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A B S T R A C T   

Parasitic diseases such as toxoplasmosis and cryptosporidiosis remain serious global health challenges, not only 
to humans but also to domestic animals and wildlife. With only limited treatment options available, Toxoplasma 
gondii and Cryptosporidium parvum (the causative agents of toxoplasmosis and cryptosporidiosis, respectively) 
constitute a substantial health threat especially to young children and immunocompromised individuals. Herein, 
we report the synthesis and biological evaluation of a series of novel (1-benzyl-4-triazolyl)-indole-2-carbox
amides and related compounds that show efficacy against T. gondii and C. parvum. Closely related analogs 7c (JS- 
2-30) and 7e (JS-2-44) showed low micromolar activity with IC50 indices ranging between 2.95 μM and 7.63 μM 
against both T. gondii and C. parvum, whereas the compound representing (1-adamantyl)-4-phenyl-triazole, 11b 
(JS-2-41), showed very good activity with an IC50 of 1.94 μM, and good selectivity against T. gondii in vitro. 
Importantly, compounds JS-2-41 and JS-2-44 showed appreciable in vivo efficacy in decreasing the number of 
T. gondii cysts in the brains of Brown Norway rats. Together, these results indicate that (1-benzyl-4-triazolyl)- 
indole-2-carboxamides and (1-adamantyl)-4-phenyl-triazoles are potential hits for medicinal chemistry explo
rations in search for novel antiparasitic agents for effective treatment of cryptosporidiosis and toxoplasmosis.   

1. Introduction 

Toxoplasmosis and cryptosporidiosis represent zoonotic diseases 
(also known as zoonoses) that spread between animals and people 
(Centers for Disease Control and Prevention (CDC), 2022a). Although 
not as lethal as malaria, toxoplasmosis represents one of the world’s 
most prevalent parasitic diseases infecting most genera of 
warm-blooded animals (more than 30 species of birds and 300 species of 
mammals) (Flegr et al., 2014). In the US alone, more than 40 million 
individuals are infected with Toxoplasma gondii (T. gondii), and the 
infection is considered to be a leading cause of death attributed to a 
foodborne illness (Centers for Disease Control and Prevention (CDC), 
2022b). It is estimated that 30–50% of the world’s population harbor the 

parasite, which makes T. gondii the most prevalent parasite-caused 
infection in humans (Flegr et al., 2014). In immunocompetent in
dividuals, T. gondii infection is usually mild because the host immune 
system prevents the development of illness. However, the infection is of 
concern in pregnant women, congenitally infected neonates, immuno
compromised patients (e.g. HIV positive individuals), and in transplant 
or cancer patients treated with immunosuppressive agents (Flegr et al., 
2014). Serious complications of toxoplasmosis are associated with dif
ferentiation of T. gondii parasites into bradyzoites that are clustered 
within cysts (pseudocysts) and sequestered in muscle and brain tissues of 
the host, representing the persistent stage of the infection. Reactivation 
and differentiation of the bradyzoites back to the replicative stage 
(tachyzoites) leads to damage of the infected tissues (Jeffers et al., 
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2018). 
Similar to toxoplasmosis, cryptosporidiosis is self-limiting in immu

nocompetent persons. However, the infection poses a significant health 
threat to immunocompromised individuals and is responsible for an 
estimated 10–15% cases of severe diarrheal illness mostly in malnour
ished children below the age of five years (Gerace et al., 2019). The 
causative agent of this infection, Cryptosporidium parvum (C. parvum), is 
ranked as one of the leading cause of waterborne disease among humans 
in the United States (Centers for Disease Control and Prevention (CDC), 
2022c) C. parvum is also a common veterinary pathogen responsible for 
a diarrheal syndrome in neonatal bovine calves resulting in substantial 
economic losses for farmers across the globe (Gerace et al., 2019). 

Drug repurposing/repositioning is one of the major approaches to 
the discovery of new therapeutic applications for known medicines (aka 
new use for an old drug) (Austin et al., 2021; Kale et al., 2022). Practically 
all the medications used currently to combat toxoplasmosis were 
developed and initially approved for the treatment of different diseases 
(Andrews et al., 2014). Pyrimethamine was first approved for the 
treatment of malaria whereas sulfadiazine is a sulfonamide-based anti
bacterial agent. Used in combination, these two medications are now the 
treatment of choice for toxoplasmosis (Andrews et al., 2014). Combi
nation of pyrimethamine with the lincosamide antibiotic - clindamycin 
is an alternative regimen recommended for the treatment and long-term 
maintenance therapy of T. gondii encephalitis and pneumonitis 
(Andrews et al., 2014). Another combination drug, co-trimoxazole (i.e. 
trimethoprim and sulfamethoxazole, TMP-SMX) was initially approved 
as antibacterial agent for the treatment of several infections such as 
urinary tract, middle ear, bronchitis, traveler’s diarrhea, and shigellosis. 
However, it also found an off-label use in the prophylaxis, treatment of, 
or as chronic maintenance therapy for T. gondii encephalitis in adoles
cent and adult HIV-infected patients (Centers for Disease Control and 
Prevention (CDC), 2022d). Atovaquone, an antimalarial agent, has been 
repurposed for the treatment of T. gondii infections, whereas the mac
rolide antibiotic spiramycin is used in certain countries for the treatment 
of congenital toxoplasmosis (Andrews et al., 2014). More recently, 
another antibiotic from the macrolide class, azithromycin, was shown to 
control T. gondii infections (Castro-Filice et al., 2014). In a similar 
fashion, nitazoxanide, the only FDA-approved anti-Cryptosporidium drug 
in humans, was initially discovered as a veterinary anthelminthic agent 
and subsequent studies revealed its broad antiparasitic activity (Bolia 
2020). Furthermore, a panel of diverse marketed agents approved for 
various conditions was screened against C. parvum and some of those 
medications were identified to have substantial activity against the 
parasite (Fritzler and Zhu, 2012; Guo et al., 2018). Accordingly, one of 
the current approaches utilized in anti-toxoplasmosis drug discovery is 
based on repurposing known hits, leads, or even entire libraries of 
compounds from other drug discovery campaigns. Examples of such 

repurposed lead compounds include the spiroindolone NITD609 (Rott
mann et al., 2010; Zhou et al., 2014), piperazine acetamide (Boyom 
et al., 2014; Van Voorhis et al., 2016), as well as benzoxaboroles 
AN3661 (Palencia et al., 2017; Sonoiki et al., 2017) and AN13762 
(Zhang et al., 2017; Bellini et al., 2020) (Fig. 1A); all of which were 
initially discovered as antiplasmodial agents and subsequently were 
shown to be also active against T. gondii. 

Herein, we report structure modification of the highly active anti
mycobacterial lead compound JS-2-02 (Stec et al., 2016) that targets the 
mycobacterial MmpL3 transporter and shows high efficacy in vitro and in 
vivo (Lun et al., 2013, 2019). Rationale to prepare and test the triazole 
analogs of JS-2-02 against T. gondii and C. parvum stems from the fact 
that the small molecule SQ109, which was originally reported as an 
effective inhibitor of mycobacterial MmpL3 (Tahlan et al., 2012) and is 
currently being investigated in clinical trials for tuberculosis, has shown 
potent efficacy against protozoan parasites including T. gondii (Li et al., 
2015; Baek et al., 2022). While bona fide MmpL3 transporter has not 
been identified in T. gondii or C. parvum, MmpL3-like proteins have been 
proposed to be present in many protozoa among other living organisms 
(Malwal et al., 2021; Malwal and Oldfield, 2022). 

Medicinal chemistry structure exploration of the original indole-2- 
carboxamide scaffold resulted in the synthesis of a series of (1-benzyl- 
4-triazolyl)-indole-2-carboxamides and related compounds, which dis
played in vitro antiprotozoal activity against T. gondii and C. parvum 

Fig. 1. (A) Examples of lead compounds initially discovered as antimalarial agents that have shown anti-Toxoplasma activity. (B) Modification of the antitubercular 
lead compound JS-2-02 into a new series of (1-benzyl-4-triazolyl)-indole-2-carboxamides with significant anti-Toxoplasma gondii and anti-Cryptosporidium par
vum activity. 

Scheme 1. (A) Synthesis of (1-benzyl-4-triazolyl)-indole-2-carboxamides 
(6/7a-e) and their 1-adamantyl analogs (9a,b). (B) Synthesis of (1-ada
mantyl)-4-phenyl-triazoles (11a,b). Reagents and conditions: a) NaN3 (2.0 
equiv), dry DMF, 100 ◦C, 18 h, 86–100%. b) EDC⋅HCl (1.0 equiv), HOBt (1.0 
equiv), Et3N (1.5 equiv), CH2Cl2, RT, 12–16 h, 58–68%. c) sodium ascorbate 
(0.1 equiv), CuSO4⋅5H2O (0.1 equiv), tBuOH/H2O (1:1), RT, 14–21 h, 18–89%. 
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(Fig. 1B). Compounds 7e (JS-2-44) and 11b (JS-2-41) (Scheme 1) also 
showed significant activity in vivo in eliminating T. gondii cysts in the 
brains of male Brown Norway rats. 

2. Materials and methods 

2.1. Chemistry 

2.1.1. General information 
All reagents and solvents were purchased from Sigma-Aldrich and 

Fisher Scientific. Anhydrous dimethylformamide (DMF) was purchased 
from Sigma-Aldrich whereas anhydrous dichloromethane (DCM) was 
obtained by distillation over calcium hydride. 1H NMR and 13C NMR 
spectra were recorded on JEOL spectrometer at 400 and 100 MHz, 
respectively. NMR spectra were reprocessed by ACD/NMR Processor 
Academic Edition version 12.01. Standard abbreviations indicating 
multiplicity were used as follows: s = singlet, d = doublet, dd = doublet 
of doublets, t = triplet, q = quadruplet, m = multiplet, and br = broad. 
HR-MS experiments were performed on Agilent 6224 Tof-MS instru
ment. TLC was performed on Merck 60 F254 silica gel plates. Flash 
chromatography was performed using a Biotage - Isolera™ system with 
pre-packed silica columns (Biotage FLSH SNAP CRT SI 10, 25, or 50 g). 
All tested compounds were ≥95% pure as determined by 1H NMR and 
analytical HPLC: Shimadzu LC-2010 all-in-one system equipped with 
auto-injector and UV/Vis detector (variable wavelength). The system 
was controlled by LabSolutions™ (Shimadzu) running under Windows 
7. The used method: flow rate = 1.4 mL/min; gradient elution over 20 
min, from 30% MeOH/H2O to 100% MeOH with 0.05% TFA with 
Phenomenex Synergi 4 μm Hydro-RP 80A column, 150 mm. 

2.1.2. Analytical data of the synthesized compounds 
(5a. JS-2-15) 4,6-Difluoro-N-(2-methylbut-3-yn-2-yl)-1H-indole- 

2-carboxamide: Pale yellow solid, 5.33 g (68%). 
1H NMR (400 MHz, DMSO‑d6) δ ppm 11.93 (s, 1H), 8.29 (d, 1H), 

7.30 (s, 1H), 6.98 (dd, J = 9.6, 1.4 Hz, 1H), 6.83 (td, J = 10.4, 2.1 Hz, 
1H), 3.11 (s, 1H), 1.85 (s, 6H). 

13C NMR (100 MHz, DMSO‑d6) δ ppm 160.2 (C), 159.8 (C, d, J =
238.7, 12.5 Hz), 156.3 (C, d, J = 248.7, 15.8 Hz), 138.1 (C, dd, J = 15.3, 
13.4 Hz), 133.3 (C, d, J = 3.8 Hz), 113.6 (C, d, J = 21.1 Hz), 99.5 (CH), 
95.7 (C, d, J = 29.9, 24.0 Hz), 95.1 (C, d, J = 25.9, 4.8 Hz), 88.3 (C), 71.6 
(CH), 47.2 (C), 29.6 (2CH3). 

HRMS (TOF): m/z [M]+ calculated for C14H12F2N2O: 262.0918; 
found: 262.0924. 

(5b. JS-2-22) 4,6-Dichloro-N-(2-methylbut-3-yn-2-yl)-1H- 
indole-2-carboxamide: Pale yellow solid, 1.50 g (58%). 

1H NMR (400 MHz, DMSO‑d6) δ ppm 12.02 (s, 1H), 8.44 (s, 1H), 7.37 
(br s, 1H), 7.33 (br s, 1H), 7.18 (t, J = 1.4 Hz, 1H), 3.12 (d, J = 1.4 Hz, 
1H), 1.59 (s, 6H). 

13C NMR (100 MHz, DMSO‑d6) δ ppm 160.1 (C), 137.3 (C), 134.0 
(C), 128.3 (C), 126.9 (C), 125.3 (C), 119.9 (CH), 111.6 (CH), 101.9 (CH), 
88.2 (C), 71.7 (CH), 47.3 (C), 29.6 (2CH3). 

HRMS (TOF): m/z [M]+ calculated for C14H12Cl2N2O: 294.0327; 
found: 294.0331. 

(6a. JS-2-18) N-(2-(1-Benzyl-1H-1,2,3-triazol-4-yl)propan-2-yl)- 
4,6-difluoro-1H-indole-2-carboxamide: Off-white solid, 201 mg 
(51%). 

1H NMR (400 MHz, DMSO‑d6) δ ppm 11.83 (s, 1H), 8.63 (s, 1H), 7.96 
(s, 1H), 7.35–7.25 (m, 6H), 6.95 (dd, J = 9.4, 1.6 Hz, 1H), 6.83 (td, J =
10.4, 2.1 Hz, 1H), 5.49 (s, 2H), 1.67 (br s, 6H). 

13C NMR (100 MHz, DMSO‑d6) δ ppm 160.2 (C), 159.7 (C, dd, J =
238.7, 11.5 Hz), 156.2 (C, dd, J = 248.3, 15.3 Hz), 153.6 (C), 138.0 (C, t, 
J = 14.4 Hz), 136.8 (C), 133.7 (C, d, J = 3.8 Hz), 129.2 (2CH), 128.5 
(CH), 128.4 (2CH), 122.1 (CH), 113.6 (C, d, J = 22.1 Hz), 99.4 (CH), 
95.7 (CH, dd, J = 29.7, 24.6 Hz), 95.1 (CH, dd, J = 25.9, 3.8 Hz), 53.1 
(CH2), 51.6 (C), 28.9 (2CH3). 

HRMS (TOF): m/z [M]+ calculated for C21H19F2N5O: 395.1558; 

found: 395.1561. 
(6b. JS-2-25) N-(2-(1-(2-Chlorobenzyl)-1H-1,2,3-triazol-4-yl) 

propan-2-yl)-4,6-difluoro-1H-indole-2-carboxamide: Off-white 
solid, 235 mg (55%). 

1H NMR (400 MHz, DMSO‑d6) δ ppm 11.83 (s, 1H), 8.38 (s, 1H), 7.96 
(s, 1H), 7.47 (dd, J = 7.8, 1.8 Hz, 1H), 7.36–7.29 (m, 3H), 7.08 (dd, J =
7.6, 2.1 Hz, 1H), 6.95 (dd, J = 9.2, 1.4 Hz, 1H), 6.83 (dd, J = 10.4, 2.1 
Hz, 1H), 5.61 (s, 2H), 1.69 (s, 6H). 

13C NMR (100 MHz, DMSO‑d6) δ ppm 160.2 (C), 159.7 (C, dd, J =
238.2 12.0 Hz), 156.2 (C, dd, J = 248.2 15.3 Hz), 153.5 (C), 138.0 (C, 
dd, J = 15.3, 13.4 Hz), 134.1 (C), 133.6 (C, d, J = 2.9 Hz) 132.9 (C), 
130.6 (CH), 130.5 (C), 130.1 (CH), 128.2 (CH), 122.5 (CH), 113.6 (C, d, 
J = 22.1 Hz), 99.4 (CH), 95.7 (CH, dd, J = 29.7 24.0 Hz), 95.1 (CH, dd, J 
= 25.9 3.8 Hz), 51.6 (C), 50.8 (CH2), 28.8 (2CH3). 

HRMS (TOF): m/z [M]+ calculated for C21H18ClF2N5O: 429.1168; 
found: 429.1166. 

(6c. JS-2-26) N-(2-(1-(3-Chlorobenzyl)-1H-1,2,3-triazol-4-yl) 
propan-2-yl)-4,6-difluoro-1H-indole-2-carboxamide: Off-white 
solid, 230 mg (54%). 

1H NMR (400 MHz, DMSO‑d6) δ ppm 11.82 (s, 1H), 8.37 (s, 1H), 8.01 
(s, 1H), 7.36–7.34 (m, 4H), 7.21 (m, 1H), 6.95 (dd, J = 9.4, 1.6 Hz, 1H), 
6.83 (td, J = 10.3, 1.8 Hz, 1H), 5.51 (s, 2H), 1.68 (s, 6H). 

13C NMR (100 MHz, DMSO‑d6) δ ppm 160.2 (C), 159.7 (C, dd, J =
238.2, 12.0 Hz), 156.2 (C, dd, J = 248.2, 15.3 Hz), 153.7 (C), 139.2 (C), 
138.0 (C, dd, J = 28.8, 13.4 Hz), 133.7 (C), 133.6 (C, d, J = 3.8 Hz), 
131.2 (CH), 128.6 (CH), 128.4 (CH), 127.1 (CH), 122.2 (CH), 113.6 (C, 
d, J = 22.1 Hz), 99.5 (CH), 95.7 (CH, dd, J = 29.2, 23.5 Hz), 95.1 (CH, 
dd, J = 26.4, 4.3), 52.3 (CH2), 51.6 (C), 28.9 (2CH3). 

HRMS (TOF): m/z [M]+ calculated for C21H18ClF2N5O: 429.1168; 
found: 429.1165. 

(6d. JS-2-32) N-(2-(1-(4-Chlorobenzyl)-1H-1,2,3-triazol-4-yl) 
propan-2-yl)-4,6-difluoro-1H-indole-2-carboxamide: White solid, 
176 mg (58%). 

1H NMR (400 MHz, DMSO‑d6) δ ppm 11.82 (s, 1H), 8.37 (s, 1H), 7.97 
(s, 1H), 7.40 (d, J = 8.2 Hz, 2H), 7.33 (d, J = 1.8 Hz, 1H), 7.29 (d, J =
8.2 Hz, 2H), 6.95 (dd, J = 9.4, 1.6 Hz, 1H), 6.83 (td, J = 10.4, 2.1 Hz, 
1H), 5.50 (s, 2H), 1.67 (s, 6H). 

13C NMR (100 MHz, DMSO‑d6) δ ppm 160.2 (C), 159.7 (C, dd, J =
238.2, 12.0 Hz), 156.3 (C, dd, J = 248.7, 15.8 Hz), 153.6 (C), 138.0 (C, t, 
J = 13.9 Hz), 135.8 (C), 133.6 (C, d, J = 2.9 Hz), 133.3 (C), 130.4 (2CH), 
129.2 (2CH) 122.1 (CH), 113.6 (C, d, J = 22.1 Hz), 99.4 (CH), 95.7 (CH, 
dd, J = 29.7, 24.0 Hz), 95.1 (CH, dd, J = 25.4, 3.4 Hz), 52.3 (CH2), 51.6 
(C), 28.8 (2CH3). 

HRMS (TOF): m/z [M]+ calculated for C21H18ClF2N5O: 429.1168; 
found: 429.1164. 

(6e. JS-2-43) N-(2-(1-(3,4-Dichlorobenzyl)-1H-1,2,3-triazol-4- 
yl)propan-2-yl)-4,6-difluoro-1H-indole-2-carboxamide: Off-white 
solid, 184 mg (79%). 

1H NMR (400 MHz, DMSO‑d6) δ ppm 11.81 (s, 1H), 8.37 (s, 1H), 8.02 
(s, 1H), 7.61 (d, J = 8.2 Hz, 1H), 7.58 (d, J = 1.8 Hz, 1H), 7.34 (dd, J =
2.3, 0.9 Hz, 1H), 7.24 (dd, J = 8.2, 1.8 Hz, 1H), 6.95 (dd, J = 9.6, 1.4 Hz, 
1H), 6.83 (dt, J = 10.4, 2.1 Hz, 1H), 5.52 (s, 2H), 1.68 (s, 6H). 

13C NMR (100 MHz, DMSO‑d6) δ ppm 160.2 (C), 159.7 (C, dd, J =
238.2, 12.0 Hz), 156.2 (C, dd, J = 248.2, 15.3 Hz), 153.7 (C), 138.0 (C, t, 
J = 14.4 Hz), 137.8 (C), 133.6 (C, d, J = 2.9 Hz), 131.7 (C), 131.5 (CH), 
131.3 (C), 130.6 (CH), 128.9 (CH), 122.3 (CH), 113.6 (C, d, J = 22.1 
Hz), 99.5 (CH), 95.7 (CH, dd, J = 29.7, 23.0 Hz), 95.1 (CH, dd, J = 25.9, 
3.8 Hz), 51.7 (CH2), 51.6 (C), 28.8 (2CH3). 

HRMS (TOF): m/z [M]+ calculated for C21H17Cl2F2N5O: 463.0778; 
found: 463.0777. 

(7a. JS-2-27) N-(2-(1-Benzyl-1H-1,2,3-triazol-4-yl)propan-2-yl)- 
4,6-dichloro-1H-indole-2-carboxamide: Off-white solid, 190 mg 
(89%). 

1H NMR (400 MHz, DMSO‑d6) δ ppm 11.91 (d, J = 1.8 Hz, 1H), 8.53 
(s, 1H), 7.97 (s, 1H), 7.38 (dd, J = 2.3, 0.9 Hz, 1H), 7.34–7.25 (m, 6H), 
7.18 (d, J = 1.4 Hz, 1H), 5.49 (s, 2H), 1.68 (s, 6H). 
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13C NMR (100 MHz, DMSO‑d6) δ ppm 160.2 (C), 153.5 (C), 137.2 
(C), 136.8 (C), 134.4 (C), 129.2 (2CH), 128.5 (CH), 128.4 (2CH), 128.1 
(C), 126.9 (C), 125.3 (C), 122.1 (CH), 119.9 (CH), 111.5 (CH), 101.8 
(CH), 53.1 (CH2), 51.7 (C), 28.9 (2CH3). 

HRMS (TOF): m/z [M]+ calculated for C21H19Cl2N5O: 427.0967; 
found: 427.0966. 

(7b. JS-2-28) 4,6-Dichloro-N-(2-(1-(2-chlorobenzyl)-1H-1,2,3- 
triazol-4-yl)propan-2-yl)-1H-indole-2-carboxamide: Pale brown 
solid, 156 mg (67%). 

1H NMR (400 MHz, DMSO‑d6) δ ppm 11.91 (d, J = 1.8 Hz, 1H), 8.54 
(s, 1H), 7.97 (s, 1H), 7.47 (dd, J = 7.6 Hz, 1H), 7.38–7.28 (m, 4H), 7.17 
(d, J = 1.8 Hz, 1H), 7.08 (dd, J = 7.3, 2.3 Hz, 1H), 5.61 (s, 2H), 1.69 (s, 
6H). 

13C NMR (100 MHz, DMSO‑d6) δ ppm 160.2 (C), 153.5 (C), 137.2 
(C), 134.3 (C), 134.1 (C), 132.9 (C), 130.6 (C), 130.5 (CH), 130.1 (CH), 
128.2 (CH), 128.1 (C), 126.9 (C), 125.3 (C), 122.5 (CH), 119.9 (CH), 
111.5 (CH), 101.8 (CH), 51.7 (C), 50.8 (CH2), 28.8 (2CH3). 

HRMS (TOF): m/z [M]+ calculated for C21H18Cl3N5O: 461.0577; 
found: 461.0571. 

(7c. JS-2-30) 4,6-Dichloro-N-(2-(1-(3-chlorobenzyl)-1H-1,2,3- 
triazol-4-yl)propan-2-yl)-1H-indole-2-carboxamide: Pale yellow 
solid, 177 mg (76%). 

1H NMR (400 MHz, DMSO‑d6) δ ppm 11.90 (d, J = 1.4 Hz, 1H), 8.53 
(s, 1H), 8.02 (s, 1H), 7.38 (d, J = 1.4 Hz, 1H), 7.36–7.35 (m, J = 4.6, 0.9 
Hz, 4H), 7.21 (m, 1H), 7.17 (d, J = 1.8 Hz, 1H), 5.51 (s, 2H), 1.68 (br s, 
6H). 

13C NMR (100 MHz, DMSO‑d6) δ ppm 160.2 (C), 153.6 (C), 139.2 
(C), 137.2 (C), 134.3 (C), 133.7 (C), 131.2 (CH), 128.6 (CH), 128.4 (CH), 
128.1 (C), 127.1 (CH), 126.9 (C), 125.3 (C), 122.2 (CH), 119.9 (CH), 
111.5 (CH), 101.9 (CH), 52.3 (CH2), 51.7 (C), 28.8 (2CH3). 

HRMS (TOF): m/z [M]+ calculated for C21H18Cl3N5O: 461.0577; 
found: 461.0575. 

(7d. JS-2-33) 4,6-Dichloro-N-(2-(1-(4-chlorobenzyl)-1H-1,2,3- 
triazol-4-yl)propan-2-yl)-1H-indole-2-carboxamide: Off-white solid, 
180 mg (65%). 

1H NMR (400 MHz, DMSO‑d6) δ ppm 11.89 (d, J = 1.8 Hz, 1H), 8.53 
(s, 1H), 7.98 (s, 1H), 7.41–7.38 (m, 3H), 7.34 (dd, J = 1.8, 0.9 Hz, 1H), 
7.29 (d, J = 8.7, 1.6 Hz, 2H), 7.17 (d, J = 1.4 Hz, 1H), 5.50 (s, 2H), 1.68 
(s, 6H). 

13C NMR (100 MHz, DMSO‑d6) δ ppm 160.2 (C), 153.6 (C), 137.2 
(C), 135.8 (C), 134.3 (C), 133.3 (C), 130.4 (2CH), 129.2 (2CH), 128.1 
(C), 126.9 (C), 125.3 (C), 122.1 (CH), 119.9 (CH), 111.5 (CH), 101.8 
(CH), 52.3 (CH2), 51.7 (C), 28.8 (2CH3). 

HRMS (TOF): m/z [M]+ calculated for C21H18Cl3N5O: 461.0577; 
found: 461.0576. 

(7e. JS-2-44) 4,6-Dichloro-N-(2-(1-(3,4-dichlorobenzyl)-1H- 
1,2,3-triazol-4-yl)propan-2-yl)-1H-indole-2-carboxamide: Off-white 
solid, 127 mg (51%). 

1H NMR (400 MHz, DMSO‑d6) δ ppm 11.89 (d, J = 1.8 Hz, 1H), 8.53 
(s, 1H), 8.03 (s, 1H), 7.61 (d, J = 8.2 Hz, 1H), 7.58 (d, J = 2.3 Hz, 1H), 
7.38 (dd, J = 2.3, 0.9 Hz, 1H), 7.34 (dd, J = 1.8, 0.9 Hz, 1H), 7.24 (dd, J 
= 8.2, 2.3 Hz, 1H), 7.17 (d, J = 1.4 Hz, 1H), 5.52 (s, 2H), 1.68 (br s, 6H). 

13C NMR (100 MHz, DMSO‑d6) δ ppm 160.2 (C), 153.7 (C), 137.8 
(C), 137.2 (C), 134.3 (C), 131.7 (C), 131.5 (C), 131.3 (C), 130.6 (CH), 
128.9 (CH), 128.1 (C), 126.9 (C), 125.3 (C), 122.3 (CH), 119.9 (CH), 
111.5 (CH), 101.9 (CH), 51.7 (CH2), 51.7 (overlap C), 28.8 (2CH3). 

HRMS (TOF): m/z [M]+ calculated for C21H17Cl4N5O: 495.0187; 
found: 495.0159. 

(9a. JS-2-19) N-(2-(1-(Adamantan-1-yl)-1H-1,2,3-triazol-4-yl) 
propan-2-yl)-4,6-difluoro-1H-indole-2-carboxamide: White solid, 
173 mg (36%). 

1H NMR (400 MHz, DMSO‑d6) δ ppm 11.85 (s, 1H), 8.31 (s, 1H), 7.95 
(s, 1H), 7.33 (d, J = 1.4 Hz, 1H), 6.94 (dd, J = 9.4, 1.6 Hz, 1H), 6.82 (td, 
J = 10.4, 2.1 Hz, 1H), 2.11 (br s, 9H), 1.69–1.68 (m, 12H). 

13C NMR (100 MHz, DMSO‑d6) δ ppm 160.2 (C), 159.7 (C, dd, J =
238.7, 12.5 Hz), 156.2 (C, dd, J = 248.2, 15.3 Hz), 152.7 (C), 138.0 (C, 

apparent dd, J = 15.3, 13.4 Hz), 133.8 (C, d, J = 2.9 Hz), 118.3 (CH), 
113.6 (C, d, J = 22.1 Hz), 99.4 (CH), 95.6 (CH, dd, J = 29.7, 24.0 Hz), 
95.0 (CH, dd, J = 25.9, 4.8 Hz), 59.1 (C), 51.7 (C), 42.8 (3CH2), 35.8 
(3CH2), 29.4 (2CH3), 28.8 (3CH). 

HRMS (TOF): m/z [M]+ calculated for C24H27F2N5O: 439.2184; 
found: 439.2188. 

(9b. JS-2-31) N-(2-(1-(Adamantan-1-yl)-1H-1,2,3-triazol-4-yl) 
propan-2-yl)-4,6-dichloro-1H-indole-2-carboxamide: Pale brown 
solid, 74 mg (31%). 

1H NMR (400 MHz, DMSO‑d6) δ ppm 11.93 (d, J = 1.4 Hz, 1H), 8.48 
(s, 1H), 7.96 (s, 1H), 7.38 (d, J = 1.4 Hz, 1H), 7.34 (br s, 1H), 7.17 (d, J 
= 1.8 Hz, 1H), 2.11 (br s, 9H), 1.69–1.68 (m, 12H). 

13C NMR (100 MHz, DMSO‑d6) δ ppm 160.1 (C), 152.6 (C), 137.1 
(C), 134.5 (C), 128.1 (C), 126.9 (C), 125.3 (C), 119.8 (CH), 118.3 (CH), 
111.5 (CH), 101.8 (CH), 59.1 (C), 51.8 (C), 42.8 (3CH2), 35.8 (3CH2), 
29.4 (2CH3), 28.8 (3CH). 

HRMS (TOF): m/z [M]+ calculated for C24H27Cl2N5O: 471.1593; 
found: 471.1590. 

(11a. JS-2-40) 1-(Adamantan-1-yl)-4-phenyl-1H-1,2,3-triazole: 
Pale yellow solid, 66 mg (24%). 

1H NMR (400 MHz, DMSO‑d6) δ ppm 8.65 (s, 1H), 7.83–7.81 (dd, J 
= 6.9, 1.4 Hz, 2H), 7.39 (t, J = 7.8 Hz, 2H), 7.27 (tt, J = 7.3, 1.4 Hz, 1H), 
2.18 (br s, 9H), 1.71 (br s, 6H). 

13C NMR (100 MHz, DMSO‑d6) δ ppm 146.2 (C), 131.6 (C), 129.4 
(2CH), 128.2 (CH), 125.6 (2CH), 118.8 (CH), 59.6 (C), 42.8 (3CH2), 35.9 
(3CH2), 29.4 (3CH). 

HRMS (TOF): m/z [M]+ calculated for C18H21N3: 279.1735; found: 
279.1736. 

(11b. JS-2-41) 1-(Adamantan-1-yl)-4-(4-(5,5-dimethyl-1,3- 
dioxan-2-yl)phenyl)-1H-1,2,3-triazole: Pale yellow solid, 70 mg 
(18%). 

1H NMR (400 MHz, DMSO‑d6) δ ppm 8.68 (s, 1H), 7.82 (d, J = 8.24 
Hz, 2H), 7.44 (d, J = 8.24 Hz, 2H), 5.38 (s, 1H), 3.62 (m, 4H), 2.18 (br s, 
9H), 1.71 (br s, 6H), 1.15 (s, 3H), 0.71 (s, 3H). 

13C NMR (100 MHz, DMSO‑d6) δ ppm 145.9 (C), 138.5 (C), 131.9 
(C), 127.2 (2CH), 125.2 (2CH), 119.0 (CH), 101.1 (CH), 77.0 (2CH2), 
59.6 (C), 42.8 (4CH2), 35.9 (2CH2), 30.4 (C), 29.4 (3CH), 23.3 (CH3), 
21.9 (CH3). 

HRMS (TOF): m/z [M]+ calculated for C24H31N3O2: 393.2416; 
found: 393.2415. 

2.2. Biology 

2.2.1. Parasites and host cells 
The type I RH strain of T. gondii, stably expressing cytoplasmic yel

low fluorescent protein (YFP) (Gubbels et al., 2003) and the 
luciferase-expressing type II ME49 strain of T. gondii (ME49ΔHPT::Luc) 
(Tobin and Knoll, 2012) were used in this study. Parasites were main
tained in human foreskin fibroblast cells (HFF-1) (ATCC® 
SCRC-1041™) and cultured in Iscove’s modified Dulbecco’s medium 
(IMDM) supplemented with 10% heat-inactivated fetal bovine serum 
(FBS) (Gibco, USA), 1 × GlutaMAX™ supplement (Gibco, USA), and 1 ×
Antibiotic-Antimycotic (Gibco, USA) in a humidified incubator at 37 ◦C 
with 5% CO2. T. gondii tachyzoites were harvested by passing the 
infected HFF cells through a 25-gauge needle two times and filtering the 
ruptured cell suspension though a sterile 5 μm syringe filter unit (Mil
lex™; Millipore, USA) to remove the host cell debris and isolate the 
parasites. The extracted tachyzoites were counted using a hemocytom
eter and used immediately for infection assays. 

The C. parvum AUCP-1 isolate used for the experiments described in 
this study was maintained and propagated in male Holstein calves. 
C. parvum oocysts were extracted and purified from freshly collected calf 
feces by sequential sieve filtration, Sheather’s sugar flotation, and 
discontinuous sucrose density gradient centrifugation (Arrowood and 
Sterling, 1987; Current, 1990). Purified oocysts were washed and stored 
in phosphate-buffered saline (PBS) at 4 ◦C and used within 3 months to 
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ensure maximum viability. C. parvum sporozoites were excysted from 
oocysts following the method reported previously (Kuhlenschmidt et al., 
2016). Briefly, 1 × 108 purified C. parvum oocysts were suspended in 
500 μl of PBS and treated with an equal volume of 40% commercial 
laundry bleach for 10 min at 4 ◦C, followed by four washes in PBS 
containing 1% bovine serum albumin. Oocysts were resuspended in 
Hanks balanced salt solution (HBSS), incubated for 60 min at 37 ◦C, and 
mixed with an equal volume of warm 1.5% sodium taurocholate in HBSS 
followed by further incubation for 60 min at 37 ◦C with occasional 
shaking. The excysted sporozoites were pelleted by centrifugation and 
resuspended in PBS. The sporozoites were separated from oocyst shells 
and unexcysted oocysts by passing the suspension through a sterile 5 μm 
syringe filter unit (Millex™, Millipore, USA). Purified sporozoites were 
enumerated with a hemocytometer and used immediately for infection 
of cell monolayers. 

2.2.2. In vitro compound cytotoxicity assays 
A colorimetric assay using the cell proliferation reagent WST-1 

(Roche, USA) was performed for the quantification of in vitro cytotox
icity of the test compounds. All compounds were initially tested for 
cytotoxicity at 20 μM concentration in a human ileocecal colorectal 
adenocarcinoma cell line (HCT-8) (ATCC® CCL-244™), used for in vitro 
culture of C. parvum. Subsequently, non-toxic compounds that were 
found to have significant anti-Cryptosporidium and anti-Toxoplasma ef
fects at 11 μM were used at increasing concentrations (ranging from 0 to 
400 μM) to determine their half maximal cytotoxic concentrations (IC50) 
in uninfected HCT-8 and HFF cells, respectively. Briefly, 5 × 104 HCT-8 
cells were seeded per well in 96-well plates and grown overnight in 200 
μl of RPMI-1640 medium (without phenol red) (Gibco, USA) supple
mented with 2.5 g/L of glucose, 1.5 g/L of sodium bicarbonate, 1 mM 
sodium pyruvate, 10% heat-inactivated FBS (Gibco, USA), and 1 ×
Antibiotic-Antimycotic (Gibco, USA) at 37 ◦C with 5% CO2 in a hu
midified incubator. HFF cells were seeded at a density of 1 × 104 cells 
per well in 96-well plates and allowed to grow in 200 μl of IMDM 
(without phenol red) supplemented with 10% heat-inactivated FBS 
(Gibco, USA), 1 × GlutaMAX™ supplement (Gibco, USA), and 1 ×
Antibiotic-Antimycotic (Gibco, USA) at 37 ◦C with 5% CO2. Once 
confluent, cells were treated with the test compounds reconstituted in 
molecular biology grade dimethyl sulfoxide (DMSO) (Sigma-Aldrich, 
USA) for 48 h. The volume of DMSO did not exceed 1% of the total 
culture volume in any of the wells to avoid DMSO toxicity to the cells. 
Control wells that received equivalent volumes of DMSO instead of the 
compound were also set up in parallel. Ten microliters of the WST-1 
reagent were added to each well after 48 h of culture, and the plates 
were incubated for 1 h at 37 ◦C with 5% CO2 under dark conditions. 
Following incubation, the plates were shaken thoroughly and 150 μl of 
the medium from each well was transferred to a new clear flat-bottomed 
black 96-well plate (Corning, USA). The cleavage of the tetrazolium salt 
(WST-1) to formazan by metabolically active cells was quantified by 
reading the absorbance at a test wavelength of 440 nm and a reference 
wavelength of 690 nm using a multi-mode microplate reader (Spectra 
Max iD3; Molecular Devices, USA). The mean percent toxicity (MPT) of 
each compound was derived by dividing the difference in absorbance 
between the compound-treated cells and the DMSO-treated cells by the 
absorbance from the DMSO-treated cells and multiplying the product by 
100:  

MPT = [(Mean ODDMSO treated – Mean ODCompound treated) ÷ Mean ODDMSO 

treated] × 100                                                                                         

Compound cytotoxicity IC50 values were determined by applying a 
non-linear regression analysis curve fit to the mean dose-response data 
of triplicate assays for each compound using GraphPad PRISM® v8. 

2.2.3. In vitro testing of anti-Toxoplasma activity of compounds 
All test compounds that showed no toxicity in HCT-8 cells at 20 μM 

were initially tested for in vitro T. gondii growth inhibition activity at 11 
μM concentration. Fresh supplemented IMDM medium was added to 
confluent HFF cell monolayers in 96-well plates and about 5 × 103 

freshly extracted tachyzoites of T. gondii type I RH strain (constitutively 
expressing YFP) were added to each well. Immediately after infection, 
test compounds reconstituted in DMSO were added to one set of wells at 
a final concentration of 11 μM. Atovaquone (Sigma-Aldrich, USA) 
reconstituted in DMSO was added to a separate set of wells as a positive 
control at a final concentration of 0.5 μM (Araujo et al., 1991). Control 
infected cells were treated with volumes of DMSO equivalent to those 
used for the atovaquone and compound-treated cultures. The cells were 
placed in a humidified incubator at 37 ◦C with 5% CO2, and parasite YFP 
fluorescence was analyzed by fluorescence microscopy after 48 h of 
incubation. Plates were imaged by using a 20 × objective of an inverted 
fluorescence microscope. Fluorescence quantification of 9 representa
tive images per well was done using the batch process function in ImageJ 
version v1.50 (NIH, USA) after setting a threshold for the detection of 
parasites. Control wells with uninfected monolayers were included for 
background subtraction. Assays were run in triplicate and repeated at 
least thrice. 

2.2.4. In vitro testing of anti-Cryptosporidium activity of compounds 
All compounds that showed no toxicity to HCT-8 cells in the primary 

cytotoxicity screening at 20 μM were tested for inhibitory effect against 
the in vitro growth of C. parvum parasites at 11 μM concentration. HCT-8 
cells were seeded and grown to confluency in supplemented RPMI-1640 
medium in 96-well plates. After replacing the old medium with fresh 
medium, plates were inoculated with 105 freshly excysted C. parvum 
sporozoites per well, immediately followed by the addition of test 
compounds (reconstituted in DMSO) to one set of wells at 11 μM final 
concentration. Control infected cells were treated with volumes of 
DMSO equivalent to those used for the compound-treated cultures. 
Paromomycin reconstituted in distilled sterile water was added to a 
separate set of wells as a positive control at a final concentration of 400 
μM. The cultures were analyzed for parasite infectivity and proliferation 
by a direct immunofluorescence assay (Witola et al., 2017) after 72 h of 
culture. The medium was removed from the culture wells, and the cell 
monolayer was rinsed two times with PBS before fixation with 
pre-chilled methanol-acetic acid (9:1) for 5 min. The wells were rinsed 
with PBS to remove traces of fixative followed by two successive washes 
with buffer containing 0.1% Triton X-100, 0.35 M NaCl, and 0.13 M 
Tris-base, pH 7.6 to rehydrate and permeabilize the cells. Normal goat 
serum (5%) was used as a blocking solution, and the cell monolayer was 
stained with a fluorescein-labeled anti-C. parvum polyclonal antibody 
(Sporo-Glo™; Waterborne, Inc., USA) overnight at 4 ◦C. The stained 
cells were washed twice with PBS, followed by water, and then imaged 
with an inverted fluorescence microscope with a 20 × objective. The 
fluorescence generated by intracellular C. parvum parasites was quan
tified from 9 representative images per well using the batch process 
function in Image J version 1.50 (NIH, USA) after setting a threshold for 
the detection of parasite stages. Control wells with uninfected mono
layers were included for background subtraction. Experiments were 
performed in triplicates with at least three biological replicates. 

2.2.5. Determination of anti-parasitic IC50 values of compounds 
To derive the half maximal inhibitory concentration (IC50) values of 

the test compounds against the T. gondii type I RH strain, HFF cells were 
grown to confluency in 96-well plates and infected as described above, 
but instead of using a single concentration of test compounds, the cells 
were treated with increasing concentrations of test compounds. One set 
of HFF cells was treated with compounds immediately after infection 
with T. gondii tachyzoites, while the other set was treated with com
pounds 2 h after infection. Control infected cells received varying vol
umes of DMSO equivalent to the volumes used for the compound-treated 
cells. Atovaquone was used as a positive control and added at varying 
concentrations (0–1 μM) to separate sets of wells immediately after 
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infection or 2 h p.i. The cells were analyzed by fluorescence microscopy 
after 48 h of incubation to measure parasite viability as described above. 
Samples were run in triplicate, and three independent assays were 
performed. IC50 values were calculated using nonlinear regression 
analysis in GraphPad PRISM® v8. 

IC50 values of JS-2-41 and JS-2-44 against the T. gondii type II ME49 
strain (constitutively expressing luciferase), were determined by 
infecting confluent HFF cells with approximately 1.5 × 104 freshly 
extracted tachyzoites and adding various concentrations of the com
pounds to the cultures immediately after infection. Control infected cells 
were treated immediately post infection with volumes of DMSO equiv
alent to those used in the compound-treated cultures while atovaquone 
added shortly p.i. at varying concentrations indicated above served as 
the positive control. The cultures were analyzed for parasite infectivity 
and proliferation after 48 h of incubation using the Luciferase Reporter 
Gene Assay high sensitivity kit (Roche, USA). Briefly, the medium was 
discarded from the wells, and the cells were lysed for 15 min at 37 ◦C and 
5% CO2 by adding 100 μl of Lysis buffer (Roche, USA) per well. The 
lysates were pipetted up and down several times and transferred to a 
white opaque-walled 96-well plate and 100 μl of the luciferase assay 
reagent (Roche, USA) added to each well. The luminescence generated 
by T. gondii luciferase activity was immediately measured using a multi- 
mode microplate reader (Spectra Max iD3; Molecular Devices, USA). 
Three independent assays were performed, and at least three technical 
replicates were included for each treatment. IC50 values were calculated 
as described for T. gondii above. 

Anti-Cryptosporidium IC50 values of test compounds were derived by 
performing in vitro C. parvum infection assays in a similar manner as 
described above, with the exception that a range of increasing com
pound concentrations were used to treat infected HCT-8 cell cultures. 
One set of HCT-8 cells was treated with compounds immediately after 
infection with C. parvum sporozoites, while the other set was treated 
with compounds 2 h after infection. Control infected cells received 
varying volumes of DMSO equivalent to the ones used for the 
compound-treated cultures. Varying concentrations of paromomycin 
(0–500 μM) were added to separate sets of HCT-8 monolayers at the time 
of infection or 2 h p.i. as the positive control treatment. Cells were 
processed for immunofluorescence analysis after 72 h of incubation as 
described above. Three independent assays were performed, and sam
ples were run in triplicate. IC50 values were calculated using non-linear 
regression analysis of the mean dose-response curve data in GraphPad 
PRISM® v8. 

2.2.6. Infection of rats with Toxoplasma and compound treatment 
The protocol approved by the University of Illinois at Urbana- 

Champaign Institutional Animal Care and Use Committee was fol
lowed in performing experimental procedures involving rats. Fourteen 
male Brown Norway rats, aged 4 weeks, were obtained from Charles 
River, USA. After 7 days of acclimatization, the rats were allocated to 
four groups. This consisted of 3 treatment groups, each containing 3 rats, 
and one untreated group containing 5 rats. The rats in each group were 
inoculated intramuscularly with 5 × 104 freshly isolated T. gondii ME49 
strain tachyzoites in 0.1 ml sterile PBS. After 5 weeks of infection, two 
rats in the “untreated” group were sacrificed and the brains excised and 
analyzed for the presence of Toxoplasma cysts. Briefly, intact rat brain 
was dissected out of the skull and placed in 5 ml sterile PBS and ho
mogenized. Fifty microliters of the brain homogenate were placed on a 
glass slide and a cover slip applied. The entire slide field was examined 
using a light microscope 10 × objective, and the total number of 
Toxoplasma cysts present enumerated. The enumeration of cysts was 
performed on three independent slide preparations and the average 
number of cysts calculated. The number of cysts in the entire brain 
homogenate was derived by dividing the total brain homogenate volume 
(ml) by 0.05 ml and multiplying that by the average number of cysts 
enumerated on 3 slides preparations. 

Upon confirmation of the presence Toxoplasma cysts in the rats’ 

brains, daily treatment of the rats in each treatment group commenced. 
Each rat in the JS-2-41, JS-2-44, and Atovaquone treatment, received a 
daily intraperitoneal injection dose of 3 mg/kg of JS-2-41, 4 mg/kg of 
JS-2-44, and 5 mg/kg of Atovaquone reconstituted in 0.2 ml 5% DMSO 
in PBS, respectively, for 2 weeks. The rats in the untreated group 
received an equivalent of 5% DMSO in PBS. After 2 weeks of daily 
treatment, the rats were sacrificed, the brains harvested, and the number 
of cysts enumerated as described above. Results were analyzed by one- 
way analysis of variance (ANOVA) with the Dunnett’s post hoc test for 
multiple comparisons between the treatments and the DMSO control. P 
values of 0.05 or less were considered significant. 

3. Results 

3.1. Chemistry 

3.1.1. Synthesis of the test compounds 
Various benzyl chlorides 1a-e (Scheme 1A) were converted to the 

corresponding benzyl azides 2a-e by following the previously reported 
method (Shi et al., 2008). 4,6-Difluoro- (3a) and 4,6-dichloroindole-2-
carboxylic acids (3b) were reacted with 1,1-dimethylpropargylamine 
(4) according to the known synthetic protocol (Onajole et al., 2013) to 
give the corresponding amides (5a,b; JS-2-15,22). The intermediates 
5a,b were subsequently treated with various benzyl azides (2a-e) and 
1-azidoadamantane (8), respectively, under standard conditions (Himo 
et al., 2005) to give (1-benzyl-4-triazolyl)- (6/7a-e; JS-2-18, 25, 26, 32, 
43/27, 28, 30, 33 and 44) and (1-adamantyl-4-
triazolyl)-indole-2-carboxamides (9a,b; JS-2-19 and 31), respectively 
(Scheme 1A). Reaction of ethynylbenzenes (10a,b) with 1-azidoada
mantane (8) provided the corresponding compounds (11a,b; JS-2-40 
and 41) (Scheme 1B). The isolated crude materials were purified by 
automated flash chromatography column to give pure final products in 
yields ranging from modest to very good (Table 1). 

3.2. Biology 

3.2.1. Cytotoxicity and anti-parasite evaluation of the test compounds 
C. parvum can be transiently cultured in vitro using a mammalian 

intestinal cell line (HCT-8 cell line), while T. gondii can be cultured 
continuously in vitro using a diverse range of mammalian cell lines. 
Therefore, prior to testing the compounds’ effects on the parasites, we 
first analyzed their effects on the viability of uninfected HCT-8 cells. We 
initially tested all compounds at a final concentration of 20 μM. Among 
the 16 compounds tested, 7 compounds (JS-2-15, 28, 30, 31, 32, 33 and 
40) reduced cell viability by less than 5% at 20 μM final concentration 
after 48 h of culture (Fig. 2). The remaining 9 compounds (JS-2-18, 19, 
22, 25, 26, 27, 41, 43 and 44) reduced cell viability by 5–10% (Fig. 2). 
Based on these observations, we extrapolated that using 11 μM as the 
initial concentration at which to test the compounds for anti-parasitic 
activity would be tolerable in mammalian host cells used to culture 
the parasites. Therefore, all the 16 compounds were first tested in vitro 
for both anti-Cryptosporidium and anti-Toxoplasma activity at a final 
concentration of 11 μM. 

In the case of C. parvum, after 72 h of culture with compound 
treatment, five compounds (JS-2-22, 27, 28, 30 and 44) were found to 
reduce parasite growth by over 60%, which was comparable to the effect 
of paromomycin (PMO) used as a positive control drug at a final con
centration of 400 μM (Fig. 3). Three other compounds (JS-2-19, 26 and 
43) reduced parasite growth by about 30%, while the remaining com
pounds had no significant effect on parasite growth (Fig. 3). On the other 
hand, treatment of T. gondii cultures with the compounds for 48 h 
showed that six compounds (JS-2-19, 28, 30, 31, 41 and 44) reduced 
parasite growth by over 50% (Fig. 4). Most notably, compound JS-2-44 
reduced T. gondii growth by approximately 90%, which was comparable 
to the effect of atovaquone (ATQ) that was used as a positive control 
drug at 0.5 μM final concentration (Fig. 4). 
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3.2.2. Cytotoxic IC50 concentrations for compounds with anti-parasite 
activity 

All compounds that had shown 50% or above effect of reduction of 
C. parvum growth during the initial tests were next tested at varying 
concentrations for cytotoxicity in uninfected HCT-8 cells in order to derive their cytotoxic IC50 concentrations. All the compounds with 

Table 1 
Reported (1-benzyl-4-triazolyl)-indole-2-carboxamides and related compounds with their overall yields, ClogP values, and IC50 indices against T. gondii and C. parvum 
as well as cytotoxicity in mammalian HCT-8 and HFF cell lines.  

Compound Yielda ClogPb Parasite IC50 (μM) Host cell IC50 (μM) SIg 

Code No. T. gondii C. parvum HCT-8 HFF T. gondii C. parvum 

0h p.ic 2h p.id 0h p.i 2h p.i 

JS-2-15 5a 68 3.00 NAe NA NA NA 109.0 NDf   

JS-2-22 5b 58 4.14 NA NA 12.30 12.54 101.4 ND  8.24 
JS-2-18 6a 51 3.65 NA NA NA NA 205.0 ND   
JS-2-25 6b 55 4.36 NA NA NA NA 106.7 ND   
JS-2-26 6c 54 4.36 NA NA NA NA ND ND   
JS-2-32 6d 58 4.36 NA NA NA NA ND ND   
JS-2-43 6e 79 4.95 NA NA NA NA 174.4 ND   
JS-2-27 7a 89 4.79 NA NA 9.37 10.73 253.8 ND  27.09 
JS-2-28 7b 67 5.50 11.63 19.23 8.32 8.59 233.4 209.4 20.07 28.05 
JS-2-30 7c 76 5.50 5.43 6.32 5.05 5.86 192.70 268.0 35.49 38.16 
JS-2-33 7d 65 5.50 NA NA NA NA ND ND   
JS-2-44 7e 51 6.09 2.95 (10.55)h 3.24 7.63 9.12 209.7 209.1 71.08 27.48 
JS-2-19 9a 36 4.54 8.51 10.60 NA NA ND 107.7 12.66  
JS-2-31 9b 31 5.68 7.88 12.08 NA NA ND 135.1 17.15  
JS-2-40 11a 24 4.23 NA NA NA NA 134.8 ND   
JS-2-41 11b 18 4.36 1.94 (1.50)h 2.15 NA NA ND 167.8 86.50  
ATQi    0.084 0.087       
PMOj      219.5 226.8      

a Yield reported after purification by flash chromatography on silica. 
b Calculated with ChemDraw Professional 15.1. 
c Test compound added immediately post-infection. 
d Test compound added 2 h post-infection. 
e NA = not active in the primary compound screening. 
f ND = not done. 
g SI = selectivity index = IC50 HCT-8 (or HFF)/IC50 parasite (at 0 h p.i.). 
h Against T. gondii Type II (ME49) in HFF cells. 
i ATQ = standard drug atovaquone. 
j PMO = standard drug paromomycin. 

Fig. 2. Cytotoxic effects of test compounds on human ileocecal adeno
carcinoma (HCT-8) cells cultured in vitro. Confluent monolayers of HCT-8 
cells were treated with 20 μM of compound, while control cells were treated 
with a volume of DMSO equivalent to that used in compound-treated cells. 
Following 48 h of culture, the cells were analyzed for viability by a colorimetric 
assay using the cell proliferation reagent WST-1 (Roche). The difference in 
absorbance between the compound-treated cells and the DMSO-treated cells 
was divided by the absorbance from the DMSO-treated cells and multiplied by 
100 to derive the inhibition of cell viability (%) values. The data shown 
represent the means from three independent experiments with standard 
error bars. 

Fig. 3. Analysis of the effects of test compounds on the growth of Cryp
tosporidium parvum in human ileocecal adenocarcinoma (HCT-8) cells in 
vitro. Equal amounts of freshly excysted sporozoites of C. parvum were inocu
lated into HCT-8 cells in culture and compounds at 11 μM final concentration 
were added immediately after infection. Control infected cells were treated 
with volumes of DMSO equivalent to those used in the compound-treated cul
tures. Paromomycin (PMO) reconstituted in distilled sterile water was added to 
a separate set of wells as a positive control at 400 μM final concentration. The 
cultures were analyzed for parasite infectivity and proliferation by an immu
nofluorescence assay after 72 h of incubation. The fluorescence generated by 
intracellular C. parvum parasites was quantified by Image J software and used to 
calculate the mean percent parasite inhibition values of each compound. The 
point numerals in the image depict the last two digits of the JS-2- compound 
series. The data shown represents means of three independent experiments. 
Bars represent standard errors of the mean. 
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efficacy against C. parvum at 11 μM depicted cytotoxic IC50 concentra
tions in the range of 100–253.8 μM in HCT-8 cells (Table 1), suggesting 
that they were well tolerated by the host cells. Similarly, compounds 
that had depicted 50% or above reduction in T. gondii growth were 
tested at varying concentrations to derive their cytotoxic IC50 concen
trations in uninfected HFF cells (used for culturing T. gondii). The six 
compounds tested showed cytotoxic IC50 concentrations ranging from 
107.7 to 268.0 μM in HFF cells (Table 1), essentially indicating that they 
had no toxic effect to the HFF cells at the initial concentration (11 μM) 
they were tested for anti-Toxoplasma efficacy. 

3.2.3. Compounds’ anti-parasite IC50 concentrations and selective indices 
(SI) 

For all compounds that had shown anti-parasite activity at the initial 
testing concentration of 11 μM, a secondary screening was conducted 
using varying concentrations to derive their IC50 concentrations against 
the parasites. For anti-Cryptosporidium screening, two formats were 
used: compounds were added to culture wells immediately or 2 h after 
inoculating the host cells with C. parvum sporozoites. This was meant to 
determine the effect of the compounds when parasites were exposed to 
the compounds prior to, or after infecting the host cells. We have pre
viously observed that excysted C. parvum sporozoites usually invade 
host cells grown in 96-well plates within a 1 h window upon infection. 
As such, we allowed 2 h for the establishment of infection in this study. 
Furthermore, the 2–4 h time point has been used by many research 
groups (including ours) in the recent past to assess the in vitro effect of 
compounds on these parasites before and after invasion of host cells 
(Jumani et al., 2019; Woolsey et al., 2019; Funkhouser-Jones et al., 
2020; Li et al., 2020; Ma et al., 2020; Murakoshi et al., 2020). When the 
cultures were analyzed at 72 h post-infection, five compounds (JS-2-22, 
27, 28, 30 and 44) were found to have concentration-dependent activity 
of reducing C. parvum growth and proliferation, regardless of whether 
treatment started immediately or 2 h after infection of host cells 
(Fig. 5A–E). Their IC50 concentrations ranged from 5.05 to 12.54 μM, 
with no significant difference between starting the treatment 

immediately or 2 h after infection of the host cells (Table 1). We used 
paromomycin (PMO) as the positive control treatment in all C. parvum 
growth inhibition assays. Paromomycin was found to have a similar 
concentration-dependent effect of inhibiting C. parvum growth in vitro 
when added immediately or 2 h post-infection of HCT-8 cells 
(Fig. 5A–E), with IC50 values of 219.5 and 226.8 μM, respectively. 
Among the five compounds with potency against C. parvum, JS-2-30 
showed the best activity (IC50 = 5.05 μM) when added immediately 
post infection, and had the highest selectivity index (SI) of 38.16 
(Table 1). Therefore, the IC50 of JS-2-30 was nearly 44-fold lower 
against C. parvum when compared directly with the reference drug PMO. 
When ranked in order of decreasing potency against C. parvum, the 
compounds compared as follows: JS-2-30, 44, 28, 27 and 22 (Table 1). 

In the case of anti-Toxoplasma activity, when titrated at varying 
concentrations, compounds JS-2-19, 28, 30, 31, 41 and 44 all depicted 
concentration-dependent activity of reducing T. gondii growth in vitro 
(Fig. 6A–F). Their anti-Toxoplasma IC50 concentrations ranged from 1.94 
to 11.63 μM and 2.15–19.23 μM for treatments started immediately or 2 
h post-infection, respectively (Table 1). Atovaquone, which was used as 
a positive control, also showed a concentration-dependent inhibitory 
effect on the growth of T. gondii parasites in HFF cells, with IC50 values of 
0.084 and 0.087 μM when added immediately or 2 h post-infection of 
host cells, respectively (Fig. 6A–F). Among the six compounds with anti- 
Toxoplasma activity, JS-2-41 was the most potent (IC50 = 1.94 μM) when 
added immediately post infection, and showed the highest SI of 86.50. In 
direct comparison to the reference drug atovaquone, the IC50 of JS-2-41 
was 23-fold higher against T. gondii. Nevertheless, JS-2-41 constitutes a 
viable lead compound with novel scaffold that extends the current 
chemical space (Wu et al., 2021) and shows good promise for further 
development as effective agent against T. gondii infection. Ranking in 
order of decreasing potency against T. gondii, the compounds were listed 
as follows: JS-2-41, 44, 30, 31, 19, and 28 with the first three compounds 
having very good SI of about 86, 71, and 35 respectively (Table 1). 
Among the eight compounds with anti-parasite activity, only three 
compounds (JS-2-28, 30 and 44) were identified to be active against 
both C. parvum and T. gondii (Table 1). Specifically, JS-2-44 and JS-2-30 
were the most potent compounds against both parasites, while JS-2-41 
turned out to be the most potent compound only against T. gondii. 

To determine IC50 values of the test compounds against C. parvum 
and T. gondii, all test compounds were tested against the parasites at a 
minimum of five different concentrations. However, some compounds 
with high ClogP values were found to be insoluble in the culture medium 
at higher concentrations, which resulted in confounding results. We, 
therefore, excluded such unreliable data for plotting dose-response 
curves for these compounds. However, we ensured that a minimum of 
three data points are used for calculation of IC50 values for all tested 
compounds. To the best of our knowledge, IC50 values calculated using 
three data points are reasonably accurate especially when these data fall 
on the slope of the curve. Indeed, we observed a goodness-of-fit with R2 

values above 0.92 for all compounds in the non-linear regression model 
fitting using GraphPad PRISM® v8. Furthermore, a study comparing 
IC50 values derived from a two- and 10- point assay format generated 
highly comparable data (r2 = 0.89) and concluded that “accurate IC50 
predictions can be made from just two concentration points” (Turner and 
Charlton, 2005). 

3.2.4. Compounds with anti-Toxoplasma potency decrease parasite cyst 
counts in the brains of infected rats 

Having identified the compounds that had in vitro activity against 
T. gondii, we endeavored to test their in vivo efficacy in eliminating the 
parasite brain cysts in infected Brown Norway (BN) rats with confirmed 
parasite cyst burden. BN rats are susceptible to T. gondii infection, and 
this has been shown to lead to formation of parasite cysts in the brain 
after about 3–4 weeks post-infection in the case of Type II T. gondii 
infection (Dubey et al., 2016). Therefore, we maintained BN rats 
infected with Type II T. gondii (ME49) for 5 weeks and then sacrificed 

Fig. 4. Analysis of effects of the test compounds on the growth of T. gondii 
in vitro. Equal amounts of freshly extracted tachyzoites of T. gondii (constitu
tively expressing Yellow Fluorescent Protein) were inoculated into human 
foreskin fibroblasts cell line (HFF cells) in culture and compounds at 11 μM 
final concentration were added immediately after infection. Control infected 
cells were treated with volumes of DMSO equivalent to those used in the 
compound-treated cultures. Atovaquone reconstituted in DMSO was added to a 
separate set of wells as a positive control at 0.5 μM final concentration. The 
cultures were analyzed by fluorescence microscopy for parasite infectivity and 
proliferation after 48 h of incubation. Parasite fluorescence quantification was 
done using Image J software and the mean percent parasite inhibition values of 
each compound were calculated. The point numerals in the image depict the 
last two digits of the JS-2- compound series. The data shown represent means of 
three independent experiments. Bars represent standard errors of the mean. 
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two of the infected rats to confirm presence of cysts in their brains. On 
average, each rat’s brain was found to harbor about 150 T. gondii cysts of 
varying sizes (Fig. 7A). After confirmation of the presence of cysts in the 
infected rats, we commenced daily (for a total of 14 days) treatment of 
rats using two selected compounds (JS-2-41 and JS-2-44) that had 
shown the highest potency against T. gondii in vitro. Atovaquone treat
ment was included as a positive control drug. One day after completing 
treatment, the rats were sacrificed and the number of T. gondii cysts in 
their brains enumerated. We found that, on average, the rats in the 
untreated group had about 200 cysts per brain (Fig. 7B). Interestingly 
treatment with compound JS-2-41 and JS-2-44, resulted in a significant 
reduction in cysts number, down to an average of about 20 cysts per 
brain (Fig. 7B), which was a 10-fold decrease when compared to the 
untreated rats. Atovaquone treatment was also found to be effective in 
decreasing cysts burden to a similar extent as compounds JS-2-41 and 
JS-2-44. Because, we had used Type I T. gondii (RH) for the anti-
Toxoplasma compound activity assays, while Type II T. gondii (ME49) 
was used for the in vivo efficacy assays, we endeavored to also determine 
the in vitro anti-Type II activity of JS-2-41 and JS-2-44 compounds that 
showed the highest efficacy in vivo. Both compounds depicted 
concentration-dependent activity comparable to atovaquone, against 
Type II T. gondii (ME49) (Fig. 8), consistent with what was observed with 
Type I T. gondii assay. However, while JS-2-41 had similar IC50 con
centration against both Type I (1.94 μM) and Type II (1.50 μM), JS-2-44 
had higher IC50 concentration against Type II (10.55 μM) than Type I 
(2.95 μM). Nevertheless, in vivo, both JS-2-41 and JS-2-44 compounds 
showed similar potency. 

4. Discussion 

Cryptosporidium and Toxoplasma are highly prevalent zoonotic pro
tozoan parasites with worldwide distribution, but for which no 
completely effective therapeutic agents exist. Herein, we present struc
tural derivatives obtained through modification of the highly active 
antimycobacterial lead compound JS-2-02 (Stec et al., 2016; Lun et al., 
2019) and showcase that the new compounds possess significant effi
cacy against T. gondii and appreciable activity against C. parvum. Given 
the fact that the lead compound JS-2-02 contains the indole skeleton, 
which is designated as a privileged scaffold (Welsch et al., 2010), as well 
as knowing the prominent role of triazole ring in medicinal chemistry 
(Zhou and Wang, 2012), we set off to synthesize (1-benzyl-4-
triazolyl)-indole-2-carboxamides as prospective antiparasitic agents. 
Interestingly, among the synthesized derivatives, compounds repre
senting the 4,6-dichloro series 7a-e, i.e. JS-2-27, 28, 30, 33 and 44 
showed the desired antiparasitic activity as opposed to their 4,6-difluoro 
counterparts 6a-e, i.e. JS-2-18, 25, 26, 32 and 43 (Scheme 1, Table 1). 
This suggested that the presence of chlorine atoms plays a crucial role in 
the bioactivity of this subset of compounds. Given the substantial dif
ferences in various properties such as electronegativity, polarity, lip
ophilicity, and size between the lighter fluorine and the heavier chlorine 
atoms (Wilcken et al., 2013), organic molecules differing with respect to 
those two substituents will very often show distinctive activities as well 
as physicochemical and ADMET properties such as water solubility, 
permeability, etc. In particular, a compound’s lipophilicity plays crucial 
role for the molecule to effectively penetrate the relatively complex 
parasite’s pellicle (i.e. outer covering) composed of a plasmalemma and 
two tightly apposed membranes that form an inner membrane complex 

(Dubey et al., 1998). Thus, the increased lipophilicity of the 4,6-dichloro 
indole series very likely determines the overall bioactivity of those 
compounds. Of note is the fact that the presented compounds show very 
encouraging drug-like properties (Molinspiration Cheminformatics, 
2022) of orally bioavailable drugs as none of the molecules violates the 
Veber’s Rule (Veber et al., 2002) and just few of them (JS-2-28, 30, 31, 
33 and 44) violate only one postulate (ClogP <5) of the Lipinski’s Rule of 
Five (Lipinski, 2000; Lipinski et al., 2001). High ClogP value and thus 
enhanced lipophilicity plays not only crucial role for drugs’ absorption 
but also penetration across the blood-brain barrier and thus enhanced 
drugs’ distribution within the brain, an organ where often the persistent 
cysts of T. gondii are formed. 

The presence and distribution of the chlorine atoms on the benzyl 
ring attached to the triazole moiety also seems to play an important role 
in the antiparasitic activity. Compound 7a (JS-2-27) bearing the 
unsubstituted benzyl ring showed appreciable activity only against 
C. parvum whereas the o-chloro derivative 7b (JS-2-28) displayed only 
weak anti-T. gondii activity, but with improved anti-C. parvum activity 
when compared to the parent compound 7a. On the other hand, m- 
chloro derivative 7c (JS-2-30) yielded the most potent compound 
against C. parvum and fairly active compound against T. gondii. On the 
contrary, the p-chloro analog 7d (JS-2-33) turned out to be inactive 
against both parasites. However, the activity was restored with the m,p- 
dichloro derivative 7e (JS-2-44), which yielded the second most potent 
compound against T. gondii (after compound 11b; JS-2-41) and 
C. parvum (after compound 7c; JS-2-30). This trend clearly indicates the 
importance of substitution on the meta position of the benzyl ring for the 
desired antiparasitic activity. Interestingly, the m,p-dichlorobenzyl 
motif is also found in another chemotype with high anticryptosporidial 
activity reported in the literature (Oboh et al., 2021). Both of the 1-ada
mantyl counterparts 9a (JS-2-19) and 9b (JS-2-31) showed activity only 
against T. gondii. This result is consistent with our previous report that 
showed some 1- and 2-adamantyl benzoyl carbamates to selectively 
inhibit the growth of T. gondii with comparable IC50 indices (Li et al., 
2020). Extension of the project to the synthesis of (1-ada
mantyl)-4-phenyl-triazoles provided compounds 11a (JS-2-40) and 11b 
(JS-2-41) with the latter derivative being the most potent compound 
against T. gondii. Given the presence of a masked aldehyde group in 11b, 
thus the ease for medicinal chemistry structure elaboration, further 
expansion of this project is currently underway. 

Importantly, the compounds (JS-2-28, JS-2-30, and JS-2-44) that 
were found to have efficacy against both T. gondii and C. parvum at low 
micromolar concentrations also depicted good safety margins (selec
tivity indices) in human host cells that were used to culture the parasites 
(Table 1). This implies the aforementioned compounds are effective 
against the parasites at concentrations that are not toxic to the host cells. 
In the case of C. parvum, paromomycin was used as a positive control 
drug and displayed an in vitro anti-Cryptosporidium IC50 concentration of 
219.5 μM. Paromomycin has been shown to be non-toxic to human cells 
at concentrations higher than 1000 μM (Downey et al., 2008; Gargala 
et al., 2000). Comparatively, the four compounds (JS-2-27, 28, 30 and 
44) that were identified in this study to be active against C. parvum had 
much lower IC50 values (9.37, 8.32, 5.05 and 7.63 μM, respectively) and 
better selectivity indices than paromomycin, implying their promising 
efficacy and safety profile. 

On the other hand, for testing compounds against T. gondii, atova
quone was used as a positive control and showed an in vitro IC50 

Fig. 5. Effect of varying concentrations of the test compounds on the growth of C. parvum in HCT-8 cells. Equal amounts of freshly excysted sporozoites of 
C. parvum were inoculated into HCT-8 cells in culture and varying concentrations of (A) JS-2-44, (B) JS-2-30, (C) JS-2-27, (D) JS-2-28 and (E) JS-2-22 were added at 
the time of infection (green solid line) or added 2 h post- infection (p.i.) (green dashed line). Control infected cells were treated immediately p.i. with volumes of 
DMSO equivalent to those used in the compound-treated cultures. Varying concentrations of paromomycin (PMO) added at infection (red solid line) or 2 h p.i. (red 
dashed line) served as the positive control. The cultures were analyzed for parasite infectivity and proliferation by an immunofluorescence assay after 72 h of culture. 
The fluorescence generated by intracellular C. parvum parasites was quantified and used to calculate the mean percent parasite inhibition values of each compound 
concentration relative to the DMSO-treated controls. The data shown represent means of three independent experiments. Bars represent standard errors of the mean. 
(For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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concentration of 0.087 μM against T. gondii. Atovaquone has been shown 
to be toxic to human host cells in vitro at a concentration that is 10-fold 
higher than its effective parasite inhibitory concentration (Araujo et al., 

1991). Comparatively, all the compounds that were found to be active in 
vitro against T. gondii (JS-2-19, 28, 30, 31, 41 and 44), had anti-
Toxoplasma IC50 values 11.6–86.5-fold lower than their cytotoxic IC50 

Fig. 6. Effect of varying concentrations of test compounds on the growth of Toxoplasma gondii in human foreskin fibroblasts (HFF) cells. Equal amounts of 
freshly extracted tachyzoites of T. gondii (constitutively expressing yellow fluorescent protein) were inoculated into HFF cells in culture and varying concentrations of 
compounds (A) JS-2-41, (B) JS-2-44, (C) JS-2-30, (D) JS-2-19, (E) JS-2-31, (F) JS-2-28 were added immediately (green solid line) or 2 h post-infection (p.i.) (green 
dashed line). Control infected cells were treated immediately p.i. with volumes of DMSO equivalent to those used in the compound-treated cultures. Atovaquone 
(ATQ) was added at varying concentrations to a separate set of wells immediately after infection (red solid line) or 2 h p.i. (red dashed line) as a positive control. The 
cultures were analyzed for parasite infectivity and proliferation after 48 h of incubation by fluorescence microscopy to measure parasite fluorescence. The fluo
rescence generated by T. gondii was quantified using Image J software and used to calculate the mean percent parasite inhibition values of each compound con
centration relative to the DMSO-treated controls. The data shown represent means of three independent experiments. Bars represent standard errors of the mean.(For 
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 

Fig. 7. In vivo efficacy of the test compounds against T. gondii Type II (ME49) cysts in rats’ brains. Male Brown Norway rats were each inoculated intra
muscularly with 5 × 104 freshly isolated T. gondii ME49 strain tachyzoites and maintained for 4 weeks to develop brain cysts, after which each group (n = 3) of 
infected rats was treated by intraperitoneal injection with compound JS-2-41 (3 mg/kg), JS-2-44 (4 mg/kg), or atovaquone (5 mg/kg) daily for 14 days. The control 
group of infected rats received an equivalent volume of DMSO solvent. Following treatment, rat brains were harvested and (A) the number of T. gondii cysts of varying 
sizes (indicated by arrow heads in the representative images) per rat brain were (B) enumerated and are shown as the mean number from 3 infected rats per 
treatment. Bars represent standard errors of the mean with levels of statistical significance as compared to the untreated control indicated by asterisk (*, P < 0.05; 
one-way ANOVA and Dunnett’s multiple-comparison test). 

Fig. 8. Effect of varying concentrations of test 
compounds on the growth of Toxoplasma gondii 
Type II (ME49) in human foreskin fibroblasts 
(HFF) cells. Equal amounts of freshly extracted 
tachyzoites of T. gondii (constitutively expressing 
luciferase protein - Fluc) were inoculated into HFF 
cells in culture and varying concentrations of com
pounds (A) JS-2-41 or (B) JS-2-44, were added 
immediately post-infection (green line). Control 
infected cells were treated immediately post-infection 
with volumes of DMSO equivalent to those used in the 
compound-treated cultures. Varying concentrations 
of ATQ added at the time of infection (red line) served 
as the positive control. The cultures were analyzed for 
parasite infectivity and proliferation after 48 h using 
a luciferase reporter gene assay. The luminescence 
generated by T. gondii luciferase activity was recorded 
and used to calculate the mean percent parasite in
hibition values of each compound concentration 
relative to the DMSO-treated controls. Indicated 
values represent means from three independent ex
periments. Bars represent standard deviations of the 

mean.(For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)   

S.M. Khan et al.                                                                                                                                                                                                                                 



International Journal for Parasitology: Drugs and Drug Resistance 19 (2022) 6–20

18

concentrations. Those results suggest that the aforementioned test 
compounds are efficacious with a wider safety margin than atovaquone. 
Such characteristic of new hit molecules is especially important in 
addressing the problems of toxicity and hypersensitivity that are asso
ciated with currently licensed medications used for the treatment of 
toxoplasmosis in humans (McLeod et al., 2006; Rajapakse et al., 2013; 
Montazeri et al., 2015). 

Rats, like immunocompetent humans, are relatively resistant to 
clinical toxoplasmosis and develop a subclinical chronic infection that 
results in the development of cysts in brain, eyes, and muscle tissues 
(Dubey et al., 2016). Currently licensed drugs against T. gondii are not 
very effective at eliminating the cyst stage of the parasite, implying that 
they cannot completely clear the infection in chronically infected in
dividuals. By evaluating in vivo JS-2-41 and JS-2-44 we found that these 
compounds were effective in reducing (by over 90%) the number of 
Toxoplasma cysts in the brain of infected rats just after 14 days of 
treatment. Considering that we only tested at a single dose, it can be 
postulated that higher doses of those two compounds, and prolonged 
treatment could potentially completely eliminate the encysted stages of 
T. gondii. Given the promising in vitro safety margin that we observed for 
those compounds, it is likely that both molecules could be well tolerated 
in vivo at higher doses. Further evaluation of the lead compounds in 
terms of various ADMET properties such as hERG potassium channel 
inhibition, mutagenicity, induction/inhibition of CYP450 isoforms, 
metabolic stability/half-life, permeability, will provide useful data for 
advancing those compounds. 

5. Conclusions 

Novel (1-benzyl-4-triazolyl)-indole-2-carboxamides and (1-ada
mantyl)-4-phenyl-triazoles have been prepared and evaluated for ac
tivity against T. gondii and C. parvum. Several of the analogs presented 
herein showed appreciable antiparasitic activity with JS-2-30, JS-2-44, 
and JS-2-41 being the most active derivatives in the entire series. While 
JS-2-30 and JS-2-44 were active against both parasites at low micro
molar concentrations (IC50 ranging from 2.95 to 7.63 μM), JS-2-41 
selectively inhibited the growth of T. gondii with an IC50 of 1.94 μM 
and SI value above 86. The most active derivative in this set against 
C. parvum was JS-2-30 with an IC50 of 5.05 μM, which is nearly 44-fold 
lower value in comparison with the reference drug PMO. On the other 
hand, the most active derivative in this set against T. gondii was JS-2-41 
with an IC50 of 1.94 μM, which is 23-fold higher value in comparison 
with the reference drug ATQ. Furthermore, JS-2-44 and JS-2-41 were 
also active in vivo as assessed by their ability to significantly reduce the 
number of T. gondii cysts in the brain of infected rats. Overall, these 
results along with good drug-likeness of the compounds provide further 
basis for structure modification of JS-2-44 and JS-2-41 in search of novel 
antiparasitic agents. 
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