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INTRODUCTION
Perfluorinated compounds (PFCs) are synthetic compounds
with unique chemical properties that can be degraded to several
persistent products. They have been widely applied in various
industries and consumer products, especially as surfactants.
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MATERIALS AND METHODS
Experimental Animals and Chemicals
All experimental animals were housed and handled in accordance with the
Guidelines and Regulations for Hong Kong Baptist University. Male CD-1
mice (6–8 wk old) were purchased from the Laboratory Animal Service Centre
of the Chinese University of Hong Kong (Hong Kong, China). The entire study
was conducted in triplicate with mice that were received in three separate
batches. The animals were acclimatized for 1 wk before experiments. The mice
were randomly divided into four groups (four individuals per group). Each
group was housed in polypropylene cages with sterilized bedding and was
maintained under controlled temperature (23.58C) and 12L:12D cycles (0600–
1800 h). The mice were weighed by an electronic balance (Shiamdzu, Tokyo,
Japan) and orally administered 1, 5, or 10 mg/kg PFOS by gavage in corn oil
for 7, 14, or 21 days in the morning. Perfluorooctanesulfonate (98% purity;
Sigma-Aldrich) was dissolved in dimethyl sulfoxide before mixing with corn

1016

Downloaded from www.biolreprod.org.

Perfluorooctanesulfonate (PFOS) was produced and used by
various industries and in consumer products. Because of its
persistence, it is ubiquitous in air, water, soil, wildlife, and
humans. Although the adverse effects of PFOS on male fertility
have been reported, the underlying mechanisms have not yet
been elucidated. Here, for the first time, the effects of PFOS on
testicular signaling, such as gonadotropin, growth hormone,
insulin-like growth factor, and inhibins/activins were shown to
be directly related to male subfertility. Sexually mature 8-wk-old
CD1 male mice were administered by gavages in corn oil daily
with 0, 1, 5, or 10 mg/kg PFOS for 7, 14, or 21 days. Serum
concentrations of testosterone and epididymal sperm counts
were significantly lower in the mice after 21 days of the
exposure to the highest dose compared with the controls. The
expression levels of testicular receptors for gonadotropin,
growth hormone, and insulin-like growth factor 1 were
considerably reduced on Day 21 in mice exposed daily to 10
or 5 mg/kg PFOS. The transcript levels of the subunits of the
testicular factors (i.e., inhibins and activins), Inha, Inhba, and
Inhbb, were significantly lower on Day 21 of daily exposure to
10, 5, or 1 mg/kg PFOS. The mRNA expression levels of
steroidogenic enzymes (i.e., StAR, CYP11A1, CYP17A1, 3betaHSD, and 17beta-HSD) were notably reduced. Therefore, PFOSelicited subfertility in male mice is manifested as progressive
deterioration of testicular signaling.

They are ubiquitous in the environment [1]. Among various
PFCs, perfluorooctanesulfonate (PFOS) is the most wellknown and abundant PFC in the environment [2]. Concentrations of PFOS of 2 pg m 3 in air in Germany [3], 245 ng/L in
rivers of the United States [3, 4], and 5 ppm in indoor house
dust [5] have been reported. The half-life of PFOS in humans is
approximately 5.4 yr; considerable levels of it can be
accumulated and detected in human serum samples [5, 6].
An average concentration of 50 ng/ml PFOS in the blood
serum of Americans has been reported. However, occupational
exposure resulted in a concentration of 1.5 lg/ml PFOS in
blood serum [7]. In China, concentrations of PFOS in human
breast milk ranged from 45 to 360 ng/L [8]. Because of the
potential adverse health effects of PFOS, industrial production
of PFOS was phased out in most countries in 2000 [5], but it is
still manufactured and used in China.
Perfluorooctanesulfonate is one of the nine new persistent
organic pollutants (POPs) listed under Annex B of the
Stockholm Convention on Persistent Organic Pollutants in
2009. Perfluorooctanesulfonate has been reported to have an
effect on animal hepatic and reproductive functions [5, 9].
Adverse effects of PFOS on reproduction include lower serum
testosterone levels, reduced fertility, and increased mortality in
newborns [6, 10–13]. Most studies have investigated the effects
of PFOS on changes in the concentrations of steroid hormones
in blood serum. However, the underlying mechanisms of these
effects have not yet been elucidated. In this study, effects of
PFOS on the hypothalamic-pituitary-gonadal (HPG) axis of
male mice were investigated. With the benefit of hindsight,
serum concentrations of approximately 179 lg/ml PFOS were
detected in the mice exposed to 10 mg/kg PFOS per day for 18
days [6]. Based on human safety factors [14] and reported
concentrations of PFOS in human blood serum, daily dosages
of 1, 5, or 10 mg/kg PFOS were used in this study.
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TABLE 1. DNA sequences of primers used in the present study.
Gene
Kisspeptin (Kiss1)
Kisspeptin receptor (Gpr54)
Gonadotropin-releasing hormone (Gnrh)
Gonadotropin-releasing hormone receptor (Gnrnr)
Luteinizing hormone (Lh)
Follicle-stimulating hormone (Fsh)
LH receptor (Lhr)
FSH receptor (Fshr)
Steroidogenic acute regulatory protein (Star)
Cytochrome P450scc (Cyp11a1)
Cytochrome P450 17A1 (Cyp17a11)
3b-hydroxysteroid dehydrogenase (Hsd3b)
17b-hydroxysteroid dehydrogenase (Hsd17b)
5a-reductase (Srd5a)
Insulin-like growth factor-1 (Igf1)
Insulin-like growth factor-1 receptor (Igf1r)
Growth hormone receptor (Ghr)
Actin
Inha
Inhba
Inhbb
Inhbc
Follistatin (Fst)

Forward

Reverse

GAATGATCTCAATGGCTTCTTGG
GCTCACTGCATGTCCTACAG
GGGAAAGAGAAACACTGAACAC
CTCTATGTATGCCCCAGCTTTCA
CCTAGCATGGTCCGAGTACT
GCTGCTCAACTCCTCTGAAG
GCACTCTCCAGAGTTGTCAG
TCTGCATGGCCCCAATTTTA
GGAACCCAAATGTCAAGGAGATCA
AGCTGGGCAACATGGAGTCA
GATCTAAGAAGCTCAGGCA
GTGACAGTGTTGGAAGGAGACA
CTGGTGAAGTGCATGAGGTTCT
GCTGGTGGTGACGTATGTCTT
GCCCCACTGAAGCCTACAAAA
CAGACACTACTACAAAGGCGT
ACTGTCCAGTGTACTCATTGAGAA
TCTACGAGGGCTATGCTCTCC
ATGCACAGGACCTCTGAACC
GGAGAACGGGTATGTGGAGA
CCTGAGTGAATGCACACCAC
GACTCCAACCACAGTAGTGAAC
AAAACCTACCGCAACGAATG

TTTCCCAGGCATTAACGAGTT
GCCTGTCTGAAGTGTGAACC
GGACAGTACATTCGAAGTGCT
GCAAAGACAATGCTGAGAATCCA
GCTACAGGAAAGGAGACTATGG
GGCAATACCTTGGGAAATTCTG
AGGGAGATAGGTGAGAGATAGTC
GGTAGAACAGAACTAGGAGGATC
GCACGCTCACGAAGTCTCGA
CCTCTGGTAATACTGGTGATAGGC
GGGCACTGCATCACGATAAA
GACATCAATGACAGCAGCAGTG
TCAAATGAATAGGCTTTCCCGATG
AAAATGGGAGGAACGCTTTCC
GTACTTCCTTTCCTTCTCCTTTGC
GATAACGAAGCCATCCGAGTCA
CATGCTTCCAATATGTTCGTCTGA
TCTTTGATGTCACGCACGATTTC
GGATGGCCGGAATACATAAG
TGGTCCTGGTTCTGTTAGCC
CGAGTCCAGTTTCGCCTAGT
CACTGGCCGACTGAGTATGG
TTCAGAAGAGGAGGGCTCTG

Statistical Analysis
Statistical evaluations were conducted by use of SPSS16. All data were
tested to be normally distributed and independent by using the Normal Plots in
SPSS and Shapiro-Wilk significance of 0.05. Differences between treatment
groups and corresponding control groups were tested for statistical significance
by ANOVA followed by Duncan multiple-range test (significance at P , 0.05)
SPSS16. Results are presented as the mean 6 SEM.

RESULTS
Real-Time PCR
Total RNA with A260:A280 ratios between 1.8 and 1.9 was used for realtime PCR analyses. Complementary DNA was synthesized from 150 ng of total
cellular RNA using High Capacity RNA-to-cDNA Master Mix (Applied
Biosystems, Foster City, CA). Gene-specific primers were designed from
published sequences (Table 1). Real-time PCR was conducted with a program
that consisted of 3 min at 958C followed by 40 cycles of 958C for 15 sec, 568C
for 20 sec, and 728C for 30 sec. Standards and cDNAs from samples were
quantified using the StepOne Real-Time PCR system using SYBR Green
Master mix (Applied Biosystems). Copy numbers for each sample were
calculated, and all data were normalized with the transcript levels of mouse
actin. Occurrences of primer-dimers and secondary products were evaluated
using melting curve analysis. Control amplifications were done either without
RT or without RNA. All glassware and plasticware were treated with diethyl
pyrocarbonate and autoclaved.

ELISA for Testosterone
Concentrations of testosterone in blood serum were determined using
ELISA kits (MP Biomedicals). A total of 100 ll of working hormone-HRP
conjugate reagent, 50 ll of rabbit anti-hormone reagent, and 25 ll of samples or
standard were added to each well and incubated at 378C for 90 min. The wells
were rinsed five times with distilled water, followed by an addition of 100 ll of
3,3 0 ,5,5 0 -tetramethylbenzidine and incubation at room temperature. The
reaction was then stopped by 1 N HCl solution. Absorbance was measured
at 450 nm.

Sperm Quantification
The epididymis was isolated, chopped into small pieces, dispersed in PBS
with 3% bovine serum albumin, and incubated for 1 h at 378C. Epididymal
spermatozoa were then stained with eosin-nigrosin (0.67% eosin Y, 10%
nigrosin, and 0.9% sodium chloride) to identify altered membranes at the heads
of spermatozoa. At least 200 epididymal spermatozoa (magnification 3400)
were examined under a light microscope.

Survival, Growth, and Male Fertility
The exposure of the animals to 1 or 5 mg/kg PFOS for 3 wk
did not cause any significant changes in body weight compared
with the control groups (Fig. 1A). However, animals treated
daily with 10 mg/kg PFOS were found to have significant
lower body weight by the end of the exposure. Throughout the
experiments, no death among the mice was observed. The liver
weights were significantly higher in mice exposed to 5 or 10
mg/kg PFOS daily for 14 and 21 days (Fig. 1B).
Serum testosterone levels and epididymal sperm counts of
PFOS-exposed male mice are shown in Figure 2. Exposure to
10 mg/kg PFOS daily for 21 days resulted in significantly
lower serum testosterone levels (Fig. 2A) and epididymal
sperm counts (Fig. 2B). In mice exposed to lower doses of
PFOS, no significant changes in serum testosterone levels and
epididymal sperm counts were noted. There were no
statistically significant differences in weights (data not shown)
or gross histology of testes between the control and the PFOSexposed mice (Supplemental Fig. S1; all Supplemental Data
are available online at www.biolreprod.org).
Expression of Hormones and Receptors of the HPG Axis
There were no statistically significant differences in
transcript levels of Kiss1, Gpr54, or Gnrh in the hypothalami
(Fig. 3A) or Gnrhr, Fsh, or Lh in the pituitaries (Fig. 3B)
among the control and the PFOS-exposed mice.
Expression of genes related to steroidogenesis and spermatogenesis was significantly lower in the testes of the mice
exposed to PFOS for 21 days. The transcript levels of Ghr,
Igf1r, and Igf1 (Fig. 4A), Fshr and Lhr (Fig. 4B), and the
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oil. The control group was given corn oil. The mice were fed standard food
(Rodent Diet 5001; LabDiet) and water (in glass bottles) ad libitum.
The mice were killed by cervical dislocation in the morning on designated
dates. Blood was collected by cardiocentesis, and serum was prepared by
centrifugation at 3000 3 g. The sera were stored at 208C until further analysis.
The testes of each animal were collected and weighed. Histological evaluation
was conducted on the testes fixed in 4% paraformaldehyde (PFA; Sigma). The
rest were immediately frozen in liquid nitrogen and stored at 808C until
biochemical analysis.

1018

WAN ET AL.

FIG. 1. Effects of 1, 5, or 10 mg/kg PFOS
exposure by gavage daily for 14 or 21 days
on body and liver weights of mice. A) Body
weight records of the animals during PFOS
exposure periods. *P , 0.05 compared with
the control group (Ctrl). B) Weights of livers
of mice exposed to PFOS for 14 and 21
days. *P , 0.001 compared with the control
group according to the results of one-way
ANOVA followed by Duncan multiplerange test.
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steroidogenic enzymes (i.e., StAR, CYP11A1, CYP17A1, 3bHSD, and 17b-HSD; Fig. 4C) were significantly reduced in
groups receiving 10 or 5 mg/kg daily. The transcript levels of
Hsd17b were significantly reduced in the mice exposed to 1
mg/kg PFOS daily. No statistically significant differences
between male mice exposed to any of the doses of PFOS after
14 days of treatment were observed (Supplemental Fig. S2).
Testicular Inhibins, Activin, and Follistatin
Perfluorooctanesulfonate exposure reduced the expression
levels of some inhibin subunits in the testes. On Day 14, the
transcript levels of Inhbc were significantly lower in all PFOSexposed mice (Fig. 5A). On Day 21, the mRNA levels of Inhba
were reduced in all of the treatment groups (Fig. 5B). The
inhibin b subunits, such as Inhba and Inhbb, were significantly
lower in the male mice exposed to 10 or 5 mg/kg PFOS daily.

No statistically significant differences in the transcript levels of
Fst were observed among the treatments or between the
treatments and the controls.
DISCUSSION
Human epidemiological data revealed PFC exposure
decreased male fertility. The decrease was associated with
reduced serum testosterone levels and sperm counts [15].
Reductions in serum testosterone levels have also been
reported in rodents upon PFOS exposure [11, 15, 16].
However, the mechanistic actions of PFOS on the male
reproductive system are not clear. In this study, PFOS-exposed
mice (10 mg/kg daily) showed substantial decreases in serum
testosterone levels and epididymal sperm counts after 3 wk of
exposure. The reductions were found to be the consequences of
a significant decrease in the expression levels of testicular
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receptors for follicle-stimulating hormone (FSH), luteinizing
hormone (LH), growth hormone (GH), and insulin-like growth
factor 1 (IGF1), and different inhibin subunits, and impairment
of testicular steroidogenesis.
The decreased body weights and the increased liver weights
in the male mice exposed to PFOS observed in this study were
similar to those in another report in which mice were exposed
to 7 mg/kg PFOS for 28 days [17]. The lower body weights
caused by PFOS was associated with neurological and
behavioral changes, which lead to loss of appetite and less
food intake [11]. The higher liver weights may be attributed to
lipid accumulation, a common manifestation of metabolic
disorders that results in fatty livers [6, 11, 13, 17–19].
Production of testosterone and sperm are regulated by
feedback mechanisms along the HPG axis. The hypothalamic
KISS1/GPR53 system is essential for puberty maturation and
gonadal function [20]. The activation of KISS1/GPR54
stimulates the release of gonadotropin-releasing hormone,
which controls the synthesis of gonadotropin LH and FSH
by the pituitary. Luteinizing hormone and FSH act on testicular
Leydig and Sertoli cells to regulate the processes of
steroidogenesis and spermatogenesis, respectively [21, 22].
The major testicular hormonal factors, testosterone, inhibins,
and activins then fine-tune the secretions by the hypothalamus
and pituitary to maintain homeostasis. Therefore, understanding the effects of PFOS on the hypothalamic circuitry onto the
reproductive axis is necessary. In the present study, PFOS
exposure for 21 days showed no noticeable effects on the gene
expression levels of the reproduction-related hormones and
receptors in the hypothalami and pituitaries. This observation
reveals that short-term exposure to PFOS may not affect
regulatory circuits at the hypothalamic and pituitary levels.
Because the concentrations of PFOS were inversely proportional to the fertility of the male mice, the effects of PFOS on
the expressions of Lhr and Fshr mRNA in the testes were
investigated. Intriguingly, the transcript levels of Lhr and Fshr
were significantly reduced in the testes of mice exposed to 10
or 5 mg/kg PFOS daily. Luteinizing hormone stimulates
Leydig cells to produce testosterone, which acts with FSH to
facilitate Sertoli-Leydig cell communication and to permit
optimal spermatogenesis [23, 24]. The decrease of testicular
receptor levels for gonadotropin can inhibit the process of
steroidogenesis and reduce the efficacy of spermatogenesis [25,
26]. The effects on LHR and FSHR observed in this study are
consistent with the lesser concentration of testosterone in the
blood serum and epididymal sperm counts in the PFOSexposed mice.
Development of male reproductive function is not controlled
exclusively by gonadotropin. Other endocrine and autocrine/
paracrine hormones, such as GH, IGF1, inhibins, and activins,
are also involved [27–29]. Growth hormone acts on hepatic
growth hormone receptors (GHRs) to stimulate synthesis and
release of IGF1, which can bind to the testicular IGF1 receptor
to stimulate testosterone synthesis [30] and maintain normal
fertility [29]. Because GHR is also expressed in testes, the local
synthesis and autocrine/paracrine actions of IGF1 are important
for testicular functions [31–34]. In this study, transcription of
Ghr and Igf1 mRNA in livers was significantly reduced by
daily exposure to 10 mg/kg PFOS for 21 days (unpublished
data). The expression levels of Ghr and Igf1r mRNA in the
testes were also significantly reduced in the mice exposed to 10
mg/kg PFOS daily than in the control. The lesser expressions
may lead to the impairment of both GH and IGF1 signaling,
and thus the production of testosterone in the testes [31].
Previously, effects of PFOS on the GH-IGF axis have not been
reported. However, effects on the GH-IGF axis by the synthetic
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FIG. 2. Effects of 1, 5, or10 mg/kg daily PFOS on serum concentrations
of testosterone and the number of epididymal sperm in mice. Significant
reductions in (A) serum testosterone levels and (B) sperm counts were
observed in mice exposed daily to 10 mg/kg PFOS for 21 days. *P ,
0.005, #P , 0.01 compared with the control according to the results of
one-way ANOVA followed by Duncan multiple-range test.

estrogen and PCBs have been demonstrated [35–37]. In
addition to GH and IGF1, the local factors inhibins and
activins are known to regulate the secretion of FSH, and to
mediate Sertoli cell proliferation [27, 38–40]. Inhibins A and B
are heterodimers of an a subunit, encoded by Inha, and a b
subunit (bA or bB), encoded by Inhba or Inhbb, that can
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FIG. 3. Effects of PFOS on the expression
levels of hormones and receptors in the
hypothalami and pituitaries of mice after 14
and 21 days of exposure. Gene expression
levels of (A) hypothalamic hormones/receptors and (B) pituitary hormones/receptors of the mice are shown. No significant
changes in the gene expression levels were
detected in the hypothalami and pituitaries
of the control (Ctrl) and the PFOS-exposed
mice. GnRH, gonadotropin-releasing hormone.

steroidogenic enzymes, including StAR, CYP11A1, CYP17A1, 3b-HSD, and 17b-HSD, were observed in the testes
of mice exposed daily to 5 or 10 mg/kg PFOS. These effects
could lead to lesser concentrations of testosterone in the blood
serum. Other studies have suggested that the lower serum
testosterone levels in rodents exposed to PFOS could be due to
a decrease in serum cholesterol concentration [11, 16, 46].
However, in the present study, it was found that PFOS can
inhibit steroidogenic enzymes in the testes. This result is
similar to that observed in the male rats exposed to
perfluorododecanoic acids (0.5 mg/kg daily) for 110 days
[30]. A noteworthy study has proposed that steroidogenesis is a
major target for endocrine-disrupting chemicals [47]. Zhao et
al. [48] demonstrated that PFOS inhibited the activities of rat
HSD3B and human HSD17B using testicular microsomal
preparations. The data support the notion that the inhibition of
steroidogenic enzyme activity is a contributing factor to the
inhibitory effects of PFOS on testicular steroid production.
Collectively, the results of this study demonstrated the
negative effects of PFOS on the fertility of male mice. The
underlying mechanisms leading to this consequence were the
disruptions of normal functioning on testicular signaling.
Although both 5 and 10 mg/kg daily PFOS exerted similar
inhibitory effects on the expression levels of the testicular
steroidogenic enzymes and LHR, the significant reductions in
serum testosterone levels and epididymal sperm counts were
only revealed in the highest-dose group. This difference in the
biological outcomes is probably attributed to the significantly
lower expression levels of testicular GHR, IGF1R, FSHR, and
INHBA in the mice treated daily with 10 mg/kg PFOS. Thus,
the correlative observations of the significant reductions in the
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stimulate testosterone production [27, 41]. Activin is a
homodimer or heterodimer of b subunits (bAbA, bBbB, bAbB)
that acts as a local factor to stimulate testicular development
[38]. The bc subunit, encoded by Inhbc, can act as a dominant
negative regulator of activin A [42]. In the present study, the
mRNA expression levels of bC were significantly reduced in
the testes of the PFOS-exposed mice after 14 days of the
treatment, but they went back to normal after 21 days of the
treatment. Moreover a, bA, and bB subunits of inhibins were
significantly decreased in the testes of mice exposed daily to 5
or 10 mg/kg PFOS for 21 days. Studies have shown the
reciprocal pattern of bA and bC expression [27, 43]. Although
the role of the bC subunit in testicular function has remained
elusive, the reduction in its expression levels may indicate a
compensatory mechanism occurring at early PFOS exposure to
increase activin A signaling for the stimulation of Sertoli cell
proliferation and FSH secretion. At the later stage of PFOS
exposure, the downregulation of a, bA, and bB subunit
expressions reduced the levels of inhibins (abA, abB) and
activins (bAbA, bBbB, bAbB), and was manifested by the
reduction of serum testosterone and epididymal sperm counts.
Therefore, in addition to the reduced expression levels of
testicular gonadotropin receptors, our data reveal for the first
time that the decreased expression levels of GHR, IGF1R,
inhibins, and activins may contribute to the negative influence
of PFOS on male fertility.
In this study most of the measured hormonal factors are
involved in the regulation of testicular steroidogenesis [27, 44,
45]. The significant reductions of their respective signaling
cascades could decrease steroidogenesis. Consistently significant reductions in the expressions of mRNA encoding for
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FIG. 4. Effects of PFOS on the expression levels of hormones, receptors,
and steroidogenic enzymes in the testes of mice after 21 days of the
exposure. Expressions of mRNA for (A) growth hormone receptor (Ghr);
insulin-like growth factor 1 (Igf1) and its receptor (Igf1r); (B) folliclestimulating hormone (Fshr) and luteinizing hormone (Lhr) receptors; and
(C) steroidogenic enzymes of testes are shown. *P , 0.001, #P , 0.01, ¤P
, 0.05 compared with the respective control according to the results of
one-way ANOVA followed by Duncan multiple-range test.

expression levels of receptors for gonadotropin, GH, IGF1, and
the local factors, inhibins and activins, in the testes of the
PFOS-exposed mice may lead to an impairment of testicular
steroidogenesis and spermatogenesis. These effects then
resulted in less testosterone in the blood serum and a lower
number of sperm in the epididymis. Although significant
effects of PFOS on male subfertility are identified, the doses
used in this study are higher than the tolerable daily intake
dosage for the general public. In considering the factor of the
body surface area normalization between human and mouse
[49], the highest dose (10 mg/kg daily) of PFOS used in this
study would be around 10-fold and 300-fold higher, respectively, than the reported occupational and general public
exposure levels. At the lowest dose (1 mg/kg daily) of PFOS
exposure, the dose is about 30-fold higher than the human
equivalent dose of exposure for general public. Although at the
lowest dosage we did not observe a noticeable reduction in
serum testosterone levels and epididymal sperm counts,
significant reductions in the expression levels of the testicular
inhibin subunits, INHA and INHBC, and the steroidogenic
enzyme 17b-HSD were observed. Taking into account the
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FIG. 5. Effects of PFOS exposure on the mRNA expression levels of
inhibin subunits and follistatin in the testes of the mice after (A) 14 and (B)
21 days of exposure. *P , 0.001, #P , 0.01, ¤P , 0.05 compared with
the respective control according to the results of one-way ANOVA
followed by Duncan multiple-range test.
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synergistic and/or additive effects of human exposure to
multiple endocrine disruptors [50], the data found in this study
are still relevant for human exposure. The elucidation of these
mechanisms is useful in predicting effects of mixtures of PFCs
and in selecting potential biomarkers of exposure to PFCs.
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