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A B S T R A C T   

Trichomonas vaginalis is an amitochondriate protozoan and the agent of human trichomoniasis, the most prev
alent non-viral sexually transmitted infection (STI) in the world. In this study we showed that 2,4-diamine-qui
nazoline derivative compound (PH100) kills T. vaginalis. PH100 showed activity against fresh clinical and 
American Type Culture Collection (ATCC) T. vaginalis isolates with no cytotoxicity against cells (HMVI, 3T3-C1 
and VERO) and erythrocytes. In addition, PH100 showed synergistic action with metronidazole, indicating that 
these compounds act by different mechanisms. When investigating the mechanism of action of PH100 to ATCC 
30236, apoptosis-like characteristics were observed, such as phosphatidylserine exposure, membrane alterations, 
and modulation of gene expression and activity of peptidases related to apoptosis. The apoptosis-like cell death 
features were not observed for the fresh clinical isolate treated with PH100 revealing distinct profiles. Our data 
revealed the heterogeneity among T. vaginalis isolates and contribute with the understanding of mechanisms of 
cell death in pathogenic eukaryotic organisms without mitochondria.   

1. Introduction 

The sexually transmitted infections (STIs) are a public health prob
lem. Despite the incentive for protection, there are still many barriers for 
an efficient fighting line to be established. One of the contributing fac
tors for the high number of cases is the lack of access to quick and ac
curate diagnosis of some STIs by the population of low-income countries 
[1]. Among STIs, trichomoniasis is not of compulsory notifying which 
contributes for an underestimated number of cases [2]. In 2016 the 
numbers of cases among adults infected by non-viral STIs – Chlamydia 
trachomatis, Neisseria gonorrhoeae, syphilis and Trichomonas vaginalis – 
reached 376.4 million, being T. vaginalis responsible for 156 million of 
cases and for the highest prevalence and incidence in the world [3]. A 
study shows that 80% of cases of trichomoniasis are asymptomatic in 
women and men, a fact that potentiate the disease risk of transmission 
[4]. Beyond the problems derived from trichomoniasis, including 
increased risk of cervical and prostate cancers, problems during preg
nancy, pelvic inflammatory disease, infertility, the infection is a cofactor 
of transmission and acquisition of HIV [5–7]. 

The only class of drugs approved for the treatment of trichomoniasis 
is 5-nitroimidazoles, with metronidazole as first choice, and tinidazole. 
The mechanism of action of metronidazole is not completely elucidated. 
The drug enters the trophozoite by passive diffusion and the nitro group 
is chemically reduced in the hydrogenosome (the organelle by which 
trichomonads generate ATP as they do not have mitochondria) or in the 
cytosol generating nitro-radical anions, which are toxic to the parasite. 
Treatment with metronidazole occasionally causes side effects such as 
nausea, vomiting, diarrhea, abdominal discomfort, and hypersensitivity 
[8]. In addition, there is estimative of up to 10% of cases being 
non-responsive to treatment and the resistance to metronidazole is 
estimated in 2–10% of cases, eliciting the necessity of new therapeutic 
options [9,10]. 

Quinazoline is composed by two aromatic rings fused by six mem
bers, benzene and pyrimidine [11]. The interest for the quinazoline has 
been intensified by discovery of febrifugine, which presents antimalarial 
activity [11]. The FDA (Food and Drug Administration) has approved 
many derivatives as anticancer drugs, such as the gefitinib, erlotinib, 
and lapatinib [11]. Moreover, studies have already shown that 
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derivatives of quinazoline present pharmacological activities: 
anti-inflammatory [12], anticancer [13], against multi-resistant Staph
ylococcus aureus [14], antibacterial and antibiofilm of S. aureus and 
S. epidermidis [15], anti-Leishmania [16], anti-Trypanosoma [16], 
anti-malaric [17], for Alzheimer treatment [18], antimicrobial [19], 
anti-hyperglicemic [20], anticonvulsant [21], antidepressant [22] and 
anti-hypertensive [23]. 

Based on previous studies that reveal the biological activities of 
quinazoline and that T. vaginalis is considered a model in cellular biology 
to study mechanisms of cell death regarding the feature of being ami
tochondriate, in this study we demonstrated that the 2,4-diamine-quina
zoline derivative kills T. vaginalis. The mode of action includes the 
modulation of peptidases and revealed distinct profiles of cell death 
related to T. vaginalis isolate type. 

2. Materials and methods 

2.1. 2,4-diamine-quinazoline derivative synthesis 

PH100 (N4-benzyl-N2-phenylquinazoline-2,4-diamine) was synthe
sized as previously described [15]. Briefly, the 4-Cl of the commercially 
available 2,4-dichloroquinazoline was replaced by benzylamine and 
next the 2-Cl was replaced by aniline (Scheme 1). 

2.2. Chemical characterization of PH100 

The chemical characterization of PH100 was determinate by 1H and 
13C nuclear magnetic resonance (NMR), mass spectrometry (MS), and 
infrared (IR) analyses (Supplemental Figs. S1A and B, S2 and S3). The 
compound PH100 is a yellow solid, obtained in 81% yield. M.p: 
142–145 ◦C. IR (v/cm− 1): 3431, 3027, 1568, 1485, 1415, 1326. 1H 
NMR (400 MHz, DMSO-d6) δ 9.02 (s, 1 H), 8.68 (t, 1 H, J = 5.4 Hz), 
8.16 (d, 1 H, J = 8.0 Hz), 7.84–7.82 (m, 2 H), 7.60 (t, 1 H, 
J = 8.0 Hz), 7.44–7.40 (m, 3 H), 7.33 (t, 2 H, J = 7.4 Hz), 7.25–7.18 
(m, 4 H), 6.86 (t, 1 H, J = 7.2 Hz), 4.83 (d, 2 H, J = 5.4 Hz). 13C NMR 
(100 MHz, DMSO-d6) δ 160.1, 156.9, 151.4, 141.4, 139.7, 132.6, 128.3, 
127.1, 126.7, 125.3, 122.8, 121.5, 120.4, 118.5, 111.6, 43.5. HRMS (m/ 
z): [MH+] calc for C21H19N4, 327.1604; found, 327.1604. 

2.3. Culture of T. vaginalis 

In the assays T. vaginalis ATCC 30236 isolate and three fresh clinical 
isolates (TV-LACH4, TV-LACM15 and TV-LACM22) were used. The 
isolates were selected according: harboring TVV (Trichomonasvirus) only 
(TV-LACH4), Mycoplasma hominis only (TV-LACM22), M. hominis and 
TVV (ATCC 30236), or not harboring TVV neither M. hominis (TV- 
LACM15). Trophozoites were cultured in vitro at 37 ◦C in trypticase- 
yeast extract-maltose (TYM) medium, supplemented with 10% (vol/ 
vol) heat inactivated bovine serum [24]. Parasites in the logarithmic 
phase of growth were centrifuged and resuspended on new TYM me
dium for anti-T. vaginalis assays. 

2.4. Minimum inhibitory concentration (MIC) and IC50 determination 

The MIC and the IC50 values for PH100 anti-T. vaginalis activity were 
determined on 96-well microtiter plates, where different volumes of 
TYM medium were added to each well. PH100 at eight-fold serial 
dilution from 100 µM and 1.0 × 105 trophozoites/mL were incubated at 
37 ◦C, 5% CO2 for 24 h. Three controls were used: trophozoites with no 
treatment, the vehicle control (DMSO 0.6%), and the positive control 
with 100 µM metronidazole. After incubation, the parasites were 
counted using hemocytometer and analyzed for their motility and 
morphology by trypan blue exclusion dye (0.2%, vol/vol). The wells 
corresponding to MIC values and concentrations below and above, as 
well as controls were inoculated in fresh TYM medium at 37 ◦C. The 
parasites were analyzed every 24 h for 120 h to confirm MIC. The results 
were expressed as the percentage of viable trophozoites compared to 
negative control. 

2.5. In vitro cytotoxicity assay 

The non-tumor murine fibroblast lineage, 3T3-C1, a non-tumor 
lineage from kidney epithelium, VERO, and a tumor lineage from 
human vaginal epithelium, HMVII, were used. 3T3-C1 and VERO were 
cultured in DMEM medium and HMVII in RPMI medium both supple
mented with 10% fetal bovine serum (FBS) and incubated at 37 ◦C, 5% 
CO2. For the test, 1.0 × 104 cells/well were seeded in 96-well microtiter 
plates for 24 h. After, the medium was replaced with fresh medium 
containing PH100 at serial dilutions from 100 µM. Three controls were 
used: control with cells only, vehicle control (DMSO 0.6%) and positive 
control (Triton X-100 0.2%). The plates were incubated for 48 h. After 
this time, a solution of 3-(4,5-dimethylthiazol-2-yl)− 2,5-diphenylte
trazolium bromide (MTT) (0.5 mg/mL) was added and incubated for 1 h 
at 37 ◦C. MTT was removed and the insoluble purple formazan was 
dissolved in DMSO. The amount of reduced MTT was measured at 
570 nm [25]. 

2.6. In vitro hemolytic assay 

Erythrocytes were obtained from the heparinized blood of healthy 
human donors. The UFRGS Research Ethical Committee approved doc
uments, procedures, and project under authorization CAAE 
47423415.5.0000.5347. Erythrocytes suspension (5 × 107 cells/mL) 
was incubated with PH100 at decreasing concentrations from 100 µM, 
for 24 h at 37 ◦C [26]. Three controls were prepared: control with 
erythrocytes only, vehicle control (DMSO 0.6%) and positive control 
(Triton X-100 0.2%). Hemoglobin released into the supernatants was 
quantified spectrophotometrically at 540 nm. 

2.7. Effect of PH100 compound in T. vaginalis kinetic growth assay 

The T. vaginalis ATCC 30236 and the fresh clinical isolate TV- 
LACM15 were treated or not with PH100 at a density of 1.0 × 105 tro
phozoites/mL (including vehicle control and control with parasites 
only) at the MIC and IC50 values and incubated in TYM medium. The 
counting of viable trophozoites with hemocytometer was performed at 
2, 4, 6, 12, 24, 48, 72, 96 and 120 h. The results were expressed as 
trophozoites/mL by comparing treated viable trophozoites with un
treated parasites. 

2.8. Checkerboard assay 

The T. vaginalis TV-LACM15, TV-LACM22 and TV-LACH4 isolates 
were used in this assay due to their lowest susceptibility to metronida
zole when comparing to the tested ATCC in this study. In order to check 
metronidazole and PH100 interaction, both compounds were tested at 
concentrations: 4 x IC50, 2 x IC50, IC50, ½ x IC50, ¼ x IC50. Two controls 
were used: control containing trophozoites with no treatment and 

Scheme 1. Synthetic procedures to obtain PH100 (N4-benzyl-N2-phenyl
quinazoline-2,4-diamine). Reagents and conditions: (a) benzilamine, sodium ac
etate, THF: H2O, 65 ◦C; (b) aniline, EtOH, 120 ◦C. 2,4-dichloroquinazoline (1) 
and N-benzyl-2-chloroquinazolin-4-amine (2). 
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vehicle control. Fractional inhibitory concentration index (FICI) was 
estimated using the following formula: FICA + FICB = FICI, where 
FICA is the value of PH100 in the combination/value of PH100 alone, 
and FICB is the value of metronidazole in the combination/value of 
metronidazole alone. The interaction was classified as ‘synergy’ if 
FICI ≤ 0.5, ‘no interaction’ if FICI = 0.5–4.0 and ‘antagonism’ if 
FICI > 4.0 [27].  

2.9. Quantification of reactive oxygen species (ROS) production by 
T. vaginalis  

Some modifications were carried out to the method previously 
described [28]. Trophozoites of ATCC 30236, TV-LACM15, TV-LACM22 
and TV-LACH4 isolates were washed with phosphate buffered saline 1x 
(PBS pH 7.0; 37 ◦C), resuspended at 5.0 × 106 trophozoites/mL density 
with 2′,7′-dichlorofluorescein diacetate (2′,7′-DCF-DA) in a final con
centration of 10 µM and incubated for 1 h at 37 ◦C. After, PH100 or 
metronidazole was added to the isolates at their respective IC50 values 
and incubated for 1 h. Two controls were used: trophozoites with no 
treatment and positive control (parasites treated with 5.0 mM of 
hydrogen peroxide). The production of ROS was evaluated through 
fluorescence measured by flow cytometry (FACSVerse, Becton Dick
inson, CA) and 10,000 cells were gated and analyzed using the FACSuite 
™ software (Becton Dickinson). 

2.10. Annexin V-FITC assay 

Trophozoites (ATCC 30236 and TV-LACM15 isolates) were treated 
with PH100 at the IC50 for 24 h, were washed with PBS 1x (pH 7.0; 
37 ◦C), resuspended in binding buffer, resulting in a concentration of 
1.0 × 106 trophozoites/mL. Then, 100 µL of parasite suspension, 5 µL of 
Annexin V-FITC, and 5 µL of propidium iodide (PI) were added to the 
incubation media at 25 ◦C for 15 min (protected from light) and after, 
100 µL of binding buffer added. Apoptosis was measured by flow 
cytometry (FACSVerse, Becton Dickinson, CA) and 10,000 trophozoites 
were gated and analyzed using FACSuite™ software (Becton Dickinson). 

2.11. Determination of autophagy by acridine orange 

Acridine orange is a cell-permeable green fluorophore that can be 
protonated and trapped in acidic vesicular organelles, such as autoly
sosomes, where it shifts to red fluorescence. This makes acridine orange 
staining a quick, accessible and reliable method to assess autophagy 
induction [29]. Trophozoites (ATCC 30236 and TV-LACM15 isolates) 
treated with PH100 at the IC50 for 24 h, were washed and resuspended 
with DMEM. 100 µL of 1.0 × 106 trophozoites with 1.0 µg/mL of acri
dine orange were incubated at 25 ◦C for 15 min. Autophagy was 
measured by flow cytometry (FACSVerse, Becton Dickinson, CA) and 10, 
000 trophozoites were gated and analyzed using FACSuite™ software 
(Becton Dickinson). 

2.12. Effect of PH100 on gene expression of T. vaginalis enzymes 

In order to investigate the involvement of enzymes related to 
apoptosis in the mechanism of action of PH100, the gene expression of 
six enzymes was analyzed by Real-Time qRT-PCR. The ATCC 30236 
isolate and the fresh clinical isolate TV-LACM15 were incubated for 24 h 
with PH100 at IC50 values. After incubation, total mRNA was extracted 
with TriZol™, the purity and quantity were measured on the Thermo 
Scientific NanoDrop 1000® spectrophotometer and only high-quality 
samples were used on the analysis. Standard curve primers were per
formed using cDNA in 0.1 mL strip tubes using GoTaq® 1-step RT-qPCR 
system. For analyzes, reaction tubes contained a final volume of 12 µL: 
5 µL 2x GoTaq® qPCR Master Mix, 0.2 µL GoScript ™ RT Mix, 0.1 or 
0.2 µM primer and 2 µL RNA. ID genes were obtained in previous 
apoptosis studies with other cell lines. The search of homolog enzymes 

in T. vaginalis were obtained on TrichDB (https://trichdb.org/trichdb/) 
and sequences were chosen considering lower similarity with human 
genes. These sequences were used to design primers in Primer 3plus 
(http://www.bioinformatics.nl/cgi-bin/primer3plus/primer3plus.cgi) 
and aligned against the T. vaginalis genome to verify their specificity 
(Supplemental Table S1). Quantitative reverse transcriptions were per
formed using 5 ng of RNA and cycling conditions were enzyme activa
tion at 95 ◦C for 10 min followed by 40 cycles: 95 ◦C for 10 s; 60 ◦C, 
64 ◦C or 68 ◦C for 40 s with fluorescence collection and the final step of 
72 ◦C for 40 s. Melting curve was performed by increasing temperature 
from 60 ◦C, 64 ◦C and 68 ◦C to 95 ◦C with 1 ◦C for 5 s. DNA topo
isomerase II (DNAtopII) was used as normalizing gene and reactions 
were performed as previously described [30]. Negative control with no 
mRNA was used. Rotor-Gene Q series software 2.1.0 were used to 
analyze of mRNA relative expression of genes. DNA topoisomerase II 
(DNAtopII) gene value (ΔCt) was used for threshold cycles (Ct) and 
sample was compared to control (ΔΔCt). Fold change values were 
expressed as 2 -ΔΔCt. 

2.13. Scanning electron microscopy (SEM) 

Trophozoites (ATCC 30236 isolate that presented morphological 
alterations observed by SSC and FSC) were treated or not with PH100 at 
IC50 for 24 h, washed with PBS 1x and fixed in 2.5% (vol/vol) glutar
aldehyde for 2 h 30 min. Then, organisms were washed with sodium 
cacodylate buffer (0.1 M pH 7.2) and post-fixed in 1% (vol/vol) osmium 
tetroxide for 2 h. The samples were added on a circular cover slip and 
dehydrated in acetone gradient (30, 50, 70, 80, 95 and 100º GL). Critical 
point dried was carried out with CO2 and coated with gold particles. 
Samples were observed in JEOL JSM 6060 scanning electron 
microscope. 

2.14. Peptidases activity by azocasein assay 

Azocasein degradation assay was used to verify the effect of PH100 
on peptidases activity. Protein levels were measured using the Bradford 
method [31] and a final concentration of 0.8 mg/mL was used to assure 
linearity in 0.1 M Tris-HCl pH 7.0. The assay was carried out for 90 min 
at 37 ◦C with 2.0% azocasein (Sigma-Aldrich, Co.) as substrate. The 
reaction was interrupted with cold 10% trichloroacetic acid. The sam
ples were centrifuged at 10,000g for 5 min and 1.8 N NaOH was added 
to supernatants. Absorbance was measured at 420 nm. Percentage of 
azocasein degradation was compared between the control as non treated 
parasites showing 100% of peptidase activity and trophozoites 
PH100-treated at IC50. 

2.15. Peptidases zymograms and mass spectrometry analysis 

Peptidase activities were analyzed using SDS-PAGE on 12.5% poly
acrilamide gel co-polymerized with 1.0% gelatin. After 24 h of incuba
tion with PH100 at IC50 (ATCC 30236 and TV-LACM15) trichomonads 
were washed with 0.8% saline. Total protein levels were measured using 
the Bradford method [31] and the final concentrations were adjusted 
with sample buffer (H2O, 0.5 M Tris-HCl pH 6.8, glycerol, 10% SDS and 
bromophenol) to 0.06 mg/mL protein. After electrophoresis, peptidases 
were renatured with 2.5% Triton X-100 for 1 h and activated with 
50 mM phosphate buffer pH 5.5 for 24 h at 37 ◦C. Gel was washed with 
water and stained with Comassie brilliant blue for 2 h to determine 
proteolytic activity that was detected as white bands against a blue 
background after destaining with 40% methanol in 10% acetic acid. 
Both T. vaginalis isolates with no treatment were used as negative con
trols. In addition, SDS-PAGE on 12.5% polyacrilamide gel was carried 
out without gelatin to approximately determinate the molecular weight 
of protein bands. 

Peptidases activity regions were cut off the zymogram and the gel 
digestion was performed using 50 mM ammonium bicarbonate and 

J.I. Weber et al.                                                                                                                                                                                                                                 

https://trichdb.org/trichdb/
http://www.bioinformatics.nl/cgi-bin/primer3plus/primer3plus.cgi


Biomedicine & Pharmacotherapy 139 (2021) 111611

4

acetonitrile. The gel pieces were dehydrated with 100% acetonitrile and 
lyophilized. The reduction was done using 50 mM dithiothreitol in 
50 mM ammonium bicarbonate, for 30 min at 56 ◦C. Then, alkylation 
with 50 mM iodoacetamide in 50 mM ammonium bicarbonate for 
30 min, at room temperature, was carried out. 50 mM ammonium bi
carbonate and 40% acetonitrile were added to the gel pieces for 15 min 
and a second dehydration step was done. Proteins were digested in 
100 mM ammonium bicarbonate solution containing 100 ng of 
sequencing grade trypsin (Promega) for 16 h at 37 ◦C. Supernatants 
were transferred to new microtubes and the gel pieces were washed with 
1.0% formic acid in 60% acetonitrile and the solution was transferred to 
new microtubes. Finally, digested peptides were lyophilized and resus
pended in 0.1% formic acid and 5 µL of each solution were subjected to 
reversed phase chromatography (Nano Acquity Ultra Performance LC- 
UPLC® chromatograph, Waters) using a Nanoease C18, 75 µm ID at 
35 ◦C. The column was equilibrated with 0.1% trifluoroacetic acid and 
the peptides were eluted in a 20 min gradient, ramping from 0% to 60% 
acetonitrile in 0.1% TFA at 0.6 nL/min constant flow. Eluted peptides 
were lyophilized and analyzed by mass spectrometry using a G2-XS Q- 
TOF Xevo® spectrometer. Protein identification was performed using 
ProteinLynx Global SERVER Version 3.0.3. The central analytical plat
form for Waters proteomics systems. The protein identification was 
performed using a databank of T. vaginalis genome data (T. vaginalis G3; 
ATCC PRA-98, WGS project AAHC01000000 data) [32]. 

2.16. Statistical analysis 

All experiments were performed in triplicate and with at least three 
independent cultures (n = 3). Data were expressed by mean ± standard 
deviation (S.D.). Statistical analysis was conducted using the Student’s t- 
test and a 5% level of significance was applied to the data. The GraphPad 
Prism software (San Diego, CA) was used for IC50 and CC50 determina
tion by non-linear regression. The selectivity index (SI) for each 
mammalian cell was calculated based on the ratio CC50/IC50. 

3. Results 

3.1. PH100 killed T. vaginalis, presented low cytotoxicity and no 
hemolytic effect 

The compound PH100 was tested against fresh clinical isolates (TV- 
LACM15, TV-LACM22, and TV-LACH4) and ATCC 30236. The fresh 
clinical isolate TV-LACM15 was the most susceptible to PH100, with 
IC50 14.8 µM. It is important to emphasize that TV-LACM15 was the 
most metronidazole resistant among the isolates tested. PH100 showed 
low values of HC50 and high SI against erythrocytes, indicating that 
compound was not hemolytic. In addition, PH100 revealed low cyto
toxicity against mammalian cells with SI values higher than 1.0 
(Table 1). The values of SI showed that PH100 was selective, exhibiting 
greater toxicity to the parasite than to the host cells. 

3.2. PH100 abolished T. vaginalis growth 

To analyze the influence of PH100 on T. vaginalis proliferation, ki
netic growth experiments using ATCC 30236 and TV-LACM15 isolates 
were performed. An initial inoculum of 1 × 105 trophozoites/mL was 
incubated in the presence of PH100 at MIC and IC50 values and the 

results show the curve of viable trichomonads. The effect of PH100 at 
IC50 concentration caused a delay on trophozoites proliferation, as ex
pected due to lower PH100 concentration, and organisms recovered 
growth after 48 h (Fig. 1A and C). Conversely, when tested at MIC, 
PH100 totally inhibited the parasite growth of both isolates after 6 h of 
incubation (Fig. 1B and D). 

3.3. PH100 showed synergistic effect with metronidazole 

The checkerboard assay showed a synergistic effect (FICI ≤ 0.5) at 
the highest metronidazole concentration (4 x IC50, 4.22 µM) associated 
with PH100 at IC50 or higher concentrations to all fresh clinical isolates 
tested. The checkerboard assay was performed upon association of 
PH100 and metronidazole using TV-LACM15, TV-LACM22 and TV- 
LACH4 isolates (Fig. 2). These fresh clinical isolates presented lower 
metronidazole susceptibility when compared with ATCC 30236. For the 
TV-LACM22 and TV-LACH4 isolates, combinations starting from PH100 
IC50/4 with different concentrations of metronidazole have already 
shown a synergistic effect, with 100% death for TV-LACM22 (isobolo
grams in Supplemental Fig. S4). 

3.4. PH100 did not affect ROS production by T. vaginalis 

Addition of PH100 or metronidazole at IC50 did not significantly 
affect intracellular ROS production by any isolate tested when compared 
to hydrogen peroxide (positive control) (Supplemental Fig. S5). 

3.5. PH100 induced apoptosis-like cell death only in the ATCC isolate 

PH100 induced phosphatidylserine exposition in ATCC 30236 tro
phozoites suggesting an apoptosis-like cell death, revealing fluorescent 
units in characteristic regions (Fig. 3). On the other hand, and 
intriguing, PH100 did not induce cytoplasmatic translocation of phos
phatidyserine after Annexin V assay in TV-LACM15 trophozoites, 
differing from the ATCC isolate. Table 2 demonstrated increase in 
granularity (FSC) and cell internal complexity (SSC) as amount and type 
of cytoplasmic granules and membrane roughness, suggesting morpho
logical changes in ATCC 30236 trophozoites. 

3.6. PH100 did not induce autophagy on T. vaginalis 

No emission of red fluorescence on the flow cytometry was observed 
in both ATCC 30236 and TV-LACM15 isolates treated with PH100 at 
IC50 in 24 h in comparison to their respective controls with no treatment 
(Supplemental Fig. S6). This finding indicates that PH100 did not induce 
autophagy in T. vaginalis. 

3.7. PH100 modulated gene expression of apoptosis-like enzymes 

The quantification of gene expression of enzymes related to 
apoptosis was compared to the normalizing gene of DNA topoisomerase 
II. As shown in Fig. 4, when ATCC 30236 and TV-LACM15 trophozoites 
were treated with PH100 it was observed no significant changes in the 
gene expression of PARP for ATCC 30236, but a significant increase for 
the TV-LACM15 isolate was observed. The gene expression of cathepsin 
D-like (TvCatD) decreased in ATCC 30236 and increased in TV-LACM15 
isolate. On the other hand, cathepsin B-like was increased, cathepsin L- 

Table 1 
Anti-Trichomonas vaginalis activity and cytotoxicity effect of PH100 and metronidazole. MIC and IC50 values express in µM.  

Compound ATCC 30236 TV LACM15 TV LACM22 TV LACH4 VERO HMVII 3T3-C1 Erythrocytes  

MIC IC50 MIC IC50 MIC IC50 MIC IC50 CC50 SI CC50 SI CC50 SI CC50 SI 

PH100 90.0 50.0 80.0 14.8 > 100 22.0 > 100 27.0 32.0 2.2 14.0 1.0 35.0 2.4 > 100 > 10 
Metronidazole 1.1 0.4 25.0 1.1 18.3 6.4 9.1 2.7 > 100 > 10 > 100 > 10 > 100 > 10 > 100 > 10  
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like (TvCP2) and calpain-like were decreased for both isolates. Inter
estingly, the gene expression of aminophospholipid translocase (APLT- 
1), an enzyme directly associated to apoptosis, was different for isolates, 
with a significant decrease for ATCC 30236 and increase for TV- 
LACM15. These results indicate that the treatment with PH100 modu
lates gene expression related to apoptosis-like cell death in T. vaginalis 
and reveal distinguished profiles between isolates. 

3.8. PH100 induced morphological alterations 

The T. vaginalis ATCC 30236 isolate morphology was evaluated after 
incubation with PH100 at IC50 (50 µM) for 24 h and compared to 

untreated parasites. As shown in Fig. 5, untreated parasites presented 
normal pyriform shape with characteristic features, undulating mem
brane (UM), free anterior flagella (AF), and axostyle (AX) (Fig. 5A). In 
contrast, PH100-treated parasites revealed alterations in the shape evi
denced by the rounded form and internalization of flagella (Fig. 5B,D), 
with formation of blebbing (Fig. 5B). In addition, endoflagellar or 
pseudocyst forms (Fig. 5E), commonly found under stressful conditions, 
were also observed. 

3.9. PH100 modulated peptidase activity 

Azocasein assay showed that ATCC 30236 and TV-LACM15 

Fig. 1. Growth kinetics of PH100-treated trophozoites: (A) ATCC 30236 isolate at IC50 (50 µM); (B) ATCC 30236 isolate at MIC (90 µM); (C) TV-LACM15 clinical 
isolate at IC50 (14.8 µM); (D) TV-LACM15 clinical isolate at MIC (80 µM). (*) Statistically significant difference (p < 0.05) when compared to the negative control by 
the Student’s t-test. 

Fig. 2. FICI data for T. vaginalis for each combination tested of PH100 and metronidazole. (A) TV-LACM15 isolate; (B) TV-LACM22 isolate; (C) TV-LACH4 isolate. 
The interaction was classified as ‘synergy’ if FICI ≤ 0.5, ‘no interaction’ if FICI = 0.5–4.0 and ‘antagonism’ if FICI > 4.0 (Odds et al., 2003). *Statistically significant 
with at least p < 0.05 compared to control (untreated trophozoites). 
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trophozoites treatment with PH100 at IC50 (50 and 14.8 µM, respec
tively) decreased peptidases activity (60%) when compared with control 
(Supplemental Fig. S7). 

3.10. Identification of peptidases possibly modulated by PH100 by a 
proteomic approach 

The zymogram regions positively or negatively modulated by the 
PH100 were excised and analyzed by mass spectrometry (Supplemental 
Fig. S8). The protein identification was performed using T. vaginalis G3 

genome data available at GeneBank. Focusing on peptidases that could 
be possible targets of PH100, two regions of the zymogram were 
analyzed. At the negatively (inhibited) modulated peptidase regions for 
ATCC 30236 isolate (Fig. S8 region a) we identified peptides belonging 
to GP63-like and ubiquitin hydrolase-like cysteine peptidases. At the 
positively modulated (activated) peptidase region for TV-LACM15 
(Fig. S8 region b) we identified peptides belonging to GP63-like, ubiq
uitin hydrolase-like cysteine peptidase, leishmanolysin-like metal
lopeptidase, subtilisin-like serine peptidase, calpain catalytic domain- 
containing protein, and aminopeptidase P-like metallopeptidase 

Fig. 3. Effect of PH100 on T. vaginalis suggesting apoptosis-like cell death. (A) ATCC 30236 isolate without treatment; (B) ATCC 30236 isolate treated with PH100 at 
IC50 (50 µM); (C) TV-LACM15 clinical fresh isolate without treatment; (D) TV-LACM15 clinical fresh isolate treated with PH100 at IC50 (14.8 µM). Data are 
representative of four different experiments (n = 4). 

Table 2 
Comparison of cell death events including apoptosis, late apoptosis, necrosis, normal morphology, and granularity (FSC and SSC) by flow cytometry analysis of 
T. vaginalis treated or not with PH100.  

Cell death event (%) ATCC 30236 Control ATCC 30236 PH100 TV-LACM15 Control TV-LACM15 PH100 

Normal morphology  96.50 ± 2.58  45.91 ± 1.77  99.45 ± 0,25  99.45 ± 0.25 
Apoptosis  2.19 ± 1.69  40.80 ± 7.70*  0.39 ± 0.16  0.38 ± 0.12 
Late apoptosis  0.98 ± 0.82  12.16 ± 6.88  0.10 ± 0.04  0.06 ± 0.02 
Necrosis  0.32 ± 0.17  1.14 ± 1.05  0.03 ± 0,06  0.05 ± 0.04 
FSCA  32.60 ± 1.48  86.26 ± 9.7*  28.67 ± 2.37  36.34 ± 1.25 
SSCA  65.90 ± 2.3  89.90 ± 7.00*  58.94 ± 1.23  64.68 ± 0.87 

AForward-angle light scatter (FSC) and side scatter (SSC) means of trophozoites treated and or not with PH100 at IC50. *Statistically significant with at least p < 0.05 
compared to control (untreated trophozoites). 
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pedptidases (Table 3). 

4. Discussion 

Studies have shown that derivatives of quinazoline are cytotoxic 
against protozoa with mechanisms of inhibition of dihydrofolate 
reductase in Trypanosoma cruzi, Leishmania major, and Plasmodium vivax 
[16] and modification of the Toxoplasma gondii structure preventing its 
entry in host cells [33]. In the present study we showed that 2,4-diami
ne-quinazoline derivative (PH100) kills T. vaginalis. The compound 
PH100 was tested against ATCC 30236 and three fresh clinical 

T. vaginalis isolates that presents different occurrences of symbiosis in
fections with Mycoplasma hominis and Trichomonas virus species (TVV) 
[34]. TVV are linear double-stranded RNA viruses observed in the 
trichomonads cytosol, divided in four viral species based on genomic 
sequences: TVV1, TVV2, TVV3, and TVV4, that can coexist or not in the 
same organism [35]. T. vaginalis virulence can be affected by TVV, such 
as the ability to evade the host immune defenses [36]. PH100 showed 
the best results for ATCC 30236 and TV-LACM15 isolates with IC50 
values of 50 µM and 14.8 µM, respectively. In addition, when tested 
against the fresh clinical isolates TV-LACM22 (with no TVV but 
harboring M. hominis) and TV-LACH4 (harboring all TVV 1, 2, 3, and 4), 

Fig. 4. Gene expression of T. vaginalis enzymes possibly involved in apoptosis-like cell death. The ATCC 30236 and TV-LACM15 isolates were treated or not with 
PH100 at IC50 (50 µM and 14.8 µM, respectively). (A) PARP; (B) Cathepsin B-like; (C) TvCatD; (D) TvCP2; (E) Calpain-like; (F) APLT-1. (*) Statistically significant 
difference (p < 0.05) when compared to the negative control by the Student’s t-test. 
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PH100 showed IC50 values higher than that for TV-LACM15 (with no 
TVV neither M. hominis). These differences of values can be related to 
the presence of endosymbionts TVV that upregulates the expression of 
cysteine peptidases involved in virulence factors such as cytoadherence, 
cytotoxicity, and host immune evasion [37]. This issue should be further 
explored by testing PH100 effect in a higher number of T. vaginalis 
isolates with different profiles of TVV harboring since the commensal 
relationship between T. vaginalis and TVV impairs the experimental 
infection and/or removal of TVV [38]. 

Moreover, the checkerboard results demonstrated a synergistic effect 

upon the association of metronidazole and PH100. Based on the results 
obtained, we can suggest further studies involving the use of both 
compounds because the combination of concentrations that showed a 
synergistic effect for all T. vaginalis clinical isolates tested in this study 
allow a reduction in the used concentration of PH100 (from the IC50 
with metronidazole IC50 X4), thus assisting in the elimination of in
fections by metronidazole resistant-isolates due to the distinct mecha
nisms of action. 

In addition, the type of cell death caused by the PH100 activity was 
investigated. Annexin V conjugated with FITC binds to phosphati
dylserine exposed on plasmatic membrane and propidium iodide detects 
dead cells. The ATCC 30236 isolate showed fluorescent unities in 
characteristic regions and these data associated with the type of cyto
plasmic granules and membrane roughness (increase in granularity and 
cell internal complexity) suggest morphological changes indicative of 
apoptosis-like cell death. Conversely, PH100-treated TV-LACM15 
trichomonads did not present fluorescence, showing cell death without 
apoptosis features. This intriguing result revealed distinct findings in 
cell death profiles between the ATCC and fresh clinical T. vaginalis iso
lates. Apoptosis-like programmed cell death (PCD) in protozoan para
sites shares some morphological features with PCD in multicellular 
organisms. However, both the evolutionary explanations and mecha
nisms involved in parasite PCD are poorly understood [39]. 

Scanning electron microscopy revealed alterations in T. vaginalis 
morphology from characteristic pyriform to pseudocyst formation with 
internalization of flagella. This shape is commonly observed in response 
to stress conditions as nutrient depletion and presence of drugs [40]. 
Additional morphological changes could be observed, with formation of 
blebbing, cellular membrane protrusions commonly associated with 
apoptosis [41]. These results corroborate to Annexin V positive for ATCC 
30236 isolate, suggesting apoptosis-like as mechanism of action of 
PH100 for the long-term-grown isolate. 

In order to investigate the mechanism of cell death and differences 
between ATCC and fresh clinical T. vaginalis isolate (TV-LACM15), the 
gene expression of enzymes with function involved in the apoptosis 
process described in evolutionary related organisms was analyzed.  
Table 4 shows the functions of each enzyme evaluated, relationship of 
gene expression to apoptosis, and gene modulation results generated by 

Fig. 5. Scanning electron microscopy of 
ATCC 30236 T. vaginalis isolate treated 
or not with PH100. (A) T. vaginalis with 
no treatment presented normal 
morphology: (AF) four anterior flagella, 
(UM) undulating membrane and (AX) 
axostyle. (B–E) T. vaginalis after treat
ment with PH100 at IC50 (50 µM) for 
24 h. (B) An endoflagellar or pseudocyst 
form and a trophozoites showing bleb
bing (represented with b) or protrusions 
of the membrane; (C and D) Trophozo
ites initiating the internalization of 
flagella and alteration of the pyriform to 
the endoflagellar shape; (E) a charac
teristic endoflagellar form or pseudo
cyst, with all flagella internalized.   

Table 3 
Identified peptidases in excised regions “a” (ATCC 30236) and “b” (TV-LACM15) 
of zymogram by mass spectrometry.  

Protein entry Uniprot ID  

Region a 
A2EJ58 GP63-like 
A2D839 GP63-like 
A2E849 Clan CA, family C19, ubiquitin hydrolase-like cysteine peptidase 
A2EDA7 Clan CA, family C19, ubiquitin hydrolase-like cysteine peptidase 
A2DZK1 Clan CA, family C19, ubiquitin hydrolase-like cysteine peptidase 
A2FXH1 Clan CA, family C19, ubiquitin hydrolase-like cysteine peptidase 
A2EZM1 Clan CA, family C19, ubiquitin hydrolase-like cysteine peptidase 
A2EM39 Clan CA, family C19, ubiquitin hydrolase-like cysteine peptidase 
A2DUQ7 Clan CA, family C19, ubiquitin hydrolase-like cysteine peptidase  

Region b 
A2E5S6 GP63-like 
A2G9D4 GP63-like 
A2FTN8 Clan MA, family M8, leishmanolysin-like metallopeptidase 
A2E0B6 Clan SB, family S8, subtilisin-like serine peptidase 
A2DDC2 Calpain catalytic domain-containing protein 
A2DYZ1 Clan MG, family M24, aminopeptidase P-like metallopeptidase 
A2EDA7 Clan CA, family C19, ubiquitin hydrolase-like cysteine peptidase 
A2EJI5 Clan CA, family C19, ubiquitin hydrolase-like cysteine peptidase 
A2G0N3 Clan CA, family C19, ubiquitin hydrolase-like cysteine peptidase 
A2FDH2 Clan CA, family C19, ubiquitin hydrolase-like cysteine peptidase 
A2EZM1 Clan CA, family C19, ubiquitin hydrolase-like cysteine peptidase 
A2EM39 Clan CA, family C19, ubiquitin hydrolase-like cysteine peptidase 
A2F7×4 Clan CA, family C19, ubiquitin hydrolase-like cysteine peptidase 
A2F894 Clan CA, family C19, ubiquitin hydrolase-like cysteine peptidase 
A2F763 Clan CA, family C19, ubiquitin hydrolase-like cysteine peptidase  
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treatment with PH100 in each T. vaginalis isolate. Our data show that the 
gene expressions of TvCatD, cathepsin B-like, and APLT-1 were 
decreased in the ATCC isolate after PH100 treatment, corroborating 
with Annexin V and scanning electron microscopy results and indicating 
relation with apoptosis-like cell death type. In contrast, TvCatD and 
APLT-1 gene expressions were increased in the TV-LACM15 fresh clin
ical isolate, suggesting that the cell death type elicited by the compound 
is not apoptosis-like in this isolate. Table 5 shows the comparison be
tween both isolates and features related or not to apoptosis-like. More
over, theoretically, alterations in gene expression can lead to altered 
protein levels, but the still unknown steps between transcription and 
translation provide many different regulatory processes. Molecules 
trigger intercellular signaling cascades that cause changes in transcrip
tion or expression of genes. Such changes in gene expression can include 
turnover of genes or just slightly adjust the level of transcript produced 
[42]. Therefore, transcription analysis by gene expression themselves 
are not sufficient to predict protein levels and further detection using 
specific antibodies are necessary [43]. 

Peptidases are enzymes responsible for protein cleavage and there
fore, potential drug targets. T. vaginalis has about 440 genes encoding 
peptidases: 220 cysteine-like (CP), 123 metallo-like (MP), 80 serine (SP), 
17 threonine (TP), and 6 aspartic peptidases (AP) [44]. Peptidases act as 
virulence factors in trichomoniasis and may be located on the surface of 
the plasma membrane or secreted [45]. Results presented in this study 
show that PH100 modulates the expression of enzymes, including pep
tidases. Therefore, azocasein assay was performed to investigate the 
effect of the compound on the activity of peptidases. Reduction (60%) in 
total peptidase activity was observed for both PH100-treated isolates. In 
order to identify which peptidases had activities modified by the treat
ment, zymograms and mass spectrometry were made. Modifications 

were possible to be observed in peptidase activity from the gel regions 
analyzed, comparing trophozoites treated or not with PH100 at IC50 for 
24 h. The regions that showed differences in the SDS-PAGE were excised 
and analyzed by mass spectrometry. The analysis showed two peptidases 
presented on the region with decreased activity excised from ATCC 
isolate, GP63-like and ubiquitin hydrolase-like cysteine peptidase, and 
six peptidases presented on the region with increased activity excised 
from TV-LACM15, GP63-like, ubiquitin hydrolase-like cysteine pepti
dase, leishmanolysin-like metallopeptidase, subtilisin-like serine pepti
dase, calpain catalytic domain-containing protein, and aminopeptidase 
P-like metallopeptidase. Taking into account the correlation between 
gene expression data with mass spectrometry analysis it can be sug
gested that the derivative PH100 modulates both peptidases gene 
expression and activity. 

GP63-like, aminopeptidase P-like metallopeptidase (TvMP50), 
leishmanolysin-like metallopeptidase, calpain catalytic domain- 
containing protein and subtilisin-like serine peptidase are responsible 
to T. vaginalis virulence, migration, invasion, and cytoadhesion [46–49]. 
One hypothesis to explain the augment of the activity of these enzymes 
is the attempt of the parasite to overcome the stressful exposition to 
PH100 by eliciting some virulence factors. 

Thereby, ubiquitination plays important role on cell death, marking 
proteins for degradation [50]. Ubiquitin hydrolases are members of 
desubiquitination family that has been identified in the mammalian 
genome [51]. Deubiquitinating process is not completely understood; 
however, recent studies showed deubiquitinating enzymes have 
important role on regulation of cell cycle, gene expression, DNA repair, 
prevention of protein degradation, and promoting or inhibiting 
apoptosis in mammalian cells [50]. However, there are no studies on the 
function of ubiquitin hydrolyses in T. vaginalis. Analyzing the results 
obtained for the PH100-treated isolates, the ubiquitin hydrolase-like 
cysteine peptidase, increased on TV-LACM15 and decreased on ATCC 
30236 isolate, appears to provide protection against apoptosis with an 
anti-apoptotic function. 

5. Conclusions 

Overall, this study revealed that 2,4-diamine-quinazoline derivative 
(PH100) kills T. vaginalis through a mechanism of action that is poorly 
understood for this parasite. The trichomonacidal activity was more 
effective against the fresh clinical isolate less metronidazole-susceptible 
and a synergistic effect upon the association with metronidazole was 
found. The differential susceptibility to PH100 may be related to the 
presence of endosymbionts TVV. Altogether, the results demonstrated 
by morphological analysis, gene expression and proteomic approach 

Table 4 
Gene expression of enzymes in T. vaginalis isolates (ATCC 30236 and TV-LACM15) treated with PH100 at IC50 for 24 h and function of enzymes and relation of 
expression and apoptosis.     

mRNA expression with 
PH100 treatment Enzyme Function Expression/Apoptosis    

ATCC 
30236 

TV- 
LACM15 

Poly [ADP-Ribose] 
Polymerase 

DNA repair, transcription, cell cycle, cell death and genomic integrity (Cao et al., 
2019). 

Reduced gene 
expression = Increases apoptosis 

N.A. Increased 

Cathepsin D-like Protein catabolism; Stimulates proliferation cancer cells (Bach et al., 2015). Reduced gene 
expression = Increases apoptosis 

Reduced Increased 

Cathepsin B-like Turnover of intracellular and extracellular proteins; Play an important role in 
apoptosis degrading a number of anti-apoptotic proteins (Cavallo-Medvet et al., 
2011). 

Increased gene 
expression = Increases apoptosis 

Increased Increased 

Cathepsin L-like Initiation of protein degradation/Turnover of intracellular and extracellular 
proteins (Sui et al., 2016). 

Increased gene 
expression = Increases apoptosis 

Reduced Reduced 

Calpain Cell differentiation, proliferation and death (Liu et al., 2019). Increased gene 
expression = Increases apoptosis 

Reduced Reduced 

Aminophospholipid 
translocase (APLT-1) 

Responsible for the sequestration of phosphatidylserine in the cytosolic leaflet of 
plasma membranes (Dolis et al., 1997). 

Reduced gene 
expression = Increases apoptosis 

Reduced Increased 

N.A. = not altered. 

Table 5 
Comparison between PH100-treated isolates and features related or not to 
apoptosis-like.   

ATCC 30236 TV-LACM15 

Annexin V - FITC Phosphatidylserine exposed Phosphatidylserine not 
exposed 

Scanning Electron 
Microscopy 

Pseudocyst formation and 
blebbing 

N.D. 

PCR Gene expression favors 
apoptosis 

Gene expression favors DNA 
repair 

Mass Spectrometry Ubiquitin hydrolase-like 
cysteine peptidase decreased 
activity 

Ubiquitin hydrolase-like 
cysteine peptidase increased 
activity 

Characteristics of 
apoptosis-like 

Yes No  
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revealed that PH100 kills T. vaginalis by modulating peptidases trig
gering apoptosis-like cell death only in the ATCC isolate, revealing 
heterogeneity regarding cell death type elicitedś. 
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N. Galindo-Sevilla, A. Rojas-Rojas, A. Rodriguez-Lezama, A. Rodriguez-Lezama, 
Design, synthesis and biological evaluation of quinazoline derivatives as anti- 
trypanosomatid and anti-plasmodial agents, Eur. J. Med. Chem. 96 (2015) 
296–307, https://doi.org/10.1016/j.ejmech.2015.04.028. 

[17] A. Gellis, N. Primas, S. Hutter, V. Remusat, P. Verhaeghe, P. Vanelle, N. Azas, 
Looking for new antiplasmodial quinazolines: DMAP-catalyzed synthesis of 4- 
benzyloxy-and 4-aryloxy-2-trichloromethylquinazolines and their in vitro 
evaluation toward Plasmodium falciparum, Eur. J. Med. Chem. 119 (2016) 34–44, 
https://doi.org/10.1016/j.ejmech.2016.04.059. 

[18] Z. Li, B. Wang, J.Q. Hou, S.L. Huang, T.M. Ou, J.H. Tan, L.K. An, D. Li, L.Q. Gu, Z. 
S. Huang, 2-(2-indolyl-)-4 (3H)-quinazolines derivates as new inhibitors of AChE: 
design, synthesis, biological evaluation and molecular modelling, J. Enzym. Inhib. 
Med. Chem. 28 (3) (2013) 583–592, https://doi.org/10.3109/ 
14756366.2012.663363. 

[19] B. Tang, M. Wei, Q. Niu, Y. Huang, S. Ru, X. Liu, L. Shen, Q. Fang, Antimicrobial 
activity of quinazolin derivatives of 1, 2-Di (quinazolin-4-yl) diselane against 
Mycobacteria, BioMed Res. 2017 (2017), 5791781, https://doi.org/10.1155/ 
2017/5791781. 

[20] M.K. Ibrahim, I.H. Eissa, M.S. Alesawy, A.M. Metwaly, M.M. Radwan, M. 
A. ElSohly, Design, synthesis, molecular modeling and anti-hyperglycemic 
evaluation of quinazolin-4 (3H)-one derivatives as potential PPARγ and SUR 
agonists, Bioorg. Med. Chem. 25 (17) (2017) 4723–4744, https://doi.org/ 
10.1016/j.bmc.2017.07.015. 

[21] H.A. Abuelizz, R.E. Dib, M. Marzouk, E.H. Anouar, Y. A Maklad, H. N Attia, R. Al- 
Salahi, Molecular docking and anticonvulsant activity of newly synthesized 
quinazoline derivatives, Molecules 22 (7) (2017) 1094, https://doi.org/10.3390/ 
molecules22071094. 

[22] M. Dukat, K. Alix, J. Worsham, S. Khatri, M.K. Schulte, 2-Amino-6-chloro-3, 4- 
dihydroquinazoline: a novel 5-HT3 receptor antagonist with antidepressant 
character, Bioorg. Med. Chem. Lett. 23 (21) (2013) 5945–5948, https://doi.org/ 
10.1016/j.bmcl.2013.08.072. 

[23] S.R. Pathak, V. Malhotra, R. Nath, K. Shanker, Synthesis and antihypertensive 
activity of novel quinazolin-4 (3H)-one derivatives, Cent. Nerv. Syst. Agents Med. 
Chem. Former. Curr. Med. Cent. Nerv. Syst. Agents 14 (1) (2014) 34–38, https:// 
doi.org/10.2174/1871524914666140825144729. 

[24] L.S. Diamond, The establishment of various trichomonads of animals and man in 
axenic cultures, Int. J. Parasitol. 43 (4) (1957) 488–490. 

[25] D.P.G. Hübner, P.B. Vieira, A.P. Frasson, C.B. Menezes, F.R. Senger, G.N. Santos da 
Silva, S.C.B. Gnoatto, T. Tasca, Anti-Trichomonas vaginalis activity of betulinic 
acid derivatives, Biomed. Pharmacother. 84 (2016) 476–484, https://doi.org/ 
10.1016/j.biopha.2016.09.064. 

[26] T. Kiss, F. Fenyvesi, I. Bácskay, J. Váradi, E. Fenyvesi, R. Iványi, L. Szente, 
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