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Lindane, an organochlorine pesticide, is known to impair testicular functions and fertility. To elucidate
the mechanism(s) underpinning the gonadal effects of lindane, we sought to investigate the levels of
apoptosis-related proteins, namely cytochrome c, caspase-3 and-9, Fas and FasL in the testis of adult rats.
Furthermore, the study aims to delineate whether nuclear factor kappa B (NF-kB) is involved in meditat-
ing the testicular effects of lindane. Animals were administered with a single dose of lindane (5 mg/kg
body weight) and sacrificed at specific post-treatment intervals (0, 3, 6, 12, 24 and 72 h). Significant ele-

ﬁ?gg?fg vations in the levels of cytosolic cytochrome ¢ with a parallel increase in pro-caspase-9 were observed
Testis as early as 6 h following exposure. Time-dependent elevations in the levels of Fas, FasL and caspase-3
Apoptosis were observed. Immunofluorescence studies revealed increased colocalization of Fas and caspase-3 in

peritubular germ cells. FasL levels were increased in Sertoli and peritubular germ cells. The cytoplasmic
levels of NF-kB p65 decreased from 3 h following exposure with a maximal decline at 12 and 24 h. Changes
in the localization of NF-kB were observed with maximal nuclear translocation in germ cells at 12 and
24 h. Terminal deoxynucleotidyl transferase-mediated dUTP nickend-labeling (TUNEL) assay revealed a
time-dependent increase in the number of apoptotic cells. Taken together, the data illustrate induction of
testicular apoptosis in adult rats following exposure to a single dose of lindane. Early activation of NF-kB
in contrast to late increase in Fas expression suggests a pro-apoptotic role of NF-kB in testicular response
to lindane.
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1. Introduction Oropeza-Hernandez et al., 2001). Lindane belongs to the family

of organochlorine pesticides and has been widely used to eradi-

The rapid expansion of chemical industry has resulted in the
release of a plethora of chemicals into the environment. These
chemicals have become part and parcel of our lives. Of these,
potentially hazardous chemicals and chemicals endowed with
hormone-like activity have been implicated in the burgeoning
high incidence of male infertility (Irvine, 2000; Aitken et al.,
2004; Saradha and Mathur, 2006a). Lindane, the gamma isomer
of hexachlorocyclohexane (HCH), has driven much attention due
to its estrogenic (Raizada et al., 1980; El-Mubarak and Huisingh,
2001) as well as anti-estrogenic properties (Chadwick et al., 1988;

Abbreviations: DAB, diaminobenzidine; H,0;, hydrogen peroxide; HSP, heat
shock protein; HCH, hexachlorocyclohexane; IkB, inhibitory kappa B; NF-kB, nuclear
factor kappa B; NOAEL, no observed adverse effect level; PBS, phosphate-buffered
saline; ROS, reactive oxygen species; rTDT, terminal deoxynucleotidyl transferase,
recombinant; TMB/H,0,, tetramethylbenzidine/hydrogen peroxide; TUNEL, termi-
nal deoxynucleotidyl transferase-mediated dUTP nick end-labeling.
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cate insects in agriculture and to treat scabies. The extensive use,
chemical stability and bioaccumulation potential of lindane have
resulted in its ubiquitous distribution in the ecosystem and thereby
considered to be a global pollutant.

A vast array of literature exists that demonstrate detrimental
effects of lindane on reproduction (Dikshith et al., 1978; Dalsenter
et al,, 1997; Suwalsky et al., 2000; Pages et al., 2002) and in fact,
testes have been found to be highly sensitive target organs for lin-
dane. It has been shown to accumulate in rat testis thereby causing
degenerative changes in germinal epithelium and Sertoli cell frag-
mentation (Dalsenter et al., 1996). Impaired androgen synthesis in
Leydig cells (Ronco et al., 2001), decreased sperm counts (Saradha
and Mathur, 2006b) and increased sperm abnormalities (Prasad et
al,, 1995) have also been reported. Recently, we have demonstrated
alteration in the levels of heat shock protein (HSP) and clusterin
accompanied by an induction of oxidative stress in rat testis as early
as 12 h following exposure to a single dose (5 mg/kg body weight)
of lindane (Saradha et al., 2008a). We have also demonstrated tran-
sient inhibitory effect of lindane on testicular steroidogenesis and
the possible role of hydrogen peroxide (H,05) in mediating these
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effects (Saradha et al., 2008b). Studies from our laboratory and
of others clearly demonstrate the detrimental effects of lindane
on testicular functions and its strong association with oxidative
stress and reactive oxygen species (ROS) (Samanta and Chainy,
1997; Sujatha et al., 2001). The stress response and programmed
cell death are cellular reactions to stressful stimuli. Stress-induced
apoptotic alterations have been implicated as a cause or conse-
quence of various pathological states including infertility (Sikka et
al,, 1995; Wang et al,, 2003). In the present study, we sought to
investigate whether low dose of lindane would alter the levels of
apoptosis-related proteins in adult rat testis within a short time
following exposure. The objective of this study was to evaluate the
protein levels of cytochrome c, caspase-3 and -9, Fas and FasL in
the testis of lindane-treated rat, and also to delineate the role of
nuclear factor kappa B (NF-kB) in meditating the testicular effects
of lindane.

2. Materials and methods
2.1. Chemicals

Lindane (99% pure) and rabbit monoclonal antibody against 3-actin and Lamin-B
were procured from Sigma Chemical Company (St. Louis, MO, USA). Rabbit poly-
clonal antibodies against caspase-9 (sc-7885), Fas (sc-7886), Fas-L (sc-834) and
NF-kB p65 (sc-7151), and goat polyclonal antibodies against caspase-3 (sc-1225)
and cytochrome c (sc-8385) were procured from Santa Cruz Biotechnology (Santa
Cruz, CA, USA). Goat anti-rabbit IgG and rabbit anti-goat IgG conjugated to FITC, goat
anti-rabbit IgG conjugated to Cy3™, horseradish peroxidase-conjugated goat anti-
rabbit IgG and rabbit anti-goat IgG were obtained from Bangalore Genei (Bangalore,
India). All other chemicals used were of analytical grade and were obtained from
local commercial sources.

2.2. Experimental design

Adult male rats of Wistar strain (80-90 days old) were used in this study.
The animals were procured from an authorized vendor (M/S Raghavendra Enter-
prises, Banglore, India) and were housed in polypropylene cages and maintained at
22-25°C under a well-regulated light and dark (12 h:12 h) schedule at the Animal
Facility of the Pondicherry University. The animals were provided standard rat chow
(Sai Durga Feeds and Foods, Bangalore, India) and water ad libitum. The weights of
the rats were recorded on alternate days and the animals showing poor growth rate
were eliminated from the study. For 7 days prior to the start of experiments, rats
were handled daily for 5 min to acclimatize them to human contact and minimize
their physiological response to handling.

Animals used for experimentation were divided into six groups and four animals
were maintained in each group. Lindane was dissolved in olive oil (5 mg/kg body
weight) and administered by oral gavage to all treatment groups. After treatment
with a single dose of lindane, animals were sacrificed at 0, 3,6, 12,24 and 72 h of post-
exposure using overdose of anesthetic ether. Testes were collected, cleared of the
adhering tissues, weighed and stored at —80 °C until analysis. The experiments were
carried out in accordance with the guidelines of the Committee for the Purpose of
Control and Supervision on Experiments on Animals (CPCSEA), Government of India
(CPCSEA, 2003).

2.3. Immunoblot analyses of caspase-3, -9, cytochrome c, Fas, and FasL

Testes lysates were prepared in lysis buffer (50 mM Tris, pH 7.4 containing
0.15M Nacl, 10% glycerol (v/v), 1% NP-40 (v/v), 1 mM sodium fluoride, 1 mM sodium
orthovanadate, 1mM PMSF, 1mM EDTA, 150 uM bestatin, 1M leupeptin and
1M aprotinin) using a tissue: buffer ratio of 1:5. After homogenization, sam-
ples were centrifuged at 1000 x g for 2 min to remove large tissue fragments and
then centrifuged again at 10,000 x g for 30 min. The supernatants were collected
and stored at —70°C until analysis. The protein concentration was determined
(Lowry et al., 1951) and equal quantities of protein were loaded per lane and sub-
jected to 10% sodium dodecyl sulfate polyacrylamide gel electrophoresis [SDS-PAGE]
(Mini Protean II System, Bio-Rad) as described by Laemmli (1970). Electrophoresis
was performed at 75V and the resolved proteins were electrophoretically trans-
ferred onto a nitrocellulose membrane (NYTRAN, Keene, NH, USA) in Transfer
buffer (0.2 mol/L glycine, 25 mM Tris, and 20% methanol). The membranes were
incubated in a blocking buffer (phosphate-buffered saline [PBS] containing 0.1%
(v/v) Tween 20 and 5% (w/v) non-fat dry milk powder) for 5h at room tempera-
ture, followed by incubation in respective primary antibodies. Anti-caspase-3 was
diluted at 1/100, and anticaspase-9, anti-Fas and anti-FasL were diluted at 1/200.
Incubations with the primary antibodies were carried out overnight at 4°C. The
following day, blots were washed in PBS and incubated for 1h at room tempera-
ture with either horseradish peroxidase conjugated anti-rabbit IgG or anti-goat IgG

(1:1000 dilution). Immunodetection of proteins were visualized by using tetram-
ethylbenzidine/hydrogen peroxide (TMB/H;0;) (Bangalore Genei, Bangalore, India)
as substrate and resulting immunospecfic bands were quantified by densitome-
try.

For measurement of cytochrome c release, cytosolic fractions, free of mitochon-
dria, were isolated by homogenizing the testes in a buffer containing 0.25 M sucrose,
50 mM HEPES, 0.1 mM EDTA, pH 7.4, 10 mM NaCl and 2 mM DTT using a glass-teflon
homogenizer (Remi RQ-127A, Remi Motors, Mumbali, India). The homogenate was
centrifuged at 1000 x g for 10 min at 4 °C to remove debris and the resulting super-
natant was further centrifuged at 12,800 x g for 30 min. The supernatants (cytosolic
fractions) were collected and protein content was determined (Lowry et al., 1951).
Equal quantities of protein were subjected to one-dimensional SDS-PAGE and subse-
quently electroblotted onto nitrocellulose membrane as describe above. Blots were
incubated with primary antibody for cytochrome ¢ (1:200) overnight at 4 °C. The fol-
lowing day, blots were washed in PBS and incubated for 1 h at room temperature with
horseradish peroxidase conjugated anti-goat IgG (1:1000 dilution). Immunodetec-
tion of proteins were visualized by using TMB/H,0, (Bangalore Genei, Bangalore,
India) as substrate and resulting immnunospecfic bands were quantified by den-
sitometry. Densitometric scanning was performed using Gene tool (version 3.05,
Synoptics Ltd., Cambridge, UK).

2.4. Immunoblot analysis of NF-kB p65

Testis were gently homogenized into a hypotonic buffer containing 50 mM
HEPES, pH 7.4, 10mM KCl, 1mM EDTA, 1mM DTT, 0.2mM PMSF, 1 pg/ml pep-
statin, 1 pg/ml leupeptin, 0.5% Nonidet P-40 using a glass-teflon homogenizer (Remi
RQ-127A, Remi Motors, Mumbai, India). Cytoplasmic and nuclear extracts were pre-
pared as previously described (Han and Brasier, 1997) and protein concentrations
were determined (Lowry et al., 1951). Equal quantities of protein were subjected
to one-dimensional SDS-PAGE and subsequently electroblotted onto nitrocellu-
lose membrane as described above. Blots were incubated with primary antibody
for NF-kB p65 (1:200) overnight at 4°C. The following day, blots were washed
in PBS and incubated for 1h at room temperature with horseradish peroxidase
conjugated anti-rabbit IgG (1:1000 dilution). Immunodetection of proteins were
visualized by using TMB/H, 0, (Bangalore Genei, Bangalore, India) as substrate and
resulting immnunospecfic bands were quantified by densitometry. Densitometric
scanning was performed using Gene tool (version 3.05, Synoptics Ltd., Cambridge,
UK).

2.5. Immunoflurosecent staining of Fas, FasL, caspase 3 and NF-«kB p65

Bouin’s-fixed testes were embedded in paraffin and sectioned at a thickness of
5 wm on poly-L-lysine-coated slides. After deparaffinization and rehydration, sec-
tions were washed in PBS (10 mM NaH, POy, pH 7.4 at 22 °C containing 0.15 M NaCl)
and permeabilized in 0.2% Triton X-100 (v/v). Sections were then blocked with
10% non-immune goat serum for 1h. Sections were incubated with anti-FasL and
anti NF-«kB (1:100 dilution each containing 1% non-immune goat serum) antibodies
overnight at 4 °C. After repeated rinsing with PBS, the sections were saturated with
goat anti-rabbit IgG conjugated to FITC (1:100 dilution containing 10% non-immune
goat serum) for 2 h in dark. After being washed in PBS three to four times (5 min
each), the slides were mounted and examined under the microscope (Olympus Sys-
tem, model CX41RF, Tokyo, Japan). Negative control consisted of sections incubated
with non-immune rabbit IgG (1:100 dilution) instead of primary antibody and PBS
instead of secondary antibody.

To determine whether Fas and caspase-3 were colocalized, the sections were
incubated with primary antibody mixture which consisted of rabbit anti-Fas and
goat anti-caspase-3 (1:100 dilution each containing 1% non-immune goat serum)
overnight at 4 °C. After repeated rinsing with PBS, the sections were incubated with
secondary antibody mixture which consisted of goat anti-rabbit IgG conjugated to
Cy3™ and rabbit anti-goat IgG conjugated to FITC (1:100 dilution each containing
10% non-immune goat serum). After being washed in PBS three to four times (5 min
each), the slides were mounted and examined under the microscope (Olympus Sys-
tem, model CX41RF, Tokyo, Japan). Negative controls consisted of sections incubated
with non-immune rabbit and goat IgG in place of primary antibodies and PBS instead
of secondary antibodies.

2.6. Detection of apoptosis

Apoptotic cells were detected using the DeadEnd Colorimetric Apoptosis
Detection System (Promega Corp., Madison, WI, USA). This system end-labels
the fragmented DNA of apoptotic cells using a modified terminal deoxynu-
cleotidyl transferase-mediated dUTP nick end-labeling (TUNEL) assay. It consists
of incorporation of biotinylated nucleotides at the 3'-OH DNA ends using the
terminal deoxynucleotidyl transferase, recombinant (rTDT) enzyme. Horseradish-
peroxidase-labeled streptavidin is then bound to these biotinylated nucleotides,
which are detected using the peroxidase substrate, hydrogen peroxide and the
stable chromogen diaminobenzidine (DAB). Briefly, the tissue sections were deparaf-
finized, rehydrated and fixed in 4% paraformaldehyde solution in PBS. Proteinase
K (20 ug/ml) treatment for 15min was followed by a second fixation in 4%
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paraformaldehyde solution in PBS. The sections were incubated with equilibra-
tion buffer (200mM potassium cacodylate, pH 6.6, 25mM Tris-HCl, pH 6.6,
0.2mM DTT, 0.25 mg/ml BSA, 2.5mM cobalt chloride) for 10 min. Subsequently,
the sections were allowed to react with rTDT reaction mixture (98 wl equi-
libration buffer, 1l biotinylated nucleotide mix and 1wl rTDT enzyme) for
1h at 37°C in a humidified chamber. The slides were immersed in 2x SCC
for 15min to stop the reaction and the endogenous peroxidase were blocked
by incubating the sections with 0.3% H,O, in PBS for 5min. After incuba-
tion with streptavidin-HRP solution for 30min at room temperature, slides
were stained with DAB-H,0; in the dark. Positive nuclei stained dark-brown
and were visualized under a light microscope. Negative controls with TUNEL
assay were performed according to the instructions provided by the manufac-
turer.

2.7. Statistical analyses

The data were expressed as mean=+S.D. for four animals per group. Statistical
analyses were performed by one-way analysis of variance (ANOVA) followed by
Dunnett’s post-test using SPSS (student version 7.5, SPSS Inc., Surrey, UK). We used
the significant level alpha=0.05.

3. Results

3.1. Effect of lindane on the protein levels of cytochrome c,
caspase-9 and caspase-3 in the testis of adult rats

To assess the effect of lindane on mitochondria-dependent cell
death pathway, the protein levels of cytochrome c, caspase-9 and
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caspase-3 were evaluated in the testis of adult rat. Western blot
analysis revealed a significant elevation in the levels of cytosolic
cytochrome c as early as 6 h following exposure to a single dose of
lindane (Fig. 1). A parallel increase in the level of procapase-9 was
also observed. Maximum change in the levels of cytochrome ¢ and
procaspse-9 were observed at 12 and 24 h post-treatment. The lev-
els declined at 72 h, yet remained significantly higher than control.
A time-dependent elevation in the levels of procaspase-3 accompa-
nied by an increase in 17 kDa protein band (p17), which represents
larger subunit of activated caspase-3, was observed following expo-
sure to a single dose of lindane (Fig. 1). A faint band corresponding
to the active fragment (p17) of caspase-3 was also detected at O h,
which could be attributed to the spontaneous germ cell apoptosis
that takes place in the testis under physiological conditions. The
level of p17 was observed to be maximum at 72 h following lindane
treatment.

3.2. Effect of lindane on the protein levels of Fas and FasL in the
testis of adult rats

To assess the effect of lindane on Fas—FasL pathway, the levels of
Fas and FasL were evaluated in the testis of adult rats. Administra-
tion of lindane resulted in significant increase in the levels of Fas
and FasL in a time-dependent manner from 6 h onwards reaching
a peak at 72 h (Fig. 2).
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Fig. 1. Changes in the levels of cytochrome c, caspase-9 and -3 in the testis of lindane-treated rats over different time points. Lindane (5 mg/kg/day) was administered to
adult male rats (n=4) which were sacrificed at specific time points thereafter. (A) Immunoblots showing sequential increase in the cytosolic levels of cytochrome c from 6 h
post-treatment. Immunoblot of procaspase-9 shows a parallel increase from 6 h onwards. Maximum changes in the levels of cytochrome c and procaspse-9 are observed at
12 and 24 h post-treatment. The levels of cytochrome c and procapase-9 declines at 72 h, yet remains significantly higher than control. A sequential increase in the levels both
procaspase-3 and the cleaved fragment (p17) is observed from 6 to 72 h post-exposure. Actin blot shows equal protein loading. Each of these depicted blots is representative
of four experiments. (B) Graph representing densitometrically scanned results corresponding to the blots depicted in A. Each data point represents the average value from
four independent experiments normalized against the control (0 h). The control was arbitrarily set at 1. Asterisk indicates values significantly different (*alpha=0.05) as

compared with control.
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Fig. 2. Changes in the levels of Fas and FasL in the testis of lindane-treated rats over different time points. Lindane (5 mg/kg/day) was administered to adult male rats (n=4)
which were sacrificed at specific time points thereafter. (A) Immunoblot showing sequential increase in the levels of Fas and FasL from 6 to 72 h post-treatment. Actin blot
shows equal protein loading. Each of these depicted blots is representative of four experiments. (B) Graph representing densitometrically scanned results corresponding to
the blots depicted in A. Each data point represents the average value from four independent experiments normalized against the control (0 h). The control was arbitrarily set
at 1. Asterisk indicates values significantly different (*alpha=0.05) as compared with control.

3.3. Colocalized expression of caspase-3 and Fas in testis of
lindane-treated rats

The localization of caspase-3 and Fas in the testis was examined
by immunofluorescence microscopy following lindane treatment.
A time-dependent increase in colocalized expression of caspase-
3 and Fas was observed in the testes of lindane-treated rats
(Fig. 3). Fas and caspase-3 were localized in peritubular germ cells
(spermatogonia and spermatocytes) and their coexistence were
visualized when green (caspase-3) and red fluorescence (Fas) were
superimposed (yellow to orange in Fig. 3). The experiment when
repeated by replacing the primary antibodies with rabbit and goat
IgG, yielded no detectable staining (data not shown).

3.4. Immunolocalization of FasL in testis of lindane-treated rats

The localization of FasL in the testis was examined by
immunofluorescent microscopy following lindane treatment. FasL
was visualized in the cytoplasmic extensions of Sertoli cells and the
germ cells in peritubular regions involving spermatogonia and sper-
matocytes (Fig. 4). Immunoreactivity of FasL increased in these cells
in a time-dependent manner from 6 to 72 h following exposure to
lindane (Fig. 4). Replacing the primary antibody with non-immune
rabbit IgG, yielded no detectable staining (data not shown).

3.5. Effect of lindane on the protein levels of NF-kB p65 in the
cytoplasmic and nuclear extracts of the testis

To delineate the role of NF-kB in testicular effects of lindane,
the levels of NF-kB p65 were evaluated in the cytoplasmic and
nuclear extracts of the testis. The cytoplasmic levels of NF-kB p65
decreased in a time-dependent manner, with a maximum decline
at 12 and 24 h after treatment with lindane. However, the levels

started recouping at 72 h post-exposure (Fig. 5). On the contrary,
the levels of NF-kB p65 in the nuclear extracts of the testis increased
in a time-dependent manner from 3 h onwards. The intensity of the
bands was maximum at 12 and 24 h post-treatment (Fig. 5). By 72 h,
the levels of NF-kB p65 in the nuclear extracts started declining, yet
remained significantly higher than control.

3.6. Immunolocalization of NF-«B p65 in testis of lindane-treated
rats

The localization of NF-kB p65 in the testis was examined
by immunofluorescent microscopy following lindane treatment.
Localization of NF-kB p65 changed from cytoplasm to nucleus of
germ cells in lindane-treated rats. This change in the localization of
NF-kB p65 was observed from 3 h with maximum nuclear stain-
ing at 12 h post-exposure (Fig. 5). However, at 72h the nuclear
localization of NF-kB p65 was less pronounced. Replacing the pri-
mary antibody with non-immune rabbit IgG, yielded no detectable
staining (data not shown).

3.7. Lindane-induced germ cell death in the testis of rats

TUNEL analysis was performed to detect programmed cell death
in situ. The number of apoptotic cells increased in a time-dependent
manner following exposure to a single dose of lindane (Fig. 6). The
TUNEL-positive cells were found in the peripheral region near the
basement membrane of the seminiferous tubules.

4. Discussion
Substantial evidence has piled up portending the adverse

effects of environmental toxicants on male reproduction (Aitken
et al., 2004; Mathur et al., 2008). Most of these toxicants, including
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Caspase-3
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Merged

Fig. 3. Colocalized expression of caspase-3 and Fas in the testis of lindane-treated rats; (a, d, g, and j) visualization of caspase-3 staining; (b, e, h, and k) visualization of Fas
staining; (c, f, i, and 1) visualization of overlap of Fas and caspase-3 staining. Fas and caspase-3 is localized to peritubular germ cells (spermatogonia and spermatocytes)
and their coexistence is visualized (c, f, i, and 1) when green (caspase-3) and red fluorescence (Fas) are superimposed (yellow to orange). A time-dependent increase in the
expression of caspase-3 and Fas in the testis of lindane-treated rats may be noted. The bar represents 50 pm (For interpretation of the references to color in this figure legend,

the reader is referred to the web version of the article).

lindane, have been shown to compromise the sperm quality and
impair fertility in rodent models (Chitra et al., 2003; Saradha
and Mathur, 2006b). Exposure of adult rats to lindane (6 mg/kg
body weight) for 5 days has been shown to bring about numeric
reduction of spermatids and fragmentation of Sertoli cells thereby
leading to impaired spermatogenesis (Dalsenter et al., 1996). Stud-
ies from our laboratory have demonstrated induction of oxidative
stress and inhibition of steroidogenesis in adult rat testis within a
few hours following exposure to a single dose of lindane (5 mg/kg
body weight) (Saradha et al., 2008a,b). Thereafter, we were inter-
ested to investigate the possible role of apoptosis in mediating
the gonadal effects of lindane. In the present study we sought
to explore the sequential changes in the levels of cytochrome c,
caspase-9 and caspase-3, Fas and FasL proteins in adult rat testis
following exposure to a single dose of lindane. Furthermore, we
were interested to uncover if there is any correlation between the
expression of these proteins with changes in the levels of NF-«B,
a transcription factor and a major regulator of stress responses.

A dose of 5mg/kg body weight, which is approximately three
times the reported no observed adverse effect level (NOAEL) for
reproductive toxicity of lindane (1.7 mg/kg body weight) in rats
(FAO/WHO, 2002), was selected for the present study.

Most of the studies on lindane illustrate the undoubted role of
ROS in executing its detrimental effects (Samanta and Chainy, 1997;
Sujatha et al., 2001). Oxidative changes and ROS have been associ-
ated with apoptosis in many cell types including spermatogenic
cells (Kasahara et al., 2002). Mitochondria have been described as
the sensor of oxidative stress and thus, we have focused on the pos-
sible role of mitochondria-dependent pathway in the manifestation
of the effects of lindane in gonads. Translocation of cytochrome ¢
into cytosol is the primary event in mitochondrial pathway that
leads to the formation of apoptosomes and activation of caspase
cascade (Gao et al., 2003). In the present study, we observed a sig-
nificant elevation in the levels of cytosolic cytochrome c as early as
6 hfollowing exposure to a single dose of lindane. A parallel increase
in the level of procapase-9 was also observed. As the time points (12
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Fig. 4. Immunofluorescent staining of FasL in the testis of lindane-treated rats. Representative images for FasL immunoreactivity in control (a), 6 h (b), 12h (d) and 72 h (f)
post-treated groups. ¢, e, and g, magnified image of b, d, and f, respectively. FasL is localized to the cytoplasmic extensions of Sertoli cells (arrows heads) and peritubular germ
cells (asterisks). A time-dependent increase in the expression of FasL in the testis of rats exposed to a single dose of lindane may be noted. The bar represents 50 pwm.

and 24 h) displaying maximal changes in the levels of cytochrome
c and caspase-9 coincide with the time points exhibiting transient
increase in the levels of H,0, (Saradha et al., 2008b), the possible
role of ROS in mediating these changes cannot be ruled out. Elevated
levels of ROS can cause oxidation of the mitochondrial pore thereby
disrupting the mitochondrial membrane potential and releasing
cytochrome c (Kasahara et al., 2002). Once free of the mitochondrial
membrane, cytochrome c rapidly assembles a multi-protein com-
plexinvolving Apaf-1 and propcaspase-9 leading to the activation of
the caspase-9, which subsequently triggers the effector caspases-
3 (Gao et al., 2003). Increased generation of ROS could not only
be a cause but also the consequence of mitochondrial dysfunction
(Orrenius et al., 2007). Lindane has also been shown to influence
the mitochondrial function by uncoupling oxidative phosphoryla-
tion and inhibiting ATPase activity (Gopalaswamy and Aiyar, 1984).
A marked inhibition of Na*, K*-ATPase has been demonstrated in
the testicular plasma membrane of rats administrated with HCH
(Srivastava et al., 1995). Inhibition of Na*, K*-ATPase in turn could
lead to apoptosis by lowering the intracellular K* level which can
affect the mitochondrial function by altering membrane poten-
tial (Nobel et al., 2000) and by increasing the intracellular CaZ*
level (Xiao et al., 2002; Srivastava and Shivanandappa, 2006). Fur-
thermore, oxidative stress associated with increased levels of ROS
could also lead to inhibition of Na*, K*-ATPase (Rodrigo et al.,
2002).

In the present study, we observed a significant increase in
the levels of pro-caspase-3 accompanied with an increase in its
active form (p17) from 6 to 72h post-exposure. Translocation
of cytochrome c associated with activation of caspase-9 and -3
support the notion that lindane induces testicular apoptosis via
mitochondrial pathway. However, at this point, the activation of

caspase-3, could also be due to direct activation by Fas—FasL system
via caspase-8 (Nair and Shaha, 2003).

Apoptotic degeneration of early spermatogenic cells is proposed
to be a mechanism regulating the quantity and quality of sperm
produced in mammalian testis (Blanco-Rodriguez and Martinez-
Garcia, 1996; Sinha Hikim and Swerdloff, 1999). The Fas-FasL
system has been recognized as a key regulator of germ cell apop-
tosis. Germ cells expressing Fas have been shown to transmit an
apoptotic signal within the cells when bound to its cognate ligand,
FasL, expressed in Sertoli cells (Lee et al., 1997). This form of cell
death has been shown to be embellished following various testicu-
lar insults such as toxicant treatment, radiation and heat exposure
(Lee et al., 1997, 1999; Vaithinathan et al., 2008). Recently, it has
been demonstrated that FasL is expressed in spermatogenic cells
(D’Alessio et al., 2001). Exposure to synthetic estrogen, diethyl-
stilbestrol, has been shown to induce Fas-FasL upregulation and
apoptosis in spermatogenic cells of adult male rats (Nair and Shaha,
2003). Administration of cadmium chloride, a heavy metal, has
been demonstrated to enhance FasL immunoreactivity in Sertoli
cells and peritubular germ cells, including spermatogonia and sper-
matocytes of adult rats (Ozawa et al., 2002). In the present study,
we have observed a significant elevation in the levels of Fas within
6 h of exposure, with a further increase from 12 to 72 h, reflecting
the incidence of germ cell apoptosis. A similar pattern of incre-
ment in the levels of FasL was observed in the testis of rat following
a single exposure to lindane. Immunofluorescent staining of FasL
was visualized in the cytoplasmic extensions of Sertoli cells and
the germ cells in peritubular regions involving spermatogonia and
spermatocytes. Immunoreactivity of FasL increased in these cells
in a time-dependent manner from 6 to 72 h. Upregulation of FasL,
following exposure to toxicants, has been considered as a novel
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Fig. 5. (A) Changes in the levels of NF-kB p65 in the cytoplasmic and nuclear extracts of testis following lindane treatment. Immunoblot of NF-kB shows time-dependent
decrease in the cytosolic levels of NF-kB p65 with a maximum decline at 12 h post-exposure. The levels of NF-kB p65 in the nuclear extracts of the testis show a time-dependent
increase from 3 h onwards. By 72 h, the levels of NF-kB p65 in the nuclear extract declines, yet remains significantly higher than control. Actin and lamin blots shows equal
protein loading of cytoplasmic and nuclear extracts, respectively. (B) Graph representing densitometrically scanned results corresponding to the blots depicted in A. Each
data point represents the average value from four independent experiments normalized against the control (0 h). The control was arbitrarily set at 1. Asterisk indicates values
significantly different (*alpha=0.05) as compared with control. (C) Immunofluorescent staining of NF-kB p65 in the testis of lindane-treated rats. Representative images for
NF-kB p65 immunoreactivity in control (a), 6h (c), 12h (e) and 72 h (g) post-treated groups. b, d, f and h, magnified image of a, c, e, and g, respectively. A time-dependent
increase in nuclear localization of NF-kB p65 in spermatogonia (asterisks) and spermatocytes (arrow heads) with a maximal nuclear staining at 12 h post-exposure (e, f) may
be noted. At 72 h, the nuclear staining is less pronounced (g, h). The bar represents 50 pwm.

marker to identify a Sertoli cell toxicant (Lee et al., 1999). Recently,
we have demonstrated colocalized expression of caspase-3 and Fas
in the peritubular germ cells undergoing apoptosis following expo-
sure to piperine, a major alkaloid present in black pepper (D’Cruz
et al., accepted). In the present study, a time-dependent increase
in colocalized expression of caspase-3 and Fas was observed in
the peritubular germ cells of lindane-treated rats. These observa-
tions further confirm the involvement of Fas-mediated pathway in
lindane-induced testicular apoptosis.

Recent studies have shown that ligation of Fas by FasL could
stimulate NF-kB activation (Kreuz et al., 2004), while active NF-

kB can in turn induce Fas transcription (Malewicz et al., 2003).
The NF-kB transcriptional factors are composed of homodimers
or heterodimers of Rel protein, of which, p65/p50 heterodimer
is the predominant complex in testicular germ cells (Delfino and
Walker, 1998). In unstimulated cells, NF-kB dimers are sequestered
in the cytoplasm by inhibitory kappa B (IkB) protein. Upon expo-
sure to various extracellular signals that leads to phosphorylation
and degradation of IkB, free NF-kB dimers rapidly translocates to
nucleus, wherein they activate transcription of target genes (Karin,
1999). A few studies have demonstrated either pro-apoptotic or
antiapoptotic role of NF-kB in testicular response to toxicant injury
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Fig. 6. Lindane-induced germ cell death in the testis of rats as revealed by TUNEL assay. Representative images for TUNEL staining in negative control (a), control (b), 6 h (c),
12h (d) and 72 h (e) post-treatment groups. The TUNEL-positive cells (arrows) are found in the peripheral region near the basement membrane of the seminiferous tubules.
A time-dependent increase in the number of apoptotic cells in the testis of lindane-treated rats may be noted. The bar represents 50 pwm.

(Rasoulpour and Boekelheide, 2005; Kaur et al., 2006). In the
present study, we observed a significant decline in the levels of
p65 subunit of NF-kB in cytoplasmic extract of testis as early as 3 h
following exposure to lindane with a maximal decrement at 12 and
24 h.On the contrary, the levels of NF-kB p65 in the nuclear extracts
increased in a time-dependent manner from 3 h onwards reaching
a peak at 12 and 24 h post-exposure. Immunofluorescence studies
showed nuclear translocation of NF-kB p65 in germs cells (sper-
matogonia and spermatocytes) of lindane-treated rats from 3h
post-exposure with a maximal nuclear staining at 12 h. However, by
72 hthe nuclear localization of NF-kB p65 became less pronounced.
Early activation of NF-kB (3 h) in contrast to late increase in Fas
expression (6 h) suggests a pro-apoptotic role of NF-kB in testicular
response to lindane.

The two divergent pathways of apoptosis converge on the com-
mon down stream effector, caspase 3, which is known to activate
endonuclease and induce DNA fragmentation. In the present study,
TUNEL assay was performed to detect apoptotic cells in the testis
of lindane-treated rats. In the testicular sections of control ani-
mals, only a very few tubules displayed TUNEL-positive cells, which
could be due to spontaneous germ cells death that takes place
in the testis as a normal homeostatic process. A time-dependent
increase in the number of apoptotic germ cells were observed in
the testicular section of rats following exposure to a single dose

of lindane. The TUNEL-positive cells were found in the periph-
eral region near the basement membrane of the seminiferous
tubules.

To sum up, the data illustrate induction of apoptosis in testis
of adult rats involving both mitochondria-dependent and Fas-FasL
pathways following exposure to a single dose of lindane. Early
activation of NF-kB, in contrast to late increase in Fas expression,
suggests a pro-apoptotic role of NF-kB in testicular response to
lindane.
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