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A B S T R A C T   

Toxoplasma gondii and Cryptosporidium parvum are protozoan parasites that are highly prevalent and opportu-
nistically infect humans worldwide, but for which completely effective and safe medications are lacking. Herein, 
we synthesized a series of novel small molecules bearing the diacyl urea scaffold and related structures, and 
screened them for in vitro cytotoxicity and antiparasitic activity against T. gondii and C. parvum. We identified one 
compound (GMG-1-09), and four compounds (JS-1-09, JS-2-20, JS-2-35 and JS-2-49) with efficacy against 
C. parvum and T. gondii, respectively, at low micromolar concentrations and showed appreciable selectivity in 
human host cells. Among the four compounds with efficacy against T. gondii, JS-1-09 representing the diacyl urea 
scaffold was the most effective, with an anti-Toxoplasma IC50 concentration (1.21 μM) that was nearly 53-fold 
lower than its cytotoxicity IC50 concentration, indicating that this compound has a good selectivity index. The 
other three compounds (JS-2-20, JS-2-35 and JS-2-49) were structurally more divergent from JS-1-09 as they 
represent the acyl urea and acyl carbamate scaffold. This appeared to correlate with their anti-Toxoplasma ac-
tivity, suggesting that these compounds’ potency can likely be enhanced by selective structural modifications. 
One compound, GMG-1-09 representing acyl carbamate scaffold, depicted in vitro efficacy against C. parvum with 
an IC50 concentration (32.24 μM) that was 14-fold lower than its cytotoxicity IC50 concentration in a human 
intestinal cell line. Together, our studies unveil a series of novel synthetic acyl/diacyl urea and acyl carbamate 
scaffold-based small molecule compounds with micromolar activity against T. gondii and C. parvum that can be 
explored further for the development of the much-needed novel anti-protozoal drugs.   

1. Introduction 

Toxoplasma gondii and Cryptosporidium parvum are apicomplexan 
protozoan zoonotic parasites that are highly prevalent and are common 
opportunistic infections of humans worldwide (Chalmers et al., 2014; 
Kochanowsky and Koshy, 2018). The global seroprevalence (measured 
by IgG levels) of T. gondii varies greatly by country and region (Furtado 
et al., 2011), and is predominantly impacted by environmental and 
socio-cultural factors (Mboera et al., 2019). It is estimated that 11% of 

the US population is infected with this parasite (Centers for Disease 
Control and Prevention (CDC), 2020a), and the infection is considered to 
be one of the five neglected parasitic infections targeted by CDC for 
public health action in the U.S.A (Centers for Disease Control and Pre-
vention (CDC), 2020b). In immunocompromised individuals, and in 
congenitally infected children, T. gondii can cause serious illnesses, 
including ocular and neurologic illnesses, and systemic spread of the 
parasite leading to vital organ failure (Alday and Doggett, 2017). The 
current gold standard for the treatment of T. gondii infections involves a 
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combination of pyrimethamine and sulfadiazine. Other treatment regi-
mens include a combination of trimethoprim and sulfamethoxazole, and 
atovaquone alone or in combination with sulfadiazine. However, all 
these treatment regimens are limited by hypersensitivity reactions, 
gastrointestinal and hematologic toxicities, and are ineffective against 
the encysted stage of the parasite. On the other hand, C. parvum is a 
major cause of diarrheal diseases in children under the age of two and in 
immunocompromised individuals, resulting in significant morbidity and 
mortality especially in poor-resource areas of developing countries 
(Checkley et al., 2015). The only FDA-approved anti-Cryptosporidium 
drug in humans, nitazoxanide, is ineffective in those individuals most at 
risk for morbidity and mortality due to Cryptosporidium infections, 
including malnourished young children and immunocompromised in-
dividuals (Abubakar et al., 2007). Coupled with the lack of human 
vaccines against Toxoplasma and Cryptosporidium, there is an urgent 
need to develop safe and effective therapeutic agents against these 
devastating parasites. 

Within the last two decades, medicinal chemistry research efforts 
have resulted in discovering and developing diverse lead compounds 
with excellent activity against T. gondii (Alday and Doggett, 2017). The 
majority of the lead compounds were identified through phenotypic 
screening of small molecule libraries. More recently, analogs of various 
natural products such as thiolactomycin (Martins-Duarte et al., 2009), 
trypanthrin (Krivogorsky et al., 2013), arctigenin (Zhang et al., 2018), 
(+)-usnic and ursolic acids (Guo et al., 2019; Luan et al., 2019), and 
dihydroartemisinin (Deng et al., 2020) have been reported to be effec-
tive against T. gondii. More interestingly, some compounds were initially 
discovered as antiplasmodial agents and subsequently were shown to be 
also active against T. gondii. Examples of such repurposed compounds 
include the imide QQ-437 (Fomovska et al., 2012), spiroindolone 
NITD609 (Zhou et al., 2014), and piperazine acetamide (Boyom et al., 
2014) (S1 Fig.). 

In the present study, we synthesized a series of novel small molecule 
compounds based on the scaffold of acyl/diacyl urea and acyl carba-
mate, and screened them for in vitro antiparasitic activity against 
T. gondii and C. parvum. We identified one compound, and four com-
pounds with activity at low micromolar concentrations against 
C. parvum and T. gondii, respectively, that were nontoxic to mammalian 
host cells. Our results suggest that the acyl/diacyl urea and acyl carba-
mate scaffolds can potentially be used to derive new antiparasitic drug 
candidates. 

2. Materials and methods 

2.1. Chemistry 

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

Scientific. Anhydrous toluene (PhCH3) was purchased from Sigma- 
Aldrich whereas anhydrous dichloromethane (CH2Cl2) 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 instrument. TLC was performed 
on Merck 60 F254 silica gel plates. Flash chromatography was per-
formed 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 de-
tector (variable wavelength). The system was controlled by LabSolu-
tions™ (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. General procedure for the synthesis of the target compounds 1-21 
The appropriate starting material (I), which was usually a primary 

amide (1.0 mmol, 1.0 eq), was placed in a Schlenk Kjeldahl reaction 
flask and the flask was evacuated/Argon re-filled three times. Subse-
quently, anhydrous dichloromethane (25 mL) was added and the 
mixture was stirred at room temperature (RT) for 5 min before dropwise 
addition of oxalyl chloride (3.0 mmol, 3.0 eq). The reaction mixture was 
then stirred at reflux for 2.5–3.0 h before cooling to RT and the solvent 
was removed under reduced pressure. Subsequently 1.1–1.25 mmol 
(1.1–1.25 eq) of the appropriate nucleophile (III) was rapidly added and 
the flask was evacuated/Argon re-filled before dry toluene (12 mL) was 
added. The reaction mixture was then stirred at reflux for 2.5–3 h before 
cooling to RT and concentration on rotavapor. Compounds 1, 3, and 4 
were isolated through suction filtration as solids in high purity (>95%), 
therefore they were used without further purification. Compounds 2 and 
11 were isolated as solids but the crude materials were purified by 
crystallization from methanol and hexane:ethyl acetate, respectively. All 
other compounds were purified by automated flash chromatography on 
silica with hexane-ethyl acetate as the eluent. 

2.1.3. Analytical data of the synthesized compounds  

1. N,N′-Carbonyldibenzamide (JS-1-07): Milky-white solid, 240 mg 
(89%). Analytical data for this compound were reported previously 
(Garcia Hernandez et al., 2017).  

2. N,N′-Carbonylbis(2-nitrobenzamide) (JS-1-11): White powder, 
250 mg (70%). Analytical data for this compound were reported 
previously (Garcia Hernandez et al., 2017).  

3. N,N′-Carbonylbis(2-methoxybenzamide) (JS-1-09): Grey powder, 
288 mg (88%). Analytical data for this compound were reported 
previously (Garcia Hernandez et al., 2017).  

4. N′1N′2-Dibenzoyloxalohydrazide (JS-1-37): Pale yellow solid, 
251 mg (77%). Analytical data for this compound were reported 
previously (Garcia Hernandez et al., 2017).  

5. 2,3,4-Trifluoro-N-(((1R,2R,3R,5S)-2,6,6-trimethylbicyclo 
[3.1.1]heptan-3-yl)carbamoyl)-benzamide (JS-2-11): White 
solid, 210 mg (59%). 

1H NMR (400 MHz, DMSO-d6) δ ppm 10.8 (br s, 1H), 8.23 (m, J =
8.2 Hz, 1H), 7.51 (m, 1H), 7.40 (m, 1H), 4.07 (m, 1H), 2.42–2.31 (m, 
2H), 1.90–1.86 (m, 2H), 1.76 (td, J = 5.7, 1.4 Hz, 1H), 1.58 (ddd, J =
13.7, 6.4, 2.3 Hz, 1H), 1.17 (br s, 3H), 1.04 (d, J = 7.3 Hz, 3H), 0.97 (br 
s, 3H), 0.95 (d, J = 10.8 Hz, 1H). 

13C NMR (100 MHz, DMSO-d6) δ ppm 164.6 (C), 152.8 (C), 152.6 (C, 
ddd, J = 252.1, 9.6, 2.9 Hz), 149.0 (C, ddd, J = 250.0, 11.0, 3.4 Hz), 
139.4 (C, dt, J = 249.7, 15.6 Hz), 125.3 (CH, dd, J = 7.7, 3.8 Hz), 121.4 
(C, dd, J = 10.5, 2.9 Hz), 113.5 (CH, dd, J = 17.7, 3.4 Hz), 48.4 (CH), 
47.7 (CH), 45.5 (CH), 41.5 (CH), 38.6 (C), 37.0 (CH2), 34.9 (CH2), 28.4 
(CH3), 23.7 (CH3), 21.1 (CH3). 

HRMS (TOF): m/z [M]+ calculated for C18H21F3N2O2: 354.1555, 
found: 354.1544.  

6. N-((Adamantan-1-yl)carbamoyl)-2,3,4-trifluorobenzamide (JS- 
2-14): White solid, 173 mg (49%). 

1H NMR (400 MHz, DMSO-d6) δ ppm 10.65 (s, 1H), 8.16 (s, 1H), 7.48 
(m, 1H), 7.39 (m, 1H), 2.01 (s, 3H), 1.94–1.93 (m, 6H), 1.60 (s, 6H). 

13C NMR (100 MHz, DMSO-d6) δ ppm 164.9 (C), 152.2 (C, ddd, J =
255.9, 10.1, 2.4 Hz), 151.2 (C), 148.9 (C, ddd, J = 254.5, 11.0, 3.4 Hz), 
139.4 (C, dt, J = 249.2, 15.6 Hz), 125.3 (CH, dd, J = 7.7, 2.1 Hz), 121.4 
(C, dd, J = 11.0, 2.4 Hz), 113.5 (CH, dd, J = 17.7, 3.4 Hz), 51.1 (C), 41.6 
(3CH2), 36.3 (3CH2), 29.3 (3CH3). 

HRMS (TOF): m/z [M]+ calculated for C18H19F3N2O2: 352.1399, 
found: 352.1397. 
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7. N-((Adamantan-2-yl)carbamoyl)-2,3,4-trifluorobenzamide (JS- 
2-34): White solid, 223 mg (63%). 

1H NMR (400 MHz, DMSO-d6) δ ppm 10.89 (s, 1H), 8.73 (d, J = 7.8 
Hz, 1H), 7.52 (m, 1H), 7.41 (m, 1H), 3.86 (d, J = 7.8 Hz, 1H), 1.86–1.68 
(m, 12H), 1.59 (d, J = 12.4 Hz, 2H). 

13C NMR (100 MHz, DMSO-d6) δ ppm 165.1 (C), 152.6 (C, ddd, J =
251.6, 9.6,2.9 Hz), 152.2 (C), 149.0 (C, ddd, J = 254.7, 10.8, 3.6 Hz), 
139.4 (C, dt, J = 248.9, 16.3 Hz), 125.4 (CH, dd, J = 5.3, 3.6 Hz), 121.3 
(C, dd, J = 10.5, 3.8 Hz), 113.5 (CH, dd, J = 17.7, 3.4 Hz), 53.7 (CH), 
37.4 (CH2), 36.9 (2CH2), 32.0 (2CH), 31.9 (2CH2), 27.1 (CH), 27.0 (CH). 

HRMS (TOF): m/z [M]+ calculated for C18H19F3N2O2: 352.1399, 
found: 352.1406.  

8. N-(Cyclooctylcarbamoyl)-2,3,4-trifluorobenzamide (JS-2-36): 
White powder, 280 mg (85%). 

1H NMR (400 MHz, DMSO-d6) δ ppm 10.79 (br s, 1H), 8.25 (d, J =
7.3 Hz, 1H), 7.49 (m, 1H), 7.40 (m, 1H), 3.78 (qt, J = 8.2, 4.1 Hz, 1H), 
1.79–1.73 (m, 2H), 1.59–1.45 (m, 12H). 

13C NMR (100 MHz, DMSO-d6) δ ppm 164.7 (C), 152.6 (C, ddd, J =
252.1, 9.6, 2.8 Hz), 152.1 (C), 149.0 (C, ddd, J = 254.7, 10.8, 3.6 Hz), 
139.4 (C, dt, J = 249.8, 15.8, 15.3 Hz), 125.4 (CH, dd, J = 8.6, 5.8 Hz), 
121.4 (C, dd, J = 11.0, 2.4 Hz), 113.5 (CH, dd, J = 17.7, 3.4 Hz), 49.8 
(CH), 31.8 (2CH2), 27.4 (2CH2), 25.3 (CH2), 23.5 (2CH2). 

HRMS (TOF): m/z [M]+ calculated for C16H19F3N2O2: 328.1399, 
found: 328.1408.  

9. (E)-N-((3,7-Dimethylocta-2,6-dien-1-yl)carbamoyl)-2,3,4- 
trifluorobenzamide (JS-2-20): White solid, 122 mg (34%). 
Analytical data for this compound were reported previously 
(Garcia Hernandez et al., 2017).  

10. 2,4-Dichloro-N-(((1R,2R,3R,5S)-2,6,6-trimethylbicyclo 
[3.1.1]heptan-3-yl)carbamoyl)benzamide (JS-2-10): White 
solid, 244 mg (66%). 

1H NMR (400 MHz, DMSO-d6) δ ppm 10.84 (br s, 1H), 8.22 (br s, 1H), 
7.70 (d, J = 2.3, 1H), 7.56 (d, J = 8.2, 1H), 7.47 (dd, J = 8.2, 1.8 Hz, 1H), 
4.06 (m, 1H), 2.41–2.31 (m, 2H), 1.90–1.85 (m, 2H), 1.76 (td, J = 5.7, 
1.4 Hz, 1H), 1.58 (ddd, J = 13.7, 6.2, 2.1 Hz, 1H), 1.17 (br s, 3H), 1.04 
(d, J = 7.3 Hz, 3H), 0.97 (s, 3H), 0.95 (d, J = 9.6 Hz, 1H). 

13C NMR (100 MHz, DMSO-d6) δ ppm 167.9 (C), 152.9 (C), 136.0 
(C), 134.4 (C), 131.6 (C), 130.9 (CH), 129.7 (CH), 127.9 (CH), 48.3 
(CH), 47.7(CH), 45.6 (CH), 41.5 (CH), 38.6 (C), 37.1 (CH2), 34.9 (CH2), 
28.4 (CH3), 23.7 (CH3), 21.2 (CH3). 

HRMS (TOF): m/z [M]+ calculated for C18H22Cl2N2O2: 368.1058, 
found: 368.1054.  

11. 3-Iodo-N-(((1R,2R,3R,5S)-2,6,6-trimethylbicyclo[3.1.1] 
heptan-3-yl)carbamoyl)-benzamide (JS-2-16): White powder, 
298 mg (70%). 

1H NMR (400 MHz, DMSO-d6) δ ppm 10.25 (br s, 1H), 8.55 (d, J =
8.2 Hz, 1H), 8.25 (t, J = 1.8 Hz, 1H), 7.93–7.89 (m, 2H), 7.26 (t, J = 7.8 
Hz, 1H), 4.08 (m, 1H), 2.49–2.32 (m, 2H), 1.90–1.82 (m, 2H), 1.77 (td, J 
= 6.0, 1.4 Hz, 1H), 1.57 (ddd, J = 14.0, 6.2, 2.3 Hz, 1H), 1.17 (br s, 3H), 
1.04 (d, J = 6.9 Hz, 3H), 0.98 (br s, 3H), 0.93 (d, J = 10.1 Hz, 1H). 

13C NMR (100 MHz, DMSO-d6) δ ppm 167.5 (C), 153.4 (C), 141.6 
(CH), 137.0 (CH), 135.2 (CH), 131.1 (CH), 128.0 (CH), 95.2 (C), 48.2 
(C), 47.7 (CH), 45.7 (CH), 41.6 (CH), 40.3 (C), 37.2 (CH2), 35.0 (CH2), 
28.4 (CH3), 23.7 (CH3), 21.2 (CH3). 

HRMS (TOF): m/z [M]+ calculated for C18H23IN2O2: 426.0804, 
found: 426.0801.  

12. 3-Bromo-N-(((1R,2R,3R,5S)-2,6,6-trimethylbicyclo[3.1.1] 
heptan-3-yl)carbamoyl)-benzamide (JS-2-17): White solid, 
250 mg (66%). 

1H NMR (400 MHz, DMSO-d6) δ ppm 10.74 (s, 1H), 8.54 (d, J = 8.2 
Hz, 1H), 8.10 (t, J = 1.6 Hz, 1H), 7.89 (dd, J = 7.8, 0.9 Hz, 1H), 7.77 (dt, 
J = 6.9, 0.9 Hz, 1H), 7.43 (t, J = 8.0 Hz, 1H), 4.09 (dt, J = 15.9, 7.8 Hz, 
1H), 2.48–2.32 (m, 2H), 1.94–1.84 (m, 2H), 1.77 (t, J = 5.3 Hz, 1H), 
1.58 (ddd, J = 13.9, 6.3, 1.8 Hz, 1H), 1.18 (br s, 3H), 1.05 (d, J = 6.9 Hz, 
3H), 0.98 (s, 3H), 0.94 (d, J = 9.6 Hz, 1H). 

13C NMR (100 MHz, DMSO-d6) δ ppm 167.5 (C), 153.4 (C), 135.9 
(CH), 135.3 (CH), 131.3 (CH), 131.2 (CH), 127.7 (CH), 122.2 (C), 48.3 
(C), 47.7 (CH), 45.7 (CH), 41.6 (CH), 38.5 (C), 37.2 (CH2), 35.0 (CH2), 
28.4 (CH3), 23.7 (CH3), 21.2 (CH3). 

HRMS (TOF): m/z [M]+ calculated for C18H23BrN2O2: 378.0943, 
found: 378.0942.  

13. N-(((1R,2R,3R,5S)-2,6,6-Trimethylbicyclo[3.1.1]heptan-3- 
yl)carbamoyl)adamantane-1-carboxamide (AGH-1-09): 
White solid, 208 mg (58%). 

1H NMR (400 MHz, CDCl3) δ ppm 8.55 (d, J = 8.2 Hz, 1H), 8.19 (br s, 
1H), 4.22–4.14 (m, 1H), 2.61–2.54 (m, 1H), 2.41–2.35 (m, 1H), 2.06 (s, 
3H), 1.95–1.60 (m, 16H), 1.20 (s, 3H), 1.11 (d, J = 7.3 Hz, 3H), 1.01 (s, 
3H), 0.90 (d, J = 9.6 Hz, 1H). 

13C NMR (100 MHz, CDCl3) δ ppm 179.6 (C), 153.7 (C), 48.5 (CH), 
47.8 (CH), 46.1 (CH), 41.8 (C), 41.6 (CH), 38.6 (3CH2), 38.5 (C), 37.2 
(CH2), 36.3 (3CH2), 35.1 (CH2), 28.1 (CH3), 28.0 (3CH), 23.5 (CH3), 
20.9 (CH3). 

HRMS (TOF): m/z [M]+ calculated for C22H34N2O2: 358.2620, 
found: 358.2616. 

14. N-((Adamantan-2-yl)carbamoyl)adamantane-1-carbox-
amide (GMG-1-11): White powder, 212 mg (60%). Analytical 
data for this compound were reported previously (Garcia Her-
nandez et al., 2017). 

15. N-(((E)-3,7-Dimethylocta-2,6-dien-1-yl)carbamoyl)ada-
mantane-1-carboxamide (JS-2-21): White solid, 302 mg (84%). 

1H NMR (400 MHz, DMSO-d6) δ ppm 9.71 (br s, 1H), 8.44 (t, J = 5.3 
Hz, 1H), 5.14 (t, J = 6.6 Hz, 1H), 5.01 (td, J = 6.2, 1.4 Hz, 1H), 3.70 (t, J 
= 6.2 Hz, 2H), 2.02–1.97 (m, 2H), 1.93–1.91 (m, 5H), 1.78–1.77 (m, 
6H), 1.63–1.59 (m, 12H), 1.51 (br s, 3H). 

13C NMR (100 MHz, DMSO-d6) δ ppm 180.0 (C), 154.2 (C), 138.4 
(C), 131.5 (C), 124.4 (CH), 121.5 (CH), 41.7 (C), 39.4 (CH2), 37.8 
(3CH2), 37.2 (CH2), 36.2 (3CH2), 28.0 (3CH), 26.4 (CH3), 26.0 (CH3), 
18.1 (CH3), 16.5 (CH3). 

HRMS (TOF): m/z [M]+ calculated for C22H34N2O2: 358.2620, 
found: 358.2619.  

16. Adamantan-1-yl (2,3,4-trifluorobenzoyl)carbamate (JS-2- 
49): White solid, 285 mg (81%). 

1H NMR (400 MHz, DMSO-d6) δ ppm 10.98 (s, 1H), 7.43–7.33 (m, 
2H), 2.09 (br s, 3H), 2.00 (br s, 6H), 1.57 (br s, 6H). 

13C NMR (100 MHz, DMSO-d6) δ ppm 163.2 (C), 152.3 (C, ddd, J =
251.6, 9.6, 2.9 Hz), 150.0 (C), 148.6 (C, ddd, J = 252.8, 10.8, 3.1 Hz), 
139.2 (C, dt, J = 249.5, 15.6 Hz), 125.1 (CH, dd, J = 8.6, 3.8 Hz), 122.5 
(C, dd, J = 12.5, 2.9 Hz), 113.5 (CH, dd, J = 17.3, 2.9 Hz), 81.7 (C), 41.2 
(3CH2), 36.0 (3CH2), 30.7 (3CH). 

HRMS (TOF): m/z [M]+ calculated for C18H18F3NO3: 353.1239, 
found: 353.1242.  

17. Adamantan-2-yl (2,3,4-trifluorobenzoyl)carbamate (JS-2- 
35): White solid, 345 mg (98%). 
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1H NMR (400 MHz, DMSO-d6) δ ppm 11.18 (s, 1H), 7.48–7.36 (m, 
2H), 4.76 (t, J = 3.2 Hz, 1H), 1.93–1.90 (m, 4H), 1.78–1.65 (m, 8H), 
1.47 (d, J = 12.4 Hz, 2H). 

13C NMR (100 MHz, DMSO-d6) δ ppm 163.0 (C), 152.4 (C, ddd, J =
251.7, 9.8, 2.6 Hz), 151.3 (C), 148.7 (C, ddd, J = 253.0, 11.0, 3.4 Hz), 
139.2 (C, dt, J = 249.5, 15.6 Hz), 125.2 (CH, dd, J = 8.2, 4.3 Hz), 122.3 
(C, dd, J = 12.5, 2.3 Hz), 113.5 (CH, dd, J = 17.7, 3.4 Hz), 78.6 (CH), 
37.2 (CH2), 36.0 (2CH2), 31.7 (2CH), 31.5 (2CH2), 27.0 (CH), 26.8 (CH). 

HRMS (TOF): m/z [M]+ calculated for C18H18F3NO3: 353.1239, 
found: 353.1239.  

18. (E)-3,7-Dimethylocta-2,6-dien-1-yl (2,3,4-trifluorobenzoyl) 
carbamate (AGH-1-08): White solid, 213 mg (60%). 

1H NMR (400 MHz, CDCl3) δ ppm 11.23 (s, 1H), 7.45–7.34 (m, 2H), 
5.27 (m, J = 7.2, 1.1 Hz, 1H), 5.02 (m, 1H), 4.58 (d, J = 7.3 Hz, 2H), 
2.04–1.94 (m, 4H), 1.63 (d, J = 0.9 Hz, 3H), 1.59 (d, J = 0.9 Hz, 3H), 
1.52 (br s, 3H). 

13C NMR (100 MHz, CDCl3) δ ppm 162.9 (C), 152.4 (CF, ddd, J =
254.0, 10.5, 2.9 Hz), 151.8 (C), 148.8 (CF, ddd, J = 254.0, 10.5, 2.9 Hz), 
143.0 (C), 139.2 (CF, dt J = 249.2, 15.8 Hz), 131.7 (C), 125.2 (CH, dd, J 
= 8.6, 3.8 Hz), 124.2 (CH), 122.2 (C, dd, J = 11.5, 2.9 Hz), 118.4 (CH), 
113.5 (C, dd, J = 17.8, 3.3 Hz), 62.5 (OCH2), 39.4 (CH2) 26.2 (CH2), 
26.0 (CH3), 18.1 (CH3), 16.7 (CH3). 

HRMS (TOF): m/z [M]+ calculated for C18H20F3NO3: 355.1395, 
found: 355.1399.  

19. (Z)-3,7-Dimethylocta-2,6-dien-1-yl (2,3,4-trifluorobenzoyl) 
carbamate (GMG-1-10): White solid, 161 mg (45%). 

1H NMR (400 MHz, CDCl3) δ ppm 8.22 (d, J = 9.6 Hz, 1H), 7.78 (m, 
1H), 7.12 (m, 1H), 5.38 (t, J = 7.3 Hz, 1H), 5.07 (m, 1H), 4.70 (d, J =
7.3 Hz, 2H), 2.15–2.03 (m, 4H), 1.77 (br s, 3H), 1.67 (br s, 3H), 1.59 (br 
s, 3H). 

13C NMR (100 MHz, CDCl3) δ ppm 159.9 (C), 154.1 (CF, ddd, J =
258.8, 9.6, 2.8 Hz), 150.4 (C), 149.9 (CF, ddd, J = 252.1, 11.5, 3.8 Hz), 
144.3 (C), 139.8 (CF, dt, J = 254.0, 16.3 Hz), 132.5 (C), 126.2 (CH, dd, J 
= 6.7, 1.9 Hz) 123.4 (CH), 118.3 (C), 118.1 (CH), 113.4 (CH, dd, J =
17.7, 3.3), 63.2 (CH2), 32.3 (CH2), 26.7 (CH2), 25.8 (CH3), 23.6 (CH3), 
17.7 (CH3). 

HRMS (TOF): m/z [M]+ calculated for C18H20F3NO3: 355.1395, 
found: 355.1394.  

20. (E)-3,7-Dimethylocta-2,6-dien-1-yl (adamantane-1-carbonyl) 
carbamate (GMG-1-08): White solid, 113 mg (31%). 

1H NMR (400 MHz, CDCl3) δ ppm 7.55 (s, 1H), 5.35 (td, J = 7.2, 1.1 
Hz, 1H), 5.05 (td, J = 6.2, 1.4 Hz, 1H), 4.67 (d, J = 7.3 Hz, 2H), 
2.11–2.02 (m, 7 H), 1.85 (br s, 6H), 1.75–1.62 (m, 6H), 1.70 (s, 3H), 1.66 
(s, 3H), 1.58 (s, 3H). 

13C NMR (100 MHz, CDCl3) δ ppm 175.1 (C), 151.1 (C), 143.6 (C), 
132.0 (C), 123.7 (CH), 117.5 (CH), 62.9 (OCH2), 42.2 (C), 39.6 (CH2), 
38.8 (3CH2), 36.3 (3CH2), 27.9 (3CH), 26.3 (CH2), 25.8 (CH3), 17.8 
(CH3), 16.6 (CH3). 

HRMS (TOF): m/z [M]+ calculated for C22H33NO3: 359.2460, found: 
359.2471.  

21. (Z)-3,7-Dimethylocta-2,6-dien-1-yl (adamantane-1-carbonyl) 
carbamate (GMG-1-09): White solid, 103 mg (29%). 

1H NMR (400 MHz, CDCl3) δ ppm 7.53 (s, 1H), 5.36 (t, J = 7.3 Hz, 
1H), 5.06 (t, J = 6.9 Hz, 1H), 4.64 (d, J = 7.3 Hz, 2H), 2.15–2.05 (m, 
7H), 1.85 (br s, 6H), 1.75 (s, 3H), 1.75–1.59 (m, 6H), 1.66 (s, 3H), 1.59 
(m, 3H). 

13C NMR (100 MHz, CDCl3) δ ppm 175.1 (C), 151.0 (C), 143.8 (C), 
132.4 (C), 123.5 (CH), 118.5 (CH), 62.6 (CH2), 42.2 (C), 38.8 (3CH2), 3 

6.3 (3CH2), 32.3 (CH2), 27.9 (3CH), 26.7 (CH2), 25.8 (CH3), 23.6 (CH3), 
17.8 (CH3). 

HRMS (TOF): m/z [M]+ calculated for C22H33NO3: 359.2460, found: 
359.2471. 

2.2. Biology 

2.2.1. Parasites 
The AUCP-1 isolate of C. parvum and the Type 1 RH strain of T. gondii 

were used in the experiments. C. parvum parasites were propagated in 
male Holstein calves in accordance with the guidelines of protocol 
number 18108 approved by the University of Illinois at Urbana- 
Champaign, USA. C. parvum oocysts were extracted from fresh calf 
feces by sequential sieve filtration, Sheather’s sugar flotation, and 
discontinuous sucrose density gradient centrifugation, essentially as 
previously described (Arrowood and Sterling, 1987; Current et al., 
1992). Purified oocysts were stored in phosphate-buffered saline (PBS) 
at 4 ◦C and used within 3 months. C. parvum sporozoites excystation 
from oocysts was done essentially as previously reported (Kuhlensch-
midt et al., 2016). Briefly, 500 μl of 40% commercial laundry bleach was 
added to 1 × 108 C. parvum oocysts suspended in 500 μl of PBS, and 
incubated for 10 min at 4 ◦C, followed by four washes in PBS containing 
1% (w/v) bovine serum albumin. The washed oocysts were resuspended 
in Hanks balanced salt solution and incubated for 60 min at 37 ◦C, fol-
lowed by addition of an equal volume of warm 1.5% sodium taur-
ocholate in Hanks balanced salt solution and further incubation for 60 
min at 37 ◦C with occasional shaking. The excysted sporozoites were 
collected by centrifugation and resuspended in PBS. The excysted spo-
rozoites were purified by passing the suspension through a sterile 5 μM 
syringe filter (Millex) and counted with a hemocytometer. 

Tachyzoites of Type I RH strain of T. gondii engineered to constitu-
tively express cytosolic yellow fluorescent protein (YFP) (Gubbels et al., 
2003) were maintained in human foreskin fibroblasts (HFF) (American 
Type Culture Collection Item number: ATCC SCRC1041) cultured in 
Iscove’s modified Dulbecco’s medium supplemented with 10% (v/v) 
heat-inactivated fetal bovine serum, 1% (v/v) GlutaMAX, and 1% (v/v) 
penicillin-streptomycin-amphotericin B (Fungizone) (Life Technologies) 
at 37 ◦C with 5% CO2. To extract T. gondii tachyzoites, the infected HFFs 
were suspended in medium and passed through a 25-gauge needle twice, 
followed by filtering through a 3-μm-pore-size filter to isolate the par-
asites from the cell debris. Isolated parasites were washed three times in 
PBS and enumerated using a hemocytometer. 

2.2.2. Cytotoxicity assays 
All compounds were first tested for cytotoxicity at a concentration of 

40 μM in human ileoceal adenocarcinoma (HCT-8) cells (American Type 
Culture Collection Item number: CCL244) and HFF cells that were used 
for in vitro culture of C. parvum and T. gondii, respectively. Subsequently, 
compounds that were non-toxic at 40 μM, but had significant antipar-
asitic effect, were titrated (concentrations ranging from 0 to 700 μM) to 
derive their half maximal cytotoxicity concentrations (IC50 values) in 
uninfected HCT-8 and HFF cells. Briefly, HCT-8 cells were cultured in 
96-well plates in 200 μl of RPMI 1640 medium without phenol red (Life 
Technologies), but supplemented with 2 g/L of sodium bicarbonate, 2.5 
g/L of glucose, 10% fetal bovine serum (FBS) (Gibco, USA), 1 × anti-
biotic–antimycotic (Gibco), and 1 × sodium pyruvate (Gibco). HFF cells 
were cultured in 96-well plates in 200 μl of Dulbecco’s modified medium 
(without phenol red) supplemented with 10% (v/v) FBS, 1% (v/v) 
GlutaMAX, and 1% (v/v) penicillin-streptomycin-amphotericin B (Fun-
gizone) (Life Technologies) at 37 ◦C with 5% CO2. When the cells were 
confluent, old medium was replaced with fresh medium with or without 
the test compounds (40 μM final concentration) reconstituted in 
dimethyl sulfoxide (DMSO), molecular biology grade (Sigma Aldrich). 
The highest volume of compound added per well did not exceed 1% of 
the total culture volume in order to avoid DMSO toxicity to the cells. 
Control wells received equivalent volumes of DMSO without compound. 
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After 48 h of culture, 10 μl of the cell proliferation reagent WST-1, was 
added to each well, mixed and the plates incubated for 1 h at 37 C with 
5% CO2 in the dark. Following incubation, 150 μl of the medium from 
each well was transferred to a new 96-well plate and quantification of 
the formazan dye produced by metabolically active cells was read as 
absorbance at a wavelength of 420 nm using a scanning multi-well 
spectrophotometer (Spectra Max 384 Plus, Molecular Devices, USA). 
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 percent inhibition of 
cell viability values. To derive the cytotoxic IC50 values, confluent HFF 
and HCT-8 cells were treated with varying concentrations (ranging from 
0 to 700 μM) of compounds. Control cells received varying volumes of 
DMSO equivalent to the volumes used in the compound-treated cells. 
The dose–response curves of the means of triplicate assays were gener-
ated using GraphPad PRISM software to derive the half maximal 
inhibitory concentration (IC50) of compounds in HCT-8 and HFF cells. 

2.2.3. C. parvum growth inhibitory assays 
Test compounds that were found not to be toxic to HCT-8 cells at 40 

μM were selected for in vitro C. parvum growth inhibition tests at 20 μM 
concentration. Fresh medium (supplemented RPMI-1640) was added to 
confluent HCT-8 cells in 96-well plates, followed by inoculation of 4 ×
104 freshly excysted sporozoites to each well. Immediately, test com-
pounds (reconstituted in DMSO) were added to one set of wells at 20 μM 
final concentration. Paromomycin reconstituted in distilled sterile water 
was added to a separate set of wells as a positive control at 800 μM final 
concentration (Li et al., 2019). To negative control wells, volumes of 
DMSO equivalent to the volumes of test compounds used, were added. 
The cultures were incubated at 37 ◦C with 5% CO2, for 72 h after which 
they were processed for immunofluorescence assay as previously 
described (Witola et al., 2017). Briefly, medium was removed from the 
wells by decanting followed by fixing the cells in methanol-acetic acid 
(9:1) for 2 min at room temperature. The cells were rehydrated and 
permeabilized by two successive washes with buffer (0.1% Triton X-100, 
0.35 M NaCl, 0.13 M Tris-base, pH 7.6) and blocked with 5% normal 
goat serum, followed by staining with antibody to C. parvum (SporoGlo, 
Waterborn, Inc.) overnight at 4 ◦C. The stained cells were washed twice 
with PBS, followed by water, and then imaged with an inverted fluo-
rescence microscope. Fluorescence quantification was done using 
ImageJ version 1.37v software (NIH). Assays were performed in tripli-
cate and repeated at least thrice. 

2.2.4. T. gondii growth inhibitory assays 
Test compounds that were found not to be toxic to HFF cells at 40 μM 

were used to test for inhibitory effect against the growth of T. gondii in 
vitro. Fresh supplemented Iscove’s modified Dulbecco’s medium was 
added to confluent HFF cells in 96-well plates. About 3500 freshly 
extracted tachyzoites of T. gondii (constitutively expressing YFP) were 
added to each well, and immediately, test compounds (reconstituted in 
DMSO) were added to one set of wells at 20 μM final concentration. 
Atovaquone (Sigma-Aldrich) reconstituted in DMSO was added to a 
separate set of wells as a positive control at 0.48 μM final concentration 
(Araujo et al., 1991). To negative control wells, volumes of DMSO 
equivalent to those used for atovaquone and test compounds were 
added. The cells were incubated at 37 ◦C with 5% CO2 for 48 h, after 
which they were analyzed by fluorescence microscopy to measure 
parasite YFP fluorescence. Fluorescence quantification was done using 
ImageJ version 1.37v software (NIH). Assays were performed in tripli-
cate and repeated at least thrice. 

2.2.5. Derivation of compound IC50 values against parasites 
To derive the IC50 values of the test compounds against C. parvum, 

confluent HCT-8 cells cultures were prepared and infected in 96 well 
plates as described above, but instead of using a single concentration of 
test compounds, a series of wells with HCT-8 cells were treated with 

varying concentrations (0.0, 2.5, 5.0, 10.0, 20.0, 40.0, 60.0, 80.0, and 
100.0 μM) of test compounds. 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 cells received varying volumes of DMSO equivalent to the vol-
umes used in the compound-treated cells. After 72 h of culture, the cells 
were processed for immunofluorescence assays and analyzed as 
described above. The dose–response curves of the means of triplicate 
assays were generated using GraphPad PRISM software to derive the 
IC50 values. 

To derive the IC50 values of test compounds against T. gondii, 
confluent HFF cells were prepared and infected as described above, but 
instead of using a single concentration of test compounds, the cells were 
treated with varying concentrations of test compounds (JS-1-09: 0.0, 
0.5, 1.0, 2.0, 4.0, 6.0, and 8.0 μM; JS-2-20, JS-2-35 and JS-2-49: 0.0, 2.5, 
10.0, 20.0, 30.0 and 40.0 μM). One set of HFF cells was treated with 
compounds immediately after infection with T. gondii tachyzoites, while 
the other set was treated with compounds 2 h after infection. Control 
cells received varying volumes of DMSO equivalent to the volumes used 
in the compound-treated cells. After 48 h of culture, the cells were 
analyzed to quantify parasite fluorescence as described above. The 
dose–response curves of the means of triplicate assays were generated 
using GraphPad PRISM software to derive the IC50 values. 

2.3. Statistical analyses 

Statistical analyses were performed using two-tailed Student’s t-test. 
P values of 0.05 or less were considered significant. 

3. Results 

3.1. Chemistry 

3.1.1. Synthesis of the test compounds 
A series of small molecules belonging to the class of symmetrical and 

asymmetrical acyl/diacyl ureas and acyl carbamates were synthesized 
by following the two-step, one-pot synthetic protocol (Scheme 1) (Gar-
cia Hernandez et al., 2017). The respective amides (I) were treated with 
oxalyl chloride in dry dichloromethane for about 3 h under reflux fol-
lowed by solvent evaporation. Subsequently, the appropriate nucleo-
phile (III) was quickly added followed by refluxing in dry toluene for 
approximately 3 h. Upon cooling the reaction mixture to room tem-
perature, the compounds were isolated through concentration and 
subsequent purification. The final products were obtained in yields 
ranging from good to excellent, except in cases of difficult purification 
(Table 1). 

3.1.2. Compound screening 
The previously reported library of 38 molecules based on the diacyl 

urea skeleton and related compounds (Garcia Hernandez et al., 2017), 
was screened in vitro for inhibitory activity against T. gondii and 
C. parvum parasites. Among all the compounds screened, the symmet-
rical diacyl urea possessing the o-OCH3 groups showed very high 
inhibitory activity against T. gondii (Table 1). Encouraged by those 
preliminary results, we employed the synthetic protocol (Scheme 1) 
with various amines (IIIb) and alcohols (IIIc) as the nucleophile to 
obtain a small set of acyl ureas (5–15) and acyl carbamates (16–21), 
respectively (Table 1). Initially, the newly synthesized compounds were 
evaluated for cytotoxicity against mammalian cells in order to filter out 
those molecules that are not feasible for further optimization due to 
toxicity issues. Those molecules, which turned out to be safe at 40 μM 
compound concentration, were further tested against T. gondii and 
C. parvum parasites at 20 μM compound concentration. In this manner, 
four compounds (JS-1-09, JS-2-20, JS-2-35, and JS-2-49) and another 
molecule (GMG-1-09) were identified to have interesting activity 
against T. gondii and C. parvum, respectively (Table 2), and were devoid 
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of cytotoxicity against mammalian cell lines. 

3.2. Biology 

3.2.1. Test compounds without toxicity to host cells, but with anti-parasitic 
effect in vitro 

Because C. parvum and T. gondii were cultured in vitro in HCT-8 and 
HFF cells, respectively, prior to testing the compounds’ effects on the 
parasites, we first determined their effects on the uninfected host cells’ 
viability. We selected 40 μM as the initial concentration at which the 
compounds were screened for cytotoxicity against the host cells. This 
selected concentration was two times higher than the targeted initial 
concentration (20 μM) for screening the compounds against the para-
sites. Of the total 21 compounds tested, 12 were found to inhibit HCT-8 
cell viability by at least 25% and above, while 9 compounds had no 
inhibitory effect at 40 μM after 48 h of culture (S2 Fig.). The same 12 
compounds were found to be toxic (inhibited cell viability by at least 
25%) to HFF cells at 40 μM, while the same 9 compounds were tolerable 
after 48 h of culture without any notable cell viability inhibitory effect 
that was 25% or above (S3 Fig.). 

The 9 compounds that were found to be non-toxic to HCT-8 and HFF 
cells were selected for testing for anti-Cryptosporidium and anti-Toxo-
plasma effect at 20 μM (half the tolerable concentration in host cells). 
Out of the 9 compounds, one compound (GMG-1-09) was identified to 
significantly inhibit C. parvum growth in vitro by about 70%, when 
compared to the untreated parasites after 48 h of culture (Fig. 1). 
Paromomycin at 800 μM was used as the inhibitor control and all 
experimental data were normalized with DMSO-treated wells (0% in-
hibition) and inhibitor control (100% inhibition) wells as previously 
reported (Li et al., 2019). On the other hand, we found 4 compounds 
(JS-1-09, JS-2-20, JS-2-35 and JS-2-49) that had significant inhibitory 
effect against the growth of T. gondii in vitro at 20 μM final concentration 
(Fig. 2). JS-1-09 inhibited growth of T. gondii by almost 100%, similar to 
atovaquone (Araujo et al., 1991) that was used as the positive control 
drug at 0.5 μM (Fig. 2). Compared to untreated cultures, JS-2-20 and 
JS-2-35 had about 80%, while JS-2-49 had about 90% inhibitory effect 
on T. gondii growth after 48 h of culture (Fig. 2). The remaining com-
pounds did not show any significant inhibitory effect when compared to 
the control untreated cultures (Fig. 2). 

3.2.2. Candidate compounds’ cytotoxicity and anti-parasitic IC50 
concentrations 

Compound GMG-1-09 depicted a cytotoxicity IC50 concentration of 
450.47 μM in HCT-8 cells after 48 h of culture (Table 2). On the other 
hand, compounds JS-1-09, JS-2-20, JS-2-35 and JS-2-49, had cytotox-
icity IC50 values that ranged from 59.17 to 65.69 μM (Table 2). 

For all compounds that had shown anti-parasitic activity at the initial 
testing concentration of 20 μM, a secondary screening was performed 
using varying concentrations and durations of culture to derive the IC50 
concentrations for the inhibition of parasite proliferation. For each 
compound, the assays were done in two formats: (1) by adding the 
compound to the host cells culture immediately after infecting them 
with parasites, and (2) by adding the compounds to the cells 2 h post- 
infection. This was meant to assess the effect of the compounds when 
parasites were exposed to the compounds prior to, and after infecting the 
host cells. When the cultures were analyzed at 48 h post-infection, 
compound GMG-1-09 was found to have a significant (P < 0.05) 
concentration-dependent effect of inhibiting proliferation of intracel-
lular C. parvum merozoites in HCT-8 cells starting at 15 μM when 
compared to the control infected cultures without compound treatment 
(Fig. 3). When GMG-1-09 was added to the cultures 2 h post-infection, a 
similar trend of concentration-dependent reduction in parasite growth, 
but with a slight decrease (though insignificant) in compound efficacy 
relative to treating at the time of infection was observed (Fig. 3). By 
using GraphPad PRISM software, the half maximal inhibitory concen-
tration (IC50) value (32.24 μM) of GMG-1-09 for C. parvum in vitro was 
derived from the dose–response curve. The anti-Cryptosporidium IC50 of 
GMG-1-09 was approximately 14-fold lower than its cytotoxicity IC50, 
indicating that this compound can be considered as non-toxic to the host 
cells at its effective anti-parasitic concentration. 

When titrated at varying concentrations, compounds JS-1-09, JS-2- 
49, JS-2-35, and JS-2-20 all reduced T. gondii growth in a concentration- 
dependent manner (Fig. 4A–D). There was no significant difference in 
the compounds’ effect between adding the compound to culture 
immediately or 2 h post-infection (Fig. 4A–D). The anti-Toxoplasma IC50 
value of JS-1-09 was approximately 53-fold lower than its correspond-
ing cytotoxicity IC50 value (Table 2). On the other hand, the antiparasitic 
activities of JS-2-20, JS-2-35 and JS-2-49 were only 5 to 6 times lower 
than their corresponding cytotoxicity IC50 values (Table 2). Those data 
imply that compound JS-1-09 was effective against T. gondii at a con-
centration that was not toxic to mammalian host cells with a wide safety 

Scheme 1. Elaboration of acyl isocyanates (II) obtained from primary amides (I). Reagents and conditions: (a) i. 1.0 mmol of I, dry CH2Cl2, RT, 5 min, ii. 3.0 eq of 
(COCl)2, reflux 2.5–3 h, iii. RT, in vacuo solvent evaporation, (b) i. 1.1–1.25 eq of the appropriate nucleophile (IIIa-c), dry PhMe, reflux, 2.5–3 h, ii. RT, solvent 
evaporation. 
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margin, whereas the remaining three compounds showed barely 
appreciable selectivity indices. 

4. Discussion 

Herein, we present results showing a series of small molecules 
bearing the acyl and diacyl urea as well as acyl carbamate scaffold that 
possess interesting antiprotozoal activity at low micromolar concen-
trations. They also show appreciable safety margins in human host cells. 

Prior to testing the compounds for antiparasitic activity, we tested their 
toxicity in human cell lines HCT-8 and HFF, which were used for 
culturing C. parvum and T. gondii, respectively. Those molecules that 
were tolerable at high micromolar concentrations (IC50 > 40 μM) were 
subsequently tested for anti-parasitic activity. Importantly, we found 
that the antiparasitic IC50 values for some of the compounds with anti-
parasitic efficacy were much lower than their corresponding cytotox-
icity IC50 values, underscoring that they are effective against the 
parasites at concentrations that are not toxic to host cells. We observed 

Table 1 
Reported diacyl ureas, acyl ureas and acyl carbamates with their overall yields, ClogP values, and IC50 indices against T. gondii and C. parvum parasites.   

Compound Starting Material I Nucleophile III Final Product Yielda ClogPg IC50 (μM) 

Code No T. gondii C. parvum 

JS-1-07 1 a a 89b,c 2.64 NAh NA 

JS-1-11 2 b b 70c,d 0.90 NA NA 

JS-1-09 3 c c 88b,c 2.71 1.21 NA 

JS-1-37 4 d d 77b,c -0.86 NA NA 

JS-2-11 5 e e 59 5.31 NTi NT 

JS-2-14 6 e f 49e 4.11 NT NT 

JS-2-34 7 e g 63 5.15 NT NT 

JS-2-36 8 e h 85 4.60 NT NT 

JS-2-20 9 e i 34c,e 5.18 10.92 NA 

JS-2-10 10 f e 66 6.00 NT NT 

JS-2-16 11 g e 70f 6.46 NT NT 

JS-2-17 12 h e 66 6.20 NT NT 

AGH-1-09 13 i e 58 5.89 NT NT 

GMG-1-11 14 i g 60c 5.73 NT NT 

JS-2-21 15 i i 84 5.76 NT NT 

JS-2-49 16 e j 81 4.16 12.09 NA 

JS-2-35 17 e k 98 5.20 10.49 NA 

AGH-1-08 18 e l 60 5.23 NT NT 

GMG-1-10 19 e m 45e 5.23 NT NT 

GMG-1-08 20 i l 31e 4.92 NA NA 

GMG-1-09 21 i m 29e 4.92 NA 32.24  

a Yield reported after purification by flash chromatography on silica (unless indicated otherwise). 
b Isolated pure crude material. 
c Compound reported previously (Garcia Hernandez et al., 2017). 
d After purification by crystallization from methanol. 
e Difficult purification by column chromatography hence the low yield. 
f After purification by recrystallization from hexane : ethyl acetate. 
g Calculated with ChemDraw Professional 15.1. 
h NA = not active. 
i NT = not tested against parasites due to apparent cytotoxicity against mammalian cells. 
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that atovaquone, a positive control drug that was used at 0.5 μM con-
centration, almost completely inhibited T. gondii growth, similar to the 
effect of the test compound JS-1-09 at 8 μM. While 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), we found that JS-1-09 had an anti-Toxoplasma IC50 
concentration that was 53-fold lower than its cytotoxicity IC50 value, 
suggesting that it may be efficacious with a wider safety margin. Like-
wise, other potent compounds JS-2-20, JS-2-35 and JS-2-49 showed 
potency against T. gondii at about 5-6-fold lower concentrations than 
their cytotoxicity IC50 concentrations. In treating T. gondii infections, 
this would be important in circumventing the problems of toxicity and 
hypersensitivity that are associated with currently licensed drugs for 
human treatment (McLeod et al., 2006; Rajapakse et al., 2013; Mon-
tazeri et al., 2015). The small number of compounds tested against the 
two parasites does not necessarily allow outlining clear 
structure-activity relationship for this set of compounds. While JS-1-09 
is structurally divergent and represents symmetrical diacyl urea, the 
other 3 compounds (JS-2-20, JS-2-35 and JS-2-49) that also showed 
efficacy against T. gondii represent the acyl urea (JS-2-20) and acyl 
carbamate (JS-2-35 and JS-2-49) scaffold. JS-1-09 can be potentially 
considered as a remote derivative of QQ-437 (S1 Fig.), whereas JS-2-35 
and JS-2-49 can be viewed as acyl carbamate derivatives of the anti-
mycobacterial lead AU1235 (Fig. 5) (Grzegorzewicz et al., 2012). 
Interestingly, JS-2-20 can also be regarded as the acyl urea combination 
of the 1,2,3-trifluorophenyl moiety (left-hand side) of AU1235 and the 
geranyl chain (right-hand side) of another antituberculosis agent SQ109 
(Protopopova et al., 2005), which is currently in phase II of clinical trials 

(Fig. 5) (NIH and U.S. National Library of Medicine, 1785). Current 
medicines against T. gondii infections are not effective against the 
encysted bradyzoite stage of the parasite, and thus cannot eliminate the 
infection in chronically infected individuals. Therefore, future studies 
will be directed at assessing the efficacy of these candidate compounds 
and their derivatives against both the tachyzoite and bradyzoite stages 
of T. gondii in vivo. 

Among all the compounds tested, only GMG-1-09 had in vitro efficacy 
against C. parvum with an anti-Cryptosporidium IC50 concentration that 
was 14-fold lower than its cytotoxicity IC50 concentration in a human 
intestinal cell line (HCT-8). We used paromomycin as a positive control 
that has an anti-Cryptosporidium IC50 of 450 μM (Li et al., 2019) and has 
been shown to be non-toxic to human cells at concentrations higher than 
1000 μM (Gargala et al., 2000; Downey et al., 2008). Comparatively, 
compound GMG-1-09 was efficacious against C. parvum at a much lower 
concentration (IC50 = 32.34 μM) than paromomycin. Interestingly, 
while GMG-1-09 had activity against C. parvum, it was not potent against 
T. gondii. Noteworthy, GMG-1-09 has a chemical structure, which does 

Table 2 
Cytotoxicity and antiparasitic IC50 values for test compounds along with 
calculated selectivity indices.  

Compound Cytotoxicity IC50 

(μM) 
Anti-parasitic IC50 

(μM) 
Selectivity index 
(SI)d 

JS-1-09 64.05a 1.21b 52.9 
JS-2-20 62.65a 10.92b 5.7 
JS-2-35 59.17a 10.49b 5.6 
JS-2-49 65.49a 12.09b 5.4 
GMG-1-09 450.47** 32.24c 14.0  

a Cytotoxicity IC50 value against human foreskin fibroblasts (HFF); 
**Cytotoxicity IC50 value against human ileocecal adenocarcinoma (HCT-8) 
cells. 

b Anti-Toxoplasma IC50. 
c Anti-Cryptosporidium IC50. 
d Selectivity Index (SI) = Cytotoxicity IC50/Anti-parasitic IC50. 

Fig. 1. Analysis of the effects of test compounds 
on the growth of Cryptosporidium parvum in 
human ileocecal adenocarcinoma (HCT-8) cells in 
vitro. Equal amounts of freshly excysted sporozoites 
of C. parvum were inoculated into HCT-8 cells in 
culture and immediately treated with 20 μM of 
compound JS-1-07, JS-1-09, JS-1-11, JS-1-37, JS-2- 
20, JS-2-35, JS-2-49, GMG-1-08 or GMG-1-09. 
Infected cells without compound-treatment, but 
with equivalent amount of DMSO to that used in 
compound-treated cells (1% v/v) were set as nega-
tive controls. Positive control cultures were treated 
with paromomycin (800 μM). After 72 h the cultures 
were analyzed for parasite proliferation by immu-
nofluorescence assays. The fluorescence generated by 
C. parvum was quantified and is shown on the Y-axis 
representing the parasite load. The data shown 
represent the means from three independent experi-
ments with standard error bars, and levels of statis-
tical significance depicted by asterisks (*, P < 0.05).   

Fig. 2. Analysis of the effects of test compounds on the growth of T. gondii 
in vitro. Equal amounts (500) of T. gondii tachyzoites constitutively expressing 
yellow fluorescent protein (YFP) were used to infect confluent monolayers of 
human foreskin fibroblasts (HFF) and immediately treated with 20 μM of 
compound JS-1-07, JS-1-09, JS-1-11, JS-1-37, JS-2-20, JS-2-35, JS-2-49, GMG- 
1-08 or GMG-1-09. Infected cells without compound-treatment, but with DMSO 
equivalent to volume used in compound-treated cells (1% v/v) were set as 
negative controls. Positive control cultures were treated with atovaquone (0.5 
μM). After 48 h, the cultures were analyzed for parasite proliferation by 
measuring the parasite YFP fluorescence by fluorescence microscopy. The 
fluorescence generated by T. gondii was quantified and is shown on the Y-axis 
representing the parasite load. The data shown represent the means from three 
independent experiments with standard error bars, and levels of statistical 
significance depicted by asterisks (*, P < 0.05). 
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not contain the aromatic moiety that is observed in the structures of the 
4 compounds (JS-1-09, JS-2-20, JS-2-35 and JS-2-49) active against 
T. gondii. In addition to that, GMG-1-09 could also be viewed as a 
carbamate analog of SQ109 that possesses Z-geometry of the double 
bond in the geranyl portion (which is opposite to the E-geometry present 
in SQ109). Even if T. gondii and C. parvum are both apicomplexan coc-
cidian protozoans, they differ considerably at metabolic level, which in 
turn could explain, to some extent, the observed difference in anti-
protozoal activity of the tested compounds. Based on the completed and 
annotated genome sequence of Cryptosporidium, it is evident that, while 
the parasite lacks genes for conventional molecular drug targets found in 
other important protozoan parasites, it possesses several genes encoding 
plant-like and bacterial-like enzymes that catalyze potentially essential 
biosynthetic and metabolic pathways (Li et al., 2019; Abrahamsen et al., 
2004). Therefore, it is possible that the compounds that we found to 
have activity against T. gondii but not C. parvum, could be targeting 
specific essential metabolic pathways that are present in T. gondii but 
absent in C. parvum. Likewise, compound GMG-1-09 that had potency 
against C. parvum, but not T. gondii, possibly targets an essential 
pathway in C. parvum that is absent or different in T. gondii. 

5. Conclusions 

In conclusion, our study unveils a series of novel synthetic diacyl/ 
acyl urea and acyl carbamate scaffold-based small molecules with potent 
activity against T. gondii and C. parvum at relatively much lower con-
centrations compared to their cytotoxic levels in human host cells. 
Through this exploratory study, we identified at least two hit com-
pounds that showed appreciable activity and selectivity against T. gondii 
and C. parvum, respectively. Given the simple structure of the active 

Fig. 4. Effect of varying concentrations of compounds on the growth of Toxoplasma gondii in human foreskin fibroblasts (HFF) cells. Equal amounts (500) of 
T. gondii tachyzoites constitutively expressing yellow fluorescent protein (YFP) were used to infect confluent monolayers of HFF cells and immediately (solid lines) or 
2 h (dashed lines) after infection treated with varying concentrations of compound JS-1-09 (A), JS-2-49 (B), JS-2-35 (C), or JS-2-20 (D). Infected cells without 
compound-treatment, but with DMSO equivalent to volumes used in compound-treated cells were set as negative controls (DMSO h p.i.). After 48 h, the cultures were 
analyzed for parasite proliferation by measuring the parasite YFP fluorescence by fluorescence microscopy. The fluorescence generated by T. gondii was quantified 
and is shown on the Y-axis representing the parasite load. The data shown represent the means from three independent experiments with standard error bars, and 
levels of statistical significance depicted by asterisks (*, P < 0.05). 

Fig. 3. Effect of varying concentrations of compound GMG-1-09 on the 
growth of Cryptosporidium 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 GMG-1-09 added at the time of infection (solid 
line) or at 2 h post-infection (p.i.) (dashed line). Control infected cells (dotted 
line) were treated immediately p.i. with volumes of DMSO equivalent to those 
used in the compound-treated cultures. The cells were analyzed for parasite 
infectivity and proliferation by an immunofluorescence assay after 72 h of 
culture. The fluorescence generated by intracellular C. parvum merozoites was 
quantified and is shown on the Y-axis representing the parasite load. The data 
shown represent means of three independent experiments with standard error 
bars and levels of statistical significance between groups indicated by asterisk 
(*, P < 0.05). 
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compounds and good potential for chemical diversification, the identi-
fied molecules present a feasible starting point for future medicinal 
chemistry structure optimization in search of the much-needed safe and 
effective anti-protozoal drugs. 
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Lenaerts, A.J., Lee, R.E., McNeil, M.R., Jackson, M., 2012. Inhibition of mycolic acid 
transport across the Mycobacterium tuberculosis plasma membrane. Nat. Chem. Biol. 
8, 334–341. https://doi.org/10.1038/nchembio.794. 

Gubbels, M.J., Li, C., Striepen, B., 2003. High-throughput growth assay for Toxoplasma 
gondii using yellow fluorescent protein. Antimicrob. Agents Chemother. 47, 
309–316. 

Guo, H.Y., Jin, C., Zhang, H.M., Jin, C.M., Shen, O.K., Quan, Z.S., 2019. Synthesis and 
biological evaluation of (+)-Usnic acid derivatives as potential anti-Toxoplasma 
gondii agents. J. Agric. Food Chem. 67, 9630–9642. https://doi.org/10.1021/acs. 
jafc.9b02173. 

Kochanowsky, J.A., Koshy, A.A., 2018. Toxoplasma gondii. Curr. Biol. 28, R770–R771. 
Krivogorsky, B., Nelson, A.C., Douglas, K.A., Grundt, P., 2013. Tryptanthrin derivatives 

as Toxoplasma gondii inhibitors – structure-activity-relationship of the 6-position. 
Bioorg. Med. Chem. Lett 23, 1032–1035. 

Kuhlenschmidt, T.B., Rutaganira, F.U., Long, S., Tang, K., Shokat, K.M., 
Kuhlenschmidt, M.S., Sibley, L.D., 2016. Inhibition of Calcium-Dependent Protein 
Kinase 1 (CDPK1) in vitro by pyrazolopyrimidine derivatives does not correlate with 
sensitivity of Cryptosporidium parvum growth in cell culture. Antimicrob. Agents 
Chemother. 60, 570–579. https://doi.org/10.1128/AAC.01915-15. 

Li, K., Nader, S.M., Zhang, X., Ray, B.C., Kim, C.Y., Das, A., Witola, W.H., 2019. Novel 
lactate dehydrogenase inhibitors with in vivo efficacy against Cryptosporidium 
parvum. PLoS Pathog. 15, e1007953. 

Luan, T., Jin, C., Jin, C.M., Gong, G.H., Quan, Z.S., 2019. Synthesis and biological 
evaluation of ursolic acid derivatives bearing triazole moieties as potential anti- 
Toxoplasma gondii agents. J. Enzym. Inhib. Med. Chem. 344, 761–772. https://doi. 
org/10.1080/14756366.2019.1584622. 
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