
 

Abstract 

Thibodeaux, Julie Rene.  Perfluorooctane Sulfonate-Induced Thyroid Hormone Disruption in 
the Rat. (Under the guidance of Dr. Jill Barnes and Dr. Christopher Lau) 
 

Perfluorooctane sulfonate (PFOS) is a perfluoroalkyl acid that has unique surfactant 

properties and is used widely in industrial and household products.  Furthermore, PFOS is an 

environmentally persistent compound, and its presence has been detected in both humans and 

wildlife.  The maternal and developmental toxicities of PFOS were evaluated in Sprague-

Dawley rats given 1, 2, 3, 5, or 10 mg/kg PFOS daily from gestational day (GD) 2 to GD 20.  

Controls received 0.5% Tween 20 vehicle (1 ml/kg).  Serum thyroxine (T4) and 

triiodothyronine (T3) in the PFOS-treated dams were significantly reduced as early as one 

week after chemical exposure, although no feedback response of thyroid stimulating 

hormone (TSH) was observed. The effects of sub-chronic exposure to PFOS (3 mg/kg/day 

for eight days) on thyroid hormone economy are further characterized in adult male rats, and 

the thyrotoxic effects of PFOS are compared to propylthiouracil (PTU), a classic goitrogen.  

This work substantiates the endocrine disrupting effects of PFOS, but fails to provide 

evidence for its physiological consequences in comparison to PTU based on two biomarkers 

of hypothyroidism:  myocardial β-adrenergic receptor density and hepatic malic enzyme 

activity.  Furthermore, in vitro static incubation of the pituitary is used to investigate the 

observed lack of response of the hypothalamic-pituitary-thyroid axis.  PFOS does not 

significantly alter thyrotropin releasing hormone (TRH) induced secretion of TSH from the 

pituitary.  Therefore, it is not likely that PFOS-induced changes in circulating thyroid 

hormones are due to a disruption at the level of the pituitary.
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Introduction 

 

 Tightly regulated thyroid hormone economy is essential for the control of many 

mammalian metabolic and developmental processes.  Endocrine disruptors, a chemically 

diverse class of substances derived from both natural and industrial sources, have been 

shown to disrupt the thyroid axis and consequently interfere with metabolism and 

development (Schmutzler et al., 2004).   Perfluorooctane sulfonate (PFOS) is an 

environmentally stable perfluorinated organic chemical that has been used in a wide variety 

of industrial and consumer applications.  Its widespread use has led to the documentation of 

its presence in both human and wildlife populations worldwide (Giesy and Kannan, 2001; 

Hansen et al., 2001; Kannan et al., 2001a, b; 2002a, b, c; Olsen et al., 2001a, b, c).  

Furthermore, preliminary toxicology studies of PFOS have indicated the disruption of thyroid 

endocrinology (Seacat et al., 2002).  The purpose of this work is to characterize the effects of 

PFOS on thyroid hormone economy and to determine the mechanism by which this 

disruption occurs using the rat as a model to assess potential risks to other mammalian 

species.  This work begins with a review of current literature covering the known chemical 

properties and toxicology of PFOS as well as thyroid hormone action and regulation. 

 

Perfluorooctane Sulfonate 

Organic fluorochemicals are compounds in which one or more carbon-hydrogen (C-

H) bonds are replaced by carbon-fluorine (C-F) bonds.  These C-F bonds are one of the 

strongest in nature and contribute to the unique stability of fluorochemicals in the 

environment, even at high temperatures.  In perfluorinated compounds, all of the C-H bonds 
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are replaced by C-F bonds (Kissa, 1994).  When these compounds are mixed with 

hydrocarbons and water, three immiscible phases are formed, indicating that the 

perfluoroalkanes are both oleophobic and hydrophobic.  By adding a charged moiety (such as 

a sulfonic acid) to a perfluorinated carbon chain, the chemical molecule becomes more water 

soluble resulting from the hydrophilic nature of the added functional group.  These 

amphipathic perfluorinated organic chemicals are used in commerce principally for their 

surfactant properties. 

 Perfluorooctane sulfonate (C8F17SO3
-) is a perfluorinated alkane with a sulfonyl group 

(Figure 1).  The sulfonyl fluoride, from which it is derived, provides a link to other functional 

groups, such as free acids, metal salts, sulfonyl halides, and sulfonamides.  Since the 1950s, 

with the commercial scale-up of electrochemical fluorination, PFOS and other perfluorinated 

organic compounds that metabolize into PFOS (as an end-stage metabolite and breakdown 

product) have been used in a wide variety of industrial and consumer applications that 

include stain-resistant coatings for fabrics and carpets, oil-resistant coatings for paper 

products approved for food contact, fire-fighting foams, mining and oil well surfactants, floor 

polishes, and insecticide formulations (Renner, 2001; Seacat et al, 2002).  In all, PFOS or 

products degrading to PFOS are used in over 200 products and applications.  However, 3M 

Company, the primary manufacturer of these compounds and products, discontinued 

production at the end of 2002.  

 The widespread use of PFOS and its related products, and the environmental stability 

of the perfluorinated organic chemical have led to documentation of its presence in both 

human and wildlife populations worldwide (Hansen et al., 2001; Olsen et al., 2001a, b, c; 

Giesy and Kannan, 2001; Kannan et al., 2001a, b.; 2002a, b, c).  Olsen et al. (1999) reported 
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an average serum PFOS level of 2 ppm in 3M production workers, with 5% of them having 

levels ≥ 6 ppm.  Current information from a broad survey of individual blood samples from 

adult Red Cross blood donors, children (aged 2-12) from a Streptococcal A clinical trial, and 

a group of elderly subjects enrolled in a longitudinal study of cognitive function indicates, 

that the upper bound of the 95th percentile serum concentration is approximately 100 ppb, 

with a mean of approximately 30-40 ppb (Table 1) (Olsen et al., 2001a, b, c).  Recent studies 

by Geisy and co-workers (Giesy and Kannan, 2001; Kannan et al., 2001a, b; 2002a, b, c) 

have reported detection of PFOS in a variety of wildlife species including fresh water and 

marine mammals, fish, birds, and shellfish (Table 2).  While distribution of the chemical 

appears to be global, including remote locations in the Arctic and North Pacific Oceans, 

concentrations of PFOS in these animals are relatively greater in the more populated and 

industrial regions.  These investigators also suggested that PFOS can be bio-magnified in the 

top levels of the food chain. 

Pharmacokinetic studies have shown that PFOS is readily absorbed, distributed, and 

accumulated in the serum and liver, but poorly eliminated (Johnson and Ober, 1979; Johnson 

et al., 1979; 1984; Seacat et al., 2003).  In the rat, a serum elimination half-life of 7.5 days 

was reported after an oral treatment of PFOS (Johnson et al., 1979); in Cynomolgus 

monkeys, a half-life of 200 days was described (Seacat et al., 2002); and in humans, a mean 

half-life of approximately 5.4 years was recently estimated from retired production workers 

(Geary Olsen, 3M, personal communication).  The potential mammalian toxicity of PFOS 

has been investigated.  In the rat, reduction of body weight, liver hypertrophy, and decreased 

serum cholesterol and triglycerides have been reported after subchronic exposure to PFOS 

(Seacat et al., 2003).  PFOS has been suggested to interfere with mitochondrial bioenergetics, 
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gap junctional intercellular communication, and fatty-acid-protein binding in the liver 

(Berthiaume and Wallace, 2002; Hu et al., 2002; Luebker et al., 2002; Starkov and Wallace, 

2002).  In addition, PFOS-induced hepatic peroxisome proliferation has been indicated in 

both rat and mouse (Berthiaume and Wallace, 2002; Haughom and Spydevold, 1992; 

Sohlenius et al., 1993).  Seacat and co-workers (2002) have evaluated PFOS toxicity in 

Cynomolgus monkeys and reported weight loss, hepatocellular hypertrophy and lipid 

vacuolation, as well as reductions in serum cholesterol, triiodothyronine, and estradiol.   

In light of the prevalence and persistence of PFOS in both humans and wildlife, it is 

necessary to investigate further the toxicity of this perfluorochemical.  It is well known that 

environmentally persistant chemicals can cause thyroid imbalance (Brucker-Davis, 1998).  

Since PFOS as well as other related perfluorochemicals have been shown to interfere with 

serum levels of thyroid hormones (Gutshall et al., 1989; Kelling et al., 1987; Seacat et al., 

2002), it is necessary to fully characterize this effect and to understand how this class of 

chemicals modulates thyroid hormone action and regulation. 

 

Thyroid Hormone Action and Regulation 

 The thyroid hormones (THs), thyroxine (T4) and triiodothyronine (T3), play critical 

roles in differentiation, growth, and metabolism in vertebrates.  They are required for the 

normal function of nearly all tissues, with major effects on oxygen consumption and 

metabolic rate (Yen, 2001).  T4 was isolated, characterized, and synthesized by the late 

1920s, whereas T3 was not identified definitively until 1952 (McNabb, 1992).  Iodine 

comprises a large proportion of the weight of these hormones, and T4 differs from T3 only in 

the iodine atom at the 5’ position of its outer phenolic ring (Figure 2).  T4 is the predominant 
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hormone in both the thyroid gland and in circulation, but is primarily a prohormone that is 

converted to T3 when its outer phenolic ring is deiodinated in the 5’ position.  T3 is the 

metabolically active thyroid hormone because it binds to a specific receptor.  T3 initiates 

most of the physiological actions attributed to THs. 

 TH synthesis and secretion is regulated by a negative feedback mechanism that 

involves the hypothalamus, pituitary, and thyroid gland (hypothalamic/pituitary/thyroid 

(HPT) axis) (Figure 3).  Thyrotropin releasing hormone (TRH) is a tripeptide synthesized in 

the paraventricular nucleus of the hypothalamus.  It is transported via axons to the median 

eminence and then to the anterior pituitary via the portal capillary plexus.  TRH binds to 

TRH receptors in pituitary thyrotropes, a subpopulation of pituitary cells that secrete thyroid 

stimulating hormone (TSH).  TRH stimulation leads to release and synthesis of new TSH in 

thyrotropes.  Both TRH and TSH secretion are negatively regulated by THs.  Additionally, 

somatostatin and dopamine from the hypothalamus can negatively regulate TSH secretion 

(Yen, 2001). 

 TSH primarily regulates TH synthesis and secretion from the thyroid gland (Figure 

4).  It binds and activates the TSH receptor on the plasma membrane of thyroid follicle cells 

to stimulate adenylate cyclase activity which increases generation of cyclic-AMP (McNabb, 

1992).  This second messenger stimulates a number of thyroid genes, including the Na+/I- 

symporter (NIS), thyroglobulin (TG), and thyroid peroxidase (TPO), which promote TH 

synthesis (Yen, 2001).  NIS actively transports iodide into the thyroid (Dai et al., 1996), 

where it is oxidized by TPO in the presence of hydrogen peroxide and incorporated into 

specific tyrosine residues of TG, a glycoprotein (Yen, 2001) .  This iodination yields 

monoiodinated (MIT) and diiodinated (DIT) tyrosine residues that are enzymatically coupled 
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to form T4 and T3.  The iodinated TG containing MIT, DIT, T4, and T3 is stored as an 

extracellular storage peptide in the colloid within the lumen of thyroid follicular cells (Yen, 

2001).   

 The secretion of THs requires endocytosis of the stored iodinated TG from the apical 

surface of the thyroid follicular cell (Figure 4).  TG undergoes TSH-driven, proteolytic 

digestion by lysosomes for the purpose of recapturing MIT and DIT and releasing T4 and T3 

from the basal part of the follicle cell into circulation via the perifollicular capillaries 

(McNabb, 1992).  The THs are released by diffusion that is facilitated by the avid binding of 

the hormones to serum proteins since THs are insoluble in aqueous solution at physiological 

pH (McNabb, 1992).  TH release occurs very rapidly, with a calculated half-life of 26 

minutes for labeled TG in phagolysosomes (McNabb, 1992).  Most of the TH released from 

the thyroid is T4.  Only a small percentage of the total serum T4 is free, with the remainder 

bound to carrier proteins such as thyroxine binding globulin (TBG), albumin, and thyroid 

binding prealbumin in humans and transthyretin in rodents (Yen, 2001).  The same is true of 

total serum T3, most of which is bound to TBG and albumin.  It is the free T3 that enters 

target cells to elicit a physiological response (Yen, 2001). 

 T3 is mainly produced by means of 5’-deiodination of the outer ring of T4 by 

deiodinases.  T3 production by direct hormone synthesis and by deiodination of T4 within 

the thyroid accounts for a small component of whole body T3 production.  Deiodinases in 

peripheral tissues produce 80% of the circulating T3 (McNabb, 1992).  Type I (outer-ring) 

5’-deiodinase, found in the liver, kidney, and thyroid, converts T4 to T3 for circulation.  

Type II (outer-ring) 5’-deiodinase, found in the brain, pituitary, and brown adipose tissue, 

converts T4 to T3 for intracellular use.  Type III (inner-ring) 5’-deiodinase, found primarily 
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in placenta, brain, and skin, inactivates THs through the production of reverse T3 (rT3), an 

inactive metabolite (Yen, 2001).  Characterization of tissue-specific expression patterns of 

deiodinases indicates that these selenium-dependent enzymes exert tight control on local and 

systemic availability of active T3 to guard TH action mediated by the T3 receptor (Kohrle, 

2000). 

 The genomic effects of THs are mediated by nuclear thyroid hormone receptors (TRs) 

that bind TH with high affinity and specificity (Yen, 2001).  Similar to steroid hormones, TH 

enters the cell and proceeds to the nucleus where it binds to TRs that can be prebound to 

thyroid hormone response elements (TREs) which are enhancer sequences located in the 

promoter regions of target genes (Yen, 2001).  Thus, the formation of ligand-bound TR 

complexes that are also bound to TREs is the critical first step in the regulation of target 

genes and the subsequent regulation of protein synthesis (Yen, 2001). 

 TRs are binding sites that satisfy the generally accepted criteria for hormone 

receptors:  they are high affinity and limited capacity, their distribution is limited to tissues 

which are TH responsive, they exhibit temperature and pH optima, their binding to TH is 

specific and reversible, and their T3 binding is correlated with physiological responses 

(McNabb, 1992).  cDNAs encoding two different TRs were cloned in the late 1980s, and 

amino acid sequence comparison demonstrated that TRs have homology with steroid 

hormone receptors and the viral oncogene product v-erbA  (Yen, 2001).  Since that time, TRs 

have been shown to belong to a large superfamily of nuclear hormone receptors (NHRs) that 

include the steroid, vitamin D, and retinoic acid receptors (Yen, 2001).  Like their other 

family members, TRs have a central DNA-binding domain consisting of two zinc finger 

motifs that bind to TREs and a carboxy-terminal ligand binding domain.   
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In the mouse, rat, and human, two separate genes encode two homologous TRs:  TRα 

and TRβ.  In the human genome, the TRα gene is localized on chromosome 17, while 

chromosome 3 harbors the TRβ locus.  Each gene encodes for several isoforms due to 

alternative splicing and alternative promoter usage (Baniahmad, 2002).  Alternative splicing 

of the TRα RNA transcript generates two mature mRNAs that encode two proteins: TRα-1 

and c-erbAα-2.  TRα-1 is a functional TR, but c-erbAα-2 is not because it contains a 122-

amino acid carboxy-terminus that replaces a region in TRα-1 that is critical for TH binding 

and because it cannot transactivate TH-responsive genes (Yen, 2001).  The TRα gene also 

employs the opposite strand to encode another gene product, rev-erbA, which is a member of 

the NHR superfamily since it can bind to TREs and repress gene transcription (Yen, 2001).  

The TRβ gene contains two promoter regions, and each produces an mRNA transcript that 

codes for a distinctive protein.  Thus, alternative promoter choice generates two TRβ 

isoforms, designated as TRβ-1 and TRβ-2, which differ only in their amino-terminal regions.  

Both isoforms bind TREs and TH with high affinity and specificity and can mediate TH-

dependent transcription (Yen, 2001). 

In the absence of T3, TRs silence gene expression.  Binding of T3 changes the 

receptor from a gene silencer to a gene activator, and therefore acts as a molecular switch to 

control the repression and activation of target gene expression (Baniahmad, 2002).  Gene 

silencing and activation by DNA-bound TR involves cofactors.  Silencing is mediated 

through the binding of basal transcription factors at the promoter and interaction with a 

corepressor complex that facilitates histone deacetylation of nucleosomes, which compacts 

the structure of chromatin and subsequently lowers its accessibility to transcriptional 

activators (Wu, 2000).  The binding of TH to the ligand-binding domain of the TR changes 
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the conformation of the carboxy-terminus of the receptor.  This conformational change 

causes the dissociation of corepressors and facilitates binding of coactivators that contain 

histone acetyltransferase activity that can remodel chromatin structure to allow activation of 

transcription (Wu, 2000).  Thus, the role of the hormone is to induce a conformational 

change in the receptor to alter transcriptional properties (Baniahmad, 2002). 

In addition to participating in the maintenance of homeostasis in adults by controlling 

basal metabolism, heart rate, and body temperature, THs control the postnatal development 

of many organs (Baniahmad, 2002).  THs are critical for normal bone growth and 

development through the regulation of alkaline phosphatase and osteocalcin in osteoblasts 

and for the stimulation of growth hormone (Yen, 2001).  It regulates the transcription of 

several specific proteins that are critical for cardiac function such as myosin heavy chain 

genes (Dillmann, 1996).  TH has multiple effects on liver function including stimulation of 

malic enzyme, which regulates lipogenesis, and S14 protein, which participates in regulating 

the transcription of lipogenic enzymes (McNabb, 1992).  Furthermore, THs have major 

effects on the developing brain, and it has been shown that the gene for myelin basic protein 

is directly regulated by TH (Farsetti et al., 1991).  Thus, TRs are expressed in virtually all 

tissues, but the expression of TR isoforms and the role of TH vary among tissues (Yen, 

2001).   

Circulating TH concentrations are regulated by physiological and biochemical 

conditions.  In addition to the deiodinative pathways previously mentioned, other metabolic 

conversions of THs are important in TH degradation and excretion.  These pathways account 

for < 20% of T4 degradation, while deiodination accounts for about 80% (McNabb, 1992).  

The nondeiodinative conversions include conjugations of T4 with glucuronides and T3 with 
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sulfate, and the deamination and oxidative decarboxylation of TH side-chains.  Most of the 

conjugated iodothyronines appear in bile, but some are deconjugated by the intestinal flora 

and reabsorbed in the intestine (Vansell and Klaassen, 2001).  Conjugated THs are degraded 

by deiodination preferentially over the native form of the hormone (McNabb, 1992). 

Hypothyroidism occurs when insufficient quantities of THs are produced, delivered, 

or detected by target tissues.  Because THs influence many types of tissues, hypothyroidism 

can have widespread effects on many aspects of physiology.  Most hypothyroidism results 

from primary thyroid failure of some aspect of TH production or release, but a defect in or an 

interference with any step of TH synthesis and release can result in a hypothyroid condition.  

The most conspicuous symptoms of hypothyroidism result from alterations in metabolic 

function, including decreases in basal metabolism and reductions in body temperature.  In 

addition, the functions of many tissues are adversely affected by hypothyroidism, including 

cardiovascular deficiencies, depressed nervous system function, decreased sensory function, 

and myxedema.  Furthermore, serious developmental deficiencies can result from severe 

prenatal and postnatal hypothyroidism and are most notably reflected by inadequate nervous 

system development (McNabb, 1992). 

Hypothyroidism can be the effect of several different causes.  The most common 

cause of failure to produce adequate THs is iodine deficiency, which results in endemic 

goiter (McNabb, 1992).  In addition, a large number of anti-thyroid compounds have been 

identified that can interfere directly or indirectly with the synthesis, release, or action of 

thyroid hormones (Hardman et al., 1996).  For example, propylthiouracil (PTU) is an anti-

thyroid drug that inhibits the formation of THs by interfering with the incorporation of iodine 

into tyrosyl residues of TG by inhibiting TPO (Taurog, 1976).  PTU has been used 
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therapeutically to treat hyperthyroidism.  Other well-studied anti-thyroid compounds are 

polychlorinated biphenyls (PCBs), which are environmental contaminants (Donahue et al., 

2004). PCBs are known to bind with and actively compete for the TH carrier protein 

transthyretin to displace THs and disrupt the biofeedback of TH on the pituitary gland and 

hypothalamus (Meerts et al., 2000).  By disrupting TH economy, both of these compounds 

have been shown to affect spatial learning and memory and alter neurochemical and 

neurobehavioral markers.  Given its potential to disrupt circulating THs, it remains to be 

determined whether PFOS causes similar effects. 

Other, non-chemically-induced mechanisms of TH disruption have been studied. 

Both aging (Correa et al., 2001) and fasting (St. Germain and Galton, 1985) alter some 

aspects of HPT function and have been shown to cause hypothyroidism in the rat.  In aged 

rats, normal circulating levels of TSH have been found in spite of low serum TH levels.  This 

effect has been shown to be dependent on gender and, therefore, modulated by gonadal 

hormones (Correa et al., 2001).  Similarly, despite decreased TH levels in fasting rodents, 

TSH levels do not rise, eventually resulting in thyroid gland atrophy.  The pituitary, however, 

remains sensitive to thyroid hormone feedback and the diurnal rhythm of TSH secretion is 

unchanged, suggesting an altered “set-point” for TSH regulation in the starving animal (St. 

Germain and Galton, 1985).   

 

Research Aims 

The purpose of this project is to characterize PFOS-induced TH disruption in the rat 

and to delineate the mechanism by which this disruption occurs.  In a comprehensive study of 

the reproductive and developmental toxicity of PFOS, the dose-dependent effects of PFOS 
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on circulating TH levels of pregnant dams are determined.   PFOS-induced TH disruption is 

further characterized in the non-pregnant adult female rat to discount the potential 

confounding effects of pregnancy on thyroid hormone status.  A male rat model is used to 

determine if the observed profile of TH change truly reflects a hypothyroid state in the 

PFOS-exposed animal.  Two different biomarkers of hypothyroidism are analyzed:  

myocardial β-adrenergic receptor density and hepatic malic enzyme activity. Myocardial β-

adrenergic signaling plays a crucial role in modulating heart function, and the development 

of the β -adrenergic signaling pathway is under modulatory control of TH (Pracyk and 

Slotkin, 1992).  Therefore, myocardial β-adrenergic receptor (β-AR) density is useful as a 

biomarker for PFOS-induced hypothyroidism. 

Malic enzyme (ME) is a lipogenic enzyme; its activity is correlated with the rate of 

fatty acid synthesis and is induced in liver tissue by T3.  ME functions in the production of 

NADPH that is utilized in fatty acid synthesis in lipogenic tissues.  Specifically, it catalyzes 

NADP-dependent oxidative decarboxylation of malate to pyruvate and CO2, and ME activity 

can therefore be measured spectrophotometrically by monitoring the appearance of NADPH 

(Gutshall et al., 1989).  T3 action induces ME and current evidence suggests T3 directly 

influences initiation of transcription.  Therefore, animals in a true hypothyroid state should 

demonstrate decreased ME activity.   

The effects of PFOS on these biomarkers of hypothyroidism will be compared to 

adult male rats made hypothyroid with PTU.  It is well established that PTU inhibits thyroid 

peroxidase activity in vivo, therefore causing decreased circulating T4 and T3 with an HPT-

induced increase in serum TSH (Halpern et al., 1983; Cooper et al., 1983).  Therefore, 

analysis of the biomarkers of hypothyroidism in animals treated with PTU should provide 
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positive controls for comparison with PFOS treatment.  Furthermore, the combined effects of 

PFOS and PTU treatment will be assessed in the adult rat to determine if PFOS treatment can 

disrupt the well-established HPT-induced TSH increase in PTU treated animals.    

If PFOS exposure does indeed produce a true hypothyroid state in the rat, the lack of 

response of the HPT axis may indicate a disruption at the level of the pituitary.  An in vitro 

pituitary static incubation is used to determine whether the observed effects of in vivo PFOS 

exposure on the circulating levels of TSH could be due to a direct pituitary response to 

toxicant (Goldman and Cooper, 1993).  Such a system is used to analyze the responsiveness 

of adult pituitary tissue to exogenous TRH stimulation. 
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Methods 

 

Treatment Chemicals 

Perfluorooctane sulfonate (PFOS, potassium salt; 91% pure) was purchased from 

Fluka Chemical (Steinheim, Switzerland).  Our analysis indicated that approximately 71% of 

the chemical was straight-chain and the remaining 29% was branched.  Additional 

chromatographic analysis indicated that the chemical obtained from Fluka appeared to be the 

same material produced by the 3M Company (St. Paul, MN) and tested in the earlier 

developmental and reproductive studies by 3M.  PFOS was prepared fresh daily at the 

desired concentration in 0.5% Tween 20 (prepared in distilled water) vehicle by sonication at 

40ºC for 10 minutes. 

6-Propyl-2-thiouracil (PTU; 99.5% pure) was purchased from Sigma-Aldrich (St. 

Louis, MO).  The chemical was prepared in distilled water at the desired concentration and 

stirred for 48 hours at room temperature. 

 

Animal Treatment 

Timed-pregnant Sprague-Dawley rats obtained from Charles River Laboratories 

(Raleigh, NC) were bred within a 4-hr period.  Those animals with spermatozoa in a vaginal 

smear and/or with a copulatory plug were considered to be at gestational day (GD) 0.  

Likewise, mature female and male rats (60 days) were obtained from the same supplier.  

Animals were housed individually in polypropylene cages with heat-treated pine shavings for 

bedding, and provided pellet chow (LabDiet 5001, PMI Nutrition International) and tap water 
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ad libitum.  Animal facilities were controlled for temperature (20-24°C) and relative 

humidity (40-60%), and operated under a 12 hr light-dark cycle.  

PFOS was freshly prepared daily at 1, 2, 3, 5, and 10 mg/ml of 0.5% Tween-20 

vehicle, and administered to the pregnant dams by oral gavage at a volume of 1 ml/kg/day 

from GD 2 through GD 20.  Controls received vehicle alone.  Throughout gestation and 

treatment, maternal body weights as well as food and water consumption were recorded.  

Blood from each dam was collected on GD 7 and 14 from the lateral tail vein and on GD 21 

after decapitation.  Aliquots of serum from these blood samples were stored at -20°C for 

subsequent analysis of PFOS concentration and thyroid hormones. 

Adult female rats were given either 3 or 5 mg/kg PFOS daily for 20 days; controls 

received the Tween-20 vehicle.  Blood samples were withdrawn from tail vein at 3, 7 and 14 

days after the initiation of PFOS exposure, and trunk blood was obtained from decapitation 

after 20 days of chemical treatment.  Serum samples were prepared and stored at -20oC for 

thyroid hormone analyses. 

Adult male rats were given either 3 mg/kg PFOS in 0.5% Tween-20 by oral gavage, 

10 ppm PTU in drinking water, or both PFOS and PTU daily for 8 consecutive days; controls 

received the Tween-20 vehicle.  Blood samples were collected from the lateral tail vein at 1, 

3, and 7 days after the initiation of PFOS and/or PTU exposure, and trunk blood was 

obtained by decapitation after 8 days of chemical treatment.  Serum samples were prepared 

and stored at -20oC for T3, T4, and TSH analyses.  Heart and liver were dissected and 

weighed at necropsy and stored at -80 oC for β-adrenergic receptor and malic enzyme assays, 

respectively.  The pituitary was dissected and used immediately for in vitro static incubation. 
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In vitro Pituitary Static Incubation 

The pituitary was removed from the base of the skull and prepared for in vitro 

evaluation of TSH release as described by Goldman and Cooper (1993).  Briefly, the anterior 

pituitary was hemisected along the midline and both halves were weighed.  Half was 

sonicated and frozen in 0.6 ml of Medium 199 containing 0.2% BSA, 13 mM sodium 

bicarbonate, 10 mM HEPES, and 50 µM bacitracin, pH 7.4 (Earle’s salt custom preparation 

without sodium bicarbonate or phenol red, GIBCO, Grand Island, NY, formula #78-5051EA) 

for the determination of hormonal concentration.  The remaining hemisected fragment was 

further cut into blocks of ~1 mm3 and placed in 0.6 ml of Medium 199 in a 24-well flat 

bottom plate. The plate was kept on ice until all pituitaries were in place.  The plate was 

incubated in a shaking water bath at 37 oC for 30 minutes to allow for the initial traumatic 

release of TSH.  The medium was collected by carefully aspirating with a pipettor, and the 

pituitary tissues were transferred to a new plate containing 0.6 ml of Medium 199 in each 

well.  The plate was incubated at 37 oC, and the medium was changed out every hour and 

frozen for future TSH analysis.  After four and seven hours of incubation, the pituitaries were 

incubated for one hour in Medium 199 containing 50 nM TRH (Bachem; King of Prussia, 

PA).  TRH was used for the stimulated secretion of TSH (Askew and Ramsden, 1984). After 

eleven hours of incubation, the pituitaries were incubated for fifteen minutes in Medium 199 

containing 60 mM KCl to assess tissue viability.  After twelve hours of incubation, the tissue 

was removed from the plate and sonicated and frozen in 0.6 ml of Medium 199 for 

determination of post-incubation hormone concentrations.  The collected media were stored 

frozen at -20 oC for future determination of TSH concentration. 
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Radioimmunoassays 

Internal standards from rat sera were used to monitor inter-assay differences.  

Because of the surfactant properties of PFOS, a preliminary experiment was conducted to 

determine if the chemical might alter performance of the radioimmunoassays (RIAs) directly.  

PFOS was added directly to the assay tubes containing the T4 standards (at a final 

concentration of 0.5 or 5 mg/ml) and to serum samples from untreated control rats (at a final 

concentration of 0.1 mg/ml).  Under these conditions, PFOS did not interfere with the T3, T4, 

or TSH RIA performance (Figure 5). 

T3 and T4.  Serum samples were thawed and levels of total T4, free T4, and T3 were 

measured in duplicate using specific RIA kits (Diagnostics Products Corporation; Los 

Angeles, CA).     

TSH.  Serum samples were thawed, and the level of thyroid stimulating hormone 

(TSH) was quantified by RIA.  The assay was performed using the following materials 

supplied by the National Hormone and Pituitary Program (Torrance, CA):  iodination 

preparation NIDDK-rTSH-I-9, reference preparation NIDDK-rTSH-RP-3, and antiserum 

NIDDK-anti-rat TSH-RIA-6.  Iodination material was radiolabeled with 125I (Perkin Elmer; 

Wellesley, MA) by a modification of the chloramine-T method of Greenwood et al. (1963).  

Labeled TSH was separated from unreacted iodide by gel filtration chromatography as 

described previously (Goldman et al., 1986).   

 Serum was pipetted with the appropriate dilutions to a final assay volume of 500 µl 

with 100 mM phosphate buffer containing 1% BSA.  Standard reference TSH ranging from 

0.195 ng/ml to 200 ng/ml was prepared by serial dilution.  Primary antiserum (200 µl) at a 

dilution of 1:437,500 prepared in a mixture of 100 mM potassium phosphate, 76.8 mM 
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EDTA, 1% BSA, and 3% normal rabbit serum was then pipetted to each assay tube, 

vortexed, and incubated at 4°C for 24 h; 100 µl of 125I-TSH was then added to each tube, 

vortexed, and incubated for another 24 h.  Second antibody (goat anti-rabbit gamma globulin 

(Calbiochem; San Diego, CA) at a dilution of 1 U/100 µl) was then added, vortexed, and 

incubated for a third 24 h.  The samples were then centrifuged at 1,260 x g for 30 min; the 

supernatant was aspirated, and the sample tube with pellet was counted by a gamma counter.   

 

β-Adrenergic Receptor Binding Assay 

 Assays were conducted essentially as described by Pracyk and Slotkin (1992), using 

100 µl of a 1:9 dilution of the heart membrane preparation in a total volume of 250 µl 

containing final concentrations of 167.5 pM [125I] iodo(-)pindolol (Perkin Elmer; Wellesley, 

MA), 145 mM NaCl, 2 mM MgCl2, 1 mM sodium ascorbate,  and 20 mM Tris-HCl (pH 7.5).  

Samples were incubated in a water bath at 25 ºC for 20 minutes.  Incubation was stopped by 

dilution with 3 mL of ice-cold buffer (145 mM NaCl, 10 mM Tris-HCl, pH 7.5) followed by 

vacuum filtration onto Whatman GF/C filters and two subsequent washes with buffer.  The 

filters were counted by a gamma counter for one minute to determine total binding.  The 

nonspecific component was determined by radioligand binding in the presence of dl-

isoproterenol sulfate and was typically 5 to 20% of the total binding.  Membrane total protein 

was determined by the Bradford assay, and data are expressed as fmol per mg protein 

assayed, which is a quantitative measure of the density of the receptor. 
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Malic Enzyme Assay 

 Malic Enzyme (ME), which catalyzes the oxidative decarboxylation of malate, was 

assayed by a variation of the method described by Hsu and Lardy (1969).  Using 20% weight 

to volume ratio, liver tissue was homogenized in 0.25 M sucrose in 0.05 M Tris-HCl buffer 

(pH 7.4).  The homogenate was centrifuged at 10,000 g for 10 minutes at 4ºC.  The 

supernatant was poured off into a new tube and subsequently centrifuged at 100,000 g for 

one hour at 4ºC.  In a 96-well flat bottom plate, 20 µl of the supernatant cytosol was assayed 

in a total volume of 0.31 ml containing final concentrations of 65 mM triethanolamine-HCl 

buffer (pH 7.4), 3.2 mM L-malic acid, 0.32 mM β-NADP, and 4.8 mM MnCl2.  The change 

in absorbance at 340 nm at 25 ºC was monitored for 15 minutes by a spectrophotometer.  The 

unit of ME activity per 1 mL of enzyme-containing solution was calculated by multiplying 

the ∆A340nm determined from the maximum linear rate by the total volume assayed and 

dividing by the product of millimolar extinction coefficient of β-NADPH (6.22) and the 

volume of malate used. 

 

Determination of PFOS concentrations 

 Serum samples were diluted and liver samples were homogenized in a five-fold 

volume of reagent grade water.  An aliquot of each dilution was spiked with the appropriate 

surrogate or analyte mixture.  Acetonitrile (5 ml) was added as an extraction solvent, which 

also served to precipitate the proteins.  The samples were shaken at 300 rpm for 20 minutes 

and centrifuged at 2000 rpm for 10 minutes.  The supernatant was transferred to a clean tube, 

diluted with 40 ml of water, and passed through a pre-conditioned C18 SPE cartridge.  PFOS 
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was eluted from the SPE cartridge with 2 ml methanol and analyzed by high performance 

liquid chromatography-electrospray tandem mass spectrometry (HPLC-ES/MS/MS) 

according to the method described by Hansen et al. (2001). 

 

Data Analysis 

Data are presented as means and standard errors.  Statistical significance was 

determined by the analysis of variance (ANOVA).  When a significant treatment effect or 

interaction was detected, either Duncan’s multiple range test or Dunnett’s t-test was 

performed post hoc.  Statistically significant differences were determined at p≤ 0.05.
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Results 

 

PFOS reduced maternal weight gain in a dose-dependent manner, significantly in the 

2 mg/kg and higher dose groups (Figure 6).  Dams exposed to 3 mg/kg PFOS showed 

significant weight gain deficits by GD 7, whereas those exposed to 5 and 10 mg/kg PFOS 

revealed significant lags by GD 5 and 3, respectively.  Effects on maternal weight at the two 

highest dosage groups were particularly profound.  Dams in the 10 mg/kg dosage group 

failed to gain any weight until the last week of pregnancy.  These weight gain deficits 

corresponded to significant reductions in food and water consumption throughout gestation 

(Figure 7).  With daily chemical treatment, the serum concentrations of PFOS increased 

monotonically in proportion to dosage; however, the level of all dosage groups fell toward 

the end of pregnancy, likely as a result of increased blood volume (Figure 8).  Negligible 

levels of PFOS were detected in the sera of the controls; the source of this slight 

contamination may have been derived from fishmeal in the chow (Seacat et al., 2003).  PFOS 

produced a marked reduction in both total and free serum T4 in all dose groups as early as 

GD 7 (Figure  9), and to a lesser extent, serum T3 as well.  However, no difference in serum 

TSH was observed among the treatment groups.   

Because circulating TH levels were altered by pregnancy, the true effects of PFOS 

were difficult to discern.  Therefore, the thyrotoxic potential of PFOS was evaluated in non-

pregnant adult rats.  Similar to findings in pregnant rats, serum T4 (both total and free) and 

T3 levels in the non-pregnant female rats were markedly reduced by the chemical treatment 

as early as 3 days after the initiation of exposure, yet serum TSH levels were not statistically 

different from those of controls (Figure 10).   The pattern of TSH response is somewhat 
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confounding and appears to be dose dependent.  For the 3 mg/kg dose group, a significant 

elevation (47%) of serum TSH was detected after 7 days of PFOS treatment.  This hormonal 

increase was maintained for another week although it was no longer statistically different 

from controls.  After 20 days of chemical treatment, the alteration of TSH was completely 

attenuated.  In contrast, the serum TSH levels in the 5 mg/kg dose group were slightly lower 

than controls at the initial stages of PFOS exposure (by 26% and 21% respectively after 3 

and 7 days); these changes were also abolished after 20 days of treatment. 

The TH profiles of adult male rats treated for eight consecutive days with either 

vehicle control, PFOS, PTU, or PFOS+PTU are presented in Figure 11.  In comparison to 

control levels, all treatment groups demonstrate significantly reduced serum T3 levels as 

early as 24 hours after the initiation of treatment.  PFOS alone and in combination with PTU 

reduced total and free T4 levels after only one treatment, and significant deficits in these 

hormones were elicited by PTU after three days of treatment.  PFOS alone did not alter TSH 

levels throughout the duration of treatment, but PTU alone and in combination with PFOS 

significantly raised serum TSH after only one day of treatment.  The small drop in hormone 

levels from days 7 to 8 is assumed to be due to factors involved with the different methods of 

blood collection utilized (tail-bleeding verses decapitation). 

 For the adult exposure, biomarkers of hypothyroidism are presented in Table 3.  β-AR 

binding is significantly reduced from control values by the PTU and PFOS+PTU treatment 

groups after eight days of chemical exposure.  ME activity is not altered significantly by any 

of the treatment groups.   

 Figure 12 depicts the results of the in vitro static incubation of pituitary.  All of the 

treatment groups demonstrate a significantly faster release of TSH and reach significantly 
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lower baseline levels in comparison to the control group.  The PFOS group responds equally 

as strong as controls to the first TRH challenge at 4 hours, but the response to the second 

challenge at 7 hours is slightly lower than the control response (Figure 12A).  However, the 

net TSH release from 7 to 8 hours is not significantly altered by the PFOS treatment group 

(Figure 12B).  The PTU and PFOS+PTU groups respond similarly in comparison to the 

control group.  In response to the first TRH challenge, the net TSH release occurs from a 

lower baseline than control (Figure 12A), but is no different in magnitude than the control 

response (Figure 12B).  In response to the second TRH challenge, the net TSH release is 

reduced significantly in comparison to the control response (Figure 12B).  Analysis of the 

pituitary indicates that the level of TSH per mg tissue is reduced significantly by PTU and 

PFOS+PTU treatment before incubation and by all treatment groups after incubation (Figure 

13).
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Discussion 

 

 Endocrine disruption is a term associated with any exogenous agent that interferes 

with the production, release, transport, metabolism, binding, action, or elimination of natural 

hormones responsible for the maintenance of homeostasis and the regulation of 

developmental processes (Kavlock et al., 1996).  In a review of current literature on the 

effects of synthetic chemicals on thyroid function, Brucker-Davis (1998) suggests that 

concern regarding endocrine disruption has mostly revolved around gonadal disruption, and 

the thyroid has received little attention as a result.  In fact, several categories of synthetic 

chemicals are now suspected to be thyroid disruptors or modulators, including pesticides 

such as DDT, thiocarbamates, and aminotriazole; and industrial chemicals such as PCBs, 

dioxins, polyhydroxyphenols, and phthalates (Brucker-Davis, 1998).  These chemicals have 

been shown to cause thyroid abnormalities in wildlife, but the risks for humans remain 

unresolved. 

In the current study, the effects of PFOS on thyroid hormone status were 

characterized as part of a comprehensive evaluation of its reproductive toxicity in the rat (for 

complete study results, refer to Thibodeaux et al., 2003).  In addition to dose-dependent 

weight loss (Figure 6) that corresponded to serum accumulation of PFOS (Figure 8) in the 

pregnant rat, serum T4 and T3 levels were significantly reduced as early as one week after 

chemical exposure (Figure 9).  However, an expected feedback elevation of TSH through 

activation of the HPT axis was not apparent in the pregnant rat.  Seacat and co-workers 

(2002) reported reductions of serum T3 and elevations of TSH in monkeys after exposure to 

PFOS for 182 days.  The accumulated serum PFOS level where thyroid imbalance was 
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detected in the monkey (171 ppm) is comparable to those in the pregnant rat (53 - 155 ppm) 

(Seacat et al., 2002).   

Because serum T4 and T3 fall and TSH rises during pregnancy (Versloot et al., 

1994), these physiological changes may potentially mask the true effects of PFOS.  However, 

circulating T3 and T4 levels in non-pregnant female rats are similarly decreased after three 

days of treatment with PFOS (Figure 10).  Serum TSH increases in the non-pregnant rat 

exposed to a low dose of PFOS (3 mg/kg), which would have indicated the integrity of the 

HPT axis.  However, TSH recovers in these animals after a transient response despite the 

persistent reductions of serum T3 and T4.  These findings resemble the effects of long-term 

chemical disruption of the thyroid axis (Biegel et al., 1995).  Furthermore, the absence of 

serum TSH elevation through the HPT feedback mechanism that occurred in a higher dose 

group (5 mg/kg) casts doubt on the physiological significance of this small and transient TSH 

response with the lower dose.   

PFOS treatment in the adult male rat disrupts circulating T3 and total and free T4 

levels in as little as 24 hours without eliciting a concomitant increase in TSH (Figure 11).  

Though levels of circulating TH are clearly disrupted by PFOS treatment, the biomarkers of 

hypothyroidism tested do not demonstrate hormonal deficits at a physiological level.  PFOS 

treatment in the adult rat produced no significant changes in either β-AR density or ME 

activity (Table 3), despite a 75% reduction in total and free T4 and a 50% reduction in T3 

(Figure 11).  In contrast, TH disruption resulting from PTU treatment alone and in 

combination with PFOS caused significant down regulation of β-AR density, indicating the 

adequacy of the assay as a biomarker for hypothyroidism.  On the other hand, ME data were 

perplexing in this study.  At the level of hypothyroidism indicated by circulating THs, a 
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significant decrease in ME was expected to occur with PTU treatment.  PTU has been shown 

to markedly decrease hepatic ME activity after as little as 24 hours or as much as 5 days of 

exposure (Knopp, 1980).  However, in this study, ME activity was not altered in any of the 

treatment groups.  Therefore, the method used to assay ME activity in this study may not be 

valid.  Since ME activity is regulated by T3 at the transcriptional level (Sood et al., 1996), 

measuring ME mRNA rather than enzyme activity may provide a more sensitive measure of 

the direct effect of reduced THs.  Additional experiments are required to clarify this point. 

Based on the in vivo results and the in vitro validation of the RIA methods used to 

quantify serum THs, PFOS disrupts the level of circulating THs without properly activating 

the HPT axis, but this disruption does not appear to have physiological significance if β-AR 

density and ME activity are used indicators of hypothyroidism.   Disruption of the HPT axis 

at the level of the pituitary is one possible explanation for the lack of circulating TSH 

increase in PFOS-treated animals where THs are significantly reduced.  However, PFOS 

treatment had no effect on repeated TRH-induced pituitary TSH release (Figure 12).  PTU 

treatment did significantly affect pituitary function by causing a faster initial release of TSH.  

One way THs work to decrease hypophyseal TSH secretion is by altering the number of TRH 

receptors on the cell surface of the thyrotroph, thus regulating the sensitivity of the 

thyrotroph to TRH (Perrone and Hinkle, 1978).  In the hypothyroid state, the TRH receptor is 

up-regulated to facilitate TSH secretion.  This explains the much faster release of TSH from 

the pituitary in the PTU treated animals. 

PTU treatment also significantly reduced net TSH release in response to repeated 

TRH stimulation.  A fall-off in the ability of the hypothyroid pituitary to respond to a 

repeated TRH stimulation has previously been reported (Askew and Ramsden, 1984).  
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Possible explanations for this effect include reduced availability of releasable TSH in the 

pituitary and tissue depletion of the hormone.  In fact, pituitary TSH was significantly 

reduced in the PTU treated animals both before and after incubation (Figure 13), and the 

response of the pituitary to KCl depolarization was significantly lower in the PTU groups 

(Figure 12A).  These findings support cellular depletion as the reason for the refractoriness of 

hypothyroid tissue to TRH.  Interestingly, pituitary TSH in PFOS-treated animals was also 

significantly lower than control values after incubation, but not to the extent of the reduction 

induced by PTU treatment. 

In the adult rat, it appears that PFOS treatment disrupts TH economy by a different 

mechanism than PTU, which affects TH synthesis by inhibiting TPO (Taurog, 1976).  In 

contrast to the effects of PTU, PFOS treatment does not cause HPT-induced increases in 

TSH, and physiological parameters of hypothyroidism such as β-AR density do not appear to 

be adversely affected by PFOS treatment.  Furthermore, whereas histological analysis of the 

effects of PTU on the thyroid gland demonstrate hypertrophy of follicular epithelial cells 

(Mellert et al., 2003), PFOS treatment does not cause adverse histological outcomes in the 

thyroid (data not shown).  This finding is consistent with the observed lack of a TSH 

response in PFOS-treated animals. 

The animals treated with both PFOS and PTU had outcomes indistinguishable from 

PTU treatment alone for all endpoints measured.  This reveals that PFOS does not directly 

inhibit the mechanism of negative feedback or the concomitant response of the HPT axis to 

reduced circulating THs classically associated with PTU treatment.  Furthermore, the 

parameters explored in this study do not provide conclusive evidence that the disruption of 

circulating THs by PFOS has physiological relevance, especially when compared to PTU-
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induced hypothyroidism.  However, the alteration of circulating T4 and T3 are believed to be 

real and not likely represent artificial measurement as PFOS does not interfere with TH 

analysis by RIA.  At present, the mechanism that mediates these hormonal changes has yet to 

be investigated.   

The current findings are consistent with previous ones in characterizing PFOS-

induced disruption of THs in the rat as significant reduction of both total and free T4, with a 

less dramatic reduction of T3, and no change in TSH.  The observed profile of disruption is 

described clinically as hypothyroxinemia and is one classification of euthyroid sick 

syndrome in humans with systemic nonthyroidal illnesses.  Transient hypothyroxinemia in 

preterm infants is common, and recent studies have linked low plasma T4 in preterm infants 

with later neurodevelopmental deficits in motor and cognitive function (Reuss et al., 1996), 

and low plasma T3 with reductions in IQ at 8 years of age (Lucas et al., 1996).  In adults, 

euthyroid sick syndrome is usually associated with the terminal stage of sepsis, malignancy, 

AIDS, myocardial infarction, and starvation (De Groot, 1999). 

   There are other examples of chemically induced hypothyroxinemia in the literature:  

Rats treated with pentachlorobenzene, the chemical used to synthesize the fungicide 

pentachloronitrobenzene, were reported to have significantly decreased circulating 

concentrations of total and free T4, but these effects were correlated with minimal thyroid 

follicular cell hypertrophy and the effect on TSH was not reported (McDonald, 1991).  

Likewise, DE-71, a commercial polybrominated diphenyl ether mixture synthesized for use 

as a flame retardant, decreased serum T4 in pubertal female and male rats, but decreased T3 

and elevated TSH only in male rats (Stoker et al., 2004).  However, thyroid pathology of 

these animals revealed decreased colloid area and increased follicular cell heights, 
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parameters indicative of a hypothyroid state.  With no overt effects on the thyroid, PFOS 

likely disrupts TH economy by a different mechanism than these chemicals. 

 PCBs are another class of chemicals that have been reported to decrease circulating 

THs to a state of hypothyroxinemia during development and adulthood in rats (Chauhan et 

al., 2000).  The thyrotoxic effects of PCBs depend on their degree of chlorination and pattern 

of chlorine substitution.  Non-coplanar or ortho-substituted PCBs (such as PCB 95 and 101) 

given to rats acutely cause severe reductions in serum total T4 without causing compensatory 

changes in serum TSH levels or severely adverse thyroid gland morphology (Khan et al., 

2002).  The primarily ortho-substituted PCB mixture, Aroclor 1254, has the same effects on 

circulating hormones and was shown to promote thyroid carcinomas in rats, but not by the 

thyroid follicular cell proliferation and hyperplasia morphological continuum that typically 

leads to neoplasia as a result of excessive TSH secretion in the hypothyroid state (Vansell et 

al., 2004).  Because PCBs have been considered an environmental contaminant for several 

decades, the effects of PCBs on TH economy are well documented and, therefore, may serve 

as a roadmap to highlight the possible mechanisms by which PFOS might be altering THs.   

PCBs have been shown to alter TH levels through metabolic means.  Specifically, 

PCBs have been shown to increase T4 elimination through the induction of hepatic uridine 

diphosphate glucuronosyltransferase (Beetstra et al., 1991; Vansell and Klaassen, 2001).  

Vansell and Klaassen (2001) further concluded that increases in T4 biliary excretion 

produced by PCB treatment are not consistent with changes in TSH.  Thus, it is necessary to 

determine if the mechanism of PFOS-induced TH disruption occurs by microsomal enzyme 

induction of increased glucuronidation and biliary elimination of THs. 
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Alteration in serum binding of thyroid hormones is another important factor that 

contributes to changes in thyroid hormone levels.  In the clinical literature, hypothyroxinemia 

has been explained by the presence of an inhibitor of serum binding of THs, diminished 

serum binding of T4, and decreased serum concentration and/or affinity of TH binding 

proteins (Chopra, 1997).  Thus, it is possible that PFOS may interfere with the normal protein 

binding and transport of serum TH.  In fact, disruption of TH transport is one of the key 

mechanisms by which PCBs alter TH homeostasis (Cheek et al., 1999).  Altered TH 

availability to critical tissues and cellular systems has been attributed to the specific binding 

of PCBs to transthyretin, the highly conserved TH binding and transport protein in all 

vertebrate species (Chauhan et al., 2000).  Furthermore, T4 reduction by chlorinated 

benzenes is correlated to the relative binding affinity of the phenol structure to transthyretin 

(den Besten et al., 1991).  It is therefore necessary to investigate the potential binding 

interference properties of PFOS. 

Modulation of the thyroid hormone receptor (TR) is yet another possible mechanism 

for chemically-induced disruption.  Several hydroxylated PCB congeners have been shown to 

disrupt THs by direct interaction with the TR either as an agonist or antagonist (McKinney et 

al., 1987; Cheek et al., 1999).  However, the possibility that PCBs bind directly to the TR is 

controversial, and not supported by more recent work with different TR isoforms (Gauger et 

al., 2004).  Though not the result of direct interaction with the TR, Gauger et al. (2004) 

report PCB-induced up-regulated expression of genes that are positively regulated by THs, 

implicating PCBs in the inappropriate activation of TRs by some indirect mechanism.  

Indirect modulation of the TR could occur by altering TH metabolism by tissue deiodinases 

which would change the amount of hormone available to the TR, disrupting second 
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messenger signaling downstream of the TR, or binding either to the aryl hydrocarbon 

receptor or ryanodine receptor to influence TR signaling (Gauger et al., 2004).   

Like PCBs, PFOS could indirectly modulate the TR.  Given the peroxisome 

proliferator-activated receptor (PPAR) agonist properties of PFOS (Shipley et al., 2004), it is 

possible that PFOS could be responsible for the convergence of the peroxisome proliferator 

and thyroid hormone signaling pathways at the level of their respective nuclear hormone 

receptors.  Rat PPARα has been shown to negatively regulate the expression of thyroid 

hormone-dependent genes, either by heterodimerizing directly with particular TR subtypes to 

generate non-DNA binding PPAR/TR heterodimers or by forming DNA-binding 

heterodimers that interact with specific TH response elements (Hunter et al., 1996).  PPARs 

can also indirectly inhibit TR function by competing with TR for the common auxiliary 

coregulator RXR (Hunter et al., 1996), and selective RXR agonists have been shown to 

induce reversible hypothyroidism (Liu et al., 2002).  Thus, though direct inhibition of normal 

TR function by PFOS is not likely, there are several reasonable ways by which PFOS may 

alter TH economy through indirect modulation of the TR. 

The work presented here on PFOS supports the suggestion that synthetic 

environmental chemicals can disrupt thyroid function.  Though the exact mechanism by 

which PFOS causes this disruption remains unknown, other synthetic chemicals have been 

shown to disrupt nearly every step in the production and metabolism of THs (Brucker-Davis, 

1998).  Most of this work has been done in rodents, and the relevance to human health is still 

somewhat uncertain, especially considering the differences in TH availability and regulation 

that exist between the two species.  Though the anatomy of the thyroid gland and the 

synthesis of THs are similar between laboratory animals and humans, rats have a shorter 
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half-life of THs and therefore increased production rate of THs in comparison to human.  

This difference is attributed to the fact that the rat lacks TBG and therefore lacks the high 

affinity T4 binding associated with this protein in humans.  In addition, the deiodinase 

pathway in the liver and kidneys is the major pathway for metabolism and excretion of THs 

from the body in humans while glucuronidation and sulfation are important in rodents.  

Despite these differences, both humans and rats are susceptible to hypothyroidism induced 

effects during development and adulthood.  Therefore, the characterization of the toxic 

effects of environmental chemicals such as PFOS in rodent models is necessary for 

extrapolation to human health. 

In summary, PFOS has been shown to disrupt circulating levels of THs in sub-

chronically exposed rats, but the mechanism of disruption remains unclear.  This work 

substantiates the endocrine disrupting effects of PFOS, but fails to provide evidence for its 

physiological consequences.  Furthermore, it is not likely that PFOS-induced changes in 

circulating THs are due to a disruption at the level of the pituitary.  PFOS clearly disrupts TH 

homeostasis by a different mechanism than the classic goitrogen, PTU, but may exert its 

effects similarly PCBs, another class of environmental contaminants that also have been 

shown to cause hypothyroxinemia in the rat.



  

 33

 
 
Figure 1.  Structure of Perfluorooctane Sulfonate. 
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Figure 2.  Structure of the Thyroid Hormones, Thyroxine and Triiodothyronine. 
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Figure 3.  Hypothalamic/Pituitary/Thyroid Axis. 
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Figure 4.  Thyroid hormone synthesis and secretion. 
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Figure 5.  Effects of PFOS on thyroid hormone measurement by RIA.  A.  PFOS added 
directly to the assay tubes containing the T4 standards (at a final concentration of 0.5 or 5 
mg/ml) did not interfere with the RIA.  B.  Neither methanol nor PFOS in methanol added to 
serum from untreated control male rats (at a final concentration of 0.1 mg/ml) interfered with 
the T3, T4 (total or free), or TSH RIA performance. 

B.
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Figure 6.  Effects of PFOS on weight gain in pregnant rats.  Each data point represents mean 
" se of determination from 25-50 rats.  Two-way ANOVA indicates a significant treatment 
effect (p < 0.0001) and a time x treatment interaction (p < 0.0001).  Duncan’s multiple range 
test indicates that with the exception of the 1 mg/kg group, all dose groups are significantly 
different from controls.  When individual PFOS dose groups are compared to controls, 
ANOVA indicates a significant treatment effect (p < 0.0001) for dose groups at 2 mg/kg and 
higher.  Dunnett’s t-test indicates significant variations from controls for the 10 mg/kg dose 
group beginning at GD 4, the 5 mg/kg dose group at GD 5, the 3 mg/kg dose group at GD 7, 
and the 2 mg/kg dose group from GD 12-17. 
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Figure 7.  Effects of PFOS on food and water consumption in pregnant rats.  Each data point 
represents mean " se of determination from 9-20 rats, with the exception of the 1 and 10 
mg/kg dose groups where n = 5.  Two-way ANOVA indicates a significant treatment effect 
(p < 0.0001) and a time x treatment interaction (p < 0.05) for food consumption.  Duncan’s 
multiple range test indicates that only the 5 and 10 mg/kg dosage groups are significantly 
different from controls.  When individual treatment groups are compared to controls, 
ANOVA indicates a significant dose effect (p < 0.0001) for the 5 and 10 mg/kg dose groups.  
Dunnett’s t-test indicates significant variations from controls for the 5 mg/kg dose group 
from GD 9 through 16 and for the 10 mg/kg dose group from GD 9 to term.  Two-way 
ANOVA indicates a significant treatment effect (p < 0.05) and a time x treatment interaction 
(p < 0.0001) for water consumption.  Duncan’s multiple range test indicates that only the 10 
mg/kg dose group is significantly different from control values.  When individual treatment 
groups are compared to controls, ANOVA indicates a significant main effect (p < 0.05) for 
the 5 and 10 mg/kg dose groups.  Dunnett’s t-test indicates significant variations at the 0.05 
level from control values for the 5 mg/kg dose group on GD 6 and for the 10 mg/kg dose 
group from GD 6 to 13.   
 
 
 
 
 
 
 
 
 
 



  

 40

Maternal Serum PFOS

Gestational Age (days)

0 5 10 15 20

µ g
/m

l

0

50

100

150

200

250

300

350

Control
1 mg/kg
2 mg/kg
3 mg/kg
5 mg/kg
10 mg/kg

 
 
 
Figure 8.  Concentrations of PFOS in rat maternal serum throughout gestation.  Each data 
point represents mean " se of determination from 9-14 rats.  
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Figure 9.  Effects of PFOS on circulating thyroid hormones in pregnant rats.  Each data point 
represents mean " se of determination from 9-14 rats.  Two-way ANOVA indicates 
significant effects on time and treatment, and time x treatment interaction for serum total and 
free T4 levels (p < 0.0001) and for serum T3 levels (p < 0.002).  Duncan’s multiple range test 
indicates that all doses are significantly different from control values.  For serum TSH, two-
way ANOVA only indicates a significant effect of time (p < 0.0001), but not of treatment, 
and no interaction. 
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Figure 10.  Effects of PFOS on circulating thyroid hormones in adult female non-pregnant 
rats.  Each data point represents mean " se of determination from 6-8 rats.  Two-way 
ANOVA indicates a significant treatment effect (p < 0.001) and a time x treatment 
interaction (p < 0.02) for total T4; a significant treatment effect (p < 0.001) but no interaction 
for free T4; and a significant treatment effect (p < 0.005) and a time x treatment interaction 
(p < 0.005) for T3.  When individual PFOS dose groups are compared to controls, ANOVA 
indicates a significant treatment effect (p < 0.0001) for both 3 and 5 mg/kg dose groups.  For 
TSH, two-way ANOVA indicates a significant treatment effect (p < 0.004) but no 
interaction; Duncan’s multiple range test indicates a significant difference between the 3 
mg/kg dose group and controls and between the 3 mg/kg and 5 mg/kg dose groups, but not 
between the 5 mg/kg dose group and controls. 
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Figure 11.  Effects of PFOS, PTU, and PFOS+PTU on serum thyroid hormones in adult male 
rats.  Each data point represents mean ± se of determination from six rats. Two-way ANOVA 
indicates a significant treatment effect (p<0.0001) and a time x treatment interaction 
(p<0.0001) for total and free T4, T3, and TSH.  The PTU and PFOS+PTU free T4 levels are 
not significantly different from control values where treatment length equals one day, and 
PFOS TSH levels do not differ from controls at any time point.  When individual treatment 
groups are compared to controls using Duncan’s multiple range test, all other points differ 
significantly from control values (p<0.05). 
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A.               B. 

 
 
 
Figure 12.  Effects of in vivo exposure to PFOS on in vitro pituitary TSH release during static 
incubation.  Each data point represents mean ± se of determination from six rats.  All time 
points were analyzed by one-way ANOVA with a post hoc Duncan multiple range test 
(p<0.05 indicates significance).  A.  TSH release over time in response to two TRH 
challenges (at 4 and 7 hours) and KCl depolarization (at 11 hours).     The initial TSH surge 
and baseline levels at four hours are significantly lower in all treatment groups.  Response 
measured at five hours to the first TRH challenge is significantly lower in the PTU and 
PFOS+PTU groups in comparison to control values.  Response measured at 8 hours to the 
second TRH challenge is significantly lower in all treatment groups in comparison to control 
values.  Response to the KCl depolarization is faster and lower in the PTU and PFOS+PTU 
groups.  B.  The net TSH release in response to the first TRH challenge does not differ 
significantly among treatment groups.  The response of the PTU and PFOS+PTU groups to 
the second TRH challenge is significantly reduced in comparison to control values. 
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Figure 13.  Pituitary TSH before and after static incubation.  Each data point represents mean 
± se of determination from six rats.  In comparison to control levels, one-way ANOVA 
indicates a significant reduction of TSH in the pituitary in the PTU and PFOS+PTU groups 
before incubation (p<0.0001) and in all treatment groups after incubation (p<0.0001). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Pituitary TSH

Before After

 n
g/

m
g

0

100

200

300

400

500

Control
PFOS
PTU
PFOS+PTU

* *
* *

*



  

 46

Table 1: Serum Levels of PFOS in Human Populations 
 

Source Serum Levels (ppb) 
Occupational population 300-8,000 

Non-Occupational population 28-96 
Blood bank pools 14-52 

Children 7-54 
 
 
Taken from Olsen et al., 1999 and Olsen et al., 2001a. 
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Table 2:  Serum and Liver Levels of PFOS in Wildlife Populations 
 

Sources Liver (ppb) Plasma (ppb) 
Marine mammals 

(seal/dolphin) 400-500 10-100 

Fresh water mammals 
(otter/mink) 300-2600 -- 

Birds 400-600 400-500 
Fish 50-100 -- 

Turtles and Frogs 200-300 100 
 
 
Taken from Giesy and Kannan, 2001; Kannan et al., 2001a; and Kannan et al., 2001b.  
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Table 3: Biomarkers of Hypothyroidism in Adult Rats 
 

Biomarker Control PFOS PTU PFOS+PTU 
β-AR (fmol/mg) 1.39 ± 0.11 a 1.22 ± 0.11 a,b 0.98 ± 0.11 b,c 0.82 ± 0.05 c 
ME (unit/mL) 0.447 ± 0.033 0.402 ± 0.053 0.424 ± 0.052 0.390 ± 0.054 

 
 
Effects of adult exposure to PFOS, PTU, and PFOS+PTU on β-adrenergic receptor (β-AR) 
binding and malic enzyme (ME) activity.  Each data point represents mean ± se of 
determination from six rats.  One-way ANOVA indicates significant treatment effect for β-
AR binding (p=0.0016), and letters (a, b, and c) indicate Duncan grouping.  One-way 
ANOVA does not indicate any significant treatment effect for ME activity.
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