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Evaluation of citrinin-induced toxic effects on mouse Sertoli cells
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ABSTRACT
Penicillium citrinum-derived mycotoxin citrinin (CTN) is known to be a toxic agent for humans and ani-
mals. Previous studies have shown that CTN leads to toxicity in many biological systems; however, a
limited number of studies have been performed to demonstrate the harmful effects of CTN on the
male reproductive system. In the present study, the effects of CTN on cytotoxicity and apoptosis were
examined in Sertoli cells as a model. Sertoli cells were treated with eight different CTN concentrations
(from 0 up to 200mM, for 6–72h). Toxic potential of CTN was estimated by measuring metabolic activ-
ity (MTT test), DNA synthesis (BrdU test), and cell membrane damage (LDH test) as well as apoptosis
and necrosis (via staining with propidium iodide and Hoechst 33342). The results showed that CTN
significantly decreased the cell viability and cell proliferation, increased cytotoxicity, apoptosis, and
necrosis in a concentration-dependent manner. Furthermore, CTN showed cytotoxicity in Sertoli cells
with an IC50 value of 116.5mM for 24 h. In conclusion, these findings clearly showed that, CTN affects
Sertoli cells even at low concentrations. Thus, as a result of the damage of CTN shown in Sertoli cells,
it can be deduced that CTN may also have detrimental effects on the testes.
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1. Introduction

Mycotoxins are secondary metabolites produced by molds
that can lead to various diseases and death in humans and
animals. It is reported that mycotoxins contaminate more
than 25% of the agricultural products cultivated worldwide
(Devegowda et al. 1998). As mycotoxins pose a risk to human
health, many countries and their scientific committees have
set a limit for the maximum levels of mycotoxin that can be
found in food. However, S�ancheza et al. (2017) stated in EFSA
report that there is insufficient literature to determine the
upper limits of daily exposure to CTN for humans and ani-
mals. Animals and humans are exposed to CTN by consump-
tion of contaminated food, inhalation, and skin contact
(Richard et al. 2003). CTN is first isolated from Penicillium citri-
num, but is also produced by some other Penicillium,
Aspergillus, and Monascus species (Hetherington and Raistrick
1931, El-Banna et al. 1987, Kurata 1990, Blanc et al. 1995, Li
et al. 2003). It is widely considered as a hazard contaminant
of foods and feeds, including grains, fruits, and oilseeds
(Bennett and Klich 2003). CTN has been well known for its
nephrotoxic, hepatotoxic, genotoxic (group 3, IARC), terato-
genic, and immunotoxic effects (Klaric 2012). Studies sug-
gested that CTN might be responsible for apoptosis,
genotoxicity, and carcinogenicity by causing protein synthesis
inhibition, oxidative stress, and activation of specific signaling
pathways (Rumora et al. 2014). Although various harmful
effects of CTN on various cell lines and animal models are

known, molecular mechanism of action of CTN in cell cyto-
toxicity and biological systems are still unknown (Chan 2007).

The effects of CTN on cellular functions and cytotoxicity can
differ depending on the applied concentration and the cell type.
In HeLa cells, the EC50 value was calculated via MTT test and
determined as approximately 7.6� 10�5M (Kitabatake et al.
1993). The IC50 value in human hepatocarcinoma cells was
approximately 155mM (Gayathri et al. 2015). In another study on
mouse bone marrow cells, IC50 value was 220mM (Bouslimi et al.
2008). Apoptosis is a naturally occurring important mechanism
for the normal development and maintenance of homeostasis in
different biological systems; however, it is also observed due to
exposure to various chemicals in humans and animals (Singh
et al. 2016). CTN disrupts cellular electron transport system, cal-
cium homeostasis, and intracellular signal transduction, and
induces apoptosis (Gayathri et al. 2015). In vitro studies on rat
Leydig cells, human hepatoma G2 cells, human promyelocytic
leukemia cells, porcine kidney PK15 cells, and in vivo studies on
the kidney of male Wistar rats and New Zealand white rabbits
have demonstrated that CTN treatment might result in oxidative
stress and apoptosis (Yu et al. 2006, Chen and Chan 2009, Klaric
2012, Liu et al. 2012, Kumar et al. 2014, Singh et al. 2016).

There are limited studies that investigated the effects of
CTN on male reproductive system (Fenske and Fink-
Gremmels 1990, Liu et al. 2012, Qingqing 2012). In order to
clarify the effects of CTN on male infertility, more detailed
studies on testes and testicular components are required. In
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this context, Sertoli cells, which have an important role in the
functional maturity of the sperm in the seminiferous tubules
of the male reproductive system, are used as a model in this
study (Hess and França 2005). Therefore, the toxic effects of
CTN have been investigated for the first time in TM4 Sertoli
cells, with the analysis of cell viability, cell proliferation, cell
cytotoxicity, and apoptotic cell death, in a concentration-
dependent manner.

2. Materials and methods

2.1. Chemicals

Ham’s F12 and Dulbecco’s modified Eagle’s medium
(DMEM) (1:1) mixture (DMEM/F12, including 1.2 g/L sodium
bicarbonate, 15mmol L–1 HEPES, 2.5mmol L–1 L-glutamine,
0.5mmol L–1 sodium pyruvate), horse serum (HS) and fetal
bovine serum (FBS) were purchased from Wisent Bioproducts
(St-Bruno, Canada). Dimethyl sulfoxide (DMSO) (CAS number:
67-68-5), propidium iodide (PI) (CAS number 25535-16-4),
Hoechst 33342 (CAS number: 23491-52-3), CTN (CAS number
518-75-2), and all other chemicals were obtained from Sigma
Chemical Company (Taufkirchen, Germany).

2.2. Cell culture and CTN treatment

Mouse Sertoli cell line (TM4) was purchased from American
Type Culture Collection (Cat No. CRL-1715, ATCC, Manassas, VA).
Cells were maintained in DMEM/F-12 medium, supplemented
with 1% penicillin–streptomycin–amphoterin, 5% HS and 2.5%
FBS in an atmosphere with 95% humidity and 5% CO2, at 37 �C.
Cell culture growth medium was changed twice a week and
cells were subcultured before reaching 70% confluence.

Cells were treated with graded concentrations of CTN
(25–50–75–100–125–150–175–200 mM). CTN stock solutions
were dissolved in 0.2% DMSO to obtain a stock solution of
200mM. Final concentrations of CTN were obtained by dilu-
tion in the assay medium consisting of DMEM/F12 supple-
mented with 1% HS. Control cells were treated with assay
medium containing 0.2% DMSO, which is known to have no
toxic effects on the cells.

2.3. Assessment of cell viability

Cell viability was determined after incubation with CTN
(25–50–75–100–125–150–175–200 mM) concentrations at dif-
ferent time (6–12–24–48–72 h), by measuring the production
of formazan from 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenylte-
trazolium bromide (MTT). Formazan is produced in viable
cells by cellular dehydrogenases. TM4 Sertoli cells were
seeded on a 96-well culture plate at 5� 103 cells/well in
100lL assay medium. After incubation period was com-
pleted, 10 mL MTT I solution was added into each well and
cells were incubated for 4 h. Immediately after incubation,
100mL MTT II solution (sodium dodecyl sulfate) was added to
each well and the cells were incubated in a CO2 incubator
overnight. The absorbance was measured at 570nm with an
ELISA reader (Thermo Scientific, Waltham, MA). The cell

viability was calculated using the following formula: cell viabili-
ty¼ (mean optical density in presence of CTN/mean optical
density of negative control) 3 100. The 50% (IC50) maximal
inhibitory concentrations of CTN regarding cell number reduc-
tion were calculated after 6, 12, 24, 48, and 72h of incubation.

2.4. Assessment of cellular proliferation

The Cell Proliferation ELISA, 5-bromo-20-deoxy-uridine (BrdU)
kit, is a colorimetric immunoassay for the quantification
of cell proliferation, based on the measurement of BrdU
incorporation during DNA synthesis (Roche, Mannheim,
Germany). BrdU assay was performed according to the man-
ufacturer’s protocol. Cells were seeded in 96-well plates
(5� 103 cells/well) and were treated for 24 h with CTN
(25–50–75–100–125–150–175–200 mmol L–1). After exposure,
the proliferating cells were labeled with BrdU for 24 h at
37 �C. After removing the experiment medium, the cells were
fixed, and DNA was denatured in one step by adding
FixDenat (200 lL/well) for 30min at room temperature. Then,
FixDenat was removed and cells were incubated with anti-
BrdU-POD solution for 90min at room temperature. The anti-
BrdU-POD binds to the BrdU incorporated in the newly syn-
thesized, cellular DNA. At the end of incubation, the cells
were washed three times with 200 lL washing solution
before adding the substrate (100lL). The immune complexes
were detected by subsequent substrate reaction. Reaction
product was quantified by measuring the absorbance at
450 nm wavelength with a spectrophotometer (Thermo
Scientific, Waltham, MA). The cell proliferation was calculated
using the following formula:

Cell proliferation ¼ mean optical density in presence of CTN
mean optical density of negative control

� �

� 100:

2.5. Lactate dehydrogenase leakage assay

In order to examine the cell membrane damage induced by
CTN treatments, lactate dehydrogenase (LDH) (EC 1.1.1.27)
enzyme release assay was performed using a microplate-
based cytotoxicity detection kit (LDH, Roche Molecular
Biochemicals, Mannheim, Germany). Cells were seeded in 96-
well plates (1� 104 cells/well) with different concentrations
of CTN (25–50–75–100–125–150–175–200 mM). Following the
24 h exposure, 100 lL of the cell supernatant was placed in a
96-well plate, and 100 lL of LDH assay solution (consisting of
stain and enzyme solutions) was added to each well and
incubated for 30minutes in the dark at room temperature.
The results were obtained by measuring the absorbance of
the red formazan product at 492 nm wavelength with a spec-
trophotometer (Thermo Scientific, Waltham, MA). The cyto-
toxicity was calculated using the following formula:

Cytotoxicity ¼ experiment value� low control
high control� low control

� �
� 100:
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2.6. Assessment of apoptosis and necrosis

The percentage of viable, apoptotic and dead cells (necrotic
cells and late apoptotic cells) was determined after 24 h
exposure to different concentrations of CTN
(25–50–75–100–125–150–175–200 mM) with the DNA-binding
dyes PI and Hoechst 33342 (HO342). The blue-fluorescent
HO342 is a cell permeable nucleic acid binding dye, which
stains the condensed chromatin in apoptotic cells. The red-
fluorescent PI is a DNA binding dye that only binds to DNA
of cells with lost membrane integrity. Cells were seeded into
24-well microplates at a density of 1� 104 cells/well. At the
end of treatment periods, the cells were washed with PBS
(1mM) solution. Then, 20 lL PI (1mg/L) and 20 lL HO342
(1mg/L) solutions were prepared by dissolving in 3960 lL
PBS. From the prepared solution, 0.2mL was added to each
well and incubated for 15–30min at 37 �C. After the incuba-
tion, the cells were washed with PBS for one to two times
and examined under a fluorescent microscope. Cells were
examined with UV filter via Olympus IX71 (Tokyo, Japan)
fluorescent attachment microscope and photographed in ser-
ies with equal intervals by Olympus DP72 (Tokyo, Japan)
video camera. The ratio of viable, apoptotic, and dead cells
(necrotic cells and late apoptotic cells) was calculated by
counting a total of 1000 cells in series of photographs, for
each experimental group.

2.7. Statistical analysis

Statistical analysis was performed using GraphPad Prism 6
software (GraphPad Software, San Diego, CA) and analysis of
variance was used for comparisons among all groups. The
data were calculated by one-way ANOVA with Tukey’s mul-
tiple comparisons test. In addition, IC50 values were deter-
mined from the dose–response curves using non-linear
regression analysis. All results were expressed as mean± stan-
dard error of three different experiments and values of
p< 0.001, p< 0.01, and p< 0.05 were considered statistically
significant.

3. Results

3.1. Effects of CTN on cell viability and cell proliferation

The changes in TM4 Sertoli cell viability and proliferation
induced by exposure to different concentrations of CTN
(ranging 25–200 mM) and time conditions (6–72 h) of CTN
were investigated. The cell viability of CTN groups signifi-
cantly decreased in a concentration-dependent manner com-
pared to control group, for 24 h (Figure 1). Based on the MTT
results of eight different concentrations (ranging from 25mM
to 200 mM) of citrinin (CTN), calculated 50% inhibitory con-
centration (IC50) for 6, 12, 24, 48, and 72 hours is given in
Table 1. TM4 Sertoli cell proliferation significantly decreased
at CTN concentrations of 50 mM and over, compared to the
control group for 24 h (p< 0.001, Figure 2).

3.2. Effects of CTN on lactate dehydrogenase activity

Lactate dehydrogenase levels were calculated in control and
experimental groups of TM4 Sertoli cells by spectrophoto-
metric method, after experimental period was completed.
There was a significant increase in LDH levels from CTN con-
centrations of 100 mM and over, compared to the control
group (p< 0.001, Figure 3).

3.3. Effects of CTN on apoptosis

The percentages of viable, apoptotic, and dead cells (necrotic
cells and late apoptotic cells) were significantly altered in a

Figure 1. Concentration-dependent effects of CTN on cell viability for 24 h in
Sertoli cells. Each bar denotes mean (þSEM) of three independent experiments,
carried out in triplicates. ���Significance at p< 0.001.

Table 1. Time-dependent effects of CTN on IC50
values of Sertoli cells in vitro.

Exposure time of CTN IC50 values

6 h 1213lmol L–1

12 h 1905lmol L–1

24 h 116.5 lmol L–1

48 h 28.79 lmol L–1

72 h 28lmol L–1

Figure 2. Concentration-dependent effects of CTN on cell proliferation for 24 h
in Sertoli cells. Each bar denotes mean (þSEM) of three independent experi-
ments, carried out in triplicates. ���Significance at p< 0.001.
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concentration-dependent manner compared with the control
group (p< 0.01, Table 2). According to the results of fluores-
cence emission, the morphological changes observed in
experimental groups have following characteristics: (i) viable
cells having highly organized nuclei fluoresced bright blue,
(ii) apoptotic cells having highly nuclear condensation and
fragmentation fluoresced blue, and (iii) dead cells having no
chromatin fragmentation (necrotic cells) and having highly
nuclear condensation or fragmentation (late apoptotic cells)
fluoresced red. The results indicated that CTN concentrations
of 50 mM and over significantly increased apoptotic and dead
cells, compared to the control group (Figure 4).

4. Discussion

To date, more than 300 types of mycotoxins have been
defined and the number of studies on these mycotoxins,
which can cause detrimental effects on human health, have
increased. Agricultural products can be contaminated by
molds pre- and post-harvest during storing or processing.
Humans may be exposed to mycotoxins through contami-
nated foods of plant origin, in the products of animals fed by
contaminated feed, and through air and dermal contact
(Richard et al. 2003). Mycotoxins also indirectly lead to

economic losses: it is impossible to sell contaminated grains,
as due to fungal toxicity, they can cause serious health prob-
lems in animals. In addition to their carcinogenic, teratogenic,
and mutagenic effects, mycotoxins may exhibit various toxic
effects such as hepatotoxicity, nephrotoxicity, immune system
disorders, as well as increased propensity for other diseases
and reproduction dysfunctions (Frank 1992, Tunail 2000,
Magan and Olsen 2004, Sabuncuo�glu et al. 2008). CTN also
adversely affects the male reproduction system and repro-
ductive functions. In a previous study conducted on animals,
CTN increased the weight of the testes and the auxiliary
reproduction organs and decreased the number of viable
sperms. Furthermore, this study indicated that CTN decreased
the production of testosterone in Leydig cells and these
effects could result in reduced fertility (Qingqing et al. 2012).
There are limited studies related CTN toxicity on male repro-
ductive system. Thus, effects of CTN have been investigated
in TM4 Sertoli cells as a model, in the present study.

Previous studies reported that CTN exposure decreased
cell viability in various cell types (Liu et al. 2003, Yu et al.
2006, Chan 2007, Bouslimi et al. 2008). It decreased cell via-
bility in human embryonic kidney cells (HEK293) at concen-
trations between 80 and 120 mM for 24 and 48 h, at
concentrations between 40 and 120 mM concentrations for
72 h (Chang et al. 2009). In a previous study, 10 mM and
20 mM CTN exposure decreased cell viability by 70% and
40%, respectively, in human osteoblast cell line (Huang et al.
2009). CTN reduced cell survival in concentration-dependent
manner in porcine kidney PK15 cells at concentrations 30 mM
and higher, ranging from 10 to 130 mM CTN (Klaric 2012).
Another study revealed that CTN treatment declined cell via-
bility in V79 lung fibroblast cells and the IC50 value of CTN
was 70 mM for 24 h and 62 mM for 48 h (F€ollmann et al. 2014).
In a study by Gayathri et al. (2018), IC50 concentrations of
CTN were found to be 350 mM for 3T3 cells, 150 mM for
HepG2 cells and 220 mM for 3T3/HepG2 co-culture. In the pre-
sent in vitro study, it was found that the cell viability
decreased as a result of CTN exposure of 25–200mM in TM4
Sertoli cells. Cell viability did not alter in 6 h CTN treatment;
however, CTN significantly decreased cell viability at concen-
trations of 125 mM and above concentrations for 12 h and
50 mM and above concentration for 24 h. It was also seen
that in long exposures such as 48 and 72 h, cell viability
decreased below 80% even at low concentrations (25 mM).
IC50 concentration for 24 h was calculated as 116.5 mM in
Sertoli cells. According to this value, Sertoli cells showed a
similar sensitivity to CTN compared with HepG2 cells
(Gayathri et al. 2018). In a study examining the effects of CTN
on the male reproductive system, it was reported that CTN
increased the testis weight, however, led to a decrease in the
number of spermatogenic cells. In the light of these findings,
the decrease in cell viability as a result of CTN exposure in
Sertoli cells is parallel to the decrease in spermatogenic cells,
shown in the study of Qingqing et al. (2012).

Various mycotoxins are known to prevent cell proliferation
by inhibiting the cells in the synthesis phase, but there are
no data in specific to CTN (Nones et al. 2013, Riedel et al.
2016). In a study with neural crest cells, aflatoxin inhibited
DNA synthesis at a concentration of 30 mM (Nones et al.

Figure 3. Concentration-dependent effects of CTN on cytotoxicity for 24 h in
Sertoli cells. Each bar denotes mean (þSEM) of three independent experiments,
carried out in triplicates. ���Significance at p< 0.001.

Table 2. Concentration-dependent effects of CTN on the percentages of
viable, apoptotic, and dead cells in TM4.

CTN Viable cells Apoptotic cells Dead cells

Control 78.94 ± 4.61 20.95 ± 3.02 0.11 ± 0.18
25lmol L–1 75.45 ± 4.78 24.55 ± 2.48 0.00 ± 0.00
50lmol L–1 59.00 ± 8.42��� 34.73 ± 3.27� 6.27 ± 2.47�
75lmol L–1 48.58 ± 4.49��� 44.49 ± 3.11�� 6.93 ± 2.58�
100lmol L–1 40.81 ± 6.87��� 51.35 ± 4.23�� 7.84 ± 2.98�
125lmol L–1 38.72 ± 7.99��� 48.47 ± 1.15��� 12.81 ± 4.43��
150lmol L–1 28.05 ± 6.99��� 54.78 ± 2.13��� 17.17 ± 0.93��
175lmol L–1 25.24 ± 4.55��� 56.96 ± 2.83��� 17.80 ± 1.14��
200lmol L–1 25.70 ± 3.54��� 54.32 ± 5.81��� 19.98 ± 2.13��
Each value denotes meanþ SEM of three independent experiments carried out
in triplicates.�p< 0.05.��p< 0.01.���p< 0.001.
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2013). In another study in human erythroleukemia cells, niva-
lenol, deoxynivalenol, and fumonisin B1 were given to the
cells for 24 h at a concentrations range of 100–280 mM. It was
found that 0.6 mM nivalenol, 1.6 mM deoxynivalenol, and
70mM fumonisin B1 significantly decreased the number of

cells at the synthesis phase (Minervini et al. 2004). As
reported in these studies, mycotoxins significantly suppressed
the DNA synthesis in various cell lines. Similarly, CTN also
prevented cell proliferation even at a low concentration
(25mM), in present study.

Figure 4. The morphological effects of CTN on apoptosis–necrosis after 24 h exposure in Sertoli cells. �: viable cell, !: apoptotic cells, and ~: dead cells.
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Previous in vitro studies showed that cell death or the
damage of the plasma membrane led to an increase in the
activity of the LDH enzyme (Hassan and Yousef 2009). CTN
has been found to significantly increase LDH enzyme activity
when administered to mouse skeletal muscle cells at concen-
trations of 75 and 100 mM for 24 h (Babu et al. 2017).
According to the results of the study conducted with PK15
cells, 24.9 mM aflatoxin B1, 84.2 mM zearalenone, and 2.4 mM
deoxynivalenol exhibited 130% increase in LDH activity com-
pared to the control group (Lei et al. 2013). In a study con-
ducted with breast epithelial cells and kidney cell line,
Giromini et al. (2016) treated the cells with 0.3, 0.6, and
1.2lg/mL ochratoxin A for 24 h and measured the LDH activ-
ity. Results showed that ochratoxin A caused a significant
increase in LDH activity compared to the control group, in
both cell lines (Giromini et al. 2016). Similar to our observa-
tions on CTN, concentrations of 100 mM CTN and above sig-
nificantly increased LDH activity, for 24 h, in Sertoli cells.

In general, the studies have shown that oxidative stress,
especially reactive oxygen species, induces apoptosis. This
effect is mediated by increasing lipid peroxidation depending
on oxidative stress and by causing mitochondrial dysfunction
(Anuradha et al. 2001, Matsui et al. 2007, Karube et al. 2009).
There are many studies on the effect of CTN on apoptosis;
however, there are few studies suggesting apoptosis in the
male reproduction system caused by CTN. In a previous
study, apoptosis and necrosis were measured after the
administration of 10, 20, and 30 mM CTN concentrations to
HepG2 cell line for 24 h. Results showed that CTN signifi-
cantly increased the number of apoptotic cells depending on
CTN concentrations (Chen and Chan 2009). In a study con-
ducted with HL-60 cells, Yu et al. (2006) observed a disrup-
tion of DNA at 25 mM CTN and reported that this was an
indicator of apoptosis. In addition, caspase-3, -6, -7, and -9
also increased at 50mM CTN, with the exception of caspase-8.
Since caspase-8 did not increase, it was suggested that CTN
induced apoptosis not via death receptors, but the mitochon-
drial pathway (Yu et al. 2006). In a study conducted using
ESC-B5 cells, a significant increase was observed in apoptotic
cells, marked with the TUNEL method, at 10, 20, and 30 mM
CTN (Chan 2007). CTN was given at concentrations of 5, 10,
and 20 mM in human osteoblast cells for 24 h and a signifi-
cant increase in apoptotic cells was observed at 10 and
20mM (Huang et al. 2009). PK15 cells were exposed to CTN at
concentrations of 30 and 50 mM for 12 and 24 h and the
apoptotic indexes were calculated at the end of the experi-
ment. According to the findings, significant increases were
observed in the number of apoptotic cells for both concen-
trations and time intervals (Klaric 2012). In a study by Liu
et al. (2012), Leydig cells isolated from rats were exposed to
25, 50, and 100 mM CTN concentrations for 36 h and the
expression levels of the caspase-3, caspase-9, and p53 pro-
teins, which have important roles in the process of apoptosis,
were measured. It was reported that there was a significant
increase in the expression levels of these proteins at all CTN
concentrations (Liu et al. 2012). Our results showed that CTN
significantly increased the apoptotic and necrotic indexes in
TM4 Sertoli cells at concentrations of 50 mM and above.
Although stated otherwise in another study (Chen and Chan

2009), the present study demonstrated that CTN caused
necrosis in the Sertoli cells.

In conclusion, results obtained from the current study sug-
gest that CTN induces cytotoxicity in TM4 Sertoli cells by
decreasing cell viability and cell proliferation and increasing
apoptosis and necrosis. However, further studies are needed
to reveal the effects of CTN on male infertility.
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