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� NTZ induces impair in glucose uptake
in in vitro cysticerci.

� NTZ did not influence the pyruvate
concentrations in in vitro cysticerci.

� NTZ induces metabolic acidosis in
in vitro cysticerci.

� The metabolic acidosis in vitro
induced by NTZ is greater than ABZ.
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Nitazoxanide (NTZ) is a broad-spectrum anti-parasitic drug used against a wide variety of protozoans
and helminthes. Albendazole, its active metabolite albendazole sulfoxide (ABZSO), is one of the drugs of
choice to treat both intestinal and tissue helminth and protozoan infections. However little is known
regarding their impact on the metabolism of parasites. The aim of this study was to compare the in vitro
effect of NTZ and ABZSO in the glycolysis of Taenia crassiceps cysticerci. The cysticerci were treated with
1.2; 0.6; 0.3 or 0.15 mg/mL of NTZ or ABZSO. Chromatographic and spectrophotometric analyses were
performed in the culture medium and in the cysticerci extract. Regarding the glucose concentrations was
possible to observe two responses: impair of the uptake and gluconeogenesis. The pyruvate concen-
trations were increased in the ABZSO treated group. Lactate concentrations were increased in the culture
medium of NTZ treated groups. Therefore it was possible to infer that the metabolic acidosis was greater
in the group treated with NTZ than in the ABZSO treated group indicating that this is one of the modes of
action used by this drug to induce the parasite death.

© 2016 Elsevier Inc. All rights reserved.
1. Introduction

Nitazoxanide (NTZ) is a broad-spectrum anti-parasitic drug used
against a wide variety of protozoans and helminths. It has been
inaud).
established that NTZ as well as its reduced form, tizoxanide, are
effective against most target pathogens. It is the only drug effective
against Cryptosporidium infections and one of the most effective
against intestinal giardiasis (Miyamoto and Eckmann, 2015). It has
been described as an effective treatment of cutaneous leishmani-
asis by Leishmania donovani (Dhawan et al., 2015). Also this drug
has been indicated against intestinal and tissue helminth infection
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Table 1
Molarity concentrations of nitazoxanide and albendazole sulfoxide used in the
in vitro assay.

Concentration mg/mL NTZ (MW ¼ 307.28) ABZSO (MW ¼ 281.33)

1.2 3.90 mM 4.26 mM
0.6 1.95 mM 2.13 mM
0.3 0.97 mM 1.06 mM
0.15 0.48 mM 0.53 mM

NTZ e nitazoxanide; ABZSO e albendazole sulfoxide; MW e molecular weight.
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such as cystic echinococcosis (Laura et al., 2015), soil-transmitted
helminths (Somvanshi et al., 2014); Ancylostoma ceylanicum,
Ascaris suum, Trichuris muris and Caenorhabditis elegans (Hu et al.,
2013), Taenia saginata and Hymenolepis nana (Rossignol and
Maisonneuve, 1984). Interestingly this drug has been successfully
used against nosocomial pathogens (Gau et al., 2016), Clostridium
difficile (Soriano and Johnson, 2015) and hepatitis C virus (Kohla
et al., 2016).

This drug has been indicated as an alternative treatment
when the resistance to traditional anti-parasitic drugs is detec-
ted. For example, NTZ has been described as effective against T.
saginata niclosamide- and praziquantel-resistant (Lateef et al.,
2008).

In protozoans both NTZ and tizoxanide inhibit central physio-
logical enzymes such as pyruvate ferredoxin oxidoreductase,
nitroreductase 1, quinone reductase and induces lesions in the cell
membrane and vacuolization (Leitsch, 2015). While in Neospora
caninum, NTZ inhibited the protein disulfide isomerase (Muller
et al., 2008). In bacteria this drug inhibits the pilus biogenesis by
the chaperone/usher pathway (Chahales et al., 2016). However,
there are few studies determining the effect of this drug on hel-
minths. Somvanshi et al. (2014) using the C. elegans experimental
model for soil-transmitted nematodes determined that NTZ acts on
an alpha-type subunit of a glutamate-gated chloride ion channel
which is also responsible for ivermectin susceptibility in this
organism.

Albendazole (ABZ) is one of the drugs of choice to treat both
intestinal and tissue helminth and protozoan infections and its
activemetabolite is albendazole sulfoxide (ABZSO) (Van den Enden,
2009). However, regarding the G. intestinalis treatment it has been
determined that other drugs such as tinidazole and NTZ are more
effective than ABZ (Leitsch, 2015; Escobedo et al., 2016). Regarding
the treatment of helminth's tissue infections there are few drugs
used such as ABZ, ivermectin and praziquantel, easy to use and
effective against most parasites such as Echinococcus granulosus
(Hemphill et al., 2014), Strongyloides stercoralis (Luvira et al., 2014),
ocular toxocariasis (Ahn et al., 2014) and cysticercosis (Del Brutto,
2014). The reliance on such drugs creates the danger of resistance
which has already been reported (Geary, 2012) leading to the
imperative need for the development of new drugs.

It is known that antihelminthic drugs are able to eliminate
parasitic infections, however the mode of action of such drugs and
their effect on the parasite metabolism has been little explored. It
has been previously determined that ABZ in in vitro analysis in-
duces a partial blockage of glucose uptake, decrease in lactate
concentrations in the culture medium and a preference for the
aerobic metabolism in Taenia crassiceps cysticerci (Vinaud et al.,
2008). It has been described that one of the mode of actions of
NTZ is to block the pyruvate ferredoxin oxidoreductase enzyme
which is part a very energetic rentable pathwaye the carbohydrate
catabolism (Hoffman et al., 2007). This enzyme performs the
decarboxylation of pyruvate (Hoffman et al., 2007) therefore the
analysis of the metabolic pathway which produces pyruvate e

anaerobic glycolysis - may indicate the effect of this drug on the
energy production by the parasite. On the other hand it is impor-
tant to present a comparison of the metabolic impact of NTZ in to a
well-known and more studied drug, which is ABZSO.

T. crassiceps is a cestode widely used as experimental model of
cysticercosis caused by T. solium due to their antigenic similarity
(Vaz et al., 1997). It has been previously used to determine the
impact of anti-helminthics such as ABZ, praziquantel and a benz-
imidazole derivative in their energetic metabolism (Vinaud et al.,
2007, 2008; Fraga et al., 2016). Therefore the aim of this study is
to compare the in vitro effect of NTZ and ABZSO in the glycolysis of
T. crassiceps cysticerci.
2. Material and methods

2.1. Maintenance of T. crassiceps cysticerci

The maintenance of T. crassiceps cysticerci was performed ac-
cording to the description by Vaz et al. (1997). Briefly, BALB/c fe-
male mice with 8e12 weeks old are intraperitoneally infected with
10 initial stage (no buds, translucent membrane and vesicular
liquid) T. crassiceps cysticerci, maintained in cages with five animals
maximum, received standard ration and water ad libitum. After 90
days of infection, the animals are euthanized, the cysticerci
removed from the peritoneal cavity and inoculated into another
mouse. The ethical principles of animal experimentation stipulated
by the Brazilian Society of Laboratory Animals Science (SBCAL)
were obeyed. This study was approved by the Ethics Committee in
Animal Use from the Federal University of Goias (CEUA/UFG)
(protocol number 050/2013).

2.2. Cysticerci culture and drugs exposure

A mouse with 30 days of intraperitoneal infection was eutha-
nized within a laminar flow chamber and the cysticerci were
removed and washed with sterile saline solution as to remove cells
and any other contaminants (M�arquez-Navarro et al., 2013). Af-
terwards the larval stage cysticerci (with buds, translucent vesic-
ular membrane and fluid) (Vinaud et al., 2007) were collected and
cultured as described by Fraga et al. (2016). Briefly, 30 larval stage
cysticerci were added into 5 mL of supplemented RPMI culture
medium. The cysticerci were treatedwith 1.2; 0.6; 0.3 or 0.15 mg/mL
of NTZ or ABZSO. The drugs were diluted with dimethyl sulfoxide
(DMSO) (0.60%). The control groups were constituted by a group of
cysticerci without drugs and another one that received the con-
centration of DMSO used to dilute the drugs.

After 24 h of culture the cysticerci were separated from their
culture medium and frozen into liquid nitrogen as to stop the
metabolic reactions (Vinaud et al., 2008).

The molarity concentrations of the drugs are exposed in Table 1.

2.3. Biochemical analysis

The organic acids secreted/excreted into the culture medium
were extracted through an ionic exchange solid phase extraction
column (Bond Elut® Agilent®), as described by Vinaud et al. (2007).

The cysticerci extract was obtained after the liquid nitrogen
metabolic stasis. The cysticerci were defrost and homogenized in
500 mL of tris-HCl 0.1 M buffer supplemented with a protease in-
hibitor (SIGMAFAST, protease inhibitor cocktail tablets, EDTA free,
Sigma), pH 7.6. The extract obtained was centrifuged at 15,652g
(10,000 rpm) (Beckman centrifuge, TA-10-250, 13.7 cm radius) per
10min at 4 �C and then the organic acids were extracted through an
ionic exchange solid phase extraction column (Bond Elut® Agi-
lent®). The resulting samples were frozen at �20 �C for posterior
analysis in high performance liquid chromatography (Vinaud et al.,
2007).
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For the chromatographic analysis an exclusion BIORAD-Aminex
HPX-87H column was used. The eluent was sulfuric acid 5 mM,
0.6 mL/min, with spectrophotometric reading of absorbance at
210 nm. The results were analyzed through the Star Chromatog-
raphy Workstation software (Agilent®), previously calibrated for
the pyruvate and lactate identification which are indicative of
anaerobic glycolisis (Vinaud et al., 2007). The glucose quantification
was performed through an Architec C8000 Plus device, using a
commercial kit protocol with an enzymatic method (Fraga et al.,
2012).

2.4. Statistical analysis

All experiments were repeated five times independently. The
statistical analysis was performed through the Sigma Stat 4.0
software. The descriptive analysis was performed as to determine
the normal distribution and homogenous variation as well as mean
and standard deviation. As the values presented normal distribu-
tion, the analysis of variation test (ANOVA) was performed followed
by the Bonferrone post-test. The differences were considered sig-
nificant when p < 0.05.

3. Results

This study compared the in vitro effect of two widely used
Fig. 1. Glucose concentrations in the culture medium and in the cysticerci extract from grou
concentrations detected in the culture medium analysis; CYST: concentrations detected in
cysticerci without drugs exposure; NTZ 1.2: cysticerci exposed to 1.2 mg/mL of nitazoxanide;
0.3 mg/mL of nitazoxanide; NTZ 0.15: cysticerci exposed to 0.15 mg/mL of nitazoxanide; ABZ
exposed to 0.6 mg/mL of albendazole sulfoxide; ABZSO 0.3: cysticerci exposed to 0.3 mg/mL
sulfoxide. * statistical difference when compared to the control group.
antihelminthic drugs in the glycolysis of T. crassiceps cysticerci.
Therefore the concentrations of glucose and themain final products
of glycolysis, pyruvate and lactate, were quantified both in the
culture medium and in the cysticerci extract from T. crassiceps
cysticerci after the exposure to different concentrations of NTZ and
ABZSO. The analysis of the culture medium aimed to detect the
excretion/secretion of glucose, pyruvate and lactate; while the
analysis of the cysticerci extract aimed to determine the intracel-
lular concentrations of these substances. The cysticerci were in vitro
exposed to different concentrations of the drugs which were
diluted with DMSO. The diluent did not influence in the metabolic
analysis.

There was a significant difference between the glucose con-
centrations in the culture medium of the control group and the
group treated with the highest concentrations of NTZ (p < 0.05).
While the NTZ treatment induced an impairment of the glucose
uptake the ABZSO treatment induced a greater uptake of glucose
(p < 0.05) (Fig. 1).

In the cysticerci extract the glucose levels were significantly
higher in the NTZ treated groups than in the control group
(p < 0.05). While in the ABZSO treated group there was no signif-
icant difference when compared to the control group.

The pyruvate concentrations in the culture medium of the
groups treated with ABZSO were significantly higher than the
concentration detected in the control group (p < 0.05). The NTZ
ps in vitro treated with different concentrations of nitazoxanide and albendazole. CM:
the cysticerci extract; CTL CM: RPMI culture medium without cysticerci; CTL CYST:

NTZ 0.6: cysticerci exposed to 0.6 mg/mL of nitazoxanide; NTZ 0.3 cysticerci exposed to
SO 1.2: cysticerci exposed to 1.2 mg/mL of albendazole sulfoxide; ABZSO 0.6: cysticerci
of albendazole sulfoxide; ABZSO 0.15: cysticerci exposed to 0.15 mg/mL of albendazole
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treatment did not influence the pyruvate concentrations in the
culture medium. The pyruvate concentrations in the cysticerci
extract were not influenced by the exposure to ABZSO nor to NTZ
(Fig. 2).

There was a significant increase in the lactate concentrations in
the culture medium of the group exposed to all concentrations of
NTZ (p < 0.05). While the exposure to different concentrations of
ABZSO did not influence the concentration of this organic acid in
the culture medium. The lactate concentrations in the cysticerci
extract were not influenced by the in vitro exposure nor to ABZSO
neither to NTZ (Fig. 3).
4. Discussion

Glucose is the main energy source for cestodes such as T. cras-
siceps (Smyth and McManus, 1989). Due to the importance of such
molecule in the parasite metabolism this study compared the effect
of two widely used antihelminthic drugs in the in vitro glycolysis of
T. crassiceps cysticerci.

The anaerobic energy metabolism in helminthes is enhanced
when there are stressful factors affecting the cell such as
Fig. 2. Pyruvate concentrations in the culture medium and in the cysticerci extract from gro
concentrations detected in the culture medium analysis; CYST: concentrations detected in
exposed to 1.2 mg/mL of nitazoxanide; NTZ 0.6: cysticerci exposed to 0.6 mg/mL of nitazoxanid
to 0.15 mg/mL of nitazoxanide; ABZSO 1.2: cysticerci exposed to 1.2 mg/mL of albendazole sul
cysticerci exposed to 0.3 mg/mL of albendazole sulfoxide; ABZSO 0.15: cysticerci exposed to 0
group.
inadequate oxygen supply or exposure to drugs. This may lead to
metabolic acidosis and cell death (Smyth and McManus, 1989). In
our study was possible to observe the metabolic acidosis due to
high levels of lactate in the culture medium of the cysticerci treated
with all concentrations of NTZ. This fact may be understood as the
response of the parasitic cell to the stressful factor present in the
culture medium, i.e., the different concentrations of the drugs. Also
it indicates that the parasitic cell is evolving to death, even under
little time of exposure (24 h), single dose of treatment and non-
lethal doses (0.15e1.2 mg/mL).

The impair of glucose uptake is one of the mode of action
observed in benzimidazole drugs alongside with the inhibition of
tubulin formation (Kohler, 1985; McCracken and Stillwell, 1991;
Martin, 1997) and was observed in the group treated with 1.2 mg/
mL of ABZSO in our study. Also as there was an increase in the
glucose levels in the culture medium it is possible to infer that
gluconeogenesis also happened in this group.

Xiao et al. (1993) described that mebendazole also inhibited the
glucose uptake in Echinococus granulosus cyst wall. This effect was
observed in the ABZSO (1.2 mg/mL) and in the NTZ (1.2, 0.6 and
0.3 mg/mL) treated groups in our study. It seems that one of the
ups in vitro treated with different concentrations of nitazoxanide and albendazole. CM:
the cysticerci extract; CTL CYST: cysticerci without drugs exposure; NTZ 1.2: cysticerci
e; NTZ 0.3 cysticerci exposed to 0.3 mg/mL of nitazoxanide; NTZ 0.15: cysticerci exposed
foxide; ABZSO 0.6: cysticerci exposed to 0.6 mg/mL of albendazole sulfoxide; ABZSO 0.3:
.15 mg/mL of albendazole sulfoxide. * statistical difference when compared to the control



Fig. 3. Lactate concentrations in the culture medium and in the cysticerci extract of cysticerci exposed to different concentrations of albendazole and nitazoxanide. CM: con-
centrations detected in the culture medium analysis; CYST: concentrations detected in the cysticerci extract; CTL CM: RPMI culture medium without cysticerci; CTL CYST: cysticerci
without drugs exposure; NTZ 1.2: cysticerci exposed to 1.2 mg/mL of nitazoxanide; NTZ 0.6: cysticerci exposed to 0.6 mg/mL of nitazoxanide; NTZ 0.3 cysticerci exposed to 0.3 mg/mL
of nitazoxanide; NTZ 0.15: cysticerci exposed to 0.15 mg/mL of nitazoxanide; ABZSO 1.2: cysticerci exposed to 1.2 mg/mL of albendazole sulfoxide; ABZSO 0.6: cysticerci exposed to
0.6 mg/mL of albendazole sulfoxide; ABZSO 0.3: cysticerci exposed to 0.3 mg/mL of albendazole sulfoxide; ABZSO 0.15: cysticerci exposed to 0.15 mg/mL of albendazole sulfoxide. *
statistical difference when compared to the control group.
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modes of action of benzimidazole antihelminthics, such as
mebendazole and ABZ, is to impair the transmembrane proton
gradient which results in diminished levels of cellular ATP
(McCracken and Stillwell, 1991) and in the use of alternative energy
sources such as protein catabolism and fatty acids oxidation
(Vinaud et al., 2009; Fraga et al., 2012).

One of themetabolic effects of NTZ is to interfere in the pyruvate
oxidoreductase activity (Sisson et al., 2002). This enzyme catalyzes
the interconversion of pyruvate into acetyl-CoA. The blockage of
this enzyme leads to an excess of pyruvate which may be used in
two different pathways: 1. Gluconeogenesis from the activity of
phosphoenolpyruvate synthase and phosphoenolpyruvate carbox-
ykinase; 2. Anaerobic metabolism through lactate dehydrogenase
activity and lactate production (Smyth and McManus, 1989). Both
pathways were observed in the NTZ treated groups due to the high
concentrations of glucose in the culture medium analysis and due
to the high concentrations of lactate both in the culture medium
and in the cysticerci extract analysis. Also gluconeogenesis was
observed in the ABZSO 1.2 mg/mL treated group due to the increase
in the glucose levels in the culture medium analysis.

Interestingly, the pyruvate concentrations were not altered in
the NTZ treated groups. This indicates that this organic acid is being
used as substrate for lactate dehydrogenase as to produce lactate
and also as substrate formalic enzyme as to producemalate, both in
the cytoplasm and in the mitochondria (Smyth and McManus,
1989). The ABZSO treated groups presented an increase in the
pyruvate concentrations in the culture medium analysis. The py-
ruvate may have been produced by the activity of lactate dehy-
drogenase and malic enzyme which are not influenced by the
presence of the drug (Escobedo et al., 2016).

Palomares-Alonso et al. (2007) investigated the effect of nita-
zoxanide, tizoxanide and albendazole sulphoxide in the
morphology and survival of T. crassiceps cysticerci. These authors
describe that after 11 days of culture the parasites exposed to
nitazoxanide and tizoxanide did not present alterations in the
ruggedness and distribution of microtriches when analyzed under
light microscopy. In our study we also did not observe alterations in
the morphology of the parasites after 24 h of exposure to the drugs.
However under electron microscopy it is possible to observe
vacuolar bodies in the laminated layer of Echinococus multilocularis
in vitro exposed to NTZ (Stettler et al., 2003). There was high
accumulation of lipid droplets within the germinal layer of T.
crassiceps in vitro exposed to NTZ while there microtriches and
muscular cells were not influenced by this drug (Palomares-Alonso
et al., 2007).

Therefore, it is possible to conclude that the NTZ concentrations
tested induced metabolic acidosis in in vitro T. crassiceps cysticerci
which is a signal of cell death. Also the drug impacted the glucose
uptake by the parasite which may have contributed to the lactate
production. It was possible to infer that the metabolic acidosis was
greater in the group treated with NTZ than in the ABZSO treated
group indicating that this is one of the modes of action used by this
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drug to induce the parasite death.
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