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Abstract Chagas disease is caused by Trypanosoma cruzi, a protozoan para-
site. Chagas disease remains a serious health problem in large parts

of Mexico and Central and South America, where it is a major cause

of morbidity and mortality. This disease is being increasingly recog-

nized in non-endemic regions due to immigration. Heart disease

develops in 10–30% of infected individuals. It is increasingly clear

that parasite- and host-derived bioactive lipids potently modulate

disease progression. Many of the changes that occur during acute

and chronic Chagas disease can be accounted for by the effects of

arachidonic acid (AA)-derived lipids such as leukotrienes, lipoxins,

H(P)ETEs, prostaglandins (PGs) and thromboxane. During the course

of infection with T. cruzi, changes in circulating levels of AA

metabolites are observed. Antagonism of PG synthesis with cyclo-

oxygenase (COX) inhibitors has both beneficial and adverse effects.

Treatment with COX inhibitors during acute infection may result in

increased parasite load and mortality. However, treatment insti-

tuted during chronic infection may be beneficial with no increase in

mortality and substantial improvement with cardiac function.

Recently, T. cruzi infection of mice deficient in AA biosynthetic

enzymes for various pathways has yielded more insightful data

than pharmacological inhibition and has highlighted the potential

deleterious effects of inhibitors due to ‘‘off-target’’ actions. Using

COX-1 null mice, it was observed that parasite biosynthesis is

dependent upon host metabolism, that the majority of TXA2

liberated during T. cruzi infection is derived from the parasite and

that this molecule may act as a quorum sensor to control parasite

growth/differentiation. Thus, eicosanoids present during acute

infection may act as immunomodulators aiding the transition to,

and maintenance of, the chronic stage of the disease. It is also likely

that the same mediators that initially function to ensure host

survival may later contribute to cardiovascular damage. Collec-

tively, the eicosanoids represent a new series of targets for therapy

in Chagas disease with defined potential therapeutic windows in

which to apply these agents for greatest effect. A deeper under-

standing of the mechanism of action of non-steroidal anti-inflam-

matory drugs may provide clues to the differences between host

responses in acute and chronic T. cruzi infection.
ABBREVIATIONS
AA
 arachidonic acid

AhR
 aryl hydrocarbon receptor

ALX
 lipoxin receptor

ARNT
 aryl hydrocarbon receptor nuclear translocator

ASA
 aspirin
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ATL
 aspirin-triggered lipoxin

BLT1/2
 B leukotriene receptor 1 or 2

CD
 cell differentiation antigen

COX
 cyclooxygenase

Cyslt1/2
 cysteinyl leukotriene receptor 1 or 2

cys-LTs
 cysteinyl leukotrienes

FLAP
 5-LO activating protein

FPRL-1
 fMLP phagocyte receptor with low affinity

H(P)ETE
 hydro(peroxy)eicosatetraenoic acid

IFN
 interferon

IL
 interleukin

LO
 lipoxygenase

LT
 leukotriene

LX
 lipoxin

lyso PA
 lysophospholipid

NDGA
 nordihydroguaiaretic acid

NO
 nitric oxide

NOS
 nitric oxide synthase

NSAID
 non-steroidal anti-inflammatory drug

PAF
 platelet-activating factor

PG
 prostaglandin

PKC
 protein kinase C

PL(A/
C/D)
phospholipase A/C/D
PMA
 phorbol myristal acetate

SOCS-2
 suppressor of cytokine signalling 2

Tb
 T. brucei

TbPGFS
 T. brucei PGF2a synthase

Tc
 T. cruzi

TcOYE
 old yellow enzyme

TGF-b
 transforming growth factor b

TNF-a
 tumour necrosis factor-a

TP, DP,
FP, EP, IP,
T-, D-, F-, E- and I-type prostanoid receptors
TRAF
 TNF receptor-associated factor

TXA2
 thromboxane A2
1.1. INTRODUCTION

In Latin America, millions of people are at risk for infection with the
parasite Trypanosoma cruzi the causative agent of Chagas disease. Clini-
cally, T. cruzi (Tc) infection causes acute myocarditis followed by chronic
cardiomyopathy and vasculopathy in humans and experimental models.
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There are three stages of infection: acute, intermediate and chronic. Acute
myocarditis is characterized by an intense inflammatory response typified
by upregulation of inflammatorymediators such as cytokines, chemokines,
nitric oxide (NO) and endothelin-1 (Huang et al., 1999a, b; Machado et al.,
2008; Machado and Aliberti, 2009; Petkova et al., 2000, 2001; Tanowitz et al.,
2005). As the acute infectionwanes, individualsmay remain asymptomatic,
but 10–30% of infected individuals may ultimately develop chronic
cardiomyopathy (Tanowitz et al., 2009). The manifestations of the chronic
disease include dilated cardiomyopathy with congestive heart failure, con-
duction abnormalities and thromboembolic events (Tanowitz et al., 1992,
2009). Parasite persistence is central to the aetiology of the cardiomyopathy
and is aggravated by microvascular spasm with focal ischaemia and
autoimmune mechanisms (Factor et al., 1985; Petkova et al., 2000, 2001;
Tanowitz et al., 1996). As early as the 1990s, it was suggested that eicosa-
noids may play a significant role in the vasospasm and platelet aggregation
that characterize Chagas disease (Tanowitz et al., 1990).
1.2. EICOSANOID SYNTHESIS IN VERTEBRATES

Eicosanoids are a family of lipid mediators that participate in a wide
range of biological activities including vascular tone, inflammation,
ischaemia and tissue homeostasis (Haeggstrom et al., 2010). In mammals,
the biosynthetic pathways for these important biological mediators are
dependent upon liberation of arachidonic acid (AA) from the inner leaflet
of the plasma membrane. The biosynthetic pathways for eicosanoid bio-
synthesis are well described in vertebrates and are outlined below.
1.2.1. AA metabolism

AA is a 20-carbon polyunsaturated fatty acid derived from linoleic acid.
Once synthesized, AA is stored as a part of glycerophospholipids that
compose the lipid bilayer of the plasma membrane and can be released
via the action of phospholipases A2, C and D (PLA2, PLC and PLD,
respectively; Fig. 1.1). AA can be reincorporated into cellular lipids via
reacylation and recombination with lysophospholipid. AA is metabolized
predominantly by the following three independent metabolic pathways:

1. The cyclooxygenase (COX) pathway: producing prostaglandins (PGs) and
thromboxane A2 (TXA2).

2. The lipoxygenase (LO) pathway: producing leukotrienes (LTs), lipoxins
(LXs), hydroxyeicosatetraenoic acids (HETE) and hydroperoxyeicosa-
tetraenoic acids (HPETE).

3. Cytochrome P-450 monooxygenase pathway: producing epoxides and
hydroxyeicosatetraenoic acids.
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FIGURE 1.1 Production and use of free arachidonic acid from various intracellular

sources.
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In addition to its role in eicosanoid synthesis, AA itself is capable of
regulating cellular responses. AA controls the activity of PLA2 and PLC
via a negative feedback mechanism (Sumida et al., 1993), triggers mobili-
zation of intracellular calcium stores in a manner similar to that of inositol
1,4,5-phosphate (Chow and Jondal, 1990) and activates the classical iso-
forms of protein kinase C (PKC) (Naor, 1991). Activation of PKC by fatty
acids may form a positive feedback loop to enhance fatty acid liberation
through amplification of PLA2 activity (Sumida et al., 1993). AA also
suppresses tumour necrosis factor (TNF)-a, interleukin (IL)-1a and lipo-
polysaccharide (LPS)-induced activation of endothelial cells (Stuhlmeier
et al., 1996), indicating that AA may negatively regulate endothelial cell
activation.
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1.2.2. The LO pathway of AA metabolism

There are four LO enzymes, 5-, 8-, 12- and 15-LO, that metabolize AA by
oxygenation of a single carbon resulting in the formation of a variety of
compounds with diverse biological activities (Sumida et al., 1993). The
nomenclature of the LO enzymes is derived from the position of the
hydroperoxy group in the product of that enzyme (Chiang et al., 2006).
For example, 5-LO converts AA into a hydroperoxide by insertion of
molecular oxygen at position 5 of AA backbone (Brock et al., 1995). In
humans, the primary products of AAmetabolism by LO are 5-, 12- and 15-
HPETE which, by the action of peroxidases, yield their hydroxy deriva-
tives (HETE). The 5- and 12-LO enzymes have a ubiquitous distribution,
while 15-LO is confined to eosinophils (Ivanov et al., 2010). The 5-LO in
neutrophils is translocated from the cytoplasm to the cell membrane in
the presence of raised intracellular calcium (Brock et al., 1995). 5-LO with
the help of 5-LO-activating protein (FLAP) converts AA to 5-HPETE,
which spontaneously reduces 5-HETE. 5-LO again acts on 5-HETE to
convert it to Leukotriene (LTA4) (Chiang et al., 2006). The biosynthetic
pathways involved in Lipoxin (LXA4) formation are complex, involve the
actions of at least two independent LOs and can occur through trans-
cellular cascades, particularly those involving platelets and leukocytes
(Chiang et al., 2006). However, the activity of 5-LO seems to be a common
step in LXA4 synthesis (Serhan et al., 1984). LXA4 is secreted by neutro-
phils and inhibited the activating effects of LTB4 on platelets (Serhan et al.,
1984); however, a growing list of anti-inflammatory/pro-resolving effects
have been associated with LXA4 resulting in the suggestion that they act
as ‘‘braking signals’’ in inflammation (Maderna and Godson, 2009). These
properties include limiting leukocyte trafficking and preventing endothe-
lial cell activation at the inflammatory site, stimulation of phagocytosis of
apoptotic cells by macrophages and are potential anti-fibrotic mediators
(Aliberti, 2005; Baker et al., 2009; Maderna and Godson, 2009; Ryan and
Godson, 2010).

LTs were first discovered in leukocytes but are now known to be
synthesized in many other cells and tissues including neutrophils,
monocytes, mast cells, macrophages, keratinocytes as well as in lung,
brain, spleen and heart. LTs are so named because it contains three
conjugated double bonds (trienes). LTA4 is the central metabolite from
which other LTs are derived. Cells expressing LTA4 hydrolase (neutro-
phils and monocytes) convert it to LTB4, while the cells that express LTC4

synthase convert LTA4 by the addition of tripeptide glutathione to LTC4.
Subsequent removal of the glutamic acid from the glutathione leads to the
formation of LTD4 with further degradation (by removal of the glycine
residue) leading to the formation of LTE4. LTC4, D4 and E4 contain a
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cysteine residue in its structure; therefore, they are often referred to as
cysteinyl leukotrienes (cys-LTs). LTB4, 5-HETE and LTC4 are subse-
quently secreted from the cell (Lam et al., 1990).
1.2.3. The cytochrome P-450 pathway of AA metabolism

AA can also be metabolized by the cytochrome P-450 monooxygenases.
This pathway oxidizes AA to 19-hydroxy and 19-oxoeicosatetraenoic
acids (omega-1 oxidation) and 20-hydroxyeicosatetraenoic and eicosate-
traen-1,20-dioic acids (omega-oxidation). Hepatic and renal P-450
monooxygenases also produce a series of epoxides that are further
converted to diols. Moreover, omega-1 and omega-oxidation occur in
conjunction, and then trihydroxy-AA derivatives, or lipoxins, are formed.
The cytochrome P-450 monooxygenases are not only responsible for
eicosanoid synthesis but also for catabolism and have been shown to
inactivate several eicosanoids including PGE2 and LTB4. Thus, cyto-
chrome P-450 monooxygenases, in addition to PG 15-hydroxydehydro-
genase, provide a secondary pathway to catalyze the oxidation and
inactivation of these important bioactive lipids.
1.2.4. The COX pathway of AA metabolism

AA is hydrolyzed by the COX enzymes to PGH2 (Rouzer and Marnett,
2008). PGH2 is the central substrate for prostaglandin synthesis and is
further metabolized by specific terminal synthases to generate PGs and
TXA2 (Santovito et al., 2009). The relevance of these enzymes and the
bioactive lipids they produce are not well understood in parasitic disease.

1.2.4.1. The COX family of enzymes
Enzymes in the COX family are structurally and enzymatically similar but
have mechanistically different pathophysiological roles. There are two
COX isoenzymes (COX-1 and -2) in humans, sharing approximately
61% sequence homology (based on amino acid sequences) with the active
sites highly conserved. The two human COX enzymes share 61%
sequence homology (based on amino acid sequences) with highly con-
served active sites. COX-1 is constitutively expressed and mediates gas-
tric mucus production, platelet activation and vascular tone, while COX-
2 is inducible and functions in inflammation, cancer and tissue damage
(Haeggstrom et al., 2010; Rouzer and Marnett, 2008).

COX-1 is a 576-amino acid polypeptide (MW 66.2 kDa) that is consti-
tutively and ubiquitously expressed by many tissues, including gastric
mucosa, endothelial cells and platelets (Yokoyama and Tanabe, 1989).
COX-1 has a half-life of 10 min (Wu et al., 1988), indicating constant
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synthesis is required to keep the PG/TX synthesis operative. This short
half-life is probably a reflection of the high degree of instability of the
COX-1 mRNA. It has been hypothesized that inactivation of an apopro-
tein moiety in the enzyme by free radicals formed during normal enzyme
function may be one of the reasons for its instability (Egan et al., 1976;
Ham et al., 1979). Indeed, inhibition of protein synthesis prevents the
release of prostacyclin (PGI2), a major protective factor for endothelial
cells. COX-2 is a 604-amino acid polypeptide (70 kDa) (Hla and Neilson,
1992) and is an inducible form of COX (with induction varying between
10- and 80-fold). Its activity has been reported to account for 40–60% of PG
synthesis in some tissues (Karim et al., 1996).

COX-1 and COX-2 are highly segregated in their intracellular com-
partmentalization prompting speculation that each isozyme is restricted
to a certain pool(s) of substrates and that COX-2 may not exist just to
augment the activity of COX-1 in times of physiological stress where
enhanced PG synthesis is required. Karim et al. (1996) found no evidence
for the hypothesis that COX-1 and -2 have separate synthetic pathways.
Indeed, the Vmax and Km of both enzymes for arachidonate are nearly
identical (Meade et al., 1993a,b). However, since COX-1 is constitutively
expressed and COX-2 is inducible, there arises a physiological division in
the function of these two enzymes with COX-1 mediating the effect of
prostanoids on normal cellular responses and COX-2 mediating
pathological responses in processes such as inflammation.

The COX isoforms use two sequential reactions to generate PGH2. The
COX reaction produces oxygenation and cyclization of a pentane ring in
AA leading to the formation of the unstable metabolite PGG2. The
peroxidase reaction then catalyses the reduction of PGG2 and the
endoperoxide PGH2 is formed (Miyamoto et al., 1976; Ohki et al., 1979).
The residues most important for the function of COX-1 and -2 are the two
heme-binding sites in exons 7 (His295) and 8 (His374), the active site
tyrosine in exon 8 (Tyr371) and the aspirin (ASA) acetylation site in exon
10 (Ser506) (DeWitt et al., 1990; Shimokawa and Smith, 1991; Shimokawa
et al., 1990; Smith et al., 1991). COX-1 contains four potential asparagine-
linked glycosylation sites at residues 67, 103, 143 and 409 and contains an
epidermal growth factor (EGF) homology domain (residues 33–71) which
is encoded by the whole of exon 2 (Toh, 1989; Yokoyama and Tanabe,
1989). These sites are well conserved in COX-2; however, the active site in
COX-2 varies by a substitution of a valine to an isoleucine residue at
position 509. This substitution appears to be solely responsible for the
ability of some classes of inhibitors to preferentially bind and inactivate
COX-2 over COX-1. The C-terminus of COX-2 also contains an 18-amino
acid sequence, not present in COX-1, giving rise to an additional N-linked
glycosylation site (Hla and Neilson, 1992).
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1.2.4.2. Synthesis of PGs and thromboxane
PGH2 is the central substrate for the synthesis of all PGs and TXA2

(Haeggstrom et al., 2010; Rouzer and Marnett, 2008). PGI2 is derived
from PGH2 by the action of PGI2 synthase, a cytochrome P-450-like
membrane resident enzyme (Moncada and Vane, 1979). PGI2
spontaneously hydrolyzes to form the inactive metabolite 6-keto PGF1a
(t1/2 ¼ 3 min). PGF2a, PGD2 and PGE2 are derived from PGH2 by their
respective synthases. PGF2a is also formed by the degradation of PGE2 via
the action of the enzymes PG 15-hydroxydehydrogenase, cytochrome P-
450 monooxygenase or PGE9-ketoreductase (Hecker and Ullrich, 1989).
TXA2 is derived from PGH2 by the action of TXA2 synthase, a cytochrome
P-450-like heme-thiolate enzyme, which adds an oxan: oxetane ring to the
structure of PGH2, producing equimolar quantities of hydroxyheptadeca-
trienoic acid and malondialdehyde in the process. TXA2 (t1/2 ¼ 30 s)
spontaneously hydrolyzes to a stable but biologically inactive hemiacetal
form, TXB2 (Hecker and Ullrich, 1989). The determining factor in the
formation of prostanoid/TXA2 synthesis is the presence of the necessary
enzymes and not necessarily their regulation, which leads to tissue-spe-
cific expression patterns for many of these products, for example, TXA2 is
synthesized mainly by platelets and macrophages, while PGI2 is synthe-
sized predominantly by vascular smooth muscle and endothelial cells
(Hecker and Ullrich, 1989).
1.2.4.3. The biological responses to eicosanoids are mediated by cell
surface receptors

Prostaglandins and LTs both act through G-protein-coupled receptors
located on the plasma membrane of multiple cell types. Four LT receptors
are reported, B leukotriene receptor 1 and 2 (BLT1 and BLT2) and cys-LT
receptor 1 and 2 (Cyslt1 and Cyslt2). Prostaglandin receptors are
similarly named after the prostanoid that serves as the respective ligand,
‘‘D-, F-, E- and I-type’’ prostanoid receptor (DP, FP, EP and IP). TXA2

receptor is known as TXA2 prostanoid receptor (TP). LXA4 is thought to
bind to two types of receptor: (a) a surface seven-transmembrane G-
protein-coupled receptor, ALX/FPR2 (Brink et al., 2003; Chiang et al.,
2006; Devchand et al., 2003) and (b) a cytosolic nuclear ligand-activated
transcription factor, the aryl hydrocarbon receptor (AhR) (Schaldach
et al., 1999). LXA4–AhR translocates to the nucleus and binds with aryl
hydrocarbon receptor nuclear translocator, which interacts with regu-
latory regions of dioxin-responsive genes. This leads to the activation of
a series of genes to facilitate biotransformations and elimination of toxic
substances. The binding of ligands (e.g. LXA4) to AhR results in the
formation of an active transcription factor that binds to DNA domains—
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dioxin-responsive elements—that activate the expression of a panel of
specific genes.

The receptors signal via heterotrimeric G-proteins to manifest their
biological effects that include modulation of immunity, vascular perme-
ability, tissue fibrosis, mucus secretion and vascular tone (Beller et al.,
2004; Hui et al., 2004; Tager and Luster, 2003).
1.3. LIPID METABOLISM AND EICOSANOID BIOSYNTHETIC
PATHWAYS IN TRYPANOSOMA CRUZI

Kinetoplasts have specialized, adaptable biosynthetic pathways for lipids
that reflect the extreme environments they must endure during their life
cycle, each with its own unique requirements for lipid synthesis. Prokary-
ote biosynthetic pathways synthesize fatty acids using a type I or type II
synthase (Cox, 1982; Lee et al., 2006). Unlike mammalian cells, T. cruzi and
Trypanosoma brucei utilize elongases for nearly all fatty acid synthesis (Lee
et al., 2006; Livore et al., 2007). Four novel elongase genes have been
identified in T. brucei and five in T. cruzi (Lee et al., 2006; Livore et al.,
2007). Of the elongases identified, ELO1 extends C4 to C10, ELO2 extends
C10 to C14, ELO3 elongates C14 to C18 and other elongases extend
beyond C18 (such as AAX69821 from T. brucei). In all cases, a preference
for n6 polyunsaturated fatty acids was observed (Lee et al., 2006). Thus,
fatty acid synthesis would appear modular to reflect the requirement for,
in the case of T. brucei, mostly stearate (C18) in the insect vector and
myristate (C14) in a mammalian host. As such, enzyme expression is
highly regulated. For example, ELO3 (that would prevent accumulation
of myristate) is downregulated in blood-borne parasite, and elevated
concentrations of exogenous fatty acids upregulate the entire pathway,
along with T. cruzimetacyclogenesis, allowing the needs of the parasite to
be highly adaptable to the surrounding environment (Lee et al., 2006;
Wainszelbaum et al., 2003). However, unlike Leishmania major, which has
a complete pathway for polyunsaturated fatty acid biosynthesis, trypano-
somes contain only Delta5 elongases and Delta4 desaturases (Livore et al.,
2007) which allow them to use eicosapentaenoic acid and AA, a precursor
that is relatively abundant in the host, for C22 polyunsaturated fatty acid
synthesis but have otherwise incomplete synthetic pathways for polyun-
saturated fatty acid synthesis.

Eicosanoid synthesis begins with liberation of AA from membrane
phospholipids via the activity of PLs that cleave the Sn-1 acyl chain.
PLA1- and PLA2-like activities have been reported in T. cruzi and T. brucei
(Belaunzaran et al., 2007; Opperdoes and van Roy, 1982; Sage et al., 1981;
Shuaibu et al., 2001). In all cases, activity was membrane associated and
Ca2þ dependent; however, activity was greatly enhanced in the infective
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life stages of T. cruzi (trypomastigote and amastigote). Moreover, the
infective life stages release a PLA1-like activity with increased secretion
coinciding with metacyclogenesis (Belaunzaran et al., 2007). An addi-
tional non-PLA-dependent pathway, using sequential deacylation of
diacyl glycerophospholipids, has also identified (Ridgley and Ruben,
2001). The outcome of these activities is the liberation of lipid-based
second messengers from both the parasite (membrane bound form
PLA1) and the host (secreted form). Liberation of AA in such a fashion
results in activation of a plasma membrane localized Ca2þ channel and
mobilization of intracellular Ca2þ stores in T. cruzi and T. brucei (Catisti
et al., 2000; Eintracht et al., 1998). Responses were specific to AA as
shorter-chain lipids were without effect. Moreover, the liberation of dia-
cylglycerol and lysophosphatidylcholine from host membranes activates
kinases cascades that may be critical in parasite–host cell interactions that
precede invasion.

PGF2a is the dominant eicosanoid species produced in Leishmania and
T. brucei, along with smaller quantities of PGE2 and PGD2 (Kabututu et al.,
2003; Kubata et al., 2000; Opperdoes and van Roy, 1982). Importantly,
T. cruzi preferentially synthesizes TXA2 (Ashton et al., 2007) with smaller
amounts of PGF2a, and no significant levels of PGD2 produced. Eicosa-
noid synthesis relies on a series of terminal synthases, each specific to its
own species of lipid produced. Surprisingly, few homologues of the
mammalian eicosanoid biosynthetic enzymes have been identified and
characterized in kinetoplasts. PGF2a synthases have been identified only
in Old World Leishmania spp. and absent in New World Leishmania spp.
In T. cruzi, PGF2a synthase is similar to yeast old yellow enzyme (TcOYE)
and T. brucei (TbPGFS) (Kabututu et al., 2003; Kubata et al., 2000, 2002).
The primary sequence of TbPGFS and TcOYE is distinct from their mam-
malian counterparts (Kubata et al., 2000, 2002), and the enzymatic activity
is resistant to pharmacological agents (ASA or indomethacin) that inhibit
mammalian enzymes indicating that the active sites are also topographi-
cally or structurally different (Kabututu et al., 2003). The crystal structures
of TcOYE (Sugiyama et al., 2007) and TbPGFS (Kilunga et al., 2005; Okano
et al., 2002) have recently been solved. Both form barrel-like structures
with a central hydrophobic core, but TcOYE functions as a dimer
(Sugiyama et al., 2007; Yamaguchi et al., 2011) which is more analogous
to its mammalian homologue.

Both TcOYE and TbPGFS function in drug resistance. In T. cruzi,
TcOYE is essential for drug resistance (Kubata et al., 2002) and TcOYE
levels were recently found to be sixfold different between benznidazole-
sensitive and -resistant strains of T. cruzi (Murta et al., 2006). T. cruzi
possesses four copies of TcOYE demonstrating the importance of this
enzyme to parasite well-being. While differential expression of PGF2a
synthases has been reported in other studies (Andrade et al., 2008; Dost
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et al., 2004), they have failed to corroborate the relationship between
PGF2a synthase expression and drug resistance. A reason for this may
be the presence of additional NADPH oxidoreductases from the
cytochrome P-450 family in T. cruzi (Portal et al., 2008). Three new
enzymes in this class were recently identified and displayed a role in
drug resistance as well as predicted roles in fatty acid/eicosanoid synthe-
sis (Portal et al., 2008). The enzymes possess conserved binding domains
for FMN, FAD and NADPH and are strongly inhibited by diphenyleneio-
donium, a classical flavoenzyme inhibitor. It is perhaps this last property
that distinguishes these new enzymes from TcOYE and TbPGFS, as they
appear more like their mammalian counterparts. However, the function
of these enzymes is largely undetermined.

The biological responses of T. cruzi to eicosanoids are likely to be
highly unconventional in nature. Neither orthologues of heterotrimeric
G proteins nor heptahelical G-protein-coupled receptors have been anno-
tated in the T. cruzi genome. Therefore, it is possible that the production of
these lipid mediators is exclusively to manipulate host responses to
infection and ensure parasite survival/transmission.
1.4. ENDOGENOUS REGULATION OF EICOSANOIDS DURING
EXPERIMENTAL CHAGAS DISEASE

It is now appreciated that the release of eicosanoids during infection with
T. cruzi regulates host responses and controls disease progression (Ashton
et al., 2007). The role of these bioactive lipids in acute and chronic Chagas
disease is largely unexplored. However, recent studies (see previous
section) have demonstrated that trypanosomes are capable of AA
metabolism. Thus, the interpretation of the importance of these bioactive
lipids to disease pathogenesis is potentially further complicated by
whether the host or the parasite is the primary source of synthesis
(Kabututu et al., 2003; Kubata et al., 2000, 2002). Despite this uncertainty,
it is clear that eicosanoids play essential and potent roles in the pathogen-
esis of experimental Chagas disease. Essential fatty acid deficiency
(including AA) results in up to 63% reduction in peripheral parasitaemia
and more than twice the usual survival rate during acute disease (Santos
et al., 1992). Moreover, rates of eicosanoid synthesis are higher in resistant
versus susceptible strains of mice (Cardoni and Antunez, 2004).
Eicosanoids released by T. cruzimay contribute to parasite differentiation,
phagocytosis (Freire-de-Lima et al., 2000) and host survival (Sterin-Borda
et al., 1996) by acting as immunomodulators to aid transition and mainte-
nance of the chronic phase of the disease. In support of this concept,
CD11bþ myeloid cells from infected mice have been shown to secrete
an unidentified PG that mediates the loss of immature B-cell populations
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by apoptosis. This compromises host defence and favours chronic disease
(Zuniga et al., 2005).
1.4.1. Acute infection

Several species of eicosanoids have been implicated in both acute and
chronic Chagas disease. The question that remains is which AA
derivatives are most important for disease pathogenesis? Plasma from
infected mice displays increased levels of PGF2a, PGI2, TXA2 and PGE2

(Cardoni and Antunez, 2004; Pinge-Filho et al., 1999; Tanowitz et al., 1990)
compared to uninfected mice from 10 days post-infection onwards. We
have previously determined that the main PGs derived from T. cruzi are
TXA2 and PGF2a (Ashton et al., 2007), indicating that host is the likely
source of the elevated PGI2 and PGE2. PGE2 release is likely from
activated macrophages and CD8þ T-cells (Oliveira et al., 2010; Sterin-
Borda et al., 1996). No specific role has been delineated for the elevated
PGI2 and PGF2a observed in plasma from bona fide or experimental
Chagas disease. Minimal work on PGF2a indicates that PGF2a levels in
the TXA2 synthase null and wild-type mice were similar, indicating this
PG was likely not involved with the augmentation of parasitaemia
observed in the COX-1 null and ASA-treated mice or in the regulation
of mortality (Mukherjee et al., 2011). This leaves the potential role of
PGF2a in Chagas disease largely unexplored. However, the significant
amounts of PGF2a produced by T. cruzi and the fact that all members of
the kinetoplast family have an identifiable PGF2a synthases indicate that
this eicosanoid is of significant value to the parasite.

Most studies suggest the primary role of PGs/eicosanoids is to
manipulate the host response and enhance the likelihood of transition to
the chronic state (Kristensson et al., 2010; Pinge-Filho et al., 1999;
Sterin-Borda et al., 1996). During acute infection, PGE2 has been shown
to modulate the virulence of the T. cruzi strain. A non-lethal strain (K98)
provoked elevated circulating PGE2, while lethal strains (RA or K98-2)
did not (Celentano et al., 1995). Inhibition of COX activity (and therefore
PGE2 release) increased mortality in K98-strain-infected mice, but PGE2

infusion did not attenuate the virulence of the RA strain. The effects of
PGE2 may stem from a number of sources. PGE2 release from monocytes
drives Th1 immunity which has greater effect at controlling parasitaemia
(Oliveira et al., 2010). In addition, PGE2 is essential to the suppression of
TNF-a release and lymphoproliferation by the host during acute infection
in both patients andmice (Borges et al., 1998; de Barros-Mazon et al., 2004;
Pinge-Filho et al., 1999). Inhibition of PGE2 synthesis reduces number of
parasite nests, inflammatory infiltrates and cardiac fibrosis during acute
disease (Abdalla et al., 2008) all of which likely aids the transition to
chronic disease (Sterin-Borda et al., 1996).
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Prostaglandin release from the parasite, primarily TXA2, also appears
to aid survival of the acute infection and transition to the chronic state.
Preventing host response to parasite-derived TXA2 augmented death and
parasitaemia (Ashton et al., 2007). Platelets exert a direct anti-trypanoso-
mal activity (Momi et al., 2000), and over the course of disease, there is a
generalized thrombocytopenia characterized by increased platelet
adherence and aggregation that likely limits the anti-parasitic action of
these cells (Tanowitz et al., 1990). TXA2 may regulate vasospasm,
thrombosis, vascular permeability and endothelial cell dysfunction
during acute disease; however, TXA2 also displays immunosuppressive
properties with the wild-type mice displaying minimal pathology, but
TXA2 receptor null mice exhibiting pronounced inflammation in the
myocardium with an almost threefold increased in parasite load in
cardiac tissue. There is also evidence that TXA2 signalling by the host
acts as a potential quorum-sensing mechanism for T. cruzi and regulates
amastigote proliferation to prevent overwhelming the host during acute
infection (Ashton et al., 2007). It is clear that TXA2 plays a prominent role
in acute T. cruzi infection; however, the previous belief that TXA2

manifests as a host response to infection, and not directly from the
parasite, suggests the role of T. cruzi-derived mediators have been
undervalued in disease pathogenesis.

In fact, quorum sensing may involve a variety of eicosanoids. These
short-lived auto/paracrine messengers are well suited to this role due to
quick inactivation and need for constant synthesis. Quorum sensing in
T. brucei involves release of PGD2 which slows proliferation largely
through the induction of apoptosis (Figarella et al., 2005). However,
PGD2 is metabolised to J-series PGs (PGJ2 and 12D-PGJ2) in the presence
of albumin, and these subsequent ‘‘metabolic’’ products are more potent
than PGD2 in regulating survival in T. brucei (Figarella et al., 2005, 2006).
Similar effects are also likely in T. cruzi, despite the fact that this parasite
produces no discernable PGD2. Administration of 15D-PGJ2 during the
acute stage of T. cruzi infection reduced the density of amastigote nests in
cardiac muscle (Rodrigues et al., 2010). However, 15D-PGJ2 also displays
immunosuppressive properties and reduced inflammation at the site of
infection and peripheral leukopenia via increased levels of IL-10 release
which clouds the interpretation of the results as to whether this molecule
may act as a quorum sensor during Chagas disease.

During the acute inflammatory phase of the T. cruzi infection, high-
level expression of proinflammatory cytokines and other mediators is
prevalent. The inflammatory cytokines and lipid mediators are essential
for host survival during acute infection (Borges et al., 2009; Hideko
Tatakihara et al., 2008). 5-LO has received the most attention in inflamma-
tion research involved in T. cruzi infection due to its involvement in LT
synthesis. LTs are known to participate actively in the control of infections
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by protozoa, as demonstrated in several studies (Henderson and Chi, 1998;
Machado et al., 2005). LTB4 and LTC4 enhance association with and uptake
of T. cruzi by monocytes by stimulation of phagocytosis (Wirth and
Kierszenbaum, 1985a,b). Conversely, since LTC4 treatment increased asso-
ciation with non-phagocytic cells, LTC4may facilitate parasite invasion, not
uptake, as a part of the enhanced parasite clearance. However, the role of
these molecules in host resistance and induction of myocarditis during
infection remains unclear. LTB4 promotes recruitment of inflammatory
cells (Tager et al., 2003); however, unlike LTB4, cys-LTs (LTC4) do not
induce leukocyte migration into inflamed tissue but increase vascular
permeability and subsequent oedema (Dahlen et al., 1981). Moreover,
they have also been described as detrimental factors to heart contractility
(Gorelik et al., 1992). Thus, the absence of 5-LO seems to prevent the
harmful effects of these mediators on heart contractile function. Many of
the effects of LTC4 aremediated by guanylate cyclase/NO inhibition. NO is
an important mediator of parasite killing in experimental T. cruzi infection
(Vespa et al., 1994) and is potently regulated by LTs.

While some lipid mediators drive acute inflammation, other endoge-
nous mediators counter-balance these proinflammatory events. In addition
to LTs, lipoxins (LXAs) play a pro-resolving role in inflammatory reactions
(Maderna and Godson, 2009; Ryan and Godson, 2010; Stables and Gilroy,
2010). To date, the role of LXAs in myocardial inflammation and modula-
tion of the immune response during T. cruzi infection remains unresolved,
but the action of LXAs in the regulation of Toxoplasma gondii infection
allows us to extrapolate the potential roles that this eicosanoid may play
during T. cruzi infection. The T. gondii model demonstrates that challenge
with parasite triggers endogenous LXA4 release that down-modulates
dendritic cell activation in vivo and in vitro (Aliberti et al., 2002a). T. gondii
infection in 5-LO null mice resulted in more extensive tissue pathology,
mainly due to lack of LXA4 production, as treatment with LXAs analogs
restored the resistance to tissue pathology with no mortality associated
with uncontrolled proinflammatory responses, in a similar manner as for
wild-type mice (Aliberti et al., 2002b). Moreover, there is evidence that the
AhR mediates the bioactions of LXAs during T. gondii infection. This
receptor is a ligand-activated transcription factor that regulates many of
the biologic actions of LXAs, including increasing the expression of
suppressor of cytokine signalling 2 (SOCS-2) (Machado et al., 2006). Ongo-
ing work in our laboratories on inflammation during T. cruzi infection has
revealed that SOCS-2 is important in the modulation of inflammation
during this infection (Mukherjee et al., 2011).

Thus, it appears that the eicosanoids present during acute infection
largely act as immunomodulators that aid in the transition to and main-
tenance of the chronic phase of the disease (Sterin-Borda et al., 1996). It is
unclear whether T. cruzi generates PGs as a defence against host immune
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system or whether it hijacks the host PG metabolic pathway in its favour.
To this end, further studies using null mice missing biosynthetic enzymes
or receptors are required to fully elucidate the role of the identified PGs in
Chagas disease.
1.4.2. Chronic infection

In contrast to acute infection, where plasma levels of multiple prostanoids
are elevated, only increased levels of TXA2 are observed in chronic disease
(>180 days post-infection) (Cardoni and Antunez, 2004). In chronic dis-
ease, the effects of TXA2 largely promote tissue damage especially in the
heart, where it may exacerbate myocyte apoptosis and enhance
progression to dilated cardiomyopathy and heart failure, a major cause
of death in patients with this disease. In support of this hypothesis,
treatment of mice with chronic T. cruzi infection with ASA may result in
improvement of cardiac function which likely results from negating the
detrimental effects of TXA2 onmyocyte contractility, platelet function and
vascular tone. In addition to themaelstrom of changes that TXA2mediates
during acute infection, the secretion of TXA2 would prevent the initiation
of an adaptive immune response by the host (Kabashima et al., 2003),
enabling maintenance of the chronic phase of the disease. Finally, the
role for TXA2 in chronic disease is made more complicated by its control
of parasite proliferation. We have suggested that parasite-derived TXA2 is
a possible quorum sensor for the parasite (Ashton et al., 2007); however,
parasite-derived TXA2 release is insufficient to suppress peripheral para-
sitaemia in chronic disease. This indicates a need for host-derived TXA2

for control of the severity of the chronic disease.
Despite the fact that TXA2 is the chief PG detected in plasma, other

eicosanoids may play a significant role during chronic disease. T-lym-
phocytes from patients with chronic Chagas disease affect cardiac func-
tion and remodelling in a rat model (de Bracco et al., 1984). Similarly,
lymphocytes derived from acute and chronic infection of mice display
negative and positive inotrophism, respectively (Gorelik et al., 1992). LO
products (primarily LTC4) released from the lymphocytes were shown to
positively affect cardiac function, while COX products (principally PGE2)
exerted a depressor inotropic action. Thus, eicosanoid release during
chronic disease appears to be more focused on damage to the host than
during the acute phase of infection.
1.4.3. Insect vectors

While several groups have investigated the impact of eicosanoids on
mammalian hosts, little has been done to determine their potential role
in insect vectors. Prostaglandin biosynthesis and release occur in all three



Bioactive Lipids in Trypanosoma cruzi Infection 17

Author's personal copy
life stages of T. cruzi (Ashton et al., 2007; Kabututu et al., 2003). While it is
clear that in the trypomastigote and amastigote forms of the parasite,
multiple functions exist for bioactive lipids, almost nothing is known
about the role of these mediators in the epimastigote stage. Insects fed
on blood treated with inhibitors to COX, LO and PLA2 enhance parasi-
taemia and mortality due to parasite challenge with T. rangeli (Garcia
et al., 2004), leading to a hypothesis that parasite-derived PGs suppress
immunity and permit the chronic habitation of the vector (Azambuja and
Garcia, 2005; Azambuja et al., 2005). Eicosanoids such as TXA2 may aid in
the colonization of the gut by producing mucosal injury (Walt et al., 1987)
and increase the potential spread of the parasite through increasing gut
motility (Schultheiss and Diener, 1999). The survival of T. cruzi in the gut
of its insect vector is largely dependent upon nutritional status (Azambuja
and Garcia, 2005; Azambuja et al., 2005). Thus, the same scavenging
mechanism that operates to provide lipid precursors in the mammalian
host (see next section for a discussion of these mechanisms) may also
apply to the insect vector.
1.5. LESSONS FROM PHARMACOLOGICAL MANIPULATION
AND FROM NULL MICE

1.5.1. Pharmacological intervention

Given the increasing interest in the role of eicosanoids in T. cruzi infection, it
is not unexpected that there should be interest in pharmacological manipu-
lation of eicosanoid biosynthesis in the pathogenesis and clinical manage-
ment of this infection. Previous studies have attempted todocument the role
of eicosanoids in early infection using pharmacological intervention with
mixed results (Celentano et al., 1995; Freire-de-Lima et al., 2000; Hideko
Tatakihara et al., 2008; Michelin et al., 2005; Mukherjee et al., 2011;
Pinge-Filho et al., 1999). Pharmacological antagonists selective for COX-1
(ASA), COX-2 (celecoxib) or both (indomethacin) increase mortality and
parasitaemia (both peripheral blood counts and cardiac parasite nests)
regardless of mouse or parasite strain used (Celentano et al., 1995; Hideko
Tatakihara et al., 2008;Mukherjee et al., 2011; Pinge-Filho et al., 1999; Sterin-
Borda et al., 1996). Moreover, administration of non-steroidal anti-inflam-
matory drugs (NSAIDs)may enhancemortality in patients (Celentano et al.,
1995; Sterin-Borda et al., 1996). Conversely, others have found inhibition of
PG synthesis/release ablates parasitaemia and extend survival in mice
infected with T. cruzi (Abdalla et al., 2008; Freire-de-Lima et al., 2000;
Michelin et al., 2005; Paiva et al., 2007). This was usually associated with a
decrease in the circulating levels of inflammatory cytokines (such as TNF-a,
IFN-g and IL-10) (Michelin et al., 2005). These outcomes are not unexpected
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with the use of such general inhibitors and highlight the need for specific
receptor blockers and terminal synthase antagonists to be applied to identi-
fying the PGs most relevant to the pathogenesis of Chagas disease.

The dichotomy of the effects seen with NSAIDs in acute disease might
result from the different combination of agents, mice and parasite strains
previously employed. The expression of both COX isoforms remains
unchanged during infection, and there is no increase in COX-2 levels in
COX-1 null mice by immunoblotting (S. Mukherjee, unpublished data).
While the role of COX-2 in T. cruzi infection is largely undefined, both
COX-1 and COX-2 appear to play different roles during acute infection.
Inhibition of COX-2 (celecoxib), but not COX-1 (ASA), prevented the
thrombocytopenia and leukopenia associated with acute infection and
increased reticulocyte counts in response to infection (Hideko
Tatakihara et al., 2008). Inhibition of COX-1 and -2 reciprocally regulates
NO release from M1 and M2 macrophages which may correlate with
resistance to infection. Consistent with this observation, COX-2-derived
PGs mediate most of the immunosuppressive effects during the initial
phase of T. cruzi infection (Michelin et al., 2005). This may result from the
observations that PGI2 and PGE2 are more closely linked to COX-2 metab-
olism, while COX-1 is responsible for TXA2 synthesis (Parente and
Perretti, 2003; Smith et al., 1997). In addition, timing of onset of treatment
is important; that is, administration of ASA early in disease, 5 days
post-infection increased parasitaemia and mortality (Mukherjee et al.,
2011). This observation suggests that caution should be exercised when
employing COX inhibitors for controlling fever and pain in the setting of
acute Chagas disease. Conversely, use of ASA during chronic disease had
no effect on mortality or parasitaemia but improved cardiac function,
suggesting the same COX-1 products that mediate host survival during
the acute disease are likely to contribute to the progression of cardiac
damage and heart failure in the chronic stage.

The selectivity of the NSAIDs used may also determine whether
parasite or host production of PGs is the primary target of the treatment
regimen used. Many of the biosynthetic enzymes in trypanosomes appear
to be unaffected by inhibitors of their mammalian counterparts (Kabututu
et al., 2003). Conversely, indomethacin-amides were recently shown to
have anti-T. cruzi activity (Konkle et al., 2009). Although these com-
pounds were tested for inhibition of steroid biosynthesis in T. cruzi, they
are uniquely specific to COX-2 inhibition in mammals. Thus, a logical
hypothesis is that free fatty acid, eicosanoid and sterol biosynthesis may
be linked in T. cruzi through the use of enzymes whose biosynthetic
capabilities allow them to participate in more than one pathway.

LTs are necessary for control of parasitaemia and survival in the acute
T. cruzi infection (Borges et al., 2009) due to modulation of NO and
cytokine release. The treatment of T. cruzi-infected mice with a BLT1
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receptor antagonist or the 5-LO inhibitor nordihydroguaiaretic acid was
accompanied by increased parasitaemia and tissue parasitism but not
lethality (Talvani et al., 2002). NO is a major effector molecule of
trypanocidal activity in mice (Malvezi et al., 2004; Petray et al., 1994;
Vespa et al., 1994) and is also a significant target for LTs in vivo. Therefore,
the enhanced parasitaemia is likely due to a reduction in NO activity with
5-LO/BLT1 antagonism; however, studies have shown that elevated NO
production occurred in the absence of 5-LO activity suggesting that
mechanisms independent of LTs may be operative. Indeed, 5-LO was
recently demonstrated to modulate the severity of myocardial inflamma-
tion during T. cruzi infection likely through the same mechanism
(Pavanelli et al., 2010). The impairment of LT synthesis clearly resulted
in increased parasite persistence most likely due to a combination of low
leukocyte infiltration and NO production during acute disease (Borges
et al., 2009).

Aside from studies suggesting that LT production is necessary for
efficient effector mechanisms during T. cruzi infection, a growing body
of the literature indicates that other bioactive lipids, such as the chemoat-
tractant platelet-activating factor (1-o-alkyl-2-acetyl-sn-glyceryl-3-
phosphorocholine) (PAF), may also activate NO-dependent trypanocidal
activity in macrophages. PAF is a non-AA-derived membrane phospho-
lipid mediator with widely recognized proinflammatory activities. PAF is
produced by and exerts its biological actions on a variety of mononuclear
cells and is implicated in several systemic inflammatory disorders
(Braquet et al., 1987; Chao and Olson, 1993; Chignard et al., 1979; Im
et al., 1996, 1997; Ishii et al., 1998). In vitro, PAF induced inhibition of
parasite growth via NO secretion by T. cruzi-infectedmacrophages. Addi-
tion of a PAF antagonist, WEB 2170, inhibited both NO biosynthesis and
trypanocidal activity which appear to be dependent on TNF-a production.
Treatment of T. cruzi-infected mice with PAF antagonist (WEB 2170)
promoted higher parasitaemia and earlier mortality, when compared
with controls, suggesting that PAF may help coordinate mechanisms of
resistance to T. cruzi infection. PAF also plays a role in acutemyocarditis in
T. cruzi-infected mice (Chandrasekar et al., 1998). PAF secretion during
infection likely acts as a chemoattractant for several leukocyte populations
resulting in inflammatory cell infiltration and production of proinflamma-
tory cytokines that bring about damage in this tissue. Exacerbation of
parasitaemia and mortality with PAF receptor blockade suggests that
these molecules might regulate effector responses to the parasite.

In addition to these effects on the host, PAF may regulate T. cruzi
differentiation and growth (Rodrigues et al., 1996). PAF failed to signifi-
cantly alter T. cruzi growth; however, parasite growth in the presence of
PAF was significantly more differentiated than in its absence. Blockade
of the PAF receptor abrogated the PAF effect on cell differentiation.T. cruzi
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produce a PAF-like lipid with all the biological properties of mammalian-
PAF (Tc-PAF) (Gomes et al., 2006). This Tc-PAF augments infection of host
cells by T. cruzi and triggers the differentiation of epimastigotes into
metacyclic trypomastigotes (Gomes et al., 2006). These effects were abro-
gated by WEB 2086, and antibodies against murine PAF receptor labelled
epimastigotes, suggesting that T. cruzi expresses an orthologue of the PAF
receptor. Moreover, these data suggest that T. cruzi contains the compo-
nents of an autocrine PAF-like ligand–receptor system that modulates cell
differentiation towards the infectious stage (Gomes et al., 2006). It remains
to be seen if T. cruzi infection in vivo can modulate host response by
secreting a PAF-like mediator.
1.5.2. Phenotypes of transgenic/knockout mice

It appears that multiple eicosanoids contribute significantly to the patho-
genesis of Chagas disease. Yet little is known of the role played by each.
The pharmacological approaches used to date have been in general to
decipher the role of individual eicosanoids; for instance, a COX-2 inhibitor
would decrease PGI2 and PGE2 production without identifying which
species might be causal. Further, pharmacological inhibition of one path-
way (COX) may shunt the precursor AA into other metabolic pathways
(such as LOX) along with increased synthesis of downstreammetabolites.
Thus, it becomes difficult to identify the bioactive lipid(s) responsible for
the action of these generalized inhibitors. A cornucopia of transgenic and
knockout mouse lines has been generated in the biosynthetic pathway
and receptors for eicosanoids. Little work has been done using these
models to identify specific roles for individual eicosanoid species; how-
ever, the work that has been performed has yielded surprising results.

The inconsistency over the nature of COX inhibitors as modulators of
Chagas disease was recently resolved with the first use of COX-1 null
mice to model the changes in the course of experimental T. cruzi infection
(Mukherjee et al., 2011). This report confirmed that PGs derived from
COX-1-mediated biosynthesis of the host contribute to the suppression of
parasite proliferation, but not mortality in acute disease. Like in the
COX-1 null mice, ASA ablated the release of PGF2a and TXA2 in response
to T. cruzi infection. However, infection of COX-1 null mice only
mimicked the effects of ASA on parasitaemia, indicating control of para-
site proliferation, but not mortality, was due to regulation of PGs.

The mechanism for the enhanced mortality with NSAID treatment
during acute disease may lie with ‘‘off-target’’ effects of these agents
(Claria and Serhan, 1995). Aside from preventing PG synthesis,
ASA-mediated acetylation of COX-2 induces the synthesis of aspirin-
triggered lipoxin (ATL, or 15-epi-LXA4) (Serhan et al., 1984). ATL has
the same activity but is more metabolically stable than LXA4. Multiple
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studies by several groups have shown that ATL regulates cytokine pro-
duction and release (Maderna and Godson, 2009; Ryan and Godson,
2010), induces SOCS-2 and suppresses TNF receptor-associated factor-6
(TRAF-6) to silence cytokine signalling (Machado et al., 2006). Impor-
tantly, Machado et al. (2006) demonstrated that ASA-treated SOCS-2
null mice given LPS by the intra-peritoneal route could not inhibit neu-
trophil migration and TNF-a. It is therefore possible that mortality may
have more to do with modulation of the impending cytokine storm
during acute disease than actual PG production. Thus, the effects of
ASA in T. cruzi infection may be via dual mechanisms that operate during
different phases of disease.

Pharmacological inhibition may not distinguish between the potential
for the host and parasite to function as the source of eicosanoid synthesis
during disease. Importantly, the differences between pharmacological inhi-
bition of COX-1 and the COX-1 null mice indicated that there was an
unrecognized and essential host–parasite interdependence that dictates
the biosynthetic activity of the parasite. The basis for this relationship
appears to be the requirement for host-derived PGH2 for PG synthesis
throughout infection. A reduction in PGF2a release in COX-1 null, but not
TXA2 synthase null, mice was observed. As TXA2 synthase null mice have
normal COX activity, the data indicate that COX activity in the host likely
provides precursormolecules required for the biosynthetic pathways of this
parasite. This ‘‘scavenging’’ hypothesis is confirmed by the inability of the
parasite (the primary source of TXA2 during infection) to sustain TXA2

release in the COX-1 null mice.Moreover, the fatty acid synthesis pathways
in trypanosomesaredefective regarding synthesisofpolyunsaturated lipids
(Livore et al., 2007) which makes scavenging precursors from the host not
just energetically favourable but a requirement. Secretion of PLA-like activ-
ity into the host cell from intracellular amastigotes (Belaunzaran et al., 2007)
would liberate AA from the inner layer of the host cytoplasmic membrane.
This variation on transcellular synthesis would ensure a constant supply of
precursors for parasite biosynthetic pathways.

If the parasite were scavenging precursors from the host, then they
would only need the terminal synthases to produce bioactive lipids. The
fatty acid biosynthetic pathways in trypanosomes are poorly defined, and
little homology is reported between themammalian biosynthetic enzymes
and their trypanosomal homologues (Kubata et al., 2000). The PGF2a
synthase identified in the parasite is more similar to yeast old yellow
enzyme than to mammalian enzyme (Kubata et al., 2002), however, the
recent report of anti-parasitic activity of indomethacin-amide derivatives
indicates that the active site of some parasite enzymes, if not their primary
sequences, is sufficiently homologous to their mammalian counterparts
(Konkle et al., 2009). Interestingly, no enzyme other than COX has been
identified as being sensitive to indomethacin. However, it remains to be
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determined whether the target gene (TcCYP51) of these indomethacin-
amide derivatives is an integral component of the eicosanoid biosynthetic
pathway of T. cruzi (Konkle et al., 2009). These data highlight, for the first
time, an interdependenceof theparasite onhostmetabolism for prostanoid
biosynthesis, which would never have been identified using inhibitor/
pharmacological studies alone, and reveal a deeper understanding of
host–parasite relationships with potential new avenue for therapeutic
options.

The interdependence between host and parasite for endogenous
precursors begs the question whether the host or parasite is the primary
source of the lipid mediators regulating the pathogenesis of disease. TXB2

levels are elevated in mice infected with T. cruzi (Ashton et al., 2007;
Mukherjee et al., 2011; Tanowitz et al., 1990) and levels were maintained
in acute infection in the TXA2 synthase null mice (Ashton et al., 2007).
These experiments identified TXA2 as a parasite-derived molecule that
modulates survival and disease progression. However, the primary
source of TXA2 had always been assumed to manifest through a host
response to infection, such as inflammation and platelet activation. These
data dispelled this myth and firmly indicated that parasite-derived
eicosanoids are primary modulators of disease. Further, the use of TXA2

receptor (TP) null mice revealed a second interdependence in the
host–parasite relationship. The feedback from the TP on host cells initiates
a signalling cascade that controls parasite growth and permits parasite
replication at a rate that enables continued survival of the host.
Conversely, T. cruzi-derived TXA2 elicits a robust response from host
cells that appears to be largely anti-inflammatory. TP null mice had an
increased mortality, and their coronary artery endothelial cells had a
higher intracellular parasitism and degree of dysfunction compared
with wild-type mice that displayed minimal pathology. These data sug-
gest that parasite-derived TXA2 is sufficient to stimulate host TP to ensure
normal disease progression, parasitaemia and host survival. The combi-
nation of these effects allows for a balance between the needs of the
parasite (proliferation and survival through evading the host immune
response) and the host (to survive the initial infection and largely limit
collateral damage to organs during acute infection). Thus, the proposed
interdependence of the parasite on host precursors and host on parasite-
derived TXA2 for controlled disease pathogenesis is unique as it inter-
twines host biochemistry and parasite biology.

Recently, the regulatory role of endogenous LTs and lipoxins in exper-
imental Chagas disease was determined in mice with targeted deletion of
the 5-LO gene. The deficiency of 5-LO during T. cruzi infection enhances
peripheral parasite load and the number of myocardial parasite nests
compared to wild-type mice. Despite these observations, infected 5-LO
null mice controlled parasite burden and survived acute infection. Similar
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results were obtained in mice treated with MK886, an inhibitor of LT
biosynthesis. These studies show that the endogenous LT production is
an important regulator of iNOS expression in the heart, which in turn
appears to help control parasite burden during early phase of infection in
mice. The high levels of NO observed in T. cruzi-infected wild-type mice
may impact the efficiency of immune response, allowing the proliferation
and persistence of parasite in the tissue. The lower NO production
observed in infected 5-LO null mice could be sufficient to control parasite
replication while avoiding extensive myocardial damage. Indeed, it was
recently demonstrated that 5-LO products are responsible for oxidative
stress in erythrocytes during this infection (Borges et al., 2009). Thus, the
lipid mediators derived from 5-LO metabolism, especially LTB4, may
induce inflammatory damage into parasitized cardiac tissues as a conse-
quence of controlling initial parasite load.

5-LO null mice displayed reduced leukocyte migration to the myocar-
dium with increased circulating IL-6 and IL-10 (Chandrasekar et al., 1996;
Saavedra et al., 1999; Truyens et al., 1994) and decreased levels of TNF-a,
IFN-g andNOS in the hearts of 5-LO null compared toWTmice (Pavanelli
et al.); however, the functional significance of these changes in vivo is not
clear. The diminished migration of CD4þ and CD8þ T cells into the
myocardium of 5-LO null mice is likely a product of diminished cyto-
kine/chemokine production combined with lower NO release. 5-LO null
mice present reduced indices of myocardial fibrosis at a late stage of acute
infection, which is a clear consequence of decreased tissue destruction
due to reduced leukocyte infiltration. In addition, the reduction in release
of fibrosis promoting cytokines, such as IL-4, TNF-a and TGF-b (Piguet
et al., 1989; Rossi, 1998), in the 5-LO null mice during infection would also
ameliorate the cardiac damage during infection. Further investigations
focused on the chronic heart pathology should demonstrate if absence of
5-LO could lead to reduce matrix remodelling and perhaps reduce
chronic morbidity. Thus, all the above factors indicate that host 5-LO
and its enzymatic products are essential for controlling T. cruzi replication
and pathogenesis of disease during T. cruzi infection. These data highlight
the insights and profound understanding about the pathogenesis of
Chagas disease that can be gained from the use of knockout mouse
models and the opportunities that yet exist to further define the roles on
individual eicosanoids on the pathogenesis of Chagas disease.
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