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Abstract

During the late stages of Schistosoma mansoni infection, adult schistosomes catabolize host
erythrocytic hemoglobin. In order to evade the toxic effects of free heme, the blood fluke
biomineralizes dimeric heme into an inert crystalline pigment called hemozoin. In the present study,
the chemical reactivity of schistosomal hemozoin (SmHz) toward lipid oxidation was examined and
the biological consequences of reactivity were investigated. Mass spectrometric analysis of polar
lipid content associated with SmHz identified a variety of primary and secondary polyunsaturated
fatty acid oxidation products, including hydroxyeicosatetraenoic acids. Furthermore, RAW 264.7
macrophage-like cells challenged with lipopolysaccharide prior to phagocytosis of SmHz
experienced a decrease in nitric oxide production as compared to control experiments. The presence
of these biologically active oxidation products suggests native SmHz is capable of modulating the
innate immune response and may play a potential role in the pathogenesis of schistosomiasis.
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Introduction

Schistosomiasis is a parasitic disease that chronically infects over 200 million people in 74
countries and is responsible for more than 200,000 deaths each year [1-3]. Based on recent
reports, schistosomiasis ranks second only to malaria as a cause for chronic morbidity among
tropical diseases [4]. Parasitic infection by Schistosoma mansoni occurs via a complex
digenetic life cycle. In order to obtain requisite amino acids for growth and development, the
blood fluke catabolizes host hemoglobin (Hb) from red blood cells (RBCs). Adult female
schistosomes consume an estimated 330,000 RBCs per hour [5] Erythrocytic Hb is broken
down by proteolytic enzymes in the gut releasing significant quantities of potentially toxic free
heme [6]. To avoid these cytotoxic effects [7,8], blood feeding organisms have developed novel
mechanisms for heme detoxification.

In the protozoan P. falciparum, toxic free heme accumulates in the digestive food vacuole and
is sequestered by aggregation into an inert crystalline pigment termed hemozoin (Hz) [9]. S.
mansoni appears to employ a similar heme detoxification pathway. During Hb catabolism in
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the digestive cavity of the trematode, free heme aggregates, and the subsequent pigment is
regurgitated by the parasite into the surrounding host vasculature. This dark-brown pigment
was recently characterized by Oliveira and coworkers as being structurally identical to P.
falciparum Hz (PfHz) and its synthetic analogue, B-hematin (BH) [10,11].

Hz has long been considered an inert, detoxification end-product, but recent studies suggest
that native PfHz is capable of modulating host immunity. Schwarzer and coworkers showed
that phagocytosis of native PfHz by human monocytes disrupts the normal cellular function of
professional phagocytes [12,13]. The accumulation of native Hz in circulating monocytes and
neutrophils inhibits normal phagocytic function by inducing oxidative stress and down-
regulating intercellular mechanisms that generate potent oxidative molecules used to defend
against foreign invaders, namely reactive oxygen (ROS) and nitrogen species (RNS) [14].
Furthermore, Hz has been shown to induce lipid peroxidation of polyunsaturated fatty acids
(PUFASs) resulting in the formation of potentially cytotoxic and immunomodulatory molecules
including hydroxyeicosatetraenoic acids (HETES) [7,13,15] and 4-hydroxy-2-nonenal (HNE)
[16,17]. Consequently, Hz-mediated production of arachidonic acid (AA) metabolites, such as
HETEs and HNE, are of significant interest in schistosomiasis since the role of Hz in the
disease’s pathogenesis remains largely unexplored.

Materials and Methods

Materials

S. mansoni infected Swiss-Webster mice were provided courtesy of Dr. Fred Lewis and the
NIAID Schistosomiasis Resource Center (Rockville, MD). Hydroxyeicosatetraenoic acid
standards (Cayman Chemical Company, Ann Arbor, MI). RPMI 1640 (Cellgro Mediatech,
Inc., Herdon, VA). Arachidonic acid (Nu-Chek Prep Inc., Elysian, MN). 4-hydroxy-2-nonenal
(Calbiochem, San Diego, CA). Lipopolysaccharide (E. coli 055:B5), chelex, sulfanilamide, N-
(1-naphthyl)ethylenediamine, 2,6-di-tert-butyl-4-methylphenol (BHT) and hemin (Fluka-
brand, >98% purity) (Sigma-Aldrich, St. Louis, MO).

B-hematin synthesis

BH was synthesized via dehydrohalogenation of hemin, as described by Bohle [18]. The
reaction vessel was sealed, protected from light, and stood undisturbed for 3 months. The
resulting mixture was filtered, and the precipitate was washed exhaustively with methanol, 0.1
M sodium bicarbonate (pH 9.1) and deionized water. The purified product was dried under
vacuum at 150°C for 48 hr and stored under dessicant.

SmHz Isolation

Adult schistosomes were obtained by mesenteric perfusion of mice 42 days post-infection
[19]. Cultivated adult female worms were homogenized in phosphate buffered saline (PBS,
pH 7.4) using a 15 mL glass homogenizer. Homogenate was centrifuged twice at 1000 x g for
60 s, and the tissue pellet was discarded. The supernatant was centrifuged 2 h at 5000 x g. The
resulting dark-brown pellet was resuspended in 5 mL sterile PBS after vortexing and gentle
sonication for 5 minutes. SmHz recovery was quantified as described by Sullivan et al. [20]
with 20 mM NaOH, 2 % SDS at 25°C for 2 h. Heme content was determined from absorbance
at 400 nm (e = 1 x 10° M~1em™1) using an Agilent 8453 UV-Visible Spectrophotometer.

Native SmHz Lipid Extraction

The native SmHz lipid component was extracted twice from 2.5 mg/mL native SmHz in 25
mM chelexed-phosphate buffer (pH 7.4) using 1:1 (v/v) ethyl acetate. The emulsion was
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vortexed 60 s and centrifuged 30 min. 5500 x g. The organic layer was removed and evaporated
under nitrogen. The lipids were reconstituted in 1 mL of ethanol and stored at —80 °C.

In vitro Hz-Mediated HETE Production

Purified native SmHz, complete removal of lipids confirmed by NP-HPLC (data not shown),
was used in these experiments. The reaction was performed by adding 5.32 mM AAtoa 2 mL
suspension of either SmHz or BH (0.3 mg/mL) in 25 mM chelexed-phosphate buffer (pH 7.4)
for 4 hr at 25°C. Reaction products were extracted with ethyl acetate and stored in ethanol at
—80°C.

LC-MS/MS HETE Identification

HETE standards and lipid samples were dried under nitrogen and resuspended in acetonitrile/
water (30:70), 10 mM ammonium carbonate and 0.1 M BHT prior to injection. The LC-MS/
MS analysis was performed on a Waters Acquity UPLC system (Waters, Milford, MA)
connected to a Thermo Finnigan LTQ linear ion trap mass spectrometer (Thermo Fisher
Scientific, Waltham, MA) using a Thermo Hypersil Gold C18 column (1.9 um, 2.1 mm x 150
mm). LC conditions were as follows: solvent A contained 10 mM ammonium carbonate in
acetonitrile/water (10:90) and solvent B contained 10 mM ammonium carbonate in acetonitrile/
water (90:10). The following gradient program was used with a flow rate of 600 pL/min: 0—
0.25 min, 30% B; 0.25-9 min, linear gradient 30-45%; 9-10 min, 45% B; 10-10.50 min, linear
gradient 45-30% B; 10.50-17 min, 30%B. Sample injection volume was 10 pL. The following
optimized parameters were used for the detection of analyte and internal standard: N, sheath
gas 36 psi; N, auxiliary gas 20 psi; capillary temperature 300 C; source voltage 3.8 kV; source
current 100 pA; skimmer offset 0.00 V; capillary offset —44.00 V; tube lens offset —103.30 V;
activation time 30 ms (MS), 50 ms (MS2); isolation width 1 m/z (MS), 2 m/z (MS?2). Data
acquisition and quantitative spectral analysis was conducted using the Thermo-Finnigan
Xcaliber software, version 2.0 Sur 1.

LC-MS/MS Chiral Separation

NP-LC—Normal Phase LC analysis was performed prior to chiral RP-LC-MS/MS in order to
isolate HETE isomers for individual analysis. The NP-LC was performed on a Waters 600
HPLC connected to a Waters 996 photodiode array (Waters, Milford, MA) using a Beckman
Ultrasphere silica column (5 um, 4.6 mm x 25 cm; Beckman Coulter, Fullerton, CA). An
isocratic gradient of 98.8% hexane, 1.2% isopropanol, and 0.1% acetic acid was used at a flow
rate of 1.00 mL/min. HETE absorbance was detected at 237 nm.

Chiral-RP-LC- MS/MS—The LC-MS/MS analysis was performed as before using a
CHIRALPAK AD-RH column (5 um, 2.1 mm x 150 mm; Chiral Technologies, Inc., West
Chester, PA). LC conditions were as follows: solvent A contained 0.25% formic acid in
acetonitrile/water (5:95) and solvent B contained 0.25% formic acid in acetonitrile/water
(95:5). The following gradient program was used with a flow rate of 200 uL/min: 0-5 min,
50% B; 5-20 min, linear gradient 50-100%; 20-25 min, 100% B; 25-30 min, linear gradient
100-50% B; 30—32 min, 50%B. The following optimized parameters were used for the
detection of analyte and internal standard: N, sheath gas 36 psi; N, auxiliary gas 20 psi;
capillary temperature 300 C; source voltage 3.8 kV; source current 100 pA; skimmer offset
0.00 V; capillary offset —44.00 V; tube lens offset —103.30 V; activation time 30 ms (MS), 50
ms (MS2); isolation width 1 m/z (MS), 2 m/z (MS?). Data acquisition and quantitative spectral
analysis were conducted using Thermo-Finnigan Xcaliber version 2.0 Sur 1.
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iNOS Inhibition

SEM

Effects of 5-, 12-, 15-S-HETE, HNE, and SmHz on LPS-stimulated inducible nitric oxide
synthase (INOS) activity in RAW 264.7 cells (1 x 10° cells/well in 96-well culture plates at
37°C in 5% CO, for >8 h) was examined. Cell viability was confirmed using Trypan Blue
exclusion. Stock solutions of 5-, 12-, and 15-S-HETE were prepared by evaporating each 100
ug vial to near dryness under nitrogen and reconstituting in RPMI complete medium (ethanol
concentrations below 0.5%). Additionally, 0.1 mg/mL stock solutions of native SmHz, BH and
17.5 uM HNE were prepared in RPMI complete medium. Following stock solution treatment
in the presence of LPS (1 pg/mL), cell cultures were incubated at 37°C in 5% CO, for 24 h.
The Griess reaction was used to measure nitrite concentration [21]. Absorbance of the resultant
azo complex was measured at 540 nm using a Bio-Tek Synergy HT Multidetection Microplate
Reader.

Dry purified SmHz was suspended in ethanol, sonicated for 10 min., applied to a polished
aluminum specimen mount and dried at 25°C overnight. Each sample was sputter-coated with
gold for 20 s and imaged using a Hitachi S4200 scanning electron microscope at 5.0 kV
accelerating voltage.

Results and Discussion

Schistosomal pigment (SmHz) is typically found accumulated in resident tissue macrophages
of the liver. Adult worm pairs reside in the hepatic portal system of the host and regurgitate
hemozoin and cellular debris into the surrounding vasculature. Adult female worms exhibit a
much heavier degree of pigmentation relative to males due to the nutritional demands of
oogenesis (Fig. 1A). Following perfusion of the hepatic portal vein in S. mansoni-infected
Swiss Webster mice, adult female and male worms were separated, counted and homogenized
to determine SmHz burden per worm as previously described [20]. On average, adult females
were found to accumulate 1.729 £ 0.29 pg of hemozoin while the adult males were found to
amass only 0.114 £+ 0.07 pg per worm. Isolated SmHz was purified and characterized using X-
ray powder diffraction (characteristic 2:1 intensity of the signature 26 peaks at 7° :21° and 24°)
and Fourier transform infrared spectroscopy (1664 cm™1 and 1211 cm™L of C=0 and C-O
stretching) confirming a dimeric ferriprotoporphyrin IX aggregate identical to PfHz and BH
(SI'1). While PfHz and BH SEM images portray a biomineral of elongated rectangular crystals
with well-defined crystal facets, SmHz images depict the characteristic heterogeneous
morphology and large size distribution often attributed to the extracellular environment of Hz
formation in S. mansoni (Fig. 1B) [11].

The nature and function of the lipid environment surrounding the heme aggregate of native Hz
is complex. In arecent study, transmission electron microscopy (TEM) showed the localization
of SmHz at the hydrophilic-hydrophobic interface of lipid droplets in the S. mansoni gut lumen
[22]. Similarly, Pisciotta and coworkers extracted a suite of neutral lipids coating native Hz
from the digestive food vacuole of P. falciparum [23]. In both cases, the lipid extracts provided
a competent scaffold for hemozoin formation in vitro [22,23]. Polar hydroxylated fatty acids
derived from arachidonic and linoleic acids have also been extracted from native PfHz, as has
the secondary oxidation product HNE [7,13,17]. These compounds have been shown to be
capable of significantly altering the function of macrophage cells during the course of malarial
infection.

To investigate the presence of biologically active AA metabolites in native SmHz, the
hydroxylated fatty acid component of native SmHz was isolated and analyzed by liquid
chromatography-tandem mass spectrometry (LC-MS/MS). The identification of each HETE
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positional isomer peak was achieved using time dependent MS/MS in which the isobaric
carboxylate [M-H] ™, 319 m/z, precursor ion was trapped and subsequently fragmented to give
product ions of each HETE isomer (Sl 2). All six HETE positional isomers derived from AA
were observed in the SmHz lipid extract, with the most abundant species being 15-, 12- and 5-
HETE ([M-ROH]: 219, 179 and 115 m/z, respectively) (Fig. 2). In contrast to previous HETE
identifications in hemozoin producing parasites [13], the LC-MS/MS method presented herein
is a marked advancement including MS/MS confirmation of all identified HETES during
separation and an increased instrument sensitivity reaching the femtomole range. Such a limit
of detection is especially important when working with the extracted lipids of limited native
Hz samples, as is the case of S. mansoni yields from Swiss-Webster mice (1 mg SmHz/60
mice).

Chiral purity of biologically derived hydroxylated fatty acids is typically attributed to the
lipoxygenase (Lox) family [24-31] with preference usually shown for S-stereoisomer products.
In the absence of Lox, however, free-radical mediated peroxidation of AA can yield a racemic
mixture of each hydroxylated isomer. Given the presence of all six HETE isomers in the
SmHz lipid coat, additional chiral analysis was performed to examine the enantiomeric
distribution of the monohydroxy derivatives. Chiral LC-MS/MS of the SmHz lipid extract
revealed an equivalent stereoselective distribution of all HETEs with the exception of 12-S-
HETE (Fig. 2) (Sl 3). Based on integrated peak area, a 70:1 abundance of 12-S-HETE to 12-
R-HETE was observed suggesting accumulation of enzymatically produced HETE. This is in
marked contrast to the equivalent stereoisomeric ratios observed for the 12-HETES in the lipid
coat of PfHz [13]. Previously, murine host 12-Lox activity has been described in the
immunomodulation of schistosomiasis [32,33]. Three types of murine 12-Lox (epidermal-,
leukocyte- and platelet-type 12-Lox) have been reported, but none of these were observed in
a recent proteomic analysis of gut contents from S. mansoni [32,34]. In S. mansoni, only the
activity of a 15-S-Lox has been reported, although sequence analysis of the partially sequenced
S. mansoni genome [35] suggests the possible presence of a 12-S-Lox gene (data not shown).
Regardless of the origin of the observed 12-S-HETE, the racemic mixture of all other HETE
isomers is indicative of Hz-mediated lipid peroxidation of fatty acids.

In order to confirm the expected Hz-driven lipid peroxidation of fatty acids, in vitro, reactions
of AA incubated with either purified SmHz or BH were performed under aerobic conditions.
The resultant oxidized lipids were extracted and characterized by RP-and chiral-LC-MS/MS.
Relative to AA controls, both purified SmHz and BH produced significant quantities of the six
HETE positional hydroxylation isomers, with 15- and 5-HETE as the most prominent (Fig. 3).
These findings are in good agreement with earlier literature concerning the reactivity of both
purified PfHz and BH [7,36]. Upon subsequent chiral analysis, the positional HETE isomers
were separated with a stereoselective ratio of nearly 1, suggesting no preferential
stereochemical orientation of the substrate during oxidation. As expected, the stereoselective
bias for 12-S-HETE seen in the native SmHz lipid coat was absent in the reaction of either
purified SmHz or BH with AA. Taken together, these results demonstrate that SmHz mediated
peroxidation of PUFA is the likely source for the enatiomeric population of observed HETE
isomers in the lipid coat.

Lipid metabolites have been shown to elicit immunomodulatory effects ranging from
impairment of both PMA-stimulated oxidative burst and nitric oxide (NO) production in
macrophages to altering endothelial cell permeability and initiating chemotaxis [13,37,38].
Investigation of the HETE isomers’ individual effects on macrophage-like cell function
following LPS challenge revealed that the predominate 5-, 12- and 15-S-HETEs impaired NO
production in a dose-dependent manner (Fig. 4A). 12-S-HETE was the most potent inhibitor
of iINOS, attenuating NO production by 50%. The immunosuppressive activity of native
SmHz’s hydroxylated fatty acids suggest that phagocytosis of native SmHz by resident
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macrophages may partially disrupt the innate immune response. In fact, further study revealed
a 25% reduction in NO production in lipid-coated SmHz-laden macrophages relative to control
experiments, implicating native SmHz as a biologically active agent (Fig. 4B).

The lipid coat of native SmHz is a complex mixture of both neutral lipids and PUFA
peroxidation products. Previous analysis of the neutral lipids revealed the presence of
monopalmitic-, monostearic-, dipalmitic-, dioleic- and dilinoleic glycerols [23]. Herein, the
composition of the arachidonate metabolites has been determined to consist of an enantiomeric
mixture of all positional hydroxylated isomers with 15-, 12-and 5-HETE as the dominant
species. These findings are consistent with Hz-mediated lipid peroxidation of host
arachidonate. Additional chiral analysis revealed an accumulation of a biologically derived 12-
S-HETE of an unknown origin. When the immunosuppressive activity of native SmHz and its
major HETE components was examined in macrophage-like cells, iNOS activity was impaired.
Further exploration of this unique biomineral’s composition and its ability to modulate host
immunity is crucial in developing a better understanding of the possible role of hemozoin in
the host-pathogen interactions in S. mansoni.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

Hemozoin from S. mansoni. (A) Adult female (left) and male (right) S. mansoni laden with
hemozoin. Female worms accumulate a heavier hemozoin burden, as seen by their darker
pigmentation, due to the nutritional demands of oogenesis. (B) SEM image of schistosomal
hemozoin isolated from homogenized S. mansoni.
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Figure 2.

HETE-containing lipid coat of native SmHz. (A) Lipids were extracted from native SmHz using
ethyl acetate, blown dry under N5 (g) and redissolved in RP-LC-MS/MS mobile phase. All six
hydroxylated fatty acid derivatives of arachidonic acid were identified (15-, 11-, 12-, 8-, 9- and
5-HETE). Insert shows the representative chiral resolution for 15-HETE (11.5 min. R and 14.5
min. S). (B) Representative MS/MS fragmentation for 12-HETE. All isomers were confirmed
using authentic standards and extracted ion profiles from MS/MS (S1 2).

Biochem Biophys Res Commun. Author manuscript; available in PMC 2009 July 6.



1duosnuey Joyiny vd-HIN 1duosnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Carter et al. Page 11

Intensity

11-HETE
<—12-HETE
<— 8-HETE
<—— 9-HETE

SmHz

o]
I

7
]
> > 15-HETE
<

%

>
}}> r

6 7 8 9 10

Time (min)

Figure 3.

Hemozoin-mediated lipid peroxidation. Oxidation studies by incubation of 0.3 mg/mL BH or
SmHz with 5.32 mM AA were conducted. The hydroxylated fatty acid isomers 15-, 11-, 12-,
8-, 9- and 5-HETE were identified in the reactions’ lipid extracts using RP-LC-MS/MS. The
isomers were confirmed using authentic standards and extracted ion profiles from MS/MS.
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Figure 4.

Impact of native SmHz and components on iNOS activity. (A) RNS production in macrophage
cells monitored following treatment with increasing concentrations of (e) 15-, (m) 12-and (A)
5-S-HETE by the Griess assay. (B) Cells were treated with 0.1 mg/mL BH or SmHz, as well
as 40 uM 15-S-HETE or HNE. The activity of cells stimulated with LPS was used as a control.
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