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Arachidonic acid interacts with the surface double lipid bilayer shield of larval, developing and adult schistosomes, leading to its disintegration and
eventual parasite attrition.
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Schistosoma mansoni and Schistosoma haematobium are intravascular, parasitic flatworms that infect
>250 million people in 70 developing countries, yet not all people of the same community and household
are afflicted. Regarding laboratory rodents, mice but not rats are susceptible to infection with S. mansoni
and hamsters but not mice are entirely permissive to infection with S. haematobium. A recent Brazilian
publication has demonstrated that resistance of the water-rat, Nectomys squamipes to S. mansoni infection
might be ascribed to stores of arachidonic acid (ARA)-rich lipids in liver. Several reports have previously
shown that ARA is a safe and effective schistosomicide in vitro, and in vivo in mice, hamsters and in chil-
dren. Schistosoma haematobium appeared more sensitive than S. mansoni to ARA in in vitro and in vivo
experiments. Accordingly, it was proposed that ARA increased levels might be predominantly responsible
for natural attrition of S. mansoni and S. haematobium in resistant experimental rodents. Therefore, the
levels of ARA in serum, lung, and liver of rats (resistant) and mice (susceptible) at 1, 2, 3, 4 and 6 weeks
after infection with S. mansoni cercariae and between mice (semi-permissive) and hamster (susceptible)
at 1, 2, 3, 4, and 12 weeks after infection with S. haematobium cercariae were compared and contrasted.
Neutral triglycerides and ARA levels were assessed in serum using commercially available assays and in
liver and lung sections by transmission electron microscopy, Oil Red O staining, and specific anti-ARA
antibody-based immunohistochemistry assays. Significant (P < .05), consistent, and reproducible correla-
tion was recorded between ARA content in serum, lung, and liver and rodent resistance to schistosome
infection, thereby implicating ARA as an endoschistosomicide.
� 2018 Production and hosting by Elsevier B.V. on behalf of Cairo University. This is an open access article

under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
Introduction

Schistosoma mansoni and S. haematobium infect >250 million
people in 70 developing countries with more than 800 million,
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namely children, at risk of the infection [1]. Yet, there is no
instance where hundred percent or so of individuals are afflicted
despite residing in endemic foci, and sharing community, house-
hold, and exposure to schistosome-infected water bodies. Indeed,
‘‘endemic normals” are repeatedly exposed to viable cercariae of
S. mansoni, are seropositive by enzyme-linked immunosorbent
assay (ELISA) against crude adult worm antigen and, yet, have no
record of previous or current infection when judged by repeated
stool examination [2–9]. The apparent lack of schistosome matura-
tion and egg deposition in ‘‘endemic normals” was ascribed to anti-
body, lymphoproliferative, interferon-gamma (IFN-c) responses to
specific antigens, and/or specific antibody isotypes levels or ratios
to soluble egg and worm antigens [2–9]. However, no consensus or
solid explanations were reached.

Rodents too display differential susceptibility to schistosomes.
Mice are susceptible to S. mansoni but are hardly semi-
permissive to infection with S. haematobium [10–12]. To our
knowledge, no explanation was provided for this phenomenon
[13]. Conversely, nearly sterile resistance of laboratory rats (Rattus
norvegicus) to S. mansoni infection [14–16] was attributed to the
production of Th2 cytokines, interleukin (IL)-4, IL-5, and IL-13, in
response to the invading larvae [17–21]. A recent study indicated
that resistance of the water-rat, Nectomys squamipes to continuous
infection with S. mansoni is associated with accumulation of lipids,
principally arachidonic acid (ARA), in liver of naïve and naturally-
infected animals [22].

Arachidonic acid, an omega-6 polyunsaturated fatty acid, is an
essential constituent of biological cellmembranes. Free unesterified
ARA modulates the function of numerous ion channels, and several
receptors and enzymes, via activation as well as inhibition, and
readily induces apoptosis of normal and cancer cell lines [23–27].
It was previously shown that exposure to ARA (10 mM, 30 min)
was effective in allowing specific antibodybinding to otherwise hid-
den surface membrane antigens of S. mansoni and S. haematobium
lung-stage schistosomula and adult worms [28,29]. Exposure to
20 mM ARA for 30 min elicited surface membrane disintegration
and attrition of the schistosomula, likely as result of excessive
ARA activation of the parasite tegument-associated neutral sphin-
gomyelinase (nSMase) [29–31]. Further studies documented the
ARA in vitro and in vivo schistosomicidal action on lung-stage and
adult male and female S. mansoni and S. haematobium whereby
S. haematobium appeared more sensitive than S. mansoni to ARA in
in vitro and in vivo experiments [29–34]. These findings together
prompted examination whether there is a correlation between
laboratory rodents’ resistance and susceptibility to infection with
S. mansoni (rats vs. mice) or S. haematobium (mice vs. hamsters)
and ARA levels in serum, lung, and liver in naïve hosts and weekly
for 4 weeks after, as well as at the end of the experimental infection.
Experimental

Ethics statement

All animal experiments were performed following the recommen-
dations of the current edition of the Guide for the Care and Use of Lab-
oratory Animals, Institute of Laboratory Animal Resources, National
Research Council, USA, and were approved by the Institutional Animal
Care and Use Committee (IACUC) of the Faculty of Science, Cairo
University (permit number CUIS 36 16).
Animals and parasites

Outbred, female CD-1 mice, albino rats (Rattus norvegicus), and
Syrian hamsters (Mesocricetus auratus) were raised at the
Schistosome Biological Materials Supply Program, Theodore
Bilharz Research Institute (SBSP/TBRI), Giza, Egypt, and at the age
of 6 weeks were maintained throughout experimentation at the
animal facility of the Zoology Department, Faculty of Science, Cairo
University. Cercariae of an Egyptian strain of S. mansoni and
S. haematobium were obtained from SBSP/TBRI, and used immedi-
ately after shedding from Biomphalaria alexandrina and Bulinus
truncatus snails, respectively. Infection of CD-1 mice and rats was
with 100 ± 2 cercaria via whole body exposure [21], while
hamsters were anesthetized, the abdomen shaved and wetted with
sterile deionized water, and then exposed to 100 cercariae in
100 lL deionized water, protected from spilling by a sterile steel
ring as described [12].

Experimental design

Experiment 1. A total of 30 rats and 30 mice were randomly
assigned to groups of 12 uninfected, naïve hosts and groups of
18 that were exposed to 100 cercariae of S. mansoni. Three naïve
and three S. mansoni-infected rats and mice were euthanized on
day 7, 14, 21, and 28, and 6 of each infected group on day 40. Indi-
vidual host serum was used for evaluation of circulating lipid
levels. Lung and liver pieces of 2–3 mm3 were immediately fixed
in 4% paraformaldehyde (Sigma Chemical Co., St Louis, MO, USA)
and destined to transmission electron microscopy, histological
examination following haematoxylin and eosin staining of paraffin
sections, and Oil Red O staining and immunohistochemistry assays
of cryostat sections. Worm burdens as well as liver worm egg load
in individual rats and mice (six per group) were evaluated at the
last interval (40 days after the challenge infection with S. mansoni
cercariae) as described elsewhere [12,33,34].

Experiment 2. A total of 30 mice and 30 hamsters were ran-
domly divided into groups of 12 uninfected, naïve hosts and the
rest exposed to 100 cercariae of S. haematobium. Three naïve and
three S. haematobium-infected mice and hamsters were euthanized
on day 7, 14, 21, 28, and 6 of each infected group on day 84, and
provided serum and 2–3 mm3 lung and liver pieces, which were
processed and examined as mentioned above. Worm burdens as
well as liver worm egg load in individual mice and hamsters (six
per group) were evaluated at the last interval (84 days after the
challenge infection with S. haematobium cercariae) as described
elsewhere [12,33,34].

Serum lipids levels

Serum samples were assessed on an individual host basis, in
duplicates, for enzymatic colorimetric (Multiskan EX, Labsystems,
Helsinki, Finland) determination of total cholesterol (Cholesterol-
LQ, CHRONOLAB SYSTEMS, S.L., Barcelona, Spain) and triglycerides
(Triglycerides, CHRONOLAB) following the manufacturer’s instruc-
tions. Levels of circulating unbound, free ARA were evaluated on an
individual animal basis, and depending on serum availability in
duplicate or quadruplicate wells, by competitive enzyme-linked
immunosorbent assays (ELISA) using AA (Arachidonic Acid) ELISA
Kit (Elabscience Biotechnology Co., Ltd, WuHan, People Republic
of China; catalog No.: E-EL-0051) following the manufacturer’s
instructions. Absorbance readings (650 nm) of the ARA standard
dilutions were plotted vs. concentration values in ng/mL using
scatter graph [35]. For evaluating the concentration of the test
samples, absorbance readings (650 nm) were fitted into the follow-
ing obtained equation Y = �0.0128 X + 1.2044, where Y represents
the absorbance values and X the concentration values in ng/ml.

Transmission electron microscopy

Samples were fixed at 4 �C overnight in 4% paraformaldehyde,
maintained at 4 �C in Dulbecco’s phosphate-buffered saline,
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pH 7.1 (D-PBS), fixed in 3% glutaraldehyde in sodium cacodylate
buffer, pH 7.4 for 2 h and post-fixed in 1% osmium tetroxide
(Sigma) for 2 h. Specimens were then dehydrated with ethanol
and at critical point dryer were mounted on metal stubs, coated
with carbon and gold and examined with a JEOL JEM-1200 EXII
electron microscope (Tokyo, Japan) at Central Lab, Faculty of
Science, Ein Shams University, Cairo, Egypt.

Cryostat sectioning and Oil Red O staining

Reagents were obtained from Sigma Chemical Co. Lung and
liver pieces were fixed at 4 �C overnight in 4% paraformaldehyde,
maintained at 4 �C in D-PBS, and soaked in 30% sucrose in D-PBS
for 3 days before cryostat (Slee Medical, Mainz, Germany) section-
ing at �20 �C. Sections were then rinsed with 60% isopropanol,
stained with freshly prepared Oil Red O working solution for
15 min, rinsed with 60% isopropanol before rinsing in distilled
water and mounting in glycerol [36–39].

Immunohistochemistry

Cryostat frozen sections were incubated with 1% bovine serum
albumin (BSA, Sigma) for blocking non-specific sites for 30 min and
then with 100 lL D-PBS containing 0 (negative controls) or 2 lg
rabbit polyclonal antibody to arachidonic acid (MyBioSource, San
Diego, CA, USA, catalogue No.: MBS2003715) for 1 h at room tem-
perature. Sections were washed with D-PBS/0.1% BSA and incu-
bated with 2 lg/100 lL goat anti-rabbit immunoglobulins labeled
with alkaline phosphatase [Goat F(ab0)2 Anti-Rabbit IgG - H&L
(AP), preadsorbed, Abcam, Cambridge, MA, USA] for 1 h at room
temperature. After washing, the reaction was visualized with His-
tomark RED Phosphatase Substrate Kit of Kirkegaard and Perry
Laboratories (Gaithersburg, MD, USA), noting that HistoMark RED
reagents form a brilliant scarlet reaction product that is stable in
organic solvents. Photographs were acquired by light microscopy
and visualizer (Olympus Optical Co, LTD, Model BX40F4, Japan).

Statistical analysis

All values were tested for normality. Students’ –t- 2-tailed test
was used to analyse the statistical significance of differences
between selected values and considered significant at P < 0.05.

Results

Parasitological parameters

Parasitological parameters recorded at the end of the experi-
ments are shown in Table 1 and Fig. 1, documenting the nearly
sterile resistance of rats to S. mansoni and susceptibility and
semi-permissiveness of mice to S. mansoni and S. haematobium,
respectively.
Table 1
Rodents’ permissiveness to schistosome infection.

Infection/Host Total worm Male worm

S. mansoni
Rats 0.0 ± 0.0 0.0 ± 0
Mice 26.3 ± 6.0 12.5 ± 3

S. haematobium
Mice 4.2 ± 2.2 2.2 ± 0
Hamsters 17.5 ± 1.5 9.5 ± 0

Laboratory rodents (number = six/group) were percutaneously exposed to 100 viable
infection with S. mansoni and S. haematobium, respectively.
Serum lipids levels

Serum cholesterol levels were identical in naïve rats and mice
and at 1, 3 and 6 weeks post S. mansoni infection. Cholesterol levels
showed significant decrease in rats at 2 (P < 0.0001), and 4 (P =
0.0042) weeks, and significant (P < 0.05) increase in mice at 2
and 4 weeks after infection as compared to naïve hosts. Yet, choles-
terol levels did not show highly significant differences between
rats and mice at all test intervals (Fig. 2A). Levels of triglycerides
were significantly (P = 0.0003) higher in mice than rats in naïve
hosts and at every interval except 6 weeks after infection, the time
at which triglycerides levels fell to reach those consistently
recorded in rats (Fig. 2B). Conversely, levels of free, unesterified
ARA were significantly higher in rats than mice in naïve hosts (P
= 0.0006) and at 1 (P = 0.0046), 2 (P < 0.0001), 3 (P = 0.0013) and
4 (P = 0.0018) weeks after S. mansoni infection (Fig. 2C).

Serum cholesterol levels were significantly higher in hamsters
than mice in naïve hosts (P = 0.0004) and at 1 (P = 0.0002) and 2
(P < 0.0001) weeks after S. haematobium infection then decreased
to the levels consistently recorded in mice (Fig. 2D). Levels of
triglycerides were significantly (P < 0.0001) higher in hamsters
than mice in naïve hosts and at every interval except at 12 weeks
after infection, the time at which triglycerides levels in hamsters
fell to reach those consistently recorded in mice (Fig. 2E). Levels
of free, unesterified ARA were also significantly (P = 0.0002) higher
in naïve hamsters than naïve mice (P = 0.0002) and at 3 (P =
0.0043) and 4 (P = 0.0001) weeks post S. haematobium infection.
Yet, at 1 and 2 weeks post infection, when the S. haematobium
schistosomula are negotiating the lung capillaries, free ARA levels
significantly decreased (P < 0.05) in the susceptible hamsters and
increased (P < 0.01) in the semi-permissive mice (Fig. 2F) as com-
pared to naïve hosts.
Lung and liver lipids levels

Transmission electron microscopy examination of liver sections
revealed that lipid droplets in cytoplasm of the S. mansoni-resistant
species, the rat were significantly (P � 0.0001) more numerous and
larger than in the susceptible mouse whether naïve (Fig. 3A, B) or 1
or 2 weeks after infection (Table 2). Contrary to the serum triglyc-
erides levels, lipid droplets in cytoplasm of the S. haematobium-
semi-permissive mice and susceptible hamster whether naïve
and one or two (Table 2, Fig. 3C, D) weeks after infection did not
show significant differences in number or size.

Liver and lung sections of three naïve and three 1 and 2 week
schistosome-infected hosts were stained with Oil Red O for detect-
ing triglycerides and cholesteryl esters but no other lipids or bio-
logical membranes. Indeed, Oil Red O stains only the most
hydrophobic and neutral lipids (i.e., triglycerides, diacylglycerols,
and cholesterol esters), whereas polar lipids (i.e., phospholipids,
free ARA, sphingolipids, and ceramides) are not stained [36–40].
Additionally, the lipid droplets were not easily discerned, likely
s Female worms Total liver eggs
Mean counts ± SD

.0 0.0 ± 0.0 50.0 ± 83.6

.6 13.8 ± 3.0 18,062 ± 6366

.9 2.0 ± 1.4 2000 ± 1839

.8 8.0 ± 1.2 71,750 ± 12,606

cercariae and worm and worm liver egg burdens evaluated 40 and 84 days after



Fig. 1. Haematoxylin and eosin-stained sections of liver at time of worm perfusion. (A) rat, and (B) mouse, 40 days after S. mansoni infection; (C) mouse, and (D) hamster, 84
days after S. haematobium infection. 200X. Each figure is typical of 6 individual hosts.
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because the isopropanol used to dissolve the Oil Red O and the
glycerol for mounting cause fusion of adjacent lipid droplets [40].
Contrary to the serum levels, triglycerides amounts in liver and
lung of rats were higher than for mice in naïve hosts and at 1
and 2 weeks after S. mansoni infection (Fig. 4A–D). At 1 and 2
weeks post S. haematobium infection, the amount of triglycerides
in the lung was remarkably higher in the semi-permissive mouse
than the susceptible hamster (Fig. 4E–H).

In contrast to transmission electron microscopy and Oil Red O
staining, reactivity of liver and lung sections of experimental hosts
with anti-ARA antibody in immunohistochemistry assays specifi-
cally reveals the content of ARA in a free, triglyceride or phospho-
lipid form [41]. The data of repeat analyses of liver and lung of
naïve and one and two week-infected hosts were in line with the
levels of serum free, unesterified ARA (Fig. 2C, F), whereby the total
ARA content in naïve rat organs was remarkably higher than for
naïve mice (Fig. 5A–F) and did not show great variations after S.
mansoni infection (Fig. 6). Additionally, the total ARA content was
higher in lung of naïve mice than naïve hamsters (Fig. 5E–H), and
at one and two weeks after S. haematobium infection (Fig. 6).
Discussion

Schistosomiasis is a severe parasitic disease. Symptoms and
sequelae are essentially not due to the cercariae that invade the
epidermis and therein transform into schistosomula. The larvae
penetrate the dermis, enter into the blood capillaries en route to
the lung and liver and then to the inferior mesenteric veins
(S. mansoni) or the peri-vesical venous plexus (S. haematobium)
residence, within less than 6 and more than 10 weeks, respectively.
Schistosomiasis major clinical manifestations are due to the host
immunological inflammatory responses to the soluble antigens
derived from the parasite eggs that fail to exit via stool (S. mansoni)
or urine (S. haematobium) and are trapped in the liver, intestine,
and urinary bladder [42–44]. In rodent experimental
S. haematobium infection, a large proportion of parasite eggs are
drifted towards the liver, distal colon, and rectum rather than to
the lower urinary tract as in humans [42,43]. In support, numerous
and large granulomas were readily observed in liver of mice and
hamsters harbouring mature S. mansoni and S. haematobium,
respectively. Despite that laboratory mice are readily susceptible
to S. mansoni, they appeared to allow development of a small num-
ber of adult S. haematobium worms and eggs, confirming their
semi-permissiveness to S. haematobium infection the reason(s) of
which remain obscure. Mature worms were not detected in rats
infected in parallel with mice with S. mansoni cercariae and the
liver appeared normal, in accordance with numerous reports doc-
umenting the near sterilizing resistance of the laboratory [14–21]
and the water- [22] rat to schistosome infection. A breakthrough
in natural schistosomiasis was recently reported whereby resis-
tance of the water-rat to continuous natural infection with S. man-
soni was strongly correlated with the occurrence of numerous,
ARA-rich fat depots in the liver of naïve and infected animals
[22]. Since ARA is a documented schistosomicide [33,34,45] it
was important to examine whether ARA levels in serum and organs
of laboratory rodents correlate with, and are thus likely instrumen-
tal to, resistance and susceptibility to schistosome infection.

Serum cholesterol levels did not greatly differ in naïve and at
several intervals after schistosome infection between the resistant
and susceptible hosts. These findings concord with the statistical
analysis that indicated there was no correlation between rodent
worm count or tissue egg load and circulating cholesterol levels
[46–50]. No perceptible changes in serum cholesterol levels were
noted during the experiment in the rat-S. mansoni and
mouse-S. haematobium models. Conversely, serum cholesterol
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Fig. 2. Serum lipid levels. Each point represents mean of three individual donors tested in duplicate or quadruplicate and vertical bars denote the standard deviation about
the mean. Asterisks indicate highly significant (P < .005) differences between schistosome susceptible and resistant hosts.
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levels declined in the hosts with patent infection, an observation
previously ascribed to the schistosome modulating influence on
host lipid metabolism [46–50].

Levels of serum total triglycerides were significantly (P < 0.005)
higher in naïve and at one through four weeks after infection in
susceptible than in non-permissive hosts, but declined thereafter.
In contrast to the susceptible hosts, the serum triglyceride levels
remained constant, without any decrease, at every test interval
in the hosts that resisted the schistosome infection. The results col-
lectively point to the likely impact of developed schistosomes on
host lipid metabolism and the ability of schistosomes to act as
lipid-lowering agents [46–50], but fail to suggest relationship
between host serum triglyceride levels and parasite survival or
infection outcome [47].

The levels of serum free ARA were significantly (P < 0.005)
higher in rats than in mice in naïve hosts and at one through four
weeks after infection with S. mansoni, thus revealing correlation
between relatively high levels of circulating free ARA and preven-
tion of parasite survival, growth, and maturation. Despite that
esterified ARA was reported to be significantly reduced in plasma
phospholipids and cholesterol esters of S. mansoni-infected mice
[51], the influence of S. mansoni parasitization on ARA metabolism
in mice appeared to be lower than for cholesterol and triglycerides
(Fig. 2A–C). Conversely, S. haematobium invasion in mice had no
effect on serum cholesterol or total triglyceride, but elicited signif-
icant (P < 0.01) increase in serum free ARA levels at one and two
weeks after infection. Increased free ARA levels appear, thus, impli-
cated in attrition of the juvenile parasite, at the most vulnerable
stage of its development, migration from the dermal vessels and
residence in the lung capillaries. In hamsters, infection with
S. haematobium is associated with strong decline in serum choles-
terol and triglyceride serum levels rather late in the course of the
infection. Curiously enough, S. haematobium infection elicited sig-
nificant (P < 0.05) decrease in ARA levels uniquely at one and two
weeks post-infection (Fig. 2D–F). When most vulnerable, schisto-
somula developing in hamsters were, thus, protected from
exposure to elevated ARA concentration.

Because of the presence of albumin, free, unbound ARA in
human serum concentration is kept below 0.1 lM = 30 ng/mL
[24]. The assay herein used measures uniquely the ARA free from
albumin binding, and revealed that the levels of free, unesterified
and albumin-unbound ARA in the rodents assayed ranged between
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Fig. 3. Transmission electron microscopy examination of liver. Upper panel, typical picture of naïve (A) rat and (B) mice. Lower panel, representative of (C) hamsters and (D)
mice, two weeks after S. haematobium infection. The red arrows point to the lipid droplets.

Table 2
Lipid droplets in liver of schistosome-resistant and permissive rodents.

Infection/Hosts Lipid droplets mean ± SD Lipid droplets mean ± SD
Naive After infection

S. mansoni
Rats 13.6 ± 1.5 10.8 ± 1.1

Mice
P value 5.1 + 1.1 4.0 ± 2.8
Rats versus mice <0.0001 0.0001

S. haematobium
Mice 6.7 ± 2.2 6.8 ± 2.0

Hamsters
P value 5.5 ± 2.4 7.0 ± 3.3
Mice vs. hamsters NS NS

Liver droplets were enumerated in 10 sections (1500�) per group of naïve hosts and
one and two weeks after infection to yield the mean and SD.
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60 and 80 ng/mL, which is equivalent to 0.2–0.3 lM. Free ARA may
interact with parasite surface membrane lipids as it was demon-
strated that ARA was readily incorporated by adult S. mansoni
while no prostaglandin biosynthesis was detected [52]. Intercala-
tion of ARA in the outer lipid bilayer would lead to physical or
electrostatic-mediated modulation of the activity of voltage-
gated ion channels [27,53 and references therein]. It may, like
praziquantel, interacts with surface membrane Ca++ channels
and interferes with the worm calcium homeostasis [54,55]. Yet,
ARA severely impairs the integrity of the surface membrane archi-
tecture but does not lead to the immediate spastic paralysis praz-
iquantel elicits [33,54–56]. Free ARA may readily engage the
parasite surface membrane nSMase [32]. Excessive nSMase activa-
tion leads to apical lipid layer sphingomyelin (SM) hydrolysis and
disruption of the worm SM-based protective hydrogen bond net-
work [30–34]. Subsequently, surface membrane antigens become
accessible to binding host specific antibodies and the worm sus-
ceptible to the diverse host humoral and cell-mediated immune
effectors. Additionally, SM hydrolysis generates in the parasite
accumulation of ceramide, an important inducer of apoptosis
[57]. Indeed, ARA was shown to be a physiological mediator of cell
death via apoptosis [58]. Of interest, apoptosis was readily
detected in 14 > 23 days-old Schistosoma japonicum and, further-
more, the sterile resistance of the reed vole, Microtus fortis to



Fig. 4. Oil Red O-stained liver (upper panel) and lung (lower panel) sections. Typical rat liver (A) and lung (B) and mouse liver (C) and lung (D) one week after S. mansoni
infection. Mouse liver (E) and lung (F) and hamster liver (G) and lung (H) two weeks after S. haematobium infection are representative of three hosts per group.

Fig. 5. Typical organ reactivity of naïve hosts with anti-ARA antibody in immunohistochemistry assays. Cryostat sections of liver (upper panel) and lung (lower panel)
sections of naïve rat (A–D), mouse (E, F), and hamster (G, H) were reacted with D-PBS containing 0 (A, B) or 2 (C–H) lg rabbit antibody to ARA, then alkaline phosphatase-
labeled antibody to rabbit immunoglobulins, and the reaction visualized with Histomark RED Phosphatase Substrate Kit of Kirkegaard and Perry Laboratories. X200.
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infection with S. japonicum was significantly associated with
apoptosis in the worm [59,60].

The circulating ARA levels recorded are considerably lower than
the concentration effective for parasite attrition in vitro (20 lM and
up to 2.5 mM). Yet, in vitroworm exposure to ARA was for a limited
period of time (1/2 h to a maximum of 5 h) and in the entire
absence of host immune effectors [28–34]. It may be assumed that
continuous, uninterrupted exposure to ARA levels of 0.2 lM may
mediate elimination of the most vulnerable worms, which are
unable to synthesize adequate amounts of SM for repair of the
affected sites in the surface double lipid bilayer shield. This sugges-
tion would explain the hitherto not adequately explained limited
recovery of schistosomes even in entirely susceptible hosts
(Table 1). Continuous, uninterrupted exposure to 0.3 lM ARA in
the circulation would prevent survival and development of even
the most robust worms as in the rat/S. mansoni model. If
S. haematobium infection failed to modulate ARA metabolism and
the levels of serum ARA during the first two weeks after infection
of mice and hamsters, the outcome of the infection would be
entirely different. It is necessitated to examine the effect of
extended exposure of juvenile and adult schistosomes to ARA con-
centration of <1.0 lM, and more importantly to investigate
whether any relationship exists between circulating ARA levels
and resistance to schistosome infection in children residing in
endemic areas.

Circulating triglycerides and free fatty acids are readily replen-
ished from serum albumin and lipid depots in cells [61]. Transmis-
sion electron microscopy revealed that largest and most numerous
fat droplets were consistently found in rat liver, and that S.mansoni
or S. haematobium one and two week-infection failed to apprecia-
bly alter fat droplet content in rat, mice, and hamsters liver. These
findings support data regarding timing in decline of serum
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Fig. 6. Reactivity to anti-ARA antibody of liver and lung at 2 weeks after
schistosome infection in immunohistochemistry assays. A semi-quantitative anal-
ysis and pixel processing of digital images was performed using IMAGEJ software.
The intensity of the antibody staining of tissue sections was assessed and scored
using RGB (Red/Green/Blue) vector of color deconvolution plugin for red color
separation. Threshold was manually optimized and acquired values from images
were analyzed using Microsoft excel for mean (represented by columns) and
standard deviation (denoted by vertical bars) calculations.
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cholesterol and total triglycerides levels, whereby developed schis-
tosomes appeared to impact lipid metabolism at 4 weeks and later
after infection with S. mansoni or S. haematobium. Data obtained
using Oil Red O staining were not different except for additionally
disclosing that the highest and lowest content in neutral triglyc-
erides was recorded in lung of mouse and hamster, respectively,
at one and two weeks after S. haematobium infection. These data
indicate that S. haematobium infection modulates lipid metabolism
in lung of semi-permissive and permissive hosts, probably because
of the extended residence of the parasite in the lungs [62]. The
immunohistochemistry assays targeting ARA in free or esterified
form revealed that its highest content is consistently observed in
rat liver and lung before and after S. mansoni infection. The data
fully confirm the findings recently reported for the naïve and S.
mansoni-infected water-rat, which liver displays numerous ARA-
rich fat droplets [22]. High ARA content was also recorded in lung
of naïve and S. haematobium-infected mice. The relatively high ARA
concentration in serum and lung of mice during the extended per-
iod of the schistosomula pulmonary residence may explain the
poor survival of S. haematobium, which has consistently shown
higher susceptibility than S. mansoni to ARA in vitro and in vivo
[28–34]. Indeed, 12 week-old S. haematobium worms incubated
in the presence of 50% and 100% fetal calf serum and 10 mM ARA
were essentially all dead after 3 h incubation while attrition of 6
week-old S. mansoni required 5 h exposure [33]. Percentage reduc-
tion in worm burden following ARA in vivo treatment was consis-
tently higher for S. haematobium than S. mansoni in mice [33] and
hamsters [34]. Studies using quasi-elastic neutron scattering for
characterizing the diffusion of larval and adult Schistosoma mansoni
and adult Schistosoma haematobium in the surrounding medium
revealed that S. mansoni worms create a stronger hydrogen-
bonded barrier with the medium in comparison to that created
by S. haematobium worms. These findings were construed to pro-
vide support for the high sensitivity of S. haematobium to ARA, a
documented nSMase activator and hydrogen bond network disrup-
tor, and an explanation for S. haematobium requirement of ARA
lower concentrations and shorter exposure time than S. mansoni
for eventual attrition [31,63,64].
Conclusions

The data reported in the present study reveal correlation
between levels of the schistosomicide ARA in serum, lung, and
liver, and recovery of S. mansoni and S. haematobium in rodents,
thus suggesting ARA is an endoschistosomicide. Differential vul-
nerability of developing schistosomes to different levels of circulat-
ing ARA may provide an explanation for the limited and
inconsistent recovery of experimental schistosome infection in
susceptible rodents, and poor or lack of parasite survival in semi-
permissive and resistant hosts.
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