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A B S T R A C T

Ivermectin (IVM) is a widely used anthelmintic in human and veterinary medicine. However, the increasing use 
of IVM raises concerns about its potential harm against non-targeted organisms. This study demonstrates a novel 
mechanism where IVM triggers apoptosis via endoplasmic reticulum (ER) stress in GC-1 spg in vitro. The 
inhibitory effects of selenium (Se) against the toxicological mechanism were also explored. IVM dose- 
dependently induces oxidative stress, dysregulated Ca2+ levels, and intracellular protein aggregation. 
Increased mitochondria-associated ER membrane (MAM) activity through Glucose-regulated Protein 75 (Grp75) 
overloads the mitochondria with Ca2+, causing mitochondrial dysfunction. These simultaneous stressors lead to 
unfolded protein response and apoptosis. Se reverses all these subcellular events by promoting the expression of 
selenoprotein-encoding genes to maintain the ER and redox homeostasis. The testis-enriched Glutathione 
Peroxidase 4 (Gpx4) and the testis-specific Selenoprotein V (Selenov) are only upregulated in the IVM and Se co- 
treatment group, suggesting their potential role in stress response. These findings confirm that toxic doses of IVM 
lead to programmed cell death in type B spermatogonia through redox imbalance-associated ER stress. This study 
provides valuable insights into refining male reproductive toxicity evaluation, targeting of ER stress to protect 
male germ cells, and maintaining male fertility from IVM-induced toxicity.

1. Introduction

Ivermectin (IVM) is an anthelmintic under the avermectin class of 
macrocyclic lactones used in both human and veterinary medicine. It 
combats the four main soil-transmitted helminth infections: ascariasis, 
hookworm infections, trichuriasis, and strongyloidiasis (Boussinesq, 
2018; Laman et al., 2022; Specht and Keiser, 2023). IVM is usually 
administered as a racemic mixture of two isomers, B1a and B1b (Fig. 1A) 
(Choudhury et al., 2021) and has a global market value exceeding one 
billion USD annually (Salman et al., 2022). It recently gained significant 
attention during the COVID-19 pandemic, and may continue to be seen 
as a ‘wonder drug’ beyond its anthelmintic use (Chaccour and 

Rabinovich, 2019; Foy et al., 2019; Sulik et al., 2023). However, its 
increasing use raises concerns about its safety and ecotoxicological 
impacts.

Recent studies found how contamination of avermectins poses 
extreme toxicity for aquatic life (Gan et al., 2024; Huang et al., 2019). 
The margin of safety of IVM concentrations between its target and 
non-target organisms is narrow (Novelli et al., 2016), and IVM’s 
high-dose adverse effects on rats, mice, and companion animals have 
been reported (Bai and Ogbourne, 2016). However, there is a lack of 
comprehensive toxicity evaluation of avermectin compounds except 
abamectin against non-targeted species. The currently suggested 
guidelines of Environmental Risk Assessment of Pharmaceuticals may 
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not account for the use of IVM in areas with high helminth transmission 
or agricultural practices, resulting in underestimated environmental 
concentrations (Mesa et al., 2020; Tsheten et al., 2024).

The mechanism of IVM toxicity also remains unclear. Its anthel
mintic action relies on activating the glutamate-gated chloride channel 
receptor (GluClR) in the helminth’s nervous system. However, GluClR is 
protected by the blood-brain barrier in non-aquatic vertebrates (Atif 
et al., 2019). This suggests that IVM’s toxicological mechanisms in 
vertebrates are yet to be fully understood. Mechanistic and 
dose-dependent studies on IVM are crucial to assess its ecological impact 
and refine toxicity evaluation tools.

Spermatogenesis is the intricate process of developing functional 
male gametes in the testis. It relies not only on cell differentiation but 
also equational and reductional division of spermatogonia to pass ge
netic material to offspring (Whelan et al., 2022). Several studies have 
highlighted IVM’s potential to impair testicular function and reduce 
fertility, as shown by histopathological findings in male animal models. 
These studies report increased oxidative stress, apoptosis, necrosis, and 
defects in reproductive development (Ahmed et al., 2020; Cordeiro 
et al., 2018; EL-Maddawy and Abd El Naby, 2018; El-Shobokshy et al., 
2023). However, the precise molecular mechanism behind IVM-induced 
loss of spermatogonia remains unclear.

The endoplasmic reticulum (ER) is the most important organelle for 
proper folding of proteins, calcium storage, and lipid synthesis. Redox 
homeostasis within the ER is critical because disulfide bonds during 

protein folding directly depends on the degree of oxidation. Misfolded 
proteins accumulate when disulfide bonds erroneously increase with 
reactive oxygen species (ROS), the byproducts of this chemical reaction. 
Additionally, oxidative stress may trigger calcium ion (Ca2+) release 
from the ER into the cytosol (Bhattarai et al., 2021; Z. Zhang et al., 
2019). Through the Ip3r1-Grp75-Vdac1 axis, excess Ca2+ may also 
mobilize to the mitochondria, causing mitochondrial dysfunction and 
contributing to increased ROS and cytosolic Ca2+ via the mitochondrial 
permeability transition pore (mPTP) (Li et al., 2022; Ma et al., 2023; 
Tiwary et al., 2021; T. Zhang et al., 2023; Y. Zhang et al., 2023). The 
additive effects of these stressors may ultimately lead to programmed 
cell death.

The spermatogonia strictly require a homeostatic ER for accurate 
post-translational modifications in proteins essential for spermatogen
esis. Spermatogonia development is tightly regulated especially in pro
tein synthesis because they rapidly divide and differentiate in multiple 
steps to become fertile sperm (Liu et al., 2014; C. Xu et al., 2021; Zhang 
et al., 2024). Dysfunctional ER in spermatogonia leads to ER stress, cell 
death, and defective sperm development and maturation. However, 
IVM’s ability to induce ER stress is unconfirmed. Testicular function is 
also highly sensitive to changes in redox balance, and oxidative stress 
commonly couples with testicular pathogenesis. Many studies have 
shown IVM’s ability to generate ROS, leading to cell death (Chen et al., 
2020; Draganov et al., 2021; Jawad and Richardson, 2023; D. E. Lee 
et al., 2022; Tung et al., 2022; N. Xu et al., 2021; P. Zhang et al., 2019; 

Fig. 1. Inhibition of proliferation of GC-1 spg cells treated with IVM for 24 h. (A) Molecular structure of IVM isomers. (B) Overview of the in vitro culture and 
treatment scheme used in this study. (C) Proliferation of GC-1 spg cells treated with various concentrations of IVM (n = 5). Data are presented as means ± SEM. 
Significant differences are indicated by different letters (a, b, c, d, e, and f) when p < 0.05.
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Zhang et al., 2022). Thus, redox mechanisms are likely behind 
IVM-induced injuries in male germ cells.

Selenium (Se) is an essential trace element naturally found in food 
and synthetically added to supplements (Ye et al., 2021). Cells utilize 
bioavailable Se to synthesize and upregulate selenoprotein activity (Abo 
El-Magd et al., 2022). Seven out of 25 ER-localized selenoprotein fam
ilies participate in regulating redox balance, Ca2+ flux, and protein 
folding, which are dysregulated processes during ER stress (Ding et al., 
2022; Pitts and Hoffmann, 2018). ER stress upregulates the unfolded 
protein response (UPR) genes, which serve as its quantifiable indicators 
(Hetz, 2012; Oslowski and Urano, 2011).

This study presented the first molecular-level evidence of IVM’s 
novel mechanism in inducing apoptosis via ER stress in GC-1 spg cells, 
an immortalized type B spermatogonia cell line from mouse. It also 
explored the mechanism in which inorganic Se in the form of sodium 
selenite (Na2SeO3) protects mouse spermatogonia from IVM-induced 
cytotoxicity by upregulating selenoproteins capable of restoring redox 
homeostasis. The findings of this mechanistic study offered insights into 
the extent of damage IVM exerts and possible interventions to alleviate 
IVM toxicity in male germ cells.

2. Materials and methods

2.1. GC-1 spg cell culture maintenance and experiment conditions

GC-1 spg cells (CRL-2053, American Type Culture Collection, Man
assas, VA, USA) were cultured in Dulbecco’s modified Eagle’s medium 
(DMEM, L0103–500; Biowest, Nuaillé, France) supplemented with 10 % 
fetal bovine serum (FBS, S1480; Biowest) and 1 % penicillin and strep
tomycin (15140122, Gibco, Waltham, MA, USA). Cells were maintained 
in 100 mm culture dishes inside at 37◦C in a humidified incubator with 
5 % CO2.

For experiments, cells were seeded in 100- or 60-mm culture dishes, 
or 6-well culture plates at a density of 20, 000 cells/mL in complete 
growth medium (phenol red-free DMEM (LM001–10; Welgene, 
Gyeongsan-si, Korea) supplemented with 10 % FBS, 1 % penicillin and 
streptomycin, and 1 % sodium pyruvate (Gibco)). After 24 h, the me
dium was removed, and cells were washed twice with 1× Dulbecco’s 
Phosphate-Buffered Saline (DBPS, 14080055; Life Technologies, Grand 
Island, NY, USA). Cells were then incubated in quiescence medium 
(DMEM supplemented with 0.1 % FBS, 1 % penicillin and streptomycin, 
and 1 % sodium pyruvate) to synchronize them in low-serum conditions, 
thereby limiting hormones and growth factors prior to IVM treatment.

For Se treatment groups, the quiescence medium was supplemented 
with 1 μM Na2SeO3 (214485; Sigma-Aldrich, St. Louis, MO, USA). After 
24 h, the quiescence medium was replaced with appropriate complete 
growth media based on the experimental group: 1, 4, 8, 12, or 16 μM 
IVM (18898; Sigma-Aldrich) for IVM groups, 1 μM Na2SeO3 for Se 
groups, or 1 μM Na2SeO3 combined with 16 μM IVM for Se and IVM co- 
treatment groups. The IVM used consisted of ≥ 90 % B1a and ≤ 5 % 
B1b. Cells were exposed to the respective conditions for the specified 
durations (Fig. 1B).

2.2. Proliferation measurement via trypan blue exclusion assay (TBEA)

TBEA was performed to measure the capability of GC-1 spg cells to 
proliferate in the presence of varying concentrations of IVM and/or in 
the presence or absence of Se. After 24 h of exposure to the respective 
conditions, the cells were collected using 0.25 % trypsin- 
ethylenediaminetetraacetic acid (EDTA) (25200072; Invitrogen, Carls
bad, CA, USA). The reaction was quenched in medium containing 10 % 
FBS. Cell suspensions were centrifuged at 600 × g for 6 min at 4◦C, and 
the resulting pellets were resuspended in DPBS with 1 % FBS. Cells were 
then mixed in a 1:1 ratio with trypan blue solution (15250061, Gibco) 
and loaded onto a Neubauer hemocytometer. Viable cells (those un
stained by trypan blue) were counted under the light microscope (Nikon 

Eclipse TS100, Japan). The percentage (%) proliferation and relative % 
proliferation were calculated as follows: 

%Proliferation =
Number of Harvested cells

Number of Seeded cells
× 100 

Relative %Proliferation =
ProliferationX μM IVM

Proliferation0 μM IVM
× 100 

The half-maximal inhibitory concentration (IC50) was determined 
from the calculated relative % proliferation data using the three- 
parameter formula for the sigmoid dose-dependent curves: 

Y = Bottom+
Top − Bottom

1 +

(
IC50

X

)

2.3. Detection of ROS generation using dichlorodihydrofluorescein 
diacetate (DCFDA)

Intracellular ROS were visualized using the fluorogenic probe 
DCFDA (D6883; Sigma-Aldrich) after 3 h of IVM treatment. Cells were 
washed twice with 1× DPBS and incubated in phenol-free DMEM con
taining 1 % FBS and 10 μM DCFDA for 45 min at 37◦C. Cells were 
washed twice with cold DPBS containing 1 % FBS.

2.4. Visualizing cytosolic Ca2+

Cytosolic Ca2+ levels were visualized using Fluo-4, AM (F14201; 
Sigma-Aldrich) after 3 h of IVM exposure. Cells were washed twice with 
phenol-, Ca2+-, and Mg2+-free DMEM. Fluo-4, AM (1 μM) in the same 
medium was added to the cells, followed by incubation for 1 h at 37◦C. 
The cells were washed thrice and incubated with phenol-free DMEM for 
30 min. Cold phenol-free DMEM was used to wash the cells before 
imaging.

2.5. Detection of ER stress

ER stress was detected 3 h after stimulation with IVM using a 
modified method based on Thioflavin T (ThT) staining and fluorescence 
microscopy by Beriault and Werstuck (2013). Τo stain the cells, 5 μM 
ThT (T3516; Sigma-Aldrich) was added to the final complete growth 
medium with respective treatments, and cells were incubated for 3 h at 
37◦C. Cells were then washed once with cold DPBS containing 1 % FBS.

2.6. Semi-quantitation of fluorescence microscopy images

Fluorescence microscopy images of cells stained with DCFDA, Fluo 4- 
AM, or ThT were captured using a TE2000-U fluorescence microscope 
with NIS element imaging software (Nikon, Tokyo, Japan). Fluorescence 
signals from cells stained with DCFDA, Fluo 4-AM, or ThT were semi- 
quantified using ImageJ v1.54 h software (National Institutes of 
Health, Bethesda, MD, USA), which calculated the % area of fluores
cence for each image. The red, green, and blue (RGB) images were 
converted to 16-bit grayscale and then 8-bit binary images by setting a 
threshold to isolate only fluorescent areas. The total number of cells per 
image was counted manually, with five random fields analyzed per 
replicate. The following formula, adapted from Beriault and Werstuck 
(2013), was used to normalize fluorescence data to the number of cells 
in each image: 

%Area of fluorescence per 100cells=
%Area

Total number of cells in the field
×100 
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2.7. Live cell timelapse imaging

To observe changes in cell morphology over time following IVM 
exposure, a Lumascope 850 microscope and LumaViewPro software 
(Etaluma, San Diego, CA, USA) were utilized. After treatment, plates 
were placed on a microscope stage within an incubator set at 37◦C in 
5 % CO2. Five random fields were imaged for each replicate, capturing 
one brightfield photograph every 5 min for a total of 3 h. Time-lapsed 
videos were generated using ImageJ v1.54 h software.

Supplementary material related to this article can be found online at 
doi:10.1016/j.ecoenv.2024.117307.

2.8. Quantifying apoptotic cells via Annexin V/Propidium iodide (AV/PI) 
apoptosis assay

To quantify apoptotic cells resulting from IVM and/or Se exposure, 
dual staining with allophycocyanin (APC)-conjugated AV (550475; BD 
Biosciences, San Jose, CA, USA) and propidium iodide (PI) was per
formed after 3 h of treatment. Cells were harvested using 0.25 % 
trypsin-EDTA and then quenched in medium supplemented with 10 % 
FBS. Following centrifugation at 600×g for 6 min at 4◦C, the cells 
(0.1×106) were resuspended in 100 μL of 1× binding buffer (BD Bio
sciences) containing 5 μL APC-conjugated AV and 2 ng/mL PI. Cells 
were agitated in the dark on an orbital shaker at 21◦C for 15 min. Cell 
suspensions were diluted with 400 μL binding buffer before being 
loaded into FACSAria™ II cell sorter (BD Biosciences). Flow cytometry 
results were analyzed using FlowJo v10.8.1 (BD Life Sciences).

2.9. Quantitative reverse transcription-polymerase chain reaction (qRT- 
PCR)

After 3 h of treatment, RNA was extracted by collecting and lysing 
cells in low-pH TRIzol™ reagent (Invitrogen, Waltham, MA, USA). Total 
RNAs were purified further using HiGene™ Total RNA Prep Kit (RP101; 
BioFACT, Daejeon-si, Korea). Isolated total RNAs were assessed for pu
rity and quantity using NanoDrop One spectrophotometer (Thermo 
Fisher Scientific, Waltham, MA, USA). Complementary DNAs were 
synthesized by loading 5000 ng of total RNA in a BioFACT™ RT-KIT 
(BR122; BioFACT). Specific primers (Table S1) were designed for 
detection and quantification of the housekeeping genes Glyceraldehyde- 
3-phosphate dehydrogenase (Gapdh) and Peptidylprolyl isomerase A (Ppia), 
extrinsic apoptosis-related genes Tumor necrosis factor alpha (Tnfα) and 
Fas receptor (Fas), intrinsic apoptosis-related genes B cell leukemia/lym
phoma 2 (Bcl2) and BCL2-associated X protein (Bax), ER stress-mediated 
apoptosis-related genes C/EBP homologous protein (Chop) and Activating 
transcription factor 4 (Atf4), selenoprotein-encoding genes including 
Glutathione peroxidase 1 (Gpx1), Glutathione peroxidase 4 (Gpx4), Sele
noprotein H (Selenoh), Selenoprotein K, Selenoprotein M (Selenom), Sele
noprotein O (Selenoo), Selenoprotein S (Selenos), Selenoprotein T (Selenot), 
and Selenoprotein V (Selenov), mitochondria-associated endoplasmic re
ticulum membrane (MAM) genes Inositol 1,4,5-trisphosphate receptor 1 
(Ip3r1), Glucose-regulated protein 75 (Grp75), and Voltage-dependent anion 
channel 1 (Vdac1), and the UPR genes Glucose-regulated protein 78 
(Grp78) and Ubiquitin-like domain member 1 (Herpud1).

qRT-PCR was performed using 2× SYBR Green PCR Master Mix with 
low ROX reference dye (DQ384; BioFACT) in an ABI PRISM 7500 Real- 
Time PCR System (Applied Biosystems, Carlsbad, CA, USA) in 96-well 
plates (N8010560; Applied Biosystems) and CFX Opus 96 Real-Time 
PCR System (Bio-Rad Laboratories, Hercules, CA, US) in 96-well plates 
(HSP9601; Bio-Rad Laboratories). The cycling conditions included an 
initial holding stage at 95◦C for 15 min, followed by 40 cycles of 95◦C 
for 20 s and 60◦C for 40 s. Melting curves were determined at the end 
using a protocol of 95◦C for 15 s, 60℃ for 1 min, 95℃ for 30 s, and 60℃ 
for 15 s. Gene expression was quantified using the 2-ΔΔCt method.

2.10. Western blotting

GC-1 spg cells were scraped, collected, and centrifuged for 6 min at 
600×g at 4◦C after 3 h of treatment. The cell pellets were resuspended in 
cold DBPS and centrifuged for 1 min at 19000×g. The pellets were then 
resuspended in Total Extraction buffer (Shin et al., 2014) supplemented 
with 1 mM dithiothreitol, 0.5 mM phenylmethylsulfonyl fluoride, and 
Halt™ protease inhibitor cocktail (1862206; Thermo Fisher Scientific). 
The cell suspensions were pipetted vigorously before being submerged 
in liquid nitrogen for flash freezing. After thawing in room temperature 
water, the suspensions were briefly vortexed and flash frozen. The 
freeze–thaw cycle was repeated 10 times.

After the last thawing step, the suspensions were centrifuged at 
19000×g for 30 min at 4◦C. The supernatants were collected and protein 
concentrations were quantified using the Bradford assay (5000006; Bio- 
Rad, Hercules, CA, USA). Equivalent quantities of protein, along with a 
protein ladder marker (SM306; BioFACT), were loaded and run on a 
hand-cast, triple percentage gradient sodium dodecyl sulfate- 
polyacrylamide gel (6, 12, 15 %; 3:4:3). After gel electrophoresis, the 
proteins were transferred onto Immobilon®-P polyvinylidene difluoride 
membranes (IPVH00010; Millipore, Billerica, MA, USA), which were 
pre-activated for 1 min with 100 % methanol (322415, purity >99.8 %; 
Sigma-Aldrich).

The membranes containing the transferred blots were submerged in 
5 % skim milk in DPBS containing 0.2 % Tween 20 (PBS-T) and shaken 
for 30 min at room temperature. After a brief wash with PBS-T, the 
membranes were incubated with primary antibodies at 4◦C for at least 
8 h. The membranes were then washed three times with PBS-T and 
incubated with their respective secondary antibodies (either anti-mouse 
IgG or anti-rabbit IgG) for 2 h at room temperature. The antibodies used 
in this study are listed in Table S2. To visualize the blots, the membranes 
were washed three times and then momentarily submerged in West
Glow™ Femto solution (BWF0100; Biomax, Guri-si, Korea) for a 
maximum of 5 s before scanning with an e-Blot Touch Imager (e-Blot 
Life Science, Shanghai, China).

2.11. Statistical analysis

Statistical analyses were performed using GraphPad Prism v9.5.1 
(GraphPad, La Jolla, CA, USA). Every experiment was conducted in at 
least 3 biological replicates. Data are presented as the mean ± standard 
error of the mean (SEM). Multiple comparison analysis was performed 
using one-way analysis of variance, followed by Tukey’s Honest Sig
nificant Difference post-hoc test at a 5 % significance level. Significant 
differences are presented through a compact letter display (CLD) in 
which groups assigned with different letters indicate statistical signifi
cance (p <0.05).

3. Results

3.1. IVM dose-dependently inhibits proliferation in mouse spermatogonia 
within 24 h

In vitro proliferation of mouse type B spermatogonia was assessed 
after 24 h of treatment to allow one cell cycle before measurement. At 
low IVM concentrations (1–4 μM), a significant increase of proliferation 
was observed. At higher doses of IVM, cell proliferation decreased in a 
dose-dependent manner, eliciting a dose-response sigmoid curve. The 
highest cell proliferation of approximately 1.2-fold of the untreated 
group was observed with 1 μM IVM. In contrast, the lowest proliferation 
was seen in cells treated with the highest IVM concentration (16 μM). 
The IC50 was determined to be 12.05 ± 0.05 (Fig. 1C). We selected the 
concentrations below and above IC50 (8 and 16 μM, respectively) for 
further assays to elucidate the molecular mechanisms of IVM cytotox
icity in GC-1 spg cells.
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3.2. IVM induces dose-dependent redox dysregulation and ER stress in 
mouse spermatogonia within 3 h

Redox homeostasis imbalances and ER stress in GC-1 spg cells sub
jected to IVM for 3 h were determined. Fluorescence microscopy of 
DCFDA-, Fluo-4 AM-, and ThT-stained GC-1 spg cells revealed dose- 
dependent increases in intracellular ROS, cytosolic Ca2+, and mis
folded proteins. Untreated cells showed minimal fluorescence, whereas 
cells treated with 8 μM IVM showed intermediate intensity of fluores
cence. Cells exposed to 16 μM IVM exhibited the most intensity 
(Fig. 2A–F). UPR gene upregulation, a downstream phenomenon of ER 
stress, was quantified via gene expression changes in Grp78 (the master 
regulator of UPR), Chop and Atf4 (UPR genes that dictate the fate of ER- 
stressed cells towards apoptosis), and Herpud1 (a UPR gene that is solely 
upregulated via ER stress). All genes exhibited a similar pattern of 
upregulation in response to increasing IVM doses, with significant in
creases observed only in cells treated with 16 µM IVM groups. For 
Grp78, mRNA expression increased dose-dependently, with significant 
changes noted in both 8 µM and 16 µM IVM groups (Fig. 2G). This dose- 
dependent trend was also reflected in the protein levels of Grp78 and 
Chop (Fig. 2H). Regarding the Ip3r1-Grp75-Vdac1 axis, only Grp75 
showed a significant increase in both mRNA and protein levels with 
increasing IVM concentrations (Fig. 2G and H).

3.3. IVM rapidly and dose-dependently induces apoptosis in mouse 
spermatogonia within 3 h

Live cell imaging of IVM-treated GC-1 spg cells was conducted to 
investigate the changes in morphology as a function of dose and time. 
Changes in morphology were negligible in cells treated with 8 μM. In 
contrast, multiple cells exhibited hallmarks of early apoptotic 
morphology (i.e., shrinking and blebbing) as early as 1 h after exposure 
to 16 μM IVM. Beyond that time, the cells rapidly transitioned from 
early apoptotic to late apoptotic or secondary necrosis morphology be
tween 2 and 3 h timepoint (Fig. 3A and Supplementary Content 1 and 2).

The protein and mRNA levels of apoptosis regulators were investi
gated to clarify the mechanisms of cell death. Activation of Caspase-9 
(activated by ER stress and Cytochrome c release), Caspase-8 (acti
vated via death ligand signaling), and Caspase-3 (the main executor of 
apoptosis), were observed only in cells treated with 16 μM IVM. B-cell 
lymphoma 2 (Bcl-2), a regulator of Ca2+ homeostasis in the mitochon
dria and the ER and inhibitor of Cytochrome c release, decreased in cells 
exposed to 16 μM IVM. Bax, which promotes Cytochrome c release, 
increased in the same concentration. Both Bcl-2 and Bax decreased in 
cells treated with 8 μM IVM. However, Cytochrome c was virtually 
depleted and Bcl-2/Bax ratio significantly dropped only in 16 μM IVM- 
treated cells (Fig. 3B and C). These effects occurred between the 2–3 h 
timepoint, temporally coinciding with the accumulation of apoptotic 
cells in the timelapse video (Figure S2 and Supplementary Content 2).

The mRNA encoding for the death ligand Tnf-α and death ligand 
receptor Fas increased only in cells treated with 16 μM IVM (Fig. 3C). 
AV- and PI-positive cells, which represent the population of late 
apoptotic cells, were observed in cells treated with 16 μM IVM, 
compared to untreated cells and cells treated with 8 μM IVM after 3 h 
(Fig. 3D-E).

3.4. Se stimulates proliferation in mouse spermatogonia exposed to IVM 
for 24 h

A previous report suggested that commercial veterinary Se and 
vitamin E supplements in murine models treated with IVM can rescue 
testicular function (Ahmed et al., 2020). Therefore, the second phase of 
this study focused on investigating the rescue mechanism of the 
cotreatment of 1 μM Se in GC-1 spg cells treated with 16 μM in vitro. 
Adding Se significantly enhanced the proliferation of cells in cotreat
ment group compared to those treated with IVM alone. In addition, there 

was no significant difference in the proliferation of untreated cells and 
cells treated with Se alone (Fig. 4B, S4).

3.5. Se alleviates redox dysregulation and ER stress in mouse 
spermatogonia exposed to IVM for 3 h

Since Se improved the general cytotoxicity parameters of IVM- 
treated mouse spermatogonia, we investigated the mechanism of ac
tion of Se against IVM-induced redox imbalance and ER stress. 
Cotreatment with Se and IVM significantly decreased the fluorescence 
intensity of DCFDA-stained GC-1 spg cells compared to the intensity of 
cells treated with solely IVM, while cells treated with Se alone exhibited 
negligible fluorescence like untreated cells (Fig. 5A and D). Regarding 
the Ca2+ levels in the cytosol, cotreatment with Se and IVM significantly 
decreased the fluorescence intensity versus those treated with only IVM. 
Untreated and Se-treated groups exhibited low fluorescence intensity 
(Fig. 5B and E). ThT fluorescence results showed that while IVM singly 
induced the most significant increase in fluorescence, cells cotreated 
with Se and IVM had a fluorescence intensity like the untreated cells. 
Cells solely treated with Se showed a slight increase in fluorescence 
compared to untreated cells (Fig. 5C and F). Se and IVM-treated group 
had significantly decreased expressions of Grp75, Grp78, Atf4, Chop, and 
Herpud1 genes compared to those treated with IVM only. The same can 
be said in the protein levels of Grp75, Grp78, and Chop (Fig. 5H). The 
mRNA levels of UPR genes in cotreated cells were not statistically sig
nificant compared to those in untreated cells and cells treated with Se 
alone (Fig. 5G).

To explore the molecular mechanisms by which Se alleviates redox 
dysregulation and ER stress, we screened a group of selenoprotein- 
encoding genes for expression changes (Fig. 5I and S1). In cells 
treated with both IVM and Se, we observed a significant upregulation of 
the five genes encoding Gpx1 (reduces intracellular hydrogen peroxide), 
Gpx4 (testis-enriched, reduces lipid peroxides), Selenoh (responds to 
redox imbalances by upregulating the expression of genes involved in 
glutathione synthesis and phase II detoxification), Selenom, (ER-resi
dent, reduces superoxides, regulates disulfide bond formation, and 
maintains Ca2+ homeostasis), and Selenov (testis-specific, possibly re
stores redox homeostasis based on protein structure) (Pitts and Hoff
mann, 2018; Z. Zhang et al., 2019). Gpx4 and Selenov were not 
upregulated by Se alone, unlike Gpx1, Selenoh, and Selenom. While there 
was a >10-fold decrease in Selenov expression in GC-1 spg cells solely 
treated with Se compared to untreated cells, it was not statistically 
significant (Fig. 5H).

3.6. Se mitigates IVM-induced apoptosis in mouse spermatogonia within 
3 h

We investigated the levels of apoptosis regulators in GC-1 spg cells 
after adding Se to determine whether the alleviation of redox imbalance 
and ER stress can mitigate apoptosis. Cleaved Caspase-9, − 8, and − 3 
were relatively lower in cells treated with IVM and Se than in cells 
treated with IVM alone. Bcl-2 levels remained stable in the cotreated 
cells, whereas it decreased in cells treated with IVM alone; likewise, Bax 
levels did not increase. Furthermore, cotreated cells exhibited substan
tially higher Cytochrome c levels compared to IVM-only treated cells 
(Fig. 6A). Cells cotreated with Se and IVM showed significantly higher 
expression of Bcl-2 and lower expressions of the Bax, Tnfα and Fas genes 
compared to cells solely treated with IVM (Fig. 6B).

4. Discussion

Multiple animal studies describe IVM’s deleterious effects on male 
fertility, even at therapeutic doses (Ahmed et al., 2020; Cordeiro et al., 
2018; EL-Maddawy and Abd El Naby, 2018; El-Nahas and El-Ashmawy, 
2008; El-Shobokshy et al., 2023). Amid the abundance of in vivo studies 
on IVM toxicity, in vitro studies remain relevant by demonstrating 
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Fig. 2. Dose-dependent redox dysregulation and ER stress in GC-1 spg cells treated with IVM for 3 h. Fluorescence microscopy images of GC-1 spg cells stained 
with (A) DCFDA, (B) Fluo-4 AM, (C) and ThT. Semi-quantification of fluorescence intensity based on five random fields-of-view for GC-1 spg cells stained with (D) 
DCFDA, (E) Fluo-4 AM, and (F) ThT (n = 3). (G) Fold changes in ER stress-related genes of GC-1 spg cells treated with 0, 8, and 16 μM IVM (n = 3). (H) Changes in ER 
stress-related protein levels of GC-1 spg cells treated with 0, 8, and 16 μM IVM (n = 3). Scale bar: 100 μm. Data are presented as means ± SEM. Significant differences 
are indicated by different letters (a, b, and c) when p < 0.05.
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Fig. 3. Time- and dose-dependent caspase activation and apoptosis in GC-1 spg cells treated with IVM for 3 h. (A) Timelapse live cell imaging of IVM-treated 
GC-1 spg cells. (B) Western blots of apoptosis-related markers of GC-1 spg cells treated with 0, 8 and 16 μM IVM (n = 3). (C) Fold changes in apoptosis-related gene 
expression of GC-1 spg cells (n = 3). (D) Representative dot plots and (E) quantified apoptotic cells of GC-1 spg cells double-stained with allophycocyanin-conjugated 
Annexin V and propidium iodide (n = 3). Scale bar: 100 μm. The data are presented as means ± SEM. Significant differences are indicated by different letters (a, b, 
and c) when p < 0.05.
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molecular mechanisms in rigorous detail using live type B spermato
gonia. This study highlights the dose-dependent toxicity of IVM in type B 
spermatogonia as exhibited by the loss of proliferation as the concen
tration increases. In concentrations beyond IC50, IVM rapidly induces 
apoptosis within 3 h of drug exposure. This rapid programmed cell death 
is highly associated with oxidative stress, subcellular Ca2+ dysregula
tion, and protein misfolding. Mitochondrial dysfunction mediates 
apoptosis via these stressors due to mitochondrial Ca2+ overload 
through MAM’s Grp75. Se inhibits these upstream stressors by upregu
lating selenoprotein-encoding genes which maintain the homeostasis of 
the subcellular redox environment, resulting to an improvement in 
proliferation of cells treated with high concentrations of IVM. This 
confirms the interplay of these events in the toxicological mechanism of 
IVM in type B spermatogonia.

In vivo studies report imbalances in levels of reduced glutathione and 
malondialdehyde, as well as the loss of activity of antioxidative en
zymes, such as catalase and superoxide dismutase (Ahmed et al., 2020; 
Cordeiro et al., 2018; EL-Maddawy and Abd El Naby, 2018; El-Nahas 
and El-Ashmawy, 2008; El-Shobokshy et al., 2023). These results are 
consistent with the dose-dependent oxidative stress we observed, except 
ER stress adds nuance to the mechanism. Protein folding lies on the 
delicate redox balance on a subcellular level. In homeostatic cells, the 
cytosol is a relatively reducing environment compared to organelles 
such as the ER, which holds a more oxidizing environment to fold pro
teins. Thus, slight redox shifts may challenge the cell’s homeostasis (Cao 
and Kaufman, 2014; Lee et al., 2019). Therefore, extremely oxidating 
conditions from high concentrations of IVM affect the ER’s functions in 
type B spermatogonia. The cell’s sensitivity to redox changes may also 
explain the slight increase in ThT fluorescence in cells treated with Se 

alone. Se can amplify reducing reactions by acting as cofactor for 
glutathione peroxidases (Nancharaiah and Lens, 2015; Zoidis et al., 
2018) and upregulating selenoprotein-encoding gene expression in type 
B spermatogonia. However, it was not accompanied by a significant 
induction of UPR nor a decrease of cell proliferation. Hence, while Se 
can promote a more reducing environment enough to restore homeo
stasis in type B spermatogonia under oxidative stress, it does not induce 
ER stress alone and at low doses.

A recent study that screened small molecules that preserve mito
chondrial ATP in hypoxic human-induced pluripotent stem cell-derived 
cardiomyocytes noted that low IVM concentrations upregulates pro- 
survival UPR via Chop and Atf4 to prevent loss of mitochondrial ATP 
(Nagai et al., 2017). IVM’s ability to modulate mitochondrial activity at 
relatively low doses may explain why both Bcl-2 and Bax were tran
scriptionally and post-translationally downregulated in 8 μM-treated 
type B spermatogonia. These cells survived since a decrease of Bcl-2/Bax 
ratio was not observed. The study’s findings also raise the question of 
whether the IVM ability to induce UPR is linked to cell death. Herein, the 
inhibition of UPR genes and apoptosis regulators led to improved gen
eral cytotoxicity parameters by Se in IVM-treated cells, strongly sug
gesting that under these conditions, UPR is not pro-survival but rather 
drives apoptosis. It could also be argued that the misfolded proteins and 
UPR that were observed may be caused by oxidative stress without 
stressing the ER, and that the disruption of Ca2+ homeostasis may be 
solely a mitochondrial event. However, the significant upregulation of 
Herpud1 induced by ER stress, and not oxidative stress, strongly supports 
the hypothesis that ER stress occurs in mouse spermatogonia affected by 
IVM (Ho and Chan, 2015).

In IVM’s toxicological mechanism in type B spermatogonia, the link 
between ER stress and apoptosis comprises not only protein misfolding, 
but also intracellular Ca2+ signaling. Grp75 tethers the Ip3r1 found in 
the MAM with the ion channel Vdac1 located in the outer mitochondrial 
membrane. Changes in Grp75 level and activity are known to control the 
cell fate in specific contexts (Li et al., 2022; Ma et al., 2023; Tiwary et al., 
2021). The increase of transcriptional and posttranslational expression 
of Grp75 in high doses of IVM suggests that aside from the cytosol, the 
mitochondria also experience Ca2+ overload, which causes mitochon
drial dysfunction, generates more ROS, and triggers apoptosis. Se in
hibits this increase in Grp75 expression, which leads to the inhibition of 
apoptosis and improvement in cell proliferation. Thus, IVM increases 
MAM activity to exacerbate IVM toxicity in type B spermatogonia.

The stressors amplify each other over a short time using this mech
anism, leading to an interesting induction of apoptosis in type B sper
matogonia. The protein levels of mitochondria-associated apoptosis 
follow intrinsic apoptosis, but the Cytochrome c is dose-dependently 
decreasing. For intrinsic apoptosis to occur, Cytochrome c must be 
released via the downregulation of mitochondrial Bcl-2 and upregula
tion of Bax. Cytosolic Cytochrome c then complexes with the apopto
some to activate caspase-9 and promotes the cascading cleavage of 
caspases. Unlike the reports of previous studies reporting apoptosis as a 
consequence of toxicity in GC-1 spg, the total cytochrome C levels were 
depleted instead of accumulated (Kim et al., 2024; R. Lee et al., 2022). 
These studies utilize toxicants that induce apoptosis at 24 h, while IVM 
rapidly triggers apoptosis within 2–3 h. Sudden and intense stress 
coupled by the rapid transition of cells towards late apoptosis most likely 
caused an extracellular release of Cytochrome c (Gouveia et al., 2017; 
Javid et al., 2015; Renz et al., 2001). On the other hand, the released 
Cytochrome c may also be subject to degradation pathways. Given the 
pace of apoptosis in IVM-treated type B spermatogonia, the proteolytic 
degradation of the released Cytochrome c by high caspase activity may 
be accelerated as well. Either of the two scenarios may further compli
cate the detection of Cytochrome c in this study.

Despite the observed loss of total Cytochrome c, the cells continue to 
undergo apoptosis. The simultaneous decrease in levels of Cytochrome c 
and Bcl-2/Bax ratio and increase of fully cleaved Caspase-9 are time- 
coordinated in high doses of IVM. This corresponds to the observed 

Fig. 4. Rescue of proliferation in GC-1 spg cells pretreated with Se for 
24 h, followed by cotreatment with IVM and Se for 24 h. (A) Molecular 
structure of Na2SeO3. (B) Proliferation of GC-1 spg cells treated with IVM and/ 
or Se (n = 5). The data are presented as means ± SEM. Significant differences 
are indicated by different letters (a, b, and c) when p < 0.05.
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Fig. 5. Alleviation of redox dysregulation and ER stress in GC-1 spg cells pretreated with Se for 24 h, followed by cotreatment with IVM and Se for 3 h. 
Fluorescence microscopy images of GC-1 spg cells stained with (A) DCFDA, (B) Fluo-4 AM, and (C) ThT. Semi-quantified fluorescence intensity based on five random 
fields-of-view taken from GC-1 spg cells stained with (D) DCFDA, (E) Fluo-4 AM, and (F) ThT (n = 3). Changes in ER stress-related (G) gene expression and (H) 
protein levels (n = 3). (I) Fold changes in selenoprotein-encoding gene expression of GC-1 spg cells (n = 3). Scale bar: 100 μm. The data are presented as means ±
SEM. Significant differences are indicated by different letters (a, b, and c) when p < 0.05.
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Fig. 6. Mitigation of caspase activation and apoptosis in GC-1 spg cells pretreated with Se for 24 h and cotreated with IVM and Se for 3 h (A) Western blots 
of apoptosis-related markers of GC-1 spg cells (n = 3). (B) Fold changes in apoptosis-related gene expression of GC-1 spg cells (n = 3). The data are presented as 
means ± SEM. Significant differences are indicated by different letters (a, b, and c) when p < 0.05.
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accumulating number of cells undergoing morphological changes in the 
timelapse video. Cytochrome c, however, is restored by Se along with 
caspase cleavage inhibition and type B spermatogonia proliferation. 
These observations serve as evidence that the decrease of Cytochrome c 
remains associated with intrinsic apoptosis in this context. On the other 
hand, extrinsic apoptosis evident by the upregulation of Tnfα and Fas 
and caspase-8 activation is likely induced by intense oxidative stress, 
though Tnfα expression can also be upregulated by ER stress 
(Chipurupalli et al., 2021).

A previous study showed that supplementation with commercial Se 
and vitamin E mitigates IVM-induced testicular dysfunction in vivo 
(Ahmed et al., 2020). In the present study, Na2SeO3 was solely used as a 
rescue molecule to focus only on the factors attributed to Se when 
elucidating the molecular mechanisms of IVM-induced toxicity. Se 
reduced ROS and cytosolic Ca2+, restored proper protein folding, and 
prevented UPR. However, Se cannot restore proliferation above and 
within the calculated IC50 (Figure S3) Therefore, it is logical to conclude 
that Se mitigates apoptosis led by high doses of IVM in mouse sper
matogonia. These observations reflect the molecular consequences of 
the antioxidative action of Se and its ability to restore homeostasis.

IVM’s trifecta of stressors can be mitigated by selenoproteins (Byun 
and Kang, 2011). Selenoproteins involved in protein folding homeo
stasis have a CxxU motif that reduces oxidized thioredoxin to restore 
proper folding and/or scavenge H2O2 (Alokda and Van Raamsdonk, 
2023). Selenom can regulate the Ca2+ storage in male germ cells’ ER in 
the presence of oxidative stress (Reeves et al., 2010; Varlamova et al., 
2022). Glutathione peroxidase selenoproteins can utilize GSH to scav
enge free radicals in male germ cells. However, Gpx1 and Gpx4 have 
different functional niches. Gpx1 has the preferential ability to reduce 
lipid peroxides in complex lipids. Gpx4, especially mitochondrial Gpx4, 
is highly enriched and indispensable in the testis (Brigelius-Flohé and 
Maiorino, 2013; L. Chen et al., 2021; Liu et al., 2023). Another special 
selenoprotein in the testis is Selenov owing to its tissue-specific 
expression. Although its function in the testes remains poorly under
stood, its CxxU motif participates in redox regulation, similar to other 
selenoproteins (L.-L. Chen et al., 2021; Liu et al., 2023). Its over
expression protects 293 T epithelial cells from oxidative and ER stress, 
whereas its knockout in hepatocytes predisposes them to stress-related 
injuries (Zhang et al., 2020). Its specific mechanism of function in the 
testes and its possible applications to male fertility, however, remains to 
be studied.

IVM-induced stressors or Se supplementation alone did not upregu
late Gpx4 or Selenov, but they were highly expressed in the presence of 
IVM and Se. These findings suggest that if Se were bioavailable, these 
genes respond to redox-related stresses in the testis. The function of 
Gpx4 in alleviating oxidative stress from lipid peroxidation is well- 
documented. However, the same could not be said for Selenov prior to 
this study. The present results corroborate the recent finding that Sele
nov protects against oxidative and ER stress and their consequent in
juries (L.-L. Chen et al., 2021). Additionally, the findings suggest 
increasing Se bioavailability as a therapeutic approach against redox 
imbalance-related concerns in the testis.

The determined IC50 of IVM toxicity in mouse spermatogonia is 
lower than the IC50 values reported in multiple in vitro studies that 
explored the antineoplastic potential of IVM (Chen et al., 2020; Dou 
et al., 2016; Jawad and Richardson, 2023; D. E. Lee et al., 2022; Tung 
et al., 2022; N. Xu et al., 2021; Zhang et al., 2022; Zhu et al., 2017). This 
implies that male reproductive toxicity may supersede intended effects 
in efforts to repurpose IVM for therapeutic use beyond helminthiasis. On 
the other hand, pharmacokinetic modeling suggested that 2 μM IVM in 
in vitro systems reportedly correspond to >35 times the maximum 
plasma concentration after oral intake of a single 200 μg/kg IVM dose 
(Schmith et al., 2020). Thus, the range of IVM concentrations that affect 
proliferation and cause cell death in mouse spermatogonia in vitro re
quires careful consideration before extrapolation, especially in envi
ronmentally relevant concentrations.

A significant increase in proliferation was observed in mouse sper
matogonia stimulated for 24 h with low IVM concentrations. This 
observation is consistent with those of recent studies that defined the 
proliferative effects in cells treated with nanomolar, environmentally 
relevant concentrations of endocrine-disrupting chemicals, such as 
phthalates and bisphenol analogs (Cao et al., 2023; Lei et al., 2019). 
Hence, it would be beneficial for future studies to rule out the potential 
of IVM as an endocrine-disrupting chemical (European Food Safety 
Authority (EFSA) et al., 2022; Vandenberg et al., 2012).

5. Conclusion

IVM, though widely regarded as a ‘wonder drug,’ has been shown to 
negatively impact male reproduction. This study revealed for the first 
time that IVM induces apoptosis in mouse spermatogonia via ER and 
mitochondrial dysfunction driven by ROS accumulation, Ca2+ over
load, and protein misfolding. To an extent, Se was found to counteract 
these effects through the activation of selenoprotein-encoding genes 
such as Gpx4 and Selenov. These findings suggest that Se is a valuable 
protective agent against oxidative and ER stress to preserve male 
fertility.
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