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Abstract

The central nervous system of the intermediate host plays a central role in lifelong persistence of Toxoplasma gondii as
well as the pathogenesis of congenital toxoplasmosis and reactivated infection in immunocompromised individuals. The
purinergic system has been implicated in a wide range of immunological pathways for controlling intracellular responses
to pathogens, including 7. gondii. In the present study, we investigated the effect of resveratrol (RSV) on
ectonucleotidases, adenosine deaminase (ADA), and purinergic receptors during chronic infection by 7. gondii. For this
study, Swiss mice were divided into control (CTL), resveratrol (RSV), infected (INF), and INF+RSV groups. The
animals were orally infected with the VEG strain and treated with RSV (100 mg/kg, orally). Ectonucleotidase activities,
P2X5, P2Y;, Al, and A, purinergic receptor density, ROS, and thiobarbituric acid reactive substances levels were
measured in the cerebral cortex of mice. 7. gondii infection increased NTPDase and reduced ADA activities. Treatment
with RSV also affected enzymes hydrolysing extracellular nucleotides and nucleosides. Finally, RSV affected P1 and P2
purinergic receptor expression during 7. gondii infection. Overall, RSV-mediated beneficial changes in purinergic sig-

nalling and oxidative stress, possibly improving cerebral cortex homeostasis in 7. gondii infection.
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Introduction

Toxoplasmosis is an anthropozoonosis of warm-blooded
hosts, caused by the intracellular protozoan Toxoplasma
gondii. It affects an enormous proportion of the world’s pop-
ulation (Tenter et al. 2000; Hill & Dubey, 2006). T. gondii
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traffics to the central nervous system (CNS), where causes
neurotoxoplasmosis (McAuley, 2014). Intracerebral prolifera-
tion of T gondii in immunocompromised individuals easily
disseminates in neurons, and astrocytes can lead to
Toxoplasma encephalitis, characterised by high morbidity
and mortality rates (Cook et al. 2015).

Dissemination of 7. gondii throughout the host CNS is
thought to be mediated by infected immune cells, including
phagocytic brain macrophages, which efficiently restrain par-
asite growth and act as important inhibitors of 7" gondii spread
throughout the CNS (Hitziger et al. 2005; Mendez and Koshy,
2017). However, the parasite can manipulate host resistance
mechanisms at several points along inflammatory pathways,
including purinergic and oxidative systems (Petit-Jentreau
et al., 2017). This delicate balance between host and parasite
survival promotes modifications of extracellular nucleotide
and nucleoside levels and causes excessive tissue damage,
leading to host cell apoptosis (Chaudhary et al. 2004).

Purinergic signalling enzymes and receptors participate in
many vital functions in the CNS, including neurotransmis-
sion, synaptic plasticity, neuromodulation, and regulation of
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inflammatory responses (Burnstock & Boeynaems, 2014).
The P2X; receptor recently emerged as an important compo-
nent of the innate immune response against infectious diseases
including 7. gondii infection. Several studies have implicated
the role of the purine nucleotide ATP and the P2X5 receptor in
the immune response and clearance of 7. gondii (Lees et al.,
2010; Corréa et al., 2010). ATP acts as an important extracel-
lular messenger produced as a result of cellular damage
(Gallucci & Matzinger, 2001).

ATP binding to the P2X; receptor initiates a cascade of
mechanisms in order to remove the pathogen by fusion of
phagosomes, production of reactive oxygen species (ROS),
and modulation of host cell apoptosis during 7. gondii infec-
tion (Corréa et al., 2010).

Similarly, the stimulation of adenosine receptors by extra-
cellular adenosine plays an important role as a homeostatic
modulator in the CNS (Cunha, 2001). Several studies have
highlighted the fact that CD73 enzyme knockout mice that
lack the ability to generate extracellular adenosine are
protected from 7. gondii chronic infection; infected animals
are characterised by significantly fewer parasite cysts
(Mahamed et al., 2012,2015). A1 and A, receptors are wide-
ly expressed in the CNS; their activation may be an important
stop signal to prevent excessive stimulation of inflammation,
avoiding excessive cellular damage in the pathogenesis of
infectious diseases such as toxoplasmosis (Thiel et al.,
2003). Some studies conducted by our research group have
reported the influence of 7. gondii infection on purine en-
zymes and receptors in cultures of infected neural precursor
cells (Bottari et al., 2018a, b). In the present study, we deter-
mined, for the first time, the regulatory effect of RSV on the
purinergic system during in vivo chronic infections by
T. gondii.

Identification of metabolic differences in infected host cells
and comprehension of molecular mechanisms underlying
T. gondii infection has become relevant to define new targets
for pharmacological agents, leading to more effective thera-
peutic approaches for neurotoxoplasmosis. In this study, we
investigated the effects of resveratrol (RSV), a non-flavonoid
polyphenol, naturally present in a number of dietary sources
including red grapes, berries (e.g. cranberries, bilberries, blue-
berries), peanuts, and red wine (Frémont, 2000). A study
showed that RSV has pleiotropic activities, including antiox-
idant and anti-inflammatory effects, as well as antiapoptotic
actions, supporting the idea that this is one of the most prom-
ising compounds for the treatment of neurological conditions
and diseases (Baur and Sinclair, 2006).

A prior study conducted by our research group showed that
RSV improved behavioural alterations and attenuated tissue
inflammatory processes in the brains of mice infected by
T gondii (Bottari et al. 2016). RSV counteracted the effects
of T. gondii on enzymes hydrolysing extracellular nucleotides
and nucleosides in an in vitro study using neural progenitor
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cells (Bottari et al., 2018a, b). Against this background, in the
present study, we determine whether treatment with RSV
would affect purinergic signalling and reduce oxidative dam-
age in the cerebral cortex of mice infected with 7. gondii in
order to preserve CNS homeostasis.

Material and methods
Animals and infection

For this study, we maintained 40 Swiss female mice with a
mean age of 60 days, weighing 25+5 g, in boxes of five
animals each, under a 12-h light/dark cycle with controlled
temperature and humidity (25 °C, 70%, respectively). The
animals went through an adaptation period of 10 days and
were fed with commercial food and water ad libitum. All
animal procedures were approved by Ethics Committee on
the Use of Animals from Federal University of Santa Maria
(protocol number: 95090109/15).

The T. gondii VEG strain-type 11l was kept in the labora-
tory using mice as hosts, performing a constant passage from
one animal to another in order to maintain virulence. Animals
were orally infected with 100 pL of cerebral homogenate
containing 30 parasitic cysts of 7. gondii. For verification of
infection, one of the animals of this group was euthanised, and
brain homogenate containing tissue cysts was used for
inoculum.

RSV treatment

RSV (Cy4H;,05; molecular weight 228.25 g/mol; purity of >
98%) purchased from Sigma-Aldrich (St. Louis, MO, USA)
was diluted in 0.1% dimethylsulfoxide (DMSO) and water to
a final concentration of 100 mg/kg. RSV was orally adminis-
tered for 10 days to adult mice, as previously described by
Bottari et al. (2016).

Experimental design

Mice were randomly divided into four experimental groups
(n=10): control (CTL), resveratrol (RSV), infected (INF),
and INF treated with RSV (INF+RSV). Twenty days post-
infection, animals were further treated with RSV over the sub-
sequent 10 days. After 30 days, the animals were
anaesthetised under isoflurane before cardiac puncture and
were euthanised. The brains were removed and the cortexes
were isolated for subsequent analyses.

Brain tissue preparation

The brains were removed and separated into cerebral cortex
sections. Total cerebral cortexes were weighed and allocated
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into test tubes. Hemispheres were homogenised at a 1:10 vol-
ume ratio in 10 mM Tris—HCI, pH 7.2, buffer. All these pro-
cedures were performed at 4 °C.

Enzymatic assays

E-NTPDase and E-5-nucleotidase (5'-NT) enzymatic activi-
ties of cerebral cortex were determined using the methods
described by Schetinger et al. (2000) and Heymann et al.
(1984), respectively. Enzymatic preparations (20 uL; 8—
12 pg of protein) were added to the system for E-NTPDase
or 5'-nucleotidaseand pre-incubated at 37 °C for 10 min. The
reactions were initiated by the addition of substrate (ATP,
ADP, or AMP). Enzyme activities are reported as nmol Pi
released/min/mg protein.

ADA activity of cerebral cortex was determined according
to Guisti & Galanti (1984). Brain samples (50 pL of homog-
enates) were added to 21 mM/L of adenosine pH 6.5 and
incubated for 60 min at 37 °C. The results were expressed as
U ADO/mg protein.

Western blot

Samples of the cerebral cortex were homogenised in ice-cold
radioimmunoprecipitation assay buffer (RIPA buffer) with
1 mM protease and phosphatase inhibitors and centrifuged at
10.000 g at 4 °C for 10 min. Protein concentrations were
determined using the BCA Protein Assay Kit (Sigma-
Aldrich). Diluted samples were separated using sodium dode-
cyl sulphate (SDS) polyacrylamide gel electrophoresis and
transferred onto nitrocellulose membranes (Amersham
Biosciences, UK). After blocking, membrane samples were
incubated overnight at 4 °C with primary antibodies pur-
chased from Santa Cruz Biotechnology directed against the
P2X; receptor (dilution 1:500), the P2Y receptor (dilution
1:500), the adenosine A; receptor (dilution 1:500, Santa
Cruz Biotechnology, CA, USA), or the A, (1:800); mem-
branes were incubated with anti-rabbit or anti-mouse second-
ary antibodies (dilution 1:10.000, Santa Cruz Biotechnology)
for 90 min at room temperature. The membranes were incu-
bated with an enhanced chemifluorescent substrate
(Amersham Biosciences) and analysed with an Amersham
Imager 600. The membranes were re-probed and tested for
[3-actin immunoreactivity as a control for protein concentra-
tion as described by Rebola et al. (2003).

Reactive species and thiobarbituric acid reactive
substance measurements

Intracellular reactive oxygen species were measured by 2'-7'-
dichlorofluorescein (DCF) levels by Myhre et al. (2003). DCF
levels were determined using a standard curve of DCF, and the
results were expressed as log U DCF/mg protein.

The lipid peroxidation was determined by thiobarbituric
acid reactive substance (TBARS) levels according to
Ohkawa et al. (1979) as an end-product of lipid peroxidation
by reaction with thiobarbituric acid (TBA). The results of
TBARS levels were expressed as nmol MDA/mg protein.

Protein determination

Protein levels in SDS-PAGE were measured by Coomassie
blue method as previously described by Bradford (1976)
using bovine albumin serum as standard.

Quantitative cysts distribution and histopathology
analysis in cerebral cortex

The distributions of 7. gondii cysts and histopathological le-
sions in the brains of infected mice were analysed using stan-
dard histological techniques. Three cerebral cortex each group
were fixed in formaldehyde (10% in PBS) at pH 7.2 for sub-
sequent dehydration and paraffin embedding. Slices of 5 um
were prepared and stained with haematoxylin-eosin (H&E).
The images were obtained by digital camera and light micro-
scope images. The cyst number was counted twice in 10 pL of
the homogenate cortex using light microscopy.

Statistical analysis

Results were expressed as mean values + standard error of the
mean (SEM). Statistical analysis was assessed by two-way
analysis of variance (ANOVA) followed by the Tukey’s post
hoc test using the GraphPad Prism (Version 5.0) software.
Differences between mean values were considered statistically
significant at *p < 0.05 from the control group or #p <0.05
from the infected group.

Results

RSV modulates ectonucleotidase and ADA enzyme
activities in the cerebral cortex of mice infected by
T. gondii

The results obtained for E-NTPDase, E-5'-NT, and ADA ac-
tivities are shown in Fig. 1. ATP, ADP (Fig. 1a, b) hydrolysis
by NTPDase, and AMP (Fig. 1c) hydrolysis by 5'-NT were
significantly increased (50%, 2%, and 48%, respectively) in
the INF group compared with the CTL group. Treatment with
RSV significantly decreased ATP (20%) and AMP (10%) hy-
drolysis by NTPDase and 5'-NT, respectively, in the INF+
RSV group compared with the INF group, possibly acting as
an anti-inflammatory molecule on these enzymes.

Infected mice by 7. gondii presented a reduction in ADA
activity (62%) when compared with the control group. RSV
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Fig. 1 Effects of RSV on nucleoside triphosphate diphosphohydrolase
(NTPDase), 5"-nucleotidase (5'-NT), and adenosine deaminase (ADA)
activities in the cerebral cortex of mice infected by 7. gondii. a ATP
hydrolysis. b ADP hydrolysis. ¢ AMP hydrolysis. d Adenosine as a

treatment was able to increase ADA activity (8%) in the cere-
bral cortex of infected mice when compared with the INF
group, possibly due to RSV neuroprotector effects (Fig. 1d).

RSV-mediated reversal of changes in purine receptors
in the cerebral cortex of mice infected by T. gondii

Considering the alterations of ectonucleotidases enzymes by
T gondii infection, P1 and P2 purinergic receptor subtype
expression patterns were determined by Western blot
(Fig. 2). The cerebral cortex showed a significant increase in
P2X; receptor expression in the INF group in comparison
with the CTL group. RSV treatment decreased P2X; receptor
density in a per se effect, probably due to its anti-inflammatory
property. In addition, RSV diminished P2X; receptor expres-
sion in the infected treated groups (INF+RSV) when com-
pared with controls (p < 0.05) (Fig. 2a).

T gondii infection induced an increase in P2Y, receptor
expression in the cerebral cortex (p <0.05) when compared
with the CTL group (Fig. 2b). RSV significantly reduced of
P2Y receptor expression levels in the infected treated (INF+
RSV) groups when compared with INF and CT (control)
groups (p < 0.05), demonstrating the influence of RSV on P2
receptors.
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substrate. Data represent mean values + SEM (n = 10 animals per group)
analysed by two-way ANOVA with Tukey’s post hoc test. *p <0.05 (*-
significant differences from the control group; *significant differences
from the infected group)

Al receptor density was significantly increased in the INF
group compared with the CTL group (Fig. 2c). On the other
hand, infected animals treated with RSV (INF+RSV) in-
creased Al receptor expression in the cerebral cortex when
compared with the INF group, suggesting that RSV could
trigger a protector mechanism against 7. gondii infection.
A, A receptor density showed a decrease in the INF group in
comparison with the CTL group (Fig. 2d). Instead, infected
animals treated with RSV (INF+RSV) decreased A, 4 receptor
density when compared with the INF group, as a possible
mechanism to attenuate neuroinflammation.

RSV attenuates lipid peroxidation and reactive
species triggered by T. gondii infection in the cerebral
cortex

Once T. gondii crosses the blood-brain barrier, the parasite
invades the host cell and triggers an inflammatory response
in the brain. Thus, we hypothesised that the presence of
T. gondii cysts in the cerebral cortex establishes an oxidative
process leading to the apoptosis of the host cell and the release
of high ATP levels. In this sense, ROS and TBARS were
determined (Fig. 3). Production of RS was significantly in-
creased in the INF group compared with the control
(» <0.05). However, infected animals treated with RSV
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(INF+RSV) demonstrated decreased RS production compared
with the control group (Fig. 3a).

Besides the formation of intracellular reactive species,
T gondii also induced membrane damage (Fig. 3b). TBARS
levels were significantly increased in the INF group compared
with the control group (p <0.05). Infected animals treated
with RSV showed decreased TBARS levels in their cerebral
cortex compared with the INF group. Treatment with RSV per
se had no influence on TBARS levels (p > 0.05).
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Fig. 3 RSV treatment decreases lipidic peroxidation and reactive species
in the cerebral cortex induced by 7" gondii in mice. a Intracellular reactive
species production by 2'-7'-dichlorofluorescein levels in the cerebral
cortex of T. gondii-infected mice treated with RSV. b Lipid
peroxidation measured by thiobarbituric acid reactive substances in the
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Histopathological impacts of RSV in brain of infected
mice

In order to provide parasite infection and verify brain alter-
ations induced by T gondii cysts, number and cortex histopa-
thology were performed (Fig. 4). The data shows presence of
T. gondii cysts in cortex of infected mice (7 £+ 1.38) (Fig. 4a).
Moderate inflammatory infiltrates composed of lymphocytes,
plasma cells, epithelioid macrophages, and neutrophils can be
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cerebral cortex of 7. gondii-infected mice treated with RSV. The data
represents mean values = SEM (n =10 animals per group). ANOVA
followed by Tukey’s post hoc test. *p <0.05 (*significant differences
from the control group; *significant differences from the infected group)
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Fig. 4 Histopathological impacts of RSV in brain of infected mice. a
Brain histopathology of 7 gondii-infected mice showing parasitic cysts
(arrow). b Brain histopathology of 7. gondii-infected and treated with
RSV mice. ¢ Moderate inflammatory infiltrates (*) composed of
lymphocytes, plasma cells, epithelioid macrophages, infiltration of
macrophages, and neutrophils. d Light lymphoplasmacytic
inflammatory infiltrate (*) consisting predominantly of lymphocytes

observed (Fig. 4c) in infected animals. However, RSV treat-
ment reduces inflammatory infiltrates (Fig. 4d) but not cyst
number (5 £ 1.94) (Fig. 4f) in infected animals. No significant
differences were observed in cyst number quantification be-
tween groups.
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and plasma cells, as well as some macrophages and presence of
parasitic cysts of 7' gondii (arrow). e Parasitic cysts measuring about
30 wm diameter and filled with bradyzoites. f Quantitative cyst
distribution (number cysts/pl homogenate) in cortex of mice infected by
T. gondii. The data represents mean values = SEM (n =5 animals per
group) analysed by Student’s ¢ test (no difference between groups; p >
0.05)

Discussion
Different mechanisms have been developed by host cells to

limit the immune response during chronic toxoplasmosis dis-
ease and to eliminate the parasite. In this context, the
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purinergic system is a common route of cell-cell communica-
tion involved in many neuronal and non-neuronal mecha-
nisms and in short- and long-term events, including immune
responses, inflammation, and cell death that can contribute to
parasite elimination (Burnstock and Boeynaems, 2014). In the
present study, we investigated for the first time whether RSV
modulates purinergic signalling during in vivo 7. gondii
chronic infection and could ameliorates cerebral oxidative
stress and inflammatory process.

We found that NTPDase and 5'-NT enzyme activities in the
cortex were affected by RSV treatment during 7" gondii infec-
tion. NTPDase and 5'-NT activities of the cerebral cortex in
infected and treated mice were reduced when compared with
infected and untreated mice group (Fig. 1a, c) suggesting that
RSV exerts effects on controlling ATP and ADP degradation,
respectively. During 7. gondii infection, the release of ATP by
host cells constitutes a danger signal alerting the immune sys-
tem about abnormal cell death (Di Virgilio et al. 2009). As
observed in this study, the increase in NTPDase activity in
infected mice seems to be necessary to hydrolyse high extra-
cellular ATP levels.

In addition, adenosine deaminase (ADA) activity was sig-
nificantly reduced in infected animals when compared with
control mice (Fig. 1d). T gondii uses host extracellular aden-
osine to persist in the CNS as an encapsulated form, as already
reported by Krug et al. (1989), also suggesting that adenosine
production could be significantly diminished during 7. gondii
infection. However, ADA activity augmented following RSV
treatment of 7. gondii-infected mice. These results suggest a
subtle neuromodulator effect of RSV on adenosine levels in
the brain through ADA activity during 7. gondii infection.

In pathological conditions, adenosine plays a protective
role by modulating the release of neurotransmitters and also
acting as an endogenous regulator of innate immunity and in
the defence of the host against excessive tissue damage asso-
ciated with inflammation. In this line, adenosine is considered
a signalling molecule also associated with cellular damage,
but with antagonistic actions related to ATP (Cunha 2001;
Hasko6 & Cronstein, 2004).

Once in the extracellular environment, nucleosides and nu-
cleotides activate two families of purinergic receptors, named
P1 and P2 receptors, respectively, which are located on the
surface of immune resident cells in the CNS (Burnstock &
Boeynaems, 2014). Our results showed that 7 gondii infec-
tion stimulated both P2X5 and P2Y, receptor expression in the
cerebral cortex (Fig. 2a, b). Thus, extracellular ATP, liberated
by cells during apoptosis, activates the P2X- receptor and also
upregulates its expression. The discrepancy is potentially due
to differences in cells that may express different levels of
P2X7. Similarly, ATP and ADP nucleotides binding to the
P2Y, receptor increase its cellular expression. Studies have
demonstrated that the upregulation of the P2X; receptor dur-
ing T. gondii infection triggers inflammasome formation,

culminating in mature IL1-(3 release, also known to participate
in pro-inflammatory events (Qu et al. 2007). Furthermore,
continued activation of P2X receptors by ATP during chronic
infection has been proposed as a mechanism for the elimina-
tion of 7. gondii tachyzoites from infected macrophages
(Correa et al. 2010).

Treatment with RSV regulated P2X; and P2Y, receptor
expression in the cerebral cortex of infected mice (Fig. 2a,
b). The effect of RSV on P2X; receptors was shown by our
research group in infected neural precursor cells (Bottari et al.,
2018a, b). Together, our data suggest that increased expres-
sion of P2X; and P2Y receptors during 7. gondii infection
was reverted by RSV treatment due to the anti-inflammatory
property of this molecule as already reported by Huang et al.
(2014).

T. gondii infection increased A1 but not A4 receptor den-
sity in the cortex of infected mice (Fig. 2¢, d). In addition,
RSV treatment significantly up- and downregulated A1 and
A, A receptor densities, respectively, in the cortexes of infected
mice. Al and A, adenosine subtypes of receptors are highly
expressed in the brain cortex and play important roles in the
regulation of many brain functions in the CNS. Most notably
Al receptors are associated with neuromodulator effects, and
A, receptors are involved in neuroinflammatory and brain
injury processes (Cunha, 2001). Our results reveal that RSV
modulates adenosine signalling through A1 receptor-mediated
neuroprotector action during 7. gondii infection (Fig. 2¢). On
the other hand, results indicate that RSV acts as an antagonist
of the A,4 receptors, preventing neuroinflammation during
T. gondii infection (Fig. 2d).

To strengthen the hypothesis of whether RSV reduces ox-
idative damage in the cerebral cortex and attenuates cellular
damage, oxidative parameters were also evaluated. Here, we
showed that the intracellular parasite 7. gondii increases RS
and TBARS levels’ production in the cerebral cortex during
chronic infection when compared with the control group (Fig.
3a, b) inducing oxidative stress. Previous studies revealed that
T. gondii infection can lead to oxidative stress as a defence
mechanism of the host cell to avoid parasite survival and rep-
lication (Coutinho-Silva et al., 2009). However, RSV treat-
ment proved to be a potent antioxidant reducing the RS and
TBARS production in infected mice, avoiding lipid peroxida-
tion and reactive species release during CNS infection by
T. gondii.

Finally, during the chronic stages of infection, encysted
parasites are found in the brain (Fig. 4). A recent study by
Chen et al. (2019) showed direct and indirect inhibitory effects
of RSV against T gondii tachyzoites in vitro showing a clear
image of the effect of this compound on the parasitic load.
Treatment with RSV was not able to reduce parasite cysts
but it attenuated inflammatory processes in the cerebral cor-
tex, probably due to anti-inflammatory effects and modulation
of purinergic signalling.
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Conclusion

We demonstrated the potential effects of RSV on purinergic
signalling, oxidative, and inflammatory status during chronic
infection by 7. gondii. We found that RSV affected enzymes
hydrolysing extracellular nucleotides and nucleosides and
positively regulated purinergic receptors as a mechanism to
eliminate the parasite and avoid oxidative damage in the ce-
rebral cortex of infected mice. We also found an anti-
inflammatory and neuroprotector mechanism of RSV through
adenosine signalling by regulating A1 and A2A receptors ex-
pression during 7. gondii infection. Taken together, our find-
ings suggest that targeting purinergic signalling through RSV
modulation could be a novel therapeutic strategy in the treat-
ment of neurotoxoplasmosis and may counterbalance the neg-
ative alterations triggered by 7. gondii in the CNS.
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