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Congenital toxoplasmosis is a significant public health issue caused by the transplacental passage of
Toxoplasma gondii to the embryoffetus. The standard treatment involves a combination of sulfadiazine
and pyrimethamine, drugs often associated with adverse effects and high toxicity. The current study
aimed to investigate the potential of prenylated chalcones (C2, C4 and C9) in controlling T. gondii
infection in human trophoblast cells (BeWo) and human placental explants. As results, non-cytotoxic
doses of C2, C4 and C9 impaired parasite invasion and subsequent intracellular proliferation in BeWo
cells. Scanning and transmission electron microscopies evidenced the direct effect of chalcones on
tachyzoites, which presented irregular rough surface, membrane with hole-like structures, torsion and
shape substantial changes after pretreatment. C4 and, especially C9, caused notable ultrastructural
damages due to the formation of vacuole-like structures in the parasite cytoplasm and surrounding
the parasitophorous vacuole. Additionally, chalcones modulated the cytokine profile by increasing IL-8
and downmodulating MIF and ROS levels in BeWo cells and downregulating TNF-a release in villous
explants. These findings highlight C2, C4, and C9 as promising candidates for the development of
alternative therapies to prevent congenital toxoplasmosis, as well as chalcones as a valuable scaffold
for the design of new anti-T. gondii agents.
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Toxoplasma gondii is an obligatory intracellular parasite belonging to the phylum Apicomplexa, capable of
infecting a broad spectrum of warm-blooded animals and cellular types"2. Although most human toxoplasmosis
cases are asymptomatic, the infection concern arises from the establishment of the parasite cysts in host tissues
(bradyzoites), which is lifelong and can be reactivated in immune system suppression cases or even during
pregnancy’. When T. gondii is acquired or reactivated during or just before gestation, the infection may result
in vertical transmission®*.

Congenital toxoplasmosis can lead to severe complications in the fetus and/or neonate, including miscarriages,
stillbirth, growth restriction, malformations, neurological damage, encephalitis, chorioretinitis and brain
calcifications, emphasizing the importance of early diagnosis and medical handling®®. During the first 18 weeks
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of gestation, the treatment consists of spiramycin administration, as an attempt to prevent vertical transmission.
From mid-gestation onwards, it is recommended the combination of sulfadiazine and pyrimethamine with
folinic acid supplementation’. However, these drugs are ineffective during the latent phase of infection and
can trigger serious adverse effects including bone marrow suppression, gastrointestinal disorders, allergies,
teratogenicity and frequently lead to treatment discontinuation®-®. Furthermore, the increasing of drug-resistant
T. gondii strains®~!! and the challenges of early diagnosis due to nonspecific initial symptoms emerged the urgent
need for safer and more effective therapeutic alternatives'2.

In this context, the current literature has highlighted natural products as a promising source of biologically-
active compounds with antiparasitic properties!>~!>. Among them, chalcones, compounds belonging to the
flavonoid family, have gained attention due to their biological properties, including anticancer!®antibacterial'”"!3
anti-inflammatory and antiparasitic!>?’. Structurally characterized by a 1,3-diphenylprop-2-en-1-one skeleton,
chalconesare easily accessible through dietary sources suchasfruits,legumes and winesand are considered versatile
scaffolds to synthetic structural modifications?!~23. Previous studies have demonstrated the efficacy of chalcones
and other types of flavonoids against bacteria and Trypanosoma, Plasmodium and Leishmania species. Zheoat et
al. (2021) observed a significant effect of chalcones against infections by T. brucei, T. congolense and L. mexicana
in human fibroblast cells?!. Also, several synthetic chalcone derivatives have shown ability to control infections
caused by T. cruzi, L. braziliensis, L. panamensis and P. falciparum with a prospect therapeutical index*>~%’.
Furthermore, studies have demonstrated the significant influence of chalcones against periodontopathogenic
bacteria, as well as Escherichia coli, Staphylococcus aureus and Pseudomonas aeruginosa®?. In the scenario of
toxoplasmosis, Si et al. (2018) showed that licochalcones induced a potent control of T. gondii proliferation in
human fibroblast cells, promoting significant damages in the parasite ultrastructure®. Also, several derivates of
chalcones induced Toxoplasma growth control in vitro and in vivo, when HFF and murine peritoneal cells were
observed with a lower number of parasites’!.

Despite their reported biological functions, there are still no studies that investigate the effects of chalcones at
the human maternal-fetal interface in the context of toxoplasmosis, so this is the first study showing the potential
of chalcones in modulate T. gondii infection in maternal-fetal environment. Considering that our research group
has reported distinct natural compounds with promising activity against T. gondii through in vitro and ex vivo
experimental models of maternal-fetal interface®’~**the main objective of this work was to evaluate the possible
anti-T. gondii properties of synthetic chalcone analogs, as well as to unravel the possible underlying mechanisms
related to parasitism control. Here, we employed two well-established experimental models: an in vitro model
using human villous trophoblast cells (BeWo cells) and an ex vivo model using human villous explants from the
third trimester of pregnancy¢-41.

Results

Low doses of chalcones reduced T. gondii intracellular proliferation in bewo cells

Firstly, BeWo cells were exposed to serial dilutions of C2, C4 and C9 during 24 h to evaluate the effect of chalcones
on cell viability. As shown in Fig. 1, cells treated with C2 and C4 demonstrated loss of cell viability when treated
from 16 pg/mL onwards (Fig. 1A, B), while those treated with C9 presented lower viability only in the highest
concentrations (64 and 128 pg/mL) in comparison to untreated cells (medium) (™P<0.0001) (Fig. 1C). The
vehicle control (0.25% DMSO) did not reduce cell viability compared with the untreated group (Fig. 1A-C).
Next, we verified the parasite intracellular proliferation when T. gondii-infected BeWo cells were exposed to the
less-cytotoxic concentrations of C2 and C4 (0.5-16 pg/mL) or C9 (0.5-32 pg/mL). As expected, S+ P treatment
was able to reduce the parasite replication by approximately 50% when compared to infected/untreated cells
(medium) (Fig. 1D-F) (""P<0.0001). Interestingly, it was observed that non-cytotoxic concentrations of
chalcones (4 and 8 pg/mL for C2, 8 ug/mL for C4, 16 and 32 pg/mL for C9) were also effective in controlling the
parasite growth in comparison to untreated/infected cells (medium) (P <0.05) (Fig. 1D-F).

Our results demonstrated that C2, C4 and C9 were all capable of controlling T. gondii intracellular
proliferation at non-cytotoxic doses for BeWo cells. Upon calculating the half-maximal inhibitory concentration
(IC,,) against T. gondii and the half-maximal cytotoxic concentration (CC,) for BeWo cells, C2 exhibited an
IC,,=9.35 pg/mL+1.48, a CC,,=18.62 pg/mL+1.43 and a selectivity index (SI) of 1.99. Similarly, C4 showed
an IC,;=7.18 ug/mL+0.40,a CC,,=18.23 ug mL £0.31 and an SI of 2.53. In contrast, C9 demonstrated a higher
CC,, value of 75.92 +4.62 ug/ml, with an ICs, of 15.95+2.40 pg/ml and an SI of 4.76 (Table 1). The SI value, also
known as therapeutic index, was calculated as the ratio between CC, and IC,, (SI=CC,/IC,;) and provides
an estimate of how selectively a compound targets a pathogen relative to its toxicity to cells. In this case, C9 was
the compound with highest SI value (4.76) (Table 1), suggesting a more favorable therapeutic profile due to its
greater ability to inhibit T. gondii proliferation, maintaining lower toxicity to BeWo cells. Thus, we observed that
chalcones are potentially able to control the T. gondii intracellular proliferation in non-cytotoxic doses in BeWo
cells.

Chalcones maintained their antiproliferative effect on T. gondii even after treatment removal
To further investigate whether the chalcone treatment could be reversible, the parasite quantification was
performed in two experimental conditions: 24 h hours after treatment and 24 h after treatment removal. In
agreement with Fig. 1, after 24 h of treatment with C2, C4, C9 or S+P, T. gondii intracellular proliferation
had a significant decrease when compared to the infected/untreated cells (medium) (""P<0.0001), exhibiting
also greater reduction than the classical treatment with S+P (***¥P<0.0001) (Fig. 2). Interestingly, 24 h after
treatment removal, the antiproliferative effect of these treatments maintained their effectiveness in relation
to both infected/untreated cells (medium) ("""P<0.0001) and S+P (*#P<0.0001) (Fig. 2). Comparing both
situations (¥), we noticed that even in the absence of treatments, the parasite growth was significantly lower 24 h
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Fig. 1. Cell viability and T. gondii intracellular proliferation assays. (A-C): BeWo cells were treated with
different concentrations of C2 (A), C4 (B) and C9 (C) (0.5-128 pg/mL) for cell viability analysis (MTT
colorimetric assay). Cells were also treated only with culture medium (M), representing the negative control
(100% of viability), and with DMSO 0.25%, representing the vehicle control (D). The absorbance was measured
at 570 nm and cell viability was expressed in percentages (cell viability %). (D-F): B-galactosidase colorimetric
assays were performed to quantify T. gondii intracellular proliferation in infected BeWo cells treated with non-
cytotoxic concentrations of chalcones. Infected cells treated only with culture medium (M) represented the
negative control (100% parasite proliferation), and treatment with a combination of 200 ug/mL of sulfadiazine
and 8 pug/mL of pyrimethamine (S + P) represented the positive control. The absorbance was measured at

570 nm and T. gondii intracellular proliferation was expressed in percentages (% of T. gondii proliferation).
(A-C): *Comparison between untreated and treated cells. (D-F): *Comparison between infected/treated and
infected/untreated cells; “Comparison between infected/treated and S+ P/infected cells. Data are presented

as means + SEM from three independent experiments performed in eight replicates. Significant differences
(P<0.05) were detected by the One-Way ANOVA with Dunnett’s multiple comparison post-test.

Chalcone | CC,, IC,, SI

C2 18.62 ug/ml+1.43 | 9.35 ug/ml+1.48 | 1.99
c4 1823 pg/ml+0.31 | 7.18 pg/ml+040 | 2.53
C9 75.92 pug/ml+4.62 | 15.95 ug/ml+2.40 | 4.76

Table 1. Summarized data about CC, (the half-maximal cytotoxic concentration), IC,, (the half-maximal
inhibitory concentration about parasite growth), and SI (selectivity index: ratio between CC,, and IC

)
50
obtained from Chalcones derivates.

after treatment removal condition (Fig. 2). In summary, S+ P and chalcones presented an irreversible influence
on T. gondii replication at least 24 h after the absence of treatment.

Chalcones induced damages on parasite ultrastructure

We also investigated the possible direct effect of C2, C4 and C9 on tachyzoites by electron microscopy. As
shown in Fig. 3A, the infected/untreated BeWo cells showed a normal parasitophorous vacuole (PV) containing
tachyzoites with unchanged ultrastructure: double membrane (arrowhead), rhoptries (Rp), nucleus (PNu) and
dense granules (Dg). We did not observe any ultrastructural alteration on intracellular parasites exposed to C2
treatment (Fig. 3B), compared to the untreated group (medium) (Fig. 3A). On the other hand, C4 and especially
C9 promoted the formation of vacuole-like structures (black arrows) surrounding the parasitophorous vacuole
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Fig. 2. Reversibility assay. Infected BeWo cells were exposed to C2 (8 pg/mL), C4 (8 ug/mL), C9 (32 ug/

mL), S+P (200 + 8 pg/mL) or only culture medium (M) for 24 h, followed or not by treatment removal for

an additional 24 h. The B-galactosidase assay was performed and T. gondii intracellular proliferation was
expressed in percentages (% of T. gondii proliferation). Treatment reversibility was deliberate by comparing

the conditions of 24 h of treatment with the 24 h after treatment removal. The negative control group (M)

was considered as 100% reversible. Data are expressed as means + SEM from three experiments performed in
eight replicates. (*) Comparisons between infected/untreated and infected/treated cells; (*) S+ P and chalcone-
treated cells; and (¥) between infected/treated cells 24 h after treatment with the infected/treated cells 24 h after
treatment removal. Significant differences were analyzed using (;*) One-Way ANOVA with Dunnett’s multiple
comparison post-test and (¥) Unpaired Student s t-test (two-tailed). Differences were considered as statistically
significant when P<0.05.

and in the parasite cytoplasm (Fig. 3C-E). Qualitative analysis showed that infected cells treated with C9
exhibited the most significant damage on tachyzoites, showing the largest density of vacuole-like structures and
organelle disruption (Fig. 3D, E).

Pre-treatment of T. gondii tachyzoites with chalcones impaired the parasite adhesion to
bewo cells

The initial experiments demonstrated that C2, C4 and C9 irreversibly inhibit T. gondii intracellular proliferation
without compromising host cell viability and inducing significant ultrastructural alterations in the parasites. Thus,
we sought to observe the influence of these chalcones during the parasite adhesion process on host cells. For this
purpose, pretreated T. gondii tachyzoites were submitted to an adhesion assay. Our data on immunofluorescence
analysis showed that S+P decreased both number of BeWo cells with adhered parasites and the total number
of adhered parasites per field in comparison to the untreated parasites (medium) (*P=0.0241; *P=0.0402,
respectively) (Fig. 4A, B). The same phenomenon was observed in parasites previously treated with C4 and
C9 in comparison to untreated parasites (medium) (****P<0.0001). The pretreatment with C2 did not induce
significant changes in the number of adhered parasites or in the total number of adhered parasites per field
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Fig. 3. Ultrastructure analyses of T. gondii tachyzoites in the presence of chalcones. Transmission electron
microscopy (TEM) micrographs showing T. gondii tachyzoites in BeWo cells treated for 24 h with: (A)

only culture medium, (B) C2 (8 pg/mL), (C) C4 (8 ug/mL) and (D, E) C9 (32 pg/mL). Arrowhead: double
membrane of the parasite. Black arrows: Vs (vacuole-like structures). Black asterisks: host cell mitochondria.
Dg: dense granule. Nu: host cell nucleus. Rp: rhoptries. PNu, parasite nucleus; PV, parasitophorous vacuole.
Scale bars (bottom left) 2 pm.

(Fig. 4A, B). Representative immunofluorescence images illustrating the differences in the number of parasites
adhered in BeWo cells according to the type of treatment were demonstrated in Fig. 4C-G.

Chalcone-pretreated parasites presented compromised invasion and proliferation rates, as
well as potential surface damages
Subsequently, we verified whether the pretreatment of T. gondii tachyzoites would be able to harm the invasion
and intracellular proliferation. For this purpose, tachyzoites were pretreated for 1 h with chalcones and submitted
to invasion or intracellular proliferation assays. Our findings showed that the conventional treatment (S+P)
had no effect on T. gondii invasion when compared to untreated parasites (medium). However, C2, C4 and C9
significantly reduced the rate of parasite invasion in relation to the untreated parasites (medium) (""P<0.0001
for all) and positive control (S+P) (***P<0.0001 for all) (Fig. 5A). Regarding the intracellular proliferation
assay, S+ P, C2, C4 and C9 were effective in reducing intracellular growth when compared to untreated parasites
(medium) (""P=0.0001 for S+P; “"P<0.0001 for C2, C4 and C9) (Fig. 5B). All chalcones showed more than
50% of inhibition in the parasite proliferation with C2 and C9 being able to control parasitism statistically better
than the S+ P pretreatment, as follows: C2 (**P=0.0082) and C9 (*P=0.0241) (Fig. 5B). These data suggest that
the pretreatment of tachyzoites with C2, C4 and C9 impaired both the invasion and the subsequent T. gondii
intracellular proliferation.

Next, we performed SEM in these chalcone-pretreated parasites. The C2, C4 and C9 treatments were capable
of triggering changes in parasite surfaces in comparison to untreated parasites or S + P-treated parasites (Fig. 5C-
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Fig. 4. Chalcones-pretreated parasites adhesion in BeWo cells. T. gondii tachyzoites were pre-incubated for
1 h with C2 (8 pg/mL), C4 (8 pg/mL), C9 (32 ug/mL), S+P (200 + 8 ug/mL) or only culture medium (M)
and then allowed to adhere in previously fixed BeWo cells for 3 h. Cells and parasites were fixed and labeled
with DAPI (nuclei - blue), Phalloidin-Atto 565 (F-actin - red) and Alexa Fluor 488-conjugated anti-mouse
IgG (tachyzoites — green). Images were captured using a confocal microscopy and approximately 20 fields
were examined randomly to obtain: (A): the number of cells with adhered parasites. (B): the total number
of adhered parasites per field analyzed. Significant differences (P<0.05) were analyzed using Kruskal-Wallis
test and Dunn’s multiple comparison post-test. Representative images highlighting the tachyzoites-host cell
interaction of the different experimental conditions, as follow: (C) untreated parasites, (D) S+ P-pretreated
parasites, and (E, F, G) parasites pretreated with C2, C4 and C9, respectively. Data are expressed as

means + SEM from two independent experiments performed in four replicates. *Comparison between
infected/untreated and infected/treated cells. *“Comparison to S+ P-treated cells. Scale bar: 40 pm. Tachyzoites
were indicated by white arrowheads.

G). Morphological analysis of untreated T. gondii tachyzoites exhibited a characteristic arc-like shape with
smooth and regular surface (Fig. 5C). Tachyzoites pretreated with S+P also showed a normal shape, although
their surfaces presented a rougher aspect (Fig. 5D). Meanwhile, T. gondii tachyzoites treated with C2, C4 and C9
displayed irregular rough surface, plasma membrane rupture with hole-like structures, torsion and substantial
changes in their characteristic shape (Fig. 5E-G), demonstrating a direct effect on the parasites.

Chalcones modulated the cytokine and ROS production in bewo cells
In sequence, we explored whether these compounds were capable of modulating the host cell production of
intracellular reactive oxygen species (ROS) and IL-4, IL-6, IL-8, IL-10, MIF and TNF-a cytokines.

The T. gondii infection induced an increment of ROS production in all experimental conditions, regardless
of the use of treatments, in comparison to their respective uninfected controls (Fig. 6A). In the absence of
infection, C9 demonstrated an antioxidant effect, reducing the ROS production in cells in relation to untreated
and S+ P-treated cells (""P=0.0037; *#**P<0.0001, respectively). This same effect was repeated in the infected
conditions in relation to untreated and infected group ("P=0.0234) (Fig. 6A).

Regarding MIF production, we noticed that T. gondii infection upregulated MIF levels in comparison to
the uninfected cells, except for the S+P group. Data from infected/untreated cells (M) (¥%P=0.0079), C2,
(%%P=0.0047), C4 (¥¢P=0.0027) and C9 (¥¥*P=0.0002) are shown in Fig. 6B. Comparisons between the
infected conditions revealed that S+P and C4 decreased MIF secretion in relation to infected/untreated cells
("P=0.0079; "P=0.0105, respectively). On the other hand, C9 showed higher levels of MIF when compared
to the S+P treatment (*P=0.0082) (Fig. 6B), maintaining similar levels to those found in infected/untreated
group. The levels of MIF did not change significantly in uninfected cells (Fig. 6B).

In relation to IL-6, a similar release was observed in both experimental groups (uninfected/treated and
infected/treated). However, in the presence of infection, BeWo cells treated with chalcones displayed higher IL-6
levels compared to those treated with S+ P (**P=0.0034; *P=0.0209; **P=0.0064, respectively) (Fig. 6C). Finally,
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Fig. 5. Chalcones-pretreated parasites. A pretreatment was carried out by incubating T. gondii tachyzoites
with C2 (8 ug/mL), C4 (8 ug/mL), C9 (32 pg/mL), S+P (200 + 8 pg/mL) or only culture medium for 1 h.

(A): B-galactosidase assay was performed 3 h later to obtain T. gondii invasion rate (% of T. gondii invasion).
Significant differences (P <0.05) were analyzed using one-way ANOVA and Dunnett’s multiple comparisons
post-test. (B): B-galactosidase assay was performed 24 h later and T. gondii proliferation was expressed in
percentages (% of T. gondii proliferation). Significant differences (P <0.05) were analyzed using Kruskal-Wallis
test and Dunn’s multiple comparison post-test. Untreated parasites (M) represent the negative control and were
considered as 100% of invasion and proliferation, respectively. Data are expressed as means + SEM from three
experiments performed in eight replicates. *Comparison between untreated/infected and infected/treated cells.
*Comparison to S+ P-treated cells. Representative scanning electron microscopy (SEM) images showing: (C)
untreated T. gondii tachyzoite, (D) tachyzoite pretreated with S+P (200 + 8 pg/ml), (E) C2 (8 ug/mL), (F) C4
(8 pg/mL) and (G) C9 (32 pg/mL). Scale bars (bottom right) 2 um. Loss of tachyzoite surface integrity or hole-
like structures was indicated by white arrows.

we analyzed the IL-8 levels produced by BeWo cells. When infection was absent, an IL-8 increment was detected
in BeWo cells treated with C2 and C4 in comparison to untreated (""P=0.0004; """ P<0.0001, respectively) and
S+ P-treated cells (P=0.0479; **P=0.0024, respectively) (Fig. 6D). Similarly, in the presence of infection, C2
and C4 induced high levels of IL-8 in relation to infected/untreated cells ("P=0.0241; 'P=0.0381, respectively).
Interestingly, the T. gondii infection caused the upregulation of IL-8 by cells under S+P treatment in relation
to infected/untreated group ("P=0.0154) (Fig. 6D). The IL-4, IL-10 and TNF-a release by BeWo cells was also
measured, but IL-4 and TNF-a levels were not detected, and IL-10 levels did not present significant differences
(data not shown).

Therefore, our data suggest that C2, C4 and C9 had a modulatory effect in the cytokine profile and in ROS
production in BeWo cells, especially downmodulating MIF (C4), upregulating IL-8 (C2 and C4) and decreasing
ROS levels (C9).

Chalcones were unable to induce toxicity in human villous explants

To complement our in vitro findings, we also used human chorionic villous explants from the third trimester, since
this experimental model is the gold pattern of human maternal-fetal interface. Firstly, human villous explants
were collected and exposed to serial dilutions of C2, C4 and C9 during 24 h to evaluate the effect of chalcones on
tissue viability by using MTT and LDH assays. Results from the MTT incorporation assay indicated that none
of the tested concentrations of C2, C4 and C9 affected villi viability when compared to untreated villi (medium)
(Fig. 7A-C), respectively. Also, the measurement of LDH in the supernatants revealed that only the highest
concentration of C2 (128 pg/mL) caused a significant increase in the LDH levels when compared to untreated
villi (""P<0.0001), suggesting a reduction in villous integrity, whereas all other experimental conditions did
not show evidence of tissue injury (Fig. 7D-F). In addition, the vehicle control (0.25% DMSO) did not show
toxicity. To corroborate with these data, we evaluated the morphology of chalcone-treated villi using HE stained
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Fig. 6. ROS and cytokine production in BeWo cells treated with chalcones. BeWo cells were infected or

not with T. gondii tachyzoites, followed by a 24 h treatment with C2 (8 ug/mL), C4 (8 ug/mL), C9 (32 pg/
mL), S+P (200 + 8 pg/mL) or only culture medium (M). (A): BeWo cells were incubated with the probe
2',7'-dichlorodihydrofluorescein diacetate (H2DCF-DA) and the ROS production was measured by
fluorescence using a spectrophotometer. Data were expressed as MFI. After treatments, the supernatants were
collected for measurement of (B) MIF, (C) IL-6 and (D) IL-8 cytokines. Data are expressed as means + SEM
from four independent experiments performed in twelve replicates. *Comparison between untreated and
treated-cells. “Comparison between S + P and chalcone-treated cells. “Comparison between infected/treated
cells with the respective control in the absence of infection. (A, C): significant differences (P<0.05) were
analyzed using (;*) One-Way ANOVA with Dunnett’s multiple comparison post-test and (¥) Unpaired
Student s t-test (two-tailed). (B, D): significant differences were analyzed using (';*) Kruskal-Wallis test and
Dunn’s multiple comparison post-test and (¥) Mann-Whitney test (two-tailed).

histological sections. The integrity of the chorionic villi treated with all types of chalcones remained intact,
exhibiting typical morphology with a continuous syncytiotrophoblast layer surrounding the mesenchyme (M),
similarly to the control condition (Fig. 7G-]).

Chalcones reduced T. gondii intracellular proliferation and modulated TNF-a in human villous
placental explants

Afterverifying that chalcones were not cytotoxic for human villi, we assessed the T. gondiiintracellular proliferation
in these treated tissues. Our results confirmed that all types of chalcones were non-toxic to placental tissue in
equal or lower doses of 64 ug/mL. Thus, the subsequent step was to evaluate their anti-T. gondii potential effect.
In accordance to previous data, the concentrations of 150 and 200 pg/mL of S+ P, respectively, were capable to
reduce the parasitism in villous explants ("""P<0.0001; ~44%) (Fig. 8A). Similar to the positive control (S+P),
both concentrations of 32 and 64 pg/mL of C2, C4 and C9 significantly decreased the parasite intracellular
proliferation when compared to negative control (untreated villi) ("P<0.0001) (Fig. 8A).

Since the concentrations of 32 and 64 ug/mL of chalcones had the same effectiveness in control T. gondii
proliferation in villous explants, we assessed the cytokine profile release when explants were treated with the
highest possible concentration (64 pg/mL). In relation to MIF secretion, a down-regulation was observed
in infected/untreated explants in comparison to uninfected/untreated villi (¥P=0.0139) (Fig. 8B). However,
a significant reduction was not detected in treated experimental conditions (Fig. 8B). Regarding TNF-a, we
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Fig. 7. Tissue viability assays in human chorionic villous explants treated with chalcones. Villous explants were
treated for 24 h with different concentrations of C2, C4 and C9 (0.5-128 ug/mL) for tissue viability analysis.

In parallel, tissues were also treated with culture medium only (M), representing the negative control (100%
of viability) and with DMSO 0.25% (D), representing the vehicle control. (A, B, C): MTT colorimetric assay
was performed and expressed in percentages (viability % by MTT incorporation). (D, E, F): supernatants

were collected and used to measure LDH (U/L) levels (LDH assay). Data are means + SEM from eight
experiments performed in eight replicates. *Comparison between untreated and treated villi. Significant
differences (P <0.05) were determined using One-Way ANOVA and Dunnett’s multiple comparisons post-test.
Representative photomicrographs of hematoxylin-eosin (HE) stained histological sections of villi incubated
with culture medium (G), C2 (H), C4 (I) and C9 (J) (all 64 pug/mL). Syncytiotrophoblast cells are indicated by
black arrows and mesenchyme by letter M. Scale bar: 60 pum.
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noticed that in the absence of infection, the levels of this cytokine were downmodulated by the S+P, C2, C4
and C9 treatments in relation to untreated explants ("™ P<0.0001 for S+P, C2 and C4; “P=0.030 for C9). In
response to T. gondii infection, TNF-a levels were upregulated in infected samples in comparison to uninfected
controls except for the S+ P group. Data from infected/untreated group (M) (¥¢P=0.0018), C2, (¥¢P=0.0060),
C4 (5%%P=0.0014) and C9 (53*4P=0.0001) are shown in Fig. 8C. All chalcones, as well as S+P, were able to
reduce the TNF-a release in comparison to infected/untreated villi ("P<0.0001; “"P=0.0003; “""P<0.0001;
""P=0.0005, respectively). Infected S + P-treated explants did not alter the TNF-a levels in relation to uninfected
SP-treated control (Fig. 8C). The IL-4, IL-6, IL-8 and IL-10 releases by placental villous explants were also
measured, but IL-4 was not detected and IL-6, IL-8 and IL-10 levels did not present significant differences (data
not shown). Taken together, these results demonstrate the efficacy of chalcones to control T. gondii in human
placental explants, which was accompanied by the downregulation of TNF-a production.

Discussion

Congenital toxoplasmosis remains as a major global public health concern, particularly in developing countries
where preventive measures and early diagnostic tools are often limited. Despite the widespread prevalence of
T. gondii infection, the conventional treatment based on sulfadiazine and pyrimethamine can trigger severe
side effects and its effectiveness is still limited in the latent phase of infection'2. These challenges highlight the
mandatory urgency to develop therapies with less toxicity and greater efficiency against the parasite.
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Fig. 8. T gondii intracellular proliferation and cytokine production in human villous explants treated with
chalcones. (A) Villous explants were infected with T. gondii tachyzoites and treated with C2, C4, C9 (32 and
64 ug/mL), S+P (150 +200 pg/mL, respectively) or culture medium only for 24 h. The percentages of T.
gondii intracellular proliferation were measured using the $-galactosidase assay and compared with infected/
untreated explants (M), considered as 100% of parasite proliferation, and positive control (S+P). B, C: After
treatments, supernatants were collected for measurement of (B) MIF and (C) TNF-a. Cytokine levels were
expressed in pg/mg of tissue. Data are expressed as means+ SEM of three independent experiments performed
in eight replicates. *Comparison between untreated and treated villi. “Comparison to S+ P-treated cells.
&Comparison between uninfected/treated and infected/treated explants. Significant differences were analyzed
using (;*) One-Way ANOVA with Dunnett’s multiple comparison post-test and (¥) Unpaired Student 's t-test
(two-tailed). Differences were considered as statistically significant when P <0.05.

In this context, experimental models of placental environment, such as BeWo cells and human placental
explants, are essential tools for researching host-pathogen interactions at the maternal-fetal interface’>338:42,
These models allow the direct observation of cellular and molecular interactions of placental environment,
significantly contributing to the understanding of congenital diseases, such toxoplasmosis, and supporting the
preclinical evaluation of novel therapeutic strategies. The present study evaluated the potential of prenylated
chalcones (C2, C4, and C9) as alternative agents for the control of T. gondii growth in experimental models
of human maternal-fetal interface. Specifically, we investigated their effects on T. gondii infection in human
trophoblast cells (BeWo) and placental explants, focusing on parasite invasion, intracellular proliferation,
ultrastructural alterations, and host immune response modulation.

Regarding BeWo cells assays, our study demonstrated that non-cytotoxic doses of C2, C4 and C9 were
capable of control T. gondii intracellular proliferation. Based on IC,, CC,, and SI calculations, we observed that
C9 presented the greatest therapeutic potential, since it had the highest SI value (4.76). Besides, it was found
that chalcones maintained their ability to restrict parasite growth, even after treatment removal, suggesting
irreversible damage on parasite biology.

T. gondii invades host cells through a specialized invasion mechanism mediated by apical complex structures,
which includes rhoptries, micronemes and dense granules®**4. The rhoptries and micronemes secrete essential
proteins for the adhesion and penetration of the parasite into the host cell, culminating in the formation of a
parasitophorous vacuole®*. The importance of these structures is huge, as they allow the parasite to invade and
replicate into the host cells, perpetuating the infection and contributing to the pathogenesis of toxoplasmosis.
In order to assess whether chalcones were able to impact these essential steps for the onset of infection, we
performed assays with chalcone-pretreated parasites. The pre-treatment of tachyzoites for 1 h with C4 and C9,
but not C2, reduced the total number of parasites adhered to cells, as well as the number of cells with adhered
parasites. In addition, all tested chalcones inhibited the invasion and the subsequent proliferation of this parasite.

In sequence, we sought to investigate the possible direct effect of chalcones on the parasite ultrastructure.
Therefore, both scanning (SEM) and transmission electron microscopy (TEM) were performed. The parasite
damages caused by the 24-hour treatment with C4 and C9 were confirmed by TEM images, which showed
the formation of vacuole-like structures inside the parasites and surrounding the parasitophorous vacuole.
Intracellular parasites treated with C9 exhibited the most significant damage, with a greater qualitative number
of vacuole-like structures and organelle disruption. Furthermore, the SEM demonstrated significant impairment
in T. gondii surfaces when tachyzoites pretreated with C2, C4 and C9 displayed irregular rough surface, plasma
membrane rupture with hole-like structures, torsion and substantial changes in the characteristic shape of the
parasites. These ultrastructural changes in tachyzoites can be associated with the irreversible antiparasitic role of
these compounds, configuring potent mechanisms of action of these prenylated chalcones. C2 was the compound
that induced minor changes in parasite ultrastructure, although a significant function in downregulating the
parasite replication has been promoted. We can speculate that C2 may impair essential parasite functions that
are not detectable in assays focused on morphological aspects. Molecular targets in T. gondii with high affinity to
C2 must be investigated to explore alternative mechanisms of action of this specific prenylated chalcone. Thus,
additional experiments are necessary to elucidate its precise mechanism of action.
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Contributing to our findings, current literature has already reported a similar activity of synthetic chalcones
in other protozoans. De Mello et al. (2016) noticed several ultrastructural and morphological changes
in promastigotes of Leishmania (Viannia) braziliensis, since the authors observed significant changes in
mitochondrial ultrastructure, cytoplasmic vacuolization, cell shrinkage, cytoplasmic condensation and rounded
shape of the parasites?. Also, Alonso et al. (2020) discovered that a novel chalcone derivative demonstrated
activity against Leishmania (Leishmania) amazonensis by altering the parasite’s membrane fluidity?”. In the
scenario of toxoplasmosis, an isolated compound derived from the flavonoid family triggered a conformational
change in the size and format of tachyzoites with depressions on the surface®.

T. gondii infection can induce the production of reactive oxygen species (ROS) by the host. During infection,
host phagocytic cells generate ROS as a defense mechanism to destroy the parasite’. However, T. gondii has
developed strategies to evade these defenses, including producing its own antioxidant enzymes, such as cytosolic
peroxiredoxins TgPRX1 and TgPRX2 and mitochondrial peroxiredoxin TgPRX3, superoxide dismutases
TgSOD2 and TgSOD3, antioxidant glutathione-S-transferase (TgGST), glutaredoxin (TgGrx) and catalase445.
Although the ROS production plays a crucial role on infection control, improper regulation can lead to tissue
damage and inflammation, requiring an appropriate balance. In order to investigate whether chalcones could
modulate the production of ROS in BeWo cells, we measured it in cells submitted to different experimental
conditions. It was observed that the infection induced a potent increment in ROS levels, regardless of the
presence of chalcones. However, C9 was able to decrease the ROS levels induced by infection. Thus, it is possible
to conclude that only C9 was capable to modulate ROS production in BeWo cells.

Cytokines are also important mediators in the control of T. gondii infection on trophoblast cells*¢4°->1. In this
sense, we measured the release of cytokines in BeWo cell supernatants as an additional mechanism to explain the
anti-T. gondii activity mediated by chalcones. As result, we detected that C2, C4 and C9 did not alter significantly
the IL-6 levels in infected BeWo cells, although this cytokine is considered an important molecule to T. gondii
control in the placental environment***$452_ In relation to MIF production, it is important to highlight that
the parasite itself produces a molecule structurally similar to human MIF, which binds to the same receptor,
recruiting immune system cells and stimulating them to produce pro-inflammatory cytokines such as TNF-a,
IL-8 and IL-12. Although seemingly contradictory, studies have demonstrated that T. gondii can use this as a tool
to infect these cells and disseminate the infection®>=>°. In agreement, our data demonstrated an increase in MIF
secretion in all infected conditions. On the other hand, infected cells treated with the conventional treatment or
C4 downregulated the MIF release in comparison to the untreated group, demonstrating a regulatory mechanism
to minimize the infection spread.

Regarding IL-8, C2 and C4 were potent inducers of this cytokine release in the absence and presence of
infection. The role of IL-8 during infection by T. gondii in maternal-fetal interface is still unclear. Nejad et
al. (2011) detected high levels of IL-8 in pregnant women with elevated rates of IgM, characterizing an acute
infection®. As mentioned above, IL-8 has been associated as an important molecule for the activation of cellular
mechanisms that help the spread of the parasite in the host™. In accordance with this information, our previous
studies demonstrated that IL-8 was associated to the favoring of T. gondii growth in human trophoblast and
monocytes®*. Therefore, we cannot associate the high levels of IL-8 with the parasite control in BeWo cells. The
mechanisms triggered by chalcones to reach this control prevented parasite proliferation even in the presence
of high levels of IL-8.

To complement our in vitro findings, we also tested the anti-T. gondii effect of chalcones in human villous
placental explants from the third trimester. Similarly to BeWo cells, our experiments demonstrated that C2, C4
and C9 were all capable to control T. gondii intracellular proliferation in non-toxic doses for explants. Based on
MTT, LDH, morphological analysis and B-galactosidase proliferation assays, we selected the explants treated
with 64 pg/mL of chalcones to analyze the cytokine profile. It was found that all tested chalcones did not modify
the MIF production but downregulated the TNEF-a levels. Previous studies already proved the role of TNF-a in
the immune response against T. gondii. It is believed that this cytokine acts synergistically with IFN-y to improve
the activity of macrophages in inhibiting T. gondii proliferation®®. Additionally, it was been reported that high
levels of TNF-a were associated with the increase in acute-phase proteins in mice, which are required for the
T. gondii infection defense®®. Also, our previous studies related the important role of TNF to reduce T. gondii
infection in human trophoblast cells and villous explants®®*38. While adequate levels of TNF-a play a crucial
role in controlling T. gondii infection by activating immune cells and promoting the production of other pro-
inflammatory cytokines, excessive production can cause significant damage to host cells. Onda et al. (2015)
related that TNF downmodulation in primary trophoblast cells was associated to preeclampsia pathogenesis
control®.

Preeclampsia is a severe complication of pregnancy, characterized especially by hypertension. An imbalance
between angiogenic and antiangiogenic factors can trigger endothelial dysfunction, and it represents a key
point in the mechanism of this condition®!. Interestingly, Sofalcone, a chalconic drug, induced the reduction
of antiangiogenic protein (sFlt-1) in human primary trophoblasts and downmodulated TNF, one of the most
important cytokines involved in the preeclampsia pathogenesis. The authors concluded that chalcones were
important to maintain a successful pregnancy and can be a good target for the treatment of preeclampsia to
improve the angiogenesis and downmodulate TNF*!. Hence, we hypothesized that chalcones reduced
the production of TNF-a by infected villi in relation to the infected/untreated control group to avoid tissue
destruction, at the same time that they modulated the immune response to maintain this cytokine in effective
levels to combat the infection spread. Taken together, prenylated chalcones avoid a potent proinflammatory
profile, which benefits the maintenance of a tolerant immune profile necessary for a successful gestation and, at
the same time, reduce parasite infection when trigger important ultrastructural changes in tachyzoites.

In conclusion, our results demonstrated that C2, C4 and C9 chalcones were able to control T. gondii infection
in both in vitro and ex vivo experimental models with low toxicity. We supposed that the irreversibly anti-
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Fig. 9. Synthesis of compounds C2, C4 (A) and C9 (B).

T. gondii activity promoted by these chalcones is related mainly by a direct effect on parasites. Taking these
findings together, we provided scientific evidence of the potential use of C2, C4 and C9 as an alternative source
of treatment for prevent congenital toxoplasmosis, as well as chalcones as a promising scaffold for the design of
new anti-T. gondii agents.

Methods
Cell culture and parasite maintenance
Human villous trophoblast cells (BeWo lineage) were acquired from the American Type Culture Collection
(ATCC, CCL-98, Manassas, VA, USA) and maintained in RPMI 1640 medium (Cultilab, Campinas, SP, Brazil)
supplemented with 100 U/mL penicillin (Sigma Chemical Co., St. Louis, MO, USA), 100 pg/mL streptomycin
(Sigma) and 10% heat-inactivated fetal bovine serum (FBS) (Cultilab) in a humidified atmosphere at 37 °C and
5% CO,%

T. gzondii tachyzoites (highly virulent RH strain, 2F1 clone) expressing the P-galactosidase gene were
maintained by serial passages in BeWo cell culture in RPMI 1640 medium supplemented with penicillin and
streptomycin and 2% FBS at 37 °C and 5% CO,*.

Chalcones

Prenylated chalcones (C2, C4, and C9) were obtained according to simple and well-established protocol reported
in our previous works®>%4, Synthesis of chalcones C2 and C4 was carried out in two steps (Fig. 9A). Syringaldehyde
was submitted to O-prenylation reaction, using bromide isoprenyl, potassium carbonate and acetone. This step
furnished 4-O-prenylated syringaldehyde. In the second step, 4-O-isoprenylated syringaldehyde was condensed
with 4’-methoxyacetophenone and 3’4’-dimethoxyacetophenone to produce chalcones C2 and C4, respectively.
For this step, reagents were solubilized in ethanol with potassium hydroxyde as basis. Chalcone C9 was prepared
in two steps (Fig. 9B). Isovanillin was O-isoprenylated with isoprenyl bromide in the presence of potassium
carbonate and acetone; yielding 3-O-prenylated isovanillin. 3-O-Prenylated isovanillin was submitted to
condensation with 34’-dimethoxyacetophenone, with potassium hydroxyde and ethanol, leading to compound
C9. Compounds C2, C4 and C9 were maintained at — 80 °C in library of compounds at the Laboratory of
Antibiotics and Chemotherapeutics, Sdo Paulo State University, Brazil. To obtain the storage dilutions, the
lyophilized samples were solubilized in dimethyl sulfoxide (DMSO) and stored at a concentration of 50,000 pg/
mL at - 80 °C.

Cell viability assay

To evaluate the cytotoxicity of chalcones in BeWo cells, the MTT colorimetric assay [(3-(4,5-dimethylthiazol-
2-y1)-2,5 diphenyltertrazolim bromide)] was performed according to Mosmann protocol®. BeWo cells at
3.0 x 10%/well were seeded in 96-well microplates. After overnight adhesion, the cells were treated with two-
fold serial dilutions of C2, C4 and C9 (ranging from 0.5 to 128 pg/mL) for 24 h at 37 °C and 5% CO,. The
control group received only RPMI culture medium with 10% FBS and, for the vehicle control, BeWo cells were
treated with DMSO 0.25% in RPMI medium, which corresponds to the DMSO percentage present in the highest
concentration of tested chalcones (128 pg/mL). Subsequently, the supernatants were carefully removed and a
solution of MTT reagent (5 mg/mL, 10 pL; Sigma) plus 90 uL of supplemented RPMI medium was added to cell
monolayers followed by incubation for 4 h at 37 °C and 5% CO,,. Next, the wells received a solution of 10% sodium
dodecyl sulfate (SDS; Sigma) and 50% N,N-dimethyl formamide (DMF; Sigma). MTT reduction was measured
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at 570 nm absorbance using a spectrophotometer (Versa Max ELISA Microplate Reader, Molecular Devices,
Sunnyvale, CA, USA) and cell viability was reported in percentages (Cell viability %), with the absorbance of
cells incubated only with medium considered to be 100% viable. At least three independent experiments with
eight replicates were performed.

T. gondii intracellular proliferation assay

In order to establish the best concentrations for the next experiments, we assessed whether C2, C4 and C9 would
be capable of controlling the parasite intracellular proliferation using the p-galactosidase colorimetric assay,
as previously described®. For this purpose, BeWo cells at 3.0 x 10*/well were seeded in 96-well microplates,
allowed to adhere overnight and then infected with T. gondii tachyzoites at a multiplicity of infection (MOI) of
3:1 for 3 h at 37 °C and 5% CO.,,. After this, the cells were carefully rinsed with sterile 1X phosphate-buffered
saline (PBS) to remove the remaining extracellular parasites and treated with two-fold serial dilutions of C2,
C4 and C9 (ranging from 0.5 to 16 ug/mL for C2 and C4 and 0.5 to 32 pg/mL for C9) for 24 h at 37 °C and
5% CO,. The association of sulfadiazine and pyrimethamine (S +P) was used as a positive control to simulate
conventional treatment for toxoplasmosis (positive control). The concentration of S+P (200 pg/mL and 8 pg/
mL, respectively) was chosen based on published data, since it has been reported as non-toxic for BeWo cells*!.
Infected cells incubated with only RPMI medium were used as negative control representing non-inhibited
parasite growth. Parasite quantification on cell samples was performed by the B-galactosidase reaction using
the chlorophenol red-B-D-galactopyranoside reagent substrate (CPRG; Roche Diagnostics, Mannheim,
Germany). Afterwards, the absorbance (570 nm) was measured using a spectrophotometer (Versa Max ELISA
Microplate Reader, Molecular Devices), and the parasite intracellular proliferation was expressed in percentage
(T. gondii proliferation %). The number of tachyzoites was calculated in comparison to a standard curve with
free tachyzoites (ranging from 1x10° to 15,625x 10° parasites). The efficiency of each treatment condition
was defined by comparison with the negative control (100% parasite proliferation). At least three independent
experiments with eight replicates were performed.

Reversibility assay

After selecting non-cytotoxic concentrations of C2, C4 and C9 that showed an inhibitory effect on the T. gondii
intracellular proliferation, we investigated whether the antiparasitic effect would be maintained even after
treatment removal. The reversibility assay was performed as previously described>.. BeWo cells were seeded at
3.0x 10* cells/well in 96-well microplates and after adhesion were infected with T. gondii tachyzoites at a MOI
of 3:1 in supplemented RPMI medium. Parasites were left to invade the host cells for 3 h and then rinsed to
remove the unattached ones. In the first part of the experiment, the infected cells were treated with C2 (8 pg/
mL), C4 (8 pg/mL), C9 (32 ug/mL), S+P (200 + 8 ug/mL, respectively, positive control) or with culture medium
only (untreated group, negative control) for 24 h at 37 °C and 5% CO,,. After 24 h treatment, the supernatant was
removed and the parasite intracellular proliferation was measured. In parallel, the mentioned treatments were
removed, replaced by a treatment-free culture medium allowing the parasites to grow for an additional 24 h and
then the parasite growth was measured. In both situations, the T. gondii intracellular proliferation was quantified
using the B-galactosidase assay and presented in percentage (T. gondii proliferation %). The reversibility of the
treatment was assessed by comparing the condition 24 h after treatment with the condition 24 h after treatment
removal. Three independent experiments with eight replicates were performed.

Adhesion assay

To investigate whether the chalcones are able to impair parasite adhesion to host cells, we proceeded with
an adhesion assay, as previously described®. BeWo cells were seeded at a density of 1.0x10° cells in 24-
well microplates containing 13-mm coverslips on each well. After overnight adhesion, cells were fixed with
paraformaldehyde (4%) for 30 min at room temperature and washed three times with 1x PBS. T. gondii tachyzoites
at a MOI of 3:1 were pretreated with C2 (8 pg/mL), C4 (8 ug/mL), C9 (32 ug/mL), S+P (200+8 ug/mL) or
culture medium only (control group) for 1 h at 37 °C and 5% CO,. Chalcone-pretreated tachyzoites were rinsed
and resuspended in a treatment-free culture medium before incubation with previous fixed BeWo cells for 3 h
at 37 °C and 5% CO,. After removal of non-adherent parasites with sterile 1x PBS, the adhered parasites were
fixed as mentioned above. The coverslips were incubated with rabbit polyclonal primary anti-T. gondii antibody
(Abcam #20530; Waltham, MA, USA) (diluted 1:500 in PGN-0.01% saponin solution) for 1 h, rinsed three times
with sterile 1x PBS. Next, coverslips were incubated with Alexa Fluor 488-conjugated anti-rabbit IgG (diluted
1:500 in PGN-0.01% saponin solution) (Invitrogen, #A11008; Waltham, MA, USA), tetramethylrhodamine
isothiocyanate (TRITC)-conjugated phalloidin (Sigma) (diluted 1:50 in PGN +saponin) and the cell nucleus
marker TO-PRO-3 Iodide (Life Technologies, Waltham, MA, USA) (diluted 1:500 in PGN +saponin) for an
additional 1 h in the dark at room temperature to label T. gondii tachyzoites, F-actin and nuclei, respectively.
The coverslips were washed three times with sterile 1x PBS and mounted on glass slides. Afterwards, samples
were analyzed using a confocal fluorescence microscopy (Zeiss, LSM 510 Meta, Oberkochen, Germany) with an
inverted microscope (Zeiss Axiovert 200 M, Oberkochen, Germany). The results were expressed by the number
of BeWo cells with adhered parasites and the total number of attached parasites per cell in a total of 20 fields
chosen randomly. Two independent experiments with four replicates were performed.

Invasion and intracellular proliferation of chalcone-pretreated parasites

The parasite invasion and subsequent intracellular proliferation were also evaluated by pretreating the
tachyzoites>»!. This experiment proposes an investigation of a possible direct effect of chalcones on tachyzoites.
Cell culture-derived tachyzoites of T. gondii at a MOI of 3:1 were pre-incubated with C2 (8 pg/mL), C4 (8 pg/
mL), C9 (32 ug/mL) or S+P (200 +8 pg/mL, respectively) for 1 h at 37 °C and 5% CO,. Parasites preincubated
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only with culture medium were used as negative control group. Next, the pretreated parasites were centrifuged
to treatment removal, resuspended in fresh medium and placed in 96-well culture microplates containing
previously adhered BeWo cells at 3.0 x 10* cells/well. Parasite interaction with host cells was allowed to occur
for 3 h at 37 °C and 5% CO,,. For the invasion analysis, the supernatant was removed, infected cell monolayers
were carefully rinsed to remove extracellular parasites and quantification of invaded parasites was performed
immediately. For intracellular proliferation analysis, we perform the same protocol as described above, but after
the 3-hour invasion, a fresh culture medium was added to infected cell monolayers for an additional 24 h at 37 °C
and 5% CO,. In both experimental approaches, the number of intracellular parasites was quantified using the
[-galactosidase assay, as described above. Three independent experiments with eight replicates were performed.

Transmission Electron microscopy (TEM) and scanning Electron microscopy (SEM)

To further investigate the anti-Toxoplasma effect of chalcones, we observed the ultrastructure of T. gondii
tachyzoites treated with C2, C4 and C9 by the scanning electron microscopy (SEM)®%¢” and transmission
electron microscopy (TEM), as previously described*'with minor modifications.

For TEM, BeWo cells were seeded at 1.0 x 10° cells/well in 6-well microplates and after an overnight adhesion,
the cells were then infected with T. gondii tachyzoites at a MOI of 3:1 in supplemented RPMI medium for 3 h
at 37 °C and 5% CO,. Infected cells were rinsed and incubated with C2 (8 ug/mL), C4 (8 ug/mL), C9 (32 ug/
mL), S+P (200 +8 pug/mL) or culture medium only (negative control) for 24 h at 37 °C and 5% CO,. Next, cells
were harvested and fixed in Karnovsky solution containing 2% paraformaldehyde and glutaraldehyde ina 0.1 M
sodium cacodylate buffer (pH 7.4) for 24 h. Samples were incubated for 1 h in 1% osmium tetroxide (OsO,) in
cacodylate solution, followed by agar addition. The samples were maintained at 4 °C for approximately 2 days to
finally be dehydrated in increasing concentrations of ethanol and propylene oxide, and then included in Epon
resin. Ultrathin sections were stained with uranyl acetate and lead citrate and analyzed using a transmission
electron microscope (Hitachi, TM 3000, CIQTEK, Hefei, Anhui, China).

To perform SEM, cell culture-derived tachyzoites at 1.0 x 10 parasites/1,000 pl were pretreated or not with
C2, C4, C9 and S+P (same experimental procedure described above). Next, the pretreated parasites were
centrifuged to treatment removal, rinsed with 0.1 M sodium cacodylate buffer and fixed in Karnovsky solution
for 2 h at 4 °C. After two successive washes with sodium cacodylate buffer, the parasites were post-fixed in 1%
0s0, in cacodylate solution for 1 h at room temperature. Then, the fixed tachyzoites were rinsed over again with
sodium cacodylate buffer and deposited in 24-well plates containing 13-mm coverslips. After overnight drying,
the coverslips were dehydrated in increasing concentrations of ethanol and followed by analyses in scanning
electron microscope (Tescan, VEGA 3 LMU, CIQTEK).

Measurement of intracellular reactive oxygen species (ROS)

To verify the impact of chalcones in the intracellular ROS production, we measured the ROS in BeWo cells based
on the intracellular peroxide-dependent oxidation of 2',7’-dichlorodihydrofuorescein diacetate (H,DCF-DA)
(Invitrogen) to form the fluorescent compound 2’,7’-dichlorofuorescein (DCF), as previously described®®®with
some modifications. In brief, BeWo cells at 3.0 x 10%/well were seeded in black 96-well microplates with clear
bottoms (Costar REF# 3603, New York city, New York, USA). After overnight adhesion, cells were then infected
or not with T. gondii tachyzoites at a MOI of 3:1 for 3 h, rinsed and then treated with C2 (8 pg/mL), C4 (8 pg/
mL), C9 (32 pug/mL), S+P (200 +8 ug/mL) or culture medium only for 24 h at 37 °C and 5% CO,,. Following, the
culture supernatants from all conditions were collected and stored at -80 °C for further cytokine measurement.
Cell monolayers were incubated with 150 uL of H,DCF-DA (10 uM; diluted in 1x PBS containing 10% FBS,
Sigma) for 45 min under darkness at 37 °C and 5% CO,. For positive control of ROS production, four wells
received hydrogen peroxide (H,O,). Last, cells were again rinsed with 1x PBS and the microplate submitted to
an excitation (488 nm) and emission (550 nm) wavelength in the multi-well scanning spectrophotometer (Versa
Max ELISA Microplate Reader, Molecular Devices). The data were presented as Median Fluoresce Intensity
(MFI). Four independent experiments with twelve replicates were performed.

Human third-trimester villous explants culture

To complement our in vitro findings, we proceed with an ex vivo experimental model of the human maternal-fetal
interface to assess the antiparasitic effects of the chalcones®>”°. Briefly, chorionic villous explants were collected
from human placentas (36 to 40 weeks of pregnancy, N =3) after elective cesarean section deliveries at the Clinic
Hospital of the Universidade Federal de Uberlandia (HC-UFU), MG, Brazil. The placentas were from patients
without comorbidities, such as pre-eclampsia, chronic hypertension, infectious disease (e.g., toxoplasmosis,
Chagas disease), chorioamnionitis, chronic renal disease, cardiac disease, connective tissue disease, pre-existing
diabetes mellitus, gestational diabetes mellitus, and other pathological manifestations. Terminal chorionic villi
containing five to seven free tips per explant were dissected up to 1 h after placenta collection. The placental
tissues were then added to 96-well microplates (one villus per well) in 200 uL/well of a fresh RPMI medium
supplemented with 10% FBS for 24 h at 37 °C under a humidified atmosphere containing 5% CO, until the
experimental procedure.

Viability assay in human explants

Tissue viability of villous explants under chalcone treatments was performed through MTT and lactate
dehydrogenase (LDH) assays, in accordance to published protocols®>®>7!. After dissection and overnight
incubation, as mentioned above, villous explants were exposed to 24 h with chalcones treatment using two-fold
serial dilutions of C2, C4 and C9 (ranging from 0.5 to 128 ug/mL). As vehicle control, we treated the villi with
DMSO (0.25%) in RPMI medium, which corresponds to the highest percentage of DMSO present in the 128 pg/
mL of the chalcones. As negative control of viability, villous explants were treated with culture medium only.

Scientific Reports |

(2025) 15:23539 | https://doi.org/10.1038/s41598-025-08764-y nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

Following 24 h of incubation, the culture supernatants were collected, and LDH concentration was measured
according to the manufacturer’s instructions (Lactate Dehydrogenase LDH UV, Ref K014-2, Quibasa Quimica
Bisica Ltda, Belo Horizonte, MG, Brazil) at 340 nm by a microplate reader (Versa Max ELISA Microplate Reader,
Molecular Devices). This assay is based on the consumption and decrease of absorption of NADH. LDH released
into the culture medium was expressed in U/L of LDH enzymatic activity and was used as a marker for tissue
integrity.

Tissue viability was also assessed by the MTT assay. After 24 h of treatment, the supernatants were carefully
removed and replaced by a solution of MTT reagent (5 mg/mL, 20 pL) plus 180 pL of supplemented RPMI
medium followed by an incubation for 4 h. Subsequently, formazan crystal resulting from MTT reduction was
solubilized overnight by the addition of 100 uL PBS containing SDS 10% and DMF 50%. MTT reduction was
measured on the next day at 570 nm absorbance using a spectrophotometer and tissue viability was reported
in percentages (viability % by MTT incorporation), with the absorbance of villi incubated only with culture
medium considered to be 100% viable. Furthermore, we performed morphological analysis of chalcone-treated
villi to corroborate the viability assays. Villi tissue sections were stained with hematoxylin/eosin and examined
using a light microscope (BX40 Olympus, Tokyo, Japan). One experiment with eight replicates was performed
for each viability methodology.

T. gondii intracellular proliferation in human explants

To quantify T. gondii intracellular proliferation in human villous explants, the B-galactosidase colorimetric assay
was performed??3*38, Villi previously collected and cultured in 96-well microplates were infected or not with T.
gondii tachyzoites (1 x 10 parasites per well/200 pL) and incubated for 24 h at 37 °C and 5% CO,,. Next, the villi
were treated for an additional 24 h with C2, C4 or C9 (32 and 64 ug/mL) based on tissue viability data (LDH
and MTT assays). Sulfadiazine and pyrimethamine (S+P) were used as positive control at concentrations of
150 pg/mL and 200 ug/mL, respectively*!. Infected villi incubated with RPMI medium in the absence of any
treatment was used as negative control, representing non-inhibited parasite growth. After 24 h of incubation, the
supernatants were collected and stored at -80 °C, as well as the placental villi. The same experimental conditions
were applied for uninfected and treated villous explants. The supernatants were collected for further cytokine
measurement and villous explants for protein content determination using Bradford reagent and T. gondii
intracellular proliferation by -galactosidase assay with minor modifications.

Frozen villous explants were homogenized by the addition of 150 pL of radioimmunoprecipitation assay buffer
(RIPA) [50 mM Tris-HCI, 150 mM NaCl, 1% Triton X-100, 1% (w/v) sodium deoxycholate and 0.1% (w/v) SDS,
pH 7.5] containing protease inhibitor cocktail (Complete, Roche Diagnostic). The homogenate was centrifuged
at 21,000xg for 15 min at 4 °C, and the supernatants were collected. To measure the total amount of protein using
the Bradford method, 2 pL of supernatants was diluted in 18 pL of 1X PBS in 96-well microplates, followed by the
addition of Bradford reagent (Sigma). T. gondii intracellular proliferation was carried out using -galactosidase
assay, as mentioned above, by incubating 20 pL of supernatants from each sample with 160 uL of assay buffer (1x
PBS, p-mercaptoethanol and MgCl,) and 40 uL of CPRG (chlorophenol red-p-D-galactopyranoside; Roche).
The absorbance (570 nm) was measured by a spectrophotometer plate reader (Versa Max ELISA Microplate
Reader, Molecular Devices). The number of T. gondii tachyzoites was normalized according to the total protein
concentration (pg/mL) of each villous obtained by Bradford assay, and expressed by the number of parasites per
pg of tissue>>**38. T. gondii proliferation in villous explants was expressed in percentage (T. gondii proliferation
%) and the number of tachyzoites calculated in comparison to a standard curve of free tachyzoites (ranging from
1x10° to 15.625 x 10> parasites). The efficiency of each treatment condition was measured by comparing it with
the negative control (100% parasite proliferation). Three independent experiments with eight replicates were
performed.

Cytokine measurement

The cytokine release in supernatants of BeWo cells and villous explants was measured using a double-antibody
sandwich enzyme-linked immunosorbent assay (ELISA). Assays for IL-4, IL-6, IL-8, IL-10, TNF-a (OpTEIA,
BD Bioscience, San Diego, CA, USA) and MIF (Duoset R&D Systems, Minneapolis, MN, USA) were performed
according to the manufacturer’s instructions. Cytokine concentrations for experiments with BeWo cells were
expressed in pg/mL. Cytokine concentration in the villous experiments was normalized using total protein
content (mg/mL) of each villous, obtained by the Bradford method and results were expressed as pg/mg of tissue.
The limits of detection of each cytokine were determined from standard curves: IL-4 and IL-6 (4.7 pg/mL); IL-8
IL-10, TNF-a and MIF (7.8 pg/mL).

Statistical analysis

Data were first checked for normal distribution and expressed as means + standard error of mean (SEM), using
GraphPad Prism Software version 8.0.1 (GraphPad Software Inc., San Diego, CA, USA). Significance differences
were compared to controls by using one-way analysis of variance (ANOVA) followed by Dunnett’s multiple
comparisons post-test for the parametric data. Nonparametric data were analyzed by the Kruskal-Wallis test
and Dunn’s multiple comparison post-test. Differences between two groups were assessed either by unpaired
Student’s t test or by Mann-Whitney s test, for parametric or non-parametric data, respectively. Data were
considered statistically significant when P <0.05.

Ethical approval

The present research protocol using human tissue samples was performed in accordance with relevant guidelines
and regulations, being approved by the Ethics Committee of the Universidade Federal de Uberlandia, MG,
Brazil, with approval number 5.812.532. Informed consent was obtained from all the study participants.
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The participants were well-informed in depth about the study procedure before starting the study and they
participated in the study without any external influence. In cases of subjects were under 18, a consent term was
acquired from parent and/or legal guardian.
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