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One,1-dichloro-2,2 bis(p-chlorophenyl) ethylene (p,p′-DDE), the major metabolite of 2,2-bis(4-Chlorophenyl)-1,1,1-
trichloroethane (DDT), is a known persistent organic pollutant and male reproductive toxicant. It has antiandrogenic effect.
However, the mechanism by which p,p′-DDE exposure causes male reproductive toxicity remains unknown. In the present study,
rat Sertoli cells were used to investigate the molecular mechanism involved in p,p′-DDE-induced toxicity in male reproductive
system. The results indicated that p,p′-DDE exposure at over 30 μM showed the induction of apoptotic cell death. p,p′-DDE
could induce increases in FasL mRNA and protein, which could be blocked by an antioxidant agent, N-acetyl-l-cysteine (NAC).
In addition, caspase-3 and -8 were activated by p,p′-DDE treatment in these cells. The activation of NF-κB was enhanced with the
increase of p,p′-DDE dose. Taken together, these results suggested that exposure to p,p′-DDE might induce apoptosis of rat Sertoli
cells through a FasL-dependent pathway.

Copyright © 2009 Yuqin Shi et al. This is an open access article distributed under the Creative Commons Attribution License,
which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

1. Introduction

Endocrine disrupting chemicals (EDCs) are a structurally
diverse group of compounds that may adversely affect the
health of humans, wildlife and fisheries, or their progenies,
by interaction with the endocrine system [1]. It has been
suggested that EDCs pose a potential risk and can alter the
hormone balance in humans and wildlife [2]. These envi-
ronmental xenobiotics may impair the normal embryonic
development and disrupt normal reproductive functions
in adulthood [3, 4]. Organochlorine pesticide, such as
2,2-bis(4-Chlorophenyl)-1,1,1-trichloroethane (DDT), is a
widespread environmental xenobiotics. DDT is a persistent
organic pollutant with the features of wide pollution, huge
harm, and longtime persistence in environment, and enter-
ing the living system via biomagnification of food chain. It
may persist mainly by the forms of metabolite 1,1-dichloro-
2,2 bis(p-chlorophenyl) ethylene (p,p′-DDE) in the blood
lipid and adipose tissue for several decades [3, 5–7]. Though
having being banned or restricted for three decades, DDT

is still being used for control of vectors in public health
in some developing countries [8–10]. It has been reported
that some abnormalities in sexual development in rats and
wildlife might be associated with exposure to p,p′-DDE [11,
12]. p,p′-DDE is antiandrogenic and can inhibit androgen
binding to the androgen receptor [11].

Cell death by apoptosis is a part of normal development
and maintenance of homeostasis [13], but it is also involved
in pathological situation associated with sterility. In the testis,
apoptosis is such a common programmed event that 75%
of germ cells are reduced by spontaneous apoptosis [14].
However, excessive or inadequate apoptosis of testicular cells
will result in abnormal spermatogenesis or testicular tumors
[15]. The Sertoli cell is the only somatic cell found in the
testicular seminiferous tubule of mammalian. It plays major
roles in the maintenance and control of spermatogenesis,
such as structural support, participation in germ cell’s move-
ment and spermiation, nourishing germ cells by secreting
the tubular fluid and numerous factors [16, 17]. Therefore,
the supporting capacity of Sertoli cells in toto is a limiting
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Figure 1: Effect of p,p′-DDE on the viability of rat Sertoli
cells with MTT assay. MTT (3-(4, 5-dimethylthiazol-2-yl)-2, 5-
diphenyltetrazolium bromide) can be reduced by the mitochondrial
dehydrogenase of viable cells to blue formazan product which
can be measured spectrophotometrically. Cells were treated with
0.3% DMSO, 10, 30, 50 or 70 μM p,p′-DDE for 24 hours, and
the optical density (OD) was measured by MTT. Cellular viability
(%) was calculated using the following equation: cellular viability
(%)=(ODtreatment/ODcontrol) × 100. Significant difference is (∗) P <
.05, compared with the control group.

factor controlling germ cell’s proliferation and output [18].
Since the number of Sertoli cells can only determine a finite
number of spermatozoa in the seminiferous tubules [19],
any agent that impairs the viability of Sertoli cells may cause
serious effect on spermatogenesis. Though there have been
some reports concerning p,p′-DDE-induced toxicity in male
reproductive system [20, 21], few studies investigated Sertoli
cells. We have previously examined the effects of p,p′-DDE
on Sertoli cells [22]. That study demonstrated that p,p′-DDE
could affect the expression of several functional marker genes
including transferrin (Tf) and androgen-binding protein
(ABP). Besides, ROS generation might play a critical role in
the initiation of p,p′-DDE-induced apoptosis in rat Sertoli
cells through mitochondria-mediated pathway [23]. The aim
of the present study was to determine the effects of different
concentrations of p,p′-DDE on apoptosis of Sertoli cells
and to investigate FasL-dependent apoptotic pathway. We
investigated the expressions of FasL and activation of NF-κB
in p,p′-DDE-induced apoptosis. As caspase family members
play an important role in spermatogenesis and apoptosis, it is
also of interest to determine the regulation of caspase-3 and
-8 in p,p′-DDE induced apoptosis.

2. Materials and Methods

2.1. Animals. 18- to 20-day-old male Sprague-Dawley (SD)
rats were purchased from Tongji Medical College Animal
Laboratory (Wuhan, China) and acclimatized in accordance
with the Guide for the Care and Use of Laboratory Animals
published by the Ministry of Health of China.

2.2. Primary Culture of Sertoli Cells and Cell Treatment.
Primary culture of Sertoli cells was prepared using sequential

enzymatic procedures that had been previously described
[24] with modifications. Briefly, testes from 18- to 20-day-
old Sprague-Dawley rats (day of birth = day 0) were collected,
excised rapidly, decapsulated, cut into small fragments, and
washed twice in Hanks’ balanced salt solution (HBSS). The
fragments were then digested sequentially in 10 mL of HBSS
containing 0.25% trypsin (Amresco, Solon, OH, USA) and
0.1% collagenase (type I, Invitrogen, Grand Island, NY,
USA) in a shaking water bath (35◦C, 120 cycles/min) for 30
minutes. Digested cells suspension was washed extensively
with no-phenol red-Dulbecco’s modified Eagle’s medium
(DMEM, Invitrogen, Grand Island, NY, USA) to remove
peritubular cells, followed by filtration through B-D Falcon
cell strainers (nylon mesh size, 70 μm). The final Sertoli cells
suspension was supplemented with 5% fetal bovine serum
(Invitrogen, Grand Island, NY, USA) and seeded in cultured
bottle in a humidified atmosphere of 95% air–5% CO2 at
35◦C.

After 24 hours, these cells were extensively washed twice
with HBSS solution to remove unattached cells, then treated
with 20 mM pH 7.4 Tris-HCl for 5 minutes and with serum
starvation for 24 hours. The medium was renewed at a 2-day
interval.

p,p′-DDE (DR Co., Augsburg, Germany) was dissolved
in dimethylsulfoxide (DMSO, Sigma-Aldrich, St. Louis, MO,
USA) as stock solution and diluted with culture medium to
different concentrations before being added to the cells in
culture. The final DMSO concentration in the medium was
not more than 0.3% (v/v), which did not affect the viability
of Sertoli cells. Cells were cultured with 0.3% DMSO in the
control group.

2.3. MTT Assay. This assay is dependent on the cellu-
lar reduction of MTT (3-(4, 5-dimethylthiazol-2-yl)-2, 5-
diphenyltetrazolium bromide) by the mitochondrial dehy-
drogenase of viable cells to a blue formazan product which
can be measured spectrophotometrically. MTT (Sigma-
Aldrich, St. Louis, MO, USA) was added into each well with
the final concentration of 5 mg/mL for 4 hours. Thereafter,
200 μL DMSO was added to dissolve the MTT formazan
crystal. Then the culture plate was shaken for 10 minutes.
The optical density (OD) of each well was measured
at 490 nm with an ELISA Reader (Bio-Rad instrument
Group, Hercules, CA, USA). Cellular viability (%) was
calculated using the following equation: cellular viability (%)
= (ODtreatment/ODcontrol)×100.

2.4. Apoptosis Assay with the Methods of AO/EB Double Stain-
ing and Flow Cytometric Analysis. AO/EB double staining:
four μL of AO/EB (AO: 0.5 mg/mL, Amresco, USA; EB:
0.5 mg/mL in PBS, Sigma, USA) dye mixture was mixed
with 100 μL treated and untreated cells of 1 × 106 cells/mL,
and then 10 μL of cells were added onto the glass slides to
test by fluorescence microscopy (Olympus, Japan) using epi-
illumination and a filter combination suitable for observing
fluorescein immediately with a magnification of ×40.

Flow cytometric analysis: sertoli cells were seeded in
a 6-well plate, and apoptosis was tested by apoptosis
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(a) Control (b) p,p′-DDE 10 μM (c) p,p′-DDE 30 μM

(d) p,p′-DDE 50 μM (e) p,p′-DDE (50 μM) + NAC (300 μM)

Figure 2: Morphological observation of apoptotic effects of Sertoli cells treated with p,p′-DDE with or without NAC under a fluorescence
microscope. Cells in control group (a) and cells treated with 10, 30, 50 μM p,p′-DDE, and 50 μM p,p′-DDE with NAC (b, c, d, and e) were
observed by AO/EB staining. Original magnification is ×40.

detection kit (Molecular probes, Eugene, OR) according to
the instruction. In brief, the single Sertoli cell was collected
and incubated in the buffer containing 1 μg/mL PI and 5 μL
Annexin V in the dark at room temperature for 15 minutes.
Then the stained cells were analyzed by an FACS Calibur flow
cytometer (Becton Dickinson, San Jose, CA, USA). The data
were analyzed with Cellquest software (Becton Dickinson,
San Jose, CA, USA).

2.5. RT-PCR. The total RNA was extracted with Trizol
reagent (Life Technologies GmbH, Karlsruhe, Germany)
according to manufacturer’s instructions. The medium of
100 mL culture bottle was discarded, 1.0 mL Trizol was
added, and the contents were then placed in 1.5-mL EP tube
without RNase. To isolate the samples, they were incubated
at 0◦C for 5 minutes. Then, 0.2 mL chloroform was added,
and the tubes were shaken for 15 seconds and put on ice
for 2-3 minutes, then they were centrifuged at 12000 rpm
for 15 minutes at 4◦C. The colorless upper aqueous phase
containing the RNA was transferred to a new EP tube
without RNase. An equal volume of isopropanol was added,
and the RNA was precipitated by centrifugation. The RNA
pellet was washed with 75% ethanol and dissolved in water
treated with diethylene pyrocarbonate (10–20 μL). RNA

purity was tested by eppendorf BioPhotometer (Eppendorf,
Germany), showing an optical density ratio (OD260/OD280)
between 1.8 and 2.0. The RNA solution was conserved
at −70◦C for further analysis.

Titanium one-step RT-PCR kit (Bdbiosciences Co., Bei-
jing, China) was employed to amplify the FasL, caspase-
3 and -8, and β-actin sequences. The master mixture
included 5 μL 10 × one-step buffer, 1 μL 50 × dNTP mix,
0.5 μL recombinant RNase inhibitor (40 units/μL), 25 μL
thermostabilizing reagent, 10 μL GC-Melt, 1 μL oligo(dT)
primer, and 1 μL 50 × RT-Titanium Taq enzyme mix.
Following the addition of 1 μL RNA sample, 2 μL PCR primer
mix, and 3.5 μL RNase-free water into the reaction system,
the final volume was 50 μL. PCR was performed with 30
cycles as follows: 50◦C for 50 minutes (reverse transcription),
95◦C for 15 minutes (to active Taq enzyme), 94◦C for
30 seconds (denaturation), 53◦C for 30 seconds (primer
annealing), and 72◦C for 1 minute (primer extension), and
final extension for 10 minutes at 72◦C, with 4◦C pause. After
PCR, 2.5 μL reaction mix was analyzed on 2% agarose gel
with ethidium bromide (0.5 mg/mL). The levels of FasL and
caspase-3 and -8 expression were measured by densitometric
analysis and standardized by comparison to the β-actin
control using a digital imaging and analysis system (Biocapt
MV software).
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Figure 3: Representative plots of PI-Annexin staining of Sertoli cells treated with p,p′-DDE with or without NAC. Sertoli cells were incubated
with various concentrations of p,p′-DDE (10, 30 or 50 μM) for 24 hours. In other experiment, Sertoli cells were preincubated with 300 μM
NAC for 1 hour and followed by incubation with 50 μM p,p′-DDE for 24 hours. Then cell apoptosis was tested with flow cytometric analysis.
(a)–(e) represented as treatment of 0.3% DMSO (a), 10 or 30 μM p,p′-DDE (b)–(c), 50 μM p,p′-DDE without or with NAC (d)–(e). (f) The
apoptotic rate showed that 30 or 50 μM p,p′-DDE could induce apoptotic death of Sertoli cells blocked by NAC. Data are presented as mean
± SD of three independent experiments performed in triplicate. Significant difference is (∗) P < .05, compared with the control group and
(#) P < .05, compared with 50 μM p, p′-DDE group.
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The primer sequences were designed according to the
related references [18] and cDNA sequence from Genbank
(Table 1). All primers were synthesized by the Bioasia Corp
(Shanghai, China).

2.6. Western Blotting. Sertoli cells (5 × 106 cells) were lysed
in 100 μL lysis buffer (10 mM EDTA, 2 mM EGTA, 20 mM
Tris-HCl (pH 7.4), 250 mM sucrose, 0.1% Triton X-100,
1 mM phenylmethylsulfonyl chloride, and 100 mM PMSF)
and scraped from the culture plate to detect FasL and
caspase proteins. Each protein sample was measured by a
Bio-Rad DC kit (Bio-Rad, Hercules, CA). Cells extracts were
separated in SDS-polyacrylamide gel and transferred elec-
trophoretically onto a PVDF membrane. The membranes
were blocked in PBS containing 5% (w/v) nonfat dry milk
and then incubated at 4◦C overnight with anti-FasL (bs-
0216R, Beijing Biosynthesis Biotechnology Co., Ltd., Beijing,
China) at a 1:100 dilution, antiprocaspase-3 (Santa Cruz
Biotechnology, Inc., Santa Cruz, CA) at a 1:200 dilution,
anti-procaspase-8 (wako, Saitama, Japan) at a 1:200 dilution
or anti-β-actin (Santa Cruz Biotechnology, Inc., Santa Cruz,
CA) at 1:200 dilution. Then the membranes were incubated
at 37◦C for 2 hours with the secondary antibody conjugated
with horseradish peroxidase (Amersham Pharmacia, Buck-
inghamshire, UK) diluted at 1:5000. And immune-reactive
proteins were detected using ECL western blotting detection
system (Pierce Biotechnology Inc., Rockford, IL, USA).
Densitometric analysis of immunoblots was performed with
Gel pro 3.0 software.

2.7. Analysis of NF-κB Activation by Laser Scanning Confocal
Microscope. Sertoli cells were immunofluorescence-labeled
according to the manufacturer’s instruction using a Cellular
NF-κB Translocation Kit (Beyotime Biotech Inc., Nantong,
China). Briefly, after washed and fixed, cells were incubated
with a blocking buffer for 1 hour to suppress nonspecific
binding. Next, cells were incubated with the primary NFκB
p65 antibody for 1 hour, followed by incubation with a
Cy3-conjugated secondary antibody for 1 hour, then with
DAPI for 5 minutes before observation. P65 protein and
nuclei exhibited red and blue fluorescence, respectively, and
could be simultaneously viewed by laser scanning confocal
microscope at an excitation wavelength of 350 nm for DAPI
and 540 nm for Cy3.

2.8. Statistic Analysis. Results are represented statistically as
mean ± SD. Significance was assessed by ANOVA following
appropriate transformation to normalized data and equal-
ized variance where necessary. Mean values were compared
by subsequent student-Newman-Keuls (SNKs) using the
SPSS statistical package 12.0 (SPSS Inc., Chicago, IL, USA). A
difference at P < .05 was considered statistically significant.
All assays were performed in triplicate.

3. Results

3.1. Effect of p,p
′
-DDE on Viability of Rat Sertoli Cells. Sertoli

cells were treated with 10, 30, 50, or 70 μM p,p′-DDE for 24

hours and analyzed with MTT assay. As shown in Figure 1,
the viability of Sertoli cells was reduced after treatment with
50 or 70 μM p,p′-DDE (P < .05). In 70 μM p,p′-DDE-
treated group, the cellular viability was about 53.54% of
that in control group. Based on this result, p,p′-DDE at
concentration of 10, 30, or 50 μM was used in subsequent
experiments.

3.2. Effect of p,p′-DDE on Apoptosis of Rat Sertoli Cells. Sertoli
cells were incubated in various concentrations of p,p′-DDE
(10, 30, 50 μM) for 24 hours. In other experiments, cells
were preincubated with 300 μM NAC for 1 hour followed
by incubation with 50 μM p,p′-DDE for 24 hours. Then
apoptosis was examined by AO/EB double staining and flow
cytometric analysis.

AO/EB double staining: morphologically, the early apop-
totic cells, because of membrane integrity, exhibited stained
green with AO, some nuclei exhibited bright condensed or
fragmented chromatin, and the late apoptotic cells, because
of the lost membrane integrity, were stained red with EB.
Sertoli cells with 30 or 50μM p,p′-DDE treatment, due to
the increase in cell membrane permeability, showed green
and red fluorescence and exhibited nucleus fragment, which
could be blocked by preincubation with NAC (Figure 2).

Flow cytometric analysis: in our previous study [23], flow
cytometric analysis showed that p,p′-DDE caused apoptotic
cell death in a dose-dependent manner. After treatment of
50μM p,p′-DDE, apoptosis of rat Sertoli cells reached a
peak value of 30%, which could be attenuated by NAC
preincubation (Figure 3).

3.3. Effect of p,p′-DDE on FasL, Caspase-3 and -8 mRNA in
Rat Sertoli Cells. The mRNA levels of FasL and caspase-3
and -8 were determined by RT-PCR in Sertoli cells exposed
to different doses of p,p′-DDE (i.e., 10, 30, and 50 μM; see
Figures 4(a)–4(c)). Results from denistometric analyses of
the intensity of various bands are illustrated in Figure 4 (d).
FasL mRNA level in 50 μM dose group was significantly
higher than that of the control group (P < .05). Caspase-
3 mRNA levels of Sertoli cells in 30 and 50 μM p,p′-DDE-
treated groups were markedly higher than that of the control
group (P < .05). Moreover, compared with the control
group, caspase-8 mRNA levels in different doses of p,p′-
DDE were increased, and the differences were statistically
significant (P < .05).

3.4. Effect of p,p
′
-DDE on FasL and Procaspase-3 and -8

Protein in Rat Sertoli Cells. As seen in Figure 5(d), p,p′-
DDE treatment induced an increase of FasL in 50 μM dose
group. Preincubation with NAC could attenuate this effect
successfully (P < .05). A significant reduction was observed
in procaspase-3 over 30 μM p,p′-DDE and procaspase-8
over 10 μM p,p′-DDE (Figure 5(e)), suggesting the caspase
activation, respectively.

3.5. Effect of p,p′-DDE on NF-κB Activation in Rat Sertoli
Cells. Nuclear translocation of NF-κB in rat Sertoli cells
was observed by laser scanning confocal microscopy. As
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Table 1: Description of primers used in the present study.

Primers Type Primer sequence Length (bp)

FasL forward 5′-GGAATGGGAAGACACATATGGAACTCC-3′ 238

reverse 5′-CATATCTGGCCAGTAGTGCAGTAATTC-3′

caspase-3 forward 5′- AGTTGGACCCACCTTGTGAG -3′ 298

reverse 5′- AGTCTGCAGCTCCTCCACAT -3′

caspase-8 forward 5′- TCGACGATTACGAACGATCA -3′ 409

reverse 5′- CAGTCTTTGCCCTTGTGGTC -3′

β-actin forward 5′- CGTTGACATCCGTAAAGAC -3′ 201

reverse 5′- CAGTCTTTGCCCTTGTGGTC -3′
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Figure 4: Effects of different p,p′-DDE concentrations on the FasL and caspase-3 and -8 mRNA in rat Sertoli cells by RT-PCR (a)–(c).
Quantitative analysis of FasL and caspase-3 and -8 mRNA levels of rat Sertoli cells exposed to different doses of p,p′-DDE (d). The data were
obtained from the bands on the gels that were measured by densitometric analysis and standardized by comparison to the β-actin control
using Biocapt MV software analysis system. Significant difference is (∗) P < .05, compared with the control group.

seen in Figure 6, morphologically, p65 protein and nuclei
exhibited red and blue fluorescence, respectively, and could
be simultaneously viewed under laser scanning confocal
microscope. The activation of NF-κB enhanced with the
increase of p,p′-DDE dose.

4. Discussion

In the present study, p,p′-DDE could induce apoptosis
of Sertoli cells through a FasL-dependent pathway includ-
ing nuclear translocation of NF-κB, increase of the FasL



Journal of Biomedicine and Biotechnology 7

FasL

0 10 30 50 50

β-actin

− − − − +
p,p′-DDE (μM )
NAC (300μM)

(a)

Procaspase-3

0 10 30 50

β-actin

p,p′-DDE (μM )

(b)

Procaspase-8

0 10 30 50

β-actin

p,p′-DDE (μM )

(c)

0

0.05

0.1

0.15

0.2

0.25

0.3

0.35

O
pt

ic
al

de
n

si
ti

es

0 10 30 50 50
− − − − +

p,p′-DDE (μM )
NAC (300μM)

∗

∗
∗

#

(d)

0

0.2

0.4

0.6

0.8

1

1.2

O
pt

ic
al

de
n

si
ti

es
0 10 30 50

p,p′-DDE (μM )

∗

∗

∗

∗
∗

Procaspase-3
Procaspase-8

(e)

Figure 5: (a) Effect of NAC on p,p′-DDE-induced FasL protein. Sertoli cells were treated with p,p′-DDE pretreated with or without NAC.
Protein from whole cell lysates was used in Western blotting for FasL detection. (b)–(c) Procaspase-3 and -8 in Sertoli cells exposed to
p,p′-DDE for 24 hours. Protein from whole cell lysates was used in Western blotting for procaspase-3 and -8 detection. (d)–(e) Quantitative
analysis of the immunoreactive FasL and procaspase-3 and -8. Data are indicated as mean ± SD. Significant difference is (∗) P < .05,
compared with the control group is (#) P < .05, compared with 50 μM p,p′-DDE group.

expression, and activation of the caspase-8 and -3. Impor-
tantly, the antioxidant NAC could attenuate most of these
changes.

Recent discoveries have significantly advanced the under-
standing of biochemical and genetic requirements of distinct
apoptosis pathways (i.e., mitochondria, death-receptor, and
endoplasmic reticulum-mediated apoptosis) and their dys-
regulation in disease [25]. In the case of death-receptor, there
are several members that belong to tumor necrosis factor
(TNF) receptor superfamily, including Fas (CD95, Apol),
TNFR1 (p55, CD120a), and death receptors 3, 4, and 5 (DR3,
4, and 5).

The Fas system is a widely recognized apoptosis signal
transduction pathway in which a ligand-receptor interaction
triggers the cell death pathway [26]. Fas is a surface receptor
that triggers apoptotic cell death when cross-linked by FasL
[27, 28]. Ligation of FasL to Fas in the cell membrane triggers
activation of caspase-8. Once activated, caspase-8 transduces
a signal to effector caspases, including caspases-3, -6, and -7,
and eventually leads to the hydrolysis of cytosolic and nuclear
substrates [29].

The impact of organochlorine pesticides (OCPs) on
the reproductive function was put forward in 1967 by
Ratcliffe [30], who is the first to report eggshell thinning in
some raptorial species. DDT is a principal organochlorine
compound used for a long time as an insecticide. It can
impair the male reproductive health by possible mechanism
of antiandrogen effect. Animal experiment demonstrated
that exposure of rats to 50 and 100 mg DDT/kg b.wt during
10 consecutive days induced reproductive toxicology. The
relative weight of testes and the number as well as the motility
of epididymal spermatozoa were reduced. Meanwhile, FSH
and LH of serum were increased [31]. The present study
demonstrated that p,p′-DDE could induce a concentration-
dependent increase in apoptosis of rat Sertoli cells.

In the normal state, Sertoli cells express a basal level of
FasL, which triggers apoptosis of a few Fas-positive germ
cells. Some literatures point out that Sertoli cells also express
Fas, and germ cells express FasL [32, 33]. Sertoli cells have
such multiple functions as providing the cytoarchitectural
support and microenvironment for developing germ cells. If
Sertoli cells are injured and the supporting capacity of Sertoli
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Figure 6: Effect of p,p′-DDE on NF-κB activation in rat Sertoli cells by laser scanning confocal microscope (40×). Representative images
for NF-κB activation in control (a), 10 μM (b), 30 μM (c), and 50 μM (d) p,p′-DDE-treated groups. There was a dose-dependent increase in
nuclear translocation of NF-κB in Sertoli cells. In 50 μM p,p′-DDE-treated group , the nuclear translocation was more pronounced.

cells is reduced, germ cells cannot be supported adequately
[18]. Our results demonstrated that FasL mRNA level for
50 μM dose group was significantly higher than that of the
control group, and FasL protein levels increased with the
increase of dose of toxicant after the cells were incubated by
various concentrations of p,p′-DDE for 24 hours. This result
indicated that FasL mRNA levels increased and could lead
to the enhancement of FasL protein expression, then activate
the Fas system, and eventually lead to the apoptosis of Sertoli
cells and abnormality of spermatogenesis, which might be
a possible mechanism elucidating male reproductive abnor-
mality caused by p,p′-DDE. Similar studies were reported
by previous findings for other categories of toxicants such
as mono-(2-ethylhexyl) phthalate, 2, 5-hexanedione [18],
Diethylstilbestrol [34], and carbon disulfide [35].

NF-κB is present as a dimer of protein components
(p65/p50) in a latent/inactive form, bound to inhibitory
protein IκB in the cytoplasm [36]. Stimulation by a variety
of extracellular signals leads to degradation of the IκB. The
liberated NF-κB then rapidly translocates to the nucleus,
where it regulates transcription by binding to consensus κB
sites in the promoters of the target genes [37]. In the rat
testis, the NF-κB complex of p65 and p50 proteins is found
to be constitutively expressed in the nuclei of Sertoli cells at

all stages of spermatogenesis [38]. Interestingly, NF-κB can
exert both pro- and antiapoptotic effects in different cells
types [39]. Whether NF-κB promotes or inhibits apoptosis
seems to depend on the specific cell type and the type of the
inducer. Numerous reports suggest that NF-κB performs a
proapoptotic role. NF-κB p65 complex can directly stimulate
the expression of apoptosis-inducible genes such as Fas, FasL,
and death receptors 4 and 5 [40]. For example, the promoters
of the mouse FasL have κB sites and can be upregulated
by activation-induced cell death in T cells [41]. Kasibhatla
demonstrated in Jurkat T cells that activation of NF-κB
and AP-1 and their transactivation of FasL regulated VP-
16- and VM-26-induced apoptosis via the expression of FasL
[42]. Our study demonstrated that in vitro exposure to p,p′-
DDE could induce an increase in NF-κB activation and the
expression of FasL in rat Sertoli cells. The results suggested
that NF-κB could promote cell apoptosis through the FasL-
dependent pathway in vitro exposure to p,p′-DDE in rat
Sertoli cells.

There is a general agreement that male reproductive
organs are particularly susceptible to the deleterious effects of
reactive oxygen species (ROS) and lipid peroxidation, which
ultimately lead to impaired fertility [43]. Recent literature
suggests that ROS as a signaling molecule can induce
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Figure 7: Proposed model of p,p′-DDE-induced signaling pathways
leading to apoptosis. ROS generation might play a critical role
in the initiation of p,p′-DDE-induced apoptosis of Sertoli cells
through two mechanisms, one was the mitochondria-mediated
pathway including elevation of ROS, decrease in ΔΨm along with
the cytochrome c release from mitochondria into the cytosol, and
activation of the caspase-9 and -3 in our previous study; and the
other was the elevation of ROS, which resulted in activation of
NF-κB, expression of FasL and triggered FasL-dependent pathway
(FasL/caspase-8/-3 signaling module) in our present study.

downstream apoptotic processes [44]. ROS are key mediators
of signaling pathways, such as the NF-κB pathway [45]. Wang
et al. [46] reported that oxidative stress enhanced NF-κB
activation. NF-κB is a redox-regulated transcription factor,
and NF-κB heterodimer activation requires IκB cleavage,
which needs an oxidizing milieu [47]. Moreover, ROS are
shown to be able to increase FasL expression. Conversely,
various antioxidants potently inhibit the FasL expression
[48]. In our previous studies, p,p′-DDE could induce
apoptosis of Sertoli cells via activation of mitochondria-
mediated pathway including elevation of ROS, decrease in
ΔΨm and SOD activity, and increase in the leakage rate of
LDH and MDA level [23]. Our present study demonstrated
that in vitro exposure to p,p′-DDE could induce increase
of FasL in rat Sertoli cells, and preincubation with NAC
could attenuate this effect successfully. All of our studies
suggested that ROS generation might play a critical role
in the initiation of p,p′-DDE-induced apoptosis of Sertoli
cells through mitochondria-mediated and FasL-dependent
pathway (Figure 7).

Caspases are a family of cysteine proteases that are a
central component of the apoptotic machinery. Caspases
are synthesized as inactive precursors (procaspases) that
are cleaved at specific aspartate residues to generate the

active subunits. Among FasL-dependent apoptosis, caspase-
8 plays the most important role in transduction of death
signals [49]. Paasch et al. demonstrates that the signal that
transmits caspase-8 is also present during spermatogenesis
[50]. Giammona et al. [51] have indicated that Mono-(2-
ethylhexyl) phthalate (MEHP), a well-characterized Sertoli
cell toxicant, can decrease levels of procaspase-8 and increase
levels of procaspase-8 cleavage products in mice testis.
This result is consistent with our study in which in vitro
exposure to p,p′-DDE induces in rat Sertoli cells an increase
in caspase-8 mRNA levels and a reduction in procaspase-
8 protein levels. In addition, caspase-3 is one of the
pivotal proteinases that initiate cell apoptosis [52]. Activated
caspase-3 can interact with a large number of targets within
an affected cell to bring about its destruction by apoptosis
[53]. Dalgaard et al. [54] observed an increased activity of
caspase-3 in the rat testis, 3 hours and 12 hours after 0.4 mg/g
of MEHP-exposure. Our result demonstrated that in vitro
exposure to p,p′-DDE could induce an increase in caspase-3
mRNA levels and a reduction in procaspase-3 protein levels
in rat Sertoli cells. These results indicated that caspases were
activated in p,p′-DDE-induced apoptosis of Sertoli cells.

The present data indicated that p,p′-DDE could induce
apoptosis of rat Sertoli cells through a FasL-dependent
pathway. There are three major apoptosis pathways in
the mammalian cells: mitochondria, death-receptor, and
endoplasmic reticulum-mediated apoptosis. It is unlikely
that a single mechanism regulates apoptosis in the testis,
but rather that multiple apoptotic pathways are involved in
the complex process of apoptosis. Our previous study also
demonstrated that p,p′-DDE could induce mitochondria-
mediated apoptosis in Sertoli cells [23]. Some studies showed
the cell apoptosis through endoplasmic reticulum-mediated
pathway in the rat testis [55–57]. Hence it is noted that
endoplasmic reticulum-mediated apoptosis pathway and
relationship among three apoptosis pathways in rat Sertoli
cells exposure to p,p′-DDE should be regarded as priority in
the next studies.

In conclusion, p,p′-DDE induces increases in apoptotic
rate of Sertoli cells by a mechanism possibly involving FasL-
dependent pathway. In vitro exposure to p,p′-DDE can
enhance ROS and oxidative stress, then induce an increase
in NF-κB activation, FasL mRNA, and protein levels in rat
Sertoli cells. Upon engagement of FasL to Fas, an intrinsic
program of apoptotic death is stimulated in a target cell
leading to the activation of caspase-8. Finally, apoptosis of
Sertoli cells is mediated by a terminal executioner, caspase-3,
thereby disturbing the spermatogenic process. The detailed
disrupting mechanism, of course, needs further investi-
gation. The present study has provided preliminary but
important data for further study of reproductive endocrine
disorder resulting from environmental EDCs.
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