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Abstract: Trypanosoma cruzi (T. cruzi), the causative agent of Chagas disease, has infected 6 million
people, putting 70 million people at risk worldwide. Presently, very limited drugs are available,
and these have severe side effects. Hence, there is an urgency to delve into other pathways and
targets for novel drugs. Trypanosoma cruzi (T. cruzi) expresses a number of different cyclic AMP
(cAMP)-specific phosphodiesterases (PDEs). cAMP is one of the key regulators of mammalian cell
proliferation and differentiation, and it also plays an important role in T. cruzi growth. Very few
studies have demonstrated the important role of cyclic nucleotide-specific PDEs in T. cruzi’s survival.
T. cruzi phosphodiesterase C (TcrPDEC) has been proposed as a potential new drug target for treating
Chagas disease. In the current study, we screen several analogs of xanthine for potency against
trypomastigote and amastigote growth in vitro using three different strains of T. cruzi (Tulahuen, Y
and CA-1/CL72). One of the potent analogs, GVK14, has been shown to inhibit all three strains of
amastigotes in host cells as well as axenic cultures. In conclusion, xanthine analogs that inhibit T.
cruzi PDE may provide novel alternative therapeutic options for Chagas disease.

Keywords: cAMP; cGMP; phosphodiesterase (PDE); Chagas disease; green fluorescent protein (GFP);
Trypanosoma cruzi strains; xanthine analogs; IBMX

1. Introduction

Over 1.5 billion people have been infected with various types of neglected tropical
diseases, according to the World Health Organization (WHO) [1]. Among them, 6 million
people suffer from Chagas disease (CD), with a mortality rate of 12,000 deaths per year [2].
CD is a multisystemic disease that affects the cardiovascular, digestive, and central nervous
systems. The causative agent for CD is Trypanosoma cruzi (T. cruzi), a hemoflagellate proto-
zoan parasite that is transmitted through hematophagous reduviid insects (kissing bugs) in
endemic areas such as Latin America [3]. Other routes of transmission include oral and
congenital transmission, transfusion, organ transplantation, and laboratory accidents [1].
Globalization and migration have enabled the international spread of the parasite, with
6 million people currently infected and 70 million at risk of infection [1]. As per the U.S.
Centers for Disease Control and Prevention (CDC), approximately 300,000 people within
the U.S, predominantly immigrants from high-risk areas, are infected, therefore posing a
risk to American healthcare [2].

Within the T. cruzi lifecycle, the parasite stays in two forms in humans, the trypo-
mastigote form (free circulating form) and the amastigote form (intracellular) [4]. Though
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many patients experience few to no symptoms during the acute phase of CD, the inter-
mediate and chronic phases of infection can last for many years. During these phases of
CD, intracellular/circulating parasite numbers are reduced; however, the mechanism of
pathogenesis remains to be fully understood [5,6]. The majority of infected individuals will
continue their life unaffected; however, 30-40% of T. cruzi-infected patients will develop
cardiovascular, gastrointestinal, and/or neurological disorders [3,7,8].

Despite the discovery of T. cruzi a century ago, benznidazole and nifurtimox are
presently the only therapeutic options [9,10]. These drugs have limited efficacy and severe
adverse effects. Azole inhibitors initially showed prominent results in vitro and in vivo
but were ineffective compared to benznidazole in clinical trials [11,12]. The presence of
naturally resistant parasite strains further limits their usage and often leads to treatment
cessation [10,13]. Thus, there is an urgent need for the development of therapeutics that
can efficiently target the many circulating strains.

Cyclic adenosine monophosphate (cAMP), a second messenger, is one of the key regu-
lators in mammalian cell proliferation and differentiation [14]. In the kinetoplastid family
of parasites, CAMP plays an important role during cellular invasion and differentiation [15].
Phosphodiesterases (PDEs) are the sole enzymes that hydrolyze cAMP and control cyclic
nucleotide signaling in cellular processes [16,17]. In T. cruzi kinetoplastids, four families of
class I PDEs (A-D) have been identified [18,19], and these enzymes are involved in essential
functions, including cell division, osmoregulation, and virulence [20-23]. There is a high
level of sequence conservation between mammalian and trypanosomatid PDEs [24]. This
is an advantageous tool that can be capitalized on for the treatment of Chagas disease [25],
as PDEs are well-known pharmacological targets for various diseases in humans [16,26,27].

IBMX (3-isobutyl-1-methylxanthine) is a non-specific phosphodiesterase (PDE) in-
hibitor whose potency is in the micromolar level for all isoforms of PDEs; however, some
of the potency is in nanomolar concentrations against PDE5 [28-30]. We have modified this
molecule to generate mammalian PDE5 isoform-specific activity [22,31,32]. One modifica-
tion involved the 8-position of IBMX to shift the non-specific inhibitor into a more specific
non-mammalian cAMP-binding PDE to avoid unnecessary interference with human PDE
function (unpublished data). As expected, the newly generated analogs were very potent
on PDE1 and, more specifically, PDE5. Though it has been reported that T. cruzi expresses
PDEs that bear homology to the mammalian PDE family [22], one variant of T. cruzi PDE,
TerPDEC, has an affinity to both cAMP and cGMP and has been proposed as a potential
drug development target at the micromolar range [23,33].

Based on this knowledge, we screened the xanthine analogs that were originally devel-
oped as mammalian PDES5 inhibitors. Our screening study identified several molecules that
inhibited T. cruzi infection in nanomolar concentrations. Because of the high genetic and
phenotypic intraspecific diversity in T cruzi, it has been classified into about seven discrete
typing units (DTUs), named Tcl to TcVI and Tcbat [34-36]. Anti-trypanosomal drugs act by
damaging DNA, and the reactive metabolites are generated via the reductive metabolism
regulated by T. cruzi flavin-dependent mitochondrial type 1 nitroreductase (TceNTR-1) [37].
One of the active molecules was tested on various drug-resistant strains and shown to be
highly potent in all strains. This study demonstrates that novel selective inhibitors of T.
cruzi PDEs could be further developed for Chagas disease.

2. Materials and Methods
2.1. Synthesis of Xanthine Analogs

Xanthine analogs with phenylthio substitution were synthesized with a slight modifi-
cation of the methods described in the literature [28]. 8-bromo-IBMX was stirred with substi-
tuted thiophenols in methanol in the presence of sodium acetate and trace amounts of water.
The 8-substituted benzyl-IBMX, 8-substituted cycloalkylmethyl-IBMX, and 8-substituted
styryl-IBMX analogs were synthesized by reacting 1-isobutyl-3-methyl-5,6-diaminouracil
with substituted phenylacetic acids, alicyclic carboxylic acids, and substituted cinnamic
acids, respectively. The two reagents were stirred overnight with condensing agent 1-(3-
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dimethylaminopropyl)-3-ethylcarbodiimide hydrochloride. Sodium hydroxide (2M) was
heated at 90 °C for 2 h to obtain the products [23]. A similar approach was used to prepare
theophylline analogs. All compounds were purified either by recrystallization or by column
chromatography using silica gel. The pure trans isomer of 8-(4-chlorostyryl)-IBMX was
synthesized by reacting commercial trans 4-chlorocinnamic acid with 1-isobutyl-3-methyl-
5,6-diaminouracil in the dark. Cis isomer was obtained by exposing a methanolic solution
of trans isomer to light for 1 week. Cis isomer was separated from the trans isomer by HPLC
(Whatman Partisil M20 10/25 ODS-3, mobile phase CH3CN:water (7:3)). Based on previous
work examining the structures of selective inhibitors of PDE-5, confirmed by NMR, mass
spectroscopy, and elemental analysis, the xanthine analogs that were synthesized included
functional groups and residues that inhibited PDE-5 via molecular interactions [38,39].

2.2. Rat Heart Myoblast Culture

Rat heart myoblasts (RHMs) were obtained from ATCC Inc. and maintained by incu-
bating at 37 °C with 5% CO, in DMEM containing glutamax (Life Technologies, Carlsbad,
CA, USA) by supplementing with 10% heat-inactivated fetal bovine serum (Life Tech-
nologies), 1% penicillin/streptomycin (Life Technologies, Carlsbad, CA, USA) and 1%
non-essential amino acid and MEM-vitamin (Life Technologies, Carlsbad, CA, USA).

2.3. Parasites

Based on genetic variability, T. cruzi is classified into about 7 DTUs; high genetic
diversity, along with the multi-clonality of the natural population, has led to various levels
of drug resistance against the clinically approved drugs [40-42]. Three strains Tulahuen, Y,
and CA-1 CL72, were used in this study based on their drug resistance to benznidazole
and nifurtimox. The Tulahuen strain (20A clone) is a highly invasive tryomastigote clone
derived from a heterogeneous population of the Tulahuen strain of blood trypomastigotes,
with different degrees of infectivity, originally isolated in Tulahuen, Chile [43]. The Y strain,
isolated from a Chagas disease patient in Belo Hrizonte, Brazil, was obtained from ATCC
(ATCC 50832) [44]. The CA-CL72 strain is a Nifurtimox-resistant strain obtained from ATCC
(ATCC 50791) [45], originally isolated from a human male with chronic myocarditis in San
Luis, Argentina, and cloned by J. Dvora from NIH in 1980. These strains have different
drug susceptibility and geographic distribution as drug resistance have been observed in
natural populations of T. cruzi strains without prior exposure to drugs [46]. Both Y and
CA-1 CL72 were received as epimastigotes and grown in liver transfusion media (LIT)
with 10% fetal calf serum (FBS) and hemin [47]. Further, infective trypomastigotes forms
were obtained by infecting the cells in vitro. Trypomastigotes expressing green fluorescent
protein (GFP) were generated as described previously [48].

2.4. Trypanosomes Expressing Green Fluorescent Protein (GFP)

Pure cultures of T. cruzi trypomastigotes expressing GFP were obtained from the
supernatant of heart myoblast monolayers, as described previously [48-51]. Amastigotes
expressing GFP were obtained by originally infecting Vero cells with trypomastigotes
expressing GFP, and growing amastigotes-GFP in cell-free medium, as described [52].

2.5. GFP-Expressing Amastigote Forms in a Cell-Free Medium

Amastigotes were obtained from the GFP-expressing trypomastigotes released from
myoblasts, as described earlier by Villalta et al. [52,53]. Amastigotes were axenically grown
in DMEM media with 10% FBS for 3-5 days and seeded at 1 x 10° parasites per well in a
24/48 well plate.

2.6. T. cruzi Trypomastigote Culture and Infection Assays

RHMSs were used to generate trypomastigotes and amastigotes from the 3 strains. To
generate the trypomastigotes, cells were grown to 80% confluence, followed by incuba-
tion with infective T. cruzi trypomastigotes expressing GFP [46,52,53]. Highly infective
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(infect >95% of cells) T. cruzi trypomastigotes were harvested from tissue culture super-
natants and washed with Hanks Balanced Salt Solution (HBSS) and further used for the
drug infection studies. After 20-24 h of infection, uninfected parasites in the media were
washed off to prevent prolonged infection with 1x DPBS (without calcium/magnesium),
and various concentrations of PDE inhibitors (1 nM to 100 nM) were added. DMSO (10 pL)
was used as solvent control, with a similar volume of the dissolved compounds, and ben-
znidazole (2.5 u) was used as a positive control under similar conditions [42,54]. Monolayer
cells were further incubated with the inhibitors for 36 h, just before the first batch of release
of the trypomastigotes from the host cells, and washed twice with 1XPBS to remove the
unbound trypomastigotes. To measure the PDE inhibitory action using relative florescent
units (RFUs), cells were incubated in Phenol-Red-free DMEM media for 24 h and GFP
intensity was measured using a spectrophotometer (BioRad Inc., Hercules, CA, USA)with
a single excitation peak centered at about 488 nm, with an emission peak wavelength of
509 nm.

2.7. Florescent Microscopic Assays

After treating the cells with respective concentrations of PDE inhibitors, cells were
fixed with 2.5% paraformaldehyde (w/v) for 5 min at room temperature, followed by
washing with 1x DPBS, and perforated with 0.1% Triton-X100 in PBS for 5 min. Cells were
blocked with 3% BSA-PBS for 30 min at room temperature. Alexa fluor 546 phalloidin
(Invitrogen) was used at a ratio of 1:2000 to visualize cardiomyocyte actin myofibrils, as de-
scribed previously [52,53], and the nucleus was stained with 4/,6-diamidino-2-phenylindole
(DAPI, Thermofisher Inc., Waltham, MA, USA). Stained cells were analyzed for compound
inhibition using a Nikon A1R confocal microscope, and images were captured by imaging
software NIS Elements AR Analysis version 5.20.02 64-bit.

2.8. Treatment of Amastigotes with PDE Inhibitors

Amastigotes were treated with 50 nM of PDE inhibitors or DMSO as control for 4 days.
RFU was determined every 24 h for 4 days of treatment by fixing the amastigotes with 2.5%
formaldehyde. Amastigotes were observed under confocal microscopy (Nikon A1R model).
The software used for the analysis was NIS Elements AR 5.30.05, using the channels FITC
(488; 500-550).

2.9. Annexin V Assay

The annexin V assay was used to detect the apoptosis induced by the xanthine analogs
via the detection of translocated phosphatidylserine from the inner to the outer leaflets of
the plasma membrane. Further treatment with propodeum iodide (PI) detected dead cells
with permeabilized plasma membranes. The experiment was performed according to the
manufacturer’s instructions using the Alexa Fluor488 Annexin V/Dead Cell Apoptosis Kit
(Thermo Fisher Scientific Inc., Waltham, MA, USA). RHM cells were treated with 100nM of
xanthine analogs for 48 h. After treatment, detached as well as adherent cells were washed
twice with cold 1XPBS. The cell pellet was resuspended in 100 uL of annexin-binding
buffer at a density of 1 x 10* cells per ml and incubated with 5 uL of Alexa-488-conjugated
annexin V and 5 pL of PI for 15 min at room temperature in the dark. About 400 puL of
binding buffer was added to each sample tube, and the samples were immediately analyzed
by flow cytometry. Histograms and statistics were analyzed using the software FlowJo
Version 7.6.5.

2.10. Cell Cytotoxicity Assay Using CCK-8

RHM cells were counted and seeded into a 96-well culture plate at a concentration
of about 5000 cells per well (TPP Inc., Pierceton, IN, USA). Cells were further incubated
at 37 °C in a humidified incubator under 5% CO; for 24 h; the medium was replaced and
washed 2 times with 1x PBS and replaced with media contacting 100 nM of IBMX analogs
along with a corresponding volume of DMSO (10 pL) as control. The plates were further



Microbiol. Res. 2022, 13

725

incubated for 48 h in the CO; incubator at 37 °C. A replicate of three measurements was
made for each group. Finally, 10 uL of CCK-8 reagent (MedChemExpress Ltd., Monmouth
Junction, NJ, USA) was added to each well, and OD at 450 nm was measured using a BD
Biosciences Multiplate Reader (BD Biosciences, Inc., Haryana, India) after incubation for
2hat 37 °C. Values were calculated and normalized in Microsoft Excel, and graphs were
plotted in Graphpad Prism.

2.11. Selectivity Index

RHM cells, about 10,000 cells per well, were seeded into 48-well plates (TPP Inc.,
Pierceton, IN, USA), and further incubated at 37 °C in a humidified incubator under 5%
CO; for 24 h. The medium was replaced and washed 2 times with 1x PBS and replaced
with media contacting various concentrations of IBMX analogs, ranging from 1 to 100 uM;
similar treatments were also performed on RHM cells infected with T cruzi, as mentioned
above. The selectivity index was determined by calculating the IC50 value ratio between
the uninfected vs. infected RHM cells.

2.12. cAMP ELISA

Trypomastigotes expressing GFP were treated with PDE inhibitors for 48 h, followed
by centrifugation at 3000 RPM for 15 min. The supernatants were obtained for the analysis
of secreted cAMP levels. T. cruzi trypomastigotes were suspended at a concentration
of 1 x 108 cells per ml and incubated with or without PDE inhibitor for 10 min in PBS
supplemented with 5 mM glucose. Aliquots of 0.5 mL were taken at 1 and 5 min post-
incubation, centrifuged, and resuspended in 100 pL of PBS and 400 uL of 50 mM sodium
acetate, pH 5.5, preheated to 95 °C. The samples were then heated at 95 °C for 5 min, after
which the samples were centrifuged and the supernatants were collected and stored at —20
°C. The cAMP levels were measured at the 420 nm wavelength using a spectrophotometer
(BioRad Inc., Hercules, CA, USA) and analyzed per the protocol of the cAMP ELISA kit
(Cayman Chemicals, Ann Arbor, MI, USA).

2.13. Chemical Absorption, Distribution, Metabolism, Excretion, and Toxicity (ADMET) Levels
and Scoring

ADMET properties are one of the essential criteria for the assessment of a drug-like
nature. We evaluated the chemical drug-likeness of the xanthine analogs using admetSAR
online software [55]. Individual chemical compounds were drawn to obtain the SMILES,
which were then used to predict the chemical absorption, distribution, metabolism, excre-
tion, and toxicity levels of the xanthine analogs. admetSAR allows for the calculation of
pertinent ADMET properties using binary and non-binary classification models. Binary-
classified properties such as Ames mutagenicity (Ames), acute oral toxicity (AO), Caco-2
permeability (Caco-2), P-glycoprotein substrate (P-gps), P-glycoprotein inhibitor (P-gpi),
CYP substrates and inhibitors (CYP1A2, CYP2C9, CYP2D6, CYP2C19, and CYP3A4), hu-
man intestinal absorption (HIA), CYP inhibitory promiscuity (CYPPRO), carcinogenicity
(CARC), human ether-a-go-go-related gene inhibition (hERG), and the organic cation
transporter protein 2 inhibitor (OCT2i) were calculated. Ternary- or quaternary-classified
properties such as chemical carcinogenicity and acute oral toxicity were transferred into
binary prediction models.

2.14. Chemical Diversity Measurement

We evaluated the chemical diversity of the xanthine analogs using ChemMime online
software [56]. Using the canonical SMILES of individual chemical compounds generated
with admetSAR, we utilized a hierarchical clustering method that uses the hclust function
implemented in R to calculate the chemical similarity across all xanthine analogs. We
employed the single linkage rule in our hierarchical clustering scheme using the distance
matrix of all-against-all compound distances that is generated by subtracting the Tanimoto
coefficient Tc (which is defined by the proportion of features shared among two compounds
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3. Results
Xanthine Structural Modifications and Activity against T. cruzi

The xanthine base structure was modified at various positions to understand the
structural requirements needed for the effective inhibition of T. cruzi (Figure 1). Xanthine
base structure substitution occurred with thiophenols, phenylacetic acids, salicylic car-
boxylic acids, or substituted cinnamic acids (Figure 1). The compounds were confirmed
by NMR, mass spectroscopy, and elemental analysis. The IC50 values of the analogs were
determined against the mammalian PDEs. Phosphodiesterases were purified, and assays
were performed as described earlier. These PDEs include both cGMP- and cAMP-specific
PDEs [57,58].
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Figure 1. Synthesis of xanthine compounds and modifications: The figure represents the schematic
illustrating the xanthine base structure of IBMX, where the numbers 1 to 9 represent the possible
modification locations. Several analogs were synthesized based on the xanthine structure of IBMX.

Stable GFP-expressing trypomastigotes (Tulahuen strain) were generated using the
myoblasts. Trypomastigotes were collected after the second release, in which higher num-
bers of the single form of parasites could be found. The inhibitor evaluation experiments
were performed in 24-well plates in triplicate at an infection ratio of 10 parasites per cell af-
ter 24 h of infection; cells were washed to remove the unbound trypomastigotes, and RHMs
were treated with several modified compounds to evaluate the efficacy of the inhibitors.
Several molecules, GVK 14, 16, 19, and 22, decreased the growth of amastigotes inside
the infected cells compared to solvent control, DMSO (Figure 2A). The green fluorescence
intensity was measured and is represented as RFUs in the graph (Figure 2B), where the
RFUs are compared to the DMSO control. To further rule out the toxicity of the drugs to
the host cells, we performed FACS analysis of the cells that were treated with annexin V
staining, along with PI staining, to determine quantitatively the cells undergoing apoptosis.
To determine the viability of cells during the inhibitor treatment, PI staining was used. The
cells positive for FITC annexin V, negative for PI, or positive for FITC annexin V/positive
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Figure 2. IBMX analogs inhibit T. cruzi infection in vitro. (A) Fluorescent microscopic images of
RHM infected with T. cruzi (Tulahuen strain) expressing GFP. RHMs were treated with 50 nM of
IBMX analogs, and parasite infection was evaluated after 24 h. Green fluorescence represents actively
growing T. cruzi amastigotes inside the cells. (B) Graphs were created based on green fluorescence
intensity, which is measured as % RFU intensity, and DMSO control is shown as 100%. (C) FACS
analysis of the infected cells with the respective inhibitors represents cellular toxicity using annexin
V-PIstaining. (D) CCK-8 assay for cell viability or cytotoxicity after treatment with 100 nM of xanthine
compounds on RHM cells. Data are analyzed as mean + standard deviation (SD) (n = 3) for CCK-8
assays.

Cellular cytotoxicity selectivity was also determined by measuring the selectivity
index values of the analogs. The ratio values ranged from 1 to 1.33 (Table 1 and Table S1),
which represent less toxicity to the RHM cells when infected.

Table 1. ECsg and selectivity index of GVK14 in infected myoblasts by strains of T. cruzi.

Strain GVK14 (nM) SI
Tulahuen 24 +0.2 15,833.3 + 620
Y 3.6 £05 10,555.55556 + 800
CA-1CL72 2.8+0.8 13,571.42857 + 1000
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The ADMET analysis was performed based on the definition of the ADMET score
presented above in the Methods section (Tables 2 and S2). The canonical SMILES of analogs,
molecular weight, and A log P (Ghose-Crippen Log Koy ), as well as the logS prediction
values of ADMET properties, are listed in Table S2. ADMET scores of each compound
were predicted using the software admetSAR 2.0. The chemical space distribution of the
compounds is shown graphically in Figure 3, along with the water solubility (Figure 3A,B).
The A log P ranged from —1 to 4.4. This data demonstrates that most of the xanthine
analogs are highly hydrophobic in nature. We further measured the chemical diversity
of the compounds using the ChemMime software. Figure 3C,D show the distribution of
molecular weight (MW) and Tanimoto similarity. As shown in Figure 3C, the MW of the
xanthine analogs ranges from 152 to 400. The heat maps of the Tanimoto similarity matrix
show the shared structural identity in these molecules (Figure 3D), which is expected as
they are derived from the parent xanthine structure. GVK14 showed high absorption,
distribution, metabolic activity, and excretion and lower toxicity in various organs (Tables 2
and S2).

For the consideration of drug-likeness, we assessed only the appropriate criteria, ex-
cluding endpoints that were related to environmental risk. However, we kept those in the
data presented in Table S2 because of the significance of eco-toxicity models, along with
other pertinent endpoints. We evaluated the bioavailability of the xanthine analogs using
predictive models within admetSAR2.0 that estimated the movement of the molecules
across the intestinal epithelial barrier. For GVK14 and the majority of the other xanthine
analogs, the rate and extent of human absorption predicted in the human intestinal ab-
sorption (HIA), human oral bioavailability (HOB), and Caco-2 permeability values were
positive, showing the likelihood of drug absorption. We also determined the estimated dis-
tribution of xanthine analogs by P-glycoprotein (P-gp), a key transporter protein involved
in drug distribution and many essential processes related to drug pharmokinetics [59].
GVK14, along with the majority of the other xanthine analogs, show minimal cytochrome
P450 (CYP) promiscuity; that is, they do not inhibit P-gp or serve as a substrate for P-gp.
This signifies that the distribution of the xanthine analogs will not be hampered. T. cruzi
presence has been reported in glial cells, and the acute phase of infection can cause severe
nervous system complications, including meningoencephalitis, which frequently occurs
in children before 2 years of age [60]. Hence, we predict the blood-brain penetration
capabilities of the xanthine analogs. All the xanthine analogs studied are predicted to
have the ability to cross the blood-brain barrier. We further investigated the possibility of
clinical drug—drug interactions with other drugs using the predictive model by assessing
the inhibition of CYP enzymes, particularly isoforms 1A2, 2C9, 2C19, 2D6, and 3A4, which
are responsible for about 90% of oxidative metabolic reactions [61]. GVK14, along with
the majority of the other xanthine analogs, show minimal CYP promiscuity; that is, they
do not inhibit multiple CYP isoforms and, thus, will not likely be involved in drug-drug
interactions with various other drugs but will be metabolized in the body. In addition,
using admetSAR2.0, we measured the likelihood of GVK14 and all other xanthine analogs
accumulating in the kidney or being excreted by predicting whether they serve as organic
cation transporter 2 (OCT2) inhibitors. OCT2 is the initial step in the renal secretion of many
cationic drugs [58]. Finally, we predict the overall toxicity of the xanthine analogs using
the various toxicity endpoints within admetSAR2.0 prediction models. GVK14 and other
xanthine molecules have shown some level of predicted toxicity. We evaluated the Ames
mutagenicity, which looks at the potential for teratogenicity and genotoxicity in the early
stages of drug discovery. GVK14 and the majority of the other xanthine molecules were
negative for Ames mutagenicity. Another major area for predicting toxicity is the inhibition
of the human ether-a-go-go-related gene (hERG) potassium channel. Inhibiting hERG can
cause severe cardiac side effects due to prolonged QT intervals [62]. GVK14 and many
of the other xanthine analogs show this possibility. Very importantly, acute oral toxicity
and carcinogenicity are very crucial toxicological endpoints. The majority of the xanthine
analogs are in category III, which represents slightly toxic and slightly irritating molecules.
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GVK14 shows moderate toxicity in category II. All these compounds are predicted to be
non-carcinogenic.
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Figure 3. Distribution of chemical properties on xanthine analogs. Panel (A): Chemical space
distribution of xanthine analogs. Chemical space is defined by molecular weight (MW) as the X-axis
and Ghose-Crippen Log Kow (A log P) as the Y-axis. Panel (B): Ghose—Crippen Log Kow (A log P)
(lipophilicity) versus aqueous solubility (log S). Panel (C): The molecular weight distribution of the
xanthine analogs used in this study. Compounds with similar molecular weight are closer in color.
Panel (D): Tanimoto similarity index for all xanthine analogs used in this study; colors closer to red
in the heat map mean that the compounds are more similar, and colors closer to dark blue mean that
the compounds have higher diversity.

For the purpose of therapeutic convenience, it is of utmost importance to validate
whether these molecules inhibit other strains of T. cruzi. Hence, we tested the most potent
molecule identified in our screening, GVK14, on three strains of T. cruzi (Tulahen, Y, and
CL72). The antiparasitic activity of GVK14 against the three strains of T. cruzi was analyzed
in amastigotes, the most clinically relevant, intracellular form of the parasite, by quantifying
the rate of multiplication within the infected cardiomyocytes (Figure 4).



Microbiol. Res. 2022, 13

730

Table 2. ADMET properties prediction of xanthine analogs.

IBMX GVK GVK GVK GVK GVK GVK GVK GVK GVK GVK GVK GVK GVK GVK
Base 04 05 06 08 10 11 12 13 14 15 16 19 22 105

A
(Absorption)

D
(Distribution)

M(Metabolism)

E (Excretion)

T (Toxicity)

Human
intestinal
absorption
(HIA)

Human oral
bioavailability
(HOB)

Caco-2
permeability
Blood-brain
barrier
penetration
(BBB)
P-glycoprotein
inhibitor
(P-gp)
P-glycoprotein
substrate

CYP inhibitory
promiscuity
OCT2 inhibitor
Acute oral
toxicity
(log(1/(mol/kg)))
Human either-
a-go-go-ralted
gene (hERG)
inhibition
Ames
mutagenesis
Carcinogenicity
(binary)

1II:

III: II: III: 1II: 1II: II: III: III: 1I: II: III: 1II: 1II: L

2611 2 2632 2919 2777 3275 2607 3.19 2.55 2934 2777 2998 2902 2045 3.174

The dose-response curves indicated that the compound had remarkable antiparasitic
activity, clearing Tulahuen, Y, and CA-1 CL72 T. cruzi infections at low nanomolar concen-
trations. After 72 h of infection, the cardiomyocyte monolayers were washed with PBS,
and the infection was fluorometrically quantified as relative fluorescence units (RFUs).
The EC50 values were 2.4, 3.6, and 2.8 nM for T. cruzi strains Tulahuen, Y, and CA-1 CL
72, respectively (Figure 4B, Table 1). As the positive control, benznidazole (50 nM) was
used (Figure 4B). Compared to the control drugs, GVK14 showed effective inhibition of the
amastigotes’ growth in all three strains of T. cruzi (Figure 4A).

Effect of PDEs on the growth of amastigotes:

The xanthine analogs efficiently inhibited the extracellular amastigotes and also in-
hibited intracellular amastigote proliferation. To further characterize and differentiate
between intracellular and extracellular amastigote proliferation in the drug screening assay;,
we further determined the cytotoxicity effect of the inhibitors by targeting the axenically
growing amastigotes. We treated the axenically growing amastigotes with the inhibitors
for 24 to 72 h. As expected, the inhibitor GVK14 successfully inhibited the growth of
amastigotes within 24 h, while the control amastigotes continued to grow exponentially for
4 days (Figure 5A). Confocal microscopic images showed that the axenic culture of stable
GFP-expressing Tulahuen-strain amastigote proliferation was inhibited by the treatment
with GVK14 (Figure 5C) compared to that of the DMSO control (Figure 5B).

Cyclic AMP determinations: To validate that these xanthine analogs inhibit the T.
cruzi PDEs and inhibit the growth of the log-phase, we determined the cAMP levels in
T. cruzi at a single dose of 50 nM. Most of the active molecules increased cAMP levels
significantly, suggesting that these IBMX analogs inhibit PDEs of T. cruzi. GVK14 induced
highly significant levels of cAMP, followed by GVK19 and -22 (Figure 6A; Table 3) compared
to DMSO-treated myoblasts. To evaluate the selectivity of action or to determine xanthine
analog activity against mammalian PDEs, we treated the RHM cells with the compounds
at 50 nM concentrations for a period of 48 h, and cAMP levels were measured. The cAMP
levels were not changed compared to control untreated cells. The correlation coefficient
was calculated to determine the relationship between two dependent variables, and the
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potency of drugs and secreted cAMP levels were investigated; none of these levels were
chosen a priori. Upon the Pearson correlation coefficient calculations, the r-value of the
xanthine analogs was —0.67, which shows a negative correlation, which explains our results
as these analogs are in a negative relationship.
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Figure 4. Effect of compounds on actively growing amastigotes in heart myoblasts infected with
three T. cruzi strains. (A) RHM infected with GFP-expressing trypomastigote clones of Tulahuen, Y,
and CA-1CL72 strains (infection of 10 parasites per cell) after 24 h of infection and then treated with
GVK14 (50 nM) or, as positive control, benznidazole (50 nM) or DMSO. Green color represents T.
cruzi amastigotes; blue represents cardiomyocyte nuclei; red is myoblast actin myofibrils. (B) Line
graph depicting dose-dependent suppression of the Tulahuen, Y, and CA-1 CL72 strains expressed as
relative fluorescence units (RFUs) at 72 h are shown. All experiments were performed in triplicate,

and the results are presented as means =+ SEs. Statistical analysis was performed by two-way ANOVA,
p <0.05.
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Figure 6. Changes in secreted cyclic AMP (cAMP) levels with the treatment of PDE inhibitors. Panel
(A): cAMP levels were measured using the Cayman ELISA kit after treating the Tulahuen strain of T.
cruzi. The red-lined graph represents the standards of the cAMP provided by the manufacturer. All
experiments were performed in triplicate, and the results are presented as means & SEs. This is a
competition assay, and the levels of secreted cAMP are shown on the X-axis. Statistical analysis was
performed by two-way ANOVA, p < 0.05. Panel (B): Represents the correlation graph that shows the
treatment of analogs on RHM cells compared with the secreted cAMP levels. Graphs were created
based on green fluorescence intensity, which is measured as % RFU intensity; DMSO control is shown
as 100%. The 95% Cl is —0.8994 to —0.1609, with a Pearson’s r-value of —0.67.
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Table 3. Values of cAMP levels (pmol/mL) secreted in T. cruzi with respective xanthine analogs.

IBMX cAMP pmol/mL
GVKO04 9.3
GVKO05 0.2
GVKO06 0.2
GVKO08 0.2
GVKI10 3.1
GVK11 3.1
GVK12 9.3
GVK13 0.3
GVK14 750
GVK15 1
GVKI16 84
GVK19 700
GVK22 208

GVK105 2

4. Discussion

T. cruzi, the etiological agent of Chagas disease, expresses several phosphodiesterases
(PDEs) that have shown homology to many human PDEs [24]. TcPDEI], a novel membrane-
bound PDE that is associated with flagellum, has significant homology with the T. brucei
TbPDE2 family [17]. TcPDE4 also shows significant homology to the PDE4 family of
enzymes, which possess a high affinity for cAMP [18]. These findings prompted us to
screen inhibitors of PDEs, specifically IBMX analogs, as possible drugs for the treatment of
Chagas disease. Xanthine analogs and xanthine-containing molecules have been previously
identified as possible drugs for Chagas disease [63]. However, due to the unknown
mechanism of action of these complex xanthine analogs and the high cost of synthesis,
further development of these molecules was abandoned. In the current study, we have
designed simple xanthine analogs with known mechanisms of action that could reduce the
cost of synthesis.

IBMX analogs possess anti-inflammatory, anti-aggregating, and anti-hypertensive
properties [64]. These IBMX analogs are known to inhibit various forms of PDEs by
interfering with the different signaling pathways that enhance the cAMP levels, which
increase cellular nucleotide levels, osmoregulation, and cytokinesis levels [16]. These
compounds may also act on cAMP-dependent immune suppressive mechanisms.

IBMX, a non-specific PDE inhibitor with micromolar potency [28], has been modified
to mimic cAMP/cGMP by adding a substitution at the 8-position of the molecule. This
substitution is believed to mimic ribose cyclic phosphate groups present on cAMP /cGMP
molecules [64]. Although these molecules were designed to target mammalian PDES5, the
IBMX moiety could be accommodated in the cyclic nucleotide-binding site of the parasite’s
PDEs [28,64].

We introduced several substitutions at the 8-position that could provide substitution
preference by the cyclic nucleotide-binding site of the PDEs. These include substituted
benzyl, substituted phenylthiol, and substituted phenyl groups. We have also modified
substitutions at the 1-, 2-, 3-, and 6-positions of the molecule to understand the structural
requirements, and we introduced a substitution found in one of the earlier cGMP-PDE
inhibitors, zaprinast [65]. Interestingly, many molecules have shown significant activity
in reducing the infection of T. cruzi. Substitutions with both electron-withdrawing and
electron-donating groups showed activity, suggesting that the catalytic cyclic nucleotide-
binding site in the TcPDE has ample space to orient the molecule and interact with various
parts of the molecule.

The most potent among these molecules was GVK14, with 97% inhibition of infection
by parasites. A dicyclohexylmethyl substitution at the 8-position of IBMX was induced
in GVK14. This substitution is highly hydrophobic in nature. Interestingly, mammalian
PDES has a preference for hydrophobic substitutions at the 8-position of IBMX [28]. This



Microbiol. Res. 2022, 13

734

observation might suggest that the cyclic nucleotide-binding pocket of T. cruzi PDE has a
hydrophobic interaction site. Similarly, GVK19, which has a nitro group at the 4-position of
benzyl substitution, showed potent inhibition of T. cruzi infection. Electron-withdrawing
groups on benzene substitution were not tolerated by mammalian PDES5. Electron-donating
groups, such as hydroxy and amino groups, as well as halogen substitution on benzene
substitution, were well tolerated by mammalian PDES5 and T. cruzi PDEs. It is noteworthy
that both electron-withdrawing and electron-donating groups on IBMX analogs were
equally favored by T. cruzi PDEs. One of the molecules introduced was a propoxyphenyl
group (GVK22) that was found in the cGMP-specific PDE inhibitor zaprinast. GVK22 was
also found to be a potent inhibitor of T. cruzi PDEs, suggesting that possible modifications
could be made at the location of the isobutyl group (3-position of IBMX) in IBMX. A
modification with a trans-styryl group at the 8-position of IBMX reduced the potency of
the molecule, which is similar to mammalian PDE5 [66]. It is believed that 8-position
modification with the benzyl or phenylthio group mimics the cyclic ribose moiety of cAMP
or cGMP. Although we have not tested the cis conformation of the styryl group, it has been
shown in prior literature that the cis styryl group is a better inhibitor of PDE5 [28].

The use of different parasite strains, Tulahuen, Y, and CA-1 CL72, assisted in deter-
mining the efficiency of different levels, from sensitive, moderate resistance to complete
resistance, of several drugs based on the literature [40-42]. To rule out the possibility of the
impact of the PDE inhibitors at 100 nM of concentration on the host cell, cellular toxicity
conditions, along with the survival of the cells, were determined by direct microscopic
observation of the host cells (data not shown). Further, a more sensitive assay, CCK-8, was
performed against the compounds to determine the cytotoxicity of the molecules on the
host cells. None of the xanthine analogs showed any cytotoxicity to the mammalian cells,
while one concentration indicated that these compounds were not cytotoxic at 100 nM;
future studies will determine the toxicity of the lead molecules at various concentrations,
and the ICsy value will be determined and compared to the ICsy value against parasites.
The selectivity index ratio clearly shows the selectivity of these molecules toward T. cruzi
compared to RHM cells (Table S1). Thus, these molecules are less toxic to host RHM cells,
providing the desirable therapeutic window for the treatment. The predictive ADMET
scores obtained using admetSAR 2.0 shows that these molecules have drug-like properties
and fall within the desired properties, with the exception of water solubility.

We used amastigotes to test the most potent compound identified in the present
screening. Amastigotes are a great model to investigate the biological role of specific gene
recombination studies. There is a potential need to investigate the mode of action of new
drug candidates by directly targeting the amastigote itself. Several drug screening studies
have been conducted by targeting the axenic amastigotes in Leishmania [67-70], and many
of the studies have shown that the inhibitory compounds identified by cellular and axenic
amastigotes assays do not perfectly overlap [71,72] because of physiological differences in
the proteomes and transcriptomes of Leishmania amastigotes [73,74]. Similar physiological
differences between the two forms of amastigotes of T. cruzi have also been reported. For
example, axenic amastigotes are completely resistant to complement-mediated lysis com-
pared to intracellular amastigotes, where 100% of intracellular amastigotes were lysed in
fresh serum. In terms of infection efficiency, experiments using axenic-cultured amastigotes
were more infectious compared to the intracellularly derived amastigotes of T. cruzi [75].
Very limited studies have investigated therapeutic strategies against the T. cruzi axenic
amastigotes [51]. Our study shows successful inhibition of the cellular and axenic amastig-
otes using the xanthine analogs and the non-toxicity of xanthine analogs in mammalian
cells.

GVK14 showed remarkable inhibition of amastigote growth compared to the control
drugs. Lower ECs5( values were observed when GVK14 was used against all three strains,
which opposes the notion of any potential difference related to parasite strain. Moreover,
similar potency was observed against amastigotes when GVK14 was used axenically. This
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disproves the possibility that these PDE inhibitors act directly on the amastigotes by
impacting the host cell metabolism.

Since the PDEs identified in T. cruzi have a high affinity to cAMP, we have determined
the cAMP levels that could provide evidence that IBMX analogs inhibit PDEs. We have
also found that treatment with IBMX analogs increases cAMP levels significantly in many
of these analogs.

The current study uses IBMX analogs that were originally designed to inhibit mam-
malian PDE5 and PDE1. The compounds used in this study do not inhibit mammalian
cAMP PDEs but elevate the levels of cAMP in T. cruzi-infected myoblasts. Our study
provides evidence that these molecules suppress T. cruzi infection in cardiac myoblasts
with the most active compound, GVK14. GVK14 was also shown to suppress all three
strains of T. cruzi with high potency. In terms of GVK14 drug-likeness, we also predicted
its ADMET, along with all the other IBMX analogs we utilized in the experiment. Similar
to IBMX, GVK14 is predicted to have human oral bioavailability and human intestinal
bioavailability but with no hepatotoxicity or nephrotoxicity (Table S2). The majority of the
xanthine analogs show slight acute oral toxicity and are non-carcinogenic. Based on the
predictive model, the majority of the xanthine analogs are not only efficient against T.cruzi
but can also be safe at therapeutic doses. One important observation that was made in this
study was that the PDEs in T. cruzi have a tolerance for the electron-withdrawing groups on
the benzyl moiety. This is important because such groups are not tolerated by mammalian
PDEs. Thus, we can design molecules that are specific to T. cruzi PDEs. We plan to synthe-
size xanthine analogs with electron-withdrawing groups such as nitro, carboxy, carboxy
esters, cyano, and keto groups on benzyl substitution at the 8-position to suppress their
effect on host cell PDEs. We will also optimize the groups at the 1- and 3-positions with
various alkyl or aryl groups to achieve parasite selective inhibitors. Based on our findings,
we will also generate analogs of zaprinast with similar substitutions. The compounds will
be tested on both parasite and host cell PDEs to determine their selectivity and sensitivity
towards the particular PDE of T. cruzi. Further, T. cruzi genome analysis is required to
predict the cAMP-binding proteins and their function. Thus, future modifications of IBMX
will delineate the optimal substitutions required for T. cruzi inhibition in vivo. In addition,
we will plan to study the efficacy of xanthine analog treatment on the various stages of
Chagas diseases, namely, acute, intermediate, and chronic stages.
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