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Polycyclic Aromatic Hydrocarbon-Induced Cytotoxicity in Cultured Rat Sertoli
Cells Involves Differential Apoptotic Response

Samir S. Raychoudhury and Dana Kubinski

Department of Biological and Physical Sciences, Benedict College, Columbia, South Carolina, USA

Polycyclic aromatic hydrocarbons (PAHs) are
ubiquitous in the air, being present as volatile,
semivolatile, and particulate pollutants. Diesel
and gasoline engine exhausts, coal and forest
fires, tobacco smoke, and electricity-generat-
ing power plants are the major sources of
environmental PAHs. Some PAHs are known
to be carcinogenic (1). Some members of the
high-molecular-weight PAH family (e.g.,
benzo[k]fluoranthene) are also known to be
carcinogens (2,3) that bind to aryl hydrocar-
bon receptors (AhRs) and induce ethoxyre-
sorufin-O-deethylase (EROD) activity (4).
Other members of the low-molecular-weight
PAH family [e.g., fluoranthene (FL)] neither
significantly bind the AhR nor induce EROD
activity (5). However, FL is reported to be
toxic in other test systems (6).

Among all types of PAHs found in
Murrells Inlet Estuary, South Carolina, FL was
about 35% (highest) and benz[a]anthracene
(BaA) and benzo[a]pyrene (BaP) were between
5% and 10% of total PAHs (7). FL, a signifi-
cant environmental contaminant, has been
shown to induce lung tumors in newborn mice

(8) and to induce the formation of DNA
adducts (9). Male mice exposed to BaP (10
mg/kg body weight) impregnated 35% fewer
females than did control males (10). The
impaired fertility in F1 mice exposed to BaP in
utero was associated with marked alterations in
gametogenesis and folliculogenesis and a dra-
matic decrease in the size of the gonads,
including the reduction in the size of seminif-
erous tubules in males (10). The present study
addresses the potential effects of the identified
PAHs separately on Sertoli cells in culture.
Some of these compounds, not yet identified as
being carcinogenic, warrant further toxicologic
investigation. Because FL is the most abundant
PAH in the environment (7), it was extensively
studied in our culture system. Other PAHs,
such as BaA, BaP, and benzo[b]fluoranthene
(BbF), were included in the second set of
experiments as initial screening of the direct
toxicity of these compounds to male reproduc-
tive cells in culture. In the third set of experi-
ments, all four PAHs (FL, BaA, BaP, and BbF)
were included to test apoptotic responses on
cultured Sertoli cells. Because Sertoli cells are

the primary cells that create the structural and
physiologic environment for spermatogenic
cell development and provide a permissive
milieu necessary for spermatogenesis (11–13),
we have studied cytotoxicity of the selected
PAHs on Sertoli cells.

Materials and Methods

Animals. For each Sertoli cell isolation, 10 male
CD rats (19–21-day-old albino pups) accom-
panied by a foster mother were purchased from
Harlan Sprague-Dawley (Indianapolis, IN).
After 2 days, all male pups were used for Sertoli
cell preparation. All animals were housed in a
room with controlled lighting (12 hr light/12
hr dark) and temperature (20–22°C).

Sertoli cell isolation and culture. Sertoli
cells were isolated by a modification of proce-
dures outlined previously (14), as described
elsewhere (15,16). The resultant cell fractions
obtained after serial enzymatic digestion and
subsequent washing were cultured in
Dulbecco’s modified Eagle’s/Ham’s F-12
media at a 1:1 ratio with 4 mmol/L gluta-
mine and 15 mmol/L HEPES (DME/F-12),
supplemented with 5% fetal bovine serum
and antibiotics (17). Sertoli cells were plated
onto 22 × 22 mm glass coverslips in a 35-mm
diameter culture dish (Falcon Plastics,
Lincoln Park, NJ) at approximately 1 × 106

cells per dish. Cells were incubated at 33°C in
a humidified incubator in an atmosphere of
95% air and 5% CO2. After 24 hr, media
from all dishes were replaced with fresh
media. Subsequently, culture media were
changed every 2 days, and the cultures were
maintained for a period of 6 days.

On day 3 of culture, contaminating sper-
matogenic cells were lysed with a hypotonic
solution of 20 mM Tris HCl (pH 7.4) for 5
min as described previously (18). To check
for possible Leydig cell and peritubular cell
contamination in Sertoli cell preparations,
Sertoli cell cultures were occasionally stained
histochemically for 3β-hydroxysteroid dehy-
drogenase (14) and alkaline phosphatase (19),
respectively. Sertoli cell cultures were virtually
negative for Leydig cell contamination and

Address correspondence to S.S. Raychoudhury,
Room 206, Alumni Hall, Department of Biological
and Physical Sciences, Benedict College, 1600
Harden Street,  Columbia, SC 29204 USA.
Telephone: (803) 255-1781. Fax: (803) 253-5068.
E-mail: sraychoudhury@crle.com

This study was supported by grants GM08117 and
ES09929 from the National Institutes of Health.

Received 14 January 2002; accepted 28 May 2002.

Articles

Polycyclic aromatic hydrocarbons (PAHs) are ubiquitous and persistent environmental contami-
nants. Some PAHs are carcinogens and may affect the male reproductive system. Therefore, we
exposed cultured rat Sertoli cells to a variety of PAHs to determine possible direct toxic effects on
the cells of the seminiferous epithelium. Sertoli cells were chosen because they support germ cell
development and maintain spermatogenesis. Sertoli cells were isolated from 19–21-day-old male
rats and cultured in medium containing 0.08% dimethylsulfoxide as vehicle or in the presence of a
variety of PAHs. In the first set of experiments, cultured Sertoli cells were incubated in the pres-
ence of 10–4 M, 10–6 M, 10–8 M, 10–12 M, and 10–16 M fluoranthene (FL) for 24 hr. After 24 hr,
FL at 10–4, 10–6, and 10–8 M killed significant numbers of Sertoli cells as revealed by cell viability
determinations. Sertoli cells cultured in the presence of 10–6 M and 10–8 M FL showed morpho-
logic changes. Cell protein levels were decreased and lactate production in the medium increased
in a concentration-dependent manner. In addition, Sertoli cells exposed to 10–6 M and 10–8 M FL
exhibited altered F-actin and α-tubulin distributions compared with untreated controls. Because
FL killed about 62% of cells at 10–4 M (100 µg/mL) and 48% of cells at 10–6 M (1 µg/mL),
increased lactate production about 3-fold at both concentrations, and decreased cell protein by
half at 10–4 M (100 µg/mL), we decided to use a range of concentrations between 10 and 100
µg/mL for the second set of experiments using benz[a]anthracene (BaA), benzo[a]pyrene (BaP), or
benzo[b]fluoranthene (BbF). After 24 hr, BaA (100 µg/mL), BaP (50 and 100 µg/mL), and BbF
(100 µg/mL) significantly increased lactate level in the medium in a concentration-dependent
manner. In a third set of experiments, cells were treated in culture uniformly with only 10 µg/mL
FL, BaA, BaP, or BbF for 24 hr. The cytotoxic effects exerted by these PAHs tested resulted in
different apoptotic responses as characterized by in situ fluorescence staining. Microscopic analysis
of apoptotic cells demonstrated nuclei of reduced size and labeled 3´-OH DNA ends when Sertoli
cells had been incubated for 24 hr with 10 µg BaP or BbF, but not with vehicle, media, FL, or

exerted through apoptosis, whereas FL and BaA do not elicit the apoptotic response. Key words: α-
tubulin, benz[a]anthracene, benzo[a]pyrene, benzo[b]fluoranthene, F-actin, fluoranthene, lactate,
spermatogenesis. Environ Health Perspect 111:33–38 (2003).
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BaA. Thus, our results demonstrate that the toxic effects of BaP and BbF on Sertoli cells are



consistently contained < 1% peritubular
myoid cells. In fact, for the experiments
described here, in vitro cell cultures showed
> 95% staining for the positive Sertoli cell
marker oil red O, and fewer than 1% of the
cells before PAH treatment exhibited staining
for the myoid cell marker enzyme alkaline
phosphatase. These data are consistent with
those of previous cell isolates as described
elsewhere (20) and indicate that results
obtained here are best explained by direct
effects on Sertoli cells and not by effects on
minor cell population contaminants. Sertoli
cell viability on day 6 of culture was > 95% as
assessed by trypan blue exclusion.

After day 6, Sertoli cells in 35-mm cul-
ture dishes were incubated in media contain-
ing 0.08% dimethylsulfoxide (DMSO) as
vehicle, or in the presence of FL at various
concentrations (10–4, 10–6, 10–8, 10–12,
10–16 M). In a second set of experiments, cells
were incubated in the medium containing 10,
50, and 100 µg/mL BaA, BaP, or BbF. After
24 hr of incubation with these treatments,
cells were prepared for cytotoxicity study and
protein assay, and the media were saved for
lactate determinations. The percentage of cell
viability and total cell number were deter-
mined by trypan blue exclusion. In a third set
of experiments, cells were treated in culture
with 10 µg/mL FL, BaA, BaP, or BbF for 24
hr, and apoptotic responses were tested as
characterized by in situ fluorescence staining
and microscopic analysis. We employed a
wide range of FL concentrations for the first
set of experiments. We then observed that FL
killed the maximum number of cells at
10–6 M (1 µg/mL) and 10–4 M (100 µg/mL),
increased lactate production about 3-fold at
both concentrations, and decreased cell pro-
tein by half at 10–4 M (100 µg/mL). For sim-
plification, we limited the use of BaA, BaP,
and BbF to 10–100 µg/mL for the second set
of experiments. For the apoptosis study, we
compared FL, BaA, BaP, and BbF using only
one uniform concentration (10 µg/mL). This

relatively high concentration of the tested
PAHs enabled us to compare a small number
of samples effectively under controlled experi-
mental conditions. 

Cytotoxicity study. Cell viability was
assessed by using a Live/Dead Eukolight via-
bility/cytotoxicity kit (Molecular Probes, Inc.,
Eugene, OR). This assay was based on the
simultaneous determination of live and dead
cells with detection of intracellular esterase
activity by calcein-AM and of plasma mem-
brane integrity by ethidium homodimer,
respectively. This assay was previously
described elsewhere in detail (17). A separate
cell preparation was used for each cytotoxicity
determination. Data were obtained by scan-
ning five randomly chosen fields from each
coverslip, with at least 100 cells being analyzed
per field. In each cytotoxicity study, each
agent was tested on duplicate samples. The
values obtained for the duplicate samples were
averaged. The average was used for statistical
analysis.

Lactate assay. Quantitative, enzymatic
determination of lactate in media was per-
formed using a lactate assay kit purchased
from Sigma Chemical Co. (St. Louis, MO).
This assay was routinely performed in our
laboratory as previously described (17).

Protein assay. Sertoli cells were removed
from the plastic dishes. The dishes were rinsed
with phosphate-buffered saline (PBS), which
was then pooled with cells and sonicated. The
pellet was collected in PBS by centrifugation
(200 × g for 5 min). Cells were stored at
–70°C until assayed. Sertoli cell protein was
determined by the bicinchoninic acid protein
assay kit (Pierce Chemical Co., Rockford, IL)
using bovine serum albumin as standard.

Confocal microscopy. F-actin. Coverslips
containing fixed Sertoli cells were examined
as previously described (17). The coverslips
were incubated with 0.25 µg/mL phalloidin
for 30 min. After three rinses with PBS, the
coverslips were mounted on microscope slides
with Prolong antifade mounting medium

(Molecular Probes). Cells were viewed under
a confocal argon-ion laser scanning micro-
scope (MRC-1000; Bio-Rad, Melville, NY).

α-Tubulin. The distribution of micro-
tubule protein within cultured Sertoli cells was
examined using monoclonal anti–α-tubulin at
a final dilution of 1:1,000 (Sigma) and fluores-
cein isothiocyanate-conjugated goat anti-
mouse IgG (Alexa-88; Molecular Probes). The
coverslips were mounted and examined under
a confocal microscope using the same proce-
dures as described above for F-actin staining.

MTT assay. The MTT (monotetrazolium)
assay, a means of measuring the activity of liv-
ing cells via mitochondrial dehydrogenases,
was performed as described in the MTT assay
kit obtained from Sigma. In brief, the media
were removed from each culture plate, and the
cells were washed with 10 mM sterile PBS.
After reconstituting each vial of MTT in 3
mL sterile PBS, 200 µL (10% of the original 2
mL of culture medium) of the MTT solution
was added to each cell culture plate. One
blank plate was also treated with the MTT
solution as described above. Cultured cells
were returned to the incubator for 2 hr. After
incubation, cultured cells were removed from
the incubator. Formazan crystals were dis-
solved by adding 2 mL (equal to the original
culture medium volume) of MTT solubiliza-
tion solution to each plate, including the
blank one. The MTT formazan crystals were
completely dissolved after pipetting the solu-
tion up and down and gently mixing on a
platform shaker. Finally, all samples were read
on a Beckman DU 640 spectrophotometer
(Beckman Coulter, Fullerton, CA) at a wave-
length of 570 nm.

ApopTag labeling of 3´-OH DNA ends.
We used the ApopTag Plus Fluorescence In
Situ Apoptosis Detection Kit (Intergen Co.,
Purchase, NY) following a procedure for cul-
tured Sertoli cells (15) that was modified from
the package instructions. The ApopTag label-
ing method employs the terminal deoxynu-
cleotidyl transferase enzyme to catalyze the
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Figure 1. Phase-contrast photomicrographs of cultured rat Sertoli cells. Cells were cultured for 6 days in standard medium (DME/F-12), and then maintained for an
additional 24 hr in medium containing 0.08% DMSO (A) or FL at 10–6 M (B) or 10–8 M (C). Sertoli cells treated with these concentrations of FL showed changes in
cell shape (B and C) compared with controls (A). The formation of multiple cytoplasmic extensions is evident with FL 10–6 M (B), whereas the surrounding cyto-
plasm appears scant with FL 10–8 M treatment (C). Scale bars = 10 µm.



attachment of digoxigenin-labeled nucleotide
and unlabeled nucleotide in random sequence
onto the free 3´-OH end of apoptotic DNA
fragments. Coverslips were counterstained with
propidium iodide containing antifade mount-
ing medium. The prepared slides were exam-
ined under a Zeiss epifluorescence microscope
(Carl Zeiss, Inc., Jena, Germany) using stan-
dard filters. These experiments were repeated
on three separate Sertoli cell isolations.

Statistical analysis. We repeated all experi-
ments at least three times with two or three
dishes per group and calculated mean and
SEM. Differences among means were com-
pared using one-way repeated-measures analy-
sis of variance (InStat2 software; Graphpad
Inc., San Diego, CA) followed by Tukey test
with p < 0.05 considered significant.

Results

Representative phase-contrast photomicro-
graphs of cultured rat Sertoli cells are pre-
sented in Figure 1. Sertoli cells incubated for
24 hr in 0.08% DMSO appeared morpho-
logically normal in culture (Figure 1A).
Cell–cell contact was common, with large
areas of the culture plates showing cellular
confluency. In contrast, treatment with 10–6

M (Figure 1B) or 10–8 M FL (Figure 1C)
altered Sertoli cell morphology. Within 24 hr

after plating, Sertoli cells cultured under these
conditions were shrunken and retracted,
exhibiting cytoplasmic extensions.

Quantitative data from the cytotoxicity
experiments are presented in Table 1. The total
number of cells did not change with any of the
treatments during the culture times assessed.
FL directly affected Sertoli cell viability in vitro
in a concentration-dependent manner. After 24
hr, a significant (p < 0.05) reduction in the via-
bility of Sertoli cells was noted with 10–4 M,
10–6 M, and 10–8 M FL. Cytotoxic effects of
FL were dose dependent, with molarities of
10–12 M or lower exhibiting no significant
impairment of Sertoli cell viability.

Data quantifying cell protein contents and
lactate production by Sertoli cells treated with
FL are presented in Table 2. FL at 10–4 M or
10–6 M significantly reduced cell protein con-
tent (p < 0.05). This effect was limited to the
higher molarities of toxicant tested. Exposure
to FL resulted in a concentration-dependent
increase in the amount of lactate production
by Sertoli cells in the medium. After 24 hr,
10–4 M, 10–6 M, or 10–8 M FL significantly
increased lactate levels (p < 0.05). Incubation
of Sertoli cells with 10–12 M or 10–16 M FL
for 24 hr did not significantly increase lactate
production compared with medium or
DMSO vehicle controls.

The distribution of F-actin was examined
by confocal laser microscopy using rhodamine-
conjugated phalloidin to label filamentous
actin. Figure 2 shows photomicrographs of
F-actin distribution in cultured rat Sertoli cells
after treatment either with vehicle alone
(Figure 2A) or with FL (Figure 2B and C).
After 24 hr of exposure to 10–6 M or 10–8 M
FL, Sertoli cells exhibited altered actin stain-
ing. In controls, almost all cultured Sertoli cells
exhibited well-organized stress fibers, as
expected for cells in vitro (Figure 2A). Cells
treated for 24 hr with 10–6 M FL (Figure 2B),
however, contained no visible stress fibers, but
rather exhibited shortened and disorganized
actin filaments. Sertoli cells incubated with
10–8 M FL also demonstrated disorganized
and less intense F-actin staining (Figure 2C).

Figure 3 shows photomicrographs of
α-tubulin distribution in cultured rat Sertoli
cells after treatment either with vehicle alone
(Figure 3A) or with FL (Figure 3B). After 24
hr of exposure to 10–8 M or higher molarities
of FL, Sertoli cells exhibited altered and com-
plex microtubule networks that extended into
longer processes compared with the untreated
control group.

Figure 4 presents results of the MTT assay
in Sertoli cells treated with various concentra-
tions of FL. The data indicate a concentra-
tion-dependent decrease in mitochondrial
activity in these cells with increasing concen-
trations of FL. With 10–4 M, 10–6 M, or 10–8

M FL, the decrease in the mitochondrial
activity was statistically significant.

We also screened the PAHs BaA, BaP,
and BbF for possible direct toxic effects on
Sertoli cells. Cells were incubated in the
medium containing vehicle with 10, 50, or
100 µg/mL BaA, BaP, or BbF. After 24 hr of
incubation, cells were prepared for the protein
assay, and the media were saved for lactate
determinations. Table 3 shows lactate produc-
tion by Sertoli cells exposed to BaA, BaP, or
BbF. With higher concentrations of all three
PAHs (100 µg/mL), lactate production was
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Table 1. Effects of a single exposure to FL on the
viability of cultured rat Sertoli cells.

Percent Total cells
Treatment viable cells (× 106/mL)

Medium alone 86.3 ± 0.9a 0.65 ± 0.04
0.08% DMSO 80.5 ± 1.5a 0.66 ± 0.05
10–4 M FL 37.5 ± 0.6b 0.65 ± 0.03
10–6 M FL 51.8 ± 3.5b 0.64 ± 0.03
10–8 M FL 57.4 ± 1.9b 0.60 ± 0.02
10–12 M FL 68.8 ± 2.4a 0.60 ± 0.02
10–16 M FL 87.0 ± 2.0a 0.62 ± 0.04

Data represent the mean ± SEM from three cytotoxicity
studies. The treatments were given at 0 hr, and cell viabil-
ity was determined 24 hr later. Means in a column with dif-
ferent letters (a, b) are significantly different from each
other (p < 0.05).

Table 2. Effects of a single exposure to FL on levels
of total cellular protein and lactate production by
cultured Sertoli cells.

Total cell protein Lactate
Treatment (mg/106 cells) (mg/106 cells)

Medium alone 0.41 ± 0.01a 0.10 ± 0.008a

0.08% DMSO 0.38 ± 0.01a 0.11 ± 0.007a

10–4 M FL 0.19 ± 0.01b 0.32 ± 0.008b

10–6 M FL 0.27 ± 0.01b 0.30 ± 0.008b

10–8 M FL 0.30 ± 0.01a 0.20 ± 0.007b

10–12 M FL 0.37 ± 0.01a 0.14 ± 0.006a

10–16 M FL 0.40 ± 0.01a 0.12 ± 0.006a

Data represent the mean ± SEM from three cytotoxicity
studies. The treatments were given at 0 hr, and lactate
and protein were determined 24 hr later. Means in a col-
umn with different letters (a, b) are significantly different
from each other (p < 0.05).

Figure 2. Photomicrographs of rhodamine-phalloidin–labeled filamentous actin distribution in cultured rat Sertoli cells. Sertoli cells were cultured on coverslips for
6 days and incubated for additional 24 hr in medium containing 0.08% DMSO vehicle (A) or in medium with vehicle containing 10–6 M FL (B) or 10–8 M FL (C). In con-
trol medium, almost all cultured Sertoli cells exhibited well-organized actin filament protein (A). Cells treated for 24 hr with 10–6 M FL (B) exhibited shortened and
disorganized actin filaments. Sertoli cells incubated with 10–8 M FL also demonstrated disorganized and less intense F-actin (C). Scale bars = 100 µm.



significantly increased. The increase was also
noticed with 50 µg/mL BaP.

Results from ApopTag fluorescein in situ
apoptosis detection in Sertoli cells are illus-
trated in Figure 5. Sertoli cells exposed to
media (Figure 5A), vehicle (Figure 5B), or
vehicle containing 10 µg/mL FL (Figure 5C)
or BaA (Figure 5D) appeared nonapoptotic as
revealed by propidium iodide counterstaining.
Sertoli cells exposed to BaA, however, exhib-
ited swollen nuclei and disrupted nuclear
membranes (Figure 5D). Fewer cells incu-
bated for 24 hr in 10 µg/mL BaP showed
apoptotic conditions and decreasing nuclear
size (Figure 5E). Cells exposed to 10 µg/mL
BbF exhibited reduced nuclear size and stain-
ing for apoptotic DNA fragments (Figure 5F).

Discussion

The findings presented here represent an
examination of the potential direct cytotoxic
effects of PAHs on isolated cells of the mam-
malian seminiferous epithelium. As such,
they provide an important complement to
whole-animal studies that have previously
implicated systemic effects as major mediators
of testicular disruption due to possible envi-
ronmental toxicants. Our data also suggest
the importance of examining a variety of
individual PAHs for adverse effects on the
male reproductive system. Here, we demon-
strate that these organic chemicals produce
direct cellular toxicity in vitro.

This study has potential relevance to the
reproductive toxicity study conducted in ani-
mals by other researchers using BaP and other
PAHs. In pregnant mice, 10 µM BaP was
reported to cause decreased embryonic devel-
opment (21). BaP-induced embryotoxicity
was evidenced by initiation of oxidation of
DNA, protein, glutathione, and lipids (22).
This oxidative stress may correlate well with
the present study, which indicates increased
lactate production by Sertoli cells in vitro.

Lactate production by Sertoli cells in the
medium was increased by PAHs in a concen-
tration-dependent manner. This indicates that
direct cytotoxicity of PAHs impairs Sertoli cell
function. Increased lactate levels in medium
are usually viewed as evidence of increased cel-
lular glycolysis and/or cell cytotoxicity
(17,23). Lactate production by Sertoli cells is
important physiologically because developing
spermatogenic cells in the adluminal compart-
ment of the seminiferous epithelium have no
other source of this compound.

Earlier studies have demonstrated that
intraperitoneal injection of BaP into pregnant
mice resulted in a greater occurrence of still-
births, resorptions, and fetal malformations in
aryl hydrocarbon (Ah)-responsive mice than
in Ah-nonresponsive mice (24). More direct
relevance and significance of the present study
relied on an even earlier in vivo study showing
effects of BaP on testicular changes (25); these
changes included atrophy of seminiferous
tubules, lack of spermatids and spermatozoa,
and tumors of the interstitial cells. Research
conducted under the Teplice Program in the
Czech Republic addressed incidence of cancer
and behavioral and reproductive effects (26);
human exposure to biomarkers including
PAHs resulted in an excess prevalence of low
birth weight and premature birth. It was sug-
gested that high levels of air pollution were
associated with significant decrements in
sperm motility and morphology in samples
collected in Teplice during winter months
(26) and proportionately more sperm with
abnormal chromatin (27).

The altered morphology of Sertoli cells
treated with FL is reminiscent of the in vitro
effects of follicle-stimulating hormone (FSH),
and dibutyryl cyclic adenosine monophos-
phate (dbcAMP). The paucity and altered
distribution of actin filament stress fibers and
microtubular protein within the FL-exposed
Sertoli cells are particularly noticeable.

Immature rat Sertoli cells attached to the cul-
ture plate and exposed to FSH or dbcAMP
manifest long cytoplasmic processes and
rounded nuclei (28,29). Similar structural
changes were induced by exposing cells to eth-
yleneglycol-bis-tetraacetic acid (EGTA) to
chelate Ca2+ from the cell culture media (29). A
spatial association between calcium-binding
protein and Sertoli cell microfilaments, and a
decrease in the number of microfilaments
within Sertoli cells after exposure to FSH,
dbcAMP, or EGTA were reported (30). These
studies (29,30) suggest that actin filaments are
regulated by receptor-mediated cAMP and
Ca2+-dependent processes and are integral in
determining Sertoli cell shape in vitro. Other
investigators have shown similar effects with
2,5-hexanedione (31). Our findings invite the
possibility that FL may exert direct and delete-
rious effects on such signal transduction events
and suggest that experiments be designed to
examine such mechanisms.

Sertoli cell microtubules have previously
been proposed as a target of 2,5-hexanedione
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Figure 3. Photomicrographs of fluorescent-labeled tubulin distribution in cultured rat Sertoli cells. Sertoli
cells were cultured on coverslips for 6 days and incubated for additional 24 hr in medium containing 0.08%
DMSO vehicle (A) and in medium with vehicle containing 10–8 M FL (B). Sertoli cells treated with FL exhibited
altered and complex microtubule networks that extended into longer processes (B) compared with controls
(A). An intense staining within the bipolar processes of Sertoli cells was observed with FL treatment (B).
Scale bars = 100 µm.

Figure 4. MTT conversion curve showing a con-
centration-dependent decrease of cell numbers
with the increase of FL concentrations (10–4 M to
10–16 M). The regression analysis shows linearity
of the logarithmic function to the absorbance/cell
number curve. y = 0.25414 + 3.9500 × 10–2x. R2 =
0.936. Data represent mean ± SEM from three
separate studies.
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Table 3. Effects of a single exposure to BaA, BaP,
or BbF on lactate production by Sertoli cells.

Lactate
Treatment (mg/mL/mg)

0.08% DMSO 0.25 ± 0.005
BaA

10 µg/mL 0.32 ± 0.004
50 µg/mL 0.35 ± 0.005
100 µg/mL 0.41 ± 0.009*

BaP
10 µg/mL 0.32 ± 0.001
50 µg/mL 0.39 ± 0.007*
100 µg/mL 0.49 ± 0.003*

BbF
10 µg/mL 0.34 ± 0.001
50 µg/mL 0.37 ± 0.007
100 µg/mL 0.41 ± 0.008*

Data represent the mean ± SEM from three cytotoxicity
studies. The treatments were given at 0 hr, and lactate
was determined after 24 hr of culture. 
*Significantly different from control (p < 0.05).



(32,33). The distribution of tubulin within
Sertoli cells isolated from 2,5-hexanedione-
exposed rats appeared similar to the distribu-
tion within Sertoli cells isolated from
cryptorchid rats. The immunofluorescent dis-
tribution of tubulin also corresponded with
the morphologic appearance of cells isolated
from 2,5-hexanedione-exposed Sertoli cells.
In these cells, the well-defined microtubule
network extended into the cytoplasmic
processes (31). This morphology is very simi-
lar to that seen in Sertoli cells exposed to FL.

Exposure of Sertoli cells to BaP or BbF,
but not to FL or BaA, caused cellular changes
that are characteristic of apoptosis (34,35),
and obviously BbF elevated the number of
nuclei containing 3´-OH DNA ends available
for in situ apoptosis detection through DNA
cleavage. These data strongly suggest that BaP
or BbF killed Sertoli cells by apoptosis. FL or
BaA did not elicit the same response to induce
cytotoxic effects. More recent evidence
suggests that disruption of cell signaling path-
ways involved in the regulation of growth and

differentiation contribute significantly to the
toxicity of BaP (36).

The specific PAHs found in highest
concentrations in urban air are very similar
to the concentrations reported in seawater.
In a recent community-based study in
Massachusetts, Levy et al. (37) reported that
PAH concentrations were greater during the
morning rush hour and on weekdays in close
proximity to the bus terminal. The PAHs
found in that study included FL, BaP, and
BaA. Moreover, the long-lived nature of all
PAHs and their metabolites, coupled with
their bioaccumulation over time, suggests
that our current findings be interpreted as
possible direct adverse effects upon human
and animal reproduction.
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Figure 5. ApopTag labeling of 3´-OH DNA ends to Sertoli cells. These apoptotic cells (green or greenish
yellow) demonstrated fluorescein-labeled anti-digoxigenin antibody. Sertoli cell cultures incubated for 24
hr in medium alone (A), in medium containing DMSO as vehicle (B), or in vehicle containing FL (C) or BaA
(D) demonstrated mostly propidium iodide counterstain (red) representing nonapoptotic cells. Cells
exposed to 10 µg/mL BaP (E) or BbF (F) demonstrated apoptotic conditions (greenish yellow) as viewed
with appropriate filter under a Zeiss fluorescence microscope. Scale bars = 10 µm.
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