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A B S T R A C T   

Chagas’ disease or American trypanosomiasis, caused by Trypanosoma cruzi infection, is an endemic disease in 
Latin America, which has spread worldwide in the past years. The drugs presently used for treatment have shown 
limited efficacy due to the appearance of resistant parasites and severe side effects. Some of the most recent 
studies on anti-parasitic drugs have been focused on protein acetylation, a reversible reaction modulated by 
Acetyl Transferases (KATs) and Deacetylases (KDACs). We have previously reported the anti-parasite activity of 
resveratrol (RSV), an activator of KDACs type III (or sirtuins), and showed that this drug can reduce the growth of 
T. cruzi epimastigotes and the infectivity of trypomastigotes. Since RSV is now widely used in humans due to its 
beneficial effects as an antioxidant, it has become an attractive candidate as a repurposing drug. In this context, 
the aim of the present study was to evaluate the ability of this drug to protect three different types of host cells 
from parasite infection. RSV treatment before parasite infection reduced the percentage of infected cells by 
50–70% depending on the cell type. Although the mammalian cell lines tested showed different sensitivity to 
RSV, apoptosis was not significantly affected, showing that RSV was able to protect cells from infection without 
the activation of this process. Since autophagy has been described as a key process in parasite invasion, we also 
monitored this process on host cells pretreated with RSV. The results showed that, at the concentrations and 
incubation times tested, autophagy was not induced in any of the cell types evaluated. Our results show a partial 
protective effect of RSV in vitro, which justifies extending studies to an in vivo model to elucidate the mechanism 
by which this effect occurs.   

1. Introduction 

American trypanosomiasis, caused by Trypanosoma cruzi infection in 
humans, is a complex zoonosis involving heterogeneous populations of 
parasites and a wide variety of Triatomine insect vectors and wild and 
domestic mammals that could act as parasite reservoirs (Rassi et al., 
2010). At present, no vaccines are available to control T. cruzi infection 
and the drugs used for treatment, Benznidazole and Nifurtimox, have 
proven efficacy only during early infection and limited benefits in the 
chronic phase. Moreover, some additional limitations in their applica
tion have arisen due to the appearance of resistant parasites and severe 
side effects (Mejia et al., 2012; Ribeiro et al., 2020). Thus, there is a clear 
need for development of new therapeutic alternatives. In this regard, a 
promising starting point to identify new antiparasitic drugs is to focus on 
regulatory processes essential for parasite growth and development, 
such as protein acetylation (Andrews et al., 2012a, 2012b; Kelly et al., 

2012; Fioravanti et al., 2020). Protein acetylation is a reversible reaction 
modulated by Acetyl Transferases (KATs) and Deacetylases (KDACs) 
(Choudhary et al., 2009). These enzymes are involved in regulating 
important cellular processes related to chromatin structure, gene 
expression, and metabolic state. Lysine KDACs are generally referred to 
as histone deacetylases, since the epigenetic modification of histones 
was described for the first time (Allfrey, 1964). However, many other 
proteins besides histones have been identified as substrates for these 
enzymes (Choudhary et al., 2009). KDACs have been classified into two 
main families according to the description of mammalian enzymes: one 
that uses zinc as a cofactor and includes four groups differing in size and 
structural organization, and the sirtuin family (from Sir2-related pro
teins), which uses nicotinamide adenine dinucleotide (NAD+) as a 
cofactor (Gray et al., 2001). Coding sequences for several of these en
zymes have been found in the T. cruzi genome (El-Sayed et al., 2005), 
and partially characterized (Moretti et al., 2015; Ritagliati et al., 2015; 
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Marek et al., 2021; Picchi-Constante et al., 2021). Inhibitors of KDACs 
have been found to affect different parasites, including the pathogen 
causing malaria (Plasmodium falciparum), kinetoplastids (T. cruzi, Try
panosoma brucei and Leishmania donovani), and nematodes (Brugiama
layi, Dirofilariaimmitis and Haemonchus contortus) (Murray et al., 2001; 
Andrews et al., 2012a, 2012b; Herrera-Martínez et al., 2020; Ghazy 
et al., 2022; Ângelo de Souza et al., 2020; Veiga-santos et al., 2014; 
Verçoza et al., 2017; de Oliveira Santos et al., 2019; Matutino Bastos 
et al., 2020). Moreover, we have recently reported that resveratrol 
(RSV), previously described as an activator of sirtuin deacetylases 
(Andrews et al., 2012b; Dai et al., 2018), reduces the growth of T. cruzi 
epimastigotes and the infectivity of cell-derived trypomastigotes 
(Campo, 2017), which agrees with previous reports describing the 

anti-parasite effects of RSV on Leishmania major (Kedzierski et al., 2007) 
and other T. cruzi strains (Valera Vera et al., 2016). RSV is a natural 
occurring phytoalexin found in the skin of red grapes, originally re
ported as a potential anticancer agent (Jang and Cai, 1997; Boocock 
et al., 2007; reviewed in Rauf et al., 2018), which has also shown 
antioxidant, anti-inflammatory and cardioprotective effects (reviewed 
in Banez et al., 2020). In fact, RSV is able to improve the heart function 
of chagasic mice by activation of the SIRT1 and AMPK fuel-sensing 
pathways (Vilar-Pereira et al., 2016). RSV also has the capacity to 
induce autophagy, both in vitro and in vivo, after cell injury through 
different mechanisms (Kanamori et al., 2013). In this regard, it has been 
shown that the autophagic pathway is essential for T. cruzi host cell 
invasion and that the pre-activation of this process can increase parasite 

Fig. 1. A) Resveratrol (RSV) and Sirtinol (SIR) toxicity on mammalian host cells. Host cells (Vero, HeLa, and L929 fibroblasts) were incubated for 18 h with the 
indicated concentrations of each drug and the vehicle. Cell proliferation was measured using the XTT assay. Values are expressed as the average percentage of three 
independent experiments corresponding to proliferating treated cells (RSV or SIR) taking as 100% the absorbance values for cells incubated in the drug vehicle (1% 
DMSO) (drug concentration value = 0). B) Apoptosis assays of host cells. Cells were first treated with the indicated concentration of RSV or the drug vehicle (1% 
DMSO) or 500 μМ Н2Ο2 as controls. Then, cells were incubated with annexin V conjugated to Alexa 488 and propidium iodide (1 μg/mL) and fluorescence measured 
in a 96-well plate reader at an excitation wavelength of 485 nm using emission wavelengths of 535 nm and 620 nm for annexin V and propidium iodide (PI), 
respectively. Values are expressed as the average of the fold changes from fluorescence values obtained for treated cells compared to control cells incubated with the 
drug vehicle (1% DMSO). All the assays are expressed as the average of five independent experiments. Asterisks indicate the values showing differences with sta
tistical significance compared to controls (fold change = 1) (*p < 0.05, **p < 0.005). 
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infectivity in vitro (Romano et al., 2009). Since RSV has shown no 
toxicity for humans (Rauf et al., 2018), it has become an attractive 
candidate as a repurposing drug. In this context, the aim of the present 
study was to evaluate, for the first time, the ability of a pre-exposure to 
RSV to protect three different types of host cells from T. cruzi infection. 

2. Materials and methods 

2.1. Parasites 

Parasites of the T. cruzi CL-Brener strain, the genome project refer
ence clone (El Sayed et al., 2005), were used throughout this study. 
Cell-derived trypomastigotes were purified from supernatants of Vero 
cells infections by centrifugation at 5,200g for 10 min and allowing 
trypomastigotes to swim for 4 h at 37 ◦C in MEM media supplemented 
with 4% Fetal Bovine Serum (FBS). Then parasites were collected from 
the supernatant, concentrated by centrifugation and living parasites 
were counted for infection assays. 

2.2. Resveratrol and sirtinol treatments 

The sirtuin activator used was 3, 4′, 5-trihydroxystilbene or RSV; 
(ab120726, Abcam). For comparison the specific inhibitor for this group 
of KDACs, 2-[(2-Hydroxynaphthalen-1-ylmethylene)amino]-N-(1-phe
nethyl)benzamide or Sirtinol (Sir); (S7942, SIGMA) was used. All as
says were performed with the corresponding control of untreated cells 
and cells incubated with equal amounts of the drug’s vehicle, dime
thylsulfoxide (1% DMSO final concentration). The concentration and 
incubation time for this compound were set according to previously 
described (Campo 2017). Briefly, RSV was used at 4 μM and 40 μM 
(depending on the cell type, according to the data of toxicity shown in 
Fig. 1) because these concentrations are below the IC50 previously 
described for CL Brener trypomastigotes (Campo 2017). For comparison, 
sirtinol concentration was set according to our previous results showing 
an increment on the percentage of infected cells when parasites were 
pre-incubated with 25 μM Sir. The incubation time with the drugs or the 
vehicle was set at 18h as used in our previous report (Campo 2017). 

2.3. Cell proliferation assay 

Resveratrol and sirtinol toxicity was evaluated using the cell color
imetric proliferation assay based on the production of formazan from the 
tetrazolium dye (XTT) reduction following the protocol of the cell pro
liferation kit XTT (Roche). Briefly, 5 × 104 cells were seeded in 100 μL of 
MEM 10% FBS into wells of a flat-bottom 96-well plate in triplicate, 
including 3 control wells containing 100 μL of complete growth medium 
alone as blank for absorbance reading. After 24 h, a different concen
tration of each drug or the vehicle (DMSO 1%) was added to each well 
and incubated for an additional 18 h at 37 ◦C. Then, 50 μL of the 
Activated-XTT Solution was added to each well and incubated for 4 h. 
Absorbance was measured in a FilterMax plate reader at a wavelength 
between 450 nm and at the reference wavelength 620 nm. 

2.4. Apoptosis assay 

Cells were grown in 24 well plates until confluence and then treated 
with the indicated concentrations of RSV 1% DMSO for 18 h at 37 ◦C in 
MEM 10%. As positive control apoptosis was induced by adding 500 μM 
H2O2 for 18 h at 37 ◦C in the same media. After incubation, cells were 
washed in PBS, treated with trypsin 0,25% for 5 min at 37 ◦C and 
washed again in PBS. Then, cells were labeled with annexin V-Alexa 488 
and propidium iodide (PI) for 30 min at room temperature. After incu
bation, 100 μl from each treatment was placed in black 96 wells plates 
and fluorescence was measured using FilterMax F5 plate reader at 
excitation wavelength 485 nm using emission wavelength 535 nm and 
620 for annexin V and PI, respectively. Measurements were performed 

in duplicates for each treatment. 

2.5. In vitro infections 

Vero, HeLa or L929 cells (20,000 cells in 0,5 ml of MEM 10% FBS) 
were plated onto round coverslips placed in 24 well plates 24 h before 
treatment. Cells were incubated at 37 ◦C for 18 h in MEM 10% FBS 
containing RSV, Sirtinol or vehicle, washed twice with PBS and infected. 
Infections were performed for 4 h with 2 × 106 trypomastigotes per 
coverslip in MEM 4% FBS. After infection, cells were washed twice with 
PBS, and incubated in fresh medium for additional 48 h to allow 
amastigotes replication. Then, coverslips were washed twice with PBS, 
fixed with paraformaldehyde (PFA) 4% for 20 min, washed again and 
mounted in 5 μl of FluorSave Reagent (Calbiochem) and 5 μl of DAPI 
(100 μg/ml final concentration) for nucleus and kinetoplastid staining 
and observed and photographed using a Nikon Y-FL fluorescence mi
croscope. Each infection was performed in duplicates and the percent
age of infected cells and the number of intracellular amastigotes was 
calculated using the cell counter plugin from ImageJ software. For this, 
20 fields, each containing a mean of 50 cells, were photographed with 
the 40X magnification objective for each experiment. 

Infection of HeLa spheroids was performed as previously described 
(Rodriguez et al., 2019). Briefly, spheroids of HeLaR2 (HeLa-RFP) cells 
were generated by the liquid overlay method (Carlsson and Yuhas, 
1984). Cells (1,000/well) were added to U-bottom 96-well plates coated 
with agarose 1% in PBS (w/v) and cultured in MEM 10% FBS. At 72 h, 
each well contained one spheroid, conformed by ~9,000 cells. For T. 
cruzi infection, 12 spheroids were placed on each well of an agarose 
pre-coated 24 well plate and incubated with 3 × 106/well of CL Brener 
trypomastigotes (pre-labeled with Carboxy fluorescein succinimidyl 
ester, CFSE), in MEM supplemented with 4% FBS for 4 h. Then, infected 
spheroids were disaggregated by addition 0.25% trypsin, cells collected 
by centrifugation, washed three times and fixed in PBS 0.5% PFA, and 
acquired on a CyFlow space cytometer (Partec, Germany). HeLaR2 gated 
by forward and side scatter parameters were selected and 10,000 events 
were analyzed for each condition. FL1-cells represented uninfected 
HeLaR2 cells while FL1+ represented cells infected (either with intra
cellular parasites and/or attached to cell membrane) with CFSE-labeled 
parasites. 

Parasite dissemination inside spheroids was analyzed by fluores
cence as described (Rodriguez et al., 2019). Briefly, images of spheroids 
were acquired with a 40 × objective at 10, 20, 30, 40 and 50 μm in depth 
from the surface with a confocal Olympus FV1000 microscope. CFSE 
labeled parasites were imaged at 488 nm while HeLaR2 cells were 
imaged at 530 nm. Quantification of the parasites in each stack of the 
infected spheroids was carried out using the particle analysis tool from 
ImageJ software. 

2.6. Quantitative real time PCR 

Total RNA from control and treated cells was purified from 1 × 107 

host cells (Vero, HeLa or L929 fibroblast), scattered in Trizol reagent 
(Invitrogen). The cDNA used for real time PCR assays was synthesized 
from 1 μg of RNA with the SuperScript II system (Invitrogen) and 
random primers. Specific primers for each gene (ATG3cons_fw1: 5′

AGTTTGTGGCAGCTGGAGATC 3’; ATG3cons_rev1: 5′ CCTGTAGCC
CATTGCCATGT3’; ATG7cons_fw1: 5′ GCTTGGCTGCTACTTCTGCAA3’; 
ATG7cons_rev1: 5′ GGTCCGGTCTCTGGTTGAATC 3’; ATG8cons_fw1: 5′

GGCGCTTACAGCTCAATGC 3’; ATG8cons_rev1: 5′

TGCTGTGCCGTTCACCAA 3′), were designed with Primer Express soft
ware using the consensus sequence from alignment of Autophagy- 
related protein 3, 7 and 8 from mouse (accession numbers: 
NM_026402.3, XM_006506707.2, NM_026160.4), monkey (accession 
numbers: NM_001194276.1, NM_001265972.1, NM_001193625.1) and 
human (accession numbers: NM_001278712.1, XM_011533286.2, 
NM_022818.4). PCR was carried out in a final volume of 10 μl reaction 
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mixture containing 0,1 μM of each primer, 5 μl of SYBR Green reaction 
mix (SensiFast SYBR Lo-Rox qPCR kit; Bioline) and 4 μl of cDNA tem
plate. Transcript levels were obtained using the 7500 software from 
Applied Biosystems and results analyzed using LinReg software. qPCR 
quality was evaluated analyzing the melting curves to ensure that only 
one product was amplified. Values obtained for each transcript analyzed 
were normalized by the levels detected for Luciferase 1 mRNA (sequence 
accession number: MH759210.1; with primers Luciferase_fw: 5′

CGGATTACCAGGGATTTCAG 3′ and Luciferase_rev: 5′ TCACGAT
CAAAGGACTCTGG 3’) obtained from in vitro transcription using 
MegaScript transcription kit. Luciferase mRNA was loaded with samples 
of RNA previously to RT-reaction. 

2.7. Western blots 

Total protein extracts were obtained from the phenol phase of Trizol 
preparations following the indications of the manufacturer protocol 
(Invitrogen). SDS-PAGE was performed by loading 2 × 107 cells per well 
for each treatment and the corresponding controls in a 12% poly
acrylamide gel and transferred to nitrocellulose membranes. Mem
branes were blocked for 1 h in TBS-2% milk and incubated for 16 h at 
4 ◦C with anti-LC3B rabbit polyclonal antiserum (Cell Signaling #2775; 
1:1,000 dilution). After incubation, nitrocellulose membranes were 
washed twice in TBS for 5 min and incubated with IRDye 800CW con
jugated Goat anti-Rabbit IgG (H + L) serum in a 1:20,000 dilution for 1 
h, washed twice in TBS-Tween 0.2% for 5 min and once in TBS for 
another 10 min and visualized in an Odyssey scanner. Western blot 
signals were normalized with the total amount of proteins observed by 
Coomassie blue staining quantified using the gel analyzer tool of ImageJ 
software. 

2.8. Monodansylcadaverine (MDC) staining 

HeLa, Vero and L929 cells were placed in 24-well plates 
(1 × 106 cells/well) and incubated overnight in MEM 10% FCS at 37 ◦C. 
The next day, experimental compounds or vehicle control (1% DMSO) 
were added and incubated for 18 h at 37 ◦C. As control for inducing 
autophagy some wells were starved in Earle’s Balanced Salt Solution 
(EBSS, Gibco) media for 2 h. Following, cells were incubated with 
0,05 mM MDC in PBS at 37 ◦C for 30 min (Biederbick et al., 1995). After 
incubation, cells were washed four times with PBS, mounted with Flu
orsave reagent (Calbiochem) and immediately analyzed by fluorescence 
microscopy. 

2.9. Statistical analysis 

All data obtained in each experiment were first analyzed for normal 
distribution using the Shapiro-Wilk test. If this was true (p > 0.20), then 
statistical differences between treatments and the corresponding control 
(untreated cells and cells incubated with the drug vehicle) were 
analyzed using two way ANOVA and two-tailed Student’s-t tests. If data 
distribution results were not normal, then statistical differences were 
analyzed by the non parametric tests, Kruskal-Wallis and Mann- 
Whitney. Differences between the experimental groups were consid
ered significant as follows: p < 0.05 (*), p < 0,005 (**), p < 0,0005 
(***), p < 0,00005 (****). All these tests were applied using the software 
Graph Pad Prism. 

3. Results 

3.1. Resveratrol and sirtinol toxicity on different types of host cells 

To evaluate the toxicity of RSV and sirtinol on mammalian cells, 
three types of cells (Vero, HeLa and L929 fibroblasts) were pretreated for 
18 h with different concentrations of each drug and their proliferation 
evaluated using the XTT assay. RSVwas not toxic for Vero and HeLa cells 

at all the concentrations tested, but inhibited the proliferation of L929 
fibroblasts at concentrations higher than 4 μM (Fig. 1A). Thus, since this 
value is below the toxic concentration for all types of cells tested, it was 
used in the next assays as the starting point and increased to the highest 
value tested when Vero and HeLa cells were used. Also, given that sir
tinol has been previously described as a specific inhibitor for sirtuins, 
and for that it should represent the antithesis of RSV, its toxicity was also 
evaluated on the same cells. The results showed that this drug is not 
toxic for all three types of cells even at the highest concentration tested 
(Fig. 1A). Our previous results on in vitro infection assays showed that 
the effect of parasite pretreatment with 25 μM sirtinol was opposite to 
that of RSV (Campo, 2017). Thus, we used this condition to test whether 
it also showed this antagonistic effect on host cells. 

Given that, in normal and cancer cells, RSV would exert its effects 
through apoptotic cell death (Farhadnejad et al., 2019), we next eval
uated the modulation of this process on host cells after treatment with 
RSV at the minimal and maximal concentrations tested, according to the 
results from the toxicity assays and the IC50 previously described for 
parasite infective forms (Campo, 2017). As positive control, apoptosis 
was induced by cell incubation with 500 μM H2O2 for 18 h. To eliminate 
any effect of the drug vehicle (1% DMSO), the results shown in Fig. 1B 
are expressed as the average of the fold changes of fluorescence values 
obtained for treated cells in comparison with the those obtained for cells 
incubated with the same amount of drug vehicle. These results indicate 
that RSV was not able to induce apoptosis in any of the cells evaluated 
under the conditions tested because the signal for annexin V in treated 
cells showed no statistical differences compared to control cells (fold 
changes ~1, Fig. 1B). 

3.2. Pre-treatment of host cells with resveratrol reduces parasite infection 

To assess the effect of the pre-treatment of host cells with RSV on in 
vitro infections, Vero, HeLa and L929 cells were incubated with RSV for 
18 h, washed and infected with trypomastigotes for 4 h. To evaluate 
solely the effects of RSV on the host cells, infections were performed in 
the absence of the drug and compared with the infections performed 
with the addition of RSV. Pre-incubation of host cells with RSV reduced 
the percentage of infected cells by an average of 60% (70% in HeLa, 50% 
in Vero and 60% in L929 cells) compared to cells incubated with drug 
vehicle (1% DMSO) or untreated cells (Fig. 2A). Moreover, since Vero 
and HeLa cells showed to be unaffected by higher concentrations of RSV, 
the infection assays were also performed increasing the RSV concen
tration to 40 μM. However, no differences were observed between the 
two RSV concentrations used for pretreatment of the cells. The com
parison of these results with the ones obtained when RSV was added 
during infection (indicated in Fig. 2A with - for control with DMSO, +
for 4 μM and ++ for 40 μM) showed no differences on HeLa and 
L929 cells pretreated with RSV 4 μM, but an additional 33% reduction of 
infection was observed for Vero cells when the highest concentration of 
RSV was added (Fig. 2A). Overall, these results indicate that the addition 
of RSV during infection reduces parasite invasion more significantly 
than RSV pretreatment alone for Vero cells but not for HeLa and 
L929 cells. On the other hand, pretreatment of host cells with sirtinol 
showed a slight increase in the percentage of infection (about 10%) only 
for Vero cells. In these assays, the addition of RSV during incubation 
with trypomastigotes reduced the percentage of infected cells by about 
60% and for all types of host cells (Fig. 2A). Also, given that starvation of 
host cells has been described to increase infection (Vanrell et al., 2013), 
we performed the in vitro infection assay in cells pre-incubated in amino 
acid-free medium (EBSS) for 2 h and with or without the addition of RSV 
during infection. The results showed a 10% increase in the infection for 
L929 cells, whereas for Vero and HeLa cells, the starvation previous to 
infection did not result in changes compared to controls. However, the 
same reduction of infection was obtained when RSV was added during 
infection but this time in a concentration-dependent manner for Vero 
and HeLa cells (Supplementary Fig. S1). Also, we observed that the 
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number of intracellular amastigotes was not affected by RSV pretreat
ment. However, the addition of RSV during infection caused a reduction 
in the number of intracellular amastigotes in all cell lines tested 
(Fig. 2B). 

To analyze if pretreatment of cells with RSV can affect trypomasti
gote invasion and migration, we performed the infection assays using 3D 
cultures (spheroids). Spheroids have been previously used as a tissue- 
like model to disclose parasite dissemination and cellular infection. 
Indeed, CL Brener trypomastigotes were able to transmigrate up to 
50 μm in depth and to invade the inner layers of spheroids (Rodriguez 
et al., 2020). Here, the pretreatment of spheroids with RSV showed a 
marked reduction (~50%) in the number of infected cells, indepen
dently of the addition of RSV during infection (Fig. 3A). To evaluate the 
effect of RSV pretreatment in the ability of trypomastigotes to trans
migrate inside the spheroid, we next quantified the parasites in each 

stack of infected spheroids. The total number of parasites inside the 
spheroids pretreated or incubated during infection with RSV was much 
lower than in the control due to the reduced invasion. However, trans
migration seems not affected because no differences were observed 
between the numbers of parasites counted in each stack (Fig. 3B). These 
results suggest that cell pretreatment with RSV seems to be affecting the 
attachment of trypomastigotes to the cell surface -and therefore cellular 
invasion- but not their migration. 

Overall the results show that RSV can partially protect cells from 
infection, probably affecting the attachment and/or invasion of trypo
mastigotes but not the differentiation and/or replication of intracellular 
amastigotes. Thus, we next intended to analyze what cellular process is 
being affected by RSV in the host cell that might explain these results. 

Fig. 2. In vitro infection of host cells pretreated 
with resveratrol (RSV). A) Percentages of infected 
HeLa, Vero and L929 cells treated with RSV (for 18 h) 
or 25 μM Sirtinol (for 18 h) or incubated in EBSS 
medium (for 2 h) previous infection (indicated in the 
figure as “pretreatment” under the line). As controls, 
cells were left untreated or pre-incubated with the 
drug vehicle (1% DMSO for 18 h). All infections were 
performed for 4 h with the addition of the drug 
vehicle (− ) or RSV at final concentrations of 4 μM (+) 
or 40 μM (++) (indicated in the figure as “added 
during infection” above the line). B) Average 
numbers of intracellular amastigotes per cell 
observed in the in vitro infection experiments using 
Vero, HeLa, and L929 cells pretreated with RSV or 
Sirtinol and with the addition of DMSO (− ) or RSV at 
4 μM (+) or 40 μM (++) during infection (indicated 
in the figure as “added during infection” above the 
line). As control, cells were left untreated or incu
bated with the drug vehicle (1% DMSO) previous to 
infection (indicated in the figure as “pretreatment” 
under the line). 
All assays are expressed as the mean of three inde
pendent experiments ± SD, each performed in 
duplicate (*p < 0.05, **p < 0.005). No statistical 
differences were observed between the controls cor
responding to untreated cells and pre-incubation with 
DMSO. For simplicity, only the statistical analysis 
between DMSO control and experimental treatments 
are shown.   
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3.3. Resveratrol pretreatment of host cells does not affect the level of 
transcripts coding for autophagic proteins or LC3B protein expression 

Previous studies describing the importance of autophagy in parasite 
invasion (reviewed in Romano et al., 2012) together with reports 
showing the effects of RSV on the modulation of this process (Kanamori 
et al., 2013) led us to examine the possibility that autophagy might be 
one of the mechanisms involved in the protective effects of this drug. To 
this end, the levels of transcripts coding for three of the key proteins 
involved in induction of autophagy (ATG3, ATG7 and ATG8) were 
analyzed by RT-qPCR after incubation of host cells with RSV. Results 
showed no statistically significant changes in any of the cells tested 
(Fig. 4A). The level of some of these transcripts increased only in 
L929 cells pretreated with 25 μM sirtinol or incubated in EBSS medium 
in concordance with the in vitro infection results. 

Given that the amount of LC3B-II is closely correlated with the 
number of autophagosomes, thus being a good indicator of autophago
some formation, we also analyzed changes in the expression of this 
protein by western blot using specific antibodies directed toward the 
protein (Mizushima and Yoshimori, 2007). As shown in Fig. 4B, no 
statistically significant changes in the LC3B-II/LC3B I + II ratio were 
observed in cells pretreated with RSV in comparison to those incubated 

with the drug vehicle. To corroborate these results, modulation of 
autophagy was further analyzed by MDC staining of cells treated with 
RSV. Taking in consideration the results of toxicity for L929 cells, 4 μM 
RSV was used for the analysis in these cells. Results showed no changes 
in the distribution of the signal. However, for HeLa and Vero cells, 
treatment with 40 μM RSV showed a slight but statistically significant 
reduction in the signal. On the other hand, starvation by incubation in 
EBSS medium for 2 h caused accumulation of fluorescence signals with a 
dot distribution in all cell types (Fig. 5). 

Taken together, these results show that host cell pretreatment with 
RSV under the concentrations and incubation times tested is not able to 
induce autophagy. Although we observed some tendency toward inhi
bition, given the wide deviation obtained between experiments, we 
cannot affirm that this is the cause of the protective effect of RSV on host 
cells. 

4. Discussion 

KDAC modulators are being pursued as new drugs for the treatment 
of a wide range of diseases, including infections caused by parasites, like 
malaria, leishmaniasis (Andrews et al., 2012a), schistosomiasis (Heim
burg et al., 2016) and African and American trypanosomiasis (reviewed 

Fig. 3. A) Percentages of infected cells using a 3D 
model with HeLa spheroids pretreated with 40 μM 
RSV were obtained by quantification of CFSE-positive 
cells by cytometry analysis. As controls, spheroids 
were left untreated or pre-incubated with the drug 
vehicle (1% DMSO for 18 h). All infections were 
performed for 4 h with the addition of the drug 
vehicle (− ) or RSV at final concentrations of 4 μM (+) 
or 40 μM (++) (indicated in the figure as “added 
during infection” above the line). B) Fluorescence 
images of in vitro infections performed on HeLa 
spheroids pre-incubated with RSV or DMSO, showing 
HeLaR2 cells imaged at 530 nm (red) merged with 
CFSE-labeled parasites imaged with a 488 nm 
(green). Images were acquired with a 40 × objective, 
and the spheroid was scanned at 10, 20, 30, 40 and 
50 μm in depth from the surface. Graphics below 
show the quantification of parasites within the 
spheroids in each stack scanned. Quantification was 
obtained using the particles analysis tool from ImageJ 
software of five different spheroids from each treat
ment per experiment. All assays are expressed as the 
mean ± SD of three independent experiments (*p <
0,05; **p < 0,005). (For interpretation of the refer
ences to color in this figure legend, the reader is 
referred to the Web version of this article.)   
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in Fioravanti et al., 2020). Previously, we analyzed the effect on the 
biology of the T. cruzi of two different KDAC inhibitors and RSV, an 
activator of sirtuin deacetylases (Campo, 2017). In that study, we 
showed that RSV reduced epimastigote growth (thus promoting meta
cyclogenesis), markedly reduced cell-derived trypomastigote infectivity, 
and inhibited the differentiation and/or replication of intracellular 
amastigotes. We also observed a diminished expression of trypomasti
gote surface proteins important for parasite attachment to the host cell. 
Moreover, the effect of RSV described in that study can be only partially 
compared with the effects observed in parasites over-expressing sirtuins 
(Moretti et al., 2015; Ritagliati et al., 2015), further supporting the 
notion that targets other than sirtuins might be also responsible for the 
trypanocidal action of RSV. 

In humans, this natural polyphenol is currently being evaluated as a 
promising anticancer and anti-age-related disease agent (Li et al., 2018; 
Arabzadeh et al., 2021). The effects of RSV on mammalian cells have 
been widely reported, showing that it can modulate the cell cycle and 

multiple pathways involved in cell growth, apoptosis, senescence, 
autophagy and inflammation (Harikumar and Aggarwal, 2008; Far
hadnejad et al., 2019; Malaguarnera, 2019). Moreover, in vitro studies 
indicate that the biological effects of RSV may vary depending on the 
cell type (reviewed in Gambini et al., 2015). In this study, we evaluated 
the potential of RSV to protect host cells from T. cruzi infection and 
found that the pre-treatment with RSV of three different types of host 
cells caused a marked reduction of infection in vitro (Fig. 2). 

Previous reports have shown that the autophagic pathway is 
involved in many pathological situations, including the infection by 
intracellular pathogens. In fact, during host cell invasion, T. cruzi in
teracts with autophagic compartments (Onizuka et al., 2017). However, 
the relevance of host autophagy is controversial since opposite effects 
have been previously observed with in vitro infection assays using 
cell-derived trypomastigotes and metacyclic trypomastigotes. Induction 
of autophagy has been found to increase infection by culture-derived 
trypomastigotes in CHO and HeLa cells and to reduce metacyclic 

Fig. 4. A) Quantitative PCR analysis of transcripts coding for the autophagic proteins ATG3, ATG7 and ATG8 in host cells pretreated with the indicated concen
trations of RSV, 25 μM Sirtinol, EBSS medium or 1% DMSO. Values are expressed as the mean of fold changes to DMSO obtained from three independent experiments 
± SD (*p < 0,05; **p < 0,005). B) Analysis by Western blot of the LC3B II/LC3B I + II proteins ratio in cells pretreated with 40 μM RSV (except for L929 cells, where 
4 μM RSV was used) or DMSO as control for basal autophagy using specific antibodies. Left panel: Representative Western blot and Coomassie staining. Right panel: 
The LC3B II/LC3B I + II ratios obtained for each experiment were quantified using the gel analysis tool from ImageJ software. Values are shown as the mean of the 
fold changes between treated cells with RSV and DMSO obtained from three independent experiments ± SD (*p < 0,05; **p < 0,005). 
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trypomastigote internalization in HeLa cells (Martins et al., 2011; Cortez 
et al., 2016). Moreover, in other types of host cells like cardiac cells and 
peritoneal macrophages, the induction of host autophagy has been 
found to reduce the infection of macrophages (Duque et al., 2019). This 
led us to investigate whether the modulation of autophagy in host cells 
by RSV is one of the mechanisms responsible for the protective effect 
observed. Our results of the monitoring of changes in autophagy protein 
markers in Vero, HeLa and L929 cells treated with RSV showed that 
autophagy was not induced under the conditions tested. 

To further evaluate the action of RSV on parasite invasion, we per
formed in vitro infection assays using spheroids, mimicking a tissue 

infection (Rodriguez et al., 2020). The results showed that, in spheroids, 
protection was enough to accomplish the same results as in 2D infections 
under the same conditions of incubation times and concentrations used 
for pretreatment with RSV. These results highlight the accessibility of 
the drug even under conditions where the parasite is present. However, 
we should mention that the protection of host cells was lost when times 
of infection were extended to 24 h. These results indicate that the pro
tective effect of RSV is reversible, suggesting that adjustment of the 
conditions or a delivery system might be necessary. However, recent 
works with RSV in mouse and rat models have shown that this drug is 
able to reverse established heart damage (Vilar-Pereira et al., 2016; 

Fig. 5. MDC staining of Vero, HeLa and L929 cells 
pre-incubated with the indicated concentrations of 
RSV, EBSS medium or 1% DMSO. Representative 
photographs (100X) for each treatment are shown 
indicating the MDC fluorescence signal (green). The 
insets show details of localization of the signal in one 
cell. The percentage of cells presenting MDC dots was 
quantified by analyzing representative photographs 
from each experiment with the ImageJ software. 
Values are expressed as means of three independent 
experiments ± SD (*p < 0,05; **p < 0,005); each 
performed in duplicates. (For interpretation of the 
references to color in this figure legend, the reader is 
referred to the Web version of this article.)   
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Jiang et al., 2021), to act as a neuroprotector during T. cruzi congenital 
(Fracasso et al., 2019) and acute infections (Fracasso et al., 2021a), and 
to ameliorate hepatic injury in the context of acute Chagas disease 
(Fracasso et al., 2021b), thus showing that RSV can reach target organs 
in vivo. 

Several evidences have indicated that, during progression of Chagas 
disease, the host antioxidant response is exhausted (Perez-Fuentes et al., 
2003; Wen et al., 2008, 2017), supporting the association of the 
consequent oxidative stress with parasite persistence in host tissues 
(Paiva et al., 2012) and with the development of cardiac alterations due 
to mitochondrial dysfunction and chronic inflammation (Lopez et al., 
2018; Bonney et al., 2019). As a consequence, some approaches for 
Chagas disease treatment are focused on reducing the oxidative damage 
in the host by using an adjuvant therapy with antioxidants (Macao et al., 
2007; Budni et al., 2013; Maldonado et al., 2021). Also, Benznidazole, 
one of the drugs used to treat T. cruzi infection, can induce increased 
reactive oxygen species (ROS) and DNA damage in host tissues, and 
antioxidant supplementation has been found to be able to attenuate this 
effect (Ribeiro et al., 2010; Barbosa et al., 2016). While there is large 
amount of evidence indicating that antioxidant adjuvant therapy with 
anti-parasite drugs decreases ROS in the host tissues, eventually 
resulting in improved heart function in Chagas disease (reviewed in 
Sánchez-Villamil et al., 2020), our study evaluates for the first time a 
potential pre-exposure prophylactic drug treatment against T. cruzi 
infection. Since RSV possesses several cellular targets, the protective 
effect observed on host cells might be due to a combination of mecha
nisms. RSV has been used as part of prophylactic formulations against 
viral infection with HIV (Chan et al., 2017), showing that the protective 
effect is associated with its previously reported ability to inhibit cellular 
ribonucleotide reductase, which converts ribonucleotides to de
oxyribonucleotides for DNA synthesis during cell proliferation and for 
DNA repair (Fontecave et al., 1998). If this or other metabolic pathways 
are being affected during the protective effect of RSV, these pathways 
should be further studied in more detail. However, overall, our results 
show that RSV is able to protect cells from infection and, according to 
previous reports, also acts as an anti-parasitic agent (Valera Vera et al., 
2016; Campo, 2017), suggesting that its potential role as a cellular 
protector from T. cruzi infection should be further investigated in vivo. 
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