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ABSTRACT
Persistent organic pollutants (POPs) are resistant to environmental degradation. In recent years, the
adverse effects of these chemicals on general health have raised matters of serious public concern.
Perfluorooctanesulfonic acid (PFOS) is a persistent organic pollutant and belongs to the family of
poly- and per-fluoroalkyl substances (PFASs). It has been reported that PFOS can disturb the bloodtestis barrier (BTB), adversely affecting the structure and function of Sertoli cells, Leydig cells and
germ cells, thus disrupting the male reproductive system, reducing the testosterone level and the
total sperm counts. Most of the studies examined the impact of PFOS on testicular function, while
limited reports reviewed the effects of PFOS on the brain, specifically the hypothalamus, which is
an integral part of the hypothalamic-pituitary-gonadal (HPG) axis. In chapter 2, we investigated the
neurotoxic effects of PFOS. Immunostaining of the early response gene product c-Fos showed that
PFOS activated lateral septum (LS), paraventricular nucleus of the thalamus (PVT), and the locus
coeruleus (LC). No significant activation was found in the hypothalamus, such as paraventricular
nucleus of the hypothalamus (PVN), medial preoptic area (mPOA), dorsomedial hypothalamus
(DM), and ventromedial hypothalamus (VMH). Given the pivotal role of the hypothalamus in
regulating reproductive function, we next investigated the metabolic profiling of the hypothalamus
after 21 days of PFOS treatment. Principal compound analysis (PCA) showed that PFOS altered the
hypothalamic metabolome. Several metabolites related to neurotransmitters and neuromodulators
were altered, including N-docosahexaenoyl GABA, N-oleoyl GABA, N-palmitoyl GABA, DLglutamate, pyroglutamic acid, D-pyroglutamic acid, L-tyrosine, and tryptophan. Kyoto
Encyclopedia of Genes and Genomes (KEGG) pathway analysis showed that both 1 and 5 mg/kg
PFOS altered amino acid metabolism (i.e., arginine, histidine, D-glutamine, D-glutamate, alanine,
aspartate, glutamate and phenylalanine, tyrosine, and tryptophan). Metabolite set enrichment
analysis (MSEA), based on the common differential metabolites, showed PFOS disturbed the
metabolic pathways of the basic protein translation process, blood-brain barrier (BBB) integrity, and
neurotransmitters and neuromodulators. Besides, the open field test (OFT) showed that PFOS
exposed mice exhibited anxiety-like behavior as mice spent less time in the center and fewer entries
to the center. In chapter 3, we evaluated the effects of 1 or 5 mg/kg PFOS on male fecundity after
21 days exposure. Results showed 5 mg/kg PFOS decreased serum luteinizing hormone (LH) levels.
Furthermore, PFOS caused a decrease in caudal epididymal sperm activity. Sperm exhibited reduced
curvilinear velocity (VCL), straight-line velocity (VSL), and average path velocity (VAP). Analysis
of testicular transcriptome revealed that PFOS altered gene expression involved in spermatogenesis
and steroidogenesis. Testicular transcriptome analysis showed that PFOS altered gene expression
involved in spermatogenesis and steroidogenesis. Taken together, our results suggested that PFOS
altered hypothalamic metabolome, reduced reproductive hormone levels, disrupted the process of
spermatogenesis and steroidogenesis, and reduced sperm activity.
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Chapter 1 literature review
1.1. Persistent organic pollutants (POPs)
Persistent organic pollutants (POPs) are organic substances resistant to photolytic, biological, and
chemical degradation. They are characterized by hydrophobicity, lipophilicity, semi-volatility, and
bioaccumulation 1. POPs were commonly found in commodity and industrial products, including
chlordane, dichlorodiphenyltrichloroethane (DDT), perfluorooctanesulfonic acid (PFOS), and
hexabromocyclododecane (HBCD). Pesticides chlordane and DDT were once popular. PFOS was
found in firefighting foam, fibre protector, and food packaging coatings, and HBCD was used for
building insulation. All of which have been listed on the Stockholm Convention list of Persistent
Organic Pollutants by the United Nations Environment Programme. According to the U.S.
Environmental Protection Agency (EPA), some POPs are also members of endocrine-disrupting
chemicals (EDCs) that can interfere with the endocrine system by disrupting the synthesis, secretion,
transport, binding, or elimination of hormones 2. EDCs can bind to hormone receptors, including
estrogen receptors, androgen receptors, and glucocorticoid receptors, adversely impacting hormonal
signaling 2. Moreover, emerging studies show that EDCs can bind to neurotransmitter receptors and
orphan receptors 3. EDCs exposure has been linked to various health risks, including increased
carcinogenic incidence, reproductive dysfunction, neurotoxicity, and immunotoxicity 1,4.

1.1.1.

Per- and polyfluoroalkyl substances (PFASs)

The per- and poly-fluoroalkyl substances (PFASs) are organofluorine compounds with carboncarbon bonds and carbon-fluorine bonds. Hydrogen atoms are replaced by fluorine atoms. The
caron-fluorine bond is highly stable; as a result, PFASs are persistent and resistant to degradation
(Fig 1.1) 5. Due to their unique chemical and thermal stability, PFASs were widely used in the
commercial and industrial sectors. For example, PFASs were common in food packages, stain- and
water-repellent fabrics, fire-fighting foams, polishes, and electronics manufacturing 6. According to
the toxicity database DSSTox of the U.S. Environmental Protection Agency (EPA), there are more
1

than 8,000 different PFASs. The two most studied chemicals of the PFASs family are
perfluorooctanoic acid (PFOA) and perfluorooctaneousulfonic acid (PFOS), both of which belong
to the C8 PFASs family.

1.1.2.

Perfluorooctanesulfonic acid (PFOS)

The carbon-fluorine bonds structure of perfluorooctanesulfonic acid (PFOS) makes it hydrophobic
and lipophobic, and the sulfonic acid group is hydrophilic (Fig 1.2). In 1949, PFOS was first used
in the textile industry as a fabric protector ‘Scotchgard’ by 3M company. Later, PFOS was also
commonly used in textile impregnation agents, polishing agents, metal plating, and firefighting
foams. In 1968, fluorinated organic compounds were detected in human blood 7. In 1999, the U.S.
Environmental Protection Agency surveyed the global distribution and potential toxicity of PFOS.
Subsequently, 3M ceased manufacturing PFOS and its related products in 2000. The Stockholm
Convention on persistent organic pollutants listed PFOS and its salts in Annex B in 2009. Although
it has been phased out in industrial and commercial areas, the stable structure and large-scale
application led to wide distribution in the environment. PFOS can be directly released into the soil,
air, and water during manufacturing,. Moreover, there are remaining impurities and residuals in
PFOS-based products, which can be the precursor to PFOS. Biological and abiotic environmental
processes can transform precursors into PFOS 8.
There were reports about the distribution of PFOS in the environment. The concentration of PFOS
in Antarctic coastal waters ranged from 2 ng/L to 600 ng/L 9. PFOS level in landfill leachate in
Guangzhou was approximately 500 ng/L 10. It was estimated that 70% to 80% of PFOS in China
came from industrial sewage

10

. Liu et al. examined the PFOS level in drinking water. Results

showed that Lianyungang, Shenzhen, and Dongguan residents were exposed to 186.17 ng/L, 9.954
ng/L, and 24.227 ng/L PFOS, respectively 11.
1.1.2.1.

Existence and distribution of PFOS in human and animals

In the food chain, higher-trophic-level organisms have higher concentrations of PFOS because
PFOS is bio-accumulative

12

. It is known that people are exposed to PFOS through ingestion,

respiration, and occupation 13. An epidemiology study in Xinjiang reported that PFOS was detected
2

in 93% of blood specimens with median levels of 2.39 μg/L in males and 1.93 μg/L in females 14.
PFOS also was detected in breast milk; for example, the geometric mean concentrations of PFOS
in breast milk were 46 pg/mL in mainland China 15. In Spain, the levels of PFOS in cord plasma
were 1.17 ng/mL. These data indicated newborn exposure to PFOS through the placenta and breast
milk 13. According to the European Food Safety Authority (EFSA), the PFOS concentrations were
7.7 ng/mL in adults and 3.2 ng/mL in children 16.
An epidemiology study showed that human serum albumin (HAS), one of the major proteins in
human plasma, can bind with PFOS at a molar ratio of 2:1 and alter the conformation of HAS 17.
Because of the high affinity of PFOS, its half-life ranges from 4.5 to 7.4 years in humans 18. On the
contrary, elimination of PFOS was less efficient than absorption. There are two main ways to remove
absorbed PFOS, one through excretion and the other through bile. In 2014, Zhou et al. assessed
occupational exposure to PFAS in Tangxun Lake, Wuhan, and determined the renal clearance values
(CCV), a substance’s rate of clearance from the body, for PFOS vary from 0.002 to 0.091 mL/day/kg
19

. Another study determined the CCV for PFOS was average at 0.012 mL/day/kg for men and 0.019

mL/day/kg for women 20. Besides, the epidemiology study found that people aged 12-19 with high
levels of PFOS exhibited reduced glomerular filtration rate (GFR) and increased serum uric acid 21.
As for biliary excretion, the PFOS excretion rate in bile ranged between 1.06 and 2.98 mL/kg/day
higher than in urine 22. However, the biliary reabsorption rate for PFOS was 0.97, which means that
the majority of excreted PFOS from bile could be reabsorbed by the digestive tract 22. The hazardous
effect of PFOS has caught the attention of global health departments. European Food Safety
Authority (EFSA) sets up tolerable weekly intakes (TWI) of 13 ng/kg body weight per week

23

.

Health Canada established a maximum acceptable concentration (MAC) for PFOS in drinking water
of 0.6 μg/L. The U.S. Environmental Protection Agency (EPA) sets drinking water health
adversaries of 0.07 ng/L for PFOS.
The body absorbed PFOS with a high affinity to albumin, globulin, and liver fatty acid-binding
protein (L-FABP). Animal studies showed a high level of PFOS in rat liver because PFOS binds to
L-FABP 24. As a result, the liver is one of the primary targets. The hepatic effects of PFOS have
been well studied. In 2002, Seacat et al. evaluated the toxic effects of PFOS on primates using
cynomolgus monkeys (Macaca fascicularis) fed with 0.03, 0.15, and 0.75 mg/kg PFOS for 182 days
3

25

. Results showed that 0.75 mg/kg PFOS treated animals exhibited increased liver weight, reduced

body weight, decreased serum cholesterol, and triiodothyronine (T3). Histologically, hepatocellular
hypertrophy and lipid vacuolation was found in the 0.75 mg/kg group 25. The increased liver weight
was also observed in the rodent models. Sprague–Dawley rats treated with PFOS exhibited
hepatomegaly and up-regulated gene expression of acyl-coenzyme A oxidase 1 (Acox1) and
cytochrome P450 4A22 (Cyp4a22) in the liver

26

. It has been found that PFOS could alter lipid

metabolism by activating peroxisome proliferator-activated receptors α (PPARα), a kind of nuclear
receptor. The incitation of PPARα could increase the number of peroxisomes and inhibit the
peroxisomal beta-oxidation in hepatocytes

27,28

. The inhibition of peroxisomal beta-oxidation will

disrupt the citric acid cycle and cause the aggregation of fatty acids and triglycerides in hepatocytes.
Besides, oxidative stress also accounts for hepatotoxicity. A study in male C57BL/6J mice found
that 0.15 or 0.3 mg/kg PFOS exposure for 30 days increased serum alkaline phosphatase (ALP),
aspartate aminotransferase (AST), and alanine aminotransferase (ALT) levels and decreased hepatic
superoxide dismutase (SOD), catalase, and glutathione peroxidase (GSH-Px) levels 29. An in vitro
study by Khansari et al. showed that 25 μM PFOS treated rats liver cells suffered from reduced
glutathione, lysosomal membrane leakiness, and cellular proteolysis 30. Epidemiologically, Gallo et
al. found a positive association between serum PFOS levels and ATL levels 31.

1.1.2.1.1. PFOS and global fertility rate decrease

According to the United Nations (UN), the global fertility rate reduced from 3.2 live births per
female in 1900 to 2.5 in 2019. Globally, the level of fertility rate is expected to decrease to 2.1 in
2050 and 1.9 in 2100. In Central and Southern Asia the fertility rate declines to 1.9 births per female.
In Europe and Northern America, the fertility rate falls to 0.1 births. In the highest fertility region
sub-Saharan Africa, the fertility rate drops from 6.3 to 4.6 births per woman. The declining fertility
rate will profoundly impact economic, social, and political development, including a reduction in
the size of potential workforces and an increase in aging populations.
According to World Health Organization (WHO), infertility refers to the inability to conceive after
more than 12 months of regular, unprotected sexual intercourse 32. It is estimated that about 8-12%
of couples are affected by infertility, and approximately 50% of cases are related to male infertility
4

33

. Approximately 7% of males suffer from infertility

34

. An epidemiological study indicates that

sperm concentration has decreased in many countries, including France, the United Kingdom,
America, and Spain

35

. A systematic review reported that sperm concentrations declined 52.4%

between 1973 and 2011 36. These results show the decline of sperm count and imply the disorder of
spermatogenesis. Currently, clinical diagnosis of male infertility relies on semen and hormone
analysis. WHO develops the criteria for sperm analysis from the different parameters such as
quantity, morphology, and motility. The symptoms of sperm disorders are diverse, including
oligozoospermia (reduced sperm count), asthenozoospermia (decreased sperm motility) and,
teratozoospermia (reduced percentage of sperm with normal morphology).
Infertility is likely to hurt not only individuals but also society. Emerging studies suggest the
association between oncologic diseases and male infertility. For example, a survey of 22, 562
respondents with male factor infertility from 1967 to 1998 showed that those suffering from
infertility were three times more likely to develop testicular cancer than the general population 37.
It is supposed that male sex hormone protects against autoimmunity, as testosterone inhibits proinflammatory cytokine production, CD4-positive cells differentiation, immunoglobulin production,
and natural killer cell cytotoxic activity

38

. Pressures from society and the economy may be

detrimental. For example, in South Africa, people with reproductive disorders could be ridiculed as
‘failure’, ‘castrated cow’, or ‘bad swimmers’

39

. Infertiles who turn to assisted reproductive

technology (ART) may have to bear the financial burden as well as the social stigma. According to
a study, a standard In vitro fertilization (IVF) costs on average $12,000 and $8,000 in the US and
Canada, respectively 40. Taken together, infertility influences not only individual well-being but also
economic and social development.

1.1.2.1.2. PFOS disrupts the regulation of male reproductive system

Testes are responsible for sperm production and storage, androgen synthesis, and secretion.
Anatomically, there are numerous seminiferous tubules inside the testes where spermatogenesis
occurs. Spermatogenesis is the process by which male germ cells, spermatogonia, develop into
spermatocytes 41. There are two other types of somatic cells in the testis, one are Sertoli cells, and
the other are Leydig cells. Sertoli cells are supporting cells and are responsible for nourishing and
5

supporting the development of sperm cells 42. Sertoli cells are the key component of the blood-testis
barrier (BTB) 43. Leydig cells are located in the connective tissues outside the seminiferous tubules
and are responsible for testosterone synthesis 44. Immature sperm from the lumens of seminiferous
tubules move into the epididymis, which is a long, coiled tube connecting the testis and vas deferens.
Epididymis plays an important role in the acquisition of motility and fertilizing ability. The
epididymis can be divided into three parts, caput, corpus, and cauda; each region has distinctive
functions. Both the caput and the corpus parts are responsible for sperm maturation, and the cauda
part serves as the reservoir of functionally mature spermatozoa 45.
The reproductive system is controlled by the hypothalamic-pituitary-gonadal (HPG) axis. At the
hypothalamus level, the neurons secrete a gonadotropin-releasing hormone (GnRH) to the pituitary
gland via the hypothalamic-hypophysial-portal vessels and control the release of follicle-stimulating
hormone (FSH) and luteinizing hormone (LH) in the anterior pituitary. GnRH is the decapeptide
that was clarified by Roger Guillemin and Andrew V. Schally in 1971. Most vertebrates have at least
two forms of GnRH, GnRH-I and GnRH-II. They are encoded by two different genes 46. In 1978,
belchetz et al. found that both FSH and LH release with a pulsatile pattern in the female rhesus
monkeys 47. Gonadotropins (FSH and LH) concentrations in the circulation were normal depending
on GnRH administration once an hour in rhesus monkeys with the hypothalamic lesion. However,
persistent GnRH administration failed to stimulate gonadotropin release 47. ‘GnRH pulse generator’
was used to describe pulsatile GnRH release from GnRH neurons. As for the positive regulation of
upstream of ‘GnRH pulse generator’. In 2003, the role of kisspeptin, a 54 amino acid peptide
encoded by the Kiss1 gene in humans, as a neuropeptide was reported independently by two groups
from the US and France 48,49. There are kisspeptin receptors (Kiss1R)/G-protein-coupled receptors
(GPR54) expressed on the GnRH neurons. Gpr54 knockout mice exhibited hypogonadotropic
hypogonadism (HH) and infertility 50. As for males, HH refers to reduced testicular functions with
disturbed spermatogenesis and steroidogenesis 51. Patients with inactivating Kiss1 mutation suffered
from hypogonadotropic hypogonadism 52. The distribution of kisspeptin cells is not the same among
species. In humans and rats, the arcuate nucleus (ARC) and preoptic area (POA) house kisspeptin
cells. In mice, in situ hybridization (ISH) and immunocytochemistry (ICC) showed kisspeptin
neurons located in the ARC, anteroventral periventricular nucleus (AVPV), and median eminence
6

(ME) 53. Dynorphin A belongs to endogenous opioid peptides, which share the common amino acid
sequence Tyr-Gly-Gly-Phe-Leu 54. The receptor of dynorphin A is known as Gi-coupled inhibitory
GPCRs

54

. Goodman and his colleagues found that dynorphin A plays an important role in the

progesterone-negative feedback in ewes 55. Recently, co-localization of neurokinin B and dynorphin
A in ARC kisspeptin neurons has been proved in mice 56, rats 57, and goats 57. Neurons with coexpression of kisspeptin, neurokinin B, and Dynorphin A are called KNDy neurons. It is proposed
that KNDy neurons regulate GnRH pulsatile secretion, in which neurokinin B acts as stimulation,
dynorphin A acts as inhibition

58

. Among the negative regulators upstream of the GnRH pulse

generator, Gonadotropin-inhibiting hormone (GnIH) is the peptide that can inhibit gonadotropins
secretion. Glucocorticoids (GCs) play a stimulatory role in GnIH expression. There are
glucocorticoid receptors (GRs) presented on GnIH neurons in quails, and GCs treatment can
upregulate GnIH mRNA levels 59. GnIH inhibits FSH and LH synthesis by inhibiting GnRH neurons
and gonadotropes via G-protein coupled receptor 147 (GPR147)

60

. GnIH was first isolated and

identified in birds in 2000 by Tsutsui’s group 61. GnIH regulates the reproductive system at different
levels. Immunocytochemistry shows that GnIH‐immunoreactive (GnIH‐ir) cells were housed in the
dorsomedial hypothalamus (DM) in rodents

62

. Immunocytochemistry also showed that GnIH-ir

neuronal fibres were distributed in the lateral septal nucleus (LS), medial preoptic area (mPOA),
paraventricular thalamic nucleus (PVT), and Paraventricular nucleus of hypothalamus (PVN)62.
Ubuka et al. found that GnRH neurons express GPR147 and receive inputs from GnIH neurons 63.
An in vitro study found that GnIH can inhibit the GnRH-induced LH secretion by acting on the
extracellular-signal-regulated kinase (ERK) signaling pathway 59.
At the pituitary level, GnRH binds to the cognate receptor expressed in gonadotrophs which secrete
FSH and LH in response. Both FSH and LH are released into the blood and transported to the gonad
(ovary and testis). At the gonadal level, the ovary and testis can synthesize and secrete estrogen,
progesterone, and androgen. In males, LH binds to Leydig cells and stimulates testosterone
production, FSH acts on Sertoli cells. In turn, these steroids secreted by the gonads can inhibit
hypothalamic GnRH, pituitary LH, and FSH synthesis.
The hypothalamic-pituitary-adrenal (HPA) axis is another neuroendocrine system that processes
stress and maintains homeostasis. There is a reciprocal relationship between the HPA axis and the
7

HPG axis. The hormones involved in the HPA axis include corticotropin-releasing hormone (CRH),
adrenocorticotropic hormone (ACTH), and glucocorticoids (GCs) 64. The paraventricular nucleus
of the hypothalamus (PVN) produces corticotropin-releasing hormone (CRH) and vasopressin
(AVP). CRH is transported to the anterior pituitary and stimulates the secretion of
adrenocorticotropin (ACTH), which then stimulates the release of glucocorticoids (cortisol in
humans, corticosterone in mice and rats) from the adrenal gland. GCs are involved in the flightfight responses, increase the possibility of survival, and save energy by reducing some metabolic
processes, which include reproduction

65

. The glucocorticoids (GCs) bind to glucocorticoids

receptors (GRs) expressed in CRH neurons, pituitary, and testes and affect the function of the HPG
axis 66. Immunohistochemistry showed the colocalization of CRH receptors and GRs on kisspeptin
neurons, and GCs administration decreased kiss1 mRNA levels in male mice

67

. At the pituitary

level, GCs can inhibit LH secretion and promote FSH secretion 68,69. At the gonadal level, Leydig
cells, macrophages, and fibroblasts expressed GRs

70

. GCs can inhibit the transcription of genes

involved in steroidogenesis, such as cytochrome P450-dependent cholesterol side-chain cleavage
enzyme (P450scc) and cytochrome P450-dependent 17alpha-hydroxylase/C17-C20 lyase
(CYP17A1)

70

. Rats treated with immobilization stress (IMO) for two hours exhibited increased

serum corticosterone and adrenaline levels and an increased number of apoptotic Leydig cells 71.
1.1.2.1.2.1. PFOS disrupts steroidogenesis and spermatogenesis
PFOS is a kind of endocrine-disrupting chemical (EDC) that plays an adverse role in reproduction.
Epidemiology studies found the possible connection between neonatal or juvenile exposure to PFOS
and the development of the reproductive system. A cross-sectional analysis in 6-9 year old boys
found that serum PFOS concentrations are inversely associated with Insulin growth factor-1 (IGF1), testosterone, and estradiol levels 72. A study of 8-18 year old boys found an inverse association
between serum PFOS levels and the age of puberty 73. Du et al. found that neonatal PFOS exposure
at 1 or 10 mg/kg results in advanced puberty onset, including an advanced vaginal opening (VO)
and first estrus, and Kiss1 and Gpr54 mRNA expression in the hypothalamus were suppressed in
female rats 74. Another study examined the effect of in utero exposure to 5 and 20 mg/kg PFOS from
GD1 to GD19 and observed that the rats exhibited decreased testosterone levels and a decreased
number of fetal Leydig cells

75

. These results suggested that PFOS could impair the male
8

reproductive system at developmental stages.
Leydig cells and Sertoli cells are two key somatic cells in the testes, both of which are the targets of
PFOS. Leydig cells are responsible for testosterone, androstenedione, and dehydroepiandrosterone
(DHEA) synthesis. The steroidogenic acute regulatory protein (StAR), cytochrome p450 family 11
subfamily A member 1 (CYP11A1), 3β-hydroxysteroid dehydrogenase (3β-HSD), and 17βhydroxysteroid dehydrogenase (17β-HSD) participate in steroidogenesis. Quantitative real-time
PCR (qPCR) results showed after 21-day PFOS treatment, steroidogenic enzyme genes expressions
such as Star, Cyp11a1, Cyp17a1, Hsd3β, and Hsd17β were decreased 76. In line with reduced gene
expression of several steroidogenic key enzymes, reduced serum testosterone concentrations and
epididymal sperm counts occurred after 21-day 10 mg/kg PFOS treatment 76. Another extended 5week treatment with 10 mg/kg PFOS also reduced testes weights and sperm counts in mice. 77.
Sertoli cells support and nourish the developing immature germ cells in the seminiferous tubules.
The tight-junctions formed by Sertoli cells divide the seminiferous epithelium into the basal and
adluminal compartments, providing the immune privilege for the germ cells 78. The adverse effects
of PFOS on Sertoli cells have been reported. An in vitro study showed that activation of the p38
mitogen-activated protein kinases (MAPK) pathway in primary CD-1 mice Sertoli cells followed
PFOS treatment, the Sertoli cells tight-junction was perturbed, and proteins involved in BTB such
as junctional adhesion molecule (JAM), occludin, claudin 11, connexin 43 were reduced

79,80

.

Another in vitro study showed that 5-10 g/mL PFOS disrupted rats’ Sertoli cells F-actin organization
and decreased expression of connexin-43 involved in inter-Sertoli cell gap junction (GJ)
communication resulting in BTB disruption 81. Transcriptome and immunocytochemical staining
revealed the global cytotoxicity caused by PFOS to Sertoli cells in the aspects of cytoskeleton
signaling, cell-cell junction, and inflammation 82.
It has been reported that PFOS altered the rats’ testicular transcriptome and interrupted signaling of
Sertoli cells tight junctions and spermatocytes-Sertoli cells junctions. In a chronic 0.015 or 0.15
mg/kg PFOS exposure for 60 days, results showed steroidogenic gene expression was altered, for
example, Star, Cyp11a1, and Hsd3β were up-regulated, but Cyp17a1 and Hsd17β were downregulated, which led to increased testosterone levels

83

. Acetylations of histone 3 at lysine on

position 18 (H3K18ac) as well as acetylation of histone 3 at lysine on position 9 (H3K9ac) were
9

observed in the promoter of Cyp11a1 and Hsd3, respectively. The accumulation of H3K18ac and
H3K9ac led to the activation of steroidogenic gene expression (Cyp11a1 and Hsd3β) [50]. In another
study of chronic 0.1 mg/kg PFOS for 4 months, decreased StAR protein expression and reduced
H3K14ac were observed 84.
Taken together, PFOS can disrupt BTB integrity and impair spermatogenesis and steroidogenesis
resulting in infertility.
1.1.2.1.2.2. PFOS disrupts Hypothalamic–pituitary–gonadal (HPG) axis
Studies have shown that exposure to PFOS causes adverse effects on the nervous system. PFOS
existence in the wildlife brain has been reported 85-87. Studies determined the distribution of PFOS
in rats or mice and showed PFOS existence in the brain

88-90

. An in vitro experiment found that

PFOS induced disassembly of endothelial tight junctions through the phosphatidylinositol-3
kinase/Akt-pathway 91. The blood-brain barrier (BBB) consists of endothelial cells, astrocytes, and
pericytes, which acts as the physical barrier and selective transport interface

92

. Another study

showed that PFOS disrupted BBB by reducing the expression levels of proteins ZO-1, Claudin-5,
and Occludin in the endothelial cells 88. Chen et al. studied the neurotoxic effect of PFOS using SHSY5Y cells and showed 12.5 mg/L PFOS caused cell apoptosis with increased reactive oxygen
species (ROS), lipid peroxidation, superoxide dismutase activity, and a decreased glutathione
peroxidase activity 93. These results suggested that PFOS can impair BBB by reducing TJ-related
protein levels and inducing cell apoptosis. Besides, it has been reported that PFOS can induce
neuroinflammation. An in vitro study found that PFOS can induce excessive secretion of proinflammatory cytokines tumor necrosis factor-α (TNF-α) in astrocytes 94. Excessive secretion of the
inflammatory cytokines can impair the nervous system

95

. Disrupted Synapse formation and

synaptic plasticity have been found after PFOS treatment. Mice treated with PFOS at a single dose
of 11.3 mg/kg on postnatal day 10 exhibited increased CaMKII, GAP-43, and synaptophysin
expression in the hippocampus

96

. Hippocampus is involved in memory and learning. This

serine/threonine-specific protein kinase CaMKII is expressed in the postsynaptic density and plays
an important role in the molecular mechanism of memory formation. 97. GAP-43 is involved in the
regulation of axon terminal growth, overexpression of GAP-43 results in the spontaneous formation
of new synapses. On the other hand, depletion of GAP-43 leads to neurite and growth cones
10

formation 98. SYP is an integral membrane glycoprotein and expressed in presynaptic vesicles, but
the function of SYP remained unclear 99. It is proposed that SYP is involved in the regulation of the
kinetics of synaptic vesicle endocytosis in neurons

100

. An in vitro study found that SYP can be

phosphorylated by CaMKII 101. Liu et al. showed that adult male rats administered with 1.7 mg/L
PFOS in drinking water for three months exhibited increased CaMKII expression in the cortex and
the hippocampus

102

. Animal studies have found that PFOS treatment can cause impairment in

learning and spatial memory. Animals fed with 10.75 mg/kg PFOS for three months experienced
cell apoptosis in the hippocampus, and their spatial learning and memory were impaired 103. PFOS
alters calcium homeostasis in neurons by disrupting the calcium ion channel, which results in
extracellular calcium influx and intracellular calcium release, and the release of neurotransmitters
into synaptic clefts

104

. Male adult rats treated with PFOS for 28 days exhibited increased

norepinephrine (NE) levels in the PVN of the hypothalamus 89. Foguth et al. found that the PFOS
exposure could decrease brain dopamine levels in the northern leopard frogs

105

. These results

suggested that PFOS can impair the nervous system by altering neuron activity and the release of
neurotransmitters. The hypothalamus is the core of the neuroendocrine system. Wang et al. found
that PFOS caused diestrus prolongation and ovulation reduction in adult mice by repressing
kisspeptin neurons in the hypothalamus AVPV nucleus. 106. Du et al. found that neonatal or juvenile
PFOS exposure suppressed gene expression of estrogen receptor α (Erα), Kiss1, and Gpr54 74. These
results indicated that PFOS might alter the hypothalamic control of reproduction. Taken together,
PFOS perturbs BBB and acts adversely on glial cells and neurons, including neuroinflammation,
disturbing intracellular calcium homeostasis and neurotransmitter release.
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Fig 1.1 Carbon-fluorine bonding

Perfluorooctanesulfonic acid (PFOS)

Perfluorooctanoic acid (PFOA)

Fig 1.2 Structural Formula of PFOS and PFOA
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Aims of the study
It is known that PFOS can induce reproductive toxicity. Piles of studies elucidated that PFOS
can disrupt the reproductive system at the gonadal level. Recently, emerging evidence has
suggested that PFOS can disrupt the blood-brain barrier (BBB) and cause neurotoxicity. In
general, reproduction is controlled by the nervous system, particularly the hypothalamuspituitary-gonadal (HPG) axis. As a result, PFOS may adversely affect cerebral signals,
impairing the HPG axis more systematically. Here we set up two aims in the study:
1.

To characterize the effects of PFOS on brain nuclei targets and the hypothalamic
metabolome.

2.

To investigate the effects of PFOS on male fecundity with reference to sperm quality.
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Chapter

2

PFOS

altered

the

hypothalamic

metabolome and caused anxiety-liked behavior
2.1

Introduction

It is believed that PFOS is neurotoxic, causing damage to the nervous system and affecting its
structure and function. It has been reported PFOS affected the locomotion, spatial learning, and
memory of the animals 103,107,108. As reproductive functions are closely controlled by the CNS,
notably the hypothalamus-pituitary-gonadal (HPG) axis. Thus, it is possible that the adverse
effects of PFOS on male fecundity are not restricted to local testicular signaling alone, or are
more systematic, including effects on cerebral signaling. The hypothalamus is located bellowed
the thalamus and on the undersurface of the brain, playing a key role in the endocrine system.
Anatomically, it can be divided into three major regions: anterior, middle and posterior region,
each consisting of different hypothalamic nuclei serving different physiologic functions 109. The
anterior region contains the preoptic area (POA), paraventricular nucleus (PVN), supraoptic
nucleus (SON), suprachiasmatic nucleus (SCN), and anterior hypothalamic nucleus. The
middle region contains arcuate, ventromedial nucleus (VMH), and dorsomedial nucleus (DM).
The posterior region is composed of mammillary nuclei and posterior hypothalamic nucleus.
It has been reported that PFOS affects the hypothalamus, the core of the HPG axis. LópezDoval et al. investigated the PFOS effects on adult male rats and showed 28 days of PFOS
exposure down-regulated gene expressions of Gnrh, Lh and Fsh in the brain

110

. Wan et al.

determined the gene expressions (Kiss1, Gpr54, and Gnrh) levels in the male CD-1 mice
hypothalamus after 21-day PFOS (1 and 5 mg/kg) exposure, and results showed no significant
difference

76

. The expressions of the gnrh, fsh, and gnrhr genes in zebrafish significantly

decreased following exposure to 220 μg/L or 200 μg/L PFOS 111. Another study on male rats
found that PFOS reduced hypothalamic luteinizing hormone receptor (LHr) protein levels in 3
and 6 mg/kg groups and follicle-stimulating hormone receptor (FSHr) protein levels in 1, 3, and
6 mg/kg groups 112. As hypothalamic circuitry is complex, several studies assessed the PFOS
14

effect on hypothalamic nuclei. A significant increase in NE levels was observed in the
paraventricular nucleus of the hypothalamus (PVN) of female rats treated with 10 mg/kg PFOS
for two weeks

89

. Furthermore, S. López-Doval et al. found NE increase in the anterior

hypothalamus and posterior hypothalamus of male SD rats after PFOS exposure 110. In addition,
it has been reported that neonatal or juvenile exposure to PFOS disturbs the kisspeptin system
in the POA and ARC of female mice 74. Similar results were found in adult female mice as
PFOS suppressed kisspeptin neurons in the AVPV and caused prolonged diestrus

106

. Many

studies on the hypothalamic effect of PFOS use female mice or rats as animal models. Few
studies have examined the effects of PFOS on the brain of male animals.
A recent study reported that PFOA affected serotonin, dopamine, norepinephrine, and
glutamate levels in the male Balb/c mice brain by metabolomic analysis 113. The toxic effects
of PFOS on the nervous system resulted in deranged spontaneous behavior, as shown in
different animal models. Johansson et al. determined locomotion, rearing, and the total activity
of 4-month-old mice fed with 21 μmol/kg PFOS at the age of 10 days 114. Results showed all
these parameters were significantly reduced in adult mice. Similar effects have also been
detected by Onishchenko et al. in C57BL/6/Bkl mice

115

. Epidemiologically, Hoffman et al.

investigated the underlying association between polyfluoroalkyl chemicals (PFCs) and
attention-deficit/hyperactivity disorder (ADHD) in American children and suggested children
with higher serum PFCs levels have increased odds of ADHD 116. Domingo et al. assessed the
effects of a month of PFOS exposure on mice’s behavior

117

. Results showed 3 mg/kg PFOS

exposure caused anxiety-like behavior in the open field test (OFT) as animals spent less time
in the central zone with a downward trend in the ratio of the distance moved in the center. In a
recent study, exposure to 200 μg/L PFOS impaired standard zebrafish sexual behaviors,
including chasing, nose-tail, and tail-touching 111. Piles of studies investigated the PFOS effects
on neurobehavior during prenatal or before adulthood, but less reported on adult exposure. In
this study, we reported finding that PFOS accumulation in the hypothalamus and the disrupted
metabolic pathway were distinguished through metabolomic analysis. Possible brain nuclei
activation was studied using c-Fos immunostaining. Besides, we also found PFOS causes
anxiety-like behavior in mice.
15

2.2

Material and Methods

2.2.1

Animals

6 week-old male CD-1 mice (Zhejiang Vital River Laboratory Animal Technology Co., Ltd)
were grouped-housed with 12:12-h light/dark cycle. The animals were fed with food pellets and
water ad libitum. All husbandry and experimental procedures in this study were approved by
the Animal Care and Use Committee of the Shenzhen Institute of Advanced Technology,
Chinese Academy of Sciences, China. The mice were randomly divided into three groups
(10~15 individuals per group). Perfluorooctanesulfonate acid (PFOS, 98% purity, Shanghai
ZZBIO Co., Ltd, China) was dissolved in dimethyl sulfoxide (D5879-1L, Sigma, USA) prior
to mixing with corn oil (C7030, Solabio, China). The mice were weighed and orally
administered 1 or 5 mg/kg PFOS in corn oil by gavage daily in the morning for 21 days. Body
weight was recorded every other day. On day 21, the mice were subjected to an open field test
(OFT). The mice were then anesthetized with an intraperitoneal injection of pentobarbital at a
dosage of 50 mg/kg. Hypothalamus was harvested for LC-MS/MS analysis and metabolomic
analysis.

2.2.2

LC-MS/MS analysis of PFOS concentrations

After the 21-day treatment, blood, epididymis, and brain tissues were subjected to PFOS
content analysis by LC-MS/MS. Briefly, tissues were mixed with internal standard (PFOS,
purity > 98%, MPFACMXA0714, Wellington Laboratories, Canada), 0.5 M TBA, and 0.25 M
sodium carbonate buffer. Then, the mixture was placed in an orbital shaker at 250 rpm for 20
min. After centrifugation at 3000 rpm for 15 minutes, the organic layer was transferred to a new
tube. All of the organic fractions were pooled after repeated extractions. Drying the pooled
solution with nitrogen gas was performed with a nitrogen evaporator (N-EVAP112,
Organomation, USA). Dried pellets were dissolved in Acetonitrile: Ammonium/Acetate (4:6).
An Agilent 1200 series liquid chromatography system (Waldbronn, Germany) equipped an
ZORBAX Eclipse Plus C8 Narrow Bore guard column (Agilent, USA), and an ZORBAX
16

Eclipse Plus C8 Narrow Bore column (Agilent, USA) was used for chromatographic separation.
For tandem mass spectrometry, Agilent 6410B triple quadrupole mass spectrometer with
Agilent Masshunter Workstation was used.

2.2.3

Immunostaining of c-Fos in the brain slices

Adult 6 week-old male CD-1 mice were first habituated to the oral garage treatment for a period
of ten days. The control and PFOS-treated groups were subjected to the same handling,
habituation, and experimental procedures.Then the animals were subjected to oral garage
treatment of PFOS (1 mg/kg or 5 mg/kg PFOS in corn oil) or corn oil alone as a control. Three
hours later, mice were transcardially perfused with 4% Paraformaldehyde fix Solution (AR1068,
BOSTER, China) while under deep anesthesia. The brain was harvested and postfixed in 4%
PFA for one day. Following cryoprotection in PBS with 30% sucrose for two days, the brains
were cut into 30 μm slices with a cryostat. Then, brain sections were incubated with primary
antibodies (rabbit anti-c-Fos; 1:500; 2250, Cell Signaling Technology, USA) for 12 hours at
4°C. Sections were incubated for 2 hours in secondary antibodies (Alexa Fluor Plus 488;
A32731, Thermo Fisher, USA), then sections were incubated for 10 min with DAPI (4',6diamidino-2-phenylindole, 0.4 µg/mL, Sigma, USA). Images were captured by VS120 Virtual
Slide Microscope (Olympus, Japan). PFOS activation was quantified by cell counting in brain
nuclei with obvious c-Fos signals.

2.2.4

Open field test (OFT) and behavioral analysis

A white polyvinyl chloride open field (50 cm x 50 cm) with a black bottom was used to measure
both the locomotion and anxiety-like behavior of the animals. The animal activity in the open
field for 15 min was recorded and then analyzed. Total distance, average speed, time in the
center, entries to the center were analyzed using anymaze (Stoelting, USA). Between mice, the
apparatuses were cleaned with an ethanol solution of 20%.
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2.2.5

Sample preparation and untargeted metabolomic analysis

At the end of the 21-day treatment, hypothalamus tissue was sectioned out from the fresh brain
using mouse Brain Matrices (RWD, Shenzhen, China) and stored at -80°C before use. Frozen
brain tissue was thawed on ice and homogenized with 120 μL of precooled 50% methanol buffer,
then the mixture was vortexed for 1 min and incubated for 10 min at 25℃. The supernatant was
transferred into 96-well plates after centrifugation at 4,000 g for 20 minutes. A TripleTOF®
5600+ System (SCIEX, USA) was used for analysis of all samples in both positive and negative
ion modes. The ultra-performance liquid chromatography (UPLC) system (SCIEX, UK) was
used for chromatographic separation. Reversed-phase separation was performed using an
ACQUITY UPLC T3 column (100 mm*2.1 mm, 1.8 μm, Waters, UK). It was introduced for
the separation of metabolites that the mobile phase consisted of solvent A (water, 0.1% formic
acid) and solvent B (Acetonitrile, 0.1% formic acid). The gradient elution conditions were as
follows with a flow rate of 0.4 mL/min: 5% solvent B for 0-0.5 min; 5-100% solvent B for 0.57 min; 100% solvent B for 7-8 min; 100-5% solvent B for 8-8.1min; and 5% solvent B for 8.110min. The column temperature was maintained at 35℃. The curtain gas pressure was set to
30 PSI, while the ion source gas1 and gas2 pressures were set to 60 pounds per square inch .
Temperature of the interface heater was 650 °C. The ion spray floating voltage was set at 5 kV
for the positive-ion mode, and -4.5 kV for the negative-ion mode. A data-independent
acquisition mode was used to acquire the MS data. When the threshold of 100 counts/s was
exceeded with a 1+ charge state, survey scans were collected every 150 ms and up to 12 product
ion scans were collected. The mass range of 60-1200 Dalton. The total cycle time was fixed at
0.56 s. Four-time bins were summed for each scan at a pulse frequency of 11 kHz by monitoring
the 40 GHz multichannel TDC detector with four‐anode/channel detection. Dynamic exclusion
was set for 4 s. The mass accuracy was calibrated every 20 samples during the entire acquisition
period. The stability of the LC-MS was also tested by analysing a quality control sample every
ten samples. Each ion was identified by the comprehensive information of retention time and
mass-to-charge ratio (M/Z). The three-dimensional matrix containing arbitrarily assigned peak
indices (retention time‐m/z pairs), sample names (observations), and ion intensity information
(variables) were matched to the in-house and public database. Annotation of metabolites was
18

conducted by matching the M/Z to those in the Encyclopedia of Genes and Genomes (KEGG)
and HMDB (Human Metabolome Database) within a 10 ppm threshold. Metabolites detected
in less than 50% of QC samples or 80% of tested samples were removed. The k‐nearest
neighbor algorithm was used for the improvement of missing peaks. The group datasets were
normalized using a probabilistic quotient normalization algorithm. QC-robust spline batch
correction was performed using QC samples. The P-value analyzed by student t‐tests was used
for the different metabolite selections. The differential metabolites were selected with Fold
change > 1.2 or < 0.5 and P-value < 0.05. MetaboAnalyst 5.0 was used for PCA and pathway
analysis 118, and MBrole2.0 was sued for enrichment analysis 119.

2.2.6

Statistical Analysis

Results were presented as the Mean ± SEM. N refers to the number of mice used in each
experiment. Statistical analyses were carried out using PRISM 8.0 (GraphPad Software Inc,
USA). One way analysis of variance (ANOVA) followed by Tukey's multiple comparisons test
or a student t-test was used and indicated in the figure legends respectively.

2.3

Results

2.3.1

PFOS treatment caused strong activation of the brain nuclei including LS, PVT
and LC

Considering the capacity of PFOS to disrupt BBB and the vital role the brain plays in
reproductive function, we want to know whether PFOS treatment causes any neuronal
activation, especially in the hypothalamus. Adult CD-1 male mice were subjected to 1 mg/kg,
5 mg/kg PFOS or corn oil oral garage treatment. After three hours of oral gavage treatment, the
brain was dehydrated and sectioned for c-Fos immunostaining. As a neuronal activity marker,
c-Fos is involved in the signal transduction cascade that relates extracellular stimuli to
intracellular events and can be used for neuronal activation detection. Our results showed that
5 mg/kg PFOS exposure significantly induced c-Fos expression in several brain regions,
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including lateral septal nucleus (LS), paraventricular thalamic nucleus (PVT), and locus
coeruleus (LC) (Fig 2.1, A-D). Quantitative analysis of c-Fos-positive signals at each brain
nuclei revealed that 5 mg/kg PFOS significantly activated neurons in the lateral septal nucleus
(LS), paraventricular thalamic nucleus (PVT), and locus coeruleus (LC) compared with the oil
control (Fig 2.1, E). In contrast, there was no significant c-Fos expression in hypothalamic
nuclei after PFOS exposure, including the medial preoptic area (mPOA), paraventricular
nucleus (PVN), dorsomedial hypothalamic nucleus (DM), and ventromedial nucleus (VMH)
(Fig 2.2, A-E).

2.3.2

PFOS was detected in the hypothalamus and altered the hypothalamic
metabolome.

LC-MS/MS analysis showed that PFOS indeed entered the hypothalamus after 21-day
treatment with a high concentration of 12,473 ng/mL PFOS from the hypothalamus of 5 mg/kg
PFOS group; 1,467 ng/mL PFOS from the hypothalamus of 1 mg/kg PFOS group; while no
detectable PFOS was found in the hypothalamus of the oil control group (Fig 2.3, A). It is noted
that some cells do not express c-Fos when they are activated. It has been reported that cerebral
metabolome was disturbed by perfluorooctanoic acid (PFOA), another member of the
perfluoroalkyl substances family

113

. Therefore, we want to know whether the hypothalamic

metabolome was altered by 1 and 5 mg/kg PFOS exposure. After 21-day PFOS exposure, the
hypothalamus was harvested and subjected to metabolomic analysis. First, the Principal
Component Analysis (PCA) analysis revealed two distinct clusters of the oil control group and
the PFOS-treated groups (Fig 2.3, B). A heatmap plotting the differential metabolites among
the three groups showed a consistent pattern (Fig 2.3, C). Among all the altered metabolites,
several metabolites related to hypothalamic neurotransmitters and neuromodulators were found,
including N-Docosahexaenoyl GABA, DL-glutamate, N-oleoyl GABA, N-palmitoyl GABA,
D-pyroglutamic acid, L-tyrosine, and tryptophan (Fig 2.3, C). KEGG analysis showed that 1
and 5 mg/kg PFOS caused similar effects (Fig 2.4, A-B). Thus, common differential metabolites
in the 1 mg/kg PFOS and 5 mg/kg PFOS group were subjected to metabolites set enrichment
analysis. Results showed PFOS altered the ATP-binding cassette (ABC) transporters,
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aminoacyl-tRNA biosynthesis, alanine, aspartate, and glutamate metabolism, phenylalanine
metabolism, phenylalanine, tyrosine and tryptophan biosynthesis, glycine, serine and threonine
metabolism and D-glutamine and D-glutamate metabolism (Fig 2.4, C; Table 2.1). Our results
showed that PFOS could enter the hypothalamus and disturb hypothalamic metabolome,
including those related to the hypothalamic neurotransmitters (glutamate and GABA) and
neuromodulators (serotonin and dopamine).

2.3.3

PFOS treatment at 1 mg/kg and 5 mg/kg caused anxiety-liked behavior.

At the end of 21-day PFOS treatment, animals were subjected to an open field behavioral test
(Fig 2.5, A-B). Our results showed that the locomotion of the mice was not significantly
affected by the PFOS treatment as no significant change was found in the total distance and
average speed in the apparatus (Fig 2.5, C-D). PFOS at 1mg/kg and 5mg/kg both induced
anxiety-like behavior with significant reductions in the time spent in the center and a decreased
tendency to enter the center (Fig 2.5, E-F). All three nuclei were previously demonstrated to be
involved in anxiety circuitry, which might partly explain the anxiety-like behaviors in animals.
120-123

. Herein, we reported that PFOS treatment also causes anxiety-like behavior in male adult

animals.

2.4

Discussion

The neurotoxic effects of 1 mg/kg and 5 mg/kg PFOS exposure were studied using c-Fos
immunostaining, metabolomic analysis and behavioral analysis. Results showed 5 mg/kg PFOS
caused anxiety-like behavior in the mice, and activated neurons within the lateral septum (LS),
paraventricular nucleus of the thalamus (PVT), and locus coeruleus (LC). A high concentration
of PFOS was detected in the hypothalamus. Disrupted hypothalamic metabolome was revealed
using metabolomic analysis.
Adverse effects of PFOS on locomotion have been reported

114,124

. In this study, the total

distance in both the 1 and 5 mg/kg groups was less than that in the control group. Interestingly,
our results showed PFOS increased the anxiety-like behaviors of the mice, with decreased time
in the center and entries to the center. In line with behavior test results, c-Fos immunostaining
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revealed strong neuronal activation in three nuclei, LS, PVT, and LC. It has been reported that
these three nuclei are involved in anxiety circuitry 120-123.
It has been reported that PFOS can enter the brain and cause adverse effects, but the underlying
mechanism and its nuclei targets remain unclear. The neurotoxicity studies about mammalian
PFOS exposure were limited 23,125. Most of the neurotoxicity studies about PFOS use C. elegans
or Planaria 93,126, zebrafish 115, or cell lines 127-130. LC-MS/MS analysis proved PFOS existence
in the brain with a high concentration of 12,473 ± 2,906 ng/g in the 5 mg/kg group. However,
no strong c-Fos activation in the hypothalamic nuclei was found after acute PFOS treatment.
Next, the metabolomic analysis of the hypothalamic tissue was carried out. Metabolites set
enrichment analysis revealed PFOS disrupted aminoacyl-tRNA biosynthesis, ATP-binding
cassette (ABC) transporters, glycine, serine and threonine metabolism, and pathways related to
neurotransmitters or neuromodulators, including Alanine, aspartate and glutamate metabolism,
D-glutamine and D-glutamate metabolism and phenylalanine, tyrosine, and tryptophan
biosynthesis. It has been reported that PFOA altered BALBc cerebral metabolomics

131

.

Interestingly, PFOA exposure caused altered metabolic pathways including glutathione,
glycerophospholipid, arginine, proline, tyrosine, histidine, tryptophan, alanine, aspartate,
glutamate and D-glutamine and D-glutamate. Our data suggested that PFOS altered the
hypothalamic amino acid metabolism (i.e., arginine, histidine, D-glutamine, D-glutamate,
alanine, aspartate, glutamate and phenylalanine, tyrosine, and tryptophan). As a result, it is
indicated that cerebral amino acid metabolism and biosynthesis are the targets of PFOA and
PFOS. Aminoacyl-tRNA synthetases (AaRSs) are ancient ubiquitously expressed
housekeeping enzymes including in the brain that ensure faithful translation of genetic
information into functional proteins 132. Altered aminoacyl-tRNA biosynthesis pathway in the
brain has been reported after ethanol ingestion 133, methylmercury exposure 134 and rabies virus
infection

135

. Associations between faults in AaRS-mediated processes and human diseases

have been recognized including the pathology of the human nervous system like epilepsy,
developmental delay, and cerebellar atrophy

132

. The aminoacyl-tRNA biosynthesis pathway

implies possible brain functional disturbance by PFOS exposure including the elevated anxietylike behavior and decreased male fecundity we already observed. It is not surprising to find that
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PFOS exposure alters the ABC transporters pathway. The ATP-binding cassette (ABC) gene
family is highly expressed in the brain endothelial cells and plays an important role in brain
homeostasis by protecting the brain from potentially harmful endogenous and exogenous
substances

136,137

. Functionally, ABC transporter acts as efflux pumps and prevents harmful

compounds from crossing the tight junction, dysfunction of which have been implicated in
neurodegenerative diseases, including Alzheimer’s disease
epilepsy

140

138

, Parkinson’s disease

139

, and

. Disturbed amino acids glycine, serine and threonine metabolism pathway was

previously reported to be related to brain diseases including major depression
deficit hyperactivity disorder (ADHD) and anxiety

142

141

, attention

. Disturbed pathways related to

neurotransmitters or neuromodulators suggest that PFOS exposure might interfere with the
local hypothalamic neural activity and its signals.

2.5

Summary

In this study, we found that PFOS crossed the blood-brain barrier, disrupted mice’s
hypothalamic metabolic profiles, and caused anxiety-like behavior. LC-MS/MS analysis
showed the presence of PFOS in the hypothalamus. Immunostaining of c-Fos showed anxietyrelated nuclei were activated, including LS, PVT, and LC. Open field test suggested PFOS
caused anxiety-like behavior in mice with no significant impact on locomotion. Metabolomic
analysis revealed the altered pathway for aminoacyl-tRNA biosynthesis, ABC transporters,
neurotransmitters or neuromodulators. The disruption of metabolic pathways in the brain may
cause damage to the blood-brain barrier, increase the incidence of neurodegenerative disorders,
and interfere with the hypothalamic regulation mechanism.
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Fig 2.1 PFOS treatment caused strong activation of brain nuclei LS, PVT and LC.
(A1, B1, C1) The oil control group showed no significant c-Fos activation in the brain. (A2,
B2, C2); PFOS exposure at the dose of 1 mg/kg resulted in activation of the cells in the LS,
PVT, and LC. (A3, B3, C3); PFOS exposure at the dose of 5 mg/kg caused strong activation of
the cells in the LS, PVT, and LC, with enlarged pictures at the right in A3', B3', C3'
demonstrating the c-Fos positive staining; green, c-Fos immunostaining, blue, DAPI; scale bars
= 200 µm; arrows, c-Fos positive staining; LS, lateral septal nucleus; PVT, paraventricular
thalamic nucleus; LC, locus coeruleus. (D-E) Quantification of c-Fos-positive cells showed 5
mg/kg PFOS treatment caused a significant increase of neuron activation in the LS, PVT, and
LC compared with oil control; data were presented as mean ± SEM, n = 3 for each group;
different letters above the bar charts were significantly different according to the results of oneway ANOVA with Tukey’s test (P<0.05).
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Fig 2.2 PFOS treatment caused no significant activation of the hypothalamus.
(A-D) PFOS treatment at 1 mg/kg and 5 mg/kg caused no significant activation of neurons in
the hypothalamic nuclei, including mPOA, PVN, DM, and VMH. Green, c-Fos immunostaining,
blue, DAPI; scale bars = 200 µm; mPOA, medial preoptic area; PVN, paraventricular nucleus;
DM, dorsomedial hypothalamic nucleus; VMH, ventromedial nucleus. (E) Quantification of cFos-positive cells showed PFOS treatment caused no significant increase of neuron activation
in the MPOA, PVN, DM, and VMH compared with oil control; data were presented as mean ±
SEM, n = 3 for each group; different letters above the bar charts were significantly different
according to the results of one-way ANOVA with Tukey’s test (<0.05).

25

Fig 2.3 PFOS treatment altered the hypothalamic metabolome.
(A) PFOS was detected in the hypothalamus at the end of 21-day treatment; data were presented
as mean ± SEM, n = 3 per group; different letters above the bar charts were significantly
different according to the results of one-way ANOVA with Tukey’s test (P<0.05). (B) Principal
Component Analysis of the metabolites detected in three groups. (C) Heatmap of differential
metabolites among three groups. n = 3 for the control group; n = 3 for the 1 mg/kg group; n =
4 for the 5 mg/kg group.
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Fig 2.4 KEGG analysis revealed key pathways affected in the hypothalamus by PFOS
treatment.
(A-B) Altered metabolites pathways by 1 mg/kg PFOS or 5 mg/kg PFOS compared with control.
(C) KEGG enrichment analysis based on common altered metabolites caused by 1 mg/kg PFOS
and 5 mg/kg PFOS treatment; n = 3 for control group; n = 3 for 1 mg/kg group; n = 4 for 5
mg/kg group.
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Fig 2.5 PFOS treatment caused anxiety-like behavior.
(A) The Open-field test paradigm was used to assess the animal's anxiety-like behavior. (B)
The representative track plot of the tested mice from the control and PFOS treated groups. (CD) The locomotion of the mice was not significantly affected by the PFOS treatment as reflected
by the total distance and average speed in the open-field. (E-F) PFOS at 1mg/kg and 5mg/kg
both caused anxiety-like behavior in the mice for a significant decrease in the time in center
and a trend in entries to center parameters; data were presented as mean ± SEM, n = 9 per group;
different letters above the bar charts were significantly different according to the results of oneway ANOVA with Tukey’s test (P<0.05).
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Table 2.1 PFOS altered hypothalamic metabolic pathways.

29

Chapter 3 PFOS affects sperm quality by reducing
epididymal sperm motility
3.1

Introduction

Perfluorooctanesulfonic acid (PFOS) is a fully fluorinated chemical and is highly persistent in
the environment. Since 1949, PFOS has been used in paper coating, stain- and water-repellent
fabrics, wetting agents, nonstick coating of cookware, and aqueous film-forming foam (AFFF)
7

. The high stability of PFOS makes it difficult to degrade naturally, and extensive consumption

contributes to its widespread distribution in the environment. The residual PFOS in the ocean
is estimated to be approximately 1,000 tons

143

. Liu et al. systematically analyzed the PFOS

emission in mainland China and estimated that approximately 85% of PFOS comes from
industrial wastewater discharge, the rest comes from landfill leachate and AFFF application 144.
Zhou et al. conducted an assessment of PFAS exposure in fishery employees in the capital of
Hubei

19

. The results showed abnormally high levels of PFOS in piscatory serum (9,260 -

31,400 ng/ml) compared to background individuals.
Animal studies have shown PFOS causes hepatotoxicity, neurotoxicity, reproductive toxicity,
and immunotoxicity in mice, rats, zebrafish or cell lines 145. PFOS can act as hormonally active
agents to interfere with androgen or estrogen synthesis, secretion, transport, binding 145. It was
reported that exposure to PFOS decreased testes weight and reduced total sperm count due to
apoptosis of germ cells

77

. Previous works have reported that PFOS disrupted cytoskeleton

signaling, cell-cell junction of Sertoli cells, and perturbed the blood-testis barrier (BTB) 79-81.
The direct effects of PFOS on Leydig cells were revealed through a CREB/CRTC2/StAR
signaling pathway

146

. These results suggested that PFOS can interrupt spermatogenesis and

steroidogenesis. Toft et al. reported negative associations between PFOS exposure and sperm
morphology 147. Song et al. reported negative correlations between sperm progressive motility
and semen PFASs levels in south China 148. Nevertheless, Raymef et al. indicated no significant
association among sperm concentration, sperm motility, and PFOS levels in serum

149

. It is

noted that reproductive functions are under the control of the hypothalamic-pituitary-gonadal
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(HPG) axis. Most of the studies so far have focused on the effects of PFOS on the testis or
ovary. However, there are less data about the effects of PFOS on the HPG axis. In chapter two,
we found that PFOS altered several metabolites levels related to glutamine, glutamine, tyrosine,
and tryptophan, all of which are involved in the regulation of pulsatile GnRH secretion.
Therefore, we further investigated the testicular function after 21-day PFOS oral gavage
treatment through sperm quality analysis, serum reproductive hormone levels determination,
and testicular transcriptome analysis. Results showed that PFOS exposure altered serum LH
levels and the testicular transcriptome, which caused impaired sperm quality.

3.2

Material and Methods

3.2.1

Animals

6 week-old male CD-1 mice (Zhejiang Vital River Laboratory Animal Technology Co., Ltd)
were gouped-housed with 12:12-h light/dark cycle. The animals were fed with food pellets and
water ad libitum. All husbandry and experimental procedures in this study were approved by
the Animal Care and Use Committee of the Shenzhen Institute of Advanced Technology,
Chinese Academy of Sciences, China. The mice were randomly divided into three groups
(10~15 individuals per group). Perfluorooctanesulfonate acid (PFOS, 98% purity, Shanghai
ZZBIO Co., Ltd, China) was dissolved in dimethyl sulfoxide (D5879-1L, Sigma, USA) prior
to mixing with corn oil (C7030, Solabio, China). The mice were weighed and orally
administered 1 or 5 mg/kg PFOS in corn oil by gavage daily in the morning for 21 days. Body
weight was recorded every other day. On day 21, the animals were anesthetized with
pentobarbital 50mg/kg intraperitoneally. Caudal epididymis was used for sperm activity
examination. After collecting blood through cardiocentesis and centrifuging it at 3000 x g,
serum was collected and stored at -80°C for further analysis.

3.2.2

LC-MS/MS analysis of PFOS concentrations

After the 21-day treatment, blood, epididymis, and brain tissues were subjected to PFOS
content analysis by LC-MS/MS. Briefly, tissues were mixed with internal standard (PFOS,
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purity > 98%, MPFACMXA0714, Wellington Laboratories, Canada), 0.5 M TBA, and 0.25 M
sodium carbonate buffer. Then, the mixture was placed in an orbital shaker at 250 rpm for 20
min. After centrifugation at 3000 rpm for 15 minutes, the organic layer was transferred to a new
tube. All of the organic fractions were pooled after repeated extractions. Drying the pooled
solution with nitrogen gas was performed with a nitrogen evaporator (N-EVAP112,
Organomation, USA). Dried pellets were dissolved in Acetonitrile: Ammonium/Acetate (4:6).
An Agilent 1200 series liquid chromatography system (Waldbronn, Germany) equipped an
ZORBAX Eclipse Plus C8 Narrow Bore guard column (Agilent, USA), and an ZORBAX
Eclipse Plus C8 Narrow Bore column (Agilent, USA) was used for chromatographic separation.
For tandem mass spectrometry, an Agilent 6410B triple quadrupole mass spectrometer with
Agilent Masshunter Workstation was used.

3.2.3

Sperm motility analysis

Sperm were collected from the caudal epididymis and suspended in HTF medium (M1130,
Nanjing Aibei Biotechnology, China) for 10 min before being loaded and subjected to the
computer-assisted sperm analysis (Beijing Suiplus, China). The CASA system includes a Nikon
E200 microscope equipped with a Basler scout780-54fc area scan camera at 36 frames per
second. Sperm count, motile sperm percentage, Curvilinear velocity (VCL), Straight-line
velocity (VSL), Average path velocity (VAP) were analyzed to characterize sperm motility.

3.2.4

Reproductive hormone Analysis

At the end of the 21-day treatment, serum was used for testosterone, luteinizing hormone (LH),
and follicle-stimulating hormone (FSH) levels determination using ELISA kits (testosterone,
EM1850; FineTest, Wuhan, China. Range of 0.313-20 ng/ml; Sensitivity of 0.188 ng/ml; IntraAssay CV<8%; Inter-Assay CV<10%; FSH, EM1035; FineTest, Wuhan, China. Range of
2.344-150 mIU/ml; Sensitivity of 1.406mIU/ml; Intra-Assay CV<8%; Inter-Assay CV<10%;
LH, EM1188, FineTest, Wuhan, China. Range of 0.369-30 ng/ml; Sensitivity of 1.406mIU/ml;
Intra-Assay CV<8%; Inter-Assay CV<10%). The assays were carried out following the
manufacturer's protocols.
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3.2.5

Sample preparation and RNA-seq analysis

At the end of the 21-day treatment, testes tissue was collected and stored at -80°C. Total RNA
was extracted using Trizol reagent (15596018, Thermo Fisher, USA) following the
manufacturer's procedure. After extraction, Dynabeads Oligo (dT) (Thermo Fisher, USA) was
used for mRNA purification from total RNA (5μg). Following purification, , the mRNA was
fragmented using divalent cations under 94°C for 5-7 minutes. SuperScript™ II Reverse
Transcriptase (1896649, Invitrogen, USA) was used for cDNA reverse transcription, then E.
coli DNA polymerase I (M0209, NEB, USA), RNase H (M0297, NEB, USA), and dUTP
Solution (R0133, Thermo Fisher, USA) were used for U-labeled second-stranded DNA
synthesis. A-base was then added to the blunt ends of each strand, preparing them for ligation
to the indexed adapters. Each adapter contained a T-base overhang for ligating the adapter to
the A-tailed fragmented DNA. Dual-index adapters were ligated to the fragments, and size
selection was performed with AMPure XP beads. After the heat-labile UDG enzyme (M0280,
NEB, USA) treatment of the U-labeled second-stranded DNAs, the ligated products were
amplified with PCR. The average insert size for the final cDNA libraries was 300 ± 50 bp. The
2 × 150 bp paired-end sequencing on an Illumina Novaseq™ 6000 (LC-Bio Technology, China).
The differentially expressed genes (DEGs) were selected with |log 2 fold change| ≥ 0.3 and q
value < 0.05 using DESeq2. Then, DEGs were subjected to Gene Ontology (GO) enrichment
analysis.

3.2.6

Quantitative real-time PCR (qPCR) analysis

Testes tissues were homogenized in 1 mL Trizol (15596026, Thermo Fisher, USA) and placed
at Room temperature for 5 min. Add 200 μL chloroform (AR500ML, SRC, China) and vortex
for 10 sec. The mixture stands for 5 min at room temperature. Then, centrifuge at 12,000 rpm
for 15 min at 4°C. The upper clean phase is transferred to a fresh 1 mL tube with the same
volume of isopropanol (AR500ML, Dongjiang, China), and vortex for 10 sec. The mixture
stands for 10 min at room temperature. Then, centrifuge at 12,000 rpm for 15 min at 4°C.
Remove all supernatant. Precipitate RNA pellet in 1 mL 75% ethanol. Then centrifuge at 7,500
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rpm for 10 min at 4°C. Retain the RNA pellet and remove all supernatant. Let stand for 20 min
at Room temperature and then add 50 μL Rnase-free ddH2O. 1 μg purified RNA is used for
reverse transcription PCR using ReverTra AceTM qPCR RT Kit (FSQ-101, TOYOBO, Japan)
according to the manufacturer’s protocol. The reactions were incubated at 37°C for 15 min,
followed by 98°C for 5 min. After reactions, place the sample on ice for 10 min. Then dilute
cDNA with 200 μL ddH2O. Quantitative real-time PCR (qPCR) is conducted using the SYBR
Green Master Mix (TOYOBO QPK-201, China). Reaction included 4.6 μL cDNA, 0.2 μL of
each primer (10 μM), and 5 ul SYBR Green Master mix. The reactions were incubated in the
96-well PCR plates (HSR9905, BIO-RAD, USA) at 95°C for 10 min, followed by 40 cycles at
95°C for 15 sec and 60°C for 1 min. Reactions were run in triplicate. The relative fold gene
expression of samples is calculated with the 2–∆∆Ct method

Table 3.1 List of qPCR primers
Gene

forward primer sequence

reverse primer sequence

Gapdh

AGGTCGGTGTGAACGGATTTG

TGTAGACCATGTAGTTGAGGTCA

Dnaic2

CATCGACATCTTACCCAACCC

CTCGTGTTCCGACATACTGGC

Rimbp3

TCATTCTCCAAACGACCTGCT

GGCCCTTACCTCGGATTCA

Nup210l

CAACAAACTCAATGTGCCTCAAG

TGGAATGCCAGATGTAGCAGC

Dync1h1

GGGATGAGTATGCCACGCTG

TGTCCTTGAGCCCCTCTGAG

Dnahc10

CTCACCAACCCTATGCTATTCG

GCACCAGTATGCGGTAGAAGA

Lhr

CGCCCGACTATCTCTCACCTA

GACAGATTGAGGAGGTTGTCAAA

3.2.7

Statistical analysis

Results were presented as the Mean ± SEM. N refers to the number of mice used in each
experiment. Statistical analyses were carried out using PRISM 8.0 (GraphPad Software Inc,
USA). One way analysis of variance (ANOVA) followed by Tukey's multiple comparisons test
or a student t-test was used and indicated in the figure legends respectively.
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3.3

Results

3.3.1

PFOS was detected in the circulation and epididymis

In this study, adult CD-1 male mice were subjected to 1 mg/kg, 5 mg/kg PFOS or corn oil oral
gavage treatment daily for 21 days (workflow in Fig 3.1, A). The body weight of each mouse
was recorded every other day. No mice died during the study. At the end of the treatment, serum
and epididymides were used for PFOS levels determination. The three groups did not differ
significantly in regards to bodyweight change following PFOS treatment (Fig 3.1, B). The
PFOS concentrations in serum of the control group, the 1 mg/kg group, and the 5 mg/kg group
were 12.42 ± 0.7037 ng/mL, 27,566 ± 1,657 ng/mL, and 248,921 ± 31,607 ng/mL, respectively
(Fig 3.1, C). High PFOS levels were detected in the epididymis in the 1 and 5 mg/kg groups
with 1,600 ± 361.2 ng/g and 7,423 ± 2,110 ng/g, respectively.

3.3.2

PFOS treatment at 1 mg/kg and 5 mg/kg both resulted in reduced sperm
motility.

At the end of the 21-day PFOS treatment, we determined the effects of PFOS on testicular
functions. First, we determined the serum reproductive hormone levels using ELISA kits.
Results showed both 1 and 5 mg/kg PFOS exposure led to a downward trend in testosterone
levels though not significant, which was in agreement with the previous study (Fig 3.2 A,a) 76.
5 mg/kg PFOS exposure significantly reduced serum LH levels (Fig 3.2 A,b), while no
significant difference was found in FSH levels (Fig 3.2 A,c). Then computer-assisted sperm
analysis (CASA) was used for epididymal sperm quality qualification among the three groups.
No significant difference was found in total sperm counting or the percentage of motile sperm
among the three groups (Fig 3.2 B,a-b). Both 1 and 5 mg/kg PFOS treatment resulted in a
significant decrease in Curvilinear Velocity (229.8 ± 7.139 μm/s in control group, 183.5 ± 15.92
μm/s in 1 mg/kg group, and 178 ± 5.903 μm/s in 5 mg/kg group) (Fig 3.2 B, c) and Average
Path Velocity (108.6 ± 3.521 μm/s in control group, 90.97 ± 6.79 μm/s in 1 mg/kg group and
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87.84 ± 2.912 μm/s in 5 mg/kg group) (Fig 2.2 B,d). As for Straight-line Velocity, 5 m/kg PFOS
exposure led to a significant decrease (82.03 ± 5.293 μm/s in control group, 60.4 ± 3.891 μm/s
in 5 mg/kg group) (Fig 3.2 B,e). There was a downward trend for the Straight-line Velocity
(VSL) in 1 mg/kg group (64.72 ± 8.321 um/s in 1 mg/kg group, p = 0.129) (Fig 2.2 B,e). In
summary, our results are consistent with our previous report that PFOS exposure decreased
reproductive hormone (testosterone and LH levels) and reduced sperm motility.

3.3.3

PFOS treatment alter testicular transcriptome related to spermatogenesis and
steroidogenesis.

Testicular transcriptome analysis between the control group and the 5 mg/kg PFOS treatment
group revealed a total of 217 differentially expressed genes (DEGs), including 118 up-regulated
and 99 down-regulated genes (Fig 3.3 A). These DEGs were then subjected to Gene Ontology
(GO) enrichment analysis (Fig 3.3 B; Table 3.2). According to the Go enrichment analysis,
PFOS caused alteration of motor activity, microtubule motor activity, microtubule-based
movement, cytoskeleton, cilium movement, and spermatid development, which could account
for the reduced sperm motility we observed (Fig 3.3 C). PFOS treatment also altered cholesterol
biosynthetic and metabolic process, steroid metabolic process, and steroid biosynthetic process
(Fig 3.3 C). For example, altered genes involved in spermatogenesis included Dync1h1, Rimbp3,
Dnaic2, Dnah10, and Nup210l, all of which were down-regulated (Fig 3.4). The decreased gene
expression was validated by quantitative real-time PCR (qPCR) (Fig 3.5). The decreased gene
expression of the luteinizing hormone receptor (Lhr) after PFOS treatment, together with the
decreased circulating LH levels (Fig 3.2 A,b), suggested PFOS disturbed the HPG axis and
impaired sperm quality.

3.4

Discussion

The adverse impact of PFOS on reproductive function has been investigated. Epidemiologically,
sperm progressive motility was negatively correlated to serum concentrations of PFOS (p
= 0.019) 148. The results of an investigation of the effects of PFOS exposure on sperm quality
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in the Arctic and European populations indicated that PFOS affected endocrine activity or
sperm membrane function 147. It has been reported that prenatal or developmental exposure to
PFOS impaired male reproductive function. Khezri et al. investigated the effects of maternal
exposure to POPs mixtures on the reproductive function of male offspring and found that the
POP-exposed animals suffered a decrease in sperm chromatin integrity and sperm production
150

. Lai et al. examined the effects of in utero PFOS exposure on offspring testicular function

and found that the male offspring exhibited decreased serum testosterone and lower epididymal
sperm counts

82

. Lessard et al. investigated the adverse effects of prenatal POPs mixture

exposure on multiple generations of males from F1 to F4 and suggested POPs mixture
significantly reduced sperm viability in F1, F2, and F3 generations with no significant effect on
sperm motility parameters (VCL, VSL, and VAP) 151. In our study, adult PFOS exposure caused
epididymal sperm motility reduction with no significant impact on total sperm counts or sperm
viability. The mechanism of reproductive toxicity of a mixture of POPs may not work in the
same way as a single pollutant. Different exposure periods (prenatal phase, postnatal phase,
adolescence, and adulthood) might result in different outcomes.
Previous studies have reported the effects of PFOS on Sertoli cells F-actin and microtubule
organization 152. An in vitro study showed rats Sertoli cells exhibited mislocalization of actinrelated protein 3 and actin-bundling protein palladin, which caused actin microfilaments
disruption and resulted in Sertoli cells injury after PFOS treatment 153. Besides, PFOS treatment
also caused the fragmentation of tight junction protein ZO-1 and disorganized distribution of
basal ectoplasmic specification proteins N-cadherin and β-catenin in rat Sertoli cells 154. These
results implied PFOS perturbs the cytoskeleton of Sertoli cells by disorganizing microtubules
and actin filaments of the cytoskeleton. As for spermatozoa, the precession relies on the
wobbling flagellum or tail called axoneme (‘9+2’ structure, two central microtubules and nine
outer doublet microtubules). Transcriptome results showed that the axoneme-related genes
Dnaic2 and Dnah10 were down-regulated. GO enrichment showed that PFOS altered biological
processes related to spermatid development. At the midpiece of sperm, there are large amounts
of specialized mitochondria responsible for ATP generation. As a result, PFOS might disrupt
sperm axoneme structure and reduce sperm precession ability. For example, transcriptome
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results showed that PFOS down-regulated the myosin light chain kinase (Mylk) gene expression
in rats Sertoli cells 154. MYLK is a calmodulin (calm)-binding protein. Inhibition of MYLK by
1-(5-chloronaphthalene-1-sulfonyl)-1H-hexahydro-1,4-diazepine hydrochloride (ML-9) can
reduce fowl spermatozoa motility 155.
Transcriptome analysis revealed that PFOS disrupted the structures of the axoneme and the
manchette. Microtubule-based structure manchette only occurs during the spermatid elongation
and surrounds the head of the spermatid and is responsible for sperm head shaping and
development of the sperm neck and tail. Dysfunction of the manchette caused sperm
morphological disorder 154. Cytoplasmic dynein 1 heavy chain 1 (DYNC1H1) was encoded by
Dync1h1 belonging to the cytoplasmic dynein 1 complex

156

. It was found that dynac1h1

knockdown rats failed to support spermatogenesis and spermiation due to disruption of the
Sertoli cells microtubule organization

157

. Developing zebrafish exposed to 20 mg/L PFOS

exhibited decreased Dync1h1 mRNA levels and DYNC1H1 protein levels in the cilia organelle
158

. Rimbp3 knockout mice exhibited infertility as their sperm showed abnormal heads,

deformed nuclei, and uncoupled acrosomes

159

. Nucleoporin 210 like (NUP210L) protein

encoded by Nup210l exclusively in the testis. Epidemiologically, Patients with homozygous
loss of function of NUP210L suffered from decreased sperm count, reduced motility, and
increased abnormal spermatozoa 160.
It is known that PFOS disordered lipid homeostasis and caused hypocholesterolemia 155,161,162.
In this study, transcriptome results suggested that PFSO disturbed long chain fatty acids
biosynthesis. A survey conducted by Reiko Kishi and his colleagues showed a negative
association between PFOS and maternal levels of triglycerides (TG) and several fatty acids
including palmitic, palmitoleic, oleic, linoleic, α-linolenic, and arachidonic acids
males, lipid homeostasis plays an important role in male reproductive function

163

. As for

164

. First,

cholesterol is the precursor for steroids. Besides, there are abundant polyunsaturated fatty acids
(PUFAs) on the sperm membrane, which are important for sperm viability and mobility

165

.

PUFAs promote sperm membrane flexibility and fluidity 166,167. For example, Docosahexaenoic
Acid (DHA) is an n-3 polyunsaturated fatty acid and is supposed to improve sperm quality 168.
The sperm samples from asthenozoospermia patients who produce plenty of sperm with low
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motility sperm showed lower PUFAs than normozoospermic sperm samples 169. Martínez-Soto
et al. found that DHA and other PUFAs contributed to sperm viability and motility parameters
before and after the cryopreservation procedure

170

. It has been reported that prenatal PFOS

exposure alters the mouse testis lipidome 82. PFOS exposed mice exhibited a decreased level of
DHA in the testis. There was less report concerning the effects of adulthood PFOS exposure on
PUFAs levels. The disrupted fatty acid synthesis and metabolism caused by PFOS may alter
spermatozoa lipid composition and impair sperm quality.

3.5

Summary

In this chapter, we reported that 21-day PFOS treatment disrupted the synthesis of luteinizing
hormone, which has detrimental effects on testicular function. CASA results showed PFOS
reduced caudal epididymal sperm motility with no significant difference in total sperm count.
Transcriptome analysis showed that PFOS exposure altered the processes related to
steroidogenesis, spermatogenesis, fatty acid synthesis, and lipid metabolism.
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Fig 3.1 PFOS at 1mg/kg and 5mg/kg caused no body weight difference after 21-day
treatment.
(A) Animal drug treatment and data analysis workflow. (B) No significant difference in the
body weight change was observed in the PFOS treated groups compared with the control group;
data were presented as mean ± SEM; n = 10 for the control group; n=15 for the 1 mg/kg PFOS
group; n = 15 for the 5 mg/kg PFOS group. (C) PFOS detected in serum at the end of exposure;
data were presented as mean mean ± SEM, n = 3 per group; different letters above the bar charts
were significantly different according to the results of one-way ANOVA with Tukey’s test
(P<0.05). (D) PFOS detected in epididymis at the end of exposure; data were presented as mean
± SEM, n = 3 per group; different letters above the bar charts were significantly different
according to the results of one-way ANOVA with Tukey’s test (P<0.05).
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Fig 3.2 PFOS treatment reduced sperm motility and altered LH concentration.
(A) Serum testosterone (T), luteinizing hormone (LH), and follicle-stimulating hormone (FSH)
were determined; a. serum testosterone; b. serum luteinizing hormone; c. serum folliclestimulating hormone; data were presented as mean ± SEM, n = 4 for each group. *P<0.05, ns,
not siginficant, One-way ANOVA with Tukey’s test. (B) Computer-assisted sperm analysis
(CASA) used to analyze epididymal sperm activity; a. total sperm count; b. percentage of motile
sperm; c. VCL, curvilinear velocity; d. VSL, straight-line velocity; e. VAP, average path
velocity; data were presented as mean ± SEM, n = 7 for the control group, n = 6 for the 1 mg/kg
PFOS group, n = 7 for the 5 mg/kg PFOS group; different letters above the bar charts were
significantly different according to the results of one-way ANOVA with Tukey’s test (p<0.05).
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Fig 3.3 PFOS at 5 mg/kg altered the testicular transcriptome after 21-day treatment.
(A) Volcano plot of genes altered by 5 mg/kg PFOS in the testis. Y-axis is -log10 (q-value), xaxis is log2 fold change ratio. Red dots denote significantly up-regulated genes (118), and blue
dots denote significantly down-regulated genes (99). (B) Gene Ontology (GO) enrichment plot.
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Table 3.2 Gene ontology (GO) enrichment analysis.
Terms
Motor activity

Genes
Dynlt1f, Dnah10, Kif23, Myo18a, Cenpe, Dync1h1, Myo5a,
Dnaic2, Myo1c

Manchette

Dync1h1, Rimbp3

Axoneme

Spef1, Cfap44, Dnaic2, Dnah10

Steroid biosynthetic process

Tm7sf2, Hsd3b1, Mvd, Msmo1

Long-chain fatty acid biosynthetic process

Myo5a, Fads1

Cholesterol metabolic process

Tm7sf2, Apoa4, Mvd, Msmo1

Regulation of steroid hormone biosynthetic process

Lhr

43

Fig 3.4 RNA-seq Fragments Per Kilobase of transcript per Million mapped reads
(FPKM) values in the testes.
FPKM results of Lhr, Fshr, Dync1h1, Rimbp3, Cfap44, Dnaic2, Dnah10 and Nup210l. n=3 for
each group. *P<0.05, **P<0.01, ***P<0.001, unpaired student’s t test.
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Fig 3.5 Validation of transcriptome results by quantitative real-time PCR (qPCR).
The expression of Dnaic2, Nup210l, Dync1h1, Rimbp3, Cfap43, Lhr and Dnahc10 was
measured using qPCR in testes treated with 5 mg/kg PFOS in comparison with the control
group. n = 3 for each group.*P<0.05, **P<0.01, unpaired student’s t-test.
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