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Abstract Environmental epidemiologists have given
heightened research attention to the class of poly- and
perfluoroalkyl substances, or PFASs, in recent years due
to their ubiquity, persistence, and evidence of hormonal
activity. Whereas prevalence studies have documented
changes in serum levels over time among populations
in the USA and elsewhere, few human reproductive
health studies have been conducted. Given the weight
of evidence demonstrating that hormonally active syn-
thetic compounds can impact spermatogenesis, of inter-
est is whether environmental exposures to PFASs are
impacting sperm health and male fertility. We review
the albeit scant empirical evidence to date to draw at-
tention to this avenue of investigation and to highlight
the types of studies that are needed to determine wheth-
er and how PFASs impact male reproduction.
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Introduction

Poly- and perfluoroalkyl substances, or PFASs, are human-
made compounds that are favored by a variety of industries
for their water and lipid resistant abilities [1, 2]. They are
utilized in surfactants, oil repellants, and a variety of consumer
products. Since the commercial introduction of PFASs more
than 60 years ago, many studies have been conducted to eval-
uate the environmental and biological impacts of PFASs [3].
As aresult, in 2009, under the Stockholm Convention, PFASs
were listed as persistent organic pollutants due to their ubig-
uitous, persistent, bioaccumulative, and toxic nature [4, 5].
Perfluorooctane sulfonate (PFOS) and perfluorooctanoic
acids (PFOA), both long-chain PFASs, are the most common-
ly studied PFASs. In addition, fluorochemical residuals that
biotransform into PFOS and PFOA, such as EtFOSAA and
MeFOSAA, are included in most studies, but the metabolic
mechanism and toxic effects in humans have not been well
characterized [6-9, 10e¢]. In developed countries, long-chain
PFASs have been recognized as persistent and toxic, and as
such have been regulated or phased out by manufacturers,
such as 3M, DuPont, Daikin, and Miteni in the USA, Japan,
and Europe. However, production of long-chain PFASs con-
tinues in other regions of the world [5, 11]. Moreover, some
manufacturers have now replaced PFOS and PFOA with
short-chain PFASs, such as perfluorohexanoic acid (PFHxA)
and perfluorobutane sulfonate (PFBS). It is acknowledged
that the short-chain PFASs have shorter human half-lives,
but recent publications [12—14, 15¢] have expressed concerns
that fluorinated replacements are similar to the long-chain
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PFASs they replaced in terms of their hazardous potential for
both the environment and humans [16].

Exposure Prevalence

The ubiquitous nature of PFASs has been documented
throughout the world. In 2004, Kannan and colleagues exam-
ined the concentration levels of PFOS, PFHxS, PFOA, and
PFOSA in 10 countries [17]. PFASs were found in all sam-
ples, with the USA and Poland reporting the highest exposure
levels and India reporting the lowest levels [19]. Overall, con-
centrations of PFOS were much higher than any other poly- or
perfluoro compounds, which have been corroborated by other
studies [17-20]. However, a study from Sri Lanka found over-
all PFOA concentrations were higher than PFOS [21].
Although the levels of PFASs concentrations in the USA are
generally higher than other countries, studies in the USA gen-
eral population have reported a decline in the levels of expo-
sure over time [20, 22, 23]. Globally, exposure to long-chain
PFASs has been declining in the last decade, but increased
levels of short-chained PFASs have been seen in several pop-
ulations, including the USA [14, 15+, 20]. Table 1 summarizes
several studies reporting the prevalence of PFASs exposure in
the USA and other countries [17-23].

Impacts on Male Reproductive Health

Hormonally active properties of PFASs have been demonstrat-
ed in several experimental studies showing estrogenic, anti-
estrogenic, and/or anti-androgenic activity [24, 25¢]. Given
that environmental endocrine disrupting chemicals have been
associated with impaired male reproductive function [26, 27]
and can impact sperm development [28], it is surprising that
the impacts of PFASs on male reproductive health are not
better understood. Table 2 summarizes key studies to date that
have evaluated whether PFASs are associated with indicators
of male fertility [2, 10, 29, 30ee, 312, 32-34, 35¢e, 360e].

PFASs and Sperm Parameters

Several studies have looked at associations between measured
serum PFASs and sperm parameters such as concentration,
motility, and morphology. Studies have found associations
between increasing PFASs and fewer morphologically normal
sperm cells, lower adjusted sperm concentration and total
sperm count, smaller sperm heads, and higher proportions of
immature sperm [30ee, 31e¢, 32, 33]. These associations have
largely been found for individual PFASs, but between studies,
there have been conflicting findings for the same chemical. For
example, in a study by Vested et al., early life exposure to PFOS
was not associated with sperm parameters, including sperm
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concentration, total sperm count, motility, morphology, and se-
men volume [31¢¢]. However, in a study by Toft et al., the group
with the highest levels of PFOS exposure had 35 % fewer mor-
phologically normal cells as compared to the least exposed in-
dividuals in a combined analysis of men from Poland,
Greenland, and Ukraine [32]. A few studies have reported no
associations between certain measured PFASs and sperm param-
eters [34, 35¢¢]. With fewer than a dozen studies currently avail-
able, the body of evidence linking PFASs exposure to sperm
parameters remains equivocal and more investigation is needed.

PFASs, Sperm DNA Outcomes, and Measures of Sperm
Sex Ratio

There have been limited numbers of studies assessing PFASs
in relation to sperm DNA outcomes, and findings have been
inconsistent. It has been suggested that alterations in DNA
methylation are linked to some developmental processes and
molecular mechanisms, such as X chromosome inactivation,
embryonic reprogramming, cellular differentiation, and some
types of cancer [36¢+, 37, 38]. Leter et al. looked at associa-
tions between DNA methylation rates and PFAS serum levels
and found inconsistent associations with sperm DNA global
methylation in men from Ukraine, Poland, and Greenland
[36°¢]. Sperm chromatin structure assay, in situ terminal
deoxynucleotidyl transferase UTP nick-end labeling assay,
and apoptotic markers were evaluated in relation to PFASs
exposures [2]. Of the PFASs studied (PFOS, PFOA, PFNA,
and PFHxS), consistent associations between PFASs exposure
and sperm DNA fragmentation and apoptosis were not found
[2]. Sperm sex chromosome ratios have been looked at in
association with PFASs [29]. Kvist et al. found a negative
association between PFOS and Y:X sex chromosome ratio in
their Inuit population and a positive overall association in their
combined analysis of men from Ukraine, Greenland, and
Poland. No associations between PFOA and Y:X ratio were
reported in this study [29]. Additionally, Bae et al. found that
father’s MeFOSAA and perfluorononanoic acid levels were
significantly associated with more female as compared to
male births in a secondary sex ratio study of 233 couples
enrolled from community settings [10e¢].

Other Reproductive Health Outcomes

PFAS:s associations with reproductive hormone levels in hu-
man studies have been mixed [39]. Raymer et al. reported that
among 256 men seen at a fertility clinic luteinizing hormone
(LH) but not follicle stimulating hormone (FSH) was positive-
ly correlated with plasma PFOS and PFOA, and no significant
associations were seen for total testosterone or estradiol [34].
Joensen et al. examined total testosterone, free testosterone,
free androgen index (FAI), and other hormone ratios (i.e.,
testosterone/LH, free testosterone/LH, and FAI/LH) in a
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cohort of healthy young Danish men and found that serum
PFOS was negatively associated with these ratios [35¢¢].

Other relevant studies include an investigation of cryptor-
chidism in a Danish and Finnish birth cohort that did not find
an association with PFOA and PFOS measured in cord blood
and risk for cryptorchidism [40]. In a Danish sample of preg-
nant women, Jensen et al. found no association between PFOS
and PFOA and risk for miscarriage, whereas a significant
association was seen between PFDA and PFNA and miscar-
riage risk [41]. We found one animal study particularly ger-
mane to this question, which evaluated ammonium
perfluorooctanoate dosing and sperm parameters in two gen-
erations of rats. It did not find evidence of an impact on any of
the reproductive health outcomes including mating and fertil-
ity, sperm parameters, and testis pathology [42].

Conclusion

Given the ubiquity of PFASs and increasing evidence of links
between endocrine disrupting compounds and sperm health,
the public health relevance of this problem is under-recog-
nized. Epidemiologic research to date has been insufficient
to adequately address the exposure contexts, the biotransfor-
mation processes, or the biomonitoring needs of an extensive
class of compounds whose presence in the environment is
rapidly changing. Most of the studies summarized here took
advantage of existing biorepositories as opportunities to spe-
cifically examine PFASs. Few of the studies were initiated as a
focused and comprehensive assessment of PFASs on male
reproductive outcomes in adequately powered, population-
based samples. What is needed is a concerted effort, akin to
the recent research efforts seen in the USA and elsewhere,
dedicated to elucidating the population health effects of
bisphenol A (BPA). The impetus for targeted funding initia-
tives focusing on BPA in part emerged out of burgeoning
animal evidence and a series of scattered yet suggestive hu-
man studies. Taken together, the current epidemiologic evi-
dence base strongly suggests that PFASs are biologically ac-
tive and persistent, are widely distributed in human popula-
tions, and their male reproductive impacts are biologically
plausible, which is supported by suggestive yet equivocal
findings to date in a paucity of studies. Funding and investi-
gator leadership are needed now to launch a collaborative and
coordinated research effort so that PFASs impacts on male
reproductive health can be fully characterized.
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