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Abstract: Infections caused by Schistosoma haematobium and Opisthorchis viverrini are classified as
carcinogenic. Although carcinogenesis might be a multifactorial process, it has been postulated that
these helminth produce/excrete oxysterols and estrogen-like metabolites that might act as initiators of
their infection-associated carcinogenesis. Current treatment and control of these infections rely on a
single drug, praziquantel, that mainly targets the parasites and not the pathologies related to the
infection including cancer. Thus, there is a need to search for novel therapeutic alternatives that might
include combinations of drugs and drug repurposing. Based on these concepts, we propose a novel
therapeutic strategy that combines drugs with molecule antioxidants. We evaluate the efficacy of a
novel therapeutic strategy to prevent the formation of putative carcinogenic metabolites precursors
and DNA adducts. Firstly, we used a methodology previously established to synthesize metabolites
precursors and DNA adducts in the presence of CYP450. Then, we evaluated the inhibition of
their formation induced by drugs and antioxidants alone or in combination. Drugs and resveratrol
alone did not show a significant inhibitory effect while N-acetylcysteine inhibited the formation of
most metabolite precursors and DNA adducts. Moreover, the combinations of classical drugs with
antioxidants were more effective rather than compounds alone. This strategy might be a valuable
tool to prevent the initiation of helminth infection-associated carcinogenesis.

Keywords: helminth infections; carcinogenesis; DNA adducts; CYP enzymes; antioxidants;
drug combination; drug repurposing

1. Introduction

Helminths are the most common infectious agents of humans in developing countries affecting
about one-third of the world’s population [1]. About 20% of cancers in these regions are caused
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by infections [1,2], including schistosomiasis, one of the major neglected tropical diseases and
opisthorchiasis [3]. Their causative agents, Schistosoma haematobium and Opisthorchis viverrini are
considered as biological carcinogenic agents of group 1, i.e., its infection leads to squamous cell
carcinoma (SCC) of the urinary bladder and cholangiocarcinoma (CCA), bile duct cancer [4]. It is
estimated that 5000 deaths annually occurred in Northeast Thailand derived from O. viverrini-associated
cholangiocarcinoma [5,6]. By 2006, the incidence of schistosomiasis haematobia-associated bladder
cancer is 3-4 cancer per 100,000 annually but it is plausible to believe that this number is underrated [7].
Notably, case reports from highly endemic regions indicate that patients with schistosomiasis may
develop bladder cancer in their first or second decade of life [8]. However, the molecular and
cellular mechanism linking these infections with associated cancers remain elusive. Recently, our
group indicate that schistosomes and opisthorchiids produce/excrete estrogen- and oxysterol-like
metabolites that might react with host DNA leading to its oxidation or forming depurinating DNA
adducts. This interaction induces mutations in the genome of adjacent host tissues that could
trigger the carcinogenesis. Therefore, the metabolites derived from helminths might be considered
as initiators of carcinogenesis [2,9]. Oxysterols and estrogen-like metabolites were identified and
characterized through high-performance liquid chromatography coupled with mass spectrometry
(LC-MS/MS) in sera, urine from individuals with urogenital schistosomiasis (UGS) and bladder
cancer [10-12], and in developmental stages of S. haematobium and O. viverrini [13]. More recently,
similar metabolites and evidence of their interaction with host DNA were identified in biofluids
from hamsters experimentally infected with O. felineus reinforcing the notion that parasite might also
have a potential carcinogenic similar to O. viverrini [14]. A pertinent question arises: how are these
metabolites derived from helminths formed? Previously our research group performed in vitro assays
to observe the interaction of metabolites, similar to those derived from helminths and associated with
schistosomiasis and opisthorchiasis-associated cancers, with DNA in presence or absence of CYP450
isoforms [15]. The CYP450 isoforms as CYP1A1, 2E1 and 3A4 are related to the metabolism of chemical
carcinogens associated with several human cancers [16]. Also, they are responsible for the metabolism
of most drugs [17,18]. Genomic studies identified members of the CYP450 family genes in schistosome
and opisthorchiids [19-21].

The current treatment against these helminth diseases relies on a single drug, praziquantel (PZQ)
that mainly targets the parasite [22]. PZQ is effective against all forms of schistosome and opisthorchiids
and has a safety profile. Nevertheless, the drug has major drawbacks including inefficiency against
juvenile forms of parasites, and alone they do not prevent/ameliorate pathologies associate with
infection [23]. In addition, there is a legitimate concern of resistance to PZQ due to its extensive
use [24,25]. Given that parasites produce putative carcinogenic metabolites, the novel therapeutic
strategy should not only target the parasite but also prevent their formation of these helminths
derived metabolites and ultimately block carcinogenesis. With this in mind, we proposed a novel
therapeutic strategy-based on drug repurposing and rational combination of drugs with antioxidants.
These strategies have several advantages such as reducing costs and time of drug development,
achieving an additive/synergistic therapeutic effect allowing lower doses and thereby reducing adverse
effects and minimizing or delaying the onset of drug resistance [26,27]. Antioxidants presented
interesting biological properties which might prevent DNA damage, block carcinogenesis, improve
and ameliorate histopathological parameters, and are pharmacological safe agents [28-32], rendering
them as interesting candidates to use in therapy against these diseases. Here, we conducted in vitro
assays to evaluate if the novel therapeutic strategy counteracts the formation of these helminth derived
metabolites. Thus, we used PZQ (anthelmintic), artesunate (AS) as drug repurposed, antioxidants
N-acetylcysteine (NAC) and resveratrol (Resv) either alone or in combination (Scheme 1). Impressively,
not only did antioxidants alone almost completely inhibit the formation of several precursors and
DNA adduct in vitro, but when combined with drugs they potentiated their inhibitory activity.
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Scheme 1. Schematic representation of the inhibition by drugs and antioxidants, alone or in combination,
of the formation of putatively carcinogenic metabolites derived from schistosomes and opisthorchiids
and its associated DNA adducts.

2. Results

Previously, our research group demonstrated the ability of the compounds depicted in Scheme 1
to interact with DNA in vitro leading to the formation of DNA adducts. It should be noted
that the compounds are similar to those detected in developmental stages of schistosomes and
opisthorchiids [15]. Herein, we evaluated the potential inhibition of its formation using the new
therapeutic strategy.

2.1. Formation of Metabolites Precursors and DNA Adducts in Presence of CYP450

Due to difficulty in obtained metabolites from extracts of parasites, we selected two commercial
compounds similar to metabolites derived from helminths. Previously, we observed that the production
of metabolites and DNA-adducts were independent of CYP450 enzymes [15]. In this study, we included
the CYP450 isoforms and the reaction mixtures as they may be involved in drug and antioxidant
metabolism and consequently affect their activity [17,18]. Considering our previous assay, a period of
72 h of the reaction was selected for this study.

Initially, we performed an assay to identify the metabolites precursors and DNA adducts formed
in presence of starting compounds (glycocholic acid and taurochenodeoxycholate sodium) and in
the presence or absence of CYP450 isoforms. Then, we compared the LC-MS/MS data obtained for
these two samples (data not shown) and selected the exclusive metabolites precursors and their DNA
adducts formed in the presence of CYP450 isoforms. From this selection, we obtained a total of 29
compounds in which 17 correspond to precursor metabolites (m/z 330-500) and 12 to DNA adducts
(m/z 500-770). Their postulated molecular structural is depicted in Figure 1. It is important to note that
several of the metabolites and DNA adducts detected in these samples or the oxidized form [M + 16]
are already associated with helminth infections caused by S. haematobium and O. viverrini [10-14].



Molecules 2019, 24, 3842 40f12

a) Precursors metabolites

o
M.W.: 338.54 M.W.: 346.60 M.W.: 359.60 M.W.: 375.60 M.W.: 377.61 M.W.: 413.51

M.W.: 415.53 M.W.: 475.64

""OH
M.W.: 489.63 M.W.: 497.69 M.W.: 511.67

b) DNA adducts

() O OH
NH NH
Z N Z N,
“L)I ’ “pt )
N SN
M.W.: 588.73 M.W.: 594.77 M.W.: 610.77

Q Q
. \
\-0 =0

/o o
HN HN

HO.

0 HO

NH

OH N)IN\ N)IH
NH r? r?
KN o OH KN o OH

N7 N\
Sy

N OH OH OH OH

M.W.: 648.82 M.W.: 670.96 M.W.: 730.92

HO.

HO

M.W.: 746.92 M.W.: 768.97

Figure 1. Postulated molecular structures for (a) metabolites precursors and (b) DNA adducts originated
from the reaction of glycocholic acid and taurochenodeoxycholate sodium with calf thymus DNA
in vitro in presence of CYP450 isoforms. (M.W., molecular weight).

2.2. Novel Therapeutic Approach Inhibited the Formation of Metabolites Precursors and DNA Adducts.

Following that, we evaluate if the novel therapeutic approach inhibits the formation of metabolites
precursors and/or its DNA adducts previously synthesized. For that purpose, reaction mixtures
containing starting compounds, CYP450 isoforms, and drugs or antioxidants alone or combined
were performed in vitro as described in Section 4. The chromatographic profiles and m/z obtained
by LC-MS/MS are depicted in Supplementary Figure S1. The number of m/z detected in the
combination of drugs with antioxidants was more reduced than drugs and antioxidants alone
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(Supplementary Figure S1). The data obtained for all samples were compared with the list of
metabolites and DNA adducts detected on control to evaluate the inhibition of their formation
(Table 1).

Table 1. Evaluation of inhibition of the formation of precursors metabolites and DNA adducts detected
in the control sample by drugs and antioxidants alone and combined. The structures of these m/z
compounds are represented in Figure 1. The tick and cross indicate the presence (v/) or absence () of
the correspondent metabolite or DNA adduct in the samples analyzed in this study.

Samples
PZQ+ PZQ+ AS + AS + PZQ+ NAC+
mfz  PZQ  AS  NAC Resv. o0 NAC Resv NAC AS Resv

338.90
346.87
362.93
376.86
378.90
414.90
416.91
436.88
452.85
474.83
482.20
488.31
490.79
496.81
512.79
522.29
528.84
550.83
572.79
588.79
594.78
610.77
626.81
632.83
648.81
670.79
730.81
746.78
768.70

Abbreviations: m/z—ratio mass(m)/charge(z); PZQ—praziquantel; AS—artesunate; Resv—resveratrol;
NAC—N-acetylcysteine; PZQ + Resv—combination of praziquantel plus resveratrol; PZQ + NAC—combination of
praziquantel plus N-acetylcysteine; AS + Resv—combination of artesunate plus resveratrol; AS + NAC—combination
of artesunate plus N-acetylcysteine; PZQ + AS—combination praziquantel plus artesunate; NAC + Resv—combination
of N-acetylcysteine plus resveratrol.
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The drugs alone did not significantly inhibit the formation of precursor metabolites or DNA
adducts (Table 1). Nevertheless, the inhibitory effect of AS was slightly higher compared to PZQ.
AS inhibited the formation of three precursors and four DNA adducts while PZQ only inhibited the
formation of three precursors and had no effect on the formation of DNA-adduct (Table 1). Regarding
antioxidants alone, NAC was the most potent to inhibit the formation either of metabolites precursors
or DNA adducts; it only detected three metabolites precursors (e.g., m/z 338.90, 346.87, 378.90) and three
DNA adducts (e.g., m/z 572.79, 588.79, and 648.81). Resv presented a similar effect as PZQ inhibiting
only five metabolites precursors and curiously did not affect the production of DNA adducts (Table 1
and Figure 2).
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Figure 2. Graphical representation of the number of metabolite precursors and DNA adducts detected
in different samples. In general, combination presented better results than compounds alone with
AS + Resv inhibiting the formation most of metabolites precursors and DNA adducts. Additionally,
antioxidant NAC also prevents the formation of them.

The inhibition of formation metabolites and DNA adducts was more pronounced when drug
and antioxidants were combined (Table 1 and Figure 2). Combinations of AS with antioxidants
were more effective in inhibiting their formation in comparison to PZQ plus antioxidants (Figure 2).
Indeed, AS + Resv resulted in the highest inhibition presenting only three metabolites and DNA
adduct detected on control (Table 1). This evidence suggests that the discrete effect of drug and
antioxidants alone is potentiated when compounds are combined leading to a potential synergistic
effect. In the case of AS + NAC, the inhibitory effect was similar to those observed for NAC alone
(7 vs. 6) suggesting that the effect observed in combination derived from antioxidants (Figure 2).
The inhibitory effect of PZQ plus antioxidants was slightly better than the drug alone. Of these
combinations, PZQ + NAC had a better result in comparison to PZQ + Resv. The combination of
PZQ + NAC inhibited the formation of 17 metabolites precursors/DNA adduct while PZQ + Resv
only inhibited the formation of 7 compounds. The inhibitory effect observed in PZQ + NAC most
likely derived from NAC, nevertheless, in combination the effect was not so pronounced as NAC
alone. The combination PZQ + Resv, that inhibited the formation of 7 metabolites precursors or DNA
adducts, was slightly better than both compounds alone; PZQ inhibited 7 and Resv 5 (Figure 2).

Additionally, we evaluated the inhibitory effect of the formation of the combinations of a drug
plus drug (AS + PZQ), and antioxidant plus antioxidant (Resv + NAC). The combination of AS + PZQ
achieved better results than drugs alone inhibiting the formation of a higher number of compounds
(13), either precursor’s metabolites or DNA adducts, in comparison to the drugs alone (Figure 2).
Concerning the combination of NAC + Resv, it was possible to observe a decrease of precursors and
DNA adducts more pronounced than Resv alone. However, the inhibitory effect induced by this
combination was lower when compared to NAC alone. Nevertheless, the combination NAC + Resv
was more efficient than AS + PZQ possibly due to the effect induced by NAC since this antioxidant
alone inhibited the formation of most precursors’ metabolites and/or DNA adducts (Figure 2).
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3. Discussion

Infections caused by carcinogenic agents O. viverrini and S. haematobium affect millions
of people worldwide and are important in terms of mortality and morbidity. Bladder and
bile duct cancers are a dire and frequent consequence associated with these infections [33,34].
Probably, the infection-associated with carcinogenesis is a multistep and multifactorial process [35].
Carcinogenesis might undergo a sequence of events that include a pathogenic stimulus, biological or
chemical, followed by a chronic inflammation that leads to fibrosis and alters the cellular environment
arising a pre-cancerous niche [36]. Regard to opisthorchiasis and schistosomiasis, it was postulated
that these pathogens provide biological and chemical stimuli through the production of estrogen
and oxysterol-like metabolites that might interact with host DNA triggering a cascade of events that
culminate to develop of cancer [2,9]. In our point of view, the therapeutic strategies against these
diseases not only should target the parasite but ultimately counteract the formation of these metabolites.
Thus, we developed a novel therapeutic strategy based on drug repurposing and the combination
of drugs with antioxidants. Previously, this novel strategy demonstrated to be effective against the
developmental stages of schistosomes [37,38]. Here, we evaluated the effect of this combination of
drugs with antioxidants in inhibition of the formation of metabolites precursors and their DNA adducts.

Recently we explored the generation of some of the metabolites and related DNA-adducts
previously identified in the context of opisthorchiasis and schistosomiasis and their infection-associated
cancers. In that study, we confirmed the ability of glycocholic acid and taurochenodeoxycholate
sodium to interact with DNA leading to the formation of DNA adducts [15]. Their formation might be
independent of the parasite CYP450, nonetheless, in the presence of isoforms either metabolites or
DNA adducts were also detected. Based on the same methodology, here we synthesized metabolites
precursors and DNA adducts of glycocholic acid and taurochenodeoxycholate sodium in presence
of isoforms of CYP450. Despite that their formation may be independent of CYP450, this family
of enzymes might play a role in the metabolism of drugs and interfere with their activity [17,18].
Through LC-MS/MS analysis we detected several oxidized forms of starting compounds and also their
DNA-adducts that were originated during the reaction. The metabolites precursors and their DNA
adducts detected here were similar to those observed in our previous work [15].

Impressively, drugs and antioxidants alone, and especially when combined, lead to a reduction
of formation of either metabolites precursors or DNA adducts. In fact, it seems that the metabolism
of drugs by CYP isoforms altered the drug activity. Among the drugs evaluated, PZQ achieved
a lower reduction in their formation which might be related to the fact that PZQ is extensively
metabolized by CYP 3A4 resulting in numerous mono- and dehydroxylated derivates [39]. Probably,
these PZQ metabolites are less reactive and thus do not prevent the formation of the metabolite
precursors and/or DNA adducts. In comparison to PZQ, AS leads to a more pronounced reduction
of their formation. The drug is rapidly metabolized to its active form dihydroartemisinin through
cleavage of hemisuccinate ester-linked to artemisinin [40]. This suggests that dihydroartemisinin might
prevent the formation of some metabolites and/or DNA adducts. However, this metabolite of AS is
also metabolized by CYP3A4 to an inactive form [40]. Thus, it is reasonably hypothesized that the
conversion of AS to its inactive form reduces the drug capacity to prevent the formation of metabolites
and/or precursors of DNA. This might explain why AS is capable of reducing their formation but not
significantly. Regarding antioxidants alone, NAC presented the most pronounced inhibitory effect
leading to almost complete inhibition of the formation of metabolites precursors/DNA adducts. In other
studies, it was already demonstrated that NAC and Resv were able to inhibit the formation of catechol
estrogen quinone (CEQ)-DNA [41]. The inhibition of the reaction between precursors metabolites
and DNA by the action of these antioxidants might be related to the fact that these antioxidants react
with electrophilic compounds, e.g., CEQ, preventing their reaction with DNA, and consequently
inhibited the formation of DNA adducts [29,30,41]. Also, NAC reduces semiquinones to their catechol
forms and indirectly prevents the formation of DNA adducts [29]. Similar to NAC, Resv also has
several important characteristics in the context of carcinogenesis prevention. In studies using cell
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lines, Resv was demonstrated to be a quinone reductase (NQO1) inducer, and also is responsible for
reducing the electrophilic compounds CEQ in its catechol form, modulating the activity of CYP1A1
that is responsible for catalyzing the oxidation of estrogen to catechol forms [30]. Curiously, in this
study, Resv alone did not affect the production of metabolites precursors and its DNA adducts.

Generally, the inhibitory effect was more pronounced when drugs were combined with antioxidants.
The combination that achieved better results was AS + Resv which might be related to the fact that
Resv could inhibit the activity of isoform CYP3A4 [42]. Resv might block the metabolism of AS or
dihydroartemisinin maintain its reactivity, thus, the drug can interact with metabolites precursors and
inhibited the formation of DNA adducts. Indeed, it was possible to detect the active metabolite of AS,
dihydroartemisinin ([M + H] 284.33, Supplementary Figure S1), in the analysis of a sample from AS +
Resv by LC-MS/MS. The combination of PZQ + Resv achieved better results than compounds alone
which might be explained similarly to AS + Resv. Regarding the combination of PZQ or AS with NAC,
the inhibitory effect might derive from NAC. Nevertheless, the inhibition of formation induced by
the combination was lower than NAC alone, which might suggest that NAC might interact with the
parental drug, with potentiation of activity but decreasing the antioxidant power.

Interestingly the combinations of drug + drug and antioxidant + antioxidant were not as effective
as combinations of drugs with antioxidants or NAC alone. Nevertheless, for AS + PZQ the reduction
of metabolites/DNA adducts was more pronounced than compounds alone. These two drugs (at the
same time) can be metabolized by the same enzyme, and can occur in competition and, so that, lead to
a lower degree of metabolism of PZQ and AS. Thus, there is more availability of drugs to interact
with the starting compounds and inhibit the formation of precursor metabolites or DNA adducts.
The combination NAC + Resv demonstrated a better inhibitory effect than AS + PZQ which might
be related to NAC activity. Nevertheless, NAC + Resv had better activity than Resv alone but not
NAC alone suggesting the environment in which biomolecules antioxidants are might influence their
antioxidant activity.

To conclude, we demonstrated that antioxidants such as NAC reduced the formation in vitro of
most metabolites precursors and their DNA adducts that might be putatively carcinogenic. Despite this,
the drugs alone did not induce a considerable reduction, but when combined with antioxidants increased
its inhibitory effect. Thus, the novel therapeutic strategy should be pursued since it might be valuable to
prevent the O. viverrini and S. haematobium infections-associated with carcinogenesis by counteracting
the formation of putative carcinogenic metabolites derived from helminths. Future studies using
informative cell lines should be undertaken not only to assess the carcinogenic effect of these metabolites
but also to evaluate the effect of the new therapeutic strategy on inhibiting their formation in the
cellular environment and its effect in vitro and in vivo.

4. Materials and Methods

4.1. Reagents and Material

Acetonitrile (ACN) and formic acid (HF), HPLC grade, were obtained from Merck
(Darmstadt, Germany). Glycocholic acid hydrated (G2878-100MG), praziquantel (P4668-1G),
calf thymus DNA (D1501-100MG), nicotinamide adenine dinucleotide phosphate (NADPH,
N7506-25MG), dimethyl sulfoxide (DMSO, D-5879) and CYPExpress™ 1A1 (MTOXCE1A1-250MG),
2E1 (MTOXCE2E1-250MG) and 3A4 (MTOXCE3A4-250MG) were purchased from Sigma/Merck (Sintra,
Portugal). Taurochenodeoxycholate sodium (20275) and artesunate (AS, 11817) was purchased from
Cayman Chemical (Ann Arbor, MI, USA). Resveratrol (sc-200808) was purchased from Santa Cruz
Biotechnology (Dallas, TX, USA). Absolute ethanol 90% was purchased from Panreac.

4.2. Formation of Precursor Metabolites and DNA Adducts through Their Interaction with DNA In Vitro

The formation of precursors metabolites and DNA in vitro were performed as previously
described [15]. Briefly, stock solutions of compounds glycocholic acid and taurochenodeoxycholate
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sodium were prepared in 100% DMSO. Then, the compounds at final concentration of 100 uM were
incubated with CYP isoforms, CYP1A1, CYP2E1, CYP3A4 (0.2 uM) in the presence of 1.4 pM of
NADPH and calf thymus DNA (3 mM) in 67 mM Na-K phosphate buffer (pH 7.2) in a total volume of
200 pL in 96 wells flat bottom plate (Nunclon, Roskilde, Denmark) at 37 °C for 72 h. Aliquots were
collected following 72 h after the onset of the reaction. Afterwards, the reaction was ended following
the addition of two volumes of cold absolute EtOH to precipitate DNA, which was recovered by
centrifugation. Thereafter, 20 pL of the supernatant was subjected to analysis by liquid chromatography
coupled to mass spectrometry (LC-MS/MS).

4.3. Inhibition of Formation of Metabolites Precursores and DNA Adducts by Novel Therapeutic Approach

The stock solutions of PZQ, AS, NAC, and Resv were prepared in 100% DMSO. The compounds at
a final concentration of 50 uM were incubated with glycocholic acid, taurochenodeoxycholate sodium,
CYP isoforms, calf thymus DNA in 67 mM Na-K phosphate buffer (pH 7.2) in a total volume of 200 pL
at 37 °C for 72 h, as described above. When combined, the drugs and antioxidants were incubated at a
constant ratio 1:1 with the same concentration of 50 uM. The constitution of each mixture reaction is
depicted in Table 2. Aliquots were collected 72 h. The reactions were stopped through addition by
EtOH, centrifugated, and analyzed as described above.

Table 2. Constituents of the reaction mixtures used for evaluation of inhibition of precursor metabolites
and DNA adducts formation by novel therapeutic approach.

Taurocheno-

Glycocholic Acid Deoxycholate Sodium

NADPH CYP Isoforms DNA PZQ AS Resv  NAC

Control vV v v v v X x x %
PZQ v v v v Vv x xox

AS v v v v Voox v x X
Resv v v v v v x x v x
NAC v N v v Vooox ox ox
PZQ + Resv v v v v v v X N x
AS + Resv v v v v v x N i X
PZQ + NAC v v v v v v x x v
AS + NAC v vV v v v x v X v
AS +PZQ v v v v VvV x x
NAC + Resv vV v v v v X X v N

4.4. Evaluation of Inhibition of Precursores and DNA Adducts Formation by Liquid Chromatography Coupled
with Mass Spectrometry (LC-MS/MS) In Vitro

Detection and identification of metabolites and related DNA-adducts by LC-MS/MS were
conducted using LTQ Orbitrap XL mass spectrometer (Thermo Fischer Scientific, Bremen, Germany),
fitted with an ultraviolet (UV) photodiode assay (PDA) detector as described elsewhere [15].
Briefly, the analysis of aliquots was undertaken by a single injection of 20 uL with an ACE Equivalence
5 Cy3 (75 mm X 3 mm internal diameter) column. The mobile phase consisted of 1% HF in water
(A)/CAN (B) mixtures. Elution undergoes at a flow rate of 0.5 mL/min. Eluates were monitored for
8 min, run with mobile phase gradient started with 80% A and 20% B. Then, B was increased linearly
to 55% B and 45% A over 5 min and returned to the starting point 5 to 8 min and equilibrated for
one minute. Data were collected in positive electrospray ionization (ESI). The capillary voltage of
the ESI was 28 kV, and with a temperature of 310 °C. Flow rates of the sheath gas and auxiliary gas
(Ny) were set to 40 and 10 (arbitrary units as provided by software settings), respectively, and the gas
temperature was 275 °C.

Supplementary Materials: The following are available online, Figure S1: Mass spectra and m/z obtained for
different samples analyzed by LC-MS/MS.
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preparation, M.].G.; writing—review and editing, F.G. and N.V,; supervision, M.].G.; N.V. and EG.; project
administration, N.V.; funding acquisition, N.V.



Molecules 2019, 24, 3842 10 of 12

Funding: This work was financed by FEDER-Fundo Europeu de Desenvolvimento Regional funds through the
COMPETE 2020-Operational Programme for Competitiveness and Internationalisation (POCI), Portugal 2020,
and by Portuguese funds through FCT-Fundacao para a Ciéncia e a Tecnologia, in the framework of the projects
“Institute for Research and Innovation in Health Sciences” (POCI-01-0145-FEDER-007274). N.V. also acknowledges
support from FCT and FEDER (European Union), award number IF/00092/2014/CP1255/CT0004.

Acknowledgments: N.V. thanks F.C.T. by IF position, Funda¢ao Manuel Anténio da Mota (FMAM, Portugal).
The contents of this report are solely the responsibility of the authors and do not necessarily represent the official
views of the FCT or FMAM.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Brindley, PJ.; Loukas, A. Helminth infection-induced malignancy. PLoS Pathog. 2017, 12, e1006393. [CrossRef]
[PubMed]

2. Brindley, PJ.; Correia da Costa, ].M.; Sripa, B. Why does infection with some helminths cause cancer?
Trend. Cancer 2015, 1, 174-182. [CrossRef] [PubMed]

3. Hotez, PJ; Brindley, PJ.; Bethony, ] M.; King, C.H.; Pearce, E.J.; Jacobson, ]J. Helminth infections: The great
neglected tropical diseases. J. Clin. Investig. 2008, 118, 1311-1321. [CrossRef] [PubMed]

4. TARC Working Group on the Evaluation of Carcinogenic Risk to Humans. Biological agents. A review of
human carcinogens. IARC Monogr. Eval. Carcinog. Risks Hum. 2012, 100, 1-441.

5. Parkin, D.M. The global health burden of infection-associated cancers in the year 2002. Int. ]. Cancer 2006,
118, 3030-3044. [CrossRef]

6. Sripa, B.; Bethony, ].M.; Sithtithaworn, P.; Kaewkes, S.; Mairiang, E.; Loukas, A.; Mulvenna, J.; Laha, T,;
Hotez, P; Brindley, PJ. Opisthorchiasis and Opisthorchis-associated cholangiocarcinoma in Thailand and
Laos. ACTA Trop 2011, 1205, S5158-55168. [CrossRef]

7. Shiff, C.; Veltri, R.; Naples, J.; Quartey, J.; Otchere, J.; Anyan, W.; Marlow, C.; Wiredu, E.; Adjei, A.;
Brakohiapa, E.; et al. Ultrasound verification of bladder damage is associated with known biomarkers of
bladder cancer in adult chronically infected with Schistosoma haematobium un Ghana. Trans. R. Soc. Trop.
Med. Hyg. 2006, 100, 847-854. [CrossRef]

8.  Mostafa, M.H.; Sheweita, S.A.; O’Connor, P.J. Relationship between schistosomiasis and bladder cancer.
Clin. Microb. Rev. 1999, 12,97-111. [CrossRef]

9. Correia da Costa, ].M.; Vale, N.; Gouveia, M.].; Botelho, M.C.; Sripa, B.; Santos, L.L.; Santos, ].H.; Rinaldi, G.;
Brindley, PJ. Schistosome and liver fluke derived catechol-estrogens and helminth associated cancers.
Front. Genet. 2014, 5, 444. [CrossRef]

10. Botelho, M.C.; Soares, R.; Vale, N.; Ribeiro, R.; Camilo, V.; Almeida, R.; Medeiros, R.; Gomes, P.; Machado, J.C.;
Correia da Costa, J.M. Schistosoma haematobium: Identification of new estrogenic molecules with estradiol
antagonistic activity and ability to inactivate estrogen receptor in mammalian cells. Exp. Parasitol. 2010, 126,
526-535. [CrossRef]

11. Botelho, M.C.; Vale, N.; Gouveia, M.J.; Rinaldi, G.; Santos, J.; Santos, L.L.; Gomes, P.; Brindley, P].;
Correia da Costa, ].M. Tumour-like phenotypes in urothelial cells after exposure to antigens from eggs of
Schistosoma haematobium: An oestrogen-DNA adducts mediated pathway? Int. ]. Parasitol. 2013, 43, 17-26.
[CrossRef] [PubMed]

12.  Gouveia, M.J.; Santos, J.; Brindley, PJ.; Rinaldi, G.; Lopes, C.; Santos, L.L.; Correia da Costa, ].M.;
Vale, N. Estrogen-like metabolites and DNA-adducts in urogenital schistosomiasis-associated bladder
cancer. Cancer Lett. 2015, 359, 226-232. [CrossRef] [PubMed]

13. Vale, N.; Gouveia, M.].; Botelho, M.; Sripa, B.; Suttiprapa, S.; Rinaldi, G.; Gomes, P.; Brindley, PJ.; Correia da
Costa, ].M. Carcinogenic liver fluke Opisthorchis viverrini oxysterols detected by LC-MS/MS survey of soluble
fraction parasite extract. Parasitol. Int. 2013, 62, 535-542. [CrossRef]

14. Gouveia, M.J.; Pakharukova, M.Y.; Laha, T.; Sripa, B.; Maksimova, G.A.; Rinaldi, G.; Brindley, P].;
Mordvinov, V.A.; Amaro, T.; Santos, L.L.; et al. Infection with Opisthorchis felineus induces intraepithelial
neoplasia of the biliary tract in a rodent model. Carcinogenesis 2017, 38, 929-937. [CrossRef]

15. Gouveia, M.J,; Brindley, PJ.; Rinaldi, G.; Gértner, E; Correia da Costa, ].M.; Vale, N. Infection with
carcinogenesis helminth parasites and its production od metabolites induces the formation of DNA-adducts.
in press.


http://dx.doi.org/10.1371/journal.ppat.1006393
http://www.ncbi.nlm.nih.gov/pubmed/28750101
http://dx.doi.org/10.1016/j.trecan.2015.08.011
http://www.ncbi.nlm.nih.gov/pubmed/26618199
http://dx.doi.org/10.1172/JCI34261
http://www.ncbi.nlm.nih.gov/pubmed/18382743
http://dx.doi.org/10.1002/ijc.21731
http://dx.doi.org/10.1016/j.actatropica.2010.07.006
http://dx.doi.org/10.1016/j.trstmh.2005.10.010
http://dx.doi.org/10.1128/CMR.12.1.97
http://dx.doi.org/10.3389/fgene.2014.00444
http://dx.doi.org/10.1016/j.exppara.2010.06.012
http://dx.doi.org/10.1016/j.ijpara.2012.10.023
http://www.ncbi.nlm.nih.gov/pubmed/23260770
http://dx.doi.org/10.1016/j.canlet.2015.01.018
http://www.ncbi.nlm.nih.gov/pubmed/25615421
http://dx.doi.org/10.1016/j.parint.2013.08.001
http://dx.doi.org/10.1093/carcin/bgx042

Molecules 2019, 24, 3842 11 of 12

16.

17.

18.

19.

20.

21.

22.
23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

Zhang, Y.; Gaikwad, N.W.; Olson, K.; Zahid, M.; Cavalieri, E.L.; Rogan, E.G. Cytochrome P450 isoforms
catalyze formation of catechol estrogen quinones that react with DNA. Metab. Clin. Exp. 2007, 56, 887-894.
[CrossRef]

Zanger, U.M.; Schwab, M. Cytochrome P450 enzymes in drug metabolism: Regulation of gene expression,
enzyme activities, and impact of genetic variation. Pharmacol. Ther. 2013, 138, 103-141. [CrossRef]

Vale, N.; Ferreira, A.A.; Matos, J.; Fresco, P.; Gouveia, M.J. Amino acids in the development of prodrugs.
Molecules 2018, 23, 2318. [CrossRef]

Saeed, H.M.; Mostafa, M.H.; O’Connor, PJ.; Rafferty, ].A.; Doenhoff, M.]. Evidence for the presence of active
cytochrome P450 systems in Schistosoma mansoni and Schistosoma haematobium adult worms. Febs. Lett. 2002,
519, 205-209. [CrossRef]

Pakharukova, M.Y.; Ershov, N.L; Vorontsova, E.V.; Katolin, A.V.; Merkulova, T.I.; Mordvinov, V.A. Cytochrome
P450 in fluke Opisthorchis felineus: Identification and characterization. Mol. Biochem. Parasitol. 2012, 181,
190-194. [CrossRef]

Pakharukova, M.Y,; Vavilin, V.A,; Sripa, B.; Laha, T.; Brindley, PJ.; Mordvinov, V.A. Functional analysis of
the unique cytochrome P450 of the liver fluke Opisthorchis Felineus. PLoS Negl. Trop. Dis. 2015, 9, e0004258.
[CrossRef]

Cioli, D.; Pica-Mattocia, L. Praziquantel. Parasitol. Res. 2003, 90, 21-32. [CrossRef]

Vale, N.; Gouveia, M.J.; Rinaldi, G.; Brindley, P,; Gértner, F.; Correia da Costa, ] M. Praziquantel for schistosomiasis:
Single-drug metabolism revisited, mode of action, and resistance. Antimicrob. Agent Chemother. 2017, 61.
[CrossRef] [PubMed]

Fallon, P.G. Schistosome resistance to praziquantel. Drug Resist. Updat. 1998, 1, 236-241. [CrossRef]

Wang, W.; Wang, L.; Liang, Y. Susceptibility or resistance of praziquantel in human schistosome: A review.
Parasitol. Res. 2012, 111, 1871-1877. [CrossRef]

Ashley, E.A.; White, N.J. Artemisinin-based combinations. Curr. Opin. Infect. Dis. 2005, 18, 531-536.
[CrossRef] [PubMed]

Panic, G.; Duthaler, P.G.; Speich, B.; Keiser, J. Repurposing drugs for the treatment and control of helminth
infections. Int. J. Parasitol. Drugs Drug Res. 2014, 4, 185-200. [CrossRef]

Pinlaor, S.; Yongvanit, P.; Prakobwong, S.; Kaewsamut, B.; Khootawad, J.; Pinlaor, P.; Hiraku, Y. Curcumin
reduces oxidative and nitrative DNA damage through balancing of oxidant-antioxidant status in hamsters
infected with Opisthorchis viverrini. Mol. Nutr. Food Res. 2009, 53, 1316-1328. [CrossRef]

Zahid, M.; Saeed, M.; Ali, M.F;; Rogan, E.G.; Cavalieri, E.L. N-acetylcysteine blocks formation of
cancer-initiating estrogen-DNA adducts in cells. Free Radic. Biol. Med. 2010, 49, 392-400. [CrossRef]

Zahid, M.; Saeed, M.; Beseler, C.; Rogan, E.G.; Cavalieri, E.L. Resveratrol and N-acetylcysteine block the
cancer-initiating step in MCF-10F cells. Free Radic. Biol. Med. 2011, 50, 78-85. [CrossRef]

Ratman, D.V,; Ankola, D.D.; Bhardwaj, V.; Sahana, D.K.; Kumar, M.N. Role of antioxidants in prophylaxis
and therapy: A pharmaceutical perspective. J. Control. Release 2006, 113, 189-207. [CrossRef]

Soliman, R.H.; Ismail, O.A.; Badr, M.S.; Nasr, S.M. Resveratrol ameliorates oxidative stress and organ
dysfunction in Schistosoma mansoni infected mice. Exp. Parasitol. 2017, 174, 52-58. [CrossRef] [PubMed]
Colley, D.G.; Bustinduy, A.S.; Secor, W.E.; King, C.H. Human schistosomiasis. Lancet 2014, 383, 2253-2264.
[CrossRef]

Sripa, B.; Kaewkes, S,; Sithithaworn, P.; Mairiang, E.; Laha, T.; Smout, M.; Pairojkul, C.; Bhudhisawasdi, V.;
Tesana, S.; Thinkamrop, B.; et al. Liver flukes induces cholangiocarcinoma. PLoS Med. 2007, 4, e201.
[CrossRef] [PubMed]

Sripa, B.; Brindley, PJ.; Mulvenna, J.; Laha, T.; Smout, M.].; Mairiang, E.; Bethony, ].M.; Loukas, A.
The tumorigenic liver fluke Opisthorchis viverrini-multiple pathways to cancer. Trends Parasitol. 2012, 28,
395-407. [CrossRef] [PubMed]

Briicher, B.L.; Jamall, LS. Epistemology of the origin of cancer: A new paradigm. BMC Cancer 2014, 14, 331.
[CrossRef]

Gouveia, M.].; Brindley, PJ.; Azevedo, C.; Gértner, E; da Costa, ]. M.C.; Vale, N. The antioxidants resveratrol
and N-acetylcysteine enhance anthelmintic activity of praziquantel and artesunate against Schistosoma mansoni.
Parasit Vect 2019, 12, 309. [CrossRef]

Gouveia, M.J.; Brindley, PJ.; Rinaldi, G.; Gértner, F; Correia da Costa, ].M.; Vale, N. Combination
anthelmintic/antioxidant activity against Schistosoma mansoni. Biomolecules 2019, 9, 54. [CrossRef]


http://dx.doi.org/10.1016/j.metabol.2007.03.001
http://dx.doi.org/10.1016/j.pharmthera.2012.12.007
http://dx.doi.org/10.3390/molecules23092318
http://dx.doi.org/10.1016/S0014-5793(02)02755-2
http://dx.doi.org/10.1016/j.molbiopara.2011.11.005
http://dx.doi.org/10.1371/journal.pntd.0004258
http://dx.doi.org/10.1007/s00436-002-0751-z
http://dx.doi.org/10.1128/AAC.02582-16
http://www.ncbi.nlm.nih.gov/pubmed/28264841
http://dx.doi.org/10.1016/S1368-7646(98)80004-6
http://dx.doi.org/10.1007/s00436-012-3151-z
http://dx.doi.org/10.1097/01.qco.0000186848.46417.6c
http://www.ncbi.nlm.nih.gov/pubmed/16258328
http://dx.doi.org/10.1016/j.ijpddr.2014.07.002
http://dx.doi.org/10.1002/mnfr.200800567
http://dx.doi.org/10.1016/j.freeradbiomed.2010.04.028
http://dx.doi.org/10.1016/j.freeradbiomed.2010.10.662
http://dx.doi.org/10.1016/j.jconrel.2006.04.15
http://dx.doi.org/10.1016/j.exppara.2017.02.008
http://www.ncbi.nlm.nih.gov/pubmed/28167208
http://dx.doi.org/10.1016/S0140-6736(13)61949-2
http://dx.doi.org/10.1371/journal.pmed.0040201
http://www.ncbi.nlm.nih.gov/pubmed/17622191
http://dx.doi.org/10.1016/j.pt.2012.07.006
http://www.ncbi.nlm.nih.gov/pubmed/22947297
http://dx.doi.org/10.1186/1471-2407-14-331
http://dx.doi.org/10.1186/s13071-019-3566-9
http://dx.doi.org/10.3390/biom9020054

Molecules 2019, 24, 3842 12 of 12

39. Godawska-Matysik, A.; Kie’c-Kononowicz, K. Biotransformation of praziquantel by human cytochrome
P450 3A4 (CYP3A4). ACTA Pol. Pharm. 2006, 63, 381-385.

40. Morris, C.A.; Duparg, S.; Borghini-Fuhrer, I.; Jung, D.; Shin, C.S.; Fleckenstein, L. Review of the clinical
pharmacokinetics of artesunate and its active metabolite dihydroartemisinin following intravenous,
intramuscular, oral or rectal administration. Malar. |. 2011, 10, 263. [CrossRef]

41. Cavalieri, E.L;; Rogan, E.G. Depurinating estrogen-DNA adducts, generators of cancer initiation:
Their minimization leads to cancer prevention. Clin. Transl. Med. 2016, 5, 12. [CrossRef]

42. Kraft, T.E; Parisotto, D.; Schempp, C.; Efferth, T. Fighting cancer with red wine? Molecular mechanisms of
resveratrol. Crit. Rev. Food Sci. Nutr. 2009, 49, 782-799. [CrossRef] [PubMed]

@ © 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).



http://dx.doi.org/10.1186/1475-2875-10-263
http://dx.doi.org/10.1186/s40169-016-0088-3
http://dx.doi.org/10.1080/10408390802248627
http://www.ncbi.nlm.nih.gov/pubmed/20443159
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Results 
	Formation of Metabolites Precursors and DNA Adducts in Presence of CYP450 
	Novel Therapeutic Approach Inhibited the Formation of Metabolites Precursors and DNA Adducts. 

	Discussion 
	Materials and Methods 
	Reagents and Material 
	Formation of Precursor Metabolites and DNA Adducts through Their Interaction with DNA In Vitro 
	Inhibition of Formation of Metabolites Precursores and DNA Adducts by Novel Therapeutic Approach 
	Evaluation of Inhibition of Precursores and DNA Adducts Formation by Liquid Chromatography Coupled with Mass Spectrometry (LC-MS/MS) In Vitro 

	References

