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Abstract

Human cryptosporidiosis caused by the zoonotic apicomplexan parasite Cryptosporidium
parvum represents a neglected and re-emerging poverty-related disease. C. parvum pos-
sesses minimalistic metabolic capacities and highly depends on its intestinal epithelial host
cell for intracellular replication. Based on previous results showing that glycolysis and
glutaminolysis inhibition diminished C. parvum replication in vitro, we here investigated
the impact of the olive oil component oleocanthal on C. parvum infection in HCT-8 cells
under physioxia (5% O;) and hyperoxia (21% O,). Oleocanthal targets a broad spectrum of
regulatory molecules, amongst which mTOR represents a master regulator of glycolysis
and glutaminolysis. Using a host cell pre-treatment as well as a pre- and post-infection
treatment protocol, 5 uM oleocanthal reduced C. parvum infection rates between 51% and
94%. Host cellular metabolic conversion rates linked oleocanthal-induced inhibition of
C. parvum infection with an impairment in glutaminolysis, representing an important
metabolic pathway in intestinal cells. The principal involvement of mTOR in C. parvum
inhibition was confirmed by another mTOR-inhibitor (PP242, 0.5 uM), which also reduced
C. parvum infection by 70-77%. Given that oleocanthal is not a selective mTOR inhibitor,
we assume that this compound drives a multi-target-based inhibition of asexual C. parvum
replication, amongst which mTOR is addressed.

Keywords: Cryptosporidium parvum; oleocanthal; mTOR; glycolysis; glutaminolysis;
serinolysis; physioxia

1. Introduction

Human cryptosporidiosis is caused by the protozoan parasite Cryptosporidium parvum
(C. parvum) and represents a significant public health concern worldwide. Cryptosporidio-
sis results in enteritis, often accompanied by catarrhal diarrhoea, abdominal cramps, nausea,
vomitus, and hyperthermia. In immunocompromised patients, human cryptosporidiosis
can lead to severe chronic and sometimes fatal outcomes. Therefore, human cryptosporidio-
sis is still considered the second-leading aetiology of diarrhoea-related mortality in children
and is responsible for almost a million deaths per year [1]. In addition, C. parvum highly
affects livestock neonates (mainly calves but also goat kids and lambs), causing significant
economic losses mainly in the cattle industry worldwide [1,2]. In the case of calf infections,
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halofuginone treatments are usually applied in a “metaphylactic” treatment scheme (i.e.,
all calves of the stock are treated, independent of their actual infection status) but often
are ineffective. For immunoprophylaxis in calves, a GP40-based, passive immunization
against C. paroum (Bovilis® Cryptium®, MSD Animal Health, Madison, NJ, USA) was
approved in 2023 for use in pregnant heifers or cows in Europe. In humans, so far, the
only FDA-approved drug for cryptosporidiosis treatment, i.e., nitazoxanide, cannot be
applied in young children and has proved ineffective in immunosuppressed patients [3].
The emergence of drug-resistant C. parvum strains underscores the need for alternative
novel therapeutics [4]. New effective anti-cryptosporidial drugs are therefore urgently
needed for both humans and bovines.

Intracellular replication of C. parvum takes place in small intestinal epithelial cells (IEC)
of humans and animals. Within its fast division cycles, C. parvum undergoes two asexual
merogonies followed by a sexual gamogony in IEC, resulting in infective sporulated oocysts
carrying four sporozoites, which are shed into the environment. Exogenous sporulated C.
parvum oocysts are considered highly resistant and are usually ingested orally by humans
or other mammalian hosts. After oocyst ingestion, sporozoites are released in the gut and
must invade IEC as host cells, thereby forming a parasitophorous vacuole (PV), positioning
the parasite in its intracellular but extracytoplasmic location [5].

In general, cell proliferation poses high demands on the metabolism of a cell, which
must provide both necessary energy and cell building blocks, such as nucleic acids, proteins
and lipids in sufficient quantities for daughter cell formation. Due to its reduced own
genome, the metabolic repertoire of C. parvum is very limited [6]. On the plus side, the
genome of C. parvum includes all enzymes of glycolysis as well as glucose transporters,
which facilitate the uptake of glucose from its host cell. In addition, C. parvum is able to split
glucose phosphate from amylopectin under the catalysis of glycogen phosphorylase [7].
Together, this enzymatic equipment allows C. parvum to use glucose phosphates to generate
energy via the glycolytic pathway. In fact, in newborn calves, C. parvum was shown to
compete with IEC for glucose and to impair systemic glucose supply [8]. Based on the
importance of glycolysis in C. parvum metabolism, in the last decade, key enzymes of
glycolysis, such as hexokinase (HK) and lactate dehydrogenase (LDH), were identified as
promising therapeutic targets for the treatment of cryptosporidiosis [9-12]. On the minus
side, C. parvum is only equipped with a reduced mitochondria-like organelle called “mito-
some”. As a result, C. parvum lacks the citric acid cycle, the electron transport chain and
a functional ATP synthase [13-15]. In addition, regarding synthetic pathways, C. parvum
lacks de novo biosynthetic pathways for amino acids, nucleosides, and fatty acids [13].
As consequence of these metabolic deficiencies, the obligate intracellular proliferation of
C. parvum highly depends on its host cell, providing the necessary nutrients as well as
metabolic intermediates and products for energy regeneration and synthesis of essential
cellular building blocks. Measuring metabolic conversion rates in cell culture supernatants
of C. parvum-infected human ileocecal colorectal adenocarcinoma cells (HCT-8) and bovine
small intestinal explants (BSIE), we previously observed that C. parvum infection not only
increased glucose consumption and lactate production but also glutaminolytic conversion
rates of their host cells [12,16]. Consistently, in HCT-8 cells, not only the inhibition of HK,
LDH and mitochondrial pyruvate carrier (MPC) but also of glutaminase, the first enzyme
within glutaminolysis, led to an inhibition of C. parvum infection. Similarly, pharmacologi-
cal inhibition of the monocarboxylate transporters 1, 2 and 4 (MCT 1, 2, 4), which export
lactate, an end-product of both glycolysis and glutaminolysis as well as serinolysis, showed
significant anti-cryptosporidial effects [12].

One of the critical key regulators of glycolysis and glutaminolysis in general, and of the
metabolic processes targeted by the inhibition of HK, LDH, MCTs, MPC and glutaminase
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is the mammalian target of rapamycin (mTOR) (Figure S1) [17-22]. Vice versa mTORCl1,
the complex of mTOR with Raptor, is activated by glutaminolysis and a high energy sta-
tus via inhibition of adenosine monophosphate kinase (AMPK) in cells [23] (Figure S1).
Accordingly, glucose and energy deprivation and the associated activation of AMPK, acidi-
fication of the cytosol as well as inhibition of glycolysis and glutaminolysis —all metabolic
interventions induced by inhibition of HK, LDH, MPCs, MCTs, and glutaminase—have
been shown to have a negative impact on mTORC1 [17-19,22-24] (Figure S1). Therefore,
we wondered whether inhibition of mTOR as one of the master regulators of glycolysis
and glutaminolysis could also be an effective approach for inhibiting C. parvum replication.
Inhibitors of mTOR have been intensively investigated for therapeutic use in cancer, but
also arthritis, type 2 diabetes, neurodegenerative diseases and others [25-28]. Meanwhile,
several generations of mTOR inhibitors have been developed to optimize therapeutic appli-
cations in humans. Amongst these, oleocanthal, a natural component of olive oil, and PP242
(a synthetic second-generation mTOR inhibitor, also known as Torkinib) were described to
bear inhibitory mTOR capacity. Thus, PP242 was reported as a potent ATP-competitive
mTORC1 and mTORC2 inhibitor [29] whilst both, oleocanthal and PP242 have been shown
to efficiently reduce mTOR phosphorylation [30,31].

Within an organ, the metabolism of cells is influenced not only by the nutrient sup-
ply but also by oxygen conditions of the cellular environment. The influence of oxygen
pressure also applies to parasite-infected host cells within the small intestine [12,16]. In
the small intestine, the apical villi tips (closest to the intestine lumen) experience oxygen
concentrations between 5-11%, while in the crypts, oxygen concentrations decrease to
1% [32]. Referring to the high impact of oxygen concentrations on cellular metabolism and
to mimic intestinal conditions as physiologically as possible, we conducted current in vitro
experiments in the presence of 5% oxygen (=physioxia for the intestinal epithelium) in
addition to 21% oxygen, commonly used in classical laboratory conditions, but signifying
hyperoxia when compared to the physiological oxygen conditions in the small intestine.
When considering the situation in cattle industry, where all calves of a flock are treated
as soon as C. parvum-induced diarrhea occurs, i.e., irrespective of the actual individual
infection status, we chose a first protocol in which host cells were exclusively pre-treated
by inhibitors for 24 h and C. parvum infections were then performed in absence of in-
hibitors (host cell pre-treatment, mimicking prophylactic treatments in calve stock scenario)
(Figure S2). Since oleocanthal showed superiority over PP242 in inhibiting C. parvum
infection in this protocol and is also a naturally occurring substance in olive oil, we focused
on oleocanthal in all subsequent experiments and additionally introduced a pre- and post-
infection treatment protocol, mirroring a metaphylactic/post-infection treatment in the calf
stock scenario. In the pre- and post-infection treatment protocol, oleocanthal was added
to the cell culture medium 24 h prior to C. parvum infection, washed out before infection
to avoid direct effects on parasite stages, and re-administered again for 45 h after three
hours of C. parvum sporozoite supplementation with consecutive wash-out of non-invaded
parasites, as described in Figure S2 [12].

Here, we show for the first time that the olive oil component oleocanthal efficiently
inhibits C. parvum infection in vitro under physioxic and hyperoxic O, conditions, both
when administered before and after C. parvum infection and as pure host cell pre-treatment.
Metabolic conversion rates measured in HCT-8 cell culture supernatants indicate impair-
ment of glutaminolysis by oleocanthal in C. parvum-infected HCT-8 cells. Glutaminolysis,
an important metabolic pathway in intestinal cells, is positively regulated by mTORC1 via
Myc and glutaminase. In turn, glutamine and high glutaminolysis conversion rates have
an activating effect on mTORC1 (Figure S1) [17,20,23,24,28].
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2. Materials and Methods
2.1. Host Cell Culture

Permanent human HCT-8 cells (cells isolated from a large intestine adenocarcinoma;
ATCC-CCL-244, LGC Standards GmbH, Wesel, Germany) were maintained at 37 °C and
5% CO; using sterile RPMI 1640 cell culture medium (R0883, Sigma-Aldrich, Darmstadt,
Germany) supplemented with 2 mM glutamine (Sigma-Aldrich, Darmstadt, Germany),
10% (v/v) fetal bovine serum (FBS; S0115, Biochrom AG, Berlin, Germany), 100 UI
penicillin and 0.1 mg streptomycin/mL (both Sigma-Aldrich, Darmstadt, Germany).
Based on our previous observation that C. parvum infection rates were drastically reduced
in HCT-8 cells with more than 7 passages after thawing, we only used HCT-8 cells
between passage 2 and 7 in current experiments. Infection rates, immunofluorescence
and metabolic signature assays were performed in 24-well plates containing 13 mm
diameter glass coverslips (Thermo Fisher Scientific, Waltham, MA, USA) coated with
fibronectin (1: 400, Sigma-Aldrich, F1141-2MG, Darmstadt, Germany). Given that we
worked with the permanent cell line HCT-8, only one biological replicate was used. Thus,
all replicates indicated in the single experiments signify technical replicates maintained
independently in separate wells.

2.2. Inhibitors and Treatment Protocols

Olecanthal was purchased from Sigma-Aldrich (SMB00810-5MG, St. Louis, MO,
USA) and resolved in DMSO to a final concentration of 16.43 mM. PP242 was purchased
from Cyman Chemical (13643, Ann Arbor, MI, USA) and dissolved in DMSO to a final
concentration of 4 mM.

For the “host cell pre-treatment protocol” the following experimental setting was es-
tablished (see Figure S2): HCT-8 cells were simultaneously seeded in the presence of 21%
O, or 5% O, and cultured for approximately 3 days until a sub-confluent cell monolayer.
Thereafter, the medium was changed, and the cells were treated with inhibitors for 24 h
(2.5 uM and 5.0 uM oleocanthal, 0.25 uM and 0.5 uM PP242). Control cells were mock-treated
with 0.1% (v/v) DMSO, which corresponded to the DMSO concentration supplemented in the
medium of the highest oleocanthal (5 pM) or PP242 (0.5 uM) concentrations. After washing-off
the inhibitors (three washings with prewarmed 1x PBS), C. parvum oocysts (see 2.4.) were
added into fresh medium without inhibitors to infect HCT-8 cells [multiplicity of infection
(MQI) = 1:2, oocysts—cells]. After 3 h, non-invaded extracellular sporozoites were washed off,
and cells were cultivated for a further 45 h in fresh medium in the absence of the inhibitors.
At the end of this cultivation period (=48 h p. i.), cells were fixed, and infection rates and
intracellular development were estimated.

In case of the “pre- and post-infection treatment protocol”, the same steps as described
for the “host cell pre-treatment” protocol were performed, including the 3-h infection
period. Thereafter, non-invaded extracellular sporozoites were washed out, inhibitors
were re-administered, and cells were cultivated for a further 45 h in fresh medium in the
presence of 5 uM oleocanthal. At the end of this cultivation period (=48 h p. i.), the cells
were subjected to measurements of the infection rates and metabolic fluxes (Figure S52). In
both the “host cell pre-treatment” and the “pre- and post-infection treatment” protocol,
untreated C. parvum-infected HCT-8 cells and inhibitor-treated uninfected HCT-8 cells
were co-cultured in parallel, serving as infection and treatment controls, respectively. All
control cells without inhibitor treatment were mock-treated with 0.1% (v/v) DMSO, which
corresponds to the DMSO concentration in the cell culture media of cells treated with 5 uM
oleocanthal or 0.5 uM PP242.
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2.3. XTT Tests

For XTT tests (Cat. No. 39904, SERVA Electrophoresis GmbH, Heidelberg, Ger-
many), HCT-8 cells were seeded in RPMI 1640 cell culture medium (R0883, Sigma-
Aldrich, Darmstadt, Germany) supplemented with 2 mM glutamine (Sigma-Aldrich,
Darmstadt, Germany), 10% (v/v) FBS (50115, Biochrom AG, Berlin, Germany), 100 UI
penicillin and 0.1 mg streptomycin/mL (both Sigma-Aldrich, Darmstadt, Germany) at
a density of 1 x 10* cells per well in a 96-well plate (Greiner AG, Kremsmiinster, Aus-
tria). Each experimental condition was performed in three replicates. After confluency,
cells were pre-treated with each drug (oleocanthal: 10 uM; 5 uM; 2.5 uM and 1.25 uM;
PP242: 1.0 uM; 0.5 uM; 0.25 uM and 0.125 uM), diluted in cell culture medium (0.5% (v/v)
DMSO) for 72 h at 5% CO, and 37 °C in accordance with the total inhibitor incubation
times in the pre- and post-infection treatment protocol. XTT reagent was reconstituted by
adding 100 pL of Activation Reagent (PMS) to 5 mL of XTT reagent. 50 uL. XTT working
solution was added to each well, including blanks, and the samples were incubated at
37 °C and 5% CO, for 2 h. Thereafter, signals were quantified in a Varioskan TM Flash
Multimode Reader (Thermo Fisher Scientific, Waltham, MA, USA) at 450-500 nm.

2.4. C. parvum Oocyst Excystation and Host Cell Infection

Sporulated oocysts of C. parvum were purchased at Waterborne Inc. (New Orleans, LA,
USA, Iowa isolate, P102C). Excystation was performed according to Tandel et al. [33] and
initiated by treatment of sporulated oocysts with 8.25% (v/v) sodium hypochlorite for 10 min
on ice. Thereafter, oocysts were washed thrice in sterile PBS by centrifugation (18,000x g,
10 min). Oocysts were resuspended in excystation medium [0.8% (v/v) sodium taurocholate,
2.5% (v/v) trypsin in sterile PBS] and incubated for 10 min at 37 °C. Thereafter, oocysts were
washed thrice in sterile PBS (18,000 g, 10 min). Finally, the pellet was resuspended in sterile
RPMI 1640 cell culture medium (R0883, Sigma-Aldrich, Darmstadt, Germany) supplemented
with 2 mM glutamine (Sigma-Aldrich, Darmstadt, Germany), 1% (v/v) FBS (S0115, Biochrom
AG, Berlin, Germany), 100 UI penicillin and 0.1 mg streptomycin/mL (both Sigma-Aldrich,
Darmstadt, Germany). Pre-excysted oocysts were counted and used to infect HCT-8 cells at a
multiplicity of infection (MOI) of 1:2 (oocysts—cells) [33]. All data result from two independent
infection experiments.

2.5. Immunofluorescence Microscopic Detection of Intracellular C. parvum Stages

HCT-8 cells were propagated as described above and in Figure S2 and fixed with
paraformaldehyde (4% (v/v); Merck KGaA, Darmstadt, Germany) for 15 min. After three
washings in sterile 1 x PBS, the samples were incubated in a blocking/permeabilization
solution [sterile 1x PBS with 3% (w/v) BSA and 0.3% (v/v) Triton X-100; all Sigma-Aldrich,
Darmstadt, Germany] for 1 h at room temperature (RT). Thereafter, samples were stained
with fluorescein-conjugated Vicia villosa (1:1000; FL-1231-2, Vector Laboratories, Newark,
CA, USA) and phalloidin (1:3000; ab176757, Abcam Limited, Cambridge, UK) at RT in
a humidified chamber (1 h in complete darkness) as described elsewhere [12,16]. The
samples were then washed again thrice in sterile 1x PBS and mounted with an anti-fading
mounting medium solution with DAPI (Fluoromount G-DAPI, 495952, Thermo Fisher
Scientific, Waltham, MA, USA).

2.6. Fluorescence Image Acquisition

Fluorescence confocal images were acquired with a ReScan Confocal instrumen-
tation (RCM 1.1 Visible, Confocal, Amsterdam, The Netherlands) with a fixed 50 um
pinhole and combined with a Nikon Eclipse Ti2-A inverted microscope equipped with
a motorized z-stage unit (DI1500, Nikon, Tokyo, Japan). The RCM unit was connected
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to a Toptica CLE laser with the following excitation modes: 405/488/561/640 nm. Im-
ages were taken by an sCMOS camera (PCO edge) using a CFI Plan Apochromat X60
lambda-immersion oil objective (NA 1.4 / 0.13; Nikon, Tokyo, Japan). The instrument
was operated by the NIS-Elements software (version 5.11). Images were acquired via a
z-stack optical series with a step size of 0.1 microns to cover all structures of interest.

Infection rate quantification was performed in epifluorescence-acquired images
(BZ-X800 microscope, Keyence, Osaka, Japan). Sixteen fields of view were blinded and
randomly taken to count the total number of cells based on DAPI staining (cell nuclei) and
the number of infected cells (positive for VVL). Images were first segmented using the
Otsu thresholding algorithm, preserving identical brightness and contrast conditions for
each data set within one experiment. The total number of cells was obtained using the Fiji
plugin “Analyzed particles” with a size threshold of 10 um [34].

2.7. Quantification of Metabolic Conversion Rates in Host Cell Culture Supernatants

HCT-8 cells were grown in 24-well plates (Greiner Bio-One GmbH, Frickenhausen,
Germany) pre-coated with fibronectin (1:400, F1141-2MG, Sigma-Aldrich, Darmstadt,
Germany) at 37 °C and 5% CO, atmosphere. Cells were cultured, drug-treated and
infected with viable C. parvum sporozoites as described in the pre- and post-infection
treatment protocol in Figure S2. At the end of the 45 h cultivation period, cell super-
natants were collected, centrifuged (400 g, 10 min, 4 °C), immediately frozen in liquid
nitrogen and stored at —80 °C until measurements. In parallel, the corresponding num-
bers of cells/well for each supernatant sample were counted for normalization purposes.
For metabolite concentration assessment, frozen samples were heated (15 min, 95 °C) and
centrifuged (8000 g, 10 min). Concentrations of glucose, pyruvate, lactate, glutamine,
glutamate, serine, alanine and aspartate were determined using a Respons 920 bench-
top analyzer (DiaSys Diagnostic Systems GmbH, Holzheim, Germany), as previously
described [12,16,35]. The conversion rates of individual metabolites were determined in
[nmol/(h x 10* cells)], referring to medium samples without cells, which were cultured
in parallel to the wells with cells during the 45 h lasting cultivation period, starting with
the medium change after parasite infection.

2.8. Statistical Analysis

The data were expressed as the mean + SD of six independent experiments
(n = 6). For infection rate experiments, the normality of the data sets was evaluated by a
Shapiro-Wilk normality test. When two groups were compared, an unpaired t-test was
performed. When more than three data sets were compared, a one-way ANOVA test fol-
lowed by a Tukey multiple comparisons post-test was applied. For metabolic signature
data, a Kruskal-Wallis test was performed, followed by Dunn’s multiple comparisons
post hoc tests. The effect of the oxygen concentration was tested by using a two-way
ANOVA test followed by a Siddk multiple comparisons post-test (Table S2). All statistical
analyses were performed using GraphPad Prism 9.3.1 software (GraphPad Software Inc.,
San Diego, CA, USA), applying a significance level of 5% (a = 0.05).

3. Results
3.1. Effects of Oleocanthal and PP242 Treatments on C. parvum Infection

In preceding dose-finding experiments, 2.5 pM and 5 uM for oleocanthal and
0.25 uM and 0.5 uM for PP242 were identified as suitable test concentrations, which did
not affect the vitality of HCT-8 cells under both oxygen conditions tested (i.e., 5% O, and
21% O,) (Figure S3). By restricting experimentation to these concentrations, we attempted
to ensure that measured effects were exclusively due to C. paroum infection and did not
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reflect inhibitor-driven effects on host cells. Overall, oleocanthal treatments effectively
reduced C. parvum infection rates at 48 h p. i., irrespective of dosage and treatment scheme
(Figure 1A,B). Referring to the impact of O, conditions, no O,-driven effects on infection
rates were detected when pretreating the cells with oleocanthal or PP242 (Figure 1A,C).
However, in the pre- and post-infection treatments scheme (Figure 1B), 5 uM oleocanthals
proved less effective under 21% O, (p = 0.0005, Table S1 and Figure 1B).

(A) Oleocanthal

host cell pre-treatment

5% O, 21% O,

% of infection
N
?

0,
Oleo [2.5 uM] - + -
Oleo [5.0 uM] - - 4+ - - o+

(B) Oleocanthal

pre- and post-infection treatment

30 5% Oy i 21% 0, |

[N
o
1

% of infection

10+

0
Oleo[5.0pM] —  + -+

(C) PP242

host cell pre-treatment

5% O, 21% O,

" :
- z
5- :
0 H
-+ - -+
N - -

% of infection
>
1

PP242[0.25 uM]

PP242 [0.50 puM] +

Figure 1. Effects of oleocanthal and PP242 treatments on C. parvum infection under physioxia (5% O;)
and hyperoxia (21% O,) conditions. Confluent HCT-8 cells were cultivated for 24 h in the presence of
the respective inhibitor, infected for 3 h and cultivated for another 45 h p. i. without inhibitor = host cell
pre-treatment (A,C) or cultivated for another 45 h in the presence of the inhibitor = pre- and post-infection
treatment (B) (Figure S2). Both inhibitors were tested in parallel at 5% and 21% O, conditions. As read-out
of inhibitor effects, infection rates were estimated microscopically at 48 h p. i. after fixing and staining the
cells by Vicia villosa to detect C. parvum stages and by DAPI to detect host cell nuclei. The total number
of infected host cells was counted and divided by the total number of host cells in the same field of
view and graphed as a percentage of infected cells (infection rate). Graph bars represent the mean of six
replicates £ SD. *: p < 0.05%, **: p < 0.01%, ***: p < 0.001%.

To verify oleocanthal-driven effects, we applied another inhibitor, i.e., PP242, which
was also described to efficiently reduce phosphorylation of mTOR [29,30] by pre-treating
HCT-8 cells with two doses (0.25 uM and 0.5 uM) 24 h prior to C. parvum infection. PP242
also significantly reduced C. parvum infection rates in HCT-8 cells (Figure 1C) by 77% at
48 h p. i. in the presence of 5% O,, regardless of the inhibitor concentration used. When
the highest doses of oleocanthal and PP242, which showed no effect on host cell vitality in
the previous dose-finding study, were compared under hyperoxia, the reduction in the C.
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parvum infection rate with PP242 was slightly lower (70%) than with oleocanthal, which
inhibited the C. parvum infection rate by 94%. (Figure 1A,C). Given that the current work
focused on oleocanthal, we additionally tested the efficacy of this compound by applying
the pre- and post-infection treatment experimental protocol (i.e., treatment 24 h before the
infection and 45 h after the infection), which may better mimic the field situation in calf
stocks of dairy cattle with unknown individual infection status. Applying this treatment
scheme, 5 uM oleocanthal also significantly reduced C. parvum infection rates by 82% at
physioxia and by 51% at hyperoxia conditions at 48 h p. i. (Figure 1B).

To control whether oleocanthal-driven findings were due to either parasitostatic or
parasiticidal effects, we microscopically monitored C. parvum development in oleocanthal
pre-treated C. parvum-infected HCT-8 cells and inhibitor-free C. parvum-infected HCT-8
cells. As expected, in C. parvum-infected controls lacking oleocanthal treatment, we found
all classical intracellular developmental stages and were able to illustrate trophozoites,
type I and II meronts, macrogamonts and microgamonts by confocal microscopy. Likewise,
in oleocanthal pre-treated HCT-8 cells, C. parvum development seemed not abrogated at
the early trophozoite stage, but a high proportion of developing meronts II were severely
affected in their morphology, showing signs of degradation, thereby potentially indicating
oleocanthal-derived parasiticidal effects of oleocanthal at this stage (Figure 2).

( A) C. parvum infection: control

Type | Type |

Trophozoites immature meront mature meront

2um

Type Il meront Macrogamont Microgamonte

(B) C. parvum infection: host cell pre-treatment
Oleocanthal [5 pM]

Figure 2. Impact of oleocanthal on the intracellular development of C. parvum. Cells were cultivated and
treated according to the host cell pre-treatment protocol (Figure S2). The intracellular development of
C. parvum was monitored microscopically after Vicia villosa (VVL, green) staining; cell nuclei were labelled
by DAPI (blue). (A) Mock-treated C. parvum-infected HCT-8 cells (=controls). (B) C. parvum-infected
HCT-8 cells after host cell pre-treatment with 5 uM oleocanthal. Scale bar: 2 pm.
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3.2. Impact of Oleocanthal Treatment on the Metabolic Signature of C. parvum-Infected HCT-8
Cells in Physioxia and Hyperoxia

The impact of oleocanthal on C. parvum-infected HCT-8 cells and uninfected controls
was characterized by measuring the conversion rates of selected nutrients and metabolic
products of glycolysis, glutaminolysis and serinolysis in cell culture supernatants of
HCT-8 cells treated with oleocanthal or DMSO vehicle according to the pre- and post-
infection treatment protocol (Figure S2). Treatment with 5 uM oleocanthal induced a
significant increase in the release of glutamate into the medium under physioxic condi-
tions (5% O3) in uninfected control cells, which indicates that less glutamate was fueled
into the citric acid cycle and glutaminolysis was thus impaired (Figure 3F: 5% O, light
orange bars versus white bars, Figure 4B). In contrast to physioxia, under hyperoxic
cultivation conditions (21% O,), untreated control cells consumed glutamate from the
medium (Figure 3F: 5% O,: white bars versus 21% O,:white bars, Figure 4A) and oleocan-
thal treatment reduced glutamate consumption of uninfected HCT-8 cells by tendency
(Figure 3F: 21% O, light orange bars versus white bars). When C. parvum-infected and
oleocanthal-treated HCT-8 cells were compared with completely untreated control cells
(without both C. parvum infection and oleocanthal treatment) the conversion rates point
to an impairment of glutaminolysis under both oxygen conditions, as reflected by a
significant decrease in glutamine and aspartate consumption and increase in glutamate
release under physioxic conditions (Figure 3E-G: 5% O,, dark orange bars versus white
bars, Figure 4C), and a significant reduction in the release of alanine and a shift from
glutamate consumption to release under hyperoxia (Figure 3D, F 21% O,, dark orange
bars versus white bars, Figure 4C). When the effect of the combination of oleocanthal
treatment and C. parvum infection was statistically compared to the individual treatments
(C. parvum infection or oleocanthal treatment), under physioxia, pyruvate release signif-
icantly increased when C. parvum-infected HCT-8 cells were treated with oleocanthal
while the release of lactate and alanine remained unchanged (Figure 3B-D: 5% O,, dark
orange bars versus dark gray bars, Figure 4D), which together indicated that part of the
pyruvate synthesized intracellularly, e.g., via glycolysis, glutaminolysis and serinolysis,
was released as such without conversion to lactate or alanine or infiltration in the citric
acid cycle (Figure 4A). Under hyperoxia, in C. parvum-infected host cells, oleocanthal
treatment was accompanied by a significant decrease in glucose consumption and a
shift from glutamate consumption in the absence of oleocanthal to release in presence
of oleocanthal, which together point at an impairment of glycolysis and glutaminolysis
(Figure 3A,F: 21% O,, dark orange bars versus dark gray bars, Figure 3D). Likewise,
under hyperoxia, when C. parvum-infected oleocanthal-treated HCT-8 cells were com-
pared with oleocanthal-treated uninfected HCT-8 cells, a significant decrease in glucose
consumption, lactate release, glutamine consumption, serine consumption, as well as
alanine release was observed (Figure 3A,B,D-H: 21% O,, dark orange bars versus light
orange bars, Figure 4E), indicating an impairment of glycolysis, glutaminolysis and
serinolysis. As expected, a change in O, conditions affected the metabolic signatures
of C. parvum-infected HCT-8 cells. Hence, glucose consumption (p < 0.0001), lactate
production (p < 0.0001) and glutamate conversion (p < 0.0001) was found enhanced at
5% O,, whilst alanine release (p < 0.0001), glutamine consumption (p < 0.0001), and
aspartate conversion (p < 0.0001) was lowered at these conditions when compared to
21% O, (Table S2).
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Figure 3. Effects of oleocanthal treatments on the metabolic signatures of uninfected and C. parvum-
infected HCT-8 cells under physioxia (5% O,) and hyperoxia (21% O;) conditions. Cells were treated
according to the pre- and post-infection treatment protocol (Figure S2). Metabolic conversion rates were

measured in the cell culture supernatants in order to analyse glucose consumption (A), lactate release (B),

pyruvate release (C), alanine release (D), glutamine consumption (E), glutamate conversion (F), aspartate

consumption (G), and serine consumption (H). Bar colours represent each treatment: n.i. (white), C.
parvum-infected cells (dark grey), oleocanthal-treated cells (light orange), and C. parvum-infected cells
after oleocanthal treatment (dark orange). Cons. = consumption. Rel. = release. Bars represent the mean
of six replicates & SD. *: p < 0.05%, **: p < 0.01%, ***: p < 0.001%.
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Figure 4.

Metabolic scheme to outline the impact of oleocanthal treatment on glycolytic
glutaminolytic and serinolytic conversion rates in uninfected and C. parvum-infected HCT-8 cells
under physioxia (5% O,) and hyperoxia (21% O,) conditions. Comparison with Figure 3: (A) Detailed
metabolic scheme of the abstracted schemes (B-E). Black arrows correspond to control cells without
infection and oleocanthal treatment (=white bars in Figure 3). Blue arrows represent differences
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between 5% and 21% O; in uninfected and untreated control cells. Light blue arrow: 5% O,; dark blue
arrow: 21% O,. LDH = lactate dehydrogenase, GLDH = glutamate dehydrogenase, ALT = alanine
aminotransaminase. (B) Comparison of light orange bars (uninfected, oleocanthal-treated HCT-8
cells) versus white bars (uninfected and untreated controls) in Figure 3. (C) Comparison of dark
orange bars (C. parvum-infected and oleocanthal-treated HCT-8 cells) versus white bars (uninfected
and untreated controls) in Figure 3. (D) Comparison of dark orange bars (C. parvum-infected and
oleocanthal-treated HCT-8 cells) versus dark gray bars (C. parvum-infected HCT-8 without oleocanthal
treatment) in Figure 3. (E) Comparison of dark orange bars (C. parvum-infected and oleocanthal-
treated HCT-8 cells) versus light orange bars (uninfected, oleocanthal-treated HCT-8 cells) in Figure 3.
Black arrows indicate unchanged conversion rates between the respective cell groups. Red double
lines indicate a reduction in the respective conversion rate by the treatment compared. Bold green
arrows indicate an increase in the respective conversion rate by the treatment compared.

4. Discussion

Based on our previous findings demonstrating that inhibitors of glycolysis and glu-
taminolysis, as well as of MCTs, known to be involved in the export of lactate out of host
cells, inhibited C. parvum infection in vitro [12], we wondered whether an inhibition of
mTOR, as one of the master regulators of glycolysis and glutaminolysis, might also be
a suitable therapeutic target for the treatment of cryptosporidiosis. Besides being a key
regulator of glycolysis, glutaminolysis, autophagy, immune response, survival, prolifer-
ation and growth, mTOR itself is impaired by acidification of the cytosol, nutrient and
energy deficiency and inhibition of glutaminolysis [17-20,22-24,28], which are all metabolic
processes that were also influenced by inhibition of HK, LDH, MCTs and glutaminolysis in
our previous study [12] and in the study of Eltahan et al. [10].

When searching for mTOR inhibitors in the literature to test our hypothesis we came
across oleocanthal, which was shown to reduce mTOR phosphorylation by more than
50% when supplemented in a concentration of 10 uM into the medium of MDA-MB-231
cells for 72 h [31]. Oleocanthal is a natural compound of olive oil, which has received
significant interest in the search for naturally derived compounds with pharmacological
qualities. Thus, diverse beneficial effects of oleocanthal on the level of antioxidant,
anticancer, anti-inflammatory, antibacterial, neuroprotective, and antiplatelet aggrega-
tion activities were demonstrated (see reviews of El Haouari et al. 2020, Jannati et al.,
2025 [36,37] and references therein).

C. parvum represents the most important zoonotic Cryptosporidium species with
high global prevalence in the main host, the cattle (calves), causing high losses in the
cattle industry worldwide [38,39]. Human infections mainly affect young children
in underdeveloped countries and immunocompromised patients [40]. In both host
systems, effective treatments are currently lacking. In the bovine host, the indication
of halofuginone treatments—even though largely ineffective—is to reduce diarrhea in
neonatal calves of dairy farms with a history of cryptosporidiosis. In calf stocks, usually
all animals are treated at a time, irrespective of their actual infection status. Given that
not all calves are infected at the same time point, treatments may therefore be given
before and after C. parvum infection. To consider this classical field situation, which may
also apply for young children in underdeveloped countries, we here used two different
treatment protocols by either treating host cells for 24 h before C. parvum infection or by
applying treatments at both the pre-infected and infected status.

Overall, low-dose (2.5 uM) oleocanthal pre-treatments of host cells showed a high
anti-cryptosporidial efficacy by reducing C. parvum infection rates by 82% and 90%, when
being cultivated at 5% and 21% O, respectively. Doubling the oleocanthal dosage to
5 uM did not significantly improve antiparasitic efficacy. Confocal microscopic analyses
of C. parvum developmental stages illustrated phenotypic effects at the meront level,
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thereby matching with anti-cryptosporidial activity, but also indicating that parasite
development was not in all cases abrogated before meront formation. Noteworthy,
one of the limitations of the HCT-8 cell model is its inability to fully support the life
cycle of C. parvum, since the fertilization step is blocked in this permanent cell line [33].
Consequently, the current data identify oleocanthal as an interesting compound acting
on asexual multiplication, whilst effects on sexual replication cannot be deduced from
this specific host cell model.

To investigate the general suitability of mTOR as a target for inhibiting C. parvum infec-
tion, we also investigated the impact of PP242, a second compound for which mTOR
inhibition is described in the literature as a mode of action [30], on C. parvum infec-
tion, applying the same experimental procedure (supplementation of inhibitors only be-
fore infection) as in the case of oleocanthal. Indeed, PP242 treatments proved effective
against C. parvum infection (ranging from 70-90% inhibition; 5% and 21% O,) when in-
hibitor concentrations were used that did not affect the vitality of host cells (0.25 uM and
0.5 uM), thereby verifying a potential role of mTORC1 inhibition in impairing C. parvum
infections. Accordingly, mTOR knockdown by siRNAs limited C. parvum burden in HCT-8
cells in vitro [41].

Given that physiological O, in vivo concentrations in the intestinal setting (1-11% O5)
highly vary from those typically applied in research laboratories (21% O,), we performed
current experimentation at both 5% and 21% O, conditions. In general, when applying
oleocanthal treatments for 24 h before infection as well as for 45 h after infection (pre-
and post-infection treatment), a significant reduction of C. parvum infection rates was also
achieved, thereby confirming a principal anti-cryptosporidial effects of oleocanthal. How-
ever, the current data indicated no effects of the oxygen concentration on the efficacy of
oleocanthal (or PP242) pretreatments even though the metabolic signatures significantly
changed with oxygen conditions. Hence, exclusively in the pre- and post-infection treat-
ment scheme, oleocanthal proved significantly less effective at 21% O, when compared to
5% O,. So far, we do not have an explanation for this finding.

Besides being useful for the detection of antiparasitic effects, the pre- and post-
infection treatment protocol also allowed the estimation of inhibitor-driven impact
on the host cell metabolism in the presence of the parasite. Overall, the assessment
of metabolic signatures of C. parvum-infected cells in the presence and absence of
oleocanthal revealed that oleocanthal-driven effects on glycolytic, glutaminolytic and
serinolytic conversion rates were indeed influenced by oxygen concentration in an
infection status-dependent manner. In uninfected control cells experiencing 5% O; and
5 uM oleocanthal, the increase in glutamate production, combined with unchanged
glutamine consumption rates, points to an oleocanthal-driven impairment of the glu-
taminolytic conversion rates. In line, in astrocytes, amyloid--induced downregulation
of the glutamate transporter could be reversed by 7-day treatment of the cells with
5 uM oleocanthal [42]. Besides glutaminolysis, all other conversion rates measured
under physioxic conditions in uninfected HCT-8 cells (glucose, serine and aspartate
consumption, lactate, pyruvate and alanine production) were not significantly affected
when oleocanthal was supplemented in a concentration of 5 pM, which did not affect
the vitality of the host cells. Apart from Bataresh et al., 2017 [42], no further data on
oleocanthal-driven effects on in vitro conversion rates of glycolysis, glutaminolysis or
serine and alanine metabolism were found in the literature at the time point of writing
this manuscript. From the above-mentioned findings in uninfected physioxic HCT-8
cells, it can be concluded that under physioxic conditions, oleocanthal host cell pre-
treatment for 24 h prior to infection resulted in host cells with diminished glutaminolysis
activity, a status that was already proven as adverse for C. parvum replication, since
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glutaminase inhibitors effectively reduced infection rates [12]. Conversely, C. paroum
infection was also inhibited under hyperoxic conditions in the host cell pre-treatment
approach, even though metabolic conversion rates in uninfected hyperoxic HCT-8 cells
did not change during oleocanthal treatment in comparison to untreated control cells.
From this finding, it can be concluded that in hyperoxia—and presumably also in
physioxia—there are further—in this study not yet identified—effects of oleocanthal on
host cells, which affect C. parvum replication.

The observed impairment of glutaminolysis found under both oxygen conditions,
when the conversion rates in C. parvum-infected and oleocanthal-treated HCT-8 cells were
compared with the conversion rates in uninfected control cells without oleocanthal treat-
ment indicated an influence of C. parvum on the oleocanthal effect and vice versa.

Basically, the observed reduction in glutaminolysis under both oxygen conditions in
oleocanthal-treated, C. parvum-infected HCT-8 cells is consistent with a possible involve-
ment of mTOR in the oleocanthal-induced impairment of C. parvum infection in HCT-8 cells
(Figure S1), whereby, in principle, both regulatory directions are thinkable: an impairment
of glutaminolysis by oleocanthal-induced inhibition of mTOR but also an inactivation
of mTOR by oleocanthal-induced inhibition of glutaminolysis [17,19,22]. Interestingly,
inhibition of glutaminolysis by the glutaminase inhibitor CB-839 sensitized ovarian cancer
cells to PP242 treatment [43], the same mTOR inhibitor which also blocked C. parvum
infection in this study. In line to a possible involvement of mTOR in the inhibition of C.
parvum infection, an oleocanthal-driven reduction in mTOR phosphorylation by more than
50% was demonstrated in MDA-MB-231 breast cancer cells treated for 72 h with 10 uM
oleocanthal [31].

Moreover, recently Yang et al., 2023 [44] described an inhibition of intracellular C.
parvum proliferation by the mTOR inhibitor rapamycin in HCT-8 cells, thereby correlating
this effect with autophagy. Phosphorylated and activated mTOR inhibits autophagy, a
lysosomal degradation process involved in the elimination of pathogens from cells [45].
However, pathogens, including parasites, may escape autophagy and/or can use host cell
autophagy to provide themselves with nutrients generated by the degradation of host cell
molecules, promoting their proliferation. Accordingly, two independent studies [46] in
Caco-2 cells and [44] in HCT-8 cells revealed on the one hand that C. parvum may induce
autophagy by inhibiting mTOR phosphorylation and enhancing the autophagic flux.
Likewise, mTOR knockdown by siRNAs promoted autophagy, increased the autophagic
flux and apoptosis and significantly lowered the parasite burden in HCT-8 cells [41].
On the other hand, C. parvum may escape autophagy-derived elimination by promoting
successful intracellular survival via EGFR/PI3K/AKT pathway activation [44].

Since the first reports on anti-inflammatory and anti-oxidant effects of oleocanthal
via inhibition of cyclooxygenase 1 and 2 and 5-LOX in 2005 [47,48] a multitude of medical
applications and modes of action of oleocanthal have been discovered. The most promi-
nent applications are inflammations, neurodegenerative diseases and cancer. Selected
signaling pathways from the very extensive orchestra of published oleocanthal targets
are: (i) the HGF- c-MET axis (=hepatocyte growth factor cellular mesenchymal-epithelial
transcription factor-axis) which leads to an impairment of the RAF-MEK-ERK signaling
pathway, the PI3K-AKT-mTOR signaling pathway and NF-kappa B, as well as STAT3
and (ii) Interleukin 6-dependent Janus kinase 1/2 (JAK 1/2 which does also impair
STAT3 phosphorylation and activation or (iii) peroxisome proliferator-activated receptor
gamma (PPARY) (Figure S1) (reviewed in [37,49,50]). The oleocanthal-induced suppres-
sion of STAT3 phosphorylation shows interesting overlaps with the above-discussed
relationships between the observed oleocanthal effects on glutaminolysis and the mTOR
signaling pathway, thereby suggesting STAT3 as an alternative or additional target of
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the oleocanthal-induced inhibition of C. parvum infection (Figure S1). Similar to mTOR,
phosphorylation and activation of STAT3 lead to increased glutamine conversion via
induction of Myc [51] and like mTOR, the STAT3 signal cascade is in turn activated by
high glutamine conversion [52]. Treatment of colorectal cancer cell lines with 15 and
10 uM oleocanthal led to a dose-dependent inhibition of JAK 1/2 and STAT3 activation,
respectively [53]. Of note, a role for the STAT3 signaling pathway in the development
of ileocecal adenocarcinomas has recently been described in the context of murine
C. parvum infections [54].

In summary, the suppression of C. parvum by PP242 in this study and by rapamycin
in the study by Yang et al., 2023 [44]. indicates a potential impact of mTOR inhibition
on C. parvum proliferation. However, due to the broad spectrum of action in the case of
oleocanthal, it cannot be concluded that inhibition of a single target, such as mTOR or
STAT3 alone induced the suppression of C. parvum infection in our cell model. Rather, the
diverse applications and the broad spectrum of proven oleocanthal targets suggest multiple
points of attack in different signaling pathways and target functions of the respective
treated cells.

5. Conclusions and Outlook

Here, we identified oleocanthal—a natural component of olive oil—as a promising
compound for inhibiting C. parvum asexual intracellular replication in vitro using two
different treatment protocols, namely (i) treatment before and after infections, as well as
(if) treatment exclusively before infection, which might be relevant concerning the in-field
situation in the livestock industry. C. parvum inhibition by oleocanthal treatments was
demonstrated in both protocols, not only under classical laboratory conditions of 21%
O, but also under physiological oxygen concentrations present in the small intestine of
humans and bovines (~5% O5).

In the next step, future studies in suitable animal models (i.e., calves, lambs, goat kids)
are needed to verify the applicability and efficacy of oleocanthal prophylactic and medical
treatments of C. parvum infections in vivo.

The improved understanding of the broad spectrum of action of oleocanthal led to
several clinical studies on the potential benefits of dietary oleocanthal supplementation
in the form of olive oil in the prevention of neurodegenerative diseases, rheumatoid
arthritis and cancer. Some of these studies emphasize benefits for patients [55-57].
However, olive oils can have varying oleocanthal contents ranging from 0.2 mg/kg to
1200 mg/kg (reviewed in [49,58]). Even when using olive oils with high oleocanthal
content, the low absorption upon oral administration demonstrated in rats, as well
as hydration, hydrogenation, hydroxylation and oxidation of oleocanthal in phase 1
metabolism, and glucuronidation in phase 2 metabolism [59,60] in addition to the bitter
and irritant taste of olive oil with high polyphenol content, these represent obstacles for
the oral application of oleocanthal in pure olive oil formulations for the treatment of
C. parvum infections in animals and humans. As an alternative to olive oil formulation,
Tajmim et al. [61] presented two new oral oleocanthal formulations, which significantly
decreased A plaque deposition and STAT3 phosphorylation in 5xFAD transgenic mice
at an oral dosage of 10 mg oleocanthal / kg in microcrystalline cellulose capsule shells
(6 times a week over a period of 6 month). Of note, oleocanthal concentrations used in
the current study ranged between 0.75 mg/L (=2.5 uM) and 1.5 mg/L (=5 uM), which
correspond to approximately 1/6 and 1/13, respectively, of the oleocanthal concentration
orally administered to 5x DAD mice [61]. To date, additional strategies on further
pharmaceutical formulations, such as phytosome formulations, are studied to improve
the bioavailability of oleocanthal in oral applications (reviewed in [37]).
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Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/pathogens14101002/s1, Figure S1: Interactions between selected
signal cascades targeted by oleocanthal and enzymes of glycolysis and glutaminolysis, whose inhibi-
tion has been associated with downregulation of C. parvum infection. Figure S2: Schemes describing
the experimental protocols of host cell pre-treatment and pre- and post-infection treatment of HCT-8
cells in this study. Figure S3: Analysis of oleocanthal- and PP242-driven effects on HCT-8 cells viabil-
ity. Table S1: Kruskal-Wallis effect size n? calculation for metabolic signature data, corresponding to
Figure 3. Table S2: Statistical analysis of the oxygen effect on experiments shown in Figure 1A-C,
and Figure 3A-H.
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BSA Bovine serum albumin

DAPI 4/ ,6-diamidino-2-phenylindole

DMSO  Dimethyl Sulfoxide

HK Hexokinase

LDH Lactate dehydrogenase

MCT Monocarboxylate transporters

MOI Multiplicity of infection

mTOR Mammalian target of rapamycin

Oleo Oleocanthal

PBS Phosphate-Buffered Saline

PP242  2-(4-Amino-1-isopropyl-1H-pyrazolo [3,4-d]pyrimidin-3-yl)-1H-indol-5-0l, Dihydrate
SD Standard deviation

STAT3  Signal transducer and activator of transcription 3


https://www.mdpi.com/article/10.3390/pathogens14101002/s1
https://www.mdpi.com/article/10.3390/pathogens14101002/s1

Pathogens 2025, 14, 1002 17 of 19

References

1.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.
21.

22.

23.

24.
25.

Ryan, U.; Hijjawi, N.; Xiao, L. Foodborne cryptosporidiosis. Int. ]. Parasitol. 2018, 48, 1-12. [CrossRef] [PubMed]

Thompson, R.C.; Palmer, C.S.; O'Handley, R. The public health and clinical significance of Giardia and Cryptosporidium in domestic
animals. Vet. ]. 2008, 177, 18-25. [CrossRef] [PubMed]

CDC. Clinical Care of Crypto. Cryptosporidium (“Crypto”). Available online: https://www.cdc.gov/cryptosporidium/hcp/
clinical-care/index.html (accessed on 14 June 2024).

Hasan, M.M,; Stebbins, E.E.; Choy, R K.M.; Gillespie, ].R.; de Hostos, E.L.; Miller, P.; Mushtaq, A.; Ranade, R.M.; Teixeira, J.E.;
Verlinde, C.; et al. Spontaneous Selection of Cryptosporidium Drug Resistance in a Calf Model of Infection. Antimicrob. Agents
Chemother. 2021, 65, 10.1128. [CrossRef]

Elliott, D.A.; Clark, D.P. Cryptosporidium parvum Induces Host Cell Actin Accumulation at the Host-Parasite Interface.
Infect. Immun. 2000, 68, 2315-2322. [CrossRef]

Rider, S.D., Jr.; Zhu, G. Cryptosporidium: Genomic and biochemical features. Exp. Parasitol. 2010, 124, 2-9. [CrossRef]

Xu, R.; Beatty, W.L.; Greigert, V.; Witola, W.H.; Sibley, L.D. Multiple pathways for glucose phosphate transport and utilization
support growth of Cryptosporidium parvum. Nat. Commun. 2024, 15, 380. [CrossRef]

Dengler, F.; Hammon, H.M.; Liermann, W.; Gors, S.; Bachmann, L.; Helm, C.; Ulrich, R.; Delling, C. Cryptosporidium parvum
competes with the intestinal epithelial cells for glucose and impairs systemic glucose supply in neonatal calves. Vet. Res. 2023,
54,40. [CrossRef]

Dhal, A.K,; Pani, A.; Mahapatra, R.K.; Yun, S.I. In-silico screening of small molecule inhibitors against Lactate Dehydrogenase
(LDH) of Cryptosporidium parvum. Comput. Biol. Chem. 2018, 77, 44-51. [CrossRef] [PubMed]

Itahan, R.; Guo, F.; Zhang, H.; Zhu, G. The Action of the Hexokinase Inhibitor 2-deoxy-d-glucose on Cryptosporidium parvum
and the Discovery of Activities against the Parasite Hexokinase from Marketed Drugs. J. Eukaryot. Microbiol. 2019, 66, 460—468.
[CrossRef]

Kayamba, E; Faya, M.; Pooe, O.].; Kushwaha, B.; Kushwaha, N.D.; Obakachi, V.A.; Nyamori, V.O.; Karpoormath, R. Lactate
dehydrogenase and malate dehydrogenase: Potential antiparasitic targets for drug development studies. Bioorg. Med. Chem. 2021,
50, 116458. [CrossRef]

Vélez, ].; Velasquez, Z.; Silva, L M.R.; Gértner, U.; Failing, K.; Daugschies, A.; Mazurek, S.; Hermosilla, C.; Taubert, A. Metabolic
Signatures of Cryptosporidium parvum-Infected HCT-8 Cells and Impact of Selected Metabolic Inhibitors on C. parvum Infection
under Physioxia and Hyperoxia. Biology 2021, 10, 60. [CrossRef] [PubMed]

Liu, S.; Roellig, D.M.; Guo, Y,; Li, N.; Frace, M.A; Tang, K.; Zhang, L.; Feng, Y.; Xiao, L. Evolution of mitosome metabolism and
invasion-related proteins in Cryptosporidium. BMC Genom. 2016, 17, 1006. [CrossRef] [PubMed]

Mogi, T.; Kita, K. Diversity in mitochondrial metabolic pathways in parasitic protists Plasmodium and Cryptosporidium.
Parasitol. Int. 2010, 59, 305-312. [CrossRef] [PubMed]

Mathur, V.; Wakeman, K.C.; Keeling, P.J. Parallel functional reduction in the mitochondria of apicomplexan parasites. Curr. Biol.
2021, 31, 2920-2928.e4. [CrossRef]

Vélez, ]; Silva, LM.R; Gértner, U.; Daugschies, A.; Mazurek, S.; Hermosilla, C.; Taubert, A. First Metabolic Insights into Ex Vivo
Cryptosporidium parvum-Infected Bovine Small Intestinal Explants Studied under Physioxic Conditions. Biology 2021, 10, 963.
[CrossRef]

Durén, R.V,; Oppliger, W.; Robitaille, A.M.; Heiserich, L.; Skendaj, R.; Gottlieb, E.; Hall, M.N. Glutaminolysis activates Rag-
mTORCI1 signaling. Mol. Cell 2012, 47, 349-358. [CrossRef]

Fonseca, B.D.; Diering, G.H.; Bidinosti, M.A.; Dalal, K.; Alain, T.; Balgi, A.D.; Forestieri, R.; Nodwell, M.; Rajadurai, C.V,;
Gunaratnam, C.; et al. Structure-Activity Analysis of Niclosamide Reveals Potential Role for Cytoplasmic pH in Control of
Mammalian Target of Rapamycin Complex 1 (mTORC1) Signaling. J. Biol. Chem. 2012, 287, 17530-17545. [CrossRef]

Li, Y.;; Chen, C; Yao, F; Su, Q.; Liu, D.; Xue, R.; Dai, G.; Fang, R.; Zeng, ].; Chen, Y.; et al. AMPK inhibits cardiac hypertrophy by
promoting autophagy via mTORC1. Arch. Biochem. Biophys. 2014, 558, 79-86. [CrossRef]

Kim, J.; Guan, K.L. mTOR as a central hub of nutrient signalling and cell growth. Nat. Cell Biol. 2019, 21, 63-71. [CrossRef]

Fan, H.; Wu, Y;; Yu, S; Li, X.; Wang, A.; Wang, S.; Chen, W.; Lu, Y. Critical role of mTOR in regulating aerobic glycolysis in
carcinogenesis (Review). Int. J. Oncol. 2021, 58, 9-19. [CrossRef]

Szwed, A.; Kim, E.; Jacinto, E. Regulation and Metabolic Functions of mTORC1 and mTORC2. Physiol. Rev. 2021, 101, 1371-1426.
[CrossRef]

Bodineau, C.; Tome, M.; Courtois, S.; Costa, A.S.H.; Sciacovelli, M.; Rousseau, B.; Richard, E.; Vacher, P.; Parejo-Perez, C.; Bessede,
E.; et al. Two parallel pathways connect glutamine metabolism and mTORC1 activity to regulate glutamoptosis. Nat. Commun.
2021, 12, 4814. [CrossRef]

Paquette, M.; El-Houjeiri, L.; Pause, A. mTOR Pathways in Cancer and Autophagy. Cancers 2018, 10, 18. [CrossRef] [PubMed]
Zou, Z.; Tao, T,; Li, H.; Zhu, X. mTOR signaling pathway and mTOR inhibitors in cancer: Progress and challenges. Cell Biosci.
2020, 10, 31. [CrossRef]


https://doi.org/10.1016/j.ijpara.2017.09.004
https://www.ncbi.nlm.nih.gov/pubmed/29122606
https://doi.org/10.1016/j.tvjl.2007.09.022
https://www.ncbi.nlm.nih.gov/pubmed/18032076
https://www.cdc.gov/cryptosporidium/hcp/clinical-care/index.html
https://www.cdc.gov/cryptosporidium/hcp/clinical-care/index.html
https://doi.org/10.1128/AAC.00023-21
https://doi.org/10.1128/IAI.68.4.2315-2322.2000
https://doi.org/10.1016/j.exppara.2008.12.014
https://doi.org/10.1038/s41467-024-44696-3
https://doi.org/10.1186/s13567-023-01172-y
https://doi.org/10.1016/j.compbiolchem.2018.09.002
https://www.ncbi.nlm.nih.gov/pubmed/30240985
https://doi.org/10.1111/jeu.12690
https://doi.org/10.1016/j.bmc.2021.116458
https://doi.org/10.3390/biology10010060
https://www.ncbi.nlm.nih.gov/pubmed/33467500
https://doi.org/10.1186/s12864-016-3343-5
https://www.ncbi.nlm.nih.gov/pubmed/27931183
https://doi.org/10.1016/j.parint.2010.04.005
https://www.ncbi.nlm.nih.gov/pubmed/20433942
https://doi.org/10.1016/j.cub.2021.04.028
https://doi.org/10.3390/biology10100963
https://doi.org/10.1016/j.molcel.2012.05.043
https://doi.org/10.1074/jbc.M112.359638
https://doi.org/10.1016/j.abb.2014.06.023
https://doi.org/10.1038/s41556-018-0205-1
https://doi.org/10.3892/ijo.2020.5152
https://doi.org/10.1152/physrev.00026.2020
https://doi.org/10.1038/s41467-021-25079-4
https://doi.org/10.3390/cancers10010018
https://www.ncbi.nlm.nih.gov/pubmed/29329237
https://doi.org/10.1186/s13578-020-00396-1

Pathogens 2025, 14, 1002 18 of 19

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

Ali, E.S.; Mitra, K.; Akter, S.; Ramproshad, S.; Mondal, B.; Khan, L.N.; Islam, M.T.; Sharifi-Rad, J.; Calina, D.; Cho, W.C. Recent
advances and limitations of mTOR inhibitors in the treatment of cancer. Cancer Cell Int. 2022, 22, 284. [CrossRef]

Marafie, S.K.; Al-Mulla, F.; Abubaker, ]. mTOR: Its Critical Role in Metabolic Diseases, Cancer, and the Aging Process. Int. J. Mol.
Sci. 2024, 25, 6141. [CrossRef]

He, L.; Cho, S.; Blenis, ]. mTORC1, the maestro of cell metabolism and growth. Genes Dev. 2025, 39, 109-131. [CrossRef]

Rashid, M.M.; Lee, H.; Jung, B.H. Metabolite identification and pharmacokinetic profiling of PP242, an ATP-competitive inhibitor
of mTOR using ultra high-performance liquid chromatography and mass spectrometry. J. Chromatogr. B Analyt. Technol. Biomed.
Life Sci. 2018, 1072, 244-251. [CrossRef]

Janes, M.R; Limon, J.J.; So, L.; Chen, J.; Lim, R.J.; Chavez, M.A,; Vu, C,; Lilly, M.B.; Mallya, S.; Ong, S.T.; et al. Effective and
selective targeting of Ph+ leukemia cells using a TORC1/2 kinase inhibitor. Nat. Med. 2010, 16, 205-213. [CrossRef] [PubMed]
Khanfar, M.A.; Bardaweel, S.K.; Akl, M.R,; El Sayed, K.A. Olive Oil-derived Oleocanthal as Potent Inhibitor of Mammalian Target
of Rapamycin: Biological Evaluation and Molecular Modeling Studies. Phytother. Res. 2015, 29, 1776-1782. [CrossRef] [PubMed]
Zheng, L.; Kelly, C.J.; Colgan, S.P. Physiologic hypoxia and oxygen homeostasis in the healthy intestine. A Review in the Theme:
Cellular Responses to Hypoxia. Am. J. Physiol. Cell Physiol. 2015, 309, C350—-C360. [CrossRef] [PubMed]

Tandel, J.; English, E.D.; Sateriale, A.; Gullicksrud, J.A.; Beiting, D.P,; Sullivan, M.C.; Pinkston, B.; Striepen, B. Life cycle
progression and sexual development of the apicomplexan parasite Cryptosporidium paroum. Nat. Microbiol. 2019, 4, 2226-2236.
[CrossRef] [PubMed]

Schindelin, J.; Arganda-Carreras, I.; Frise, E.; Kaynig, V.; Longair, M.; Pietzsch, T.; Preibisch, S.; Rueden, C.; Saalfeld, S.; Schmid,
B.; et al. Fiji: An open-source platform for biological-image analysis. Nat. Methods 2012, 9, 676—682. [CrossRef] [PubMed]

Di Paola, EJ.; Cardoso, L.H.; Nikitopoulou, E.; Kulik, B.; Riihl, S.; Eva, A.; Sommer, N.; Linn, T.; Gnaiger, E.; Failing, K.; et al.
Impact of mtG3PDH inhibitors on proliferation and metabolism of androgen receptor-negative prostate cancer cells: Role of
extracellular pyruvate. PLoS ONE 2025, 20, e0325509. [CrossRef]

El Haouari, M.; Quintero, J.E.; Rosado, ].A. Anticancer molecular mechanisms of oleocanthal. Phytother. Res. 2020, 34, 2820-2834.
[CrossRef]

Jannati, S.; Patel, A.; Patnaik, R.; Banerjee, Y. Oleocanthal as a Multifunctional Anti-Cancer Agent: Mechanistic Insights, Advanced
Delivery Strategies, and Synergies for Precision Oncology. Int. . Mol. Sci. 2025, 26, 5521. [CrossRef]

Delafosse, A.; Chartier, C.; Dupuy, M.C.; Dumoulin, M.; Pors, I.; Paraud, C. Cryptosporidium parvum infection and associated risk
factors in dairy calves in western France. Prev. Vet. Med. 2015, 118, 406—412. [CrossRef]

de Alba, P; Garro, C.; Florin-Christensen, M.; Schnittger, L. Prevalence, risk factors and molecular epidemiology of neonatal
cryptosporidiosis in calves: The Argentine perspective. Curr. Res. Parasitol. Vector. Borne. Dis. 2023, 4, 100147. [CrossRef]

Sone, B.; Ambe, L.A.; Ampama, M.N.; Ajohkoh, C.; Che, D.; Nguinkal, J.A.; Taubert, A.; Hermosilla, C.; Kamena, F. Prevalence
and Molecular Characterization of Cryptosporidium Species in Diarrheic Children in Cameroon. Pathogens 2025, 14, 287. [CrossRef]
Wu, S.; Shao, T.; Xie, J.; Li, J.; Sun, L.; Zhang, Y.; Zhao, L.; Wang, L.; Li, X.; Zhang, L.; et al. MiR-199a-3p regulates HCT-8
cell autophagy and apoptosis in response to Cryptosporidium parvum infection by targeting MTOR. Commun. Biol. 2024, 7, 924.
[CrossRef]

Batarseh, Y.S.; Mohamed, L.A.; Al Rihani, S.B.; Mousa, Y.M.; Siddique, A.B.; El Sayed, K.A.; Kaddoumi, A. Oleocanthal
Ameliorates Amyloid-beta Oligomers Toxicity on Astrocytes and Neuronal Cells: In-vitro Studies. Neuroscience 2017, 352, 204-215.
[CrossRef]

Guo, L.; Zhou, B.; Liu, Z.; Xu, Y,; Lu, H.; Xia, M.; Guo, E.; Shan, W.; Chen, G.; Wang, C. Blockage of glutaminolysis enhances the
sensitivity of ovarian cancer cells to PI3K/mTOR inhibition involvement of STAT3 signaling. Tumour. Biol. 2016, 37, 11007-11015.
[CrossRef]

Yang, H.; Zhang, M.; Wang, X.; Gong, P; Zhang, N.; Zhang, X.; Li, X,; Li, J. Cryptosporidium parvum maintains intracellular survival
by activating the host cellular EGFR-PI3K/ Akt signaling pathway. Mol. Immunol. 2023, 154, 69-79. [CrossRef]

Xu, Z.; Han, X,; Ou, D,; Liu, T.; Li, Z,; Jiang, G.; Liu, J.; Zhang, J. Targeting PI3K/AKT/mTOR-mediated autophagy for tumor
therapy. Appl. Microbiol. Biotechnol. 2020, 104, 575-587. [CrossRef] [PubMed]

Priyamvada, S.; Jayawardena, D.; Bhalala, J.; Kumar, A.; Anbazhagan, A.N.; Alrefai, W.A.; Borthakur, A.; Dudeja, PK. Cryp-
tosporidium parvum infection induces autophagy in intestinal epithelial cells. Cell Microbiol. 2021, 23, €13298. [CrossRef] [PubMed]
Beauchamp, G.K,; Keast, R.S.; Morel, D.; Lin, J.; Pika, J.; Han, Q.; Lee, C.H.; Smith, A.B.; Breslin, P.A. Phytochemistry: Ibuprofen-
like activity in extra-virgin olive oil. Nature 2005, 437, 45-46. [CrossRef]

Smith, A.B., 3rd; Han, Q.; Breslin, P.A.; Beauchamp, G.K. Synthesis and assignment of absolute configuration of (-)-oleocanthal:
A potent, naturally occurring non-steroidal anti-inflammatory and anti-oxidant agent derived from extra virgin olive oils.
Org. Lett. 2005, 7, 5075-5078. [CrossRef] [PubMed]

Gonzalez-Rodriguez, M.; Ait Edjoudi, D.; Cordero-Barreal, A.; Farrag, M.; Varela-Garcia, M.; Torrijos-Pulpon, C.; Ruiz-Fernandez,
C.; Capuozzo, M.; Ottaiano, A.; Lago, F; et al. Oleocanthal, an Antioxidant Phenolic Compound in Extra Virgin Olive Oil (EVOO):
A Comprehensive Systematic Review of Its Potential in Inflammation and Cancer. Antioxidants 2023, 12, 2112. [CrossRef]


https://doi.org/10.1186/s12935-022-02706-8
https://doi.org/10.3390/ijms25116141
https://doi.org/10.1101/gad.352084.124
https://doi.org/10.1016/j.jchromb.2017.11.027
https://doi.org/10.1038/nm.2091
https://www.ncbi.nlm.nih.gov/pubmed/20072130
https://doi.org/10.1002/ptr.5434
https://www.ncbi.nlm.nih.gov/pubmed/26248874
https://doi.org/10.1152/ajpcell.00191.2015
https://www.ncbi.nlm.nih.gov/pubmed/26179603
https://doi.org/10.1038/s41564-019-0539-x
https://www.ncbi.nlm.nih.gov/pubmed/31477896
https://doi.org/10.1038/nmeth.2019
https://www.ncbi.nlm.nih.gov/pubmed/22743772
https://doi.org/10.1371/journal.pone.0325509
https://doi.org/10.1002/ptr.6722
https://doi.org/10.3390/ijms26125521
https://doi.org/10.1016/j.prevetmed.2015.01.005
https://doi.org/10.1016/j.crpvbd.2023.100147
https://doi.org/10.3390/pathogens14030287
https://doi.org/10.1038/s42003-024-06632-5
https://doi.org/10.1016/j.neuroscience.2017.03.059
https://doi.org/10.1007/s13277-016-4984-3
https://doi.org/10.1016/j.molimm.2023.01.002
https://doi.org/10.1007/s00253-019-10257-8
https://www.ncbi.nlm.nih.gov/pubmed/31832711
https://doi.org/10.1111/cmi.13298
https://www.ncbi.nlm.nih.gov/pubmed/33237610
https://doi.org/10.1038/437045a
https://doi.org/10.1021/ol052106a
https://www.ncbi.nlm.nih.gov/pubmed/16235961
https://doi.org/10.3390/antiox12122112

Pathogens 2025, 14, 1002 19 of 19

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

Leo, M.; Mancini, C.; Lori, G.; Delre, P.; Ferraris, I.; Lucchini, F.; Molinario, A.; Leri, M.; Castellaneta, A.; Losito, I.; et al.
Secoiridoid-enriched extra virgin olive oil extracts enhance mitochondrial activity and antioxidant response in colorectal cancer
cells: The role of Oleacein and Oleocanthal in PPARYy interaction. Free Radic. Biol. Med. 2025, 235, 56-72. [CrossRef]

Amaya, M.L.; Inguva, A.; Pei, S.; Jones, C.; Krug, A.; Ye, H.; Minhajuddin, M.; Winters, A.; Furtek, S.L.; Gamboni, F; et al. The
STAT3-MYC axis promotes survival of leukemia stem cells by regulating SLC1A5 and oxidative phosphorylation. Blood 2022,
139, 584-596. [CrossRef]

Sun, N,; Liang, Y.; Chen, Y.; Wang, L.; Li, D.; Liang, Z.; Sun, L.; Wang, Y.; Niu, H. Glutamine affects T24 bladder cancer cell
proliferation by activating STAT3 through ROS and glutaminolysis. Int. J. Mol. Med. 2019, 44, 2189-2200. [CrossRef]

Pei, T.; Meng, Q.; Han, J.; Sun, H.; Li, L.; Song, R.; Sun, B.; Pan, S.; Liang, D.; Liu, L. (-)-Oleocanthal inhibits growth and metastasis
by blocking activation of STAT3 in human hepatocellular carcinoma. Oncotarget 2016, 7, 43475-43491. [CrossRef]

El-Wakil, E.; El-Maadawy, A.; Bayomy, A.; Shakra, M.; Mohamed, A.; El shahat Mostafa, M.; Helal, H. Niclosamid modulates
chronic Cryptosporidium-induced ileocecal adenocarcinoma in immunocompromised infected mice via targeting IL-6/IL-22-
STAT3 axis. Res. Vet. Sci. 2025, 196, 105895. [CrossRef] [PubMed]

Tsolaki, M.; Lazarou, E.; Kozori, M.; Petridou, N.; Tabakis, I.; Lazarou, I.; Karakota, M.; Saoulidis, I.; Melliou, E.; Magiatis, P.
A Randomized Clinical Trial of Greek High Phenolic Early Harvest Extra Virgin Olive Oil in Mild Cognitive Impairment: The
MICOIL Pilot Study. J. Alzheimer’s Dis. 2020, 78, 801-817. [CrossRef]

Long, Z.; Xiang, W.; He, Q.; Xiao, W.; Wei, H.; Li, H.; Guo, H.; Chen, Y.; Yuan, M.; Yuan, X,; et al. Efficacy and safety of dietary
polyphenols in rheumatoid arthritis: A systematic review and meta-analysis of 47 randomized controlled trials. Front Immunol.
2023, 14, 1024120. [CrossRef]

Ruggiero, E.; Sharma, S.; Di Castelnuovo, A.; Costanzo, S.; Panzera, T.; Esposito, S.; Cerletti, C.; Donati, M.B.; de Gaetano, G.;
Tacoviello, L.; et al. Olive oil consumption and risk of breast cancer: Prospective results from the Moli-sani Study, and a systematic
review of observational studies and randomized clinical trials. Eur. J. Cancer 2025, 224, 115520. [CrossRef] [PubMed]

Siddique, A.B.; King, J.A.; Meyer, S.A.; Abdelwahed, K.; Busnena, B.; El Sayed, K. Safety Evaluations of Single Dose of the Olive
Secoiridoid S-(-)-Oleocanthal in Swiss Albino Mice. Nutrients 2020, 12, 314. [CrossRef]

Lopez-Yerena, A.; Vallverdu-Queralt, A.; Mols, R.; Augustijns, P.; Lamuela-Raventos, R.M.; Escribano-Ferrer, E. Absorption and
Intestinal Metabolic Profile of Oleocanthal in Rats. Pharmaceutics 2020, 12, 134. [CrossRef] [PubMed]

Nikou, T.; Sakavitsi, M.E.; Kalampokis, E.; Halabalaki, M. Metabolism and Bioavailability of Olive Bioactive Constituents Based
on In Vitro, In Vivo and Human Studies. Nutrients 2022, 14, 3773. [CrossRef]

Tajmim, A.; Cuevas-Ocampo, A.K,; Siddique, A.B.; Qusa, M.H.; King, J.A.; Abdelwahed, K.S.; Sonju, ]J.J.; El Sayed, K.A. (-)-
Oleocanthal Nutraceuticals for Alzheimer’s Disease Amyloid Pathology: Novel Oral Formulations, Therapeutic, and Molecular
Insights in 5xFAD Transgenic Mice Model. Nutrients 2021, 13, 1702. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual

author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to

people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1016/j.freeradbiomed.2025.04.031
https://doi.org/10.1182/blood.2021013201
https://doi.org/10.3892/ijmm.2019.4385
https://doi.org/10.18632/oncotarget.9782
https://doi.org/10.1016/j.rvsc.2025.105895
https://www.ncbi.nlm.nih.gov/pubmed/40967104
https://doi.org/10.3233/JAD-200405
https://doi.org/10.3389/fimmu.2023.1024120
https://doi.org/10.1016/j.ejca.2025.115520
https://www.ncbi.nlm.nih.gov/pubmed/40449295
https://doi.org/10.3390/nu12020314
https://doi.org/10.3390/pharmaceutics12020134
https://www.ncbi.nlm.nih.gov/pubmed/32033424
https://doi.org/10.3390/nu14183773
https://doi.org/10.3390/nu13051702

	Introduction 
	Materials and Methods 
	Host Cell Culture 
	Inhibitors and Treatment Protocols 
	XTT Tests 
	C. parvum Oocyst Excystation and Host Cell Infection 
	Immunofluorescence Microscopic Detection of Intracellular C. parvum Stages 
	Fluorescence Image Acquisition 
	Quantification of Metabolic Conversion Rates in Host Cell Culture Supernatants 
	Statistical Analysis 

	Results 
	Effects of Oleocanthal and PP242 Treatments on C. parvum Infection 
	Impact of Oleocanthal Treatment on the Metabolic Signature of C. parvum-Infected HCT-8 Cells in Physioxia and Hyperoxia 

	Discussion 
	Conclusions and Outlook 
	References

