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Introduction: Giardia lamblia is a flagellated protozoan parasite causing giardiasis, a common intestinal infection characterized by diarrhea, abdominal cramps, and nausea. Treatments employed to combat this parasitic infection have remained unchanged for the past 40 years, leading to the emergence of resistant strains and prompting the search for new therapeutic agents.

Methods: This study investigated the cytotoxic effects of ivermectin (IVM) on G. lamblia trophozoites. We conducted dose-response experiments to assess IVM-induced cytotoxicity. We utilized various biochemical and ultrastructural analyses to explore the underlying mechanisms of cell death, including reactive oxygen species (ROS) production, DNA fragmentation, cell cycle arrest, and apoptosis markers.

Results: Our findings demonstrate that IVM induces dose-dependent cytotoxicity and triggers cell death pathways. We found that IVM treatment generates elevated levels of reactive oxygen species (ROS), DNA fragmentation, and arrests of trophozoites in the cell cycle’s S phase. Additionally, ultrastructural analysis reveals morphological alterations consistent with apoptosis, such as cytoplasmic vacuolization, chromatin condensation, and tubulin distribution.

Discussion: The insights gained from this study may contribute to developing new therapeutic strategies against giardiasis, addressing the challenge posed by drug-resistant strains.
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Introduction

Giardia lamblia, also known as G. intestinalis and G. duodenalis, is a widespread intestinal parasite causing giardiasis, impacting approximately 200 million people globally, with a significant prevalence in Asia, Africa, and Latin America. This parasitic infection is transmitted through the fecal-oral route, involving contact with infected individuals, livestock, wild animals, or consuming contaminated water or food containing cysts (Adam, 2021; Farthing, 1997; Gillin et al., 1996). The spectrum of infection ranges from asymptomatic cases to chronic illnesses, presenting symptoms like diarrhea, dehydration, abdominal distension, nausea, vomiting, bloating, and malabsorption. Chronic consequences include fatigue, irritable bowel syndrome, and growth delay in young children (Farthing, 1997; Gillin et al., 1996). In the environment, G. lamblia is encased in an outer shell (cyst wall) that enables it to survive outside the host and renders it tolerant to disinfection by hypochlorite (Adam, 2021). Inside the host, cysts differentiate into trophozoites that colonize the intestine and cause disease symptoms.

Existing antiparasitic drugs, such as metronidazole (MTZ), exhibit undesirable side effects and resistance mechanisms, prompting the search for novel, more effective, and safer agents with selective toxicity for the parasitic organism and minimal impact on the host (Upcroft and Upcroft, 2001). A previous study from our laboratory revealed that ivermectin (IVM) has a lethal effect on G. lamblia trophozoites at high concentrations and influences the trophozoites differentiation into cysts (Mayol et al., 2020). IVM, a macrolide antiparasitic drug family member, is recognized for its composition, featuring a 16-membered ring derived from avermectin (Caly et al., 2020; Campbell, 2012). Originally approved by the FDA for human use in 1978, IVM—often referred to as a “wonder drug” akin to penicillin and aspirin—has made a profound impact on global health (Sulik et al., 2023). Notably effective in treating parasitic diseases such as river blindness, elephantiasis, and scabies, it earned its discoverers, Satoshi Omura and William C. Campbell, the Nobel Prize in Physiology and Medicine in 2015 (McKerrow, 2015).

As the challenge of parasites resistant to conventional treatments continues to grow, IVM emerges as a multifaceted solution in combating a range of parasitic diseases. In leishmaniasis, IVM displays notable antileishmanial activity, showcasing prophylactic effects and reduced parasite load (Freitas et al., 2023; Hanafi et al., 2011; Reis et al., 2021). For trypanosomiasis, IVM demonstrates efficacy against various stages of Trypanosoma parasites, presenting both trypanostatic and trypanocidal effects, and it also holds potential for controlling vectors (Fraccaroli et al., 2022; Gupta et al., 2022; Katsuno et al., 2015; Mosquillo et al., 2018; Pooda et al., 2013; Udensi and Fagbenro-Beyioku, 2012). In the case of Malaria, IVM exhibits capacity as an antimalarial agent, targeting multiple species and stages of the parasite, with added mosquitocidal and larvicidal activities (Foley et al., 2000; Kobylinski et al., 2012; Kobylinski et al., 2017). Its consideration in schistosomiasis treatment, alongside praziquantel, highlights its effectiveness in reducing worm and egg burdens, though further research is essential (Katz et al., 2017; Vicente et al., 2021). In trichinosis, IVM proves effective against mature larvae, showcasing versatility across different life-cycle stages (Elmehy et al., 2021; Mukaratirwa et al., 2008; Soliman et al., 2011). Overall, IVM’s diverse applications underscore its significance as a promising therapeutic agent against various parasitic diseases, signaling a comprehensive approach to global health challenges.

In G. lamblia, in concentration tests ranging from 25 μM to 100 μM, it was found that 60 μM and 80 μM of IVM slightly inhibit parasite growth (Mayol et al., 2020). This study aims to elucidate the mechanism of cell death exerted by IVM during parasite growth, highlighting its potential as a novel anti-giardial agent. The investigation focuses on regulated necrosis or apoptosis, two distinct types of cell death. Necrosis involves passive cell death due to irreversible damage, whereas apoptosis is a metabolic process involving mitochondria (Henry et al., 2013; Ledda-Columbano et al., 1991; Taylor et al., 2008). IVM likely employs alternative mechanisms in G. lamblia since this parasite lacks mitochondria and a conventional endosomal-lysosomal system. In this study, this drug demonstrated significant cytotoxicity against G. lamblia trophozoites, particularly at higher concentrations. Determination of the half-maximal inhibitory concentration (IC50) revealed a dose-dependent effect, hindering trophozoite growth. IVM treatment led to elevated ROS levels in the treated cells, with a concentration-dependent increase observed in both the cytoplasm and nuclei of trophozoites. Additionally, exposure to IVM resulted in DNA fragmentation. Annexin V and PI (Propidium Iodide) staining revealed higher levels of cell death through apoptosis and necrosis in trophozoites treated with higher drug concentrations. Our findings revealed that the treatment caused significant arrest in the S phase of the cell cycle in G. lamblia trophozoites and induced structural changes. These findings highlight the drug’s mechanism of action and its potential as a promising anti-giardial agent and contribute to developing enhanced therapeutic approaches for giardiasis.



Materials and methods


Organisms and in vitro cultures

The trophozoites of G. lamblia used in this study were obtained from the WB strain clone 1267, available at the American Type Culture Collection (ATCC 50582) (Gillin et al., 1990). Axenic cultures of trophozoites were maintained in TYI-S-33 medium supplemented with 10% v/v adult bovine serum and 5% w/v bovine bile (Gillin and Diamond, 1981). The cultures were performed in borosilicate tubes with screw caps (Eurotubo Deltalab). To collect microorganisms, tubes containing actively growing cells were chilled at 4 °C for 30 min and then harvested by centrifugation at 2500 rpm for 15 min at 4 °C.



Ivermectin treatment

IVM, acquired from Sigma-Aldrich (St. Louis, MO, USA), was dissolved in dimethyl sulfoxide (DMSO) to its maximum solubility, resulting in a stock solution with a 56 mg/mL concentration. Parasites (5 × 105 cells) were cultured for 24 h in IVM, whereas the control group was treated with 0.5% v/v DMSO (vehicle).



Cell proliferation assay

The MTT ((3-(4, 5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide)) colorimetric assay was performed to investigate the cytotoxic potential of IVM (Joray et al., 2015; Mosmann, 1983). In summary, 5 × 105 trophozoites suspended in 100 μL of growth medium were seeded in 96-well plates from Greiner Bio-One (Germany), containing 100 μL of complete medium and serial two-fold dilutions of IVM dissolved in 0.5% v/v DMSO, a concentration at which no adverse effects on cell growth were observed. The drug was evaluated at the final maximum concentration of 100 μM. After 48 h of anaerobic incubation in plates in a CO2 chamber, the plates were washed three times with sterile PBS by centrifugation. The trophozoites were suspended in 200 μL of PBS. Then, 20 μL of MTT solution (5 mg/mL in sterile PBS, pH 7.4) was added, and the mixture was incubated for 4 hours. After incubation, it was centrifuged at 2000 rpm for 5 minutes. The supernatants were discarded, and the formazan crystals produced by metabolically active cells were dissolved in 100 μL of DMSO. The absorbance was measured at 595 nm using a microplate reader. Two wells duplicates were used for each concentration of IVM, and three independent experiments were conducted. Untreated and DMSO-treated cells (0.5%) were used as controls. The percentage of cytotoxic activity of IVM was determined using the following formula: cytotoxicity (%) = [1 - (optical density of treated cells - optical density of DMSO)/(optical density of control cells treated with DMSO - optical density of DMSO)] × 100 (Joray et al., 2015). The obtained values were used to calculate the IC50 of the compound through non-linear regression using GraphPad Prism 9.0 software (GraphPad Software, Inc., CA, USA), following the method described by (Mosmann, 1983). The results are expressed as the mean ± SE.



Detection of oxidative DNA damage

Reactive oxygen species (ROS) formation was evaluated using the fluorescent probe 2′,7′-dichlorodihydrofluorescein diacetate (H2DCFDA). Trophozoites were exposed to IVM at concentrations of 40, 60, and 80 μM, washed with PBS, and incubated for 30 min at 37 °C with a fluorescent tracer at 25 μM (Image-ITTM Live Green ROS Detection kit; Life Technologies, USA). Subsequently, Hoechst 33342 was added at a final concentration of 1 μM for 5 minutes. Finally, the fluorescence was visualized using an FV1200 confocal microscope (Center for Micro and Nanoscopy of Córdoba. CEMINCO).



TUNEL assay

Treated and untreated cells were detached by incubation in an ice-water bath for 30 minutes, harvested by centrifugation at 2500 rpm for 10 minutes at 4 °C, and washed twice with PBS. Parasites were resuspended in 1 mL of PBS medium 1% v/v and a drop were placed in coverslips pre-treated with polyLysine. Then, coverslips were incubated at 37 °C for 30 min to allow the trophozoites to adhere. The cells were fixed in 4% v/v formaldehyde in PBS for 40 min, then washed two times with PBS for 5 min, permeabilized with 0.1% v/v Triton X-100 for 30 min, and washed two times with PBS for 5 min. Finally, the TUNEL (Terminal deoxynucleotidyl transferase dUTP Nick-End Labeling) assay was carried out using a Situ Cell Death Detection Kit, TMR red (TUNEL technology, Roche), according to the manufacturer’s protocol.



Annexin V/PI dual staining assay in trophozoites

Annexin V and PI staining were performed using a commercial kit (Dead Cell Apoptosis Kit with Annexin V Alexa Fluor488 & Propidium Iodide, Invitrogen™) following the manufacturer’s protocol. Briefly, treated and untreated trophozoites were washed with cold PBS medium (1%), and the cell pellet was resuspended in 1X Annexin binding buffer and kept on ice. Next, 5 μL of Annexin V Alexa Fluor® 488 (which binds to phosphatidylserine exposed on the outer leaflet of the plasma membrane, an early marker of apoptosis) and 1 μL of a working solution of PI (which penetrates cells with compromised membranes, indicating late apoptosis or necrosis) were added. The cells were then incubated at room temperature in the dark for 15 min. Data were collected using a BD FACSCanto™ (BD Biosciences) at the CIBICI-CONICET-UNC and analyzed by flow cytometry. Annexin V-positive and PI-negative cells were considered apoptotic (early apoptosis), while cells positive for both Annexin V and PI were classified as in late apoptosis or necrotic. Cells positive for PI but negative for Annexin V were considered necrotic. Results were expressed as mean ± SD. Data were analyzed using one-way analysis of variance (ANOVA) with Tukey’s post hoc test. GraphPad Prism 9.0 was used, with p ≤ 0.05 considered statistically significant. Additionally, fluorescence was examined using an FV1200 confocal microscope (Center for Micro and Nanoscopy of Córdoba. CEMINCO). The experiments were conducted in triplicate.



Cell cycle distribution by flow cytometry

Two million cells in the exponential growth phase were utilized in each culture set, including the negative control (cells treated only with the vehicle, DMSO) and IVM-treated cells at 40, 60, and 80 μM. Following treatment, cells were harvested and washed twice with ice-cold PBS. Subsequently, they were fixed in 70% v/v cold ethanol and stored at 4 °C for 48 h. Before analysis, cells were washed twice with PBS and stained with a solution containing propidium iodide (PI, 2 μg/mL, Sigma-Aldrich CO, USA) and RNase A (50 μg/mL, Sigma-Aldrich CO, USA) in PBS (pH 7.4) overnight at 4 °C in the dark. DNA content was assessed using flow cytometry with the BD FACSCanto™ (BD Biosciences) located at CIBICI-CONICET-UNC. The relative distribution of at least 20,000 cells was analyzed using the FlowJo software version 7.6.2 (Tree Star, Inc. OR, USA).



Ultrastructural analysis by transmission electron microscopy (TEM)

After the treatments, control or treated trophozoites were washed with PBS and fixed in a Karnovsky mixture containing 4% (w/v) formaldehyde and 2% (w/v) glutaraldehyde in 0.1 M cacodylate buffer for 2 h. Then, fixed cells were centrifuged, and the pellets were washed and treated with 1% OsO4 for 1 h. Cells were embedded in Spur resin after dehydration with a series of graded cold acetones. Following a 48-h polymerization at 60 °C, 90 nm ultrathin sections were cut using an RMC Power Tome -XL ultramicrotome with a diamond knife. Finally, the grids were examined using a Hitachi HT 7800 electron microscope (Hitachi, Tokyo, Japan) operated at 80 kv and photographed with an NS 15 AMT camera (Advanced Microscopy Techniques Corp., Woburn, MA, USA) located at Electron Microscopy Center, Faculty of Medical Sciences, UNC.



Immunofluorescence assay (IFA) and confocal microscopy

The IFA of fixed cells was performed as described by Rivero et al. (2010). Briefly, trophozoites were cultured in a growth medium, harvested, and attached to slides pre-treated with polyLysine. After fixation with 4% v/v formaldehyde, the cells were blocked with 3% g/v bovine serum albumin (BSA) in PBS Tween 0.05% v/v. The cells were then incubated with the anti-alpha tubulin (Sigma, St. Louis, MO) or anti-alpha acetylated tubulin (Sigma) in 1.5% g/v BSA in PBS Tween 0.05% v/v, followed by incubation Goat anti-Mouse IgG Secondary Antibody™, Alexa Fluor 488 (ThermoFisher Scientific) in 1.5% g/v BSA in PBS Tween 0.05% v/v. The preparations were washed with PBS and mounted in FluorSave™ mounting medium. Fluorescence staining was visualized with a motorized FV1200 Olympus confocal microscope (Olympus UK Ltd, UK), with 63X oil immersion objectives (Numerical Aperture 1.32). Differential interference contrast (DIC) images were collected simultaneously with the fluorescence images using a transmitted light detector. Images were processed using Fiji software (Schindelin et al., 2012).




Results


Ivermectin exhibits cytotoxicity against Giardia lamblia trophozoites

Our previous investigations showed that Ivermectin (IVM) demonstrates cytotoxicity against Giardia lamblia trophozoites at high concentrations (Mayol et al., 2020). Here, we determined the half-maximal inhibitory concentration (IC50) of IVM on G. lamblia trophozoites by determining the percentage of cell viability relative to the Log10 of IVM concentration (expressed in μM) (Figure 1). The results showed a decrease in cell viability as the drug concentration (0.47 to 60 μM) increases, with an IC50 value of 39.51 ± 6.65 μM. Further analysis indicated that IVM exhibited high cytotoxic effects on G. lamblia trophozoite, inducing 85.25 ± 3.42% and 97.25 ± 1.54% cell death at 60 μM and 80 μM concentrations, respectively. Thus, to investigate whether IVM induces apoptosis or necrosis, we decided to perform the next experiments by subjecting G. lamblia trophozoites to a 24-hour treatment period using three different concentrations of IVM (40 μM, 60 μM, and 80 μM). This approach allowed us to examine the cell death mechanisms of IVM in still-alive cells.
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FIGURE 1
Dose-Response Curves Showing the Relationship Between Giardia lamblia Trophozoites’ Viability and Log10 Ivermectin (IVM) Concentration. Viability of trophozoites 48 hours post-treatment with increasing concentrations of IVM was assessed using the MTT assay. Values represent mean ± standard error (SE) from at least three independent experiments.




Ivermectin elicits ROS production

Oxidative stress involves the increase of reactive oxygen species (ROS) within cells, which can damage lipids, proteins, and DNA (Kho et al., 2018). Interestingly, in several cancer cell model studies, oxidative stress has been linked to IVM, demonstrating a significant increase in intracellular ROS (Liu et al., 2016). We treated parasites with IVM at 40, 60, and 80 μM concentrations, analyzing at least 100 cells for each condition using confocal microscopy. Compared to untreated controls, higher ROS levels were observed in cells treated with 40, 60, and 80 μM IVM. Confocal microscopy analysis revealed fluorescent staining indicative of ROS formation in most of the treated cells (Figure 2). Detailed analysis of individual cells showed a widespread distribution of ROS throughout the trophozoite cytoplasm during incubation with the different doses of IVM (Figure 2). Additionally, a dose-dependent increase in ROS staining within the nuclei of trophozoites was observed (Figure 2). These findings indicate that IVM triggers both cytoplasmic and nuclear ROS signaling in a concentration-dependent manner, suggesting it has complex oxidative stress effects on the parasite.
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FIGURE 2
Reactive Oxygen Species (ROS) Production in Giardia lamblia Trophozoites Exposed to Ivermectin. Trophozoites were exposed to vehicle (DMSO) and 40 μM, 60 μM, or 80 μM IVM for 24 hours at 37 °C. ROS production was measured using DCFDH. Metronidazole served as a control for intracellular ROS production. Micrographs depict trophozoites stained with DCFDH (left panels), nuclei stained with Hoechst (middle panels), and Differential Interference Contrast microscopy (DIC) (right panels). Increased ROS production was observed after IVM treatment compared to untreated cells. Images are representative of three independent experiments. Scale bars = 5 μm.




Ivermectin induces DNA fragmentation

Oxidative damage from intracellular ROS can cause DNA damage, including base modifications and single- and double-strand breaks, among other lesions that are often toxic and mutagenic (Cheung et al., 2024). A TUNEL assay was performed to investigate further DNA fragmentation in G. lamblia trophozoites exposed to IVM. TUNEL-positive cells, indicating DNA strand breaks, were significantly more prevalent in trophozoites treated with the drug than in untreated controls. No difference in fluorescence intensity was evident between IVM 40, 60, and 80 μM (Figure 3). The DNA damage signal was detected in the nucleus, as the TMR red signal overlapped with that of DAPI. In contrast, the control cells displayed no fluorescence, indicating no endogenous DNA fragmentation. These results suggest that IVM induces substantial DNA damage in G. lamblia, as confirmed by the TUNEL assay, further supporting its cytotoxic effects on the parasite.
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FIGURE 3
DNA Fragmentation in Giardia lamblia Trophozoites Treated with Ivermectin. TUNEL assays were performed on trophozoites treated with 40 μM, 60 μM, and 80 μM ivermectin (IVM), and DMSO (vehicle control). The first column shows DIC + DAPI-stained cells, the second column shows TUNEL-positive cells (red), and the third column provides inset images highlighting TUNEL and DAPI signals. Trophozoites treated with IVM display high levels of DNA fragmentation, visible as red fluorescence in the TUNEL channel, in contrast to the control (DMSO). Scale bars = 10 μm.




Ivermectin triggers cell death in a concentration-dependent manner

Flow cytometry and confocal microscopy were used to investigate the programmed cell death mechanism with the commercial Dead Cell Apoptosis Kit containing Annexin V Alexa Fluor 488 and Propidium Iodide (PI). One indicative feature of apoptosis is the externalization of phosphatidylserine (PS), detected by Annexin V on the plasma membrane. DNA degradation, a key cell death marker, was evaluated using PI, a membrane-impermeable nucleic acid-specific dye. Flow cytometry allowed the analysis of cells in early apoptosis (Q3), late apoptosis/necrosis (Q2), necrosis (Q1), and the total percentage of dead cells (Q3 + Q2 + Q1). Dot plots revealed a concentration-dependent increase in cell death (Figure 4A). Trophozoites treated with 0.5% DMSO (vehicle control) exhibited 99.2% cell viability (Q4). In contrast, incubation with 40 μM, 60 μM, and 80 μM IVM resulted in viabilities of approximately 63.8%, 37.8%, and 17.8%, respectively.
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FIGURE 4
Ivermectin-Induced Cell Death in Giardia lamblia Trophozoites Analyzed by Flow Cytometry. (A) Dot plots illustrating cell death in trophozoites treated with 0.5% DMSO (negative control) or 40 μM, 60 μM, or 80 μM IVM for 24 hours, stained with Annexin V-Alexa Fluor® 488 and PI. (B) Graphs showing percentages of cells in early apoptosis, late apoptosis/necrosis, necrosis, and total dead cells (lower right). Data represent mean ± SD of three independent experiments. *p < 0.05, **p < 0.01, ***p < 0.001, ANOVA followed by Tukey’s Multiple Comparison Test.


Dots Plots illustrated that at 40 μM IVM, around 30% of cells were in early apoptosis (Annexin V + /PI-), 6.28% in late apoptosis (Annexin V + /PI +), and 0.86% in necrosis (Annexin V-/PI +). At 60 μM IVM, early apoptosis decreased to 18.3%, while late apoptosis increased to 41% and necrosis to 2.98%. With 80 μM IVM, the percentages were 13.6% in early apoptosis, 64.9% in late apoptosis, and 3.70% in necrosis (Figure 4A). The statistical analysis obtained is shown in Figure 4B. When the trophozoites were analyzed by confocal microscopy, we observed no staining for control cells with vehicle while increasing exposure to IVM resulted in green staining of Annexin V. At least 100 cells from each condition were evaluated (Figure 5). Only at 60 and 80 μM of IVM treatment, red nuclear staining with PI was observed (Figure 5). Note that at 60 and 80 μM of IVM, a significant increase in nuclear DNA degradation was observed, as evidenced by the dispersion of the red PI marker (Figure 5). In summary, ivermectin-induced cell death is dose-dependent, with lower concentrations primarily inducing apoptosis and higher concentrations leading to necrosis.
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FIGURE 5
Analysis of programmed cell death in trophozoites treated with IVM. Fluorescence confocal microscopy images showing Annexin V (green) and PI (red) staining in untreated trophozoites (Control) and those treated with 40, 60, or 80 μM IVM for 24 hours. DIC: Differential Interference Contrast. Scale bars = 5 μm.




Ivermectin induces cell cycle arrest in S phase

Investigating the cell cycle dynamics following IVM treatment in G. lamblia is crucial for understanding the drug’s mechanisms of action. Thus, the nuclei of the trophozoites were stained with PI to determine whether IVM treatment can affect the progression of the cell cycle. Following 24 hours of drug treatment, the percentage of trophozoites in the G0/G1 phase showed an apparent decline, while the S phase experienced a significant surge (Figures 6a–f). Notably, the percentage of cells in the G2/M phase showed a marked decrease in parasites treated with various concentrations of IVM, underscoring the contrasting effects of IVM compared to the control group. The S phase of the cell cycle is when DNA replication occurs. This arrest in the S phase could interfere with DNA replication, potentially preventing cells from dividing and multiplying.
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FIGURE 6
Cell cycle analysis of Giardia lamblia treated with IVM by flow cytometry. Histograms depict trophozoites incubated for 24 hours with (a) vehicle (DMSO), (b) 40 μM IVM, (c) 60 μM IVM, and (d) 80 μM IVM, with (e) an overlay of all treatments including the control. The percentages of cells in each cell cycle phase are provided (f). After drug exposure, trophozoites were fixed, stained with PI in the presence of RNase, and analyzed by flow cytometry. Arrows indicate G1 and G2/M phases. PI-A corresponds to PI staining intensity. Results are mean ± SD of three independent experiments.




Ivermectin causes ultrastructural damage

The parasites were analyzed after exposure to IVM for 24 h, and the effects of the drug on the trophozoite structure were observed. While typical cell structures such as nuclei, peripheral vacuoles, axonemes, ventral disk, and glycogen granules were uniformly distributed throughout the cytoplasm in control samples (Figure 7A), significant alterations were observed in trophozoites exposed to IVM. These included cytoplasmic vacuolization and pronounced chromatin condensation (distributed in the nucleus periphery) all indicative of an apoptotic process, with these effects becoming more pronounced as the concentration of IVM increased (Figure 7A). Although morphological changes occurred, the general shape of the parasite was preserved after administration of the highest concentrations of the compound (Figure 7A). Furthermore, other cell structures such as the ventral disk and flagella were not altered after IVM treatment. An important observation in trophozoites treated with 80 μM of IVM was the emergence of vacuoles ranging from 500 nm to 1 micrometer (Figure 7B). These vacuoles were only observed at higher concentrations of IVM (Figure 7B). All observed changes align with an apoptotic-like process: trophozoites exhibiting cytoplasmic vacuolization and chromatin condensation, with effects intensifying at higher drug concentrations.
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FIGURE 7
Analysis of ultrastructural damage in trophozoites treated with Ivermectin, detected by electron microscopy. Structural features including nuclei (N), ventral disc (D), peripheral vesicles (PVs), axonemes (Axs), and flagella (F) are shown. (A) Trophozoites incubated for 24 hours with vehicle (DMSO), IVM at 40 μM, 60 μM, and 80 μM concentrations. Cytoplasmic vacuolization and chromatin condensation are evident post-treatment. (B) Trophozoites treated with 80 μM IVM exhibit unusual intracellular structures (enlarged view). Scale bars: 2 μm.




High concentrations of ivermectin lead to alterations in α-tubulin distribution in trophozoites

Although TEM did not reveal structural changes in the ventral disc and flagella after IVM treatment, studying the localization of α-tubulin, a key cytoskeleton component, can provide insights into the structural integrity of the trophozoites under drug treatment. Therefore, we considered it essential to investigate its localization after incubation with IVM. IFA and confocal microscopy using an anti-α-tubulin monoclonal antibody, showed pear-shaped, binucleated trophozoites with typical α-tubulin distribution in the median body (arrowhead), flagella (head), and ventral disk (Figure 8). However, after treatment with 80 μM IVM, a redistribution of α-tubulin towards the cytosol was identified, accompanied by the disappearance of localization in the median body (Figure 8). IFA using an anti-acetylated tubulin monoclonal antibody revealed no changes between the control cells and those treated with 40 and 60 μM of IVM (Figure 8A). However, after treatment with 80 μM IVM, the marking in the median body tends to diminish. These findings underscore the concentration-dependent effects of IVM on α-tubulin distribution in G. lamblia trophozoites.
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FIGURE 8
Immunofluorescence microscopy of trophozoites after IVM treatment. Cells stained with anti-α-tubulin or anti-acetylated α-tubulin monoclonal antibodies. In vehicle (DMSO) controls, positive labeling of α-tubulin and acetylated α-tubulin is observed in the median body (MB), flagella (F), and ventral disk (VD). Treatment with lower IVM concentrations (40, 60 μM, 24 h) shows no alteration in tubulin distribution. However, incubation with 80 μM IVM for 24 h leads to redistribution of total tubulin to the cytosol (asterisk), while acetylated tubulin decreases in the median body (arrow). DIC: Differential Interference Contrast. Scale bar = 10 μm.





Discussion

This study investigates the cytotoxic effects of ivermectin (IVM) on Giardia lamblia trophozoites. Our findings reveal dose-dependent cytotoxicity, induction of cell death pathways, increased reactive oxygen species (ROS), and DNA fragmentation, causing trophozoite arrest in the cell cycle’s S phase.

The efficacy of IVM in Giardia infection was evaluated in a rat model (Foletto et al., 2015). Ivermectin was administered orally in water at a dose of 48 mg/L (resulting in a calculated blood and intestinal concentration of approximately 54.9 μM) and was shown to be effective in treating Giardia spp. infection in laboratory rats, supporting the safety of IVM use at similar concentrations. However, naturally infected rats are not considered ideal models for studying Giardia infections in humans, particularly for Giardia lamblia, as rats are susceptible to Giardia muris, a species not closely related to G. lamblia. Gerbils are often used as an alternative rodent model for G. lamblia studies, as they are more susceptible to human-infective strains (Assemblages A and B) and exhibit pathologies more like those seen in humans. Compared to our previous results, where lethality was observed only at 100 μM (Mayol et al., 2020), our current study found significant cytotoxicity of IVM against G. lamblia trophozoites at 60 μM and 80 μM. This discrepancy may be attributed to the more sensitive MTT method we used for assessing cytotoxicity, as opposed to the trypan blue and Neubauer chamber method used in the earlier study. Regarding the doses used in this study, although recent research indicates that intestinal Caco-2 cells are sensitive to IVM at around 10 μM, similar to other mammalian cells (Houshaymi et al., 2019), in vitro cytotoxicity assays may not accurately reflect in vivo conditions, where factors like drug absorption, metabolism, and microbiota interactions are significant. Future studies in more complex biological models, such as the gerbil model, must fully assess IVM’s potential for treating giardiasis.

Giardia and other protozoan parasites, including Plasmodium, Entamoeba histolytica, Trypanosoma, and Leishmania, thrive in environments with low oxygen tension, a condition referred to as microaerophilic (Kho et al., 2018). Specifically, G. lamblia can only endure oxygen concentrations ranging from 0 to 50 μM (Lloyd et al., 2000), making it highly susceptible to oxygen and ROS. This susceptibility is attributed to the absence of conventional ROS-scavenging enzymes (CAT, SOD, GPx) and the presence of ROS-generating enzymes like NAD(P)H: menadione oxidoreductase. Additionally, the parasite possesses vital metabolic enzymes (pyruvate-ferredoxin oxidoreductase) sensitive to oxygen (Li and Wang, 2006; Mastronicola et al., 2014). In various investigations on mammalian cells, the administration of IVM has been associated with the induction of oxidative stress (Fan et al., 2024). Similarly, research on Leishmania has revealed that IVM triggers mitochondrial membrane potential depolarization and elevates ROS levels, accompanied by the formation of lipid bodies, suggesting the establishment of a stress environment leading to Leishmania death (Reis et al., 2021). In this context, our study aimed to evaluate IVM’s potential to induce oxidative stress in the protozoan parasite G. lamblia. The results indicated that exposure to IVM resulted in the generation of intracellular ROS in trophozoites susceptible to the drug. ROS was predominantly localized in the nuclei, and their labeling intensity correlated with the drug concentration. This observation aligns with previous reports where trophozoite nuclei were identified as the primary site of ROS formation following treatment with albendazole concentrations of 1.35 μM and 8 μM (Martinez-Espinosa et al., 2015). Thus, the cytotoxic impact of IVM on this protozoan parasite may involve oxidative stress. Future research should focus on identifying the specific ROS implicated and elucidating the mechanisms responsible for their formation.

ROS can cause permanent damage to various cellular components through the oxidation of proteins, carbohydrates, lipids, and nucleic acids, followed by membrane modification, receptor alteration, cytoskeletal protein inactivation, enzyme inactivation, and genome damage (Chiumiento and Bruschi, 2009). In our study, the TUNEL assay confirmed significant DNA fragmentation in G. lamblia trophozoites treated with IVM at 40, 60, and 80 μM concentrations, highlighting DNA as a critical target of IVM action. Similar DNA damage has been reported in Giardia following treatment with drugs such as albendazole (Martinez-Espinosa et al., 2015) and metronidazole (Ghosh et al., 2009). A previous study in Giardia suggested that DNA damage results from the formation of 8-hydroxy-2′-deoxyguanosine (8OHdG) adducts due to the oxidative environment induced by metronidazole (Ordonez-Quiroz et al., 2018). Similarly, our work demonstrated precise detection of DNA strand breaks in individual cells after incubation with IVM at concentrations of 40, 60, and 80 μM. This fragmentation aligns with an apoptosis-like process previously observed in Giardia under oxidative stress and metronidazole treatment (Bagchi et al., 2012). Indeed, detecting phosphatidylserine translocation to the outer side of the cell membrane suggested apoptosis. Our results support a process of early apoptosis at concentrations near 40 μM and late apoptosis/necrosis at higher concentrations of IVM. G. lamblia is of interest to parasitologists and evolutionary biologists due to its strategic phylogenetic position, which allows for hypotheses about early events in eukaryotic evolution. A distinctive feature is its evolutionary divergence, lacking caspases and Bcl-2-like proteins-integral components of apoptosis (Ghosh et al., 2009). Furthermore, it lacks mitochondria, where oxidative phosphorylation occurs and is a critical process in cellular death pathways (Adam, 2021). Our results suggest that IVM could trigger a process resembling apoptosis in G. lamblia, despite differences in conventional pathways and the absence of mitochondria and characteristic proteins previously described in other eukaryotic organisms.

Interestingly, trophozoites exposed to increasing concentrations of IVM for 24 hours experienced a partial arrest in the S phase of the cell cycle, showing oxidative stress, DNA degradation, and an apoptosis-like process. Although this arrest was not complete, allowing some cells to continue through the cycle, a dose-dependent effect was observed, similar to findings in bovine mammary epithelial cells (Park et al., 2020). These observations align with previous results from our laboratory regarding IVM’s impact on G. lamblia reproduction and growth (Mayol et al., 2020). The S phase arrest may trigger an apoptotic pathway akin to what was observed in G. lamblia treated with Kaempferol, where a cytostatic effect was attributed to impaired DNA replication and halted cytokinesis (Argüello-García et al., 2020). In many cases, DNA damage leads to S phase arrest as a protective mechanism, allowing time for repair. However, prolonged arrest can exacerbate DNA damage, mainly if the replication machinery is stalled. We hypothesize that ROS generated by IVM likely caused this DNA damage, which induced cell cycle arrest to prevent replication of compromised DNA and facilitate repair. Supporting IVM’s role in cell cycle arrest, our group demonstrated that this drug also inhibits Importin-α/Importin-β-mediated nuclear transport, disrupting the encystation process by arresting Giardia in the trophozoite stage and preventing cyst formation(Mayol et al., 2020).

To thoroughly understand the effects of IVM treatment at the cellular level, we conducted detailed morphological assessments using TEM analysis. Remarkably, upon drug administration, cells displayed significant vacuolation. We also observed notable changes in nuclear structure, characterized by chromatin condensation. These compacted areas of chromatin result from DNA fragmentation. This process has been described in various circumstances, such as during apoptosis or in response to specific treatments or stimuli that affect the structure and organization of DNA in the cell nucleus (Benchimol et al., 2023; Gadelha et al., 2019). Additionally, the presence of unusual intracellular structures following treatment with the highest IVM concentration potentially corresponds to autophagosomes. However, the characteristic double concentric membrane of these vacuoles is not observed, thus, a more detailed study with specific markers would be necessary to define these atypical structures found.

The structure and functions of the median body remain subjects of debate are still under debate (Hagen et al., 2020). It comprises semi-organized microtubules (MTs) formed by tubulin and beta-giardin proteins (Crossley et al., 1986) and is dynamic during interphase, being sensitive to both MT-stabilizing and MT-depolymerizing drugs (Dawson et al., 2007; Sagolla et al., 2006). The median body’s shape and presence varies during the cell cycle; it disappears altogether following mitosis, just before disc division (Sagolla et al., 2006). In our study, the cell cycle arrest in the S phase caused by IVM likely disrupts median body assembly, as its dynamics are tightly linked to cell cycle progression. This disruption could impair its function as a tubulin reservoir, affecting the duplication of MT structures necessary for Giardia’s attachment and division. We suggest that the increased tubulin signal observed after IVM treatment reflects not an upregulation of protein levels, but rather a redistribution of tubulin from basal bodies, which act as reservoirs. This redistribution may support microtubule reorganization or repair processes triggered by drug-induced stress.

Ivermectin’s mechanism in Giardia (Mayol et al., 2020) differs from its known action in invertebrates (Liu et al., 2020; Sulik et al., 2023) as Giardia lacks the glutamate-gated chloride channels that ivermectin typically targets (Adam, 2021). Instead, in the present study, we demonstrated that IVM induces ROS, which likely play a crucial role in its cytotoxic effect. Elevated ROS levels lead to oxidative damage, membrane disruption, and DNA breaks, ultimately resulting in apoptosis-like cell death. Further studies are needed to clarify the molecular mechanisms behind IVM-induced cell cycle arrest, its effect on median body assembly and function, and to explore potential synergistic effects with other therapeutic agents. Understanding these pathways could help develop more effective strategies to treat giardiasis and mitigate the risk of drug resistance.
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