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a b s t r a c t

Despite conflicting data on doxorubicin (DOX) reproductive toxicity, its chemotherapeutic potential
sustains its use to treat different types of cancer. This work was designed to study the protective effect of
a newly synthesized thiocyanoacetamide (TA), in comparison with selenium (Se), against doxorubicin-
induced in vitro toxicity in rat Sertoli cells (SCs). DOX was administered alone or in combination with
Se or TA. The possible protective role of increased concentrations of TA (0.25, 0.5 and 1mM) or Se (12, 25
and 50 mM) on SCs was tested against 1 mM of DOX. From this screening, only the least toxic doses of TA
and Se were used for further analysis. DOX cytotoxicity, as well as its impact on SCs viability, mito-
chondrial membrane potential (DJm), oxidative stress biomarkers, apoptosis and autophagy were
assessed. Our results showed that DOX exerted its cytotoxic effect through a significant increase in cell
death. DOX-mediated cell death was not related to autophagy nor to an overproduction of reactive ox-
ygen species. It was rather due to apoptosis, as shown by the increased number of apoptotic cells and
increased activity of caspase-3, or due to necrosis, as shown by the increase in lactate dehydrogenase
(LDH) extracellular activity. Still, Bax and Bcl-2 protein expression levels, as well as DJmwere not altered
by the different treatments. Some individual doses of Se or TA induced a significant toxicity in SCs,
however, when combined with DOX, there was a decrease in cell death, LDH extracellular activity,
number of apoptotic cells and caspase-3 activity. Overall, our results indicate that DOX-mediated
apoptosis in cultured SCs can possibly be averted through its association with specific doses of Se or
TA. Nevertheless, TA showed a higher efficiency than Se in reducing DOX-induced toxicity in SCs by
decreasing not only apoptosis, but also necrosis and autophagy.
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1. Introduction

In many countries, cancer is responsible for more than a quarter
of all deaths. The global impact of cancer reached a high socio-
economic burden [1]. In fact, approximately 14.1 million people are
expected to develop a malignant disease annually. Recent de-
velopments in combined chemotherapy and early detection of
malignancy have enhanced patient's survival rates. Nevertheless,
about two-thirds of the patients need additional treatment for the
side effects promoted by the chemotherapeutic agents, including
cardiovascular abnormalities, neurocognitive damages and gona-
dotoxicity [2]. This resulted in a wide consciousness regarding the
short and the long-term impact of many chemotherapeutic drugs.
The main problem of these drugs is the low selectivity for tumor
cells, therefore the treatment will also affect healthy regenerating
cells [3].

The dynamic process of spermatogenesis makes the testicular
tissue highly sensitive to side-effects caused by chemotherapeutic
drugs, leading to temporary or permanent infertility [4]. Among all
chemotherapy agents, doxorubicin (DOX), a non-selective [5] class I
antibiotic anthracycline [6] is considered by the Food and Drug
Administration (FDA) as one of the most potent antineoplasic
agents [7]. However, several studies highlighted the negative
impact of DOX therapy in male fertility. The widely recognized DOX
potential to destroy highly proliferating abnormal cells and to limit
tumor progression is accompanied by a high morbidity in normal
cells. DOX has the ability to intercalate DNA [7] and interfere with
different DNA-binding enzymes, resulting in DNA damage. Conse-
quently, DNA repair fails and cell cycle is arrested, which triggers
cell death by apoptosis [8] and necrosis through genetic instability
[9]. Recently, it was reported that DOX also promotes the formation
of autophagic vacuoles [10]. Additionally, DOX is considered a
mitochondrial toxin as it causes a genotoxic stress that leads to
mitochondrial dysfunction [11].

During the last decades, a plethora of chemicals have been
tested for their ability to inhibit or prevent DOX undesired toxicity
to healthy cells. The trace element selenium (Se) is an important
factor for human body homeostasis. Se deficiency has been corre-
latedwith the loss of vital functions and increased risk for the onset
of several diseases, including cancer and infertility [12]. Se is a
major component of selenoproteins, including selenocysteine and
selenomethionine, thus playing a key role in the activation of Se-
dependent enzymes that stabilize cell metabolism [13,14]. In
addition, Se modulates germ cells function and maintains repro-
ductive integrity, through the activation of mitochondrial biogen-
esis [15]. The preventive role of Se in sperm and Sertoli cells (SCs)
apoptosis induced by the environmental toxicant di(2-ethylhexyl)
phthalate (DEHP) was also reported [16]. Thus, it may have the
potential to counteract the deleterious effects of DOX on male
reproductive cells.

Cyclic thioamides (e.g. propyltiouracil, carbimazole and methi-
mazole) are antioxidant drugs used to treat thyrotoxicosis [17].
Some of these drugs were reported to inhibit sexual steroid pro-
duction as side-effect, with a concurrent lower sperm quality and
leading to infertility in the most severe cases [18,19]. However, the
reports concerning the effects of thioamides-based therapy in male
infertility are scarce. Recently, we have synthetized a new deriva-
tive of thioamide, thiocyanoacetamide (TA), which has a potent
antioxidant potential [20] and ability to reduce DOX-induced
toxicity in rat testis [21].

Within the testicular environment, SCs are responsible for the
physical and nutritional support of spermatogenesis [22]. SCs are
essential for gonadal homeostasis through their complex in-
teractions with germ cells, Leydig and myoid cells [23,24]. Impair-
ment of SCs function by toxicants may compromise
spermatogenesis and hence male fertility [25]. Therefore, in vitro
SCs are an adequate model to study toxicant-mediated injury in
testis [26]. Previous studies reported that DOX can alter the struc-
ture and function of SCs in vivo [4,27]. However, the underlying
mechanisms are not known. The objective of this study was to
evaluate the possible protective role of TA or Se against DOX-
induced in vitro toxicity in rat SCs, in comparison to Se.

2. Materials and methods

2.1. Chemicals

DOX was complimentary provided by Salah Azaiez Institute of
Oncology (Tunis, Tunisia), under the commercial name Adria-
mycin® (0.9% NaCl). Se (sodium selenite pentahydrate; Na2O3Se)
was dissolved at 50 mg/ml in pure water and purchased from Oli-
gosol® (Paris, France). TA was produced in crystalized form in the
Laboratory of Organic Synthesis and Heterocyclic of the Faculty of
Sciences (Tunis, Tunisia) as previously described [21]. RMPI-1640
with L-glutamine (R6504-1L), Anti-dinitrophenyl (DNP) Rabbit
monoclonal antibody (mAB) (#D9656-2ML) and Caspase-3 Assay
kit Colorimetric (CASP-3-C) were obtained from Sigma-Aldrich (St-
Louis, MO, USA). LDH cytotoxicity assay kit (#88953) and BCA
protein assay kit (#23225) were purchased from Thermo Fisher
Scientific (Waltham, MA, USA). MTT (#0793-1G) was obtained from
Amresco (Solon, OH, USA). Hoechst 33324 (H3570) was purchased
from Life Technologies (Camarillo, CA, USA). Anti-3-nitrotyrosine
(Anti-3-NT) (ab61392) and anti-4-Hydroxynonenal (Anti-4-HNE)
(ab48506) antibodies were obtained from Abcam (Cambridge, UK).
Anti-Bax (#2772) and anti-Bcl2 (#2870) antibodies were purchased
from Cell Signaling Technology (Danvers, MA, USA).

2.2. Thiocyanoacetamide (TA) synthesis

The synthesis of the 2-cyano-2-p-nitrophenyl-Nbenzylth-
ioamide or TA was performed as described in Fig. 1A. TA was pro-
duced in a nitrogen atmosphere; 5.6 g per % of potassium tert-
butylate (terBuOK) dissolved in tetrahydrofuran (THF) that was
previously mixed with 11.7 g per % of p-nitrobenzyl-cyanide. The
mixture was stirred for 40min, then 11.8 g per % of benzyl-
isothiocyanat in dissolved TFH were added. The mixture was
further stirred for 3 h and hydrolyzed with HCl (12 N). Extraction
was then performed by adding 30ml chloroform to themixture and
allowing it to dry. To purify the extract, ether recrystallization was
processed. Purity was assessed by the extract melting point
(124 �C), and by High Performance Liquid Chromatography (HPLC)
using an RP18 column and UV detector set at 250 nm. Mobile phase
(water/acetonitril) was pumped at a flow rate of 2ml/min in a
gradient mode as follows: 100% ultra-pure water for 0.01min, 75%
for 3.1min, 66% for 9.1min, 0% for 20min and 100% for 22min.

2.3. Cell culture and experimental design

Rat SCs (SerW3) were cultured in Cell þ culture flasks (Sarstedt,
Nümbrecht, Germany) and incubated at 37 �C in a humidified at-
mosphere with 5% CO2. Cells were maintained in culture medium
composed of RPMI-1640 supplemented with NaCO3 (23.8mM),
HEPES (14.9mM), D-glucose (14.1mM), Fetal Bovine Serum (FBS)
(10% v/v) and 1% antibiotics, including gentamycin (0.002 U/ml),
penicillin (100 U/ml) and streptomycin (100 U/ml). Cells were
plated and harvested for different drug tests into 96-well sterile
microplates. After reaching a 70-80% of cellular confluence, the
medium was replaced by RPMI medium without FBS, but supple-
mented with Insulin (10 mg/L) and Transferrin (5.5 mg/L) (IT).
Moreover, this medium was supplemented with different



Fig. 1. (A) Chemical synthesis of the new thiocyanoacetamide (TA). In the presence of strong base, such as potassium ter-butylate (tBuOK) dissolved in tetrahydrofuran (THF) and p-
nitrobenzyl-cyanide, arylacetonitriles reacts with benzyl-isothiocyanat (NCS) and lead to the formation of the 2-cyano-2-p-nitrophenyl-Nbenzylthioamide. (BeC) Graphics of 1H
and 13C NMR spectra (400MHz) performed for the structural identification of TA. (D) Chromatograph obtained by High Performance Liquid Chromatography (HPLC), showing a
unique peak at 4.5min of retention time corresponding to TA.
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concentrations of Se, TA and DOX to create 14 different experi-
mental conditions: Control (CTR; RPMI þ IT medium), 1 mM DOX,
12 mM Se, 25 mM Se, 50 mM Se, 0.25 mM TA, 0.5 mM TA, and
1 mM TA alone or in combination with 1 mM DOX. The selection of
DOX dose was based on previous studies [28,29]. TA and Se doses
were selected and adjusted according to a pilot cytotoxicity analysis
based on a dose-response effect when combined with DOX (data
not shown). After cytotoxicity screening by MTT, LDH release and
DJmmeasurement, 25 mMSe and 0.25mMTAwere selected for the
further experiments. As DOX treatment generally results in cell
death in a time-dependent way (8e16 h) with a maximal caspase-3
activity after 24 h [30], the incubation period for all the experi-
mental conditions was set to 24 h.

2.4. MTT assay

MTT assay is based on the ability of mitochondrial oxidoreduc-
tase enzymes, in functional viable cells, to reduce the yellow 3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyl-2H-tetrazolium bromide
(MTT) to its purple insoluble formazan. Thus, this colorimetric
assay measures cell metabolic activity, and represents an accurate
indirect measure of cell viability. SCs were seeded into a 96-well
microplate. After reaching a 90-95% confluence, cells were
exposed to the different drug-supplemented media for 24 h. Then,
cells were washed twice with PBS, and culture medium was
replaced by 150 ml of freshly prepared IT and 15 ml of the MTT stock
solution (5mg/ml in PBS). Cells were incubated at 37 �C for 3 h and
protected from the light. Subsequently, media was removed and
100 ml of dimethylsulfoxide (DMSO) were added to dissolve for-
mazan crystals. Absorbance was measured at 570 nm to quantify
formazan formation and at 655 nm for internal reference, using an
iMark™ Microplate Absorbance Reader, Bio-Rad (Warszawa,
Poland). Non-specific substrate reduction was normalized to the
blank. Results were expressed in fold variation to CTR group.

2.5. Propidium iodide (PI) staining

PI staining was performed in the selected doses only to provide
further confirmation of MTT results and to observe cell death. PI is
a popular red-fluorescent agent that is not permeant to live cells,
thus being useful to differentiate necrotic, apoptotic and healthy
cells based on membrane integrity. SCs were seeded on coverslips
into 12-well plates. When 100% confluent, cells were incubated
for 24 h with the drug-supplemented media: Control (RPMI þ IT
medium), 1 mMDOX, 25 mM Se, 0.25 mM TA, 1 mMDOXþ 25 mM Se
and 1 mM DOX þ 0.25 mM TA. At the end of the incubation, cells
were washed twice with PBS, and fixed for 10 min in 4% para-
formaldehyde in PBS. Cells were stained with 1 mg/ml PI for
10 min at RT, then mounted on slides and examined under a Nikon
fluorescence microscope (Tokyo, Japan). PI yield a red fluores-
cence in dead cells due to membrane integrity loss. DOX auto-
fluorescence was considered and the signal was deducted from
the images. Processing was made using NIS-Elements Research
Software.

2.6. LDH assay

The colorimetric LDH assay kit was used to determine
cytotoxicity in SCs subjected to the experimental conditions by
assessing LDH activity in the extracellular media. LDH is a
cytosolic enzyme that can be released into the culture medium
upon cell death due to damages in the cellular plasma mem-
brane. Thus, the increase in LDH extracellular activity reflects
an increase in the number of lysed cells. Briefly, after 24 h of
exposure to the drug-supplemented media, extracellular media
were transferred into a 96-well clear bottom microplate (50 ml/
well). Then, 50 ml of LDH substrate were added to each well
and incubated at room temperature (RT) for 30min. To stop the
reaction, a stop solution (50 ml) was added to each well.
Absorbance was measured at 490 and 630 nm by Synergy™
HTX Multi-Mode Microplate Reader, BioTek (Winooski, VT,
USA). Results were normalized to the blank and results are
expressed in fold variation to CTR group. LDH enzymatic ac-
tivity was calculated as units per milligram of protein using the
molar extinction factor (ε) and finally expressed as fold varia-
tion to the control group.
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2.7. Mitochondrial membrane potential (DJm) assay

Mitochondrial membrane potential (DJm) was determined by
fluorescence microscopy using JC-1 dye after 24 h exposure to the
experimental media. The accumulation of JC-1 in mitochondria
depends on the DJm of the cells. Red fluorescence reflects cells
with functional mitochondria (JC-1 aggregates), while green fluo-
rescence reflects cells with dysfunctional mitochondria (JC-1
monomers). A decrease in the red/green fluorescence intensity
ratio indicates mitochondrial depolarization. Briefly, cells were
seeded in a 96-well microplate and also on sterile coverslips into a
glass-bottom plate. Cells with 80% confluence were treated with
the different media for 24 h. Cells treated with FCCP (50 mM) were
considered as positive control. SCs seeded on coverslips were only
treated with the selected media. At the end of treatment, cells were
washed twicewith PBS and 50 ml of JC-1 (1 mg/ml) were added. Cells
were incubated for 30min at 37 �C and then washed 2 times with
PBS. SCs in 96-well microplate were resuspended in IT medium,
and fluorescence was determined at 530/590 nm using a Synergy™
HTX Multi-Mode Microplate Reader, BioTek (Winooski, VT, USA).
The aggregates/monomers ratio was calculated for each condition
as a measure of DJm. Furthermore, SCs on coverslips were
mounted on slides to be observed under a Nikon fluorescence mi-
croscope (Tokyo, Japan). DOX autofluorescence was considered and
the signal was deducted from the images. Processing was made
using NIS-Elements Research Software.

2.8. Protein extraction and quantification

SCs were seeded into ⌀60mm culture dishes. Six dishes were
considered per experimental condition (N¼ 6). Dishes were kept at
37 �C and 5% CO2 until reaching 80% confluence and then treated for
24 h with the selected media. SCs were detached from the dishes
with trypsin and isolated by centrifugation for total protein
extraction. Total proteins were extracted using M-PER Mammalian
Protein Extraction Reagent according to manufacturer's in-
structions. Protein quantification was made using the BCA kit as
described by the manufacturers.

2.9. Slot-blot assay

Protein oxidation and lipid peroxidation are often used as bio-
markers for oxidative stress and they can be evaluated by
measuring their resulting products such as 2,4-dinitrophenyl
(DNP), nitro-tyrosine and 4-hydroxynonenal (4-HNE). The con-
tent of these adducts were measured in SCs after exposure to the
different experimental groups, to evaluate carbonyl groups, protein
nitration and lipid peroxidation, respectively, using the Slot Blot
assay as previously described [31]. Membranes were incubated
overnight (4 �C) with primary antibodies: rabbit anti-DNP, rabbit
anti-nitro-tyrosine or goat anti-4-HNE at 1:5000 dilutions. Then,
membranes were incubated with goat anti-rabbit IgG-AP (1:5000)
or rabbit anti-goat IgG-AP (1:5000) for 1 h at room temperature.
Membranes were reacted with ECL substrate (GE, Healthcare,
Buckinghamshire, UK) and images were acquired by ChemiDoc™
MP image analyzer, BioRad (Warszawa, Poland). Results were
expressed as fold variation to CTR group.

2.10. Hoechst 33342 staining

Cells were seeded on coverslips into a glass-bottom plate and
left to growth until reaching 80e90% confluence. SCs were then
incubated with the different drug-supplemented media. At the end
of 24 h treatment, cells were washed twice with PBS and fixed for
10min in 4% paraformaldehyde in PBS. For morphology
assessment, nuclei were stained by incubating cells with 10 mg/ml
Hoechst 33342 for 10min at RT. Coverslips were mounted onto
slides and examined under a Nikon fluorescence microscope
(Tokyo, Japan). Nuclear alterations were identified according to
chromatin condensation, fragmentation and bright staining. Nuclei
uniformly stained blue were considered normal. In each group, 10
random visual fields and >300 cells per field were counted.
Apoptotic cell percentages were averaged out of six different fields
for each condition and results were expressed in fold variation to
CTR group.

2.11. Western blot

Western blot analysis was carried out as previously reported
[31]. 30 mg of protein were used. Bax and Bcl-2 protein expression
was detected using specific antibodies, and b-actin was used as
protein loading control for relative quantification.Membraneswere
reacted with ECL substrate (GE, Healthcare, Buckinghamshire, UK)
and images were acquired by ChemiDoc™ MP image analyzer,
BioRad (Hercules, California, USA). Quantification of bands density
was performed using Image Lab software, BioRad (Hercules, Cali-
fornia, USA). Band densities were divided by the corresponding b-
actin band density and results were expressed as fold variation to
CTR group. Bax/Bcl-2 ratio was calculated afterwards.

2.12. Caspase-3 activity assay

Caspase-3 colorimetric assay was performed as described by the
manufacturer's protocol (Sigma-Aldrich, St-Louis, MO, USA). Briefly,
5 mg of proteinwere mixed with 90 ml of assay buffer and Ac-DEVD-
pNA substrate, and incubated for 120min. The absorbance was
measured at 405 nm and caspase-3 activity was calculated ac-
cording to the p-nitroaniline (pNA) amount in the sample. Six in-
dependent conditions were considered per group. Caspase-3
activity was expressed as pmol of pNA/mg of protein/min.

2.13. Autophagy assay

Cells were grown in a 96-well microplate until reach 89-90%
confluence. After 24 h exposure to the selected drug-supplemented
media, SCs were incubated with 1 mg/ml Hoechst 33342 for 10min,
in the dark, at RT. Then, cells were washed twice with PBS and
stained with 1 mg/ml of monodansylcadaverine (MDC) for 10min,
at 37 �C. Cells were washed again with PBS and 100 ml of fresh PBS
were added to each well. Fluorescence was immediately analyzed
at the respective Hoechst and MDC excitation/emission wave-
lengths (360/460 nm and 360/528 nm), using a Synergy™ HTX
Microplate Reader, BioTek (Winooski, VT, USA). Results were
normalized to the number of cells and expressed as fold variation to
the CTR group.

2.14. Statistical analysis

All numerical data are expressed as mean± SEM (N¼ 6). Sta-
tistical analysis was conducted using GraphPad ® (San Diego, CA,
USA). Data were checked for normality using ShapiroeWilk test
and significance was determined using Student't-test. Results were
considered statistically significant for P< 0.05.

3. Results

3.1. Characterization of the synthesized thiocyanoacetamide (TA)

The structural identification of TA by infrared radiation (IR)
showed the following results: (CHCl3, n cm�1): NH¼ 3311,
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eSH¼ 2540, CN¼ 2234.
TA analysis using Gas ChromatographyeMass Spectrometry

(GC-MS) (m/z) showed the following data: 194
(C6H5H2CeHNeCH]S), 162 (O2NC6H5eCHeCN), 116
(C6H5eH2CeHNeCH), 91 (C6H5eH2C) and 77 (C6eH5).

To verify the chemical functions and to highlight the complete
synthesis of TA molecule, 1H and 13C spectrum nuclear magnetic
resonance (NMR) (400MHz) were evaluated. NMR analysis showed
the following results:

1H NMR in CDCl3 d ppm 2.2 (-SH), 3.1(-CH2), 8.8e9.4 (2 aromatic
cycles: phenyls) and 9.9(eNH). 1H NMR (CDCl3, d ppm): 3.1 (eCH2),
8.8e9.9 (Harom) and 6.3 (eNH).

13C NMR in CDCl3 d ppm 32 (O2NeC6H6OeCN), 108 (CN) and
123e155 (2 aromatic cycles: phenyls) (Fig. 1B), 13C NMR d ppm 32
(O2NeC6H6OeCN), 108 (CN) and 123e155 (2 aromatic cycles:
phenyls) (Fig. 1C).

The purity of TA was verified by high performance liquid chro-
matography (HPLC) at gradientmode. The chromatogram displayed
a single peak at 4.5min of retention time, which confirm the purity
of the synthesized TA (Fig. 1D).

3.2. The combined treatment with TA reduced DOX cytotoxicity to
Sertoli cells

Exposure of SCs to 1 mM DOX reduced metabolic viability rela-
tive to the CTR group (Fig. 2A), while increasing LDH extracellular
activity (Fig. 2B). SCs exposed to the media supplemented solely
with Se showed a decrease in metabolic viability (Fig. 2A). More-
over, SCs exposed to 12 mM Se showed an increase in LDH extra-
cellular activity (Fig. 2B), but not those exposed to higher Se doses
(25 mM or 50 mM). Similarly, exposure of SCs to 0.25, 0.50 or
1mMTA, reduced the metabolic viability of SCs relative to the CTR
group (Fig. 2A). However, LDH extracellular activity was not altered
by exposure to any of TA doses (Fig. 2B). The combined treatment of
SCs with 1 mM DOX þ 12 mM Se, as well as with any of the three
concentrations of TA, restored cell metabolic viability to control
values (Fig. 2A). In addition, DOX (1 mM) association with 1mMTA
increased SCs metabolic activity relative to DOX-only treated cells
(Fig. 2A). LDH extracellular activity was higher in all DOX þ Se
groups and the DOX þ 0.5 mM TA group relative to the CTR.
Interestingly, SCs exposed to 1 mM DOX combined either with
0.25 mM TA or 1 mM TA, showed normal LDH extracellular activity
(Fig. 2B). There was also an increase in PI staining in SCs exposed to
1 mM DOX, as well as an increase in altered cell morphology along
with a lower colony forming ability (Fig. 2C). Exposure of SCs to
25 mM Se or 0.25mMTA induced an increase in PI-stained nuclei
and an alteration of cell morphology relative to the CTR group. PI
staining was slightly lower when DOX was associated with 25 mM
Se, and further lower when DOX was combined with 0.25mMTA.
The combined treatment of DOX with TA restored the normal col-
onies aspect and increased cell density and agglomeration (Fig. 2D).

3.3. Combined exposure of SCs to DOX and TA did not alter
mitochondrial membrane potential or oxidative stress markers

SCs exposed to the media supplemented with 1 mM DOX, 12 mM
Se, 25 mM Se, 50 mM Se, 0.25mMTA or 0.50mMTA did not show
alterations in DJm when compared with the CTR group (Fig. 3A).
However, the supplementationwith 1mMTA induced a decrease in
DJm, whereas exposure to 1 mMDOXþ 12 mMor 50 mM Se resulted
in an increased DJm when compared to the CTR group. The
exposure of SCs to the DOX þ TA combinations did not result in any
significant change in DJm. These findings were further confirmed
by the red/green fluorescence balance observed by JC-1 staining
performed only at Se (25 mM) and TA (0.25mM) selected doses in
the test groups, which showed no significant difference in DJm, in
comparison with CTR group (Fig. 3B).

Mitochondria are the main producers of reactive oxygen species
(ROS) in cells, so they reflect the cellular oxidative status. One of the
main toxic effects exerted by DOX is ROS overproduction due to
mitochondrial dysfunction. However, exposure of SCs to 1 mM DOX
or any of the other media did not alter carbonyl groups levels,
protein nitration or lipid peroxidation relative to the CTR group
(Fig. 4).

3.4. The association of DOX with Se or TA decreased apoptotic cell
count

DOX treatment has been associated with increased cellular
apoptosis [32]. Indeed, observation of nuclei morphology by
Hoechst staining revealed that 1 mM DOX induced chromatin
fragmentation and condensation (Fig. 5A). This was reflected by the
increase in apoptotic cell count relative to CTR group (Fig. 5B). As
showed in Fig. 5A and B, cells treated with 25 mM Se or 0.25 mM TA
showed no significant alterations on chromatin aspect or on
apoptotic cell count. Furthermore, SCs exposure to 1 mM DOX þ
25 mM Se or 1 mM DOX þ 0.25 mM TA maintained nuclei
morphology (Fig. 5A) and apoptotic cell count (Fig. 5B).

3.5. The combined exposure to DOX with Se or TA prevented
alterations in caspase-3 activity

The intrinsic apoptosis signaling pathway is mainly controlled
by the Bcl-2-family, which interacts with the major pro-apoptotic
protein Bax [33], leading to the activation of caspase-3 cascade
[34]. Bax and Bcl-2 protein expression, as well as the Bax/Bcl-2 ratio
were similar among all the experimental groups (Fig. 6A, 6B, 6C).
However, caspase-3 activity (Fig. 6D) was increased in SCs exposed
to 1 mMDOX relative to the CTR group. Combined exposure of 1 mM
DOX either with 25 mM Se or 0.25mMTA was able to restore
caspase-3 activity to CTR values (Fig. 6D).

3.6. The combined exposure to DOX with TA reduced autophagy in
SCs

Autophagy can promote or suppress cell death and can also
preserve cell integrity and metabolism in the presence of a cyto-
toxic agent or in pathological conditions [35]. As illustrated in Fig. 7,
the exposure of SCs to 1 mM DOX had no significant effect on
autophagy. The same results were observed in the group of SCs
treated with 25 mM Se, 0.25 mM TA, or 1 mM DOX þ 25 mM Se.
However, autophagy levels were reduced after exposure to 1 mM
DOX þ 0.25 mM TA.

4. Discussion

Cancer is the second major cause of death. It carries the highest
social and economic encumbrance due to the high costs of diag-
nosis, treatment and side effects [36]. During the last years, one out
of 49 individuals was diagnosed with a malignant tumor during the
first decades of age [37], and one out of 530 adults (20-35 years)
had an infantile cancer [38]. Hence, 50% of patients diagnosed with
malignant diseases were or will be prescribed a cancer therapy.
Consequently, there is an increasing concern regarding the effects
of these therapies on male fertility and it is recommended for many
patients to undergo gamete cryopreservation [39]. However, pre-
pubescent patients and those already suffering from poor fertility
parameters are usually not eligible. Therefore, vectorized chemo-
therapy drugs like DOX [40] or association with natural and syn-
thesized compounds have been tested to reduce treatment side



Fig. 2. Illustration of dose-dependent toxicity in Sertoli cells (SCs) exposed to culture medium supplemented with DOX (1 mM), selenium (Se - 12, 25 or 50 mM), or thio-
cyanoacetamide (TA - 0.25, 0.5 or 1mM) in comparison to control (CTR) group. DOX (1 mM) was also combined with Se or TA at the same concentrations. (A) represents cells viability
using MTT assay and (B) extracellular LDH activity. Each bar represents the mean± SEM out of six replicates. Significantly different results (P< 0.05) are indicated as: a e relative to
CTR; b e relative to DOX-only treated group. (C) represents propidium iodide (PI) staining observed under red light fluorescence microscope (scale bar¼ 20 mm), and (D) SCs
colonies aspect observed under light microscope (400� ) (scale bar¼ 50 mm).



Fig. 3. Mitochondrial membrane potential (DJm) of Sertoli cells (SCs) after exposure to culture medium supplemented with DOX (1 mM), selenium (Se - 12, 25 or 50 mM), or
thiocyanoacetamide (TA - 0.25, 0.5 or 1mM) in comparison to control (CTR) group. DOX (1 mM) was also combined with Se or TA at the same concentrations. (A) Graphic rep-
resentation of the averaged aggregates/monomers ratio after JC-1 fluorescent staining. Each bar represents the mean± SEM out of six replicates. Significantly different results
(P< 0.05) are indicated as: a e relative to CTR. (B) Representative images of green/red fluorescence intensity emitted by SCs stained with JC-1.
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effects, especially its toxicity to highly proliferating cells [41].
Chemotherapeutic agents are known to disrupt spermatogen-

esis by affecting various testicular cells, such as Leydig cells, SCs,
and germ cells [42]. Experimental evidence suggests that severe
spermatogenesis impairment caused by DOX treatment is related
to germ cell apoptosis and structural damage of SCs [43]. SCs play a
key role in germ cell development and survival through a complex
molecular interaction with the different cells within the



Fig. 4. Oxidative stress biomarkers after exposure of Sertoli cells (SCs) to culture medium supplemented with 1 mM DOX, 25 mM selenium (Se), or 0.25mM thiocyanoacetamide (TA)
in comparison to control (CTR) group. DOX (1 mM) was also combined with 25 mM Se or 0.25mMTA. (A) represents carbonyl groups, (B) protein nitration, and (C) lipid peroxidation.
Each bar represents mean± SEM averaged out of six replicates. (D) displays the representative slot-blot figures (of one sample) for anti-DNP, anti-3-NT, and anti-4-HNE.

M. Boussada et al. / Theriogenology 140 (2019) 188e200 195
seminiferous epithelium [44]. It has been suggested that DOX-
induced damage to SCs results in germ cell injury in animal
models [4,45]. Still, the mechanisms by which DOX induces SCs
toxicity are not known. Our work was designed to study the direct
effects of DOX in rat cultured SCs, and to evaluate the protective
potential of Se and TA against DOX cytotoxicity.

Reduced cell viability and increased LDH release after SCs
treatment with 1 mM DOX were regarded as the first signs of DOX-
induced toxicity. Sadeghi-Aliabadi et al. [29] and Tomankova et al.
[46] also described a significant decrease in Hela andMCF7/NIH3T3
cells viability after exposure to 1 mM and 0.5 mM DOX, respectively.
Holmgren et al. [47] reported a progressive increase in LDH level in
the extracellular medium after cardiomyocytes exposure to 0.4 mM
DOX. Media supplemented with Se (12, 25 or 50 mM) or TA (0.25,
0.50 or 1mM) presented some cytotoxicity to SCs as reflected by
the decrease in cell metabolic viability by MTT assay. Although Se
toxicity was not more severe than that of DOX, Se association with
DOX seemed to be more lethal to SCs. Recently, another study with
bovine SCs also reported a cytotoxic effect of certain Se doses [48].
Despite, based on MTT results DOX association with the three
concentrations of TA sustained cell survival, suggesting a potent TA
ability to counteract DOX-mediated death. Moreover, DOX associ-
ation with 0.25 mM or 1 mM TA prevented an increase of LDH
release and only 1 mM DOX þ 0.50 mM TA significantly promoted
extracellular LDH release. LDH is a cytosol enzyme that only crosses
the plasmatic membrane when this structure is compromised.
Extracellular LDH activity is correlated to cytotoxicity and is
frequently used as a marker of cell death by necrosis [49]. Thus, we
suggest that DOX may lead to SCs death by necrosis and TA sup-
plementation showed higher efficacy in reducing DOX-triggered
cytolysis.

Mitochondria are essential for cell function as they are the main
energy source [50]. Some uncoupling agents such as DOX target
mitochondria by altering mitochondrial membrane stability, which
is a crucial event that determines cell subsistence or death [51].
Previous studies reported that DOX toxicity can lead to mitochon-
drial dysfunction [52]. Despite the previous observations suggest-
ing that DOX causes DJm loss in human carcinoma cells, we did not
observe any changes in SCs exposed to 1 mM DOX [53]. Besides,
some studies reported that Se does not affect mitochondrial func-
tion and biogenesis in healthy cells [54,55], whereas others showed
a Se-induced prevention of mitochondrial potential collapse in cells



Fig. 5. Figure (A) shows representative images of chromatin aspect of Sertoli cells (SCs) after exposure to culture medium supplemented with 1 mM DOX, 25 mM selenium (Se), or
0.25mM thiocyanoacetamide (TA) in comparison to control (CTR) group. DOX (1 mM) was also combined with 25 mM Se or 0.25mMTA. Morphological changes in nuclei (chromatin
fragmentation and condensation) were observed using a blue filter in a fluorescence microscope and are represented by an arrow head. Figure (B) provides a graphic illustration of
apoptotic cells count in the different groups. Each bar represents mean ± SEM averaged out of six different fields for each condition. Significantly different results (P< 0.05) are
indicated as: a e relative to CTR; b e relative to DOX-only treated group.
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subjected to cytotoxic stress [56,57]. In our study, none of the tested
doses of Se affected DJm when administered alone. Additionally,
TA administration at 0.25mM and 0.50mM had no significant ef-
fect on DJm, but the 1mMTA formulation induced a reduction in
DJm of SCs. The administration of 12 mM or 50 mM Se in combi-
nation with DOX, resulted in a higher DJm. However, DOX asso-
ciation with 25 mM Se did not affect DJm, which mainly
contributed to the selection of this Se dose for further evaluation.
An increased DJm is usually associated with an enhancement of
ATP production, but it can also lead to oxidative imbalance [58]. In
fact, a 10% variation inDJm in healthy cellsmay result in a 90% drop
in ATP synthesis and 90% increase in ROS generation [59]. In this
regard, we suggest that DOX association with the lowest and the
highest dose of Se is noxiously affecting mitochondrial function,
though, DOX association with the three doses of TA had no signif-
icant effect on DJm (Fig. 4A and B). As 0.50mMTA promoted LDH
extracellular activity and 1mMTA collapsed DJm, 0.25mMTAwas
the selected dose for further studies.
The maintenance of homeostasis between ROS and ATP pro-

duction by mitochondria is pivotal as it usually reflects the energy
requirements in specific physiological condition [60]. Besides DJm,
ROS measurement provides essential clues about cell functioning.
Thus, we measured some oxidative stress and apoptosis markers in
SCs. DOX is considered as an exogenous inducer of ROS production
in mitochondria [61]. Contrary to Zhao et al. [62] who showed that
DOX induces mitochondrial dysfunction and lipid peroxidation in
mouse heart mitochondria and Wei et al. [63] who reported an
overproduction of ROS in mouse embryonic fibroblasts, we found
that supplementation of 1 mM DOX in culture medium did not
promote oxidative damage (protein nitration/carbonylation or lipid
peroxidation) in SCs. This may be due to the different sensitivity to
chemotherapy drugs between cell types. Few studies have
described molecular events responsible for oxidative stress in SCs.
Unlike germ cells, which are highly sensitive to oxidative damage,



Fig. 6. Graphic illustration of (A) Bax protein expression, (B) Bcl-2 protein expression, (C) Bax/Bcl-2 ratio and (D) caspase-3 activity in Sertoli cells (SCs) after exposure to culture
medium supplemented with 1 mM DOX, 25 mM selenium (Se), or 0.25mM thiocyanoacetamide (TA) in comparison to control (CTR) group. DOX (1 mM) was also combined with
25 mM Se or 0.25mMTA. Each bar represents mean ± SEM averaged out of six independent experiments. Significantly different results (P< 0.05) are indicated as: a e relative to CTR.
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SCs minimize ROS and free radical reactivity by modulating their
intracellular antioxidant defenses [64].

Differential DOX-induced cell death processes have been
extensively described, including necrosis [9], mitotic catastrophe
[65], apoptosis [66] and autophagy [67]. DJm disturbance has been
frequently considered as the point of no return in apoptosis acti-
vation, which consequently stimulates caspase activity and cell
death [68]. DJm loss and ROS generation are not the only triggers
for apoptosis [69]. The potent antitumor activity of DOX is related to
its ability to intercalate DNA, thus fostering DNA damage, which is a
stimuli for apoptosis [70]. DOX-induced apoptosis involves the
activation of signaling cascades through caspase-3 [32]. DOX was
reported to activate diverse regulatory factors, such as CENP-A,
Mad2, BubR1, and Chk1, leading to apoptosis in different human
hepatoma cell lines [65]. Besides, DOX increased Bax/Bcl-2 mRNA
expression in MCF-7 cells [71]. Huigsloot et al. [30] reported that
DOX can overexpress Bcl-2 protein in breast cancer cells, further
eliciting the pro-apoptotic effect of DOX through the Bax/Bcl-2
pathway. In our observations, Bax and Bcl-2 protein expression
was unchanged after exposure to DOX, but there was a significant
increase in apoptotic cells count. As caspase activation is a down-
stream event in apoptosis, we also quantified caspase-3 activity.
Our findings revealed that DOX significantly stimulates caspase-3
activity. Caspase-3 activation is intrinsic when the signaling
cascade is triggered by cytochrome c release and caspase-9 activity
and extrinsic if the pathway is activated via membrane death re-
ceptors [72]. When caspase-3 activity reaches a threshold, it trig-
gers alternative apoptotic pathways, such as MEK/ERK [73] or NF-
kB [74]. In our work, we report that Se combination with DOX
decreased SCs apoptosis, as showed by the lower number of



Fig. 7. Autophagy in Sertoli cells (SCs) upon exposure to culture medium supple-
mented with 1 mM DOX, 25 mM selenium (Se), or 0.25mM thiocyanoacetamide (TA) in
comparison to control (CTR) group. DOX (1 mM) was also combined with 25 mM Se or
0.25mMTA. Each bar represents mean ± SEM averaged out of six different replicates.
Significantly different results (P< 0.05) are indicated as: a e relative to CTR.
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apoptotic cells (Fig. 5B) and decreased caspase-3 activity (Fig. 6B).
Still, cell survival was not promoted, which suggest an alternative
death process other than apoptosis in SCs exposed to these test
compounds. Several studies reported a synergistic effect between
DOX and Se in apoptosis, through Fas signaling activation [75] or P-
53/MAPKs [76] in different cancer cell lines. Other reports sug-
gested that Se may inhibit normal cells from entering apoptosis,
such as demonstrated in prostate cells [77], human lens epithelial
cells [78], or neural cells [79]. We hypothesized that Se may
decrease DOX-induced apoptosis in SCs, yet it does not prevent cell
death through different pathways. A similar effect was observed
when TA was associated with DOX. This new molecule showed
capacity to enhance SCs viability and lowered the increase in
caspase-3 activity and apoptotic cells count induced by DOX
treatment. Our results highlight TA capacity to diminish DOX-
induced toxicity in SCs. Yet, the precise molecular mechanisms
and signaling pathways need to be further investigated.

Emerging evidences appoint toward a convergence between
apoptosis and autophagy and shows that DOX-affected cell func-
tioning depends on autophagy initiation through different ap-
proaches [80,81]. A crucial concept often misjudged is that, even
when autophagy modulates cell death, there is not necessarily a
direct link between autophagy and cell death pathways [82]. Re-
ports frequently described a connection between the controlling
machinery that regulates autophagy and apoptosis, including PI3
kinase/Akt pathway [83] and the upregulation of P-53 gene
expression [84]. The regulation of apoptosis and autophagy is
synchronized and autophagy can be a limiting or a promoting factor
of apoptosis [85]. DOX has been shown to upregulate autophagy
related genes (Atg) [86], thus contributing to DOX-induced toxicity
[10,87]. We evaluated autophagy (or the self-degradation process)
in SCs exposed to the different drugs. Contrary to previous studies
and showing that DOX modulates autophagy in hepatocellular
carcinoma cells [73] and cardiomyocytes [88], we did not observe
any significant change in autophagy of SCs exposed exclusively to
DOX. We suppose that there has been a major pro-apoptotic
stimulation by DOX at the expense of autophagy. Our results
were in accordance with those observed by Tacar et al. [89] who
reported a predominance of apoptotic death in isolated human
osteosarcoma and cardiomyocyte cell lines exposed to DOX. Besides
the fact that autophagy and apoptosis can be coincident or antag-
onistic events [35], autophagic death is stimulated only when
apoptosis is compromised even if DNA damage occurs [90]. The
unaffected autophagy of SCs by DOX exposure might be a conse-
quence of an early apoptosis activation. On the other hand, auto-
phagy was decreased in SCs exposed to a combination of DOX and
0.25mMTA. As discussed above, TA combination with DOX
decreased DOX-mediated apoptotic death and improved cell
viability. In this regard, we supposed that decreased autophagy is
whether due to lower degradation and recycling rate of bio-
molecules to supply the energy needs of the cell, or TA may control
DOX cytotoxicity. As the combined treatment of DOX and TA
apparently decreased DOX pro-apoptotic action and promoted cell
survival, we considered that autophagy drop could be a protective
response of SCs against DOX toxicity. Nevertheless, autophagy and
programmed cell death are still controversial and further studies
are needed to clarify our hypothesis.

In summary, strategies to improve life quality of patients un-
dergoing chemotherapy mostly rely on the physiological differ-
ences between tumor and healthy cells, but also on treatments that
protect normal cells activity. Our study is the first report showing
that SCs exposure to DOX leads to a lower cell viability, affects
intracellular and extracellular LDH level, and stimulates apoptotic
death through caspase-3 activation independently of Bax/Bcl-2
expression. Yet, DOX treatment had no effect on DJm, autophagy
and oxidative stress biomarkers. DJm loss, ROS production, caspase
activation and Bax/Bcl-2 response are independent events in DOX-
treated SCs, but it might trigger alternative cell death signaling
pathways. Both combined treatments averted DOX-induced
apoptosis and TA showed better efficiency to reduce DOX-
induced cell death relative to Se. In the context of chemopreven-
tion strategies, further studies must be performed to identify TA
mechanisms of action, as well as the ideal doses, time of exposure
and potential benefits for an optimal efficacy as co-adjuvant
therapies.
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