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Abstract

Neosporosis is the major cause of abortion and reproductive failures in cattle, leading to significant economic losses. In this
study, we evaluated the impact of Neospora caninum infection on oxidative stress (OS) markers and local cytokine mRNA
expression at the placenta, as well as its effect on the progesterone (P,) serum levels and systemic cytokine profile in a
pregnant mouse model. Infected pregnant mice (NC-1 group) showed increased percentages of fetal losses and IFN-y serum
levels, decreased serum progesterone, increased placental mRNA expression levels of both Thl-type (IFN-y and TNF-a)
and Th2-type (IL-4) cytokines, and inhibited expression of TGF-f1 (Treg) compare to control dams (CONTROL group). In
addition, lipid peroxidation and ROS were increased, whereas the antioxidant enzymes, superoxide dismutase (SOD), and
catalase (CAT) activities were modified in the placentae of infected mice compared to control mice. These findings demon-
strate that multiple factors, including placental OS, are involved in fetal losses associated with N. caninum infection in mice,

thus OS contribution to the placental physiopathology of neosporosis in other hosts must not be ruled out.
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Introduction

Neosporosis is a worldwide distributed infectious disease
caused by Neospora caninum, an apicomplexan parasite rec-
ognized as the major etiological agent of abortion in cattle
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(Innes 2007). Despite cattle can be horizontally infected with
N. caninum, the vertical transmission through the placenta
is largely the major route of infection (Lopez-Pérez et al.
2010). Prime-infection or recrudesce of bovine neosporosis
during pregnancy may result in fetal death, the birth of a
weak calf, or the birth of a clinically normal but persistently
infected calf (Rosbottom et al. 2011). The mechanisms under-
lying fetal death are unclear, but it has been suggested that it
could be a result of (i) the direct injury of placental or fetal
tissues by the proliferating parasite; (ii) the indirect effect
of the damage or inflammation of the placenta, leading to
insufficient delivery of oxygen and nutrients to the fetus or
its the immune expulsion, respectively (Quinn et al. 2002),
and/or (iii) the result of the luteolytic effects caused by the
increased release of maternal prostaglandins and inflamma-
tory cytokines, suggesting an important immune component
in bovine neosporosis (Innes 2007). In this regard, high levels
of seruminterferon-y (IFN-y) in N. caninum infection dur-
ing pregnancy may be considered as a double-edged sword;
since, despite IFN-y is essential for the development of host
protective immunity against the parasite (Entrican 2002), a
successful gestation has been thought to be accompanied by a
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bias away from T helper 1 (Th1)-type cytokines and toward T
helper 2 (Th2)-type cytokines (Quinn et al. 2002), which also
implies that high levels of peripheral IFN-y would contribute
to the disruption of pregnancy.

Beyond the uncertainties, it is clear that the placenta plays
a key role in the pathogenesis of N. caninum infection in cat-
tle (Entrican 2002).The placenta is a vital organ that forms
a connection between the mother and the fetus, mediating
nutrient, oxygen, and hormone exchanges between them,
also acting as an immune protective barrier (Arck et al.
2007). The high metabolic demand that rules the normal
physiology of the placenta defines it as an organ of active
oxygenic metabolism, where not only reactive oxygen spe-
cies (ROS) but also antioxidants are formed (Wu et al. 2016).
In neosporosis, the role of ROS has been scarcely studied
and remains controversial. Despite it has been suggested that
ROS and its signaling pathway are crucial in the resistance
against N. caninum infection both in vivo and in vitro (da
Silva et al. 2017; Mota et al. 2020), a recent report by Tao
et al. (2022) affirmed that increased ROS levels triggered
by the infection were associated with mitochondrial damage
in caprine endometrial epithelial cells in vitro, potentially
contributing to the pathophysiology of abortion. Taking into
account that the role of oxidative stress (OS) in the placenta
of N. caninum-infected animals remains unexplored, the aim
of the present report was to investigate OS markers, endo-
crine, and immune changes in the placenta of pregnant mice
experimentally infected with N. caninum.

Material and methods

Animals, experimental design, and analyzed
parameters

It has been proposed that pregnant models of N. caninum
infection at mid-gestation are those that better mimic the
dynamics and outcome of natural infections (Horcajo et al.
2016). In fact, it has been demonstrated that N. caninum
infection at mid-gestation had the most severe consequences
for the offspring when compared to infection in early or late
gestation, and leads to the highest rate of vertical transmis-
sion and fetal mortality in mice (Lopez-Pérez et al. 2008).
Taking these data into account, the mouse model of congeni-
tal infection at mid-gestation described by Lopez-Pérez et al.
(2010) and reproduced in our laboratory (Bengoa-Luoni
et al. 2019) was employed in this research. The sample size
calculation was based on the percentage of NC-1 + placen-
tae (58%) obtained by Lopez-Pérez et al. (2010). In order
to ensure independence among the samples of each group,
we considered only one placenta per litter. The power of the
experiment was set to P=90% and alpha level to P =0.05,
resulting in a minimum sample size of n =8 dams per group
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(Garcia-Garcia et al. 2013). Briefly, 40 BALB/c mice aged
8 to 10 weeks were randomly allocated in two groups (NC-1
and CONTROL) and mated in harem with male BALB/c
mice (2 females/1 male) (Bioterium of the Faculty of Exact
and Natural Sciences of the University of Buenos Aires,
Argentina). The day of appearance of vaginal plug was
considered as gestational day 0.5 (0.5. G.D). The pregnant
mice obtained in NC-1 group (n=_8) were experimentally
infected with 2x 10° freshly purified NC-1 tachyzoites by
s.c. injection in 200 pl of sterile PBS per mouse on 7.5
G.D. (NC-1 group), whereas the dams from the CONTROL
group (n=14) received only vehicle. On 17.5 G.D. (10days
post-infection), dams were euthanized on CO, chamber, and
blood was collected by cardiac puncture.

Sera were separated and stored at — 70 °C to quantify sys-
temic cytokines: interleukine 4 (IL4), interleukine 5 (IL-
5), interleukine 10 (IL-10), and IFN vy, as well as proges-
terone (P,) levels. After performing cesarean section, the
litter size was determined by counting feto-placental units,
and viable ones were identified as described by Lopez-
Pérez et al. (2010). Placentae were carefully removed by
dissection and immediately processed for the determi-
nation of total ROS by the membrane-permeant probe
5-(and-6)-chloromethyl-2’,7'-dichlorofluorescein diacetate
(DCFH-DA), or frozen in liquid N? and stored at — 70 °C
to determine lipid peroxidation, catalase (CAT), and total
superoxide dismutase (SOD) activities, expression of pla-
cental cytokines by RT-qPCR, and parasite load by qPCR.

The parameter “pregnancy loss” corresponds to the
number of pregnant females with at least one dead fetus
or reabsorbed decidua/total number of pregnant females
with feto-placental units (percentage), whereas the “indi-
vidual pregnancy loss rate” is defined as the ratio of dead
fetuses + reabsorbed deciduas/total feto-placental units in
each pregnant mouse (percentage).

All procedures involving animals were conducted in
accordance with the Animal Care and Use Committee of
Consejo Nacional de Investigaciones Cientificas y Técnicas
(CONICET), 1996, and the studies were approved by the
Independent Ethics Committee for the Care and Use of Exper-
imental Animals of National University of General San Mar-
tin (C.I.C.U.A.E., lIB-UNSAM, protocol number 006/21).

Progesterone and cytokine serum levels in dams

Serum P, concentrations were determined by chemilumi-
nescence immunoassay performed using ADVIA Centaur
Immunoassay System (BAYER, Argentina). Serum cytokine
levels (IFN- vy, IL-4, IL-5, and IL-10) were determined by
capture ELISA commercial kits (Pharmingen; BD Bio-
sciences, Sandiego, CA) following manufacturer’s instruc-
tions. Each sample was run in duplicate and two independent
ELISAs were performed.
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Cytokine expression and quantification of parasite
load in placentae

Total RNA was isolated from frozen placentae by Trizol
reagent following the manufacturer’s instructions (Invit-
rogen Life Technologies, Carlsbad, CA, USA). Reverse
transcription was accomplished by using M-MLV reverse
transcriptase (Promega, Wisconsin, USA), oligo dT20 (Inv-
itrogen), and 4 pg of total RNA according to the manufactur-
er’s instructions. The steady-state mRNA levels of placen-
tal cytokines IL-4, IFN-y, TNF-a, and transforming growth
factor-p1 (TGF-p1) were analyzed by RT-qPCR. The $-actin
gene (Actb) was used as reference gene based on previous
studies in the mouse placenta (Lopez-Pérez et al. 2010;
Solano et al. 2016; Souza et al. 2023). Genomic DNA was
extracted using Accuprep genomic DNA (gDNA) extraction
kit (Bioneer, Korea) from 1x 107 tachyzoites from N. cani-
num NC-1 strain or 50 mg of placental tissue following the
manufacturer’s instructions. The parasite load in placental
tissue and host DNA were quantified by gPCR as previously
described by Bengoa-Luoni et al. (2019) in two different
placentae from each mice of CONTROL (n =28 placentae)
and NC-1 (n= 16 placentae) groups. Primer sequences for all
the experiments are listed in Supplementary Table 1.

Oxidative stress parameters

The ROS produced within placental cells were detected with
the membrane-permeant probe 5-(and-6)-chloromethyl-2',7'-
dichlorofluorescein diacetate (DCFH-DA) as previously
described (Lautraite et al. 2003). Briefly, placental cells
(1x 10° cells) obtained as described by (Clark and Chaouat
1986) were incubated in the dark with 10 uM DCFH-DA
(Sigma Chemical Co.) for 25 min at 37 °C. Fluorescence was
measured immediately after the addition of the probe (0 m)
and after the incubation period (25 min) in total incubates
(cells + exposure medium) directly in each well at an excita-
tion wavelength of 488 nm and an emission wavelength of
530 nm. (Hitachi F2000 Fluorescence Spectrophotometer,
Tokyo, Japan). The method used to assess thiobarbituric acid
reactants (TBARS) quantifies the amount of malondialde-
hyde (MDA) present in cell homogenates that reacts with
trichloroacetic acid (TCA)- thiobarbituric acid (TBA)-HCI
(15% wiv; 0.375% wiv; and 0.25 M respectively) to give
red species absorbing at 535 nm (TBARS) and was previ-
ously described by Sander et al. (2008). To evaluate total
SOD and CAT activities, placentae were homogenized in
50 mM phosphate buffer (pH=7.2), centrifuged at 3000 rpm
for 10 min at 4 °C and supernatants were collected. Total
SOD activity was assayed by measuring the inhibition of
xanthine oxidase-dependent reduction of nitroblue tetrazo-
lium (Moriconi et al. 2012). Supernatants were used in a
reaction mixture containing 0.1 mM nitroblue tetrazolium,

0.1 mM EDTA, 50 M xanthine, and xanthine oxidase in
50 mM potassium phosphate buffer (pH 7.8). One unit of
SOD is considered to be the amount of enzyme that inhib-
its the control rate by 50% (0.025 units min~!, absorbance
at 560 nm). Catalase activity was measured as previously
informed by Sander et al. (2008).

Statistical analysis

Statistical analyses were carried out using GraphPad Prism
7 Software (GraphPad, CA, USA). Results are informed as
mean + SEM. Differences between groups were assessed by
unpaired 7 tests followed by Welch’s correction or one-way
analysis of variance (ANOVA) test (where appropriate).

Results and discussion

In the present study, we used a pregnant mouse model of
N. caninum infection at mid-gestation because it has been
demonstrated that these models better mimic the dynamics
and outcome of natural neosporosis (Horcajo et al. 2016),
making them especially interesting. This model is character-
ized by vertical transmission of neosporosis and increased
neonatal death of offspring (Bengoa-Luoni et al. 2019), and
in the current research, it was employed to evaluate oxida-
tive, immunological and endocrine parameters involved
in placental function. The litter size was similar between
NC-1 and CONTROL groups (4.18 +0.49 vs. 4.71 +£0.99,
respectively; P> 0.05). However, the macroscopic evalua-
tion of most of the uteri and placentae from infected mice
showed abnormalities and presented, at least, one dead fetus
or reabsorbed decidua when examined, which resulted in a
pregnancy loss rate (number of pregnant females with at least
one dead fetus or reabsorbed decidua/total number of preg-
nant females with feto-placental units) of 75% in the NC-1
group whereas there were no pregnancy losses in CONTROL
group. In addition, the mean individual pregnancy loss rate
(the percentage of dead fetuses and reabsorbed placentae
per dam) was 21.30+16.07% in NC-1 group vs. 0% in the
CONTROL group. Since establishment and maintenance of
pregnancy depend on P,, and this hormone is secreted mainly
by the placenta during the middle and late gestational period
in rodents (Arck et al. 2007), its serum levels were evaluated.
Infected dams showed lower serum P, levels than control
ones (27.14+2.90 pg/mL vs. 41.00 +0.58 pg/mL, respec-
tively, P <0.01; Supplementary Fig. 1), which demonstrated
placental dysfunction. In addition, the present study reveals
that N. caninum infected pregnant dams depicted a systemic
pro-inflammatory cytokine profile, characterized by high
serum levels of IFN-y (256.1 +34.43 pg/mL in NC-1 dams
vs. non-detectable levels in CONTROL dams; Supplemen-
tary Fig. 2a) and a limited increased in IL-5 (16.71+0.62 in
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NC-1 dams vs. 12.07+1.24 in CONTROL dams, P <0.05;
Supplementary Fig. 2b) when compared with control dams,
whereas the levels of IL-4 or IL-10 were under the detection
limit of the assay (both in NC-1 and CONTROL groups).
Although IFN-y is crucial for N. caninum restriction, its
abundance at the placenta is detrimental to fetal development
(Innes 2007). In the present report, high peripheral IFN-y
levels were unsuccessful in preventing neither the pregnancy
losses nor the multiplication of N. caninum in the placenta,
since N. caninum gDNA was detected in 93.75% of the NC-1
evaluated placentae (15+/16 total), corresponding to 100%
of the infected dams, with a mean parasite load of 13.15+5.2
(pg parasite gDNA/100 ng total brain gDNA). Placental tis-
sues are known to be a particularly endocrine-immune micro-
environment which can be severely affected by infections,
including N. caninum (Tang et al. 2023). In rodents, P, pre-
sent at the placenta is a potent inducer of Th2-type cytokines,
which in turn, can inhibit the development and function of
Th1 cells (Arck et al. 2007). Our results show that on the
contrary to that observed systemically, N. caninum infec-
tion during middle pregnancy increased not only Thl-type
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Fig. 1 Relative gene expression of placental cytokines in N. cani-
num infected and control pregnant mice. a IFN-y. b TNF-a. ¢ IL-4.
d TGF-B1. Placentae were obtained from N. caninum-infected (NC-1
group, n=8 from different dams) and non-infected (CONTROL
group, n=14 from different dams) pregnant mice at 17.5 G.D (10
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cytokines (IFN—y and TNF—a), but also IL-4 mRNA expres-
sion levels in NC-1 dams compared to those from controls
(Fig. 1a, b, c, P<0.05), whereas completely inhibited the
expression of the regulatory cytokine, TGF-f1 (Fig. 1d). The
dysregulation of TGF-f1is implicated in pregnancy-related
diseases and in fact, the downregulation of TGF-p1 expres-
sion in N. caninum infected-trophoblast cell lines has been
reported by Jiménez-Pelayo et al. (2019). Also, a recent study
by Jia et al. (2020) showed that IFN—y and IL-4 secreted by
placental cells obtained from N. caninum infected mice were
significantly higher compare to those from control mice. A
recent study by Jiménez-Pelayo et al. (2019), suggest that
pro-inflammatory cytokines could have a minor impact in
placental damage by N. caninum than postulated previously,
but other mechanisms should be implicated in the injury of
the placenta in vivo. Here, the placentae obtained from NC-1
pregnant dams showed a significant increase in ROS levels
(Fig. 2a, P <0.05) when compared with those from CON-
TROL mice. Regarding neosporosis, despite similar results
have been obtained in vivo and in vitro from different hosts
and cell types (da Silva et al. 2017, 2020; Glombowsky et al.
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days post-infection). Each determination was performed in duplicate
and results analyzed by the comparative cycle threshold method.
Results are expressed as the mean of cytokine expression+S.E.M.
Significant differences were assessed by unpaired ¢ test, followed by
Welch'’s correction.*P < 0.05, n.d., non-detectable expression levels
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Fig.2 Parameters of placental oxidative stress in N. caninum-infected
and control pregnant mice. a ROS (DCFH/DA). b Lipid peroxida-
tion. ¢ Superoxide dismutase (SOD) activity. d Catalase (CAT) activ-
ity. Placentae were obtained from N. caninum-infected (NC-1 group)
and non-infected (CONTROL group) pregnant mice at 17.5 G.D

2017; Mota et al. 2020; Tao et al. 2022), this is the first time
that ROS and OS parameters are determined in the placenta of
N. caninum-infected animals. In this sense, an important bio-
marker of OS is malondialdehyde (MDA) (Tonin et al. 2014).
Our results show that N. caninum infection induced a signifi-
cant increase in placental MDA content (Fig. 2b, P <0.001),
in accordance with data by Tonin et al. (2014) in brains from
experimentally infected gerbils and by Glombowsky et al.
(2017) in serum samples from natural infected cows. The
counterparts of ROS are antioxidants, including the enzymes
SOD and CAT (Wu et al. 2016). Our data showed that SOD
activity was decreased (Fig. 2¢, P <0.05) while CAT activity
was increased (Fig. 2d, P <0.05) in placental tissues of N.
caninum-infected dams. This modulation might be the bio-
logical response of the placental tissues to scavenge hydrogen
peroxide (Biri et al. 2006), a potent toxic metabolite for living
cells. However, the increased levels of ROS and MDA dem-
onstrate that the antioxidant defense system was inefficient to
protect cells from OS and its consequences. Recently, Tang
et al. (2023) have demonstrated that N. caninum infection at
the placenta of pregnant mice was associated with increased
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(10 days post-infection). In a, b, ¢, and d, n=5 and 6, respectively
for NC-1 and CONTROL groups (obtained from different pregnant
dams). Bars represents the mean + S.E.M. Statistical differences were
assessed by unpaired 7 test, followed by Welch’s correction.*P < 0.05,
*#%P <0.001

apoptosis. Taking into account that it is well established that
excess OS Kkills cells either by necrosis or by apoptosis (Sinha
et al. 2013), the OS contribution to the induction of apoptosis,
and thus to the pathogenesis of congenital neosporosis must
be considered. In summary, N. caninum infection in pregnant
mice was associated with fetal losses, a systemic Thl-type
biased cytokine profile, and placental dysfunction (denoted
by decreased serum progesterone level). The invasion of the
placenta by the parasites increased OS in the placenta and
concomitantly induced a counterbalanced placental Th1/
Th2-type cytokine response; both factors resulted inefficient
to control parasite proliferation. These events would, in turn,
affect the nutrient/oxygenic status of the growing fetus con-
tributing, among other factors, to pregnancy loss, or in less
severe cases, the vertical transmission of the parasite. Despite
the important differences between the murine and the bovine
placentae, these findings suggest that it would be of interest to
investigate also the role of OS mediators in the physiopathol-
ogy of the placenta from infected N. caninum cattle in order
to evaluate them as potential targets for innovative treatments
against neosporosis.
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