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A B S T R A C T

Neurotoxoplasmosis, also known as cerebral toxoplasmosis, is an opportunistic chronic infection caused by the
persistence of parasite Toxoplasma gondii cysts in the brain. In wild animals, chronic infection is associated with
behavioral manipulation evident by an altered risk perception towards predators. In humans, reactivation of cysts
and conversion of quiescent parasites into highly invasive tachyzoites is a significant cause of mortality in
immunocompromised patients. However, the current standard therapy for toxoplasmosis is not well tolerated and
is ineffective against the parasite cysts. In recent years, the concept of dietary supplementation with natural
products derived from plants has gained popularity as a natural remedy for brain disorders. Notably, urolithin-A, a
metabolite produced in the gut following consumption of ellagitannins-enriched food such as pomegranate, is
reported to be blood-brain barrier permeable and exhibits neuroprotective effects in-vivo. In this study, we
investigated the potential of pomegranate extract and urolithin-A as anti-neurotoxoplasmosis agents in-vitro and
in-vivo. Treatment with pomegranate extract and urolithin-A reduced the parasite tachyzoite load and interfered
with cyst development in differentiated human neural culture. Administration of urolithin-A also resulted in the
formation of smaller brain cysts in chronically infected mice. Interestingly, this phenomenon was mirrored by an
enhanced risk perception of the UA-treated infected mice towards predatory cues. Together, our findings
demonstrate the potential of dietary supplementation with urolithin-A-enriched food as a novel natural remedy
for the treatment of acute and chronic neurotoxoplasmosis.
1. Introduction

Infection by the protozoan parasite Toxoplasma gondii (T. gondii) is
widely prevalent in animals as well as in humans (Tenter et al., 2000;
Dubey, 2016; McLeod et al., 2020; Lindsay and Dubey, 2020). Members
of the Felidae family are the only known definitive hosts for T. gondii,
where the parasite completes the sexual phase of its reproduction in the
intestine to form highly stable oocysts that are excreted (Frenkel et al.,
1970; Miller et al., 1972). Humans are one of the intermediate hosts and
often acquire the infection through ingestion of food contaminated with
oocysts (Kijlstra and Jongert, 2008; Guo et al., 2015). Prenatal infection
can also occur via vertical transmission from infected mother to fetus
during pregnancy (Torgerson and Mastroiacovo, 2013). Depending on
the geographical region, the prevalence of toxoplasmosis varies,
although it is estimated that a third of the world’s human population is
chronically infected (McLeod et al., 2020; Molan et al., 2019).

T. gondii exists in two stages in humans and all intermediate hosts.
Once ingested, sporozoites released from the oocysts are converted to the
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highly replicating invasive tachyzoites that disseminate in all organs,
causing an acute infection (Dubey et al., 1998; Dubey, 2020). The
tachyzoites then differentiate into slow-growing bradyzoites, forming
quiescent tissue cysts, and establishing chronic infection in the hosts
(Dubey et al., 1998; Dubey, 2020). The encystment of T. gondii brady-
zoites displays strong tropism for the brain and exhibits a distinct pro-
pensity for the neurons (Remington and Cavanaugh, 1965; Ferguson and
Hutchison, 1987; Koshy et al., 2010, 2020; Melzer et al., 2010; Cabral
et al., 2016). Encysted parasites can reside for a prolonged period in the
brain and avoid immune-related destruction or clearance (Sullivan and
Jeffers, 2012; Jeffers et al., 2018). These cysts intermittently rupture,
releasing bradyzoites which can differentiate into invasive tachyzoites
(Dubey et al., 1998; Dubey, 2020; Ferguson et al., 1989; Frenkel and
Escajadillo, 1987). Chronic infection has been associated with altered
cognition and behavior in intermediate hosts (Webster, 2001; Parlog
et al., 2015). A well-reported change by T. gondii infection pertains to
behavioral alteration in rodents, where chronically infected animals
display general loss of innate fear towards felid predators (Berdoy et al.,
iversity, SBS-02n-10, 60 Nanyang Drive, Singapore, 637551, Singapore.
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2000; Vyas et al., 2007; Vyas, 2015). The severity of the behavioral
alteration is also shown to correlate with the brain cyst burden (Afonso
et al., 2012; Evans et al., 2014; Xiao et al., 2016; Boillat et al., 2020). In
humans, much of the attention relating to the pathology of T. gondii
infection has also focused on the brain. Compelling evidence over the
years has raised awareness of chronic cerebral toxoplasmosis as a
possible risk factor for the development of neurological and psychiatric
disorders (Fabiani et al., 2015; Severance et al., 2016; Tyebji et al.,
2019). Particularly in immunocompromised patients, reactivated cysts
cause severe morbidity and mortality (Nissapatorn et al., 2004),
prompting efforts to identify remedies that can mitigate cerebral
toxoplasmosis.

An ideal drug for cerebral toxoplasmosis should be permeable to the
blood-brain barrier and is effective against both the replicating tachy-
zoites and the quiescent bradyzoites within tissue cysts. Additionally, the
drug should exhibit high oral bioavailability and is inexpensive to pro-
duce. Currently, the treatment regimen for toxoplasmosis involves the
combination of antifolates pyrimethamine and sulfadiazine to inhibit
T. gondii growth (Dunay et al., 2018). However, these drugs exhibit
side-effects and are poorly tolerated in immunocompromised patients
(Dunay et al., 2018; Porter and Sande, 1992; Dannemann et al., 1992;
Katlama et al., 1996). The rising cost of pyrimethamine coupled with the
need for a prolonged course of treatment also makes the current treat-
ment regimen expensive to patients (McCarthy, 2015). More impor-
tantly, the unique pathogenesis of T. gondii presented a challenge for the
current therapy; these drugs are only capable of suppressing the tachy-
zoite stage and are ineffective against the encysted bradyzoites (Dunay
et al., 2018; Alday and Doggett, 2017). Thus, the identification of new
therapeutic alternatives that are safer, cheaper, and effective against the
parasite cysts would greatly improve the care of patients with
toxoplasmosis.

In recent years, the identification of natural products derived from
plants and herbs with antimicrobial activity has intensified (Farha and
Brown, 2016; Gyawali and Ibrahim, 2014). Indeed, multiple studies have
demonstrated the potential of natural plant products as an alternative to
standard drug therapy against toxoplasmosis (Sepulveda-Arias et al.,
2014; Al Nasr et al., 2016; Arab-Mazar et al., 2017; Deng et al., 2019;
Adeyemi et al., 2019). The pomegranate fruit is a rich source of ellagi-
tannins, a class of natural polyphenols that are metabolized to urolithins
by gut microbiota (Espin et al., 2013). While the bioavailability of ella-
gitannins is low, urolithins are well-absorbed and can reach wide tissue
targets (Espin et al., 2013; Cerd�a et al., 2003, 2004; Seeram et al., 2006;
Mertens-Talcott et al., 2006). Specifically, urolithin-A (UA) is reported to
persist in the blood plasma following the consumption of pomegranate
extract (PE) in humans (Mertens-Talcott et al., 2006). Thus, UA is widely
regarded as the bioactive molecule underlying the health benefits of
pomegranate consumption. More importantly, UA can cross the
blood-brain barrier and has been shown to be a powerful neuroprotectant
in-vivo against Alzheimer’s and Parkinson’s Disease, ischemic neuronal
injury, and brain aging (Gasperotti et al., 2015; Ryu et al., 2016; Yuan
et al., 2016; Ahsan et al., 2019; Gong et al., 2019; Andreux et al., 2019;
Chen et al., 2019; Kujawska et al., 2020).

Given the compelling evidence supporting the neuroprotective
properties of UA against brain disorders, we posit the administration of
PE and UA could mitigate cerebral toxoplasmosis. Using the differenti-
ated human neural culture and the murine chronic toxoplasmosis model,
we investigated how the administration of PE and its bioactive metabo-
lite UA influence the parasite load in-vitro and in-vivo. More importantly,
we looked at how treatment with UA modulates T. gondii cyst develop-
ment. Since behavioral alternation is associated with the brain cyst
burden (Afonso et al., 2012; Evans et al., 2014; Xiao et al., 2016; Boillat
et al., 2020), we also examined whether UA could potentially affect the
risk perception of infected mice towards predatory cat odor. In summary,
supported by the cellular and behavioral evidence from our in-vitro and
in-vivo toxoplasmosis models, our study aimed to identify the potential of
dietary supplementation with UA-enriched food as a natural remedy for
2

acute and chronic cerebral toxoplasmosis.

2. Materials and methods

2.1. Ethics statements

All animal procedures were carried out in strict accordance with the
guidelines from the National Advisory Committee for Laboratory Animal
Research (NACLAR). The protocol was approved by the Institutional
Animal Care and Use Committee (IACUC) at Nanyang Technological
University, Singapore (# A19046).

2.2. Culturing and differentiation of human ReNcell VM neural progenitor
cells

The immortalized human ReNcell VM (Ventral Mesencephalon)
neural progenitor cells (EMD Millipore) were cultured on 20 μg/ml
laminin-coated plates (Corning), in Dulbecco’s Modified Eagle Medium
(DMEM): Nutrient Mixture F12 (DMEM/F12) media (Life Technologies)
supplemented with 2% (v/v) B27 neural supplement (Life Technologies),
2 μg/ml heparin (StemCell Technologies), 20 μg/ml human Epidermal
Growth Factor (EGF; Sigma), 20 μg/ml human Fibroblast Growth Factor-
basic (bFGF; Life Technologies), and 100 units/ml penicillin-
streptomycin solution (GE Hyclone). The culture media was changed
every 3 days until the cells were confluent and ready for subculturing.
Differentiation of the neural progenitor cells was initiated by replacing
the culture media with DMEM/F12 supplemented with 2% (v/v) B27
neural supplement, 2 μg/ml heparin, and 100 units/ml penicillin-
streptomycin solution without the growth factors EGF and bFGF. The
differentiation media was changed every 3 days for 3–4 weeks. All cells
were grown in 5% CO2 at 37 �C.

2.3. Toxoplasma strains and maintenance

Wild-type type II Prugniaud (Pru) and transgenic Green Fluorescent
Protein (GFP)-expressing Pru T. gondii strains (Vyas et al., 2007) were
maintained by serial passage on monolayers of Human Foreskin Fibro-
blast (HFF) (ATCC) cultured in DMEM (Life Technologies) supplemented
with 10% (v/v) Fetal Bovine Serum (FBS) (GE Hyclone) and 100 units/ml
penicillin-streptomycin solution. Briefly, adherent T. gondii-infected HFF
monolayers were trypsinized (0.25% trypsin; ThermoFisher Scientific)
and lysed by passing through a 25-G needle for 10 times to release the
intracellular parasites. Parasite count was determined with the hemo-
cytometer. Cells and parasites were grown in 5% CO2 at 37 �C.

2.4. Preparation of urolithin-A and pomegranate extract

For the treatment of differentiated ReNcell, UA (Tocris Bioscience)
and Pomella® PE (Verdure Sciences) were dissolved in Dimethyl Sulf-
oxide (DMSO) to yield a stock concentration of 10 mM and 5 mg/ml
respectively. Final working concentrations of UA (50 μM and 100 μM)
and PE (300 μg/ml) were reconstituted by diluting the stocks in the
differentiation media. For intraperitoneal injection in mice, 50 mg of UA
was first dissolved in DMSO and then further diluted in 1x Phosphate-
Buffered Saline (PBS) (Sigma). Each animal was administered 30 μg
UA in 100 μl of 1x PBS. For both in-vitro and in-vivo work, the equivalent
volume of DMSO was used as vehicle control.

2.5. T. gondii infection and treatments in differentiated ReNcell cells

Differentiated ReNcell were infected with wild-type (for cell viability
assays) or GFP-Pru (for parasite and cyst burden assays) T. gondii strain at
Multiplicity of Infection (MOI) 1 for 24 h. To examine the effects of PE or
UA on the intracellular parasites, the differentiation media was replaced
with newmedia containing the respective concentration of UA, PE, or the
equivalent volume of DMSO post-infection for another 24 h.
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2.6. Imaging total T. gondii burden in differentiated ReNcell cells

48 h post-infection and treatment, infected cells on coverslips were
fixed with 4% paraformaldehyde (PFA) (Sigma) at 37 �C for 20 min. The
coverslips were mounted onto a glass slide with ProLong Gold Antifade
Mountant containing DAPI (4’, 6-diamidino-2-phenylindole; Life Tech-
nologies). Cells were immediately imaged with the Zeiss Z1 Axio
Observer inverted fluorescence microscope (Zeiss) using the 40x objec-
tive lens with a 1.2x digital magnification. 10 random fields per coverslip
were imaged and the same acquisition parameters were applied to all
treatment groups for a fair comparison. Image J program was used to
quantify the total parasite burden using fluorescence emanating from
GFP transgene inserted within the parasite. A consistent threshold value
was applied across all images and the total area of the GFP signals was
normalized to the total number of DAPI nuclei.

2.7. RNA extraction, reverse transcription, and quantitative real-time PCR
(qPCR)

RNA was extracted using the RNeasy Mini Kit (Qiagen) followed by
DNase treatment with RQ1 RNase-Free DNase (Promega). 2 μg of isolated
RNA was reverse transcribed using M-MLV Reverse Transcriptase
(Promega) and amplified with GoTaq Flexi DNA Polymerase (Promega)
for PCR-agarose gel analysis. qPCR was performed using the SYBR Select
Master Mix (Life Technologies). All steps were performed according to
the manufacturer’s protocols.

The following primers were used for PCR: SAG1 forward 50-
GGCTGTAACATTGAGCTCCTTGATTCCTGAAGCAGAAGATAGC-3’;
SAG1 reverse 50-GCGTCATTATTGGATGCACAGGGGGATCGCCTGA-
GAAGCATCAC-3’; β-actin forward 50-CCAGAGGCGTACAGGGATAG-3’;
β-actin reverse 50-CCAACCGCGAGAAGATGA-3’. The following primers
were used for qPCR: SAG1 forward 50-TTAAGTGAGAACCCGTGGCAG-3’;
SAG1 reverse 50-GCTTTTTGACTCGGCTGGAA-3’; GAPDH forward 50-
GACCACAGTCCATGCCATCACTGCC-3’; GAPDH reverse 50-
GCCTGCTTCACCACCTTCTTGATG-3’.

2.8. Cell viability: neurite outgrowth staining assay and MTS assay

In-vitro cytotoxicity of T. gondii-infected cells post-treatment was
determined with the neurite outgrowth staining kit (Life Technologies)
and MTS assay (Sigma) according to the manufacturer’s protocols.
Briefly, cells were washed with 1x PBS. For the neurite outgrowth
staining kit, 1x Cell Viability Indicator and 1x Cell Membrane Stain were
reconstituted in 1x PBS containing Ca2þ and Mg2þ (Life Technologies)
and added to each well. The cells were incubated with the stain solution
at 37 �C for 20 min. Following this, the stain solution was removed, and
the cells were rinsed with 1x PBS. 1x Background Suppression Dye
reconstituted in 1x PBS containing Ca2þ and Mg2þ was added to each
well, and the cells were immediately imaged with the Zeiss Z1 Axio
Observer inverted fluorescence microscope using the 10x objective lens
with a 1.2x digital magnification. The FITC filter set was used for imaging
the Cell Viability Indicator (green) and the TRITC filter set was used for
the Cell Membrane Stain (Red). 6–8 random fields per well were imaged
and the same acquisition parameters were applied to all treatment
groups. Cell viability was expressed as the ratio of the green to the red
signal area, which indicates the proportion of viable cells (green) over
the total cell population (red). Image Jwas used to quantify the green and
red signal areas as described earlier. For the MTS assay, MTS reagent at
1:10 dilution was concocted in 1x PBS containing Ca2þ and Mg2þ and
added to each well. The cells were incubated with the MTS reagent at 37
�C for 4 h. The absorbance (Abs) was immediately measured with the
Tecan Infinite M200 Pro spectrophotometer (Tecan) at OD ¼ 490 nm.
Triplicates were performed for each treatment condition and the average
Abs value was calculated. The final Abs value used for tabulation of cell
viability takes into account the average reading from the control wells
without the MTS reagent (cell viability ¼ Abs treatment – Abs control).
3

2.9. T. gondii infection and UA injection in mice

7-weeks old BALB/cJInv female mice (InVivos Pte Ltd) were accli-
matized to the vivarium (12:12 light-dark cycle, lights on at 07:00 h) for
1 week before the start of intraperitoneal injections. On the first day, all
animals were infected with 200 freshly syringe-released GFP-Pru
T. gondii reconstituted in 100 μl 1x PBS. 2-days post-infection, each an-
imal was injected daily with either 30 μg freshly reconstituted UA or
equivalent volume of DMSO in 100 μl 1x PBS up till 5 weeks. Food and
water were available ad libitum throughout the experiment.

2.10. Bobcat urine aversion assay

The response to bobcat urine was assessed 5-weeks post-injection,
using a previously published experimental paradigm (Boillat et al.,
2020). The behavioral runs were conducted in a rectangular arena
divided into two opposing and identical bisects. Mice were habituated
once a day for 3 consecutive days and tested on the 4th day. For habit-
uation, the mice were individually placed in the arena and allowed to
explore for 15 min. On the test day, a petri dish containing beddings from
the homecage was placed at one end of the arena and the animal was
allowed to explore for 5 min (pre-exposure phase). The animal was then
confined to the bisect containing the homecage beddings by placing a
temporary insert in the middle of the arena. A small piece of paper towel
spotted with 1 mL of pure bobcat urine (Maine Outdoor Solutions) was
clipped onto the wall of the opposite bisect. The temporary insert was
removed, and the behavior of the animal was recorded for 10 min
(exposure phase). All behaviors were analyzed by the experimenter and
an observer blind to the conditions. The time spent in each bisect was
quantified and the aversion index was calculated as followed: Time bobcat

urine bisect/Time homecage beddings bisect.

2.11. In-vitro and in-vivo cyst burden

To determine the cyst size in-vitro, infected cells on coverslips were
fixed with 4% PFA for 20 min and blocked for 1 h (recipe for blocking
buffer: 1x PBS containing 5% (w/v) Bovine Serum Albumin (BSA)
(Sigma) with 0.5% (v/v) Triton X-100 (Sigma)). Subsequently, the cells
were incubated with biotinylated anti-Dolichos biflorus agglutinin (DBA) at
1:250 dilution (Vector Laboratories) in the blocking buffer for 3 h. The
cells were washed in 1x PBS and incubated with the blocking buffer
containing Alexa Fluor 555 streptavidin secondary antibody (1:1000
dilution; Life Technologies) for 1 h. The cells were washed with 1x PBS
and the coverslips were mounted onto a glass slide with DAPI. The entire
process was performed at room temperature.

To determine the cyst burden in-vivo, the mice were immediately
sacrificed upon completion of the bobcat urine aversion assay. The brains
were collected and snap-frozen. Approximately half the brain (cut at the
sagittal plane) was homogenized in 2 ml 1x PBS by pressing through a
100 μm-pore nylon cell strainer (Sigma) using the plunger of a 5 ml sy-
ringe. 2 ml of the 1x lysis buffer concoction in 1x PBS (recipe for 5x lysis
buffer: 10 mM Tris, 1 mM EDTA, 0.2% (w/v) SDS, and 10 mM NaCl, top
up with distilled water, pH adjusted to 8.0)) supplemented with 0.008
units/ml proteinase K (ThermoFisher Scientific) was added to the flow-
through (brain homogenate) and incubated at 56 �C for 15 min. The
sample was pelleted and resuspended in 1 ml blocking buffer. Bio-
tinylated anti-DBA at 1:250 dilution was incubated with the brain ho-
mogenate at room temperature on a mechanical wheel for 3 h. The
sample was then pelleted, washed with 1x PBS, and resuspended in 1 ml
blocking buffer containing Alexa Fluor 555 streptavidin secondary anti-
body (1:1000 dilution). The sample was incubated at room temperature
on a mechanical wheel in the dark for 1 h, pelleted, washed with 1x PBS,
and pelleted again. All centrifugation/pelleting steps were conducted at
room temperature, 1,250 g for 15 min. The pellet containing the stained
cysts was resuspended in 200 μl 1x PBS and a 50 μl aliquot was smeared
onto a glass slide (giving a total of 4 smeared slides). A glass slip was
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layered on top of the smear and the slides were dried.
The slides were scanned for cysts using the Zeiss Z1 Axio Observer

inverted fluorescence microscope using the 10x objective lens with a 1.2x
digital magnification. For the in-vitro cyst burden, the number of cysts
counted was normalized to the total nuclei count. For the in-vivo smear
slides, the number of cysts counted across the 4 smears was normalized
against the weight of the half brain. To quantify the size of the cysts, cyst
images were acquired using the 40x objective lens at 1.2x digital
magnification. Image J program was used to highlight the cyst and the
diameter was determined.
2.12. Statistical analyses

All statistical analyses were performed using GraphPad Prism 5
(GraphPad Software, Inc.). Statistical tests for any given set of data were
described in the figure legends. In brief, for direct comparison between a
single treatment group against the DMSO control, a two-tailed t-test was
used. For comparison between multiple treatment groups, Kruskal-Wallis
test, one-way ANOVA followed by Dunnett’s multiple comparisons test,
4

or one-way ANOVA followed by Tukey’s multiple comparison test was
used. Results are always presented as mean � S.E.M. Significance are *p
� 0.05, **p � 0.001, ***p � 0.0001. The details of all statistical analyses
can be found in Table S1.

3. Results

3.1. In-vitro T. gondii replication and spontaneous cyst formation in
differentiated neural cells

To model and examine neurotoxoplasmosis in-vitro, we differentiated
the human neural progenitor ReNcell VM cells, a neural stem cell line
derived from the ventral mesencephalic region of the developing brain,
and infected the cells with GFP-Pru T. gondii. As previously reported
(Hoffrogge et al., 2006; Donato et al., 2007; Choi et al., 2014), ReNcell
progenitors differentiate into neuronal and glial cells within 3 weeks
upon withdrawal of growth factors. Live imaging revealedmorphological
changes to the neural culture upon 4-weeks differentiation (Fig. 1a).
qPCR showed a robust increase in neuronal (MAP2, NCAM1, TUBB3) and
Fig. 1. T. gondii proliferation and cyst develop-
ment in differentiated ReNcell neural cells. (a–c)
Differentiation of human ReNcell VM neural pro-
genitors upon removal of growth factors for 4 weeks.
(a) Bright-field images of undifferentiated and
differentiated ReNcell. (b) qPCR analysis of neuronal
and glial cell markers in differentiated ReNcell.
mRNA levels for each gene were normalized against
β-actin and calculated as fold change against the
undifferentiated control cells (n ¼ 4–6). (c) Immu-
nofluorescence images of MAP2, β-III tubulin, and
GFAP in differentiated ReNcell. (d–f) 3-weeks
differentiated ReNcell were infected with GFP-Pru
T. gondii at MOI 1 for 6, 24, and 48 h. (d) Fluores-
cence images of GFP þ T. gondii signals. (e) PCR for
gene expression of SAG1 (top) and percentage of cells
with DBA þ structure (bottom). 100–600 cells per
experimental set (n ¼ 6) were analyzed for the
presence of DBA structure. (f) Representative images
of 4 selected cells stained positive for DBA (top) and
the diameter of DBA þ structures (bottom) at 48 h
infection. A total of 84 DBA þ structures (one dot
represents one structure) identified across 6 experi-
mental sets (n ¼ 6) were analyzed. The horizontal
line represents the average diameter. Nuclei were
stained with DAPI. All values are mean � S.E.M. One-
way ANOVA with Tukey’s multiple comparison test
was performed. Differences against 48 h are signifi-
cant for ***p � 0.0001. Scale bars: 10 μm (Fig. f), 20
μm (Fig. d), or 40 μm (Fig. c).
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glial (GFAP, S100β, EAAT1) markers (Fig. 1b), and immunostaining with
MAP2, β-III tubulin and GFAP (Fig. 1c) confirmed the protein expression.
Next, differentiated ReNcell were infected with T. gondii at MOI 1 for 6,
24, and 48 h. Examination of the GFP-positive (þ) T. gondii revealed an
increase in parasite load over the course of the infection (Fig. 1d). To
investigate whether infection of differentiated ReNcell could recapitulate
T. gondii tachyzoite and cyst stage, we checked for the expression of
tachyzoite-specific surface protein SAG1 and stained for the glycosylated
cyst wall using anti-DBA. The expression of SAG1 was consistently
observed across the infection period (Fig. 1e, top). Similarly, DBA þ
structures were also detected in the infected cells (Fig. 1e, bottom).
However, the proportion DBA þ cells were significantly higher with 48 h
infection, with ~3.6% of the cells harboring cyst structures (F ¼ 27.78,
R2 ¼ 0.8347, p < 0.0001; Fig. 1e, bottom). Qualitative analysis of these
structures revealed cyst size ~13.30 � 0.41 μm in diameter (Fig. 1f).
Together, our observations highlight the feasibility of T. gondii-infected
differentiated ReNcell neural cells as an in-vitro neurotoxoplasmosis
model to examine tachyzoite proliferation and cyst development. We also
attempted to further prolong the infection in the hope of capturing higher
in-vitro cyst load in the differentiated ReNcell. However, heavily infected
neural culture was observed to lyse by 56 h post-infection. Hence, sub-
sequent in-vitro experiments were conducted using the 48 h infection
paradigm, the optimal duration which allows for the investigation of
parasite replication and cyst formation without causing significant
cytotoxicity to the host cells (Supplementary Fig. S1).
3.2. Pomegranate extract reduces parasite burden and cyst formation in-
vitro

There is growing evidence supporting anti-T. gondii activity in natural
polyphenols derived from plants (Sepulveda-Arias et al., 2014; Al Nasr
Fig. 2. Pomegranate extract reduces T. gondii tachyzoite and cyst formation in
with GFP-Pru T. gondii at MOI 1 for 24 h followed by treatment with vehicle control D
(right) of GFP þ T. gondii signals, calculated as fold change against DMSO control. 15
for the GFP signals. (b) qPCR for SAG1 mRNA levels. mRNA levels were normalized a
4). (c) Immunofluorescence images (left) and quantification (right) of percentage
treatment group per experimental set (n ¼ 4) were analyzed for the presence of DBA s
paired t-test with a 95% confidence interval was performed. Differences against DMS
(Fig. a) or 50 μm (Fig. c).
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et al., 2016; Arab-Mazar et al., 2017; Deng et al., 2019; Adeyemi et al.,
2019). Hence, we were interested to investigate if PE, a
polyphenols-enriched mixture, can target tachyzoite growth and cyst
formation in-vitro. Differentiated ReNcell were first infected with
GFP-Pru T. gondii for 24 h. To examine whether PE is active against
intracellular parasites, 300 μg/ml PE or DMSO vehicle control was added
to the infected cells post-infection for 24 h. Examination of the GFP þ
T. gondii revealed a significant reduction in the total parasite load by ~3
folds in PE-treated cells when compared to the DMSO control cells (t(3) ¼
39.63, p < 0.0001; Fig. 2a). When we looked into the specific T. gondii
developmental stages, qPCR of the SAG1 gene showed that PE signifi-
cantly reduced the SAG1 mRNA levels by ~4.2 folds (t(3) ¼ 12.58, p ¼
0.0011; Fig. 2b). Examination of the DBA þ structures also revealed a
significant reduction in the percentage of DBA þ cells from ~2.9% to
0.3% with PE treatment (t(3) ¼ 10.67, p ¼ 0.0018; Fig. 2c). Together,
these results demonstrate that PE targets T. gondii tachyzoite and bra-
dyzoite forms to inhibit parasite growth and cyst formation in differen-
tiated neural cells.
3.3. Urolithin-A reduces tachyzoite load and perturbs cyst formation in-
vitro

UA is a gut microbiome-derived metabolite of ellagitannins, a class of
bioactive polyphenols highly enriched in pomegranate (Espin et al.,
2013). While ellagitannins have low bioavailability, the metabolite UA
can persist in the blood plasma and possess the ability to cross the
blood-brain barrier (Espin et al., 2013; Cerd�a et al., 2003, 2004; Seeram
et al., 2006; Mertens-Talcott et al., 2006; Gasperotti et al., 2015; Yuan
et al., 2016). With the earlier findings (Fig. 2), we were interested to
investigate whether UA is the bioactive compound underlying the in-vitro
protective effect of PE against neurotoxoplasmosis. Differentiated
differentiated neural cells. 3-weeks differentiated neural cells were infected
MSO or 300 μg/ml PE for 24 h. (a) Fluorescence images (left) and quantification
0–300 cells in each treatment group per experimental set (n ¼ 4) were analyzed
gainst GAPDH and calculated as fold change against the DMSO control cells (n ¼
DBA þ cells. White arrows indicate DBA þ structures. 250–500 cells in each
tructure. Nuclei were stained with DAPI. All values are mean � S.E.M. Two-tailed
O control are significant for **p � 0.001 and ***p � 0.0001. Scale bars: 40 μm
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ReNcell were first infected with GFP-Pru T. gondii for 24 h followed by
treatment with PE, 50 μMor 100 μMUA for another 24 h. Consistent with
earlier finding (Fig. 2a), PE treatment reduced the total GFP þ T. gondii
load as compared to the DMSO control cells (F(3,12) ¼ 38.81, p < 0.0001;
Fig. 3a). Likewise, treatment with 50 μM or 100 μM UA significantly
lowered the parasite burden by ~1.8 and 2.7 folds respectively compared
to the DMSO control (F(3,12) ¼ 38.81, p < 0.0001; Fig. 3a). qPCR analysis
of SAG1 revealed a trend consistent with the total parasite load, where
treatment with PE or UA reduced the SAG1 mRNA levels in
T. gondii-infected differentiated neural cells (F(3,20) ¼ 13.66, p < 0.0001;
Fig. 3b). Next, we assessed if UA also inhibits cyst formation. Examina-
tion of the percentage of DBA þ cells revealed a moderate reduction in
the cells containing cyst with UA treatment, especially at 100 μM con-
centration (Kruskal-Wallis statistic ¼ 5.956, p ¼ 0.0509; Fig. 3c). How-
ever, qualitative analysis of the DBAþ structures showed that 50 μM and
100 μM UA treatment led to the appearance of smaller cysts with an
average diameter of ~5.15� 0.18 μm and 9.44� 0.23 μm respectively as
compared to ~14.04 � 0.42 μm in DMSO control cells (F(2,203) ¼ 132.7,
p < 0.0001; Fig. 3d). Together, our findings highlight UA as a potent
anti-T. gondii compound that attenuates tachyzoite growth and cyst
development in differentiated neural cells. In addition, we postulate that
UA is the bioactive compound in PE that may in part, contribute to the
biological activity of PE against toxoplasmosis.

3.4. Pomegranate extract and urolithin-A do not cause cytotoxicity in-vitro

T. gondii is an obligate intracellular parasite that requires the host cell
for survival (Blader et al., 2015). Consequently, the death of the host cells
also reduces T. gondii viability. It is important that a remedy against
neurotoxoplasmosis can negate parasite burden without compromising
neuronal health. To this end, we investigated if PE and UA reduced
T. gondii load in differentiated neural cells (Figs. 2 and 3) as a
6

consequence of cytotoxicity to the host cells. Cell viability of the infected
cells treated with PE or UA was measured using the neurite outgrowth
staining kit and MTS assay. The neurite outgrowth staining kit allows for
visualization of viable cells (green) and the total cell population (red) to
provide an indication of the cell viability (green: red ratio). Examination
of the green to red signal ratio revealed that PE and UA did not signifi-
cantly alter the viability of the infected neural cells as compared to the
DMSO control (F(3,12) ¼ 0.9214, p ¼ 0.46; Fig. 4a). This finding was
consistent with the observations from the MTS assay, where PE and UA
did not induce significant changes to the cell viability (F(3,16) ¼ 0.9368, p
¼ 0.9368; Fig. 4b). Together, these results highlight that the reduction in
parasite burden by PE and UA was not due to cytotoxicity to the host
cells.

3.5. Urolithin-A inhibits cyst formation in-vivo and alters the innate
response of infected mice towards predatory cat odor

With the earlier observations supporting the neuroprotective role of
UA against T. gondii tachyzoite growth and more importantly, the for-
mation of cysts in differentiated neural culture in-vitro (Fig. 3), we
investigated if UA could similarly attenuate neurotoxoplasmosis in-vivo.
To concurrently examine both the tachyzoite and cyst load, mice were
first intraperitoneally injected with the GFP-Pru T. gondii (Fig. 5a). 2-days
post-infection, the animals were administered with either 30 μg UA or an
equivalent volume of DMSO daily (Fig. 5a). To attain chronic infection
and evaluate cyst formation, the mice were sacrificed 39-days (~5.5
weeks) post-infection (Fig. 5a). The brains were harvested and examined
for the tachyzoite and cyst load. First, we observed that 40% of the
infected DMSO control mice succumbed to acute infection and died 10-
days post-infection, whereas UA-injected mice survived through the
experimental duration (Supplementary Fig. S2a). This suggests moderate
protection by UA against lethal acute infection. Next, we examined the
Fig. 3. Urolithin-A reduces T. gondii tachyzoite
load and leads to the formation of smaller cysts in
differentiated neural cells. 3-weeks differentiated
neural cells were infected with GFP-Pru T. gondii at
MOI 1 for 24 h followed by treatment with vehicle
control DMSO, 300 μg/ml PE, 50 μM or 100 μM UA
for 24 h. (a) Fluorescence images (top) and quanti-
fication (bottom) of GFP þ T. gondii signals, calcu-
lated as fold change against DMSO control. 150–300
cells in each treatment group per experimental set (n
¼ 4) were analyzed for the GFP signals. (b) qPCR for
SAG1 mRNA levels. mRNA levels were normalized
against GAPDH and calculated as fold change against
the DMSO control (n ¼ 3–9). (c) Immunofluores-
cence images (left) and quantification (right) of
percentage DBA þ cells. White arrows indicate DBA
þ structures. 250–450 cells in each treatment group
per experimental set (n ¼ 3) were analyzed for the
presence of DBA structure. (d) Representative images
of 2 selected DBA þ infected cells in each treatment
group (left) and diameter (right) of the DBA þ
structures. A total of 99 (DMSO), 45 (50 μM UA) and
62 (100 μM UA) DBA þ structures (one dot repre-
sents one structure) identified across 3 experimental
sets (n ¼ 3) were analyzed. The horizontal line rep-
resents the average diameter. Nuclei were stained
with DAPI. All values are mean � S.E.M. One-way
ANOVA with Dunnett’s multiple comparisons test
(DMSO set as the control) or Kruskal-Wallis test was
performed. Differences against DMSO are significant
for **p � 0.001 and ***p � 0.0001. Scale bars: 10 μm
(Fig. d), 40 μm (Fig. a) or 100 μm (Fig. c).



Fig. 4. Pomegranate extract and urolithin-A do not induce cell death. 3-
weeks differentiated neural cells were infected with Pru T. gondii at MOI 1 for
24 h followed by treatment with vehicle control DMSO, 300 μg/ml PE, 50 μM or
100 μM UA for 24 h. (a) Neurite outgrowth staining kit to assess cell viability.
Fluorescence images (top) and quantification (bottom) of green (viable cells) to
red (total cells) signal ratio (n ¼ 4). (b) MTS assay to quantify cell viability. The
graphs were plotted as fold change against DMSO control (n ¼ 5). All values are
mean � S.E.M. One-way ANOVA with Dunnett’s multiple comparisons test
(DMSO set as the control) was performed. Scale bar: 100 μm. (For interpretation
of the references to colour in this figure legend, the reader is referred to the Web
version of this article.)
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tachyzoite load in the brains of the infected mice that survived until the
end of the experiment. Interestingly, negligible SAG1 expression was
detected in both the DMSO and UA-injected mice (Supplementary
Fig. S2b). We postulate that at the stage of chronic infection, T. gondii
may have encysted, resulting in low tachyzoite form in the brain. Lastly,
we assessed the cyst load in the brains of the chronically infected ani-
mals. Quantification of the DBA þ structures revealed only a mild
reduction in the cyst count in the UA-injected mice compared to the
control mice (t(8) ¼ 1.174, p ¼ 0.2743; Fig. 5c). However, qualitative
7

analysis of the cyst size showed that UA mice have significantly smaller
cyst diameter than the DMSO mice (t(250) ¼ 3.167, p ¼ 0.0017; Fig. 5b
and 5d). This observation on cyst size was consistent with the in-vitro
findings (Fig. 3d), demonstrating that UA interferes with cyst formation.

One of the most widely regarded effect of T. gondii on rodent behavior
is the unusual attraction to cat odor in chronically infected animals
(Berdoy et al., 2000; Vyas et al., 2007). Notably, this behavioral
manipulation appears to correlate with the severity of the cyst burden in
the brain (Afonso et al., 2012; Evans et al., 2014; Xiao et al., 2016; Boillat
et al., 2020). With the earlier findings demonstrating the inhibitory effect
of UA on cyst formation in-vitro and in-vivo (Figs. 3d and 5d), we evalu-
ated whether UA administration could alter the response of infected mice
towards cat odor. To this end, we conducted the bobcat urine aversion
assay modified from the paradigm reported earlier (Boillat et al., 2020).
This assay was conducted using the same batch of chronically infected
mice assessed for cyst burden, 4-days before sacrificing them (Fig. 5a). In
this behavioral paradigm, the mice were habituated for 3 days and on the
4th day (testing day), a dish containing beddings from the homecage was
placed in one end of the arena. During the pre-exposure phase, the mice
explored the arena freely for 5 min (Fig. 5e, left). The animals were then
confined to the bisect with the homecage beddings and the bobcat urine
was introduced to the opposite bisect (Fig. 5e, right). The time spent in
the homecage beddings bisect and the bobcat urine bisect during the 10
min “exposure phase” were recorded (Fig. 5e). During the pre-exposure
stage, no difference in the time spent in the empty bisect was observed
between the DMSO and UA-injected mice (Left: t(8) ¼ 0.2658, p ¼
0.7971; Right: t(8) ¼ 0.3041, p ¼ 0.7688; Fig. 5f). However, upon
introduction of the bobcat urine, UA-injected mice were less willing to
leave the bisect containing their odor and spent less time in the cat odor
bisect as compared to the DMSO control mice (Left: t(8) ¼ 2.901, p ¼
0.0199; Right: t(8) ¼ 2.633, p ¼ 0.03; Fig. 5g). Since reduced aversion
towards cat odor in chronically infected mice is known to correlate with
the severity of the brain cyst load (Afonso et al., 2012; Evans et al., 2014;
Xiao et al., 2016; Boillat et al., 2020), the altered innate response
observed in the UA-injected mice provided additional evidence to sup-
port the reduced brain cyst burden in these animals (Fig. 5d).

4. Discussion

Toxoplasmosis continues to be a health threat to the world’s popu-
lation (Furtado et al., 2011). However, current drug regimens exhibit
significant toxicity and are ineffective against the bradyzoite tissue cysts,
counteracting efforts to fully eradicate the infection in patients (Dunay
et al., 2018). Here, we demonstrate that PE and the metabolite UA negate
neurotoxoplasmosis in-vitro by reducing tachyzoite load and inhibiting
cyst formation. Additionally, this reduction in parasite burden is not a
consequence of host cell cytotoxicity. Attenuation of proper cyst devel-
opment by UA is also recapitulated in-vivo, where UA results in the for-
mation of smaller brain cysts in the infected mice. Consequently, these
animals displayed altered innate fear response towards cat odor.
Together, our findings highlight the potential of dietary supplementation
with functional foods enriched with UA as a natural remedy for acute and
chronic toxoplasmosis. Additionally, our study supports the classical
paradigm of host behavior manipulation by T. gondii in chronically
infected rodents (Afonso et al., 2012; Evans et al., 2014; Xiao et al., 2016;
Boillat et al., 2020), where the reduction in cyst burden observed with
UA administration coincides with enhanced perceived risk towards
predatory odors.

Physiologically active ingredients from plants and herbs are increas-
ingly being recognized as sources of new drugs for the treatment of
various human diseases, including toxoplasmosis (Sepulveda-Arias et al.,
2014; Al Nasr et al., 2016; Arab-Mazar et al., 2017; Deng et al., 2019;
Adeyemi et al., 2019). Compelling evidence over the years demonstrates
the therapeutic effects of plant extracts against T. gondii in-vitro and
in-vivo (Sepulveda-Arias et al., 2014; Al Nasr et al., 2016; Arab-Mazar
et al., 2017; Deng et al., 2019; Adeyemi et al., 2019). Pomegranate fruit is



Fig. 5. Urolithin-A reduces brain cyst size and
alters the innate response of infected mice to-
wards cat odor. (a) Timepoints for the in-vivo
workflow. (b) 8 representative images of brain cysts
observed in infected mice administered with 30 μg
UA or equivalent volume of DMSO. (c) Quantifica-
tion of cyst count per gram of brain homogenate
tabulated from 4 DMSO and 6 UA mice. The line
inside the box represents the median and the cross
(x) indicates the average. (d) Analysis of the diameter
of cysts in the brains of infected animals. A total of
175 and 77 cysts were analyzed, tabulated from 4
DMSO and 6 UA mice, respectively. Each dot repre-
sents one cyst. The horizontal line represents the
average diameter of the cysts. (e) Bobcat urine
aversion assay behavioral paradigm. (f–g) Time spent
in the left bisect (left) and the aversion index (right)
during the pre-exposure and exposure phase. The
aversion index is tabulated as timeleft/timeright. The
line inside the box represents the median and the
cross (x) indicates the average. All values are mean
� S.E.M. Unpaired two-tailed t-test with a 95%
confidence interval was performed. Differences
against DMSO control are significant for *p � 0.05
and **p � 0.001. Scale bar: 20 μm.
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widely regarded as a functional food that provides health benefits beyond
basic nutrition (Johanningsmeier and Harris, 2011). Notably, UA, a gut
microbiome-derivedmetabolite produced following pomegranate intake,
is shown to be the bioactive molecule underlying the health benefits of
pomegranate consumption (Espin et al., 2013). Here, our study provided
evidence supporting dietary supplementation with PE or other
UA-enriched food as a natural therapeutic alternative for neuroto
8

xoplasmosis. Moreover, compared to the current standardized regimen of
pyrimethamine and sulfonamides, PE and UA do not elicit in-vitro
cytotoxicity.

Two other important factors need to be considered to ascertain the
protective efficacy of dietary polyphenols against cerebral toxoplasmosis:
the oral bioavailability and blood-brain barrier permeability. Poly-
phenols in diets are subjected to extensive metabolism in the gut;
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whether these natural products can persist in the enterohepatic circula-
tion to reach therapeutic concentration in the brain is still regarded with
some reservations (Figueira et al., 2017; Teng and Chen, 2019). Apropos,
gut-derived urolithins are shown to persist at high concentration in the
bloodstream following pomegranate juice intake in human subjects and
are blood-brain barrier permeable (Mertens-Talcott et al., 2006; Gas-
perotti et al., 2015; Yuan et al., 2016). These properties support UA as a
physiologically relevant in-vivo compound to target toxoplasmosis in the
brain. Nonetheless, additional optimization is needed to derive formu-
lations that can achieve sustained concentration in the brain.

T. gondii disseminates as fast replicating tachyzoites to cause acute
infection followed by differentiation into bradyzoites to form quiescent
cysts that underlie human chronic infection (Dubey et al., 1998; Dubey,
2020). These cysts can be reactivated, releasing parasites that can
convert into invasive tachyzoites to cause serious morbidity and mor-
tality in immunocompromised patients (Frenkel and Escajadillo, 1987;
Nissapatorn et al., 2004). However, the current first-line drugs can only
suppress the replication of tachyzoites and are ineffective against the
bradyzoite stage. Emerging studies have identified several natural com-
pounds that can negate the brain cyst burden in murine toxoplasmosis
(Dahbi et al., 2010; Schultz et al., 2014; Doggett et al., 2012; Bottari
et al., 2015a, 2015b, 2016; Eraky et al., 2016; Azami et al., 2018; Spa-
lenka et al., 2020). Here, our study identifies UA as a novel compound
that can interfere with cyst formation in-vitro and in-vivo. Although the
treatment paradigm used in our study was not sufficient to completely
eradicate cyst burden, UA suppressed the formation and led to the
appearance of smaller cysts. It should be noted, however, that the
reduction in tachyzoite load by UA might have caused a prophylactic
effect and hence, the downstream propensity of the parasites to form
cysts in our murine infection model. Apropos, in-vivo experiments
involving UA administration only at the chronic infection phase will
more accurately delineate the effect of PE on the cyst burden indepen-
dently of the tachyzoite load.

Several targets have been proposed to underlie the anti-T. gondii ac-
tivity of plant-derived natural products. These include interference of the
parasite DNA synthesis, RNA degradation, mitochondrial function, lipid
metabolism, glyoxalase pathway, calcium homeostasis, cytoskeleton
integrity, and locomotion (Doggett et al., 2012; Nagamune et al., 2007;
De Pablos et al., 2010; Goo et al., 2015; Alday et al., 2017; Si et al., 2018;
McConnell et al., 2018; Luan et al., 2019; Leesombun et al., 2020; Deng
et al., 2020). Pro-oxidant effect to induce oxidative stress and DNA
damage in the parasite has also been suggested (Gopalakrishnan and
Kumar, 2015; Adeyemi et al., 2020). In addition to direct parasiticidal
activity, modulation of host intracellular responses by natural phenolic
compounds to cope with the infection have also been proposed (Ietta
et al., 2017; Lee et al., 2020). Notably, the upregulation of host auto-
phagy pathway is reported to inhibit T. gondii growth (Lee et al., 2020).
Interestingly, the induction of T. gondii intrinsic autophagy activity has
also been shown to interfere with tachyzoite to bradyzoite trans-
formation (Li et al., 2016). PE and UA are known to harbor
autophagy-inducing activity (Ryu et al., 2016; Tan et al., 2019). Indeed,
this property underlies the neuroprotective effect of UA against ischemic
neuronal injury and neuroinflammation in-vivo (Ahsan et al., 2019;
Velagapudi et al., 2019). While our study did not delineate the mecha-
nism underlying the anti-T. gondii effect of PE and UA on tachyzoite
growth and cyst formation, it is possible that the autophagy-inducing
property might in part, contribute to the attenuation of parasite burden
observed in this study. Nevertheless, more studies are essential to criti-
cally decipher the mechanism underlying PE and UA actions on T. gondii
infection.

Infection by T. gondii can alter the behavior of the intermediate hosts.
Notably, infected rodents exhibit a reduced aversion to felid predators,
possibly to increase predation and reproductive fitness of the parasites
(Berdoy et al., 2000; Vyas et al., 2007; Vyas, 2015). Studies have reported
that the altered fear response is associated with the neuroendocrine axis
and the brain cyst burden (Afonso et al., 2012; Evans et al., 2014; Xiao
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et al., 2016; Boillat et al., 2020; Tong et al., 2019). More recently, neu-
roinflammation is shown to tightly correlate with the cyst load and both
factors contribute to the severity of the behavioral alteration (Boillat
et al., 2020). Here, our study demonstrates that the smaller cyst struc-
tures observed with UA administration coincide with an increased
perceived risk of the infected mice towards cat odor. Hence, we postulate
that the altered behavior is due to the reduction in brain cyst burden in
the UA-injected mice. However, it is also important to examine the effect
of UA on uninfected animals to exclude the possibility that the behavioral
change is due to UA exclusively independent of T. gondii infection.
Additionally, it should be noted that UA harbors anti-neuroinflammatory
properties (Gong et al., 2019; Xu et al., 2018; DaSilva et al., 2019; Lee
et al., 2019). Whether this anti-inflammatory characteristic could be a
confounding variable that influences the behavioral outcome of the
UA-injected mice should be investigated.

Defensive traits are important for survival and are innately expressed
in many species. The polyphenol production in plants is itself a form of
chemical defense against herbivory and microbial pathogens (Mayer,
2006). Plant-derived polyphenols are often used by primary consumers
to sequester and use these in their chemical arsenal. A large body of
literature suggests that such repurposing of plant polyphenols can have
tri-trophic influences on prey-predator relationships between primary
and secondary consumers (Sun et al., 2019; Sentis et al., 2019; Boege
et al., 2019). Thus, it will be interesting to explore if the effect of UA has
ecological relevance for the immunity of wildlife rodents to T. gondii
infection and consequently, the consumption rates by their felid
predators.

The identification of new remedies for the treatment of cerebral
toxoplasmosis is important. Together, our study demonstrates the po-
tential of dietary supplementation with functional foods enriched with
UA as a natural remedy to combat neurotoxoplasmosis. Our findings are
new and promising, highlighting a safer and cheaper alternative to cur-
rent therapeutic regimens to mitigate acute and chronic T. gondii infec-
tion in humans.
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