
Toxoplasma gondii Infection Decreases Intestinal
5-Lipoxygenase Expression, while Exogenous LTB4 Controls
Parasite Growth

Ester Cristina Borges Araujo,a Marisol Patricia Pallete Briceño,a Yusmaris Cariaco,a Mário Cézar Oliveira,a

Marcos Paulo Oliveira Almeida,a Natália Carnevalli de Miranda,a Neide Maria Silvaa

aLaboratório de Imunopatologia, Instituto de Ciências Biomédicas, Universidade Federal de Uberlândia, Uberlândia, Minas Gerais, Brazil

ABSTRACT 5-Lipoxygenase (5-LO) is an enzyme required for the production of leu-
kotrienes and lipoxins and interferes with parasitic infections. In vitro, Toxoplasma
gondii inhibits leukotriene B4 (LTB4) production, and mice deficient in 5-LO are highly
susceptible to infection. The aim of this study was to investigate the effects of the phar-
macological inhibition of the 5-LO pathway and exogenous LTB4 supplementation during
experimental toxoplasmosis. For this purpose, susceptible C57BL/6 mice were orally
infected with T. gondii and treated with LTB4 or MK886 (a selective leukotriene inhibitor
through inhibition of 5-LO-activating protein [FLAP]). The parasitism, histology, and immu-
nological parameters were analyzed. The infection decreased 5-LO expression in the small
intestine, and treatment with MK886 reinforced this reduction during infection; in addi-
tion, MK886-treated infected mice presented higher intestinal parasitism, which was asso-
ciated with lower local interleukin-6 (IL-6), interferon gamma (IFN-g), and tumor necrosis
factor (TNF) production. In contrast, treatment with LTB4 controlled parasite replication in
the small intestine, liver, and lung and decreased pulmonary pathology. Interestingly,
treatment with LTB4 also preserved the number of Paneth cells and increased a-defensins
expression and IgA levels in the small intestine of infected mice. Altogether, these data
demonstrated that T. gondii infection is associated with a decrease in 5-LO expression,
and on the other hand, treatment with the 5-LO pathway product LTB4 resulted in better
control of parasite growth in the organs, adding to the knowledge about the pathogenesis
of T. gondii infection.
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5-Lipoxygenase (5-LO) is an enzyme required for the biosynthesis of leukotrienes
(LTs), which are lipid mediators derived from arachidonic acid (AA) (1). 5-LO is expressed

in several cell types, including neutrophils, eosinophils, monocytes/macrophages, dendritic
cells, mast cells, B lymphocytes, and human foam cells (reviewed in reference 2). To produce
LTs, phospholipase A2 (PLA2) catalyzes the mobilization of AA from membrane phospholi-
pids (reviewed in reference 3). The release of AA from membrane phospholipids can be trig-
gered by a variety of stimuli, such as antigens, microbes, cytokines, complement, oxidants,
immune complexes, and toxins (3). The formation of LTs is initiated by the oxidation of AA
at C-5 by 5-LO to generate the epoxide intermediate leukotriene A4 (LTA4) (4), and this
enzyme acts in concert with 5-LO-activating protein (FLAP) to generate LTA4 (4, 5). LTA4 can
then be converted to LTB4 through the action of LTA4 hydrolase or LTC4 by the addition of
glutathione. The LTC4 compound is metabolized to LTD4 and LTE4 by the successive elimina-
tion of ag-glutamyl residue and glycine (reviewed in reference 6).

LTB4 has broad functions in the immune response, including increasing the phagocyto-
sis of microorganisms by neutrophils and macrophages; enhancing phagocyte migration,
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chemotaxis, and activation; and producing inflammatory mediators (7). LTB4 signals through
two G-protein-coupled receptors (GPCRs), BLT1 and BLT2. BLT2 is a low-affinity receptor
expressed ubiquitously, whereas BLT1 is a high-affinity receptor broadly expressed in leuko-
cytes (8), which mediates the chemoattractant and proinflammatory properties of LTB4
(reviewed in reference 9). In contrast to the proinflammatory effects of LTB4, the cooperation
between 5-LO and 12- or 15-lipoxygenase results in the production of lipoxin A4 (LXA4), a
lipid mediator with anti-inflammatory properties (reviewed in reference 10).

5-LO and LTB4 participate in the immune response during several inflammatory dis-
orders, including airway diseases (11), inflammatory bowel disease (12), colitis (13), inflamma-
tory dermatosis (14), inflammatory arthritis (15), tumor metastasis (16), Alzheimer’s disease (17),
and diabetes (18).

Furthermore, the role of the 5-LO pathway has also been studied in the immune
response to pathogens, and its effects on the control of infection are particular to each
infectious disease. The absence of 5-LO activity or 5-LO inhibition associated with low
levels of LTB4 enhances the parasitic burden during infection with Histoplasma capsula-
tum (19), Mycobacterium tuberculosis (20), or Strongyloides venezuelensis (21). Although
there was increased parasitemia, genetically 5-LO-deficient (5-LO2/2) mice infected
with Trypanosoma cruzi presented with higher survival rates than those of wild-type
(WT) mice (22). In contrast, 5-LO2/2 mice are more susceptible to Toxoplasma gondii infec-
tion (23, 24), which is associated with severe encephalitis and a lower parasitic burden in the
brain during the chronic phase of the infection (23).

Although toxoplasmosis is usually asymptomatic in immunocompetent individuals, the
infection is more severe in immunocompromised individuals and in cases of congenital
infection (25). The infected hosts develop a Th1-type immune response (reviewed in refer-
ence 26) characterized by the recruitment of neutrophils, macrophages, and dendritic cells;
the production of the proinflammatory cytokines tumor necrosis factor (TNF), interferon
gamma (IFN-g), and interleukin-12 (IL-12) (27); and the participation of CD81 and CD41 T
cells in eliminating infected cells and producing IFN-g, respectively (26). However, an uncon-
trolled and exacerbated immune response to T. gondii results in severe ileitis and early mor-
tality in susceptible mice (28). Therefore, regulatory mechanisms, such as IL-10 production,
are necessary to prevent the pathological consequences of the infection (29) and the over-
production of IL-12, IFN-g, and TNF (30).

Previous studies demonstrated that T. gondii inhibits LTB4 production in infected
human macrophages (31) and decreases LTB4 levels in HIV-1-seropositive patients with
toxoplasmic encephalitis (32).

Although it is known that 5-LO deficiency leads to enhanced susceptibility to T.
gondii and that the infection decreases LTB4 production, the role of 5-LO and LTB4 in
the immunopathology and parasitism of the small intestine, the main route of parasite
entry, is not yet elucidated. Here, we found that T. gondii decreases 5-LO expression in
the small intestine and that treatment with MK886 (a FLAP inhibitor, known for its spe-
cific inhibition of LT production [33]) reinforces this reduction and increases the para-
sitic load. On the other hand, treatment with exogenous LTB4 decreased the parasitic
burden in the lung, liver, and small intestine of infected mice. The control of parasitism
in the small intestine was associated with decreased Paneth cell hypoplasia and
increased antimicrobial peptide (AMP) expression and T. gondii-specific IgA production.
Our results highlight the important role of the 5-LO pathway and LTB4 in the control of
tissue parasitism during infection with T. gondii.

RESULTS
T. gondii infection decreases 5-LO expression in the small intestine. It was previously

shown that T. gondii infection decreases LTB4 production by human macrophages in vitro
(31), and LTB4 was not detected in the cerebrospinal fluid of HIV-1-seropositive subjects
with toxoplasmic encephalitis (32). Here, we first verified whether T. gondii could alter the
mRNA expression of 5-LO or BLT1 in the small intestine during the acute phase of infec-
tion. For this purpose, C57BL/6 and BALB/c mice, which present susceptible and resistant

Role of 5-LO and LTB4 during Acute Toxoplasmosis Infection and Immunity

July 2022 Volume 90 Issue 7 10.1128/iai.00029-22 2

https://journals.asm.org/journal/iai
https://doi.org/10.1128/iai.00029-22


major histocompatibility complex (MHC) alleles to toxoplasmosis, H2b and H2d, respec-
tively (34), and their congenic strains CB10-H2 (H2b) and C57BKs/J (H2d) were infected, and
the expression levels of 5-LO and BLT1 were measured in the small intestine at day 7 post-
infection (Fig. 1A). Infection with T. gondii decreased the 5-LO mRNA expression levels in
resistant and susceptible mice and their congenic mouse lineages in relation to uninfected
mice (Fig. 1B). Similarly, infection with the parasite decreased the expression of BLT1 in
C57BL/6, BALB/c, and CB10-H2 mouse lineages (Fig. 1C). These results indicate that regard-
less of the genetic background or MHC haplotype, T. gondii interferes with both the 5-LO
and BLT1 mRNA expression levels in the small intestine of mice, except for BLT1 in the
small intestine of C57BKs/J mice.

Additional experiments were conducted with C57BL/6 mice, which are highly sus-
ceptible to T. gondii infection. In the next step, C57BL/6 mice were treated with MK886
to inhibit 5-LO activity (Fig. 1D). It is noteworthy that treatment with MK886 inhibited
the 5-LO mRNA expression levels in the small intestine compared with vehicle-treated
infected mice (Fig. 1E). In relation to LTB4 receptors, T. gondii infection decreased BLT1

FIG 1 Toxoplasma gondii impairs 5-lipoxygenase expression in the small intestine. (A) C57BL/6 and
BALB/c mice and their congenic strains C57BKs/J and CB10-H2, respectively, were infected with 5 cysts
of the ME49 strain of T. gondii. (B and C) On day 7 postinfection, the 5-LO (B) and BLT-1 (C) mRNA
expression levels in the ilea were measured by real-time quantitative PCR (qPCR). (D) In the following
experiments, C57BL/6 mice were infected with 10 cysts of the ME49 strain of T. gondii and treated daily
with MK886 (5 mg/kg/day) or the vehicle (20% ethanolic solution) only. (E and F) On the 7th day after
infection, levels of 5-LO mRNA (E) and BLT-1 (F) were measured in the ileum by qPCR. Gene expression
was normalized to glyceraldehyde-3-phosphate dehydrogenase (GAPDH). Tg, T. gondii infected mice; DI,
days of infection. *, P , 0.05 compared to noninfected (NI) mice; &, P , 0.05 compared to vehicle-
treated mice (by a Mann-Whitney test [B and C] and one-way analysis of variance [ANOVA] with a
Bonferroni posttest [E and F]). Data are presented as means 6 standard errors of the means (SEM) and
are representative of results from one of two independent experiments.
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expression levels irrespective of treatment with MK886 (Fig. 1F), but it did not alter
BLT2 expression levels in the small intestine (data not shown).

Treatment withMK886 or LTB4 altered neither the clinical parameters nor the survival
rates of infectedmice. Since it was observed that T. gondii decreases 5-LO mRNA expression
in infected mice, in the next step, animals were treated with LTB4, a known end product of
the 5-LO pathway, or with MK886, a 5-LO inhibitor, and infected with the parasite (Fig. 2A).

T. gondii-infected mice presented with a notable loss of body weight, which was not
altered by treatment with MK886 or LTB4 (Fig. 2B). Moreover, the survival rates of T. gondii-
infected mice were similar in the MK886-, LTB4-, and vehicle-treated groups (Fig. 2C). Together,
these data suggest that the pharmacological inhibition of the 5-LO pathway or high systemic
LTB4 levels altered neither the survival nor the loss of body weight in T. gondii-infected mice.

Treatment with LTB4 decreases the parasitic burden in the small intestine and
enhances T. gondii-specific IgA levels in the feces of infected mice. Previous studies
demonstrated that C57BL/6 mice develop severe intestinal inflammation in response
to oral infection with the ME49 strain of T. gondii (28). In this context, we investigated
the effects of 5-LO pathway inhibition by treatment with MK886 or exogenous LTB4

supplementation on intestinal alterations when C57BL/6 mice were infected by the
oral route (Fig. 3A).

First, macroscopic analysis showed that mice infected with T. gondii and treated with MK886
or LTB4 presented with a smaller intestinal length than that of noninfected mice (Fig. 3B).

Interestingly, the parasitism in the small intestine evaluated by immunohistochem-
istry showed that treatment with LTB4 decreased the parasitic burden in this organ,
while the opposite effect was observed when mice were treated with MK886 (Fig. 3C).

The analysis of histological alterations in the small intestine showed that, as
expected for oral infection with 10 T. gondii cysts, the small intestine of infected mice
presented with intense inflammatory infiltration into the lamina propria (LP) and sub-
mucosa in some areas of the organ (Fig. 3D and E). C57BL/6 mice treated with MK886
or LTB4 presented with lesions similar to those of infected untreated animals (Fig. 3D
and E). In addition, the quantification of goblet cells in the small intestine of infected
mice showed that T. gondii infection decreased the number of goblet cells, irrespective
of the treatment given (Fig. 3F and H).

Secretory IgA (SIgA) plays an important role in the mucosal immune barrier, preventing
pathogen attachment or invasion of the mucosal surfaces (reviewed in reference 35).
Therefore, we measured T. gondii-specific IgA levels in the fecal samples of orally infected
mice treated with MK886 or LTB4 (Fig. 3G). T. gondii-specific IgA antibody levels in feces
were similar in the vehicle- and MK886-treated infected mice (Fig. 3G). However, the group
of infected mice that received treatment with LTB4 showed significantly higher anti-T. gon-
dii (Fig. 3G)-specific IgA levels in their feces than those in the other infected groups.

Taken together, these results suggest that although treatment with MK886 and
LTB4 altered neither the histological changes nor the numbers of goblet cells in T. gondii-
infected mice, 5-LO activity is important for the control of parasitism in the small intestine
during acute toxoplasmosis.

FIG 2 MK886 or LTB4 treatment did not increase C57BL/6 mouse survival during Toxoplasma gondii infection. (A)
C57BL/6 mice were infected with 10 T. gondii cysts and treated with MK886 (5 mg/kg/day by the oral route), LTB4
(1 mg/kg/day by the intraperitoneal route), or the vehicle (20% ethanolic solution by the oral route) for 7 days
consecutively (n = 5 per group). (B and C) Mice were observed daily for body weight changes (B) and mortality (C)
during 60 days postinfection. *, P , 0.05 compared to LTB4- and vehicle-treated mice (by two-way ANOVA). Data are
presented as means 6 SEM from one of two independent experiments.
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FIG 3 LTB4 controls Toxoplasma gondii replication in the small intestine and enhances T. gondii-
specific fecal IgA levels in C57BL/6 mice. (A) C57BL/6 mice were infected with 10 T. gondii cysts
and treated daily with MK886 (5 mg/kg/day by the oral route) or LTB4 (1 mg/kg/day by the
intraperitoneal route). On day 7 postinfection, the small intestines of mice were collected and
submitted to histological analysis. (B and C) Small intestine length (B) and parasite quantification
(C) by immunohistochemistry of infected mice. (D to F) Representative photomicrographs from
small intestine sections stained with hematoxylin and eosin (H&E) (D) and inflammatory scores
(E) and goblet cell counts (F) in the small intestine. (G) T. gondii-specific IgA levels in mouse fecal
samples were measured by an enzyme-linked immunosorbent assay (ELISA). OD492, optical
density at 492 nm. (H) Representative photomicrographs from small intestine sections stained
with alcian blue. Bars, 200 mm (D) and 100 mm (H). *, P , 0.05 compared to noninfected (NI)
mice; &, P , 0.05 for comparison between groups of infected mice (by a Kruskal-Wallis test with
Dunn’s posttest [B and C] and one-way ANOVA with a Bonferroni comparison posttest [E to G]).
Data are presented as means 6 SEM and are representative of results from one of two
independent experiments.
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Exogenous LTB4 attenuates Paneth cell hypoplasia and the reduction of
a-defensins levels triggered by T. gondii infection. Paneth cells are crucial for the
maintenance of intestinal homeostasis and produce AMPs, such as defensins and lyso-
zyme, that participate in the immune response against intestinal pathogens (reviewed
in reference 36). To evaluate the effects of the 5-LO pathway on the number of Paneth
cells during T. gondii infection, we quantified these cells in the small intestine of infected
mice treated with MK886 or LTB4 (Fig. 4A and B). It was observed that T. gondii infection
decreased the number of Paneth cells in the small intestine of infected mice, even in those
treated with MK886 or LTB4 (Fig. 4A and B). However, LTB4-treated infected mice presented
with a higher number of Paneth cells than those detected in T. gondii-infected or T. gondii-
infected MK886-treated mice (Fig. 4A and B), suggesting that treatment with LTB4 partially
prevents the loss of Paneth cells caused by the infection.

Treatment with MK886 did not alter the lower number of Paneth cells caused by the
infection, whereas treatment with LTB4 partially preserved the number of these cells. In the
next step, the mRNA expression levels of a-defensins 3, 5, 20, 21, and 24 and lysozyme in
the intestine of infected mice receiving treatment with LTB4 were evaluated.

It was verified that T. gondii infection decreased the mRNA expression levels of all
of the a-defensins tested and lysozyme in the small intestine of infected mice (Fig. 4C
to H). Interestingly, the expressions of a-defensins 3, 5, 21, and 24 were improved in
the small intestine of noninfected mice treated with LTB4 (Fig. 4C, D, F, and G).

Moreover, treatment with LTB4 presented the ability to increase a-defensin expression
levels in the small intestine, even during T. gondii infection, since a-defensin 3, 5, 21, and 24
mRNA levels were higher in LTB4-treated infected mice than in infected mice treated with
the vehicle only (Fig. 4C, D, F, and G). These increases could reflect the high Paneth cell num-
bers in LTB4-treated infected mice compared to vehicle-treated mice.

Additional inhibition of the 5-LO pathway in T. gondii infection downregulates
IL-6, IFN-c, and TNF in the small intestine. To evaluate whether 5-LO inhibition or
treatment with LTB4 affects the production of cytokines involved in T. gondii control,
the cytokine levels in serum samples and ileum homogenates of infected mice treated
with MK886 or LTB4 were measured (Fig. 5).

When systemic cytokine production was measured in sera, it was observed that T.
gondii infection increased the production of IL-2 (Fig. 5A), IL-6 (Fig. 5B), IFN-g (Fig. 5C),
TNF (Fig. 5D), and IL-10 (Fig. 5F), irrespective of the treatment, even though IL-6 (Fig. 5B) and
TNF (Fig. 5D) levels were lower in MK886-treated mice than in LTB4-treated mice. Infection
with the parasite did not alter systemic IL-17 production (Fig. 5E).

In relation to the cytokine profile in the small intestine, although T. gondii infection
increased IL-2 (Fig. 5G), IL-6 (Fig. 5H), IFN-g (Fig. 5I), and TNF (Fig. 5J) production, the IL-6,
IFN-g, and TNF levels were lower in MK886-treated infected mice than in vehicle- or LTB4-
treated infected mice (Fig. 5H to J). Likewise, the levels of IL-2 production in MK886-treated
infected mice were lower than those in infected LTB4-treated mice (Fig. 5G). The levels of
IL-17 (Fig. 5K) were not altered in the small intestine of infected mice, and the levels of IL-
10 (Fig. 5L) were below the limit of detection of the kit. These data suggest that 5-LO path-
way inhibition was able to downregulate the production of IL-6, IFN-g, and TNF in the small
intestine with T. gondii infection.

LTB4 controls T. gondii replication in the lungs and livers of infected mice. T. gondii
can migrate across the intestinal epithelial barrier and infect various cell types, disseminating
to several organs, such as the lungs, livers, and kidneys, and neural and muscular tissues
(reviewed in reference 37). Therefore, we evaluated the effects of the inhibition of the 5-LO
pathway and treatment with LTB4 on the lungs and livers of T. gondii-infected mice (Fig. 6).

The data obtained from lung (Fig. 6A to C) and liver (Fig. 6D to G) analyses
revealed that treatment with MK886 altered neither the parasitic burden nor inflam-
matory changes in T. gondii-infected mice. Moreover, T. gondii infection increased
serum alanine aminotransferase (ALT) concentrations, irrespective of the treatment
given to the animals (Fig. 6F). In contrast, infected mice treated with LTB4 showed a
decreased parasitic load in the lung (Fig. 6A) and reduced alveolar septum thicken-
ing caused by the infiltration of inflammatory cells (Fig. 6B and C). Similar to the
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results obtained in the lung analysis, treatment with LTB4 decreased the parasitism
in the liver (Fig. 6D). However, treatment with LTB4 did not alter the number of
inflammatory foci in this organ (Fig. 6E).

DISCUSSION

The enzyme 5-LO and its metabolites participate in the immune response during differ-
ent inflammatory and pathogenic diseases. Previously, it was demonstrated that infection
with Brucella abortus induces the upregulation of 5-LO mRNA and LTB4 production (38),
while H. capsulatum (19) and Streptococcus pyogenes (39) infections induce LTB4 production
in infected mice. Additionally, infection with Plasmodium berghei ANKA increases 5-LO
expression in the brain of susceptible C56BL/6 mice, although no expression is detected in
the brain of resistant BALB/c mice (40). In relation to T. gondii infection, in vitro studies
have demonstrated that viable T. gondii inhibits calcium ionophore-induced LTB4 released

FIG 4 LTB4 treatment attenuates Paneth cell hypoplasia and increases a-defensin 1 expression in the small intestine of T. gondii-
infected mice. C57BL/6 mice were infected with 10 T. gondii cysts and treated daily with MK886 (5 mg/kg/day by the oral route) or
LTB4 (1 mg/kg/day by the intraperitoneal route). On day 7 postinfection, the small intestines of mice were collected and analyzed. (A
and B) Quantification (A) and representative photomicrographs (B) of Paneth cells obtained from small intestine sections stained with
H&E. (C to H) qPCR analysis of a-defensin 3 (C), a-defensin 5 (D), a-defensin 20 (E), a-defensin 21 (F), a-defensin 24 (G), and
lysozyme (H) expression in the small intestine of T. gondii-infected mice treated or not with LTB4. Arrows indicate intestinal crypts
with Paneth cells. Bars, 100 mm. log2FC, log2 fold change, normalized to GAPDH. *, P , 0.05 compared to noninfected (NI) vehicle-
treated mice; #, P , 0.05 compared to noninfected LTB4-treated mice; &, P , 0.05 for comparison between groups of infected mice
(by one-way ANOVA with a Bonferroni comparison posttest [A and C to G] and a Kruskal-Wallis test with Dunn’s posttest [H]). Data
are presented as means 6 SEM and are representative of results from one of two independent experiments.
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by human macrophages (31), and HIV-seropositive patients with toxoplasmic encephalitis
present with LTB4 levels below the detection limit in cerebrospinal fluid (32). Although the
effects of 5-LO deficiency during chronic experimental toxoplasmosis were previously
investigated (23), the participation of the 5-LO pathway during the acute phase of T. gondii
infection has not yet been elucidated. Therefore, we first evaluated 5-LO and LTB4 receptor
expression in the small intestine of susceptible C57BL/6 and resistant BALB/c mice (41) and
their congenic counterparts on the seventh day of oral T. gondii infection. Our results dem-
onstrated that T. gondii infection decreased 5-LO and BLT1 expression levels in the small
intestine of infected C57BL/6 and BALB/c mice and their respective congenic strains, sug-
gesting that T. gondii infection interferes with the 5-LO pathway regardless of the genetic
background or MHC haplotype.

It was previously shown that 5-LO2/2 mice are more susceptible to T. gondii infec-
tion than their WT counterparts (B6, 129S F2/J, or 129/SvEvTac) when infected with 20
or 100 T. gondii ME49 cysts by the intraperitoneal or oral route, respectively (23, 24).
Moreover, chronically infected 5-LO2/2 mice presented with a low parasitic burden
and increased leukocyte infiltration in the brain compared to the control (B6 and 129J
F2) mice (23). In the present experimental work, it was observed that treatment with

FIG 5 5-LO inhibition decreases cytokine production during Toxoplasma gondii infection. Cytokine
levels were quantified in serum samples (A to F) or small intestine homogenates (G to L) of C57BL/6
mice infected with 10 T. gondii cysts and treated daily with MK886 (5 mg/kg/day by the oral route) or
LTB4 (1 mg/kg/day by the intraperitoneal route). IL-2 (A and G), IL-6 (B and H), IFN-g (C and I), TNF (D
and J), IL-17 (E and K), and IL-10 (F and L) levels were measured using a cytometric bead array (CBA)
cytokine kit. *, P , 0.05 compared to noninfected (NI) mice; &, P , 0.05 for comparison between
groups of infected mice (by one-way ANOVA). Data are presented as means 6 SEM and are
representative of results from one of two independent experiments. PBS, phosphate-buffered saline.

Role of 5-LO and LTB4 during Acute Toxoplasmosis Infection and Immunity

July 2022 Volume 90 Issue 7 10.1128/iai.00029-22 8

https://journals.asm.org/journal/iai
https://doi.org/10.1128/iai.00029-22


FIG 6 LTB4 controls Toxoplasma gondii replication in the lung and liver of C57BL/6 mice. C57BL/6
mice were infected with 10 T. gondii cysts and treated daily with MK886 (5 mg/kg/day by the oral
route) or LTB4 (1 mg/kg/day by the intraperitoneal route). (A, B, D, and E) On day 7 postinfection, the
lung and liver were collected, and tissue parasitism (A and D) and inflammatory scores (B and E)
were quantified in tissue sections. (F) ALT levels were measured by an analytic kit in serum samples
as an indication of liver damage. (C and G) Photomicrographs showing the histological alterations in
the lung (C) and liver (G) of infected and treated mice. Arrowheads indicate inflammatory foci (G).
Bars, 50 mm. *, P , 0.05 compared to noninfected (NI) mice; &, P , 0.05 for comparison between
groups of infected mice (by a Kruskal-Wallis test with Dunn’s posttest [A, D, and F] or one-way
ANOVA [B and E]). Data are presented as means 6 SEM and are representative of results from one of
two independent experiments.
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MK886 enhanced the parasitic load in the small intestine, although the inflammatory
changes in the organ and survival rates were similar to those observed in infected
untreated C57BL/6 mice.

The different data observed in our study compared with those of Aliberti et al. (23) could
be explained by the different experimental conditions. Although the ME49 strain of T. gon-
dii was used in both studies, the routes of infection, the analyzed organs, and the phases of
infection were different. Additionally, our previous study demonstrated that 129/SvEvTac
mice are more resistant to oral T. gondii ME49 infection than 129/SvEvTac 5-LO2/2 mice,
which were orally inoculated with the parasite (24).

Similar to our findings with intestinal parasitism, the administration of MK886 enhanced
the replication of other pathogens, such as M. tuberculosis (20, 42), H. capsulatum (43), and
S. venezuelensis (21), in murine models. Likewise, 5-LO2/2 mice presented with a higher
parasitic burden during infection with T. cruzi (44), Paracoccidioides brasiliensis (45), or
Leishmania infantum (46). Those previous studies also demonstrated that 5-LO deficiency
or treatment with MK886 impairs LTB4 production (20–22, 43, 45).

The enhanced proliferation of parasites in the small intestine of MK886-treated
mice could be related to the lower IL-6, IFN-g, and TNF levels measured in this organ
since these cytokines are involved in the control of T. gondii infection (47–51).
Additionally, no difference in IL-10 production in the small intestine was observed, irre-
spective of the treatment received. A previous study has shown that treatment with
MK886 also decreased TNF and IFN-g levels and maintained IL-10 levels, followed by
impaired mycobacterial clearance in the lungs of M. tuberculosis-infected mice (20).

The pharmacological inhibition or deletion of 5-LO downregulates proinflammatory
cytokines, even in nonparasitic disease. The decreased production of IL-1b , TNF, and
IL-17 after treatment of mice with a specific 5-LO inhibitor, zileuton, in a polyposis
model was observed (52), and treatment with the lipoxygenase inhibitor nordihydro-
guaiaretic acid (NDGA) caused impaired TNF production in splenocytes in a murine
model of asthma (53). Similarly, 5-LO2/2 mice presented with low levels of TNF in skin
wounds in comparison with their WT counterparts (54). Although IFN-g and TNF are
crucial cytokines for protection against toxoplasmosis, their exacerbated production
contributes to the development of intestinal lesions (28). On the other hand, IL-10 is
necessary for the prevention of intestinal pathology in T. gondii-infected mice (29).
However, even though treatment with MK886 reduced IL-6, IFN-g, and TNF production,
the histological changes in the small intestine caused by T. gondii infection were not
attenuated, suggesting that the decreased amounts of proinflammatory cytokines
were not sufficient to control the inflammation in this organ.

Contrary to 5-LO inhibition, treatment with LTB4 enhanced monocyte chemoattractant
protein 1 (MCP-1) (55), IL-8 (56), IL-1 (57), IL-6 (58), prime IL-2-dependent TNF (59), IL-2, and
IFN-g (60) production in vitro by human cells and increased IFN-b , IL-6, and TNF production
in mice infected with influenza virus (61). So it was expected that treatment with LTB4
would enhance cytokine production during T. gondii infection. However, the cytokine pro-
file induced by T. gondii infection was not altered by treatment with exogenous LTB4, sug-
gesting that the protective effect of LTB4 was independent of cytokine production.
Furthermore, although LTB4 presents with well-known chemoattractant proprieties (9),
treatment with exogenous LTB4 did not enhance inflammatory cell infiltration provoked by
T. gondii in the small intestine.

Treatment with LTB4 was able to enhance the expression of some AMPs, such as
a-defensins 3, 5, 20, 21, and 24 and lysozyme, in the small intestine of noninfected
mice. Other studies demonstrated the effect of LTB4 on the production of AMPs. In
vivo treatment with LTB4 increased plasmatic a-defensin levels in monkeys and
enhanced the in vitro release of a-defensins by human neutrophils (62) and a-defen-
sins, cathepsin G, elastase, lysozyme C, and cathelicidin LL-37 by human polymorpho-
nuclear leukocytes (PMNs) (63). Contrary to treatment with LTB4, T. gondii infection
reduced the expression of a-defensins 3, 5, 20, 21, and 24 and lysozyme in the small
intestine. In accordance, others have shown that T. gondii infection reduced the

Role of 5-LO and LTB4 during Acute Toxoplasmosis Infection and Immunity

July 2022 Volume 90 Issue 7 10.1128/iai.00029-22 10

https://journals.asm.org/journal/iai
https://doi.org/10.1128/iai.00029-22


expression of lysozyme (62, 64), a-defensin 1 (64), and criptidin 2 (65, 66) in the small
intestine of infected mice. Although the expression levels of the AMPs a-defensin 3,
5, 20, 21, and 24 and lysozyme in LTB4-treated mice infected with T. gondii are quite
lower than those in noninfected mice, among the infected groups, treatment with
LTB4 significantly increased the intestinal expression of a-defensins 3, 5, 21, and 24 in
relation to vehicle-treated infected mice. In the small intestine, a-defensins, lyso-
zyme, C-type lectins, and phospholipase A2 (PLA2) are produced by Paneth cells (reviewed
in reference 67). We and others have previously demonstrated that T. gondii oral infection
results in the elimination (64, 68) or hypoplasia (69, 70) of Paneth cells. Here, our results
showed that treatment with LTB4 attenuated the loss of Paneth cells and improved the
expression of a-defensins 3, 5, 21, and 24 in the small intestine.

Previously, other studies have demonstrated that treatment with LTB4 controls pathogen
replication in other infectious models, such as in in vitro H. capsulatum (19), Candida albicans
(71), Klebsiella pneumoniae (72), and Streptococcus pneumoniae (73) infection models as well
as Leishmania species infection models (74–76). It is noteworthy that some investigations
have demonstrated that the beneficial role of LTB4 is mediated by the activity of AMPs.
Therefore, during Achromobacter xylosoxidans infection, the improvement of bactericidal ac-
tivity induced by LTB4 in the lungs of mice is dependent on a-defensin 1 activity (77).
Additionally, treatment of mice with LTB4 controlled influenza virus replication through the
upregulated production of b-defensin 3 and a cathelicidin-related AMP (63), and the plasma
obtained from monkeys treated with LTB4 presented ex vivo antimicrobial activity (62).
Although it is known that exogenous LTB4 promotes the in vitro intracellular killing of T. gon-
dii by the induction of cytotoxicity in tachyzoites (31), the toxoplasmacidal mechanisms
trigged by LTB4 during in vivo infection were not elucidated. Additionally, our data suggest
that one of these mechanisms, at least in the small intestine, could be related to the expres-
sion of both Paneth cells and a-defensins.

In addition to an increase in a-defensin expression levels in relation to those in
nontreated mice, the findings presented here showed that treatment with LTB4 improved
IgA production against T. gondii in the small intestine of infected mice. Others have shown
that T. gondii infection induces the production of IgA specific for the parasite in the small
intestine of mice (78, 79). Recently, it was demonstrated that the microbe-dependent prolif-
eration of IgA-positive (IgA1) plasma cells and the production of antigen-specific IgA require
BLT1 expression in the small intestine (80). Given that our data showed that T. gondii infec-
tion reduced the intestinal expression levels of both 5-LO and BLT1, treatment with LTB4
could be affecting the LTB4-BLT1 pathway and improving the production of T. gondii-specific
IgA in the small intestine. Moreover, it was previously demonstrated that SIgA from human
milk controls T. gondii replication in enterocytes in vitro (81).

T. gondii has the ability to disseminate to extraintestinal tissues such as the spleen,
liver, lung, and brain (82) and triggers an inflammatory immune response in these
organs (83) during the acute phase of infection. Indeed, our group had shown that T.
gondii is detected in the lung and liver of mice together with histological alterations
even after oral or intraperitoneal infection with a low number of cysts (69, 84). In the
current study, 5-LO inhibition altered neither parasitism nor histopathology changes,
whereas treatment with LTB4 reduced parasitism in the lung and liver and attenuated
pulmonary inflammation triggered by T. gondii infection. Therefore, our data reinforce
that treatment with LTB4 has a positive effect in controlling parasitism, and this benefi-
cial role is not restricted to the small intestine.

In conclusion, our results demonstrate that T. gondii decreases 5-LO expression
in the small intestine of infected mice, and on the other hand, LTB4 supplementa-
tion leads to a diminished parasitic burden in the small intestine, lung, and liver of
T. gondii-infected mice. In the small intestine, the microbicidal effects seem to be
associated with the preservation of Paneth cell and a-defensins expression and
increased IgA production (Fig. 7). Taken together, these data demonstrate the im-
portance of the 5-LO pathway during acute oral T. gondii infection in a susceptible
mouse lineage, adding to the knowledge about the pathogenesis of T. gondii
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infection and suggesting LTB4 as a complementary therapeutic approach for the
management of toxoplasmosis.

MATERIALS ANDMETHODS
Animals. Eight-week-old female C57BL/6 major histocompatibility complex (MHC) haplotype H2b,

C57BKs/J (H2d haplotype; more than 70% of its genome is derived from C57BL/6J mice), BALB/c (H2d

haplotype), CB10-H2 (H2b haplotype; derivative congenic strain derived from BALB/c mice), and Swiss Webster
mice were used in this experimental work. The animals were bred and maintained in the specific-pathogen-
free animal facility (Rede de Biotérios de Roedores [REBIR/UFU]) at the Universidade Federal de Uberlândia,
with 12-h-light/dark cycles and free access to food and filtered water. All animal experiments were performed
in accordance with the Brazilian Government’s ethical guidelines and were approved by the Comitê de �Etica
na Utilização de Animais (CEUA) of the Universidade Federal de Uberlândia, under protocol no. 078/14.

T. gondii strain. The ME49 T. gondii strain was used in this experimental work and was maintained
by inoculating Swiss Webster mice by the intraperitoneal route with 10 T. gondii cysts. Thirty days after infec-
tion, ME49 cysts were harvested from Swiss brain mice and quantified under a light microscope using a 10�
objective. For experimental infection, mice were orally infected with 5 or 10 cysts in 0.2 mL phosphate-buf-
fered saline (PBS) (0.01 mol/L, pH 7.2).

Drugs. MK886 (Cayman Chemical, Ann Arbor, MI, USA), an inhibitor of FLAP, was dissolved in abso-
lute ethanol and then diluted in water, resulting in a 20% ethanolic solution (85). LTB4 (Cayman Chemical) was
obtained as an ethanolic solution and prepared by the dilution of ethanolic LTB4 in 0.9% saline (61).

Treatment of mice and infection. In order to analyze the influence of the MHC haplotype and
genetic background of mice on 5-LO and BLT1 mRNA expression levels in the small intestine, resistant
BALB/c (H2d) and susceptible C57BL/6 (H2b) mice and their congenic mice, C57BKs/J (H2d) and CB10-H2
(H2b), were orally infected with 5 cysts, and the organs were assayed on day 7 of infection.

In the following experiments, groups of C57BL/6 mice were orally treated with MK886 (5 mg/kg of
body weight/day in 0.2 mL) 1 h before infection with 10 cysts and were treated for 7 additional days or
intraperitoneally treated daily with LTB4 (1 mg/kg/day in 0.1 mL) from days 1 to 7 of infection. As all vehi-
cle treatments presented similar results, only the data from 20% ethanolic solution-treated mice are pre-
sented as the vehicle control treatment.

At 7 days postinfection, groups of mice were anesthetized with ketamine (Syntec Brasil Ltd., Cotia, SP,
Brazil) and xylazine (Schering-Plough Coopers, Cotia, SP, Brazil) by the intraperitoneal route and euthanized by
cervical dislocation. Blood samples were collected by puncture of the retro-orbital plexus for serological assays,
and tissue samples, such as the lung, liver, and small intestine, were collected, fixed in 10% buffered formalin,
and processed routinely for paraffin embedding and sectioning or frozen immediately and stored at280°C for
PCR or cytometric bead array (CBA) analysis.

In parallel, groups of infected C57BL/6 mice treated with MK886 or LTB4 were observed daily for
weight changes and mortality for 60 days postinfection, when mice that survived were euthanized. In

FIG 7 Schematic representation of the effects of treatment with MK886 or LTB4 on T. gondii-infected mice. T.
gondii infection reduces 5-LO expression in the small intestine of C57BL/6 mice. The inhibition of the 5-LO
pathway (MK886 treatment) downregulates IL-6, IFN-g, and TNF and increases the parasite burden in the small
intestine. In contrast, treatment with LTB4 reduces parasitism in the small intestine, lung, and liver. In the small
intestine, treatment with LTB4 preserved Paneth cell numbers and increased defensin expression and IgA levels.
Therefore, treatment with LTB4 presented a beneficial effect during toxoplasmosis. (Y.C. drew the figure).
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order to prevent unnecessary suffering, mice that simultaneously showed starry stiff coat, reluctance to
move, and 20% weight loss were euthanized as described previously (69).

Histological and biochemical analyses. To analyze histological changes after T. gondii infection,
deparaffinized tissue sections were stained with hematoxylin and eosin (H&E), and all analyses were per-
formed in a blind manner.

In the small intestine, the inflammatory scores were analyzed using a 10� objective as previously
described (70). The histological changes in the pulmonary tissue were estimated by measurement of the lung
septal area assessed using the NIH ImageJ program (https://imagej.nih.gov/ij/) from 10 random images of each
lung tissue sample.

Related to the liver, the number of inflammatory foci was counted in 40 microscopic fields using a
10� objective. In addition to histological analysis, alanine aminotransferase (ALT) levels were measured
in serum samples of infected C57BL/6 mice by using an analytic kit (Labtest, Lagoa Santa, MG, Brazil)
according to the manufacturer’s instructions. The absorbance was obtained at 505 nm, and ALT levels
were expressed in units per milliliter.

Quantification of goblet and Paneth cells in the small intestine. For goblet and Paneth cell quan-
tification in the small intestine, alcian blue- or H&E-stained tissue sections were analyzed, respectively.
The numbers of goblet cells were quantified in 200 microscopic fields and the numbers of Paneth cells
were measured in 400 intestinal crypts using a 40� objective in a blind manner.

Quantification of tissue parasitism. The parasite burden was evaluated in the organs by immuno-
histochemistry as previously described (69). Briefly, deparaffinized tissue sections were incubated with 3% hydro-
gen peroxide to block endogenous peroxidase activity, and antigenic unmasking was performed in a microwave
oven. Tissue sections were incubated overnight at 4°C with polyclonal anti-T. gondii serum (obtained from Swiss
Webster mice chronically infected with the ME49 strain) diluted in 0.01% saponin. After incubation with biotinyl-
ated goat anti-mouse antibody (Jackson ImmunoResearch Laboratories, West Grove, PA, USA), the assay sensitiv-
ity was improved by adding an avidin-biotin-peroxidase complex (ABC kit, catalog no. PK-4000; Vector
Laboratories, Inc., Burlingame, CA, USA). The reactions were developed with 0.03% H2O2 plus 3,39-diaminobenzi-
dine tetrahydrochloride (DAB; Sigma) for 5 min. The sections were counterstained with Harris hematoxylin and
examined under a light microscope using a 40� objective. Tissue parasitism was scored by counting the stained
parasites per tissue section.

Quantitative real-time PCR. Fragments of the ileum (100 mg) were used for mRNA extraction using
TRIzol reagent according to the manufacturer’s instructions (Life Technologies, Carlsbad, CA, USA). The
RNA concentration was determined (GeneQuant 1300 spectrophotometer; GE Healthcare), and cDNA was
synthesized using 1 mg RNA by a reverse transcription reaction according to the manufacturer’s instructions
(Promega, Madison, WI, USA). Quantitative PCR (qPCR) assays were performed using SYBR green reagent
(Roche, Basel, Switzerland) in an Applied Biosystems 7500 real-time PCR system (Life Technologies). The stand-
ard PCR conditions were 95°C for 10 min and 40 cycles at 95°C (15 s), 50°C (30 s), and 60°C (1 min), using the
following specific primers: forward (F) primer 59-GGAGAAACCTGCCAAGTATGATG-39 and reverse (R) primer
59-CAGTGTAGCCCAAGATGCCC-39 for gapdh, F primer 59-AGCTGCCTGCTGTGCATCCC-39 and R primer 59-CCCG
GTGGCATTGGCCTTGT-39 for alox5 (38), F primer 59-TCCTCCACCATTCCTGAGTC-39 and R primer 59-GTCTCTCTG
CCCTGACTTGC-39 for blt1, F primer 59-CAGGCTGTGTCTGTCTCTTTTG-39 and R primer 59-TCAGCGACAGCAGAGT
GTGTA-39 for defa3 (86), F primer 59-TTGTCCTCCTCTCTGCCCTTGT-39 and R primer 59-ATGAAGAGCAGACCCTTC
TTGG-39 for defa5 (86), F primer 59-GAGAGATCTGATATGCTATTG-39 and R primer 59-AGAACAAAAGTCGTCCTG
AG-39 for defa20 (87), F primer 59-GAGAGATCTGATCTGCCTTTG-39 and R primer 59-CCTCTATTGCAGCGACGA-39
for defa21 (87), F primer 59-GATCTGGTATGCTATTGTAGAG-39 and R primer 59-GACAGCAGAGCATGTACAA-39
for defa24 (87), and F primer 59-GCCAAGGTCTACAATCGTTGTGAGTTG-39 and R primer 59-CAGTCAGCCAGC
TTGACACCACG-39 for lyz (64). The unreferenced primers were designed using Primer Express V3 software (Life
Technologies).

The expression of each target gene was normalized to that of the glyceraldehyde-3-phosphate dehy-
drogenase (GAPDH) housekeeping gene using the 22DDCT method (88).

Quantification of secretory IgA in the feces of infected mice. The measurement of secretory IgA
(SIgA) levels in fecal samples was performed by an enzyme-linked immunosorbent assay (ELISA) as previously
described (69). First, mouse fecal samples were collected and diluted 1:5 with fecal dilution buffer (90 mL 0.01
M PBS [pH 7.2], 10 mL 0.5 M EDTA [pH 8], 10 mg aprotinin [Sigma], and 666mL 100 mM phenylmethylsulfonyl
fluoride [PMSF; Sigma]). Next, the samples were centrifuged at 10,000 � g for 5 min, and the supernatants
were collected (fecal solutions).

For the ELISA, low-binding microtiter plates were coated with 10mg/mL T. gondii soluble antigen (STAg) (69)
extract in carbonate buffer for 16 h at 4°C. After washes with 0.05% Tween 20–PBS (PBS-T), plates were blocked
with PBS–5% bovine serum albumin (BSA) for 1 h. In the next step, the fecal solution was diluted 1:7 and incu-
bated for 16 h at 4°C. Subsequently, the plates were washed and incubated with peroxidase-labeled anti-mouse
IgA (1:2,000) antibody (Santa Cruz Biotechnology, Dallas, TX, USA) for 1 h at 37°C. The reaction was developed
with 1 mg/mL of o-phenylenediamine (OPD; Sigma) and 0.03% hydrogen peroxide. Optical density (OD) values
were determined in a microplate reader (VersaMax; Molecular Devices, San Jose, CA, USA) at 492 nm.

Cytokine measurement. For cytokine quantification in the small intestine, fragments of the ileum
(200 mg) from C57BL/6 mice were dissected, washed in PBS, and homogenized in 1 mL extraction buffer
diluted in PBS (5 mM EDTA [pH 8.0], 0.016 mM aprotinin, 1 mM benzamidine, 0.21 mM leupeptin, 1.6 mM
PMSF). After centrifugation at 3,000 � g for 10 min at 4°C, the supernatants were collected and stored at
280°C until use.

Measurements of the IL-2, IL-6, IFN-g, TNF, IL-17A, and IL-10 cytokines in serum samples and superna-
tants of ileum homogenates were performed using a CBA mouse cytokine kit (BD Biosciences-
Pharmingen, San Diego, CA, USA) according to the manufacturer’s instructions, and the results were
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recorded with a FACSCanto-II flow cytometer (BD) and analyzed with FACSDiva software (BD). According
to the instruction manual of the kit, the theoretical limits of detection are 0.1 pg/mL for IL-2, 1.4 pg/mL
for IL-6, 0.5 pg/mL for IFN-g, 0.9 pg/mL for TNF, 0.8 pg/mL for IL-17A, and 16.8 pg/mL for IL-10.

Statistical analysis. Statistical analysis was carried out using GraphPad Prism 5.0 (GraphPad
Software, Inc., San Diego, CA). The Kaplan-Meier method was applied to estimate the percentage of
mice surviving at each time point after infection, and survival curves were compared using the log rank
test. The data distribution was evaluated by a Kolmogorov-Smirnov normality test and the appropriate
statistical test used for each experimental analysis. To compare more than two experimental groups,
analysis of variance (ANOVA) with the Bonferroni comparison posttest or a Kruskal-Wallis test with
Dunn’s comparison posttest was applied for parametric or nonparametric data, respectively. The Mann-
Whitney test was used to compare two different conditions with a nonparametric data distribution.
Differences were considered statistically significant when the P value was ,0.05.
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