10.1016/j.exppara.2010.08.021
http://dx.doi.org/10.1016/j.exppara.2010.08.021
http://dx.doi.org/10.1016/j.exppara.2012.06.005
http://dx.doi.org/10.1016/j.exppara.2012.06.005
http://www.who.int/schistosomiasis/epidemiology/en/
http://www.who.int/schistosomiasis/epidemiology/en/
http://dx.doi.org/10.1016/j.actatropica.2012.04.013
http://dx.doi.org/10.1016/j.actatropica.2012.04.013
http://dx.doi.org/10.1016/j.actatropica.2012.04.013
http://dx.doi.org/10.1016/S0140-6736(06)69440-3
http://dx.doi.org/10.1038/nri843
http://dx.doi.org/10.1016/j.exppara.2012.12.012
http://dx.doi.org/10.1111/j.0105-2896.2004.00197
http://dx.doi.org/10.1111/j.0105-2896.2004.00197
http://dx.doi.org/10.1007/BF00389899
http://dx.doi.org/10.1007/BF00389899
http://aac.asm.org


12. Katz N, Coelho PM. 2008. Clinical therapy of schistosomiasis mansoni:
the Brazilian contribution. Acta Trop. 108:72–78. http://dx.doi.org/10
.1016/j.actatropica.2008.05.006.

13. Bertão HG, da Silva RA, Padilha RJ, de Azevedo Albuquerque MC,
Rádis-Baptista G. 2012. Ultrastructural analysis of miltefosine-induced
surface membrane damage in adult Schistosoma mansoni BH strain
worms. Parasitol. Res. 110:2465–2473. http://dx.doi.org/10.1007/s00436
-011-2786-5.

14. Ridi RE, Aboueldahab M, Tallima H, Salah M, Mahana Fawzi NS,
Mohamed SH, Fahmy OM. 2010. In Vitro and in vivo activities of arachi-
donic acid against Schistosoma mansoni and Schistosoma haematobium.
Antimicrob. Agents Chemother. 54:3383–3389. http://dx.doi.org/10.1128
/AAC.00173-10.

15. Holtfreter MC, Loebermanna M, Klammta S, Sombetzkia M, Bodammera
P, Riebolda D, Kinzelbachb R, Reisinger EC. 2011. Schistosoma mansoni:
schistosomicidal effect of mefloquine and primaquine in vitro. Exp. Parasitol.
127:270–276. http://dx.doi.org/10.1016/j.exppara.2010.08.008.

16. Liang YS, Coles GC, Doenhoff MJ, Southgate VR. 2001. In vitro re-
sponses of praziquantel-resistant and -susceptible Schistosoma mansoni to
praziquantel. Int. J. Parasitol. 31:1227–1235. http://dx.doi.org/10.1016
/S0020-7519(01)00246-6.

17. Cioli D, Pica-Mattoccia L. 2003. Praziquantel. Parasitol. Res. 90(Suppl
1):S3–S9. http://dx.doi.org/10.1007/s00436-002-0751-z.

18. Pica-Mattoccia L, Doenhoff MJ, Valle C, Basso A, Troiani AR, Liberti
P, Festucci A, Guidi A, Cioli D. 2009. Genetic analysis of decreased
praziquantel sensitivity in a laboratory strain of Schistosoma mansoni. Acta
Trop. 111:82– 85. http://dx.doi.org/10.1016/j.actatropica.2009.01.012.

19. Watts SD. 1986. Schistosoma mansoni: Nitrothiazolines and the male
tegument. Exp. Parasitol. 62:157–168. http://dx.doi.org/10.1016/0014
-4894(86)90020-2.

20. Pereira LH, Coelho PM, Costa JO, Mello RT. 1995. Activity of 9-acri-
danone-hydrazone drugs detected at the pre-postural phase, in the exper-
imental Schistosomiasis mansoni. Mem. Inst. Oswaldo Cruz. 90:425– 428.
http://dx.doi.org/10.1590/S0074-02761995000300021.

21. Beraldo H, Gambino D. 2004. The wide pharmacological versatility of
semicarbazones, thiosemicarbazones and their metal complexes. Mini
Rev. Med. Chem. 4:31–39. http://dx.doi.org/10.2174/1389557043487484.

22. Duarte CD, Barreiro EJ, Fraga CA. 2007. Privileged structures: a useful
concept for the rational design of new lead drug candidates. Mini Rev. Med.
Chem. 7:1108–1119. http://dx.doi.org/10.2174/138955707782331722.

23. Kim BY, Ahn JB, Lee HW, Kang SK, Lee JH, Shin JS, Ahn SK, Hong CI,
Yoon SS. 2004. Synthesis and biological activity of novel substituted pyri-
dines and purines containing 2,4-thiazolidinedione. Eur. J. Med. Chem.
39:433– 447. http://dx.doi.org/10.1016/j.ejmech.2004.03.001.

24. Taha H, Soliman ML. 2007. Antischistosomal activity of 3-substituted-
5-(2-aryl-2-oxoethyl)-2,4-dioxo-1,3-thiazolidine (Ro-354). Int. J. Agric.
Biol. 9:87–93.

25. Sudo RT, Calasans-Maia JA, Galdino SL, Lima MC, Zapata-Sudo G,
Hernandes MZ, Pitta IR. 2010. Interaction of morphine with a new
alpha2-adrenoceptor agonist in mice. J. Pain 11:71–78. http://dx.doi.org
/10.1016/j.jpain.2009.08.001.

26. Orrling KM, Marzahn MR, Gutierrez-De-Teran H, Aqvist J, Dunn BM,
Larhed M. 2009. �-Substituted norstatines as the transition-state mimic
in inhibitors of multiple digestive vacuole malaria aspartic proteases.
Bioorg. Med. Chem. 17:5933–5949. http://dx.doi.org/10.1016/j.bmc.2009
.06.065.

27. Sanemitsu Y, Kawamura S, Satoh J, Katayama T, Hashimoto S. 2006.
Synthesis and herbicidal activity of 2-acylimino-3-phenyl-1,3-
thiazolines—a new family of bleaching herbicides. J. Pestic. Sci. 31:305–
310. http://dx.doi.org/10.1584/jpestics.31.305.

28. Ami E, Nakahara K, Sato A, Nguyen JT, Hidaka K, Hamada Y, Nakatani
S, Kimura T, Hayashi Y, Kiso Y. 2007. Synthesis and antiviral property of
allophenylnorstatine-based HIV protease inhibitors incorporating d-cys-
teine derivatives as P2/P3moieties. Bioorg. Med. Chem. Lett. 17:4213–
4217. http://dx.doi.org/10.1016/j.bmcl.2007.05.039.

29. Murugan R, Anbazhagan S, Narayanan SS. 2009. Synthesis and in vivo
antidiabetic activity of novel dispiropyrrolidines through [3�2] cycload-
dition reactions with thiazolidinedione and rhodanine derivatives. Eur. J.
Med. Chem. 44:3272–3279. http://dx.doi.org/10.1016/j.ejmech.2009.03
.035.

30. Shih MH, Ke FY. 2004. Syntheses and evaluation of antioxidant activity of
sydnonyl substituted thiazolidinone and thiazoline derivatives. Bioorg. Med.
Chem. 12:4633–4643. http://dx.doi.org/10.1016/j.bmc.2004.06.033.

31. Gouda MA, Berghot MA, El-Ghani GE, Abd Khalil AM. 2010. Synthesis
and antimicrobial activities of some new thiazole and pyrazole derivatives
based on 4,5,6,7-tetrahydrobenzothiophene moiety. Eur. J. Med. Chem.
45:1338 –1345. http://dx.doi.org/10.1016/j.ejmech.2009.12.020.

32. Bharti SK, Nath G, Tilak R, Singh SK. 2010. Synthesis, anti-bacterial and
anti-fungal activities of some novel Schiff bases containing 2,4-
disubstituted thiazole ring. Eur. J. Med. Chem. 45:651– 660. http://dx.doi
.org/10.1016/j.ejmech.2009.11.008.
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