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Abstract

Schistosomiasis is a debilitating disease caused by trematode worms of the genus
Schistosoma. Three members Schistosoma mansoni, Schistosoma haematobium, and
Schistosoma japonicum are responsible for the great majority of human infections.
Schistosomiasis is widespread in sub-Saharan Africa, several countries of the Mid‐
dle East, South America, and South-East Asia. Vaccination against the infection
would be the most reliable way to combat the infection and decrease or interrupt its
transmission, but a commercial vaccine is still unavailable. Praziquantel (PZQ) is
the only drug considered for schistosomiasis treatment as it is effective against the
major human schistosomes, commercially available, cost-affordable, and elicits lim‐
ited side-effects. Several reports documented the highly significant PZQ efficacy in
treatment of light infections in areas of low S. mansoni and S. haematobium endemici‐
ty and PZQ use. Chemotherapy with PZQ alone of patients residing in regions of
high schistosome endemicity and afflicted with light, moderate, or heavy infection
is not efficacious. Accordingly, we propose implementation of cost-affordable
arachidonic acid (ARA), a polyunsaturated omega-6 fatty acid and efficacious in vi‐
tro and in vivo schistosomicide, for oral therapy of children with Schistosoma manso‐
ni and Schistosoma haematobium light infection, as adjunct to PZQ for cure of
children with moderate and heavy infections, and for counteracting schistosome re‐
sistance to PZQ that arises in endemic areas exposed to repeated and intense PZQ
mass treatment campaigns.

Keywords: Praziquantel, Arachidonic acid, Schistosomiasis, Chemotherapy, Com‐
bination chemotherapy
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1. Introduction

Schistosomiasis is a debilitating disease caused by dioecious (having separate sex) trematode
worms of the genus Schistosoma. Three members, Schistosoma mansoni, Schistosoma haematobi‐
um, and Schistosoma japonicum, are responsible for the great majority of human infections.
Schistosomiasis is also called snail fever as the schistosomes' life cycle comprises asexual
reproduction in an appropriate, fresh water snail. Actually, it is the presence of the specific
snail vector that determines the prevalence of the disease, as infection is exclusively caused by
the larvae (termed cercariae) shed by infected snails. The cercariae of S. mansoni, S. haematobi‐
um, and S. japonicum swim in fresh water and soon die if they fail to land on the skin of humans
or other suitable mammalian hosts. The cercariae then penetrate the epidermis, linger there
for one (S. japonicum) to three (S. mansoni, S. haematobium) days or more until extensive
biochemical changes end by setting a protective, outer double-lipid bilayer armor. The larvae,
now termed schistosomula, exit to the dermis and then make their way into dermal venous
capillaries, en route to the lung and then liver. There the parasites start to feed and rapidly
grow and mature, and the male carrying the female into its ventral gynecophoric groove or
"schist" migrate to permanent residence in the inferior mesenteric (S. mansoni, S. japonicum) or
the peri-vesical (S. haematobium) venous plexus. Until then, the worms are nearly innocuous
causing very limited harm, especially in endemic regions. With the onset of female parasite
egg deposition, harm starts and progresses into overt diseases [1-5].

To continue the life cycle, the ova must egress the mammalian host vasculature to the exterior
to locate the intermediate snail host where asexual reproduction takes place. The parasite
dwelling is nearest to the outlets of the lower colon and rectum via feces and the urinary
bladder with urine. Eggs release proteolytic and other hydrolytic enzymes to transit the blood
capillaries, and thereafter the large intestine (or urinary bladder) wall into the lumen. Besides
releasing host matrix digestive enzymes, S. mansoni and S. haematobium additionally depend
on the sharp, lateral and terminal spine, respectively. The massive daily egg migration,
trapping, and calcification lead to edema, congestion, ulcers, lesions, petechial hemorrhage,
necrosis, hyperplastic and hypertrophic changes, fibrosis, and excessive nodules and polyps
formation in the intestine, symptoms collectively known as intestinal schistosomiasis [1, 2].
Continuous egg transit via the wall of the lower urinary tract to the lumen causes even more
damage to the urinary tract and bladder, the severe symptoms of urinary schistosomiasis [3].
Beside the egg-induced overt mechanical injury and lesions, the presence of parasite molecules
within the extracellular matrix signals danger and expectedly contributes to intense and
prolonged generation of inflammatory mediators [4].

The "plat de resistance" is still away, as the most severe injury does not result from the eggs
that escape to the exterior but from the eggs that fail to do so. Eggs trapped in the wall of the
intestine or urinary tract drift and eventually accumulate in tissues of other organs, namely
the liver, where they remain viable for approximately three weeks, and release soluble egg
antigens (SEA) via their microscopic pores. The host responds to these insults through vigorous
immunologic reactions. These intense immunological reactions are injurious to the host, not
the egg that remains unscathed, until its viability becomes exhausted. Lymphocytes, eosino‐
phils, basophils, and macrophages accumulate around the egg in attempt to prevent its
contents from seeping and disseminating, thus forming large granulomas. The granulomas
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gradually begin to encompass the entire organ, progressing to fibrosis with excessive accu‐
mulation of collagen and extracellular matrix proteins, obstructive vascular lesions, vascular
hypertension, neo angiogenesis, splenomegaly, esophageal varices, and signs of hepatocellular
(S. mansoni) or kidney (S. haematobium) failure [1-3, 5].

The transiting eggs-induced mechanical injury and the immunological reactions to the
entrapped eggs manifest into colitis, diarrhea, blood in stool or urine, abdominal discomfort
and pain, urodynamic abnormalities, fatigue, lower exercise and work tolerance, impaired
cognitive capacities, and retarded development. Chronic infection leads to organ dysfunction,
intense vascular complications, and additionally, predisposes to other even more severe viral
and bacterial infections, cancer development, and ultimately death [1-3, 5].

Detection of eggs in stool specimens is the gold standard for diagnosis of the infection. In
chronic infections, i.e., in adults residing in endemic areas, continuous egg deposition and
migration via the wall of the lower intestine and the urinary bladder and tracts generate fibrosis
in the submucosa and hypertrophy in the muscularis mucosa, and consequently, a barrier is
raised to the usual route of ova transit from the surrounding veins to the lumen of the gut or
urinary bladder [2, 3]. Expectedly, the gold standard method of egg detection is entirely
unreliable in chronic infections. Diagnostic methods based on serological detection of anti‐
bodies to the parasite antigens do not lack sensitivity, but lack specificity and additionally may
not be used to monitor the outcome of therapy or to differentiate between present and past
infection. Diagnostic methods based on antigen detection in serum, urine or stool, and saliva
lack both sensitivity and specificity and together with the methods based on molecular biology
advances are cumbersome, costly, and none has been adapted for routine screening in endemic
regions, all situated in the developing world [5 and references therein, 6]. Epidemiological
surveys are costly and require thorough scientific and political involvement, both often failing
in developing countries. Based on the above, it may be foreseen that the figures on the
prevalence of schistosomiasis, namely 252 million infected, are a gross underestimate. Yet, it
is certain that the figures of 800 million persons, namely children, residing in rural areas are
at risk of the infection, and yearly deaths as high as 200,000 are correct [6-9]. Schistosomiasis
is widespread in sub-Saharan Africa, several countries of the Middle East, South America, and
South-East Asia [6-10]. Vaccination against the infection would be the most reliable way to
combat the infection and decrease or interrupt its transmission, but a commercial vaccine is
still an unmet clinical need. Praziquantel is the only drug considered for schistosomiasis
treatment as it is effective against the major human schistosomes, commercially available, cost-
affordable, and elicits limited side-effects [reviewed in 5, 11, 12].

2. Chemotherapy

2.1. Praziquantel

2.1.1. Structure and schistosomicidal effects in vitro and in experimental animals

Praziquantel (PZQ), C19H24N2O2 (2-cyclohexylcarbonyl-4-oxo-1,2,3,6,7,11b-hexahydro-4H-
pyrazino[2,1-a]iso-quinolin-4-one) (Figure 1) is a hydrophobic molecule of molecular weight
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312.4 g/mole, for all this lengthy formula, smaller than the molecular weight of cholesterol
386.6 g/mole), which schistosomes cannot synthesize de novo and rely on absorption from the
host via the tegument [13].

Figure 1. Structure of praziquantel.

Because of its small molecular weight and hydrophobic nature, PZQ may access and interact
with the schistosome outer lipid bilayer, expectedly causing disruption, degeneration, and
disintegration. Adult S. mansoni were exposed in vitro to 1, 10, or 100 μg/ml PZQ for 5, 15, 30,
or 60 minutes, and examined by light and electron microscopy. Severe body contraction and
complete cessation of movement were associated with the appearance of numerous small areas
of vacuolization and vesicle formation distributed all over the parasite surface, their number
increasing with PZQ concentration and exposure time and eliciting disruption of the apical
tegumental layer [14, 15].

Mice orally treated with 500 mg/kg PZQ seven weeks following infection with S. mansoni
showed dislodgment of the worms from the veins of the intestine to the portal circulation, and
pronounced vacuolization of the tegument as early as one hour after treatment, indicating that
in vitro and in vivo likewise, PZQ suddenly and abruptly affects the worm physiology. Soon
after, neutrophils and eosinophils attached to the bleb-like vacuoles and succeeded in infil‐
trating the interior of the worms leading to progressive internal lysis and eventually total
disintegration [15]. Yet, several reports indicated that 21- and 28-day worms are less sensitive
to PZQ action in vivo [16, 17].

Lung-stage schistosomula were recovered one hour after treatment of 6-day S. mansoni-
infected mice with 0 or 200 mg/kg PZQ, and examined by indirect membrane immunofluor‐
escence using chronic infection serum. Larvae recovered from untreated mice were entirely
negative, a finding we repeatedly confirmed decades later [11, 12 and references therein].
Larvae harvested from PZQ-treated hosts revealed exposure of hitherto hidden surface
membrane molecules, likely consequent to interaction of PZQ with the lung-stage schistoso‐
mula apical lipid bilayer [18]. Proven PZQ-mediated exposure of larval and adult S. mansoni
surface membrane antigens to hitherto barred antibody access suggested that PZQ in vivo
action is due to the synergy between its direct effect on the worm and host-immune effectors,
principally antibody-dependent cell- and complement-mediated cytotoxicity and granulo‐
cytes cytolytic action [19-22].
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Praziquantel was shown to be equally effective against S. haematobium and S. japonicum in vitro
and in vivo, inducing spastic paralysis, tegumental vacuolation and disruption, and surface
membrane exposure to host antibodies and other immune effectors [23-25].

2.1.2. Mechanism of action

The pyrazino-isoquinoline ring system of PZQ represents a completely novel structure in anti-
helminthic chemotherapy, and additionally, its schistosomicidal mode of action is not
intuitively clear [26]. The most immediate PZQ effect, at least in vitro, is dramatic parasite
contraction and spastic paralysis, followed by outer membrane vacuolation, blebbing, and
disruption. Thus, one hypothesis to explain PZQ mode of action is that the drug inserts itself
in the membrane, destabilizes the double lipid bilayer [27-29], and subsequently interacts with
muscle filaments. Due to its size and hydrophobic nature, PZQ likely intercalates within the
phospholipid molecules of the worm apical lipid leaflets, undergoes hop diffusion in the
plasma membrane, and permeates to access tegumental actin, myosin, and/or tropomyosin
[27-30]. Adult worms' surface spines are crystalline structures consisting of filaments of actin
that interact directly with the apical and basal membranes [31, 32]. Actin is present in the
surface membrane tubercles and in the tegument [33]. More importantly, actin molecules are
known to form a mesh or fence underneath surface plasma membranes [30, 34, 35]. Putative
interaction of PZQ with actin in spines, tubercles, and tegument would affect its polymeriza‐
tion status, leading to surface membrane disruption. Pre-incubation of parasites in the presence
30 mM magnesium before exposure to PZQ prevented contraction and tegumental disinte‐
gration in all worms [36]. This finding, coupled with the recent report showing magnesium-
dependent modulation of myosin and actin functions, [37] may be construed to indicate that
PZQ directly interacts with the parasite myosin and actin.

We have taken advantage of the Claisen Condensation Reaction to irreversibly bind the
otherwise inert PZQ to cellulose acetate membrane and thus use affinity chromatography to
isolate the parasite surface membrane molecule(s) that most selectively bind to PZQ. Amino
acid microsequencing and immunogenicity studies indicated that PZQ preferably binds to
schistosome actin at the exclusion of other adult worm surface membrane antigens. We have
proposed that PZQ accesses actin of schistosomes and induces its polymerization, with
subsequent parasite contraction and tegument disruption [38, 39]. Cytochalasin B disrupts
actin polymerization by capping the fast-growing end of actin filaments. Pre-treatment of adult
S. mansoni with cytochalasin B did not entirely prevent worm contraction and immobility, yet
rendered the parasites refractory to killing by even exceedingly high PZQ concentrations. The
results may easily be construed to indicate that PZQ-mediated actin polymerization is the
major mechanism of PZQ killing [40]. Ramaswamy and colleagues expressed the cDNA library
of S. mansoni on the surface of T7 bacteriophages and screened the displayed proteins with
labeled PZQ. The results indicated PZQ binds to the N-terminal end of myosin light chain and
to actin, and further revealed that S. mansoni myosin light chain is phosphorylated in vivo
upon binding to PZQ [41].

The second major PZQ effect is abnormal calcium influx in the worm, leading to hypothesizing
that voltage-gated calcium channel(s) on the surface of the worm is the elusive target of PZQ

Praziquantel and Arachidonic Acid Combination — An Innovative Approach to the Treatment of Schistosomiasis
http://dx.doi.org/10.5772/61185

149



action [42-46]. However, Cioli and colleagues failed to detect the correlation between PZQ-
induced intra-worm calcium influx and parasite death [47]. In support, incubation of S.
mansoni worms in the presence of seven different calcium channel blockers gave insignificant
protection against PZQ lethal action except for nicardipine and nifedipine, which nevertheless
did not prevent the spastic paralysis observed in worms observed in schistosomes exposed to
PZQ, and allowed 50% of the worms to be killed by 3 μM PZQ. In contrast, all worm survived
exposure to 36 μM PZQ following pre-treatment with the actin depolymerizing agent,
cytochalasin B [40].

2.1.3. Safety and efficacy

Extensive use of PZQ for treatment and control of schistosomiasis requires a comprehensive
understanding of efficacy and safety:

a. Of various doses for different Schistosoma species. PZQ is active against all schistosome
species that infect humans. A multicenter, randomized, controlled trial of the efficacy and
safety of single-dose PZQ at 40 mg/kg versus 60 mg/kg for treating intestinal schistoso‐
miasis in the Philippines (S. japonicum), Mauritania, Tanzania, and Brazil (S. mansoni)
enrolled 856 patients, aged 10-19 years and with ≥  100 eggs per gram of feces (epg). A
total of 666 (78%) reported adverse reactions, mostly abdominal pain, at 4 hours after
administration with no highly significant differences between doses. Both doses were
highly effective, as in Day 21 cure rates were 91.7% (86.6%-98% at individual sites) with
40 mg/kg and 92.8% (88%-97%) with 60 mg/kg, suggesting there is no significant efficacy
advantage of the 60 versus standard 40 mg/kg for therapy of intestinal schistosomiasis.
Of note, there were no differences in efficacy outcomes with variations in transmission
and infection intensities across the sites [48]. A meta-analysis of comparative and non-
comparative clinical trials on PZQ clinical efficacy and tolerability for intestinal and
urinary schistosomiasis, involved 19,500 patients, largely children, in 24 countries and 82
sites. Again, approximately 60% of the subjects receiving 40 mg/kg PZQ reported adverse
reactions, namely abdominal pain. The WHO-recommended dose of PZQ 40 mg/kg
achieved within 8 weeks cure rates of 94.7% (92.2-98.0) for S. japonicum, 77.1% (68.4-85.1)
for S. haematobium, 76.7% (71.9-81.2) for S. mansoni, and 63.5% (48.2-77.0) for mixed S.
haematobium/S. mansoni infections; the data revealed efficacy in some sites was signifi‐
cantly lower than expected [49].

b. For low, moderate, and heavy infections. In a study performed in 2009-2010, PZQ-
mediated cure rates in 588 school-age children of S. mansoni endemic El Rouse village in
Kafr El Sheikh at 4 weeks after a single PZQ dose of 40 mg/kg were 83%, 76%, and 54%
for light (<100 epg), moderate (100-400 epg), and heavy (>400 epg) infection, respectively,
indicating that pre-treatment intensity of infection has a great influence on PZQ efficacy
[50]. Decrease of cure rates with increasing pre-treatment egg counts was also observed
among 611 S. mansoni-infected schoolchildren from three schools in northeast Ethiopia.
Side-effects and symptoms, especially abdominal cramps, vomiting, diarrhea, and
dizziness were reported by 91% of the children and were more pronounced in those with
high pre-treatment egg excretion [51]. Among 253 S. mansoni-infected children in western
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Côte d'Ivoire treated with 60 mg/kg PZQ, there was a significant (P<0.01) association
between cure rate and intensity of infection prior to treatment with highest cure rates
observed in light infections [reviewed in 52]. Highest cure rates against S. haematobium
infection among 675 primary schoolchildren in Zimbabwe were observed in those with
light baseline infection; yet, a wide range of observed mild and transient side effects were
not associated with egg intensity [53]. The remarkably low cure rates obtained from people
with heavy S. mansoni or S. haematobium infections led King et al. [54] to advocate the
repeat of PZQ treatment 2-8 weeks after the first dose. We have recently performed a study
involving 260 S. mansoni-infected schoolchildren in Kafr El Sheikh, Egypt. Cure rates 6
weeks after a single dose of 40 mg/kg PZQ were 60%, 42%, and 20% for light, moderate,
and heavy infections, respectively [55], fully supporting the observation that PZQ efficacy
greatly decreases with the increase of baseline infection levels.

c. In areas of low endemicity/limited PZQ treatment versus areas of high endemicity and
massive, repeated PZQ administration. In our recent study involving 66 school-age
children in low S. mansoni endemicity villages of Menoufiya, Egypt, PZQ cure rates at 4
weeks following treatment with a single dose of 40 mg/kg PZQ, were 87% and 83% for
light and moderate infections, respectively, significantly higher than cure rates achieved
in the high S. mansoni endemicity villages of Kafr El Sheikh [55, 56]. Our findings fully
support the observations of King et al. [54] who reported that for subjects with S. manso‐
ni or S. haematobium infection, cure rates were higher in communities having lower initial
prevalence. Indeed, in Cameroon regions with low prevalence of schistosomiasis, and in
Senbete Town, northeast of Ethiopia, treatment of schoolchildren with a single dose of 40
mg/kg body weight resulted into cure rates of 80-95%, with the majority of children
reporting drug-related symptoms and malaise as late as 24 hours after treatment [57, 58].
Conversely, a single oral dose at 40 mg/kg body weight induced only approximately 60%
reduction in prevalence and epg in <10-14 year-old schoolchildren In Wondo Genet,
southern Ethiopia, region with school age children prevalence rate of 75%, i.e., high-risk
communities. Approximately 83% of S. mansoni-infected children complained of head‐
ache, nausea, abdominal pain, bloody stool, vomiting, and fever at 24 hour post-treatment.
These symptoms were associated with age (P<0.001) and pre-treatment intensity of
infection (P<0.05) [59].

A study was performed along the high endemicity shores of Lake Victoria after 12.5 years of
massive and repeated PZQ use involving 178 S. mansoni-infected men. The overall cure rate
after a single PZQ dose was 66% ranging from 36% to 82%. Of note, treatments administered
in 2006 were significantly more likely to result in cure failures than treatments administered
in 2004, the year in which PZQ efficacy was highest [60]. Similar observation was also reported
for S. mansoni-infected schoolchildren in Kafr El Sheikh, Egypt. Thus, in a study performed in
2009-2010, PZQ-mediated cure rates in school-age children of S. mansoni high endemicity El
Rouse village in Kafr El Sheikh were 83%, 76%, and 54% for light, moderate, and heavy
infection, respectively, 4 weeks after a single PZQ dose of 40 mg/kg [50]. These cure rates were
distinctly higher than those obtained in in the same areas at 6 weeks after PZQ therapy,
suggesting reduction in PZQ efficacy 3 years later, following intense and repeated PZQ
administration [55].
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2.1.4. Evidence for worm resistance to PZQ

Twenty years after its introduction, PZQ remains the drug of choice despite treatment failures
and emergence of resistance being reported.

First indications on worm resistance to PZQ appeared in the Senegal River Basin, whereby 117
out of 130 selected subjects (87%) were infected with S. mansoni with overall geometric mean
epg of 478. The overall cure rate 4 weeks after treatment with single standard PZQ dose was
only 42%. However, cure rate after a second round of treatment rose to 76%, suggesting the
low cure rate observed after one treatment was probably the result of a combination of high
infection intensity and the maturation of pre-existing pre-patent S. mansoni infections [61].
Exceedingly low cure rates but similar conclusions were reached by Gryseels et al. [62],
advocating there is no convincing evidence for emergence of PZQ-resistant S. mansoni in
Senegal, and that the exceptionally low cure rates can be attributed to high initial worm loads
and intense transmission in this area. However, low PZQ cures were again reported in children
living in villages in Senegal River Basin with intense S. mansoni and S. haematobium transmis‐
sion. Additionally, high prevalence and high infection intensity of S. mansoni and S. haema‐
tobium were still evident despite multiple rounds of chemotherapy, leading to the
recommendation of new treatment regimens to control schistosomiasis in the school-age
population [63].

Evidence for some degree of S. mansoni resistance to PZQ has been obtained using parasites
taken from treated, but uncured human patients in Egypt and Senegal and in a laboratory
isolate of S. mansoni subjected to successive passages under drug pressure, raising the need
for alternative drugs to treat PZQ-resistant schistosomiasis [64-66]. Yet, there was no increase
in drug failure, despite 10 years of therapeutic pressure in some Nile Delta villages where there
had been resistant infections and worms with decreased response to PZQ [67]. In contrast to
this optimistic note, a British traveler returning from East Africa failed to be cured despite
several rounds of standard PZQ doses and no opportunity for re-infection [68]. In addition,
there are several schistosomiasis cases caused by S. haematobium infections in which repeated
standard treatment failed to clear the infection [69]. Isolates of S. mansoni obtained from
patients from Kisumu, Kenya continuously exposed to infection as a consequence of their
occupations as car washers or sand harvesters showed reduced PZQ susceptibility that was
associated with previous PZQ treatment of the patient [70]. Recently, miracidia were hatched
from eggs obtained from seven Kenyan car washers and used to infect snails. Shed cercariae
were used to establish in mice a laboratory S. mansoni strain with significantly reduced PZQ
sensitivity that was achieved within only 5 generations by administering increasing PZQ doses
to the infected mice; the parasites were eventually able to withstand a normally lethal dose [71].

2.1.5. Proposed mechanism(s) for PZQ resistance

Resistance to a drug is defined as "genetically transmitted loss of sensitivity in a parasite
population that was previously sensitive to the drug". Schistosomicidal action of oxamniquine
(OXA) and hycanthone is dependent on activation by sulfotransferase enzymatic esterification
and this ultimately results in the production of an electrophilic moiety capable of alkylating
DNA [72, 73]. Resistance of S. mansoni to OXA was attributed to loss-of-function mutations in
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a gene on chromosome 6 that was found to be encoding the enzyme, sulfotransferase [74].
Unlike OXA and hycanthone, there is no evidence PZQ interacts with schistosome DNA,
inducing mutation(s) responsible for the drug inefficacy. It was then proposed that massive
use of the drug would select for parasites harboring "genes" that confer resistance to the drug
[75]. The presence of gene(s) that confer resistance to PZQ is not excluded, especially that a
proportion of adult worms consistently survive treatment, and the drug is ineffective against
immature worms. Yet, PZQ-resistant and susceptible worms did not show differences at 15
microsatellite genotypic markers [76].

Voltage-gated calcium channels that have been implicated in PZQ action did not show
differences in the encoding cDNA sequence or expression levels among PZQ-susceptible and
PZQ-resistant isolates [42-46, 77]. Adenosine triphosphate binding cassette (ABC) multi-drug
transporters, especially the P glycoprotein, which shows selectivity for hydrophobic mole‐
cules, are predominantly localized in schistosome excretory system. Evidence for association
between schistosome multi-drug transporters and PZQ resistance has been recently presented
[78-81 and references therein].

On the other hand, Botros et al. [82] reported that laboratory-maintained S. mansoni isolates
obtained from Egyptian patients resistant to PZQ cure failed to display PZQ-induced tegu‐
mental damage, implying changes in tegument characteristics in PZQ-unresponsive worms.
Changes in parasite tegument properties in PZQ-resistant S. mansoni isolates were associated
with decreased stability, reproductive fitness, and immunogenicity [65]. We recently proposed
that the decrease in PZQ efficacy may be explained if repeated and intensive PZQ use selects
for the worms with tighter outer lipid bilayer shield consequent to higher percentage of
cholesterol and sphingomyelin (SM) and/or less active tegument-associated neutral sphingo‐
myelinase (nSMase) [83]. The result would be worm progeny, able to prevent or decrease access
of even molecules of 312 Da such as PZQ [55]. Schistosomes showing PZQ insusceptibility
were documented to incur serious biological costs [65, 78], a strong support to our assumption.

2.2. Arachidonic acid

2.2.1. Structure, biological sources, and functions

Arachidonic acid (ARA) is a polyunsaturated fatty acid, i.e., the 20 carbon-chain contains more
(#4) than one double bond, the first starting at position 6 from the last = omega carbon (methyl
terminus opposite the COOH end). The formula is C20H32O2, 20:4(ω-6). All double bonds are
in a cis position (hydrogen atoms are on the same side of the double bonds) and, hence, ARA
is also termed all-cis-5,8,11,14-eicosatetraenoic acid (Figure 2). ARA has an average mass of
304.467 Da and adopts a dominant hairpin conformation [84].

ARA is present throughout the body and comprises the greatest % weight of total fatty acids
among long chain poly-unsaturated fatty acids (LC-PUFAs). It is present as a structural
component in animal and human cell membrane phospholipids, especially phosphatidyle‐
thanolamine, phosphatidylcholine, and phophatidylinositol. It is particularly abundant in
skeletal muscles, the brain, and liver. ARA nutrition appears to serve various important roles
throughout the human (and mammalian) life-cycle. Throughout pregnancy, ARA, along with
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other fats and nutrients, originates from the maternal diet and is supplied via the placenta to
support the development of the growing fetus.

Between the third trimester of pregnancy and second year of neonatal life, the human brain
undergoes a remarkable increase in the rate of growth. During this period, mass and volume
increase more than 10-fold, and achieve >40% of the average-sized adult brain. These changes
in size are mirrored by the accumulation of ARA in the brain [85, 86]. A major hallmark of
mammalian birth is the sudden transition, following partuition, from the placenta as the source
of prenatal nutrition, onto mother's milk as the main source from which to acquire nutrients.
On average, ARA comprises 0.47±0.13% of total fatty acids in human milk [87]. The concen‐
tration of ARA in human milk varies between individuals and populations due, at least in part,
to the presence of polymorphisms in the genes involved in the endogenous synthesis of LC-
PUFAs [88].

The amount of LC-PUFA intake by infants has been estimated based upon the assumptions
that the fat content in human milk is 3.8 g/dL, and that average daily intake is 780 mL/day [89].
Using these values, average daily intake of ARA can be estimated to be approximately 140 mg.
In addition, it is possible to compare the estimated average intake levels by infants to those of
post-weaned individuals, due to the availability in the U.S. of annually collected data from
dietary surveys [90].

The results from such a comparison reveal an interesting trend related to the levels of ARA
consumed as individuals advance from pre- to post-weaning stages of human development.
The average amount of dietary intake by toddler and preschool-age children (2-5 years) is
approximately 80 mg. A modest increase in the absolute level of intake of approximately 20%
occurs by school-age (6-11 years). Intake then decreases by adolescence (12-19 years), and once
again approximates the average levels obtained through nursing. These differences in the
amount of ARA consumed in the diet may initially seem to be marginal, until they are
considered on a per weight basis. A change of approximately 20-fold in body mass occurs as
humans develop from infancy to adulthood (i.e., ~3 kg to ~60 kg). Therefore, on a per weight
basis, the amount of preformed ARA consumed daily by mid-adolescence is ≤ 5% relative to
the estimated amount per kg of intake for infants.

Figure 2. Structure of arachidonic acid.
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Although ARA is synthesized endogenously by the desaturation and elongation of linoleic
acid (18:2n-6), results from experimental efforts consistently point to a need for ARA availa‐
bility through dietary sources in order to elevate ARA in plasma and other tissues. In addition,
associations between experimentally-defined endpoints and changes in the status of ARA
reported in numerous investigations support the notion of a minimum required threshold in
the concentrations of esterified and/or unesterified ARA in tissues or circulating pools [91].

The importance of preformed dietary ARA in supporting healthy immune functions has been
demonstrated by investigations comparing the effects of supplementation using refined,
microbial-derived ARA as triglycerides (TG) or unsupplemented formula and human milk on
immune ability in pre-term and term infants. In an investigation involving infants born before
37 weeks of gestation, infants were provided with a control formula, or that same formula
supplemented with 0.49% (wt/wt) of ARA, in addition to DHA [92-94]. After a period of 4
weeks, immunologic parameters were assessed from both groups and the results compared
to those obtained from human milk-fed infants. The status of ARA in phospholipids was
equivalent in the human milk-fed and LC-PUFA+formula-fed infants, and in both cases,
significantly greater compared to infants fed with the control formula. In addition, effects on
lymphocyte populations, cytokine production, and antibody maturation in formula-fed
infants supplemented with LCPUFAs were consistent with those observed for human milk-
fed infants.

More recently, healthy full-term, formula-fed infants supplemented with ≤ 190 mg/day ARA
for a period of at least 8 weeks, showed fewer incidence of symptoms commonly associated
with infections of the upper respiratory tract, in addition to fewer incidents of diarrhea.
Importantly, the combined results from these investigations provide a clear example of the
utility of preformed LC-PUFA in the diet to support the ability of infants to respond to immune
challenges. In each case, the availability of preformed LC-PUFAs in the diet was associated
with a preferred response to immune challenges, in contrast to results obtained from the use
of formulations that contained adequate (i.e., 16% wt/wt) 18:2n-6 [95].

Animal models have also been used to explore possible roles and functions of LC-PUFAs,
including ARA, in immune-related activities. In piglets fed with formula enriched with supra-
physiological levels of ARA resulted in maximal enrichment of intestinal mucosal within 8
days of initiating treatment. In addition, enrichment showed a dose-dependent response of
intestinal mucosal phospholipid ARA concentration to dietary ARA in formula [96].

These results along with data from the human studies indicate that dietary intake of microbial-
derived ARA supports enrichment of ARA phospholipids in tissues. In addition, intake of
sufficient levels of dietary ARA may support mucosal immunity against pathogenic agents,
during periods of rapid growth and development in humans and other mammals. Overall,
these and other results may not be surprising considering the large number of metabolic
pathways and signaling cascades in which ARA is involved.

Arachidonic acid is essentially incorporated into cell phospholipids; in humans, approximate‐
ly 10% of phopholipids in liver and plasma contain ARA [97-100]. N-arachidonoyl-phospha‐
tidylethanol- amine leads via multiple pathways to anandamide, an endogenous cannabinoid
neurotransmitter [101]. Arachidonic acid is liberated from phospholipids by the action of
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phospholipase A2, and then produces eicosanoids, prostaglandins, leukotrienes, and other
essential bioactive products via the action of three types of oxygenases, cyclooxygenase (COX),
lipoxygenase (LOX), and cytochrome P450. There is evidence that exogenous, plasma unes‐
terified ARA may effectively compete with endogenous ARA for these enzymes, predomi‐
nantly located on the nuclear and endoplasmic reticulum membrane. Some resultant
eicosanoids are pro-inflammatory and vasoconstrictive, such as prostaglandin E2, thrombox‐
ane A2, and leukotriene B4, and some are anti-inflammatory and anti-aggregatory such as
prostacyclin and lipoxin A4 [97-100]. Indeed, shortly after inflammation is initiated, neutro‐
phils that enter the tissue promote the switch of arachidonic acid-derived prostaglandins and
leukotrienes to lipoxins, which induce resolution of the inflammation via termination of
neutrophil recruitment and release of reparatory cytokines, such as transforming growth
factor-beta [102].

2.2.2. Dietary intake in humans

In humans ARA is acquired directly from the diet or is derived by desaturation-elongation of
linoleic acid (10-20 g daily) in the liver and in extra-hepatic tissues. ARA preference for
acylation and transacylation reactions favors its partition in tissue phospholipids rather than
adipose tissue and plasma triglycerides. Absorption of ingested ARA occurs in the endothe‐
lium of the intestinal lumen of the small intestine. Absorbed ARA is transported to various
tissues and cells throughout the body by lipoproteins and acylated into sn-2 position of
unesterified lysophospholipids, where it may remain until released by the enzymatic activa‐
tion of phospholipase A2.

There  is  considerable  evidence  of  the  importance  of  ARA nutrition  during  early  child‐
hood development. ARA levels in circulation correlate positively with length to weight ratio
and head circumference in neonates [91, 103]. In addition, the rate of ARA accretion by the
brain increases exponentially during the brain growth-spurt,  during the last trimester of
pregnancy and into the first year of neonatal growth [85, 86]. Tissue lipid data indicate that
a 70 kg human contains 50-100 g ARA distributed between cell cytosolic and membrane
compartments. It was estimated that on average, Australian diet provides ARA intake of
130 mg/day for males and 96 mg/day for females.  Survey data for the intake of  dietary
ARA indicates a range of 80 to 190 mg/day. Intake of ARA provided by a typical Japa‐
nese diet was calculated to be 300 mg/day, respectively [104 and references therein]. To my
knowledge, there is no information on the amounts of ARA diets in poor rural areas provide
to children and pregnant women, but values are expectedly far less than those reported
above. That is of concern as ARA is known to be essential for proper development of the
brain and muscles in the fetus and in infants [91, 93, 105].

2.2.3. Safety/adverse effects

We recently conducted clinical trials on the safety of ARA intake in 20 and 90 Egyptian school-
age children of Menoufiya and Kafr El Sheikh Governorate, respectively. Arachidonic acid oral
capsules, containing 396 mg ARA (ARASCO®) per capsule, were provided by DSM (DSM
Nutritional Products, Columbia, MD). Children were given10 mg/kg/day (approximately 400
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mg daily) for 15 days over 3 weeks, i.e., 5 days per week. Not a single child reported the slighted
malaise or adverse reaction during, and 6 weeks after, treatment. A panel of analyses indicated
that biochemical profiles were either unchanged or ameliorated following ARA therapy in all
children [55, 56]. These results fully confirm the reports on safety of ARA in athletes supple‐
mented with 1,000 mg for 50 days [106]. Regarding immunological analyses, intake of
approximately 400 mg ARA/day for 15 days led to significant (P<0.0001) decrease of S.
mansoni-infected Egyptian schoolchildren plasma levels of interleukin (IL)-10 and interferon-
gamma (IFN-γ), thus rendering the plasma cytokine profile of the treated children nearer to
normal [55, 56]. Our findings are consistent with the observational studies showing that higher
ARA intake was associated with lower levels of inflammatory markers and sequelae [107, 108].

The most serious adverse reaction reported for ARA was causing platelet aggregation in adults
given 6 g ARA/day for 2 to 3 weeks [109]. However, approximately 0.5 g ARA daily intake for
15 days over 3 weeks did not alter platelet counts or blood coagulation parameters in S.
mansoni-infected schoolchildren [55, 56], and healthy adults given 1.7 g ARA daily for 50
consecutive days [106]. In a double-blind, placebo-controlled study, supplementation of
Japanese healthy adults with 838 mg/day ARA for 2 weeks led to no changes in platelet
aggregation [104].

2.2.4. Schistosomicidal effects in vitro and in experimental animals

The first indication on ARA schistosomicidal action was evident as we exposed ex vivo lung-
stage larvae of S. mansoni and S. haematobium to 0-500 μM ARA. Incubation in the presence of
10-20 μM ARA for 30 minutes induced exposure of otherwise hidden parasite surface mem‐
brane antigens to specific antibody binding. Higher ARA concentration or exposure time led
to irreversible death of the larvae and destruction of their surface membrane. The mono-
unsaturated omega-9 fatty acid, oleic acid (the major, 78.6%, fatty acid in olive oil) alone or in
conjunction with linoleic acid (as in corn oil), were able to expose the larval surface mem‐
brane antigens to antibody binding but did not induce attrition or membrane disruption. The
study suggested that ARA is a schistosomicide for young larvae, with S. haematobium being
more sensitive than S. mansoni [110]. Experiments with inhibitors and activators of neutral
sphingomyelinase (nSMase) further indicated that ARA schistosomicidal effect is due, at least
in part,  to its  ability to activate the parasite tegument-associated,  magnesium-dependent
nSMase [83].

Developing and adult S. mansoni and S. haematobium worms were also susceptible to in vitro
schistosomicidal action whereby 2.5 and 5 mM ARA elicited irreversible killing of ex vivo 4-,
5-, and 6-week-old S. mansoni and 9-, 10-, and 12-week-old S. haematobium worms, within 3-4
hours, depending on the parasite age, even when worms were maintained in up to 50% fetal
calf serum. Juvenile (3-week-old) S. mansoni were more sensitive to ARA as 100% irreversible
attrition was noted 1 hour after exposure to 2.5 and 5 mM concentration of ARA. Of note, ARA-
mediated worm attrition was prevented by concurrent incubation with nSMase inhibitors such
as CaCl2 or GW4869, providing another evidence for the mechanism of ARA schistosomicidal
action. Scanning and transmission electron microscopy revealed that ARA-mediated adult
worm killing was associated with spine destruction, membrane blebbing, and disorganization
of the apical membrane structure [111]. Expectedly, otherwise sequestered adult worm surface
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membrane antigens were accessible to specific antibody binding as judged by indirect
membrane immunofluorescence. Additionally, addition of serum antibodies and peripheral
blood mononuclear cells from patently infected hosts significantly enhanced ARA-mediated
adult S. mansoni and S. haematobium attrition in vitro, suggesting that immune effectors
strongly enhance ARA-mediated schistosomicidal effect [112].

Schistosomicidal activity of ARA was evident in vivo as a single oral dose of 500 and 1000 mg/
kg pure ARA administered to mice 7 and 35 days after S. mansoni infection, respectively elicited
significant (P<0.01) reduction of approximately 40% in worm burden, documenting the ARA
susceptibility of larval and adult worms. Schistosoma haematobium appeared even more
sensitive as a single oral dose of 1000 mg/kg ARA administered 70 days after infection induced
highly significant (P=0.003) reduction of 57.5% in worm burden evaluated 20 days later. Oral
administration of mice with 300 mg/kg ARA incorporated in infant formula for 15 successive
days led to even more highly significant (P<0.0005) reduction of approximately 60% and 80%
S. mansoni and S. haematobium worm burden, respectively [111]. These results were extended
and entirely confirmed in hamster hosts where a series of 4 experiments for S. mansoni and S.
haematobium indicated that ARA oral administration after patency led to highly significant
(P<0.02-<0.001) reduction in worm burden accompanied with significant (P<0.05) decrease in
worm egg load [112]. No adverse reactions were noted in any treated mouse or hamster.
Additionally, no significant differences were noted among schistosome-infected and ARA-
treated hamsters regarding serum total triglycerides and cholesterol levels, fatty acids relative
percentages, erythrocytes and platelet count, and prothrombin and partial thromboplastin
time, all evaluated in blood samples obtained 2 hours after ARA administration [112].

2.2.5. Mechanism of schistosomicidal action

We have previously shown that sphingomyelin (SM) in the schistosome apical lipid bilayer is
the major responsible for the sieving properties of the outer membrane, which readily allows
entry of nutrient molecules of <600 Da such as water, sugars, fatty acids, and cholesterol, while
it prevents access of larger molecules, namely host antibodies (>150,000 Da), via interacting
with surrounding water molecules to form a tight hydrogen barrier [83]. We have been able
to use quasi-elastic neutron scattering to formally demonstrate the existence of the hydrogen
barrier around schistosomes, and shown it is stronger in lung-stage larvae than adult worms
and S. mansoni than S. haematobium. We have also shown that the hydrogen barrier collapses
following nSMase activation and SM hydrolysis [113, 114].

We have predicted, and provided evidence for, the existence of schistosome tegument-
associated magnesium-dependent nSMase as early as 2006 [83]. The existence of the enzyme
was formally demonstrated in 2009 following the analysis of S. mansoni complete genome
[115]. The enzyme nucleotide and amino acid (aa) sequences were later fine-tuned [116]. We
succeeded in cloning and sequencing 836 bp near the 5’ end of S. haematobium nSMase-
encoding mRNA. The predicted amino acid sequences corresponded to aa18- aa277 in the S.
mansoni counterpart with 96% identities and 98% positives, and contained the conserved
domains characterizing the exonuclease-endonuclease-phosphatase (EEP) superfamily [12,
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117]. The complete S. haematobium genome and the complete sequence of the nSMase were
published by Young et al. in 2012 [118].

We have been able to demonstrate the presence of nSMase in the tegument of adult S.
mansoni and S. haematobium using enzymatic, immunologic, and immune-histochemical
assays, and further shown that ARA was particularly potent in stimulating nSMase enzymatic
activity, entirely supporting our previous findings using larvae and adult worms [12, 83,
110-114, 117, and references therein].

2.2.6. Efficacy in school-age children

In Menoufiya villages of low S. mansoni prevalence, efficacy of ARA in treatment of school-
age children with <100 epg was highly comparable to that of PZQ + Placebo (Pbo) with percent
cure of 78% (11/14) and 85% (12/14), respectively, and similar levels of reduction in geometric
mean egg counts (GMEC) in uncured patients. However, the efficacy of ARA in treatment of
schoolchildren with 100-400 epg was significantly (P<0.0001) lower than for PZQ regarding
cure rate (44% and 83%, respectively) and reduction in GMEC in uncured children, suggesting
that ARA is indicated for treatment of light S. mansoni infection in children. In Kafr El Sheikh
villages of high S. mansoni endemicity and where intensive mass PZQ treatment campaigns
were implemented for 10 consecutive years, the efficacy of ARA in the treatment of school
children with light infection (<100 epg) was highly comparable to that of PZQ + Pbo with
percent cure of 50% and 60%, respectively. Efficacy of ARA and PZQ was again comparable
in school-age children with heavy infection (800-1000 epg) leading to 21% and 20% cure rate,
and 64% and 81% reduction in GMEC in uncured children, respectively. The results indicated
that either PZQ or ARA are moderately efficacious for treatment of light S. mansoni infection
in regions of elevated schistosomiasis prevalence, and neither should be used alone for
treatment of children with heavy infections, especially those residing in regions of intense
endemicity [55, 56].

It is important to assess the efficacy of ARA for treatment of S. haematobium. We expect high
cure rates as larval and adult S. haematobium worms are shown in in vitro, and in vivo
experiments in mice and hamsters to be more susceptible to ARA than S. mansoni [12, 83,
110-114-117].

2.3. PZQ and arachidonic acid combination for treatment of human schistosomiasis

2.3.1. Evidence for safety and efficacy in children

Intake of PZQ + ARA was as safe as for PZQ or ARA alone regarding metabolic panels or
immunological parameters of S. mansoni-infected schoolchildren. Regarding efficacy, ARA
and PZQ synergized for a spectacular cure of all lightly- and moderately-infected children
residing in the low endemicity villages of Menoufiya, Egypt. In the high endemicity areas of
Kafr El Sheikh, combining ARA and PZQ resulted into higher cure rates than mono-therapies
for light, moderate, and heavy infection. For light infection, mono-therapy cure rate of 50-60%
was increased to 83% with the ARA + PZQ regimen. For the children with heavy infection,
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PZQ and ARA mono-therapy induced 20% cure rates, while cure rate of 78% was achieved
with the drug combination [55, 56].

Combination of PZQ-oxamniquine (OXA) was assayed in randomized, non-blinded, dose-
ranging trials in treatment of Malawi and Zimbabwe schoolchildren with low, moderate, and
heavy infection. Cure rates were not available for Malawi children, while it reached 89% with
the higher dose (20 and 10 mg/kg for PZQ and OXA, respectively) for children in Zimbabwe.
No direct comparisons were reported for PZQ and OXA mono-therapy, and accordingly,
synergistic effect was not documented [119-121]. Additionally, opposite to PZQ and ARA,
OXA is effective against S. mansoni but not S. haematobium [121].

PZQ and artemether or artesunate in combination resulted in a protection rate of about 80%,
slightly higher than PZQ mono-therapy for treatment of schistosomiasis haematobium and
japonicum in two field trials [122, 123]. In a field trial in high S. mansoni endemicity Senegalese
villages, 1- to 60-year-old (median=18 years) patients with moderate S. mansoni infection were
treated with PZQ, artesunate, or both drugs in combination (35-39 individuals per study arm).
Cure rates were 44% for PZQ, 23% for artesunate, and 69% for the drugs combined. Combi‐
nation of PZQ and artesunate appeared clearly synergistic, but the efficacy was obviously
lower than for PZQ + ARA [123, 124]. This study revealed that efficacy of artemisinin derivative
alone against S. mansoni is not evident and, furthermore, was not observed in S. haematobium
infections [122]. Most importantly, artemether, and artemisin derivatives are used for malaria
therapy; artemisinin resistance in Plasmodium falciparum is now prevalent across mainland
Southeast Asia, and poses a threat to the control and elimination of malaria [125].

2.3.2. Molecular basis for efficacy

There were no reduction in efficacy of artemether and artesunate in killing PZQ-resistant and
PZQ-susceptible S. japonicum worms in mice treated 7 and 8 or 35 and 36 days post-infection
[126]. Opposite findings were observed regarding ARA, as its efficacy was as low as that of
PZQ in treating schoolchildren with heavy S. mansoni infection, residing in areas where
massive PZQ campaigns were applied for 10 consecutive years [55]. This finding implies that
S. mansoni worms were resistant to mono-therapy with either PZQ or ARA. That has led us to
propose that resistance to PZQ and ARA is attributed to continuous PZQ use, eliciting selection
for worms with tight upper lipid bilayer, consequent to excessive SM synthesis and content or
lower nSMase activity. Progeny of these worms would prevent access of even the 312 Da PZQ
molecules, and would be less susceptible to ARA-mediated nSMase activation. Exposure of
such worms to PZQ would not lead to their demise, yet likely facilitate ARA-mediated nSMase
activation, SM hydrolysis and worm attrition. Exposure of these worms to ARA would lead
to nSMase activation that is not lethal, yet sufficient to now allow entry of PZQ to perform its
schistosomicidal action. Our proposition was supported by the considerable increase in cure
rates in all children treated with PZQ + ARA versus the drugs' mono-therapy. The increase in
cure rates was most highly significant (P<0.0001) for children with heavy infections were cure
rates with either PZQ or ARA alone were 20% and attained 78% with the drugs combined.

We shall test this hypothesis via evaluation of the cholesterol/SM content and nSMase activity
in worms derived from cercariae obtained from communities of low prevalence/low PZQ use
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and high endemicity/intense PZQ administration. For documenting hypothesized mechanism
for ARA counteraction of worm resistance to PZQ, larvae and worms that are progeny of
entirely PZQ susceptible and strongly resistant breeds will be incubated with micromolar
concentrations of ARA and then evaluated for responsiveness to PZQ, cholesterol/SM content,
and nSMase activity.

3. Conclusions and recommendations

We may conclude that PZQ or ARA treatment shows considerable efficacy uniquely in the
treatment of light infections in areas of low S. mansoni endemicity and PZQ use. Even then,
efficacy never reaches 100%, except when PZQ and ARA are combined. Chemotherapy with
PZQ alone for patients residing in regions of high S. mansoni endemicity and afflicted with
light, moderate, or heavy infection is not efficacious. Hence, it is recommended to implement
optimal treatment regimens with PZQ in conjunction with ARA.
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