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A B S T R A C T   

Cryptosporidium parvum is a protozoan parasite that infects intestinal epithelial cells causing malabsorption and 
severe diarrhea. The monoterpene thymol has been reported to have antifungal and antibacterial properties but 
less is known about the antiparasitic effect of this compound. Terpenes are sometimes unsuitable for therapeutic 
and food applications because of their instability. Esterification of terpenes eliminates this disadvantage. The 
present study evaluates the effects of thymol (Th) and a thymol ester, thymol octanoate (TO), against C. parvum 
infectivity in vitro. The cytotoxicity IC50 value for TO after 24 h of treatment was 309.6 μg/mL, significantly 
higher than that of Th (122.5 μg/mL) in a human adenocarcinoma cell line (HCT-8). In the same way, following 
48 h of treatment, the cytotoxicity IC50 value for TO was significantly higher (139 μg/mL) than that of Th (75.5 
μg/mL). These results indicate that esterification significantly reduces Th cytotoxicity. Dose-dependent effects 
were observed for TO and Th when both parasite invasion and parasite growth assays were evaluated. When 
evaluated for their activity against C. parvum growth cultured in vitro in HCT-8 cells, the anti-cryptosporidial IC50 
values were 35.5 and 7.5 μg/mL, for TO and Th, respectively. Together, these findings indicate that esterified 
thymol has anti-cryptosporidial effect comparable with its parental compound thymol, but with improved safety 
margins in mammalian cells and better physicochemical properties that could make it more suitable for diverse 
applications as an antiparasitic agent.   

1. Introduction 

Cryptosporidium parvum is a zoonotic protozoan parasite belonging to 
the phylum Apicomplexa that has world-wide prevalence, and the sec-
ond leading cause of water and foodborne diarrheal diseases worldwide 
(Ryan et al., 2016). The impact is especially devastating among immu-
nocompromised individuals (Z. D. Wang et al., 2018) as well as infants 
living in resource-constrained regions, and is associated with an esti-
mated annual death rate of >200,000 children under 2 years of age 
(Checkley et al., 2015; Kotloff, 2017; Sow et al., 2016). This parasite 
replicates within intestinal epithelial cells, compromising the function of 
the intestinal barrier (Kumar et al., 2019), which leads to progressive 
atrophy of the villi, nutrient malabsorption, and severe diarrhea. The 
parasite is mostly transmitted through water contaminated with parasite 

oocysts shed by infected livestock. C. parvum is difficult to eliminate 
because oocysts are resistant to most chemical disinfectants as well as to 
commonly used water treatments such as chlorination (Cabada and 
White, 2010; Daniels et al., 2016). Nitazoxanide is the only moderately 
effective drug approved by the United States Food and Drug Adminis-
tration (FDA), but whose effect is questionable, especially among 
immunocompromised patients (Abubakar et al., 2007; Sears and Kirk-
patrick, 2007). Paromomycin, an antibiotic commonly used to treat 
C. parvum infections in mice, has also been determined to be ineffective 
in both immunocompetent and immunocompromised human pop-
ulations (Hewitt et al., 2000). Therefore, further efforts into the dis-
covery of novel therapeutics from either synthetic or natural sources are 
a high priority to address C. parvum infection (Anthony et al., 2005; Jin 
et al., 2019). 
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Scientific interest in natural products, primarily plant essential oils, 
with anticryptosporidial properties has been increasing in recent years 
(Jin et al., 2019). The antimicrobial properties of essential oils and their 
individual compounds have been widely studied against numerous 
bacteria, viruses, fungi, parasites, and insects (Mérillon, 2018; Monzote 
et al., 2012; Rao et al., 2019). Plant essential oils and their compounds 
can be used as alternatives or adjuvants to current antiparasitic 
therapies. 

Thymol (2-isopropyl-5-methylphenol) is a monoterpene and is the 
main component (30–40%) of thyme (Thymus vulgaris) and oregano 
(Origanum vulgaris) (1–30%) essentials oils (Youssefi et al., 2019). 
Thymol has been reported to have antibacterial (Kachur and Suntres, 
2019), antifungal (K. Wang et al., 2018), larvicidal (López et al., 2018), 
and acaricidal (Araújo et al., 2015) properties, but less is known about 
its anti-protozoal properties. Thymol, which is generally recognized as 
safe (GRAS), has the advantage of being readily available from many 
natural sources and has relatively low toxicity to mammalian cells. 
Therefore, thymol and similar compounds could be considered as po-
tential starting points for the development of new treatments against 
parasites (Chauhan and Kang, 2014). 

Despite their strong bioactivity, monoterpenes are quite unstable in 
formulations, showing high volatility and strong flavor, which limits 
their suitability for food applications. Recently, studies have focused on 
developing more stable formulations to overcome these disadvantages. 
In order to improve their stability, promising strategies have included 
encapsulation, emulsification, and chemical modifications like esterifi-
cation (Bilia et al., 2014; Rao et al., 2019; Tharamak et al., 2019). In this 
study, we tested thymol (Th) and a thymol ester, 2-Isopropyl-5-methyl-
phenyl octanoate, or thymol octanoate (TO) against C. parvum infection 
in vitro. 

2. Materials and methods 

2.1. Materials 

Unless otherwise indicated, most reagents were obtained from 
Sigma-Aldrich (St. Louis, MO, USA) and were of reagent grade or highest 
purity. Thymol octanoate (2-Isopropyl-5-methylphenyl octanoate) was 
kindly donated by Tyratech (Morrisville, NC, USA). RPMI 1640 culture 
media was obtained from Gibco (Grand Island, NY, USA) and supple-
mented with 10% Horse Serum, 2 g/L of sodium bicarbonate, 2.5 g/L of 
glucose, 1 × antibiotic–antimycotic (Gibco), and 1 × sodium pyruvate 
(Gibco). Human adenocarcinoma cells (HCT-8) were obtained from the 
ATCC (CCL 244). C. parvum oocysts extracted from fresh feces of an 
infected male Holstein calf were kindly provided by Dr. William Witola 
(Department of Pathobiology, University of Illinois at Urbana- 
Champaign, USA). 

2.2. Compound cytotoxicity by flow cytometry 

Cell cytotoxicity of Th and TO was measured by flow cytometry. 
Briefly, HCT-8 cells were cultured in T-25 flasks (Thermo Scientific™, 
MA, USA) in 5 mL of RPMI 1640 complete medium in an atmosphere 
containing 5% CO2. Th and TO were tested at various concentrations 
(50, 100, 200, 300, 400, and 500 μg/mL). Compounds were dissolved in 
DMSO and further diluted with RPMI 1640 complete medium and tested 
in triplicate. The DMSO concentration did not exceed 0.1% in any of the 
dilutions. Cells were grown to 80% confluence and then treated for 24 or 
48 h at 37 ◦C. Culture medium with 0.1% DMSO was used as negative 
control. After treatment, cells were detached by trypsinization with 
TrypLE™ Express, quenched with media, centrifuged at 800 rpm for 5 
min, and resuspended in fresh RPMI medium at a density of 106 cells/ 
mL. Samples were analyzed using a BD LSR II Flow Cytometry Analyzer 
(BD Biosciences, San Jose, CA, USA). Briefly, cells were stained with 2 
μg/mL of propidium iodide (488 nm) for 5 min in the dark and snap- 
vortexed immediately before placement in a flow cytometer. Forward 

scatter area (FSC-A) versus side scatter area (SSC-A) dot plots for each 
cell sample were generated using the flow cytometry software (FACS-
DiVa™ v6.1). Voltages for FSC-A and SSC-A were adjusted to achieve 
gating on single-cell populations. Forward and Side Scatter gates were 
established to exclude debris. The population on the left side (expressing 
no fluorescence) was gated as live cells, while the population on the 
lower right was gated as dead cells. 

2.3. Parasites 

Sporozoites were excysted from C. parvum oocysts following the 
method described by (Kuhlenschmidt et al., 2016). Briefly, 3 × 108 

purified C. parvum oocysts were suspended in 500 μl of 
phosphate-buffered saline (PBS), and an equal volume of 40% com-
mercial laundry bleach was added and incubated for 10 min at 4 ◦C. 
After incubation, the pellet was washed four times in PBS containing 1% 
(w/v) bovine serum albumin and 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 for another 60 min 
at 37 ◦C. The excysted sporozoites were collected by centrifugation, 
suspended in RPMI 1640 medium, and purified by passing the suspen-
sion through a sterile 5.0 μM syringe filter (Millex-SV, USA), followed by 
enumeration by hemocytometer. Sporozoites were maintained on ice 
until use. 

2.4. In vitro anti-cryptosporidial activity 

To evaluate the efficacy of TO and Th against C. parvum, concen-
trations lower than the compounds’ cytotoxicity IC50 values in HCT-8 
cells were used. Compounds were dissolved in 0.1% DMSO and further 
diluted in RPMI 1640 medium. For evaluating the effect on the parasite 
invasion, host cell HCT-8 monolayers were cultured in 96-well plates 
and incubated with 200 μL of different concentrations of both Th and TO 
(10, 20, 40, 70, and 100 μg/mL) shortly before infecting them with 
C. parvum sporozoites (4 × 104 sporozoites/well) for 48 h, to assess if the 
compounds would block host cell invasion by sporozoites. For evalu-
ating the effect on parasite growth, host cell HCT-8 monolayers were 
incubated with C. parvum sporozoites (4 × 104 sporozoites/well) sus-
pended in 200 μL of RPMI 1640 medium for 2 h, the medium was 
replaced with 200 μL of RPMI 1640 medium with different concentra-
tions of each compound (from 0 to 100 μg/mL) for additional 48 h. In all 
experiments, negative controls were treated with 0.1% DMSO for the 
same duration of corresponding treatment groups. Paromomycin was 
used as a reference control drug. Host cell HCT-8 monolayers were 
cultured in 96-well plates and incubated for 48 h with various concen-
trations of paromomycin (50, 100, 200, 300, 400 and 500 μg/mL) either 
shortly after infection (0 h p.i.) with C. parvum sporozoites (4 × 104 

sporozoites/well), or 2 h post-infection (2 h p.i) to replicate the condi-
tions of parasite invasion and parasite growth assays, respectively. 

2.5. Immunofluorescence assays 

Cells were processed for immunofluorescence analysis as described 
previously (Kuhlenschmidt et al., 2016). The medium was removed from 
culture wells, and cells were fixed with methanol-acetic acid (9:1v/v) for 
5 min at room temperature. Cells were permeabilized by 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 overnight 
staining with fluorescein (FL)-labeled antibody against C. parvum 
(SporoGlo; Waterborn, Inc., New Orleans, LA, USA) at 4 ◦C. The stained 
cells were washed twice in PBS, and then 200 μL of water was added to 
each well. Plates were imaged by using a 20X objective of an inverted 
fluorescence microscope. Parasite fluorescence quantification in the 
captured images was done using ImageJ version 1.37v software (NIH, 
USA). 
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2.6. Statistical analyses 

Statistical analyses were done using JMP version 7.0 (SAS, Inc. Cary, 
NC). Statistical analyses were performed using Student’s t-test. P < 0.05 
was considered significant. Non-linear regression using GraphPad 
Prism® version 5.0 (GraphPad Software Inc., La Jolla, CA, USA) was 
used to calculate the 50% inhibitory concentration (IC50) values. 

3. Results 

3.1. Compounds cytotoxicity 

The cytotoxic effect of Th and TO in HCT-8 cells was evaluated by 
flow cytometry using propidium iodide (PI) staining. Dose-response 
curves for the compounds after 24 h and 48 h of treatment of the cell 
cultures were derived (Fig. 1a and Fig. 1b, respectively). Both Th and TO 
showed a dose-dependent decrease in the viability of the cells with IC50 

values 2.5- and 1.8 fold higher for 24 and 48 h exposure, respectively. 
The cytotoxicity of TO was less severe than that of Th; however, doses of 
500 μg/mL for both compounds showed almost 100% decrease in cell 
viability, with no significant difference between the treatments. Inter-
estingly, cells showed an increase in their viability when exposed to 
lower concentrations of the compounds. When cells were exposed to 
compounds for 48 h (Fig. 1b), the cell survival rate was lower for both 
compounds, which indicates that the cytotoxic effect of both compounds 
increases with time. 

The cell viability half-maximal inhibitory concentration (IC50) value 
for TO after 24 h of treatment was 309.6 μg/mL (Fig. 2a), significantly 
higher than the cytotoxicity IC50 for thymol (122.5 μg/mL) (Fig. 2b). 
Following 48 h of treatment, the IC50 for TO was significantly higher 
(139 μg/mL) (Fig. 2c) than that of Th (75.5 μg/mL) (Fig. 2d). These 
findings indicate that esterification significantly reduces thymol 
cytotoxicity. 

3.2. Anti-cryptosporidial activity 

To evaluate the effect of varying concentrations (from 0 to 100 μg/ 
mL) of each compound against C. parvum in vitro, an immunofluores-
cence assay was performed. The inhibitory effects of Th and TO on 
parasite invasion in cultures when the compounds were added at the 
time of infection (Fig. 3a) were significantly higher (P < 0.05) than 
when the compounds were added 2 h post-infection of the HCT-8 cells 
with parasites (Fig. 3b). This difference was particularly evident at 
concentrations of 10, 20, and 40 μg/mL, but as the concentration 
increased further, the effect was similar (Fig. 3a and b). This indicated 
that exposure of extracellular parasites to compounds before host cell 
invasion enhanced the efficacy of the compounds in retarding the 
growth of the parasites after they invaded host cells. Both Th and TO 
depicted dose-dependent inhibitory effects on the growth of the para-
sites in culture. 

Results showed a slightly less dramatic effect when different con-
centrations of Th and TO were evaluated on parasite growth compared 
to the results obtained for parasite invasion assay. Infected HCT-8 cul-
tures treated with 70 μg/mL displayed a significant decrease in parasite 
growth of 66% and 80% when exposed to and Th, respectively. The IC50 
values of Th and TO’s inhibitory effect on the growth of C. parvum in vitro 
were derived from the dose-response curves using GraphPad PRISM 
software. The TO and Th IC50 concentrations against parasite growth 
when parasites were exposed to compounds before host cell invasion 
were 35.5 and 7.5 μg/mL, respectively (Table 1). On the other hand, 
when parasites were allowed to invade host cells before compound 
treatment of the cultures, the TO and Th IC50 concentrations were 19 
and 20.3 μg/mL, respectively (Table 1). As a positive control drug, 
paromomycin treatment depicted a concentration-dependent effect 
against C. parvum growth (Fig. 4) with IC50 concentrations of 402.1 and 
365.5 μg/mL with no significant differences (P > 0.05) when the drug 
was added to the culture at the time of infection or 2 h post-infection, 
respectively. 

4. Discussion 

Despite several developments in therapeutic approaches against 
cryptosporidiosis, current drugs are still unreliable (Miyamoto and 
Eckmann, 2015). Some efforts have been focused on evaluating natural 
compounds, particularly essential oils against C. parvum (Jin et al., 
2019). Essential oil monoterpenes such as carvacrol, linalool, thymol, 
and eugenol are known to exhibit antimicrobial activity, but their 
antiprotozoal activity has not been extensively studied (Tasdemir et al., 
2019). Convincing evidence shows that Th possesses potent antimicro-
bial, antifungal, antibacterial, and antiparasitic properties (Marchese 
et al., 2016; Nagoor et al., 2017; Pinheiro et al., 2017; K. Wang et al., 
2018), however, information about its anti-cryptosporidial properties is 
limited. 

Fig. 1. Analysis of HCT-8 cell viability after treatment with varying amounts of 
Thymol (Th) and Thymol Octanoate (TO). Cells were incubated with increasing 
concentrations (50, 100, 200, 300, 400, and 500 μg/mL) of compounds for 24 h 
(a) or 48 h (b). Data points represent means of three independent experiments 
±SD (bars). Letter superscripts represent statistical differences among treat-
ments at each concentration after ANOVA and Tukey post hoc test (P < 0.05). 
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In the present study, we show that both Th and TO have a strong 
effect against C. parvum infectivity and growth in the HCT-8 cell culture 
model. To the best of our knowledge, this is the first study that evaluates 
Th and TO’s anti-cryptosporidial activity and cytotoxicity in the HCT-8 
cell line. The results indicate that both Th and TO have high activity 
against C. parvum. 

We first established the compounds’ cytotoxicity against HCT-8 cells 
in order to determine the safety margins of the compounds in 
mammalian cells (Armson et al., 1999). HCT-8 cell line is an excellent 
model for in vitro culture of C. parvum (Karanis and Aldeyarbi, 2011). 
Our results revealed a dose-dependent, cytotoxic effect after 24 and 48 h 
exposure, with TO being less cytotoxic than Th. Esterification of the 
phenolic hydroxyl group on terpenes has been used as a strategy to 
reduce their volatility. The impact of the structural configuration and 
functional groups of terpenes on their cytotoxicity and bioactivity re-
mains uncertain (Rao et al., 2019). The molecular weight of TO is 
276.41 g/mol, almost 2-fold greater than thymol’s (150.22 g/mol). 
During the formation of TO, the hydroxyl group of Th is esterified with 
ethyl octanoate. It is possible that the lower cytotoxicity of TO is due to 
the limited action of non-specific esterases, its size, and differential 
lipophilicity, which might affect solubility and uptake. Monoterpene 
esters are hydrolyzed by the action of several lipase-type enzymes as 
earlier described (Chatterjee et al., 2001). However, the specific lipase 
in humans that can hydrolyze monoterpene esters is not known. 

Flow cytometry-based assay allows for sensitive, rapid, and accurate 
counting and categorizing cell populations based on physical and 
biochemical cellular characteristics with fewer treatment steps and free 
radioactivity. It has been reported that there is an excellent agreement 
between the widely used MTT assay and the flow cytometry-based assay 
(Wang and Zheng, 2002). Khadir et al. (2016) used the MTT assay to 
evaluate the cytotoxicity of the essential oil from Thymus lanceolatus, 
containing ~70% thymol in Caco-2 cells. After 24 h exposure, the IC50 
value was 2.4-fold higher (293.53 μg/mL) than the values presented 
herein. This discrepancy can partially be attributed to the difference in 
the concentration of thymol present in that oil compared to the pure 
compound we used in this study. It might also be due to the different 

metabolic abilities of each cell line (Llana-ruiz-cabello et al., 2014). 
Caco-2 cells overexpress the ABC transporter P-glycoprotein, which 
exports xenobiotics from the cytosol to the lumen of the intestines. This 
might explain the low activity of Th against Caco-2 cells (Wink et al., 
2012). Similarly, thymol has shown cytotoxic effects on the growth of 
different human cancer cell lines. Th IC50 values of 134.29 μg/mL and 
304.8 μg/mL for human cervical cancer HeLa cells and MCF-7 breast 
cancer cells, respectively, have been previously reported (Khadir et al., 
2016). Amirghofran et al. (2011) also reported IC50 values of 200 μg/mL 
against peripheral blood lymphocytes proliferation. Other studies 
showed that concentrations of 150 μg/mL for Th did not affect the 
viability of primary cultures of mouse cortical neurons measured by 
MTT assay. Interestingly, at lower concentrations, thymol appeared to 
stimulate cell growth, promoting cell viability greater than 100%. 
Similar results have been previously reported for thymol and other 
phenolic compounds (Costa et al., 2019). This can be due to the pro-
tective effect of these types of compounds against oxidative stress. It has 
been shown that phenolic compounds can reduce the production of 
H2O2-induced ROS exerting antioxidant effects (Liu et al., 2019). 
Although the findings in this study showed higher Th cytotoxicity in 
HCT-8 cells, the mechanisms of action are unknown. 

Plants bioactives like the polyphenols rutin, quercetin, and curcumin 
have shown anti-parasitic activities in vitro and in vivo (Asadpour et al., 
2018a; Da Silva et al., 2019). In addition to polyphenols, some mono-
terpenes have also been studied as anti-parasitic agents (Gaur et al., 
2018; Marchese et al., 2017). Thymol has shown better antioxidant, 
anti-inflammatory, and anti-apoptotic effects than its isomer carvacrol 
(El-Sayed et al., 2016). Though it is known that thymol has several 
antibiotic activities (Kachur and Suntres, 2019), less is known about its 
anti-cryptosporidial properties. Results from the present study show that 
both Th and TO are effective against C. parvum in vitro. It is worth noting 
that for parasite growth, IC50 values for TO and Th were not different 
(Table 1, P > 0.05). 

Studies on the effect of monoterpenes against several other proto-
zoan parasites have been reported, but information about their effects 
on Cryptosporidium are scarce. Recently, Gaur et al. (2018) evaluated the 

Fig. 2. Analysis of the Log-dose cell viability response to Thymol octanoate (TO) or Thymol (Th) after 24 h (a and b, respectively) or after 48 h (c and d, respectively) 
of culture. Values were estimated with nonlinear curve-fitting analysis with Prism Software (GraphPad, La Jolla, CA, USA). IC50 = Concentration (μg/mL) that inhibit 
50% of cell viability. All experiments were performed in triplicate. Data points represent mean ± SD (bars). 
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effect of oregano essential oil and carvacrol on inhibition of C. parvum 
infectivity in vitro and found reduced relative C. parvum infectivity after 
treatment in a dose-dependent manner (55.6l ± 10.4% and 45.8 ± 4.1% 
at 60 and 30 μg/mL of oregano essential oil and carvacrol, respectively). 

Previous studies have reported the antiplasmodial activity of oregano 
essential oil containing 25% thymol. The whole oil, as well as its con-
stituents, thymol and carvacrol, showed in vitro activity against Plas-
modium falciparum FCR-3 strain, with an IC50 value of 10 μg/mL 
(Fujisaki et al., 2012). The activity of thymol against P. falciparum K1 
strain with an IC50 value of 4.5 μg/mL has also been reported (Mota 
et al., 2012). Several Origanum spp. essential oils, as well as thymol and 
carvacrol alone, have been evaluated against different Leishmania spe-
cies. Thymol and carvacrol showed activity against promastigote forms 
of L. chagasi with IC50 values of 9.8 μg/mL and 2.3 μg/mL, respectively 
(Oliveira De Melo et al., 2013). The moderate and comparable leish-
manicidal effects of both carvacrol and thymol against L. infantum pro-
mastigotes (IC50 values of 9.8 and 7.2 μg/mL, respectively) was recently 
reported (Youssefi et al., 2019). Other studies evaluated the effect of 
thymol on different Trypanosome species. Thymol was found to be 
active against intracellular amastigotes of T. cruzi-infected Vero cells, 
with IC50 values of 3.2 μg/mL (Escobar et al., 2010). Carvacrol and 
thymol demonstrated activity against T. brucei (life stage was not re-
ported) with IC50 values of 11.3 and 22.9 μg/mL, respectively (Nibret 
and Wink, 2010). Thymol showed in vitro activity against three different 
protozoan parasites, Trypanosoma brucei, Leishmania donovani, and 
P. falciparum, with IC50 values of 0.11, 17.3, and 5.7 μg/mL, respectively 
(Tasdemir et al., 2019). These values correlate favorably with the results 
we obtained for Th against C. parvum. Interestingly, in the same study, in 
a T. brucei mouse model, thymol, but not carvacrol, extended the mean 
survival of animals. Overall, essential oils have bioactivities against 
several parasite types. Thus, they could be used as broad-spectrum 
antiparasitic agents. 

The mechanisms underlying the antiprotozoal effect of essential oils 
and their monoterpenes are not fully understood (Oliveira De Melo 
et al., 2013). Due to their high lipophilic nature, which permits easy 
absorption by the cell membrane, it has been generally accepted that 
they are involved in the alteration and disruption of lipophilic mem-
branes and inhibition of the lipid metabolism of parasites (de Medeiros 
et al., 2011). Another mode of action includes membrane permeation 

Fig. 3. Analysis of the effect of varying concentrations of Thymol octanoate 
(TO) and Thymol (Th) 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 and different concentrations of compounds (0, 10, 20, 40, 70, and 
100 μg/mL) were added at the time of infection (a) or 2 h post-infection (b). 
Cultures were analyzed for parasite infectivity and proliferation by an immu-
nofluorescence assay after 48 h. Fluorescence generated is shown on the Y-axis 
representing the parasite load. Data points represent the mean of three inde-
pendent experiments ±SD (bars). Letter superscripts represent statistical dif-
ferences among treatments at each concentration after ANOVA and Tukey post 
hoc test (P < 0.05). 

Table 1 
IC50 values (μg/mL) for TO and Th against HCT-8 cell viability (24 and 48 h) and 
C. parvum invasion or growth in vitro.   

Cell viability Anti-cryptosporidial activity  

IC50 24 h IC50 48 h IC50 Invasion IC50 Growth 

TO 309.6 139.0 35.56 19.03 
Th 122.5 75.5 7.51 20.31  

Fig. 4. Dose-response curves of various concentrations of paromomycin on the 
infectivity of C. parvum in HCT-8 cells. Equal amounts of freshly excysted 
C. parvum sporozoites were inoculated into HCT-8 cells in culture and different 
concentrations of paromomycin (0–500 μg/mL) dissolved in sterile distilled 
water were added at the time of infection (0 h p.i) or 2 h post-infection (2 h p. 
i.). Cultures were analyzed for parasite infectivity and proliferation by an 
immunofluorescence assay after 48 h. Fluorescence generated is shown on the 
Y-axis representing the parasite load. Data points represent means of three in-
dependent experiments ±SD (bars). Superscript above data points (*) indicate 
statistical differences between treatments after t-test at each concentration (P 
< 0.05). 
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first, followed by modulation of cytoplasmic metabolic pathways or the 
function of organelles, rather than compromising the parasite’s mem-
brane integrity (Santoro et al., 2007). Essential oils can interfere with 
membrane-catalyzed enzymes and with enzymes responsible for energy 
and protein production, leading to cell death (Elshafie et al., 2017). The 
most recent proposed mechanism of action argues that essential oils and 
their monoterpenes form free radicals that may interfere with essential 
enzymes of the parasite such as lactate dehydrogenase, glucose phos-
phate isomerase, and glyceraldehyde-3-phosphate dehydrogenase that 
are related to energy metabolism, or protein phosphatase, threonine 
peptidase, peptide deformylase, N-myristoyltransferase, cysteine pro-
teases and protein farnesyltransferase related to protein metabolism (Liu 
et al., 2019; Mérillon, 2018; Witola et al., 2017). Some new studies 
investigated potential targets using in silico methods and included 
enzyme and protein targets (Lazarević et al., 2017; Pandey et al., 2019). 
In contrast, it is well known that paromomycin inhibits protein synthesis 
in bacteria, but its anti-cryptosporidial mode of action also remains to be 
determined (Pund and Joshi, 2017). Preliminary studies support that 
paromomycin’s anti-cryptosporidial activity is variable (Asadpour et al., 
2018b). Paromomycin has been reported to have IC50 values between 
400 and 700 μg/mL in in vitro assays (Downey et al., 2008; Li et al., 
2019). The values found in this study do agree with this evidence, 
however, lower concentrations of paromomycin have been used as 
positive controls in other in vitro studies. In previous studies, in-
vestigators used a positive control of paromomycin at 200 μg/mL, which 
consistently inhibited C. parvum growth by 60–70% (Kayser et al., 
2002). In a more recent study, a concentration of 150 μM (92 μg/mL) 
paromomycin was used as a positive control for the evaluation of diverse 
natural products against the growth of C. parvum in vitro (Jin et al., 
2019). Paromomycin has been shown to be effective in reducing oocyst 
shedding and some clinical signs in animal models of natural and 
experimental cryptosporidiosis (Asadpour et al., 2018a; Mammeri et al., 
2018). It is important to note that the IC50 values reported by us and 
others for paromomycin are considerably higher than the ones found for 
Th and TO, ranging from 11 to 53-fold higher for parasite invasion and, 
18 to 19-fold higher for parasite growth. 

Although results of this study are promising, further studies are 
necessary to clarify the mechanism by which Th and TO exert their effect 
against C. parvum in infected cells. Moreover, their effect in vivo should 
also be determined. Discrepancies between in vitro and in vivo efficacy is 
often a hurdle for oral delivery of supplements and drugs targeting the 
gut, especially for essential oils and monoterpenes due to their low 
solubility, in vivo instability, hydrolysis and oxidation, very rapid ab-
sorption and elimination rate (Rao et al., 2019). According to previous 
reports, esterification of monoterpenes can improve these disadvantages 
(Youssefi et al., 2019). Thus, the testing and evaluation of esterified 
monoterpenes in vivo could provide data about their potential as effec-
tive anticryptosporidial drugs. 

Essential oils and their main components are characterized by their 
high volatility. Recently, studies have been focusing on developing more 
stable formulations to overcome this disadvantage and improve their 
efficacy (Rao et al., 2019). In order to improve their stability, promising 
strategies include the development of better delivery systems (i.e. 
encapsulation, emulsification) (De Matos et al., 2019) or chemical 
modifications in the carbon structure (e.g. esterification), and the 
formulation of semisynthetic derivatives (Jansen and Shenvi, 2014; 
Talavera-Alemán et al., 2016). Talavera-Alemán et al. (2016) reported 
that only 10% of known thymol derivatives have been employed in 
biological testing and shown a vast array of activities including anti-
microbial, antioxidant, antinociceptive, antileishmanial, antiprotozoal, 
insecticidal, and piscicidal activity. The usefulness of thymol derivatives 
as transdermal drug delivery enhancers has also been reported (Zhao 
et al., 2010). Thymol ester derivatives were found to be more effective 
against streptococcus species (Mathela et al., 2010). An in silico study 
also predicted antimicrobial activity of some thymol esters (Lazarević 
et al., 2017). In the case of monoterpene esters, they have already 

proven to be promising due to their amenability to hydrolysis in vivo and 
their enhanced lipophilicity and passive membrane transport (Lazarević 
et al., 2017). 

5. Conclusions 

Taken together, our results showed that both thymol and thymol 
octanoate were biologically active against C. parvum in vitro, with low 
cytotoxicity levels in HCT-8 cells. Thymol had a stronger effect than 
thymol octanoate against C. parvum invasion but effects were similar 
when parasite growth was evaluated. Esterified thymol has anti- 
cryptosporidial effect comparable with its parental compound, thymol, 
but with improved physicochemical properties that could make it more 
suitable for diverse applications as antiparasitic agent. 
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De Matos, S.P., Teixeira, H.F., De Lima, Á.A.N., Veiga-Junior, V.F., Koester, L.S., 2019. 
Essential oils and isolated terpenes in nanosystems designed for topical 
administration: a review. Biomolecules 9. https://doi.org/10.3390/biom9040138. 

de Medeiros, M., das, G.F., da Silva, A.C., Citó, A.M., das, G.L., Borges, A.R., de Lima, S. 
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