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1. ABSTRACT 

Perfluorinated compounds, non-degradable xenobiotics in many consumer products, can cause 

developmental toxicity in experimental animals, and human exposure is associated with asthma 

symptoms. Here we tested the hypothesis that sustained chronic exposure to perfluorooctanoic 

acid (PFOA), fluorotelomer alcohol (FTOH) and perflurooctanesulfonic acid (PFOS) induces 

lung dysfunction that exacerbates allergen-induced airway hyperresponsiveness (AHR) and 

inflammation. Balb/c mice were exposed to ingested PFOA or PFOS (4 mg/kg in chow) from 

gestation day-2 to 12 weeks by feeding pregnant and nursing dams, and weaned pups. Mice were 

exposed to inhaled FTOH by housing pregnant, nursing dams and their pups in a cage with one 

enrichment hut coated with 100 mg of FTOH. Some pups were also sensitized and challenged 

with ovalbumin (OVA) at 8-9 weeks of age. Serum PFOA was analyzed by liquid 

chromatograph-tandem mass spectrometry. Lung function was measured using a small animal 

ventilator. We assayed inflammatory cells in the lung, performed quantitative PCR for lung 

cytokines, and examined bronchial goblet cell hyperplasia by histology. PFOA ingestion and 

FTOH inhalation resulted in PFOA accumulation in serum; 4800±1100 ng/mL and 5400±900 

ng/mL, respectively. PFOA-alone, but not FTOH- or PFOS-alone, induced a 25-fold increase of 

lung macrophages. PFOA- or FTOH alone induced AHR. OVA sensitization and challenge in 

chemical naïve mice induced dramatic accumulation of inflammatory cells in lungs, as well as 

goblet cell hyperplasia and AHR. PFOA exposure did not affect OVA-induced lung 

inflammatory cell number but the relative abundance of interferon-γ was 3-fold higher. PFOS 

exposure inhibited OVA-induced lung inflammation, decreasing total cell and macrophages 

number in lung lavage by 68.7% and 64.8%, respectively. FTOH exposure also inhibited OVA-

induced inflammatory cell accumulation. Despite these effects, neither PFOS nor FTOH affected 
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OVA-induced AHR. In conclusion, here we show that either PFOA or FTOH exposure can 

induce AHR, but neither one predisposes for exaggerated allergic lung inflammation or AHR. 

FTOH or PFOS exposure appears to suppress allergic lung inflammation, but does not affect 

allergic lung dysfunction. Though our data do not reveal PFOA, FTOH or PFOS exposure as a 

risk factor for more severe allergic asthma-like symptoms, PFOA alone can induce airway 

inflammation and alter airway function.  
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2. RATIONALE 

Safe for adults, but may be detrimental to the developing fetus 

 For more than 40 years, the US Food and Drug Administration (FDA) advised “posed no 

risk for humans” for Bisphenol A (BPA). As a monomer of polycarbonate plastic, BPA had 

widely been used to make various consumer products such as food storage containers, baby 

bottles, beverage cans and water pipes. On January 2010, however, the FDA's stance on BPA 

toxicity was changed to indicate “some concern” for infants and children (1). The FDA's 

decision to change their stance was based on results from recent studies using novel approaches 

and different endpoints to show a toxicological impact on the developing brain, mammary 

glands and the reproductive system (1).  

    Since the FDA altered their position in 2010, other studies have continued to demonstrate the 

developmental toxicity of BPA, including the impact on the developing lung and immune 

system. In particular, two studies in mice and primates revealed that BPA increased 

susceptibility of acquiring an asthma-like phenotype when exposure occurred during critical 

phases of lung and immune system development (2,3). Midoro-Horiuti's study showed exposure 

to BPA spanning both pre- and postnatal periods, but not postnatal exposure alone, augmented 

allergic airway inflammation and hyperreactivity to suboptimal allergen challenge in mice (2). 

Likewise, Van Winkle and colleagues demonstrated that BPA disturbed the maturation of 

conducting airways, especially the secretory cells, during prenatal development and accelerated 

secretory cell maturation in Rhesus Macaques fetus; therefore exposure to BPA predisposed 

offspring to lung diseases such as asthma (3). In both instances, these new studies identified a 

critical window of fetal susceptibility to environmental chemical exposure during lung develop 

in utero.  
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    The story of BPA strengthens an argument that a “non-toxic” xenobiotic, which has long been 

thought to pose no risk for humans, can indeed impact developing organs and increase disease 

susceptibility of exposed people throughout their lifetime. There is a need to assess the impact of 

other man-made chemicals during critical windows of fetal susceptibility. Here we assessed 

whether chronic exposure of mice to perfluorinated compounds beginning in utero and continued 

throughout adolescence can impact susceptibility for development of an asthma-like phenotype.   
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3. Introduction and Literature Reviews 

3.1 Asthma 

Asthma is a chronic disease of the airways, characterized by episodic reversible airway 

narrowing or obstruction that leads to wheezing, chest tightness and shortness of breath. 

Worldwide, asthma is estimated to affect 300 million people of all ages and ethnic backgrounds 

(4). In Canada alone, 2.5 million, or 7.2% of the total population, are diagnosed with asthma (5), 

and the direct annual cost of the disease to the Canadian government is estimated to top $650 

million (6).  The incident and prevalence of asthma have increased in the past several decades, 

and the burden of the disease to governments, health care systems, families, and patients is 

increasing worldwide (7).  

 Pathological changes commonly observed in a patient with asthma include airway 

inflammation, airway hyperresponsiveness, and airway structural remodeling. These hallmarks 

of asthma define the histo-pathological changes that occur in the asthmatic airway. The changes 

include: inflammatory cell infiltration, airway smooth muscle cell hyperplasia and hypertrophy, 

mucus hyper-secretion, reticular basement thickening and angiogenesis. Understanding the 

etiology and characteristics of these markers have provided considerable insight into 

understanding asthma and have led to relatively effective management of the disease, but not to 

a cure. Today, management of asthma is directed towards suppressing airway inflammation with 

inhaled corticosteroids and relieving bronchoconstriction with bronchodilators. Nevertheless, the 

natural history of asthma still remains unknown, and how modifiable environmental factors may 

promote the development, increase the severity or limit the resolution of asthma are of great 

interest. 
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3.2 Airway inflammation 

 Airway inflammation is observed in many asthmatic patients and underlies the 

pathogenesis of allergic asthma. In the current therapeutic approach for asthma, the primary 

target of therapeutic intervention focuses on airway inflammation and inhaled corticosteroid 

(ICS) is widely used as a controller medication. In most patients, ICS is effective in controlling 

the symptoms of asthma and have been shown to significantly improve quality of life for the 

patient. Nevertheless, there is a sub-group of the asthmatic population that does not response to 

ICS therapy (8). This reflects the heterogeneous nature of asthma and prompts in-depth 

investigation of airway inflammation in asthmatics. Here, a brief description of airway 

inflammation is provided to bring context to the aspect of airway inflammation that is studied in 

assessing impact of xenobiotic exposure on asthma susceptibility. 

Airway inflammation involves both the innate and adaptive arms of the immune system, 

and the time course of an allergic asthmatic attack occurs over two distinct phases; an early 

phase and a late phase. Immediate hypersensitivity allergic reactions or the early phase allergic 

reaction (EAR) are dependent on the degranulation of activated mast cells and peak within 30 

minutes of allergen exposure. The early phase involves release of mediators such as histamine, 

leukotrienes and prostaglandins from mast cells. These mediators act on goblet cells in the 

airway epithelium to induce mucus secretions, and on airway smooth muscle (ASM) cells to 

induce bronchoconstriction. Consequently, there is narrowing of the conducting airways and a 

phasic reduction in the forced expiratory volume in 1 second (FEV1) during EAR that later 

returns to normal.  

Subsequently to EAR, the late-phase allergic reaction (LAR) evolves and peaks at 6–12 

h. It sometime persist for several days. In contrast to the EAR, in which the innate immune 
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response predominates and edema and vasodilatation mark the histological changes in the lungs, 

the LAR is characterized by a prominent leukocytic infiltration in the lungs, comprised of 

eosinophils, T helper (Th) 2 cells and neutrophils. LAR engages components of the adaptive 

immune system. LAR is initiated by antigen presentation to T-cells, and this results in pro-

inflammatory mediator release including eosinophil recruitment. Activated eosinophils and mast 

cells release granulose proteins such as major basic protein, eotaxin cationic protein including 

leukotrienes and platelet activating factor that cause further mucus secretions and 

bronchoconstriction, epithelial cell damage, vascular leakage, and mucosal edema. This late 

phase results in airway hyperresponsiveness (AHR) and a prolonged reduction in FEV1 that 

slowly returns towards normal FEV1. 

 By and large, allergic airway inflammation is associated with active T-cell immune 

response to inhaled antigens. Active T-cell immune responses to inhaled allergens in patients 

with allergic airway inflammation are biased toward the Th2 phenotype, in contrast to Th1 

skewed immunity in normal, healthy individuals. In general, Th1 cells enhance cellular immune 

responses, while Th2 cells favour humoral antibody production, including IgE, the 

immunoglobulin associated with allergic conditions. Th1 helper T cells secrete interferon (IFN)-

γ, interleukin (IL) -2 and lymphotoxin, which overall suppress Th2 response, while Th2 helper T 

cells secrete IL-4,-5, and -13. Investigation of the expression of these cytokines in the lung is a 

measurement of inflammatory status. 

The balance between Th1 and Th2 cells is critical in the development of asthma and the 

imbalance in the T-cell response results in the development of the asthmatic phenotype. For 

instance, in a murine model of asthma it was demonstrated that deficiency of IFN-γ, a major Th1 

cytokine in the lungs, results in prolonged airway eosinophilia and AHR (9). The Th2 derived 



! 17!

cytokines, such as IL-4, IL-5, IlL-9 and IL-13, orchestrate and amplify allergic inflammation in 

asthma (reviewed in (10)). In particular, IL-13 is both necessary and sufficient to induce 

eosinophil infiltration in the lungs and cause airway hyperreactivity. Blockage of IL-13 function 

by an IL-13 neutralizing agent or IL-13 Rα2, reduces allergen-induced asthma phenotypes in 

mice, and IL-13 deficient mice fail to elicit AHR despite the presence of intact IL- 4 and 5 

response in the airway (11,12). In humans, the IL-4/IL-13 signaling pathway attributed to the 

symptoms experienced by patient with high serum immunoglobulin E (IgE) levels and 

respectable response to anti-IgE treatment (8).  

 In essence, the balance between the pro-inflammatory and anti-inflammatory cytokines is 

pivotal in sustaining a normal airway function. Any immune-modulatory xenobiotic, which 

alters the intricate balance of Th1 and Th2 cell responses, may promote the development, 

increase the severity or limit the resolution of allergic inflammation. In this regard, assessment 

of inflammatory cell recruitment in the lungs, cytokine expression, goblet cell hyperplasia and 

mucus production are well-established means to evaluate inflammation in the lungs and as such 

were implemented in this study. 

 

3.3 Airway hyperresponsiveness 

Airway hyperresponsiveness (AHR) is a characteristic feature of asthma that describes 

the state of increased airway sensitivity to an inhaled contractile agonist. It reflects the 

“twitchiness” or contraction of the airway smooth muscle, causing bronchoconstriction that 

manifests as an asthma attack. The increased sensitivity of the asthmatic airway is evident 

primarily in a steeper slope of the agonist dose-response curve and a greater maximal response 

to a contractile agonist. The physiological implication of airway hyperresponsiveness (AHR) is 
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two-fold: a hypersensitive state such that a smaller concentration of a contractile agonist is 

required to initiate the bronchoconstriction, and a hyperreactive state such that an equal 

maximum stimulus generates a greater than normal maximal force of contraction and airway 

narrowing. A hyperresponsive airway exhibits both changes.  

Airway responsiveness is measured in both laboratory and clinical settings using inhaled 

constrictor agonists, such as histamine or methacholine, to challenge the airways and create a 

dose-response curve. The measurement of AHR is used in the clinics as a diagnostic test to 

differentiate between healthy and asthmatic patients. For instance, the PC20 test defines a 

provocative concentration (PC) of methacholine or histamine that causes a 20% decrease in 

FEV1. A decrease in PC20 below a clinically defined limit indicates a diagnosis of asthma, and 

the degree of AHR is associated with the severity of respiratory symptoms and decline in lung 

function (13).  

AHR is composed of at least two semi-independent components: episodic AHR and 

persistent AHR (14). Episodic AHR is commonly accompanied by airway inflammatory events 

and is well controlled with first-line anti-inflammatory therapy in most patients. Persistent AHR, 

conversely, is likely related to structural and physiological changes in the airways and manifest 

in severe and difficult to treat asthmatics. Its etiology remains to be explored.  

To date, several inducers of AHR have been identified. An atopic IgE-mediated allergic 

response is a well-characterized inducer of AHR. In particular, IL-13 has been shown to be both 

necessary and sufficient to induce AHR (15). Inhalation of environmental particulates such as 

ozone and diesel exhaust can also induce AHR through both immune-mediated and non-

immune-mediated pathways (16,17). Therefore, environmental pollutants, especially those that 

persist in the environment, pose a public health concern because they may increase the 
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susceptibility for developing AHR. In particular, early life exposure to both immune and non-

immune mediated disturbances may impact the normal lung development and impact lung health 

throughout life.  

 

3.4 Early life asthma development 

 Asthma affects people of all ages, but most often it starts during childhood. Genetics 

undoubtedly play a role in asthma development. For instance, polymorphism in the disintegrin 

and metalloprotease 33 (ADAM33) gene is associated with reduced lung function in infants and 

development of bronchial hyperresponsiveness (BHR) later in life (18). Environmental factors 

also influence the disease development, and exposure to microorganisms, pollutants, allergens, 

and diet can impact one’s tendency to develop the disease phenotype.  

 Epidemiological studies have correlated increased exposure to airborne pollutants during 

pregnancy with increased susceptibility to childhood asthma (19). Cigarette smoking during 

pregnancy is linked to a greater incidence of physician-diagnosed asthma (20), and maternal 

infection during pregnancy is a risk factor for asthma in the offspring (21). Experimentally, a 

maternal allergic immune response during pregnancy promotes allergy development in the 

offspring; mouse’s pups that were born from allergen sensitized and challenged dams have an 

increased susceptibility to develop more severe asthma phenotypes (22). Likewise, maternal 

exposure to particulate matters during pregnancy augments postnatal ozone-induced airway 

hyperreactivity in juvenile mice (23). Notably, pulmonary exposures to both allergic (i.e. diesel 

extract particles) and immunologically “inert” (i.e. TiO2) particles during pregnancy caused 

increased neonatal asthma susceptibility (24). It follows that both an allergic response in the 

pregnant mother and physiological and environmental insults in utero impact the asthma 
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susceptibility of the offspring. 

3.5 Exposure to perfluorinated compounds  

Perfluorinated compounds (PFCs) are man-made chemicals used in a variety of industrial 

and consumer products, including protective coatings for carpets and apparel, consumer 

housewares, food packaging, and electronics. Their unique polyfluorinated structure and polarity 

provide extreme resistance to degradation and thus makes PFCs very useful as stain repellents. 

Despite their usefulness in manufacturing of consumer products, the chemicals’ extreme 

persistence poses a concern to the environment and human health because PFCs are being 

detected in a variety of environment matrices such as air (25-27), drinking water (28), sediment 

(29), and house dust  (25,26) and accumulate in biological systems (29).  

PFCs accumulate in the human body, particularly in the serum, and are detected in both 

blood (30,31) and breast milk (32). PFCs tend to have a long biological half-life; 

perfluorooctanoic acid (PFOA) and perfluorooctane sulfonate (PFOS), the two most 

predominant forms of PFCs found in the environment and human blood, have a human 

elimination half-life of 3.8 years and 5.4 years, respectively (33). More importantly, PFC 

exposures are not limited to occupational workers, and exposure is a worldwide phenomenon. 

PFCs have been found in serum and plasma collected from the general population in Asia (34), 

Australia (35), Europe (36), North America (31), and South America (36). Serum PFOA and 

PFOS levels in the general public are in the low nanograms per milliliter range, but PFOA 

concentrations have been detected at levels up to 478 ng/mL in non-occupational persons (37). 

Workers occupationally exposed to PFOA and PFOS have serum levels of these chemicals 

approximately one order of magnitude higher than those reported in the general population (see 

review (38)). For instance, PFOA serum concentrations reported in occupational workers were 
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between 422 and 999 ng/mL, and between 155 and 556 ng/mL for individuals living in an area 

of high environmental exposures (37). In a separate study, serum PFOA concentration measured 

in retired fluorochemical production workers ranged from 72 ng/mL to 5100 ng/mL, with an 

arithmetic mean value of 691 ng/mL in 26 exposed individuals (33). 

The routes of exposure to PFCs are diverse and include exposure through diet, water 

intake, air inhalation, dust ingestion and absorption through direct skin contact with consumer 

products (25). Ingestion is believed to be a key exposure route given a high abundance of PFCs 

in our diet and food packaging; Canadians, for instance, are estimated to have exposure of ~250 

ng/day through diet (39). Another significant means of exposure is inhalation. Fluorotelomer 

alcohol (FTOH), one of the volatile forms of PFCs and a precursor to PFOA, is detected in the 

North American troposphere at concentrations up to 165 pg/m3(27) and in Canadian indoor air at 

the concentration up to 2900 pg/m3 (25). Given that we take approximately 22 000 breaths a day 

or 8 million breaths a year, the accumulated exposure ought to be significant. In addition to the 

two major exposure routes, small children and toddlers touch, ingest and inhale house dust. 

Toddlers ingest about 60 mg of house dust per day in modern homes. This translates to about 25 

ng of PFCs/day exposure in toddlers (25). This amount is significantly greater than adults who 

ingest less than 1 ng/ day from dust (25).  

 

3.7 PFOA and PFOS exposure and health outcome 

 To date, the findings of epidemiological and medical surveillance studies are mixed with 

no consistent association between serum PFC level and adverse health effects (reviewed in 

(38,40)). Earlier epidemiological studies found no strong association between serum PFC 

concentrations and health outcomes: mortality, cancer incidence, potential endocrine effects, 
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hematology, hormonal and clinical chemistry parameters (37,41-43). One occupational cohort 

study found an association between the serum concentration of PFOS with increased bladder 

cancer occurrence (43). However, the bladder study lacked a sufficient sample size, and a larger 

study on separate cohorts later failed to establish the same association (42,43). Perhaps the 

accumulated PFOS level was linked to bladder cancer because bladder cancer itself limited renal 

excretion of PFCs. 

In contrast, more recent large studies point to developmental exposure of PFCs as  more 

relevant and serious in its impact on individual health, through delayed development and 

increased susceptibility to chorionic diseases. For instance, a Danish study in 2007 found a 

significant negative correlation between maternal plasma PFOA and birth weight (44). A more 

recent Taiwanese study involving ~450 children revealed that PFC exposure was associated with 

juvenile asthma; investigators found a positive association between the serum PFC concentration 

and at least two of the three immunological biomarkers (Serum IgE, absolute eosinophil count 

and eosinophilic cationic protein level) in asthmatic children (45). Anderson-Mahoney found 

that people who had been exposed to PFOA via drinking water showed evidence of higher self-

reported shortness of breath and asthma (46). 

PFOA and PFOS cross the placental barrier and therefore exposure begins in utero and 

spans all critical stages of development in human (47). PFCs have shown the potential for 

genotoxicity and developmental toxicity in vitro and in vivo (42,48). Additional studies are 

needed to further characterize the impact on specific target organs and to elucidate the long-term 

consequences of prenatal exposures.  
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3.8 Developmental exposure of PFCs  

 In both rat and mouse, exposure to PFOS and PFOA during in utero development 

compromised the newborns survival and impeded postnatal growth and development of the 

survivors (49-52). Moreover, the development toxicity was shown in a dose-dependent manner 

and high doses (>10mg/kg) caused 100% the neonatal mortality (49-52). Interestingly, the 

neonatal mortality in rat did not require PFOS exposure before day 19 of gestation, implying that 

mortality is a result of insufficient development in the late gestational period (51). Similarly, the 

critical window of PFOA exposure in mice for neonatal mortality is gestation day (GD) 15-17 

(50). These observations suggest that organ systems that develop late in gestation may be the 

targets for PFOS and PFOA insults.  

Indeed, PFOS and PFOA was suggested to inhibit or delay perinatal lung development 

by Grasty et al. (2003, 2005) because of the significant histological and morphometric 

differences between control and PFOS-exposed lungs of newborns (51,52). Grasty and 

colleagues found thicker alveolar walls in the lungs of PFOS-exposed mice compared to the 

controls, and the ratio of solid tissue to small airway was increased, suggesting immaturity. 

Other investigators indeed observed respiratory insufficiency that caused premature death in 

newborns pups born from PFOA and PFOS-exposed dams (49). The surviving pups in the 

developmental toxicology tests significantly lagged behind in body weights compared to those 

who were not exposed to PFOA or PFOS.  

All these data suggests that an exposure during critical stages in pregnancy can induce 

permanent organ damage, resulting in increased disease susceptibility in the offspring. 

Compromised immune and lung development may impair the normal recovery process from 

everyday insults to the lungs. Therefore, the consequences that in-utero through postnatal 
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exposure to PFOA and PFOS has on overall pulmonary function need to be evaluated. In 

considering suitable animal models, the longer elimination half-lives in mice (17-19 days) 

relative to other experimental animals such as rat (2hrs - 6 days with gender variance), rabbit (5-

7 hrs) and chicken (4.6 days), makes mice the most suitable for use in a low dose chronic 

exposure model (40). 

 

3.9 PFOA, PFOS and pulmonary surfactant 

The intricate regulation of surface tension at the air-liquid interface in alveoli permits us 

to breathe with ease. Pulmonary surfactant plays a vital role in maintaining low surface tension 

so that alveoli are prevented from collapsing. Disturbances in pulmonary surfactant function 

may be detrimental in overall lung function and can have life threatening consequences. For 

example, babies born with congenital surfactant deficiency will die from respiratory distress 

shortly after birth unless treated with synthetic surfactant. Therefore, any xenobiotics that 

interfere with surfactant function can ultimately have a profound impact on the overall 

respiratory function. 

Perfluorinated compounds are widely used as industrial surfactants and have the potential 

to disturb normal pulmonary surfactant function. Several investigators have examined the 

interaction of PFCs with pulmonary surfactants. For instance, Lehmler et al. (2006) examined 

the mixing behavior of PFOS with dipalmitoyl phosphatidylcholine (DPPC), a major component 

of pulmonary surfactant. They observed the behavior by utilizing differential scanning 

calorimetry and fluorescence anisotropy measurements. Both PFOS and PFOA had a high 

tendency to partition into lipid bilayers (53). In fact, surfactant surface tension measured using a 

captive bubble surfactometer demonstrated both PFOA and PFOS were capable of interfering 
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directly with surfactant properties in vitro even at relatively low concentrations (54).  

 However, in vivo assessment of the concentration and molecular speciation of 

phospholipids, as an indicator of pulmonary surfactant abnormalities and lung maturity revealed 

no impact of PFC exposure on either of the two parameters (51,52). Furthermore, an attempt to 

rescue PFOS-induced respiratory failure of newborn rats with agents that are known to promote 

lung maturation and pulmonary function such as dexamethasone or retinyl palmitate did not 

succeed. It was, therefore, concluded that the “labored breathing and subsequent mortality 

observed in the PFOS-exposed newborns might not be related to surfactant deficiency or 

immaturity of the lung per se” (51).  

  

3.10 PFOA and PFOS modulate immune function by acting as a agonist for PPAR 

Although previously thought to be inert, both PFOA and PFOS are now known agonists 

for peroxisome proliferator-activated receptors (PPAR) α, β and γ (55). PPARs are widely 

expressed in diverse cell types including immune cells and pulmonary structural cells and act as 

a regulator of gene transcription through binding to specific response elements or peroxisome 

proliferator response elements (PPREs).  PPARγ, in particular, regulates apoptosis, cell 

differentiation, energy metabolism, and inflammation (56). PPARγ activation prompts anti-

inflammatory effects demonstrated by the inhibition of pro-inflammatory cytokine (TNF-α, IL-

1β, IL-6) production by a PPARγ agonist (57). Activated PPARγ stimulates the differentiation of 

monocytes to macrophages, inhibits the induction of inducible nitric oxide synthase, 

metallanoproteinase-9 and scavenger receptor A transcription (58). PPARγ activation inhibits 

the expression of monocyte chemoattractant protein-1, vascular cell adhesion molecule-1, and 

intracellular adhesion molecule; thus PPARγ activation hinders with chemo-attraction and cell 
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adhesion of monocytes and T-lymphocytes (57). PPARγ also acts as a trans-repressor of 

macrophage inflammatory genes (59). Indeed, PFOA has been shown to augment calcitriol-

induced monocytic differentiation of the HL-60 (macrophage) cell line, and interestingly, both 

PPARα and γ agonist administration inhibit allergen-induced airway inflammation in mice, and 

have been proposed to have possible therapeutic use in asthma (60).  

PFOA and PFOS show greater affinity for and activation of PPARα than PPARγ, 

suggesting that the main target for both PFCs is PPARα (55). PPARα agonists, such as 

gemfibrozil, ciprofibrate, and fenofibrate have been demonstrated to indirectly increase the 

production of IL4 and inhibit interferon-gamma (IFNγ) to shift the cytokine balance (61). 

Moreover, PFOA has been shown to modulate human mast cells ex vivo to secrete more pro-

inflammatory cytokines such as tumor necrosis factor (TNF)-α, which can directly modulate 

airways to become hyperresponsive (62). Therefore, PFC activation of PPARs is likely to have a 

diverse impact on lung immune response. Evaluation of the overall net impact on the local 

inflammatory response is of great interest and is necessary to gauge a potential link between in-

utero-through-postnatal exposure to PFCs and asthma susceptibility. 
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4. HYPOTHESIS AND OBJECTIVES  

Hypothesis: Sustained chronic exposure of mice to perfluorooctanoic acid (PFOA), 

fluorotelomer alcohol (FTOH) or perfluorooctanesulfonic acid (PFOS) induces lung dysfunction 

that exacerbates allergen-induced airway hyperresponsiveness (AHR) and inflammation.  

 
Specific objectives: 
 

1. Assess the impact of chronic PFC exposure on body and liver weight 

2. Measure accumulated serum concentration of PFOA in mice that ingested PFOA or 

inhaled FTOH 

3. Determine if PFC exposure in the absence of allergen challenge will result in 

changes in respiratory mechanics 

4. Assess leukocyte accumulation, cytokine mRNA abundance and goblet cell 

hyperplasia in lungs of pups who were exposed to PFOA, FTOH or PFOS 

5. Determine if PFC exposure changes the magnitude of ovalbumin (OVA) induced 

AHR 

6. Determine if PFC exposure will impact OVA induced leukocyte infiltration and 

goblet cell hyperplasia of the lung 
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5. MATERIALS AND METHODS 

 Methods were previously described in a manuscript published by our group (Ryu et al. 

2014) and are described here with more details (63). 

5.1 Chemicals and reagents 

 Perfluoro-n-octanoic acid (PFOA) (purity > 98%), and the corresponding isotropically 

labeled standard perfluoro-n-[1,2,3,4-13C4]octanoic acid (PFOA-13C4) (purity ≥ 99% 13C) were 

purchased from Wellington Laboratories (Guelph, ON, Canada).  Heptadecafluorooctanesulfonic 

acid potassium salt (PFOS, ≥98%) was purchased from Sigma-Aldrich (St. Louis, MO, U.S.A.). 

2-Perfluorooctylethanol (8:2 FTOH, ≥98%) was purchased from Wellington Laboratories.  

5.2 Animals 

 Balb/c mice were purchased from University of Manitoba Central Animal Care Services 

(U of M CACS) and were housed in a controlled pathogen free environment (12 hours dark/light 

cycle). Mice were fed with in-lab pelletized LabDiet 5001 Rodent powder diet (Brentwood, MO, 

USA). Females were timed mated, and the appearance of a vaginal plug was designated as a 

gestation day (GD) 0. All animal procedures were performed according to standard operating 

procedures and guidelines approved by the Animal Ethics Committee, University of Manitoba.   
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Fig 5.1. Schematic timeline summary of PFCs exposure protocol. For dietary exposure, time-mated Balb/c female 
dams were fed PFOA or PFOS contaminated diet (4 mg chemical/kg diet) beginning gestation day (GD) 2 and 
throughout pregnancy and lactation period. Pups continued on the same diet after weaning. For inhalation exposure, 
dams were housed with a FTOH contaminated mouse hut coated with 100 mg of 8:2 FTOH starting GD 15. FTOH 
exposed pups were kept in the same environment during and after weaning. At age 8-9 weeks, some pups from each 
exposure cohort were sensitized twice (2 µg OVA/2 mg alum in saline injection i.p.) and challenged three times (50 
µg OVA in 50 µl saline applied i.n.) with ovalbumin (OVA). At 48 hrs post final OVA challenge, or 10-11 weeks of 
age, offspring were assessed for lung function and were sacrificed to collect bronchoalveolar lavage fluid, blood, 
lung and liver. 

5.3 Chemical Exposure 

Dietary PFOA and PFOS exposure: Timed-pregnant dams were fed PFOA or PFOS 

contaminated diet ad libitum (~ 4-6 g/day) beginning GD 2. The chemical contaminated diet was 

prepared by mixing in 4 mg of PFOA or PFOS (dissolved in methanol) per 1 kg of LabDiet 5001 

Rodent powder diet (Brentwood, MO, USA). Powder diet was pelletized and dried for three days 

in a fume hood. Pellets were stored at -20 °C until feeding. The pregnant dams were fed the 

contaminated diet throughout pregnancy and lactation. The offspring were continued on the 

same diet after weaning and were then sacrificed at 10-11 weeks of age. 

Inhaled FTOH exposure: 8:2 FTOH exposures was carried out by housing the pregnant dam 

with FTOH contaminated mouse enrichment huts starting GD 15. Enrichment huts were 11 cm 

length x 11 cm width x 5 cm height (shown in fig 5.2) and were sprayed with 2 mL of 50mg/mL 

8:2 FTOH dissolved in methanol. Mice were housed in a cage (43cm length x 23 cm width x 22 
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cm height) with one contaminated enrichment hut, which was replaced twice a week.  The pups 

remained in this environment during and after weaning.  

 
Fig 5.2. Preparation of dietary PFOA and PFOS pellets and FTOH contaminated huts. (LEFT) In-lab pelletized contaminated diet was 
prepared by mixing in 4 mg of PFOA or PFOS per 1 kg of LabDiet 5001 Rodent powder diet. Each pellet was cylindrical in shape with 
dimension of 2.5 cm diameter and 9 cm height. Pellets were dried under chemical safety hood for three days and stored at -20 °C until 
feeding. (RIGHT) Holding cage (43cm length x 23 cm width x 22 cm height) with one FTOH contaminated enrichment hut (11 cm 
length x 11 cm width x 5 cm height). During the FTOH exposure protocol, huts were changed twice a week.  

5.4 LC-MS/MS analysis of PFOA level in serum 

 
Blood collection and sample extraction 
 
 At the experimental endpoint, whole blood was collected, left at room temperature to clot 

and centrifuged at 10000 rpm for 10 min at 4 °C. The supernatant was isolated and stored at -80 

°C until extraction and analysis. The PFOA extraction procedure was adopted from a recent 

study. Briefly, 20 µL of 2.5 pg/µL internal standard mixture, 50 µL of methanol and 50 µL of 

serum were mixed. The solutions were vortex-mixed, then centrifuged at 14,000 rpm for 10 min. 

The supernatant was isolated, vortex-mixed with 60 µL of acetonitrile and chilled at -20oC for 1 

hour. The mixture was centrifuged at 14,000 rpm for 10 min. 110 µL of supernatant was 

combined with 110 µL of 0.1% formic acid in a polypropylene auto-sampler vial. The solution 

was vortexed and then subjected to liquid chromatography mass spectrometry (LC-MS/MS) 

analysis using online solid phase extraction (SPE) as described previously by McConkey (86). In 
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brief, the mobile phase gradient from the quaternary pump started at 5% methanol and 95% 

formic acid (0.1% in water), then increased to 50% methanol and 50% acetonitrile after 90 s, 

was held 3 min then 100% (50:50) isopropyl alcohol:water for 4 min and finally changed to 

50:50 acetonitrile:methanol for 1 min. The binary pump mobile phase gradient for analytical 

separation was initially 2mM ammonium acetate in water and held for 90 s, then changed to  

(60:40) acetonitrile:2 mM ammonium acetate during 3 min, held on for 30 s, increased to 

(67:33) acetonitrile:2 mM ammonium acetate  in 36 s , finally raised to 90:10 (2mM 

acetonitrile:ammonium acetate) and was held for 2 min, decreased to (15:85) acetonitrile: 2mM 

ammonium acetate  in 1 min held for 1 min. 

 The mass spectrometry analysis was performed using dynamic multiple reaction 

monitoring using electrospray ionization in negative mode. The curtain gas temperature was set 

to 300 oC at a flow of 10 L per minute. The nebulizer pressure was set to 55 psi and the capillary 

voltage was -2000 V. The LC-MS-MS acquisition was performed in multiple reactions 

monitoring (MRM) mode by following the transitions m/z 413→368.9, m/z 413→168.9 and m/z 

417→371.9 for the quantifier, qualifier, and the internal standard respectively. Optimized 

fragmentor voltage 72V and collision energies 16 and 4 V (for qualifier and quantifier 

respectively) were applied in the method. 

LC-MS/MS Quality assurance 

PFOA was quantified by isotope dilution. The limit of detection and limit of 

quantification in bovine plasma were determined as the concentrations with signal-to-noise 

ratios of three and ten respectively, and were estimated to be 0.014 and 0.048 ng/mL 

respectively.  Percent recoveries of PFOA were determined to be 103%. These results are similar 

to what has been seen for recoveries in other studies (31,63,64,65). 
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5.5 Ovalbumin Allergen Challenge 
 

 

Fig 5.3. Schematic summary of ovalbumin (OVA) protocol and experimental endpoint. At age 8-
9 weeks, randomly selected pups from each exposure cohort were sensitized to OVA on day 0 
and 15 of OVA protocol, by intra-peritoneal injection of 0.5mL saline with 2 µg OVA adsorbed 
to 2 mg alum. On day 15, 16, and 17, mice were challenged intra-nasally (i.n.) with 50 µg OVA 
in 50 µl saline. At 48 hrs post final OVA challenge, offspring were assessed for respiratory 
mechanics. Lungs were lavaged after the lung mechanics, and total number of cells in 
bronchoalveolar lavage was estimated. Blood and tissues were collected after the lung function 
measure. For histology, lungs were inflated and fixed with 1mL of 10% buffered formalin (pH 
7.4) to a pressure of 25 cm H2O. 
 

 To assess the effect of PFC exposure on the allergen induced airway inflammation and 

airway hyperresponsiveness (AHR), we subjected some mice from the chemical exposed cohorts 

to ovalbumin (OVA) sensitization and challenge. On day 0 of OVA protocol (8-9 weeks of age), 

mice were sensitized by intra-peritoneal (i.p.) injection of 2 µg of OVA (Albumin Chickeng Egg 

Grade V, Sigma-Aldrich) adsorbed to 2 mg alum (Inject® Alum, Thermo Scientific) in 0.5mL 

saline. 15 days after the first OVA sensitization, a second dose of i.p. OVA was administered. 

Concurrent to the second i.p. OVA, mice were challenged with intra nasal (i.n) OVA (50 µg 

OVA in 50 µl saline, applied directly to nostrils). The i.n. OVA challenge was repeated twice in 

the two days following the first i.n. OVA challenge. Control cohorts received sham sensitization 

and challenge with saline. Experimental assessments were made 48 hours after the last OVA 

challenge. 
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5.6 BALF collection and analyses 

 To assess airway inflammation in mice, the whole lung was lavaged to collect 

bronchoalveolar lavage fluid (BALF). At the experimental end point, mice were anaesthetized 

with sodium pentobarbital (90 mg/kg, intraperitoneal injection) and tracheostomized with 20-

gauge polyethylene catheter inserted and fixed in mid trachea. Lungs were lavaged with 1 mL of 

cold sterile saline, twice, for a total of 2 mL. The collected BALF was centrifuged at 1100 RPM 

for 10 min, and the supernatant was isolated and stored at -80 °C. The pellet was re-suspended in 

1 mL of cold saline. Cell counts from the re-suspended BALF were estimated using a 

hemocytometer, and the total BALF cell counts were determined as total number of leukocytes 

per mL of original BAL. For differential cell counts, cells were spread onto glass slides using a 

Cytospin® 3 (1000 rpm for 5 mins) (Shandon Inc.) and were stained with a modified Wright-

Giemsa stain (Hema 3® Stat Pack, Fisher Scientific). Cell distribution was analyzed by 

manually identifying and counting eosinophils, lymphocytes, macrophages, and neutrophils in 

six randomly chosen fields of view examined with a light microscope at 400x magnifications.  

Cell counts were totaled across the six fields of view, and the ratio was used to calculate the 

absolute # cells /mL of original BALF. 

5.7 Respiratory Mechanics 

 Mice were anesthetized with sodium pentobarbital (90 mg/kg, intraperitoneal injection) 

and the trachea was exposed ventrally. A 20-gauge polyethylene catheter was inserted and fixed 

into the trachea and was further connected to a flexiVent small animal ventilator (Scireq Inc. 

Montreal, PQ, Canada). Mice were ventilated with a tidal volume of 10 ml/kg body weight, 150 

times per min. A positive end expiratory pressure (PEEP) of 3 cmH2O was used for all studies. 
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Mice were subjected to an increased dose of nebulized methacholine (MCh) challenge protocol 

to assess concentration response characteristics of respiratory mechanics. 30µL of saline 

containing 0 - 50 mg/mL MCh was delivered over 10 seconds using an inline nebulizer at the 

beginning of each dose point. Low frequency forced oscillation technique was used to assess the 

effects of MCh challenge on respiratory mechanics. During the low frequency forced oscillation, 

mechanical ventilation was interrupted, and then a volume perturbation signal was applied using 

a preset flexiVent Prime-8 protocol. By fitting Zrs to the constant phase model (66,67), the 

flexiVent software calculated central conducting Newtonian resistance (Rn), peripheral tissue 

damping (G), tissue elastance or stiffness (H); each parameter was normalized according to body 

weight. Values for each parameter were calculated as the mean of all 20 perturbation cycles 

performed after each MCh challenge. 

Using the MCh dose curve, airway sensitivity to MCh was quantified by calculating 

provocative concentration 100 (PC100), dose of nebulized MCh required to elicit 100% increase 

in baseline Rn. PC100 was calculated using linear regression on dose response curve generated 

for each mice and was averaged to obtain mean values.   
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5.8 Lung Histology 

    Histological assessment was performed using the left lung. Lungs were dissected out and 

were inflated with 1mL of 10% buffered formalin (pH 7.4) to a pressure of 25 cm H2O, and 

fixed for 48 hours prior to tissue processing and paraffin embedding. Paraffin embedded lung 

specimen were sectioned into 6µm thick serial sections and were stained for Harris 

Haemotoxylin and Eosin Y (H&E) and Periodic Acid Schiff (PAS) stain. Harris Haemotoxylin 

and Eosin Y Solution (alcoholic) were purchased from Sigma-Aldrich (St.Loouis, MO) and 

staining was done following a standard protocol. PAS staining was done using Periodic Acid 

Schiff Staining System (Sigma-Aldrich, St. Louis, MO) following the manufacturer’s protocol. 

Specimens were viewed and photographed using an upright light microscope equipped with a 

SPOT CCD camera (Olympus, Canada).  

 

5.9 Goblet cells and mucus score 

 Twelve large airways (length of basement membrane under epithelium > 1200 µm; 

columnar epitheliums) from four different animals were assessed for goblet cell metaplasia and 

mucus production in each exposure group. Based on the ratio of goblet cell area to whole cross-

sectional epithelial area, the severity of goblet cell metaplasia and mucus hyper-secretion was 

scored as previously described (68). In brief, goblet cell metaplasia and mucus secretion was 

scored from 0 to 3: a score of 0 for no goblet cells, a score of 1 (mild hyperplasia and mucus 

secretion) for occupation of < 1/3 of the epithelial area by goblet cells with mild mucus secretion, 

a score of 2 (moderate hyperplasia and mucus secretion) for occupation of ≥ 1/3 to ≤ 2/3 of the 

epithelial area and moderate mucus secretion; and a score of 3 (severe hyperplasia) for 

occupation of greater than 2/3 of the epithelial area and copious mucous secretion. The goblet 
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score was obtained by averaging the scores assigned to airways by two blinded independent 

observers. 

 

5.10 ELISA: measuring inflammatory cytokine level in whole lung lysate 

 Left lungs were minced and submerged in 500µL protein lysate RIPA buffer following 

composition: (Aqueous solution with 10 mM Tris pH 7.5, 150 mM NaCl, 1:100 NP40, 

1g/100mL Deoxycholic Acid Salt, 0.1% SDS, 1:100 protease inhibitor cocktail (Sigma-Aldrich, 

St. Luuis, MO), 1:100 phosphatase inhibitor cocktail 2 (Sigma-Aldrich, St. Louis, MO), and1 

mM PMSF, pH adjusted to 8.0). For protein isolation, tissues were thawed, homogenized using a 

Polytron and were sonicated. Supernatant was collected after centrifugation (13 600x g, 15mins). 

Protein concentrations were estimated using RC DCTM Protein Assay (BioRad, Hercules, CA) 

following manufacturer’s protocol. Mouse TNF-α ELISA MAX™ Deluxe (BioLegend, San 

Diego, CA), Mouse IFN-γ ELISA MAX™ Deluxe (BioLegend, San Diego, CA) and Mouse IL-

5 ELISA MAX™ Deluxe (BioLegend, San Diego, CA) kits were used with slight modification 

to manufacturer’s protocol. Briefly, ELISA plate preparation was modified for overnight 

incubation of primary antibodies at 4 °C instead of incubation at 37 °C for 1 hours. 100 uL of 

protein lysate containing 50ug and 100 ug of total protein were incubated for 20 mins on coated 

plate. Absorbance at 450 nm was used to read the plates and concentration was estimated using a 

standard curve on log-log axis. 
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5.11 qPCR: measuring inflammatory cytokine mRNA abundance 

RNA extraction and cDNA Synthesis 

            Dissected right lungs from each mice were cut into smaller fragments and stored in 

RNAlater® (Qiagen, Missisauga, ON, Canada) at -20 °C for up to 6 months. To extract the RNA 

from the tissues, RNAlater® was first removed as per manufacture’s instructions before the 

tissue was homogenized using a PowerGen 700 homogenizer (Fisher Scientific), in RLT lysis 

buffer (Qiagen) and passed through a QIAshredder (Qiagen). RNA was extracted from the tissue 

lysate using a Qiagen RNeasy® Plus Mini Kit (Qiagen) as per the manufactures instructions, and 

the supplied gDNA Eliminator Mini Spin Columns were used to remove genomic DNA from the 

extracted RNA. Assessment of RNA concentration and purity was performed using a 

spectrophotometer (NanoDrop 2000; Thermo Scientific; Waltham, MA, USA). The qScript™ 

cDNA SuperMix kit (containing and equimolar ratio of oligo (dT)s and random hexamers) was 

used for the reverse transcription of RNA (1 µg) to cDNA using the manufacturer’s protocol 

(Quanta BioSciences, Inc., Gaithersburg, MD, USA). 

 

Primer Design & Validation using Polymerase Chain Reaction 

           Gene sequences were obtained from NCBI (http://www.ncbi.nlm.nih.gov) and input into 

PrimerQuest (https://www.idtdna.com/Primerquest/) along with intron and exon boundary 

information for each set of SYBR based qPCR (quantitative polymerase chain reaction) primer 

set. Verification of output primer sequences involved several in silico analysis tools such as 

UNAFold, PrimerBlast and in silico PCR (http://www.idtdna.com/UNAFold; 

http://www.ncbi.nlm.nih.gov/tools/primer-blast/; http://genome.ucsc.edu/cgi-bin/hgPcr; 

respectively) and the final primer sequences can be found in Table 5.1. Experimental verification 
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of primers were done using polymerase chain reaction (PCR); briefly, 1 µL of each 10 µM 

primer pair, 1 µL of cDNA, 12.5 µL EconoTaq® PLUS GREEN (Lucigen; Middleton, WI, USA) 

built up to 25 µL with H2O and processed using a Techne Touchgene Gradient thermocycler 

(Bibby Scientific Limited; Staffordshire, UK) using the following conditions: initial denaturation 

of 94 ºC for 5 min, 40 cycles of denaturation, annealing and product extension of 94 ºC 15 sec, 

58 ºC for 30 sec and 72 ºC for 35 sec followed by a final extension at 72 ºC for 5 minutes. PCR 

products were resolved using gel electrophoresis on 2% agarose gels at 70 volts. 

qPCR and Data Analysis 

          Real-time PCR (qPCR) was carried out with the 7500 Real-Time PCR System (Applied 

Biosystems; Foster City, CA, USA) using primer pairs for eotaxin, ribosomal 18s RNA (18S), 

interleukin 13 (IL-13), interferon gamma (IFN-γ) and tumor necrosis factor alpha (TNF-α) 

(Table 5.1). Each qPCR reaction comprised of 12.5 µL SYBR® Green (Applied Biosystems, 

Warrington, UK), 1 µL of F and 1 µL R primer (10 µM primer stock), 1 µL of cDNA and built 

up to 25 µL with water before being sealed, briefly centrifuged and run on the thermocycler 

using the recommended cycling protocol for the SYBR reagent (Applied Biosystems) with a 

primer annealing temperature of 58 ºC. Product specificity was determined by dissociation curve 

analysis using the supplied 7500 Sequence Detection software v.1.4 (Applied Biosystems, Foster 

City, CA, USA). Ribosomal 18s was used as the internal standard with relative gene expression 

calculated using the ddCt method as previously described (69).  
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Table 5.1. Summary of primer sequences utilized in qPCR. 

Gene NCBI 
Accession # Primer Sequence  PCR Product 

Size (bp) 
eotaxin NM_008176.3 F 5’-TTCTATTCCTGCTGCTCACGGTCA 

R 5’-GGCTTTCAGGGTGCATCTGTTGTT 
164 

18S NR_003278 F 5’-CGCCGCTAGAGGTGAAATTC 
R 5’-TTGGCAAATGCTTTCGCTC 

62 

IL-13 NM_008355.3 F 5’-GATCTGTGTCTCTCCCTCTGA 
R 5’-AGGTCCACACTCCATACCA 

109 

IFN-γ NM_008337.3 F 5’-GGCCATCAGCAACAACATAAG  
R 5’-GTTGACCTCAAACTTGGCAATAC  

112 

TNF-α NM_013693.3 F 5’-GCCTCCCTCTCATCAGTTCTAT 
R 5’-CACTTGGTGGTTTGCTACGA 

104 

Primers were designed using Primer Quest (IDT.com) and initially verified in silico using Primer Blast 
(NCBI), UNA Fold (IDT) and in silico PCR (UCSC) before being confirmed with standard PCR and 1D 
electrophoresis. All primer sets were also tested using PCR. Abbreviations used: ribosomal 18s RNA 
(18S), interleukin 13 (IL-13), interferon gamma (IFN-γ) and tumor necrosis factor alpha (TNF-α) 
 

5.12 Statistical Analysis 

All statistical analysis was carried out using IBM SPSS 20 software and/or GraphPad 

Prism 6. Results are expressed as mean ± standard error of the mean (SEM). Analysis of 

variance (ANOVA) was used to compare the means. Normality of the data was assessed by 

examining bar histograms generated using IBM SPSS 20. Data were log transformed to log base 

10 when found positively skewed; respiratory mechanics and ddCt for qPCR were log 

transformed. Levene’s test was performed to assess equality of variance where appropriate. One-

way ANOVA, followed by the Bonferroni post hoc, was used to compare means of PC100, total 

cell counts, and ddCt for qPCR analysis. Two-way ANOVA followed by Tukey’s post hoc test 

was used to compare the means for respiratory mechanics. The Kruskal-Wallis test, followed by 

Dunn’s Multiple Comparison, was used to compare the mucus score. P-values less than 0.05 

were considered statistically significant unless noted otherwise.  
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6. RESULTS 
 
6.1 PFOA is detectable in serum after both PFOA and FTOH exposure  
 

To determine the effectiveness of the exposure protocol, serum levels of PFOA were 

measured in mice exposed to either PFOA (by ingestion) or FTOH (by inhalation) beginning in 

utero and extending through 11-12 weeks of age (Fig. 6.1). While PFOA was detected in only 

trace amounts in the serum of naïve (untreated) animals (1.75 ± 0.21 ng/mL), strongly detectable 

levels were measured in serum from mice exposed to either compound (Fig. 6.1). Serum PFOA 

concentrations in PFOA and FTOH-exposed mice were 4800 ± 1100 ng/mL and 5400 ± 900 

ng/mL, respectively. There was no statistical difference in serum PFOA concentration between 

the two groups (p >0.05). 

 

 

 
 

Fig 6.1. Serum concentrations of PFOA measured in 
PFOA or FTOH exposed mice using LC-MS/MS. 
Animals were exposed to PFOA through direct 
ingestion of PFOA in diet or through bioconversion of 
inhaled FTOH to PFOA. Chemical exposure began in 
utero and continued through postnatal. Serum PFOA 
concentration was measured at the experimental 
endpoint when mice were 11 to 12 weeks old. Error 
bars represent the standard error mean. Statistical 
significance was determined using ANOVA; P < 
0.01(**) and P < 0.001(***). 
 
 
 
  

#!
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6.2 PFOA and PFOS ingestion resulted in increased body weight and liver enlargement 
 

Exposure to dietary PFOA and PFOS correlated with significant weight gain and liver 

enlargement (Fig 6.2). At 11 - 12 weeks of age, PFOA- and PFOS-exposed animals had mean 

body weights that were 13% and 9% greater than the naïve, respectively (Table 6.1). The two 

groups also had 80% and 44% greater liver weight to body weight ratio than the naïve, 

respectively (Table 6.1). However, neither weight gain nor liver enlargement was observed in 

mice that inhaled FTOH. OVA sensitization and challenge also had no detectable impact on the 

body and liver weights. Mean values are the average of more than 12 mice per group. 

 
Fig 6.2. Ingestion of PFOA or PFOS induced weight gain and liver enlargement in mice. Body 
and wet liver weight was measured at age 11-12 weeks. * denotes significant statistical 
difference compared to the naïve values (ANOVA, p<0.05). n >12 per group. Error bars 
represent SEM.   
 
Table 6.1. Body and liver weights and liver weight to body weight ratio of the PFCs exposed mice 
measured at the experimental endpoint, 11-12 weeks of age 

 Body weight (g) Liver weight (g) Liver weight/Body weight 

Naïve 22.94 ± 0.63 1.18 ± 0.04 0.052 ± 0.001 

PFOA 25.88 ± 0.76* 2.42 ± 0.11* 0.094 ± 0.005* 

FTOH 21.02 ± 0.54 1.21 ± 0.06 0.057 ± 0.002 

PFOS 24.99 ± 0.89* 1.88 ± 0.11* 0.075 ± 0.002* 
Values are means ± SE. L:B ratio, liver to body weight ratio. (*) indicates significant difference 
compared to the naïve values (ANOVA, P<0.05). 
  



! 42!

6.3 PFC exposure had no detectable impact on baseline lung function 
 

Respiratory mechanics were measured in PFOA-, FTOH- and PFOS-exposed mice using 

a flexiVENT small animal ventilator at 11-12 weeks of age. Six mechanical parameters were 

assessed prior to methacholine (MCh) challenge: respiratory resistance (R); elastance (E); 

compliance (C); Newtonian resistance (Rn); tissue damping (G); and tissue elastance (H). There 

was no detectable change in any parameters at baseline, in any PFC-exposed group compared to 

naïve (ANOVA, p>0.05) (Fig. 6.3, Table 6.2).  

 

 

Fig 6.3. In-utero-through-postnatal chronic exposures to PFOA, FTOH or PFOS do not alter 
baseline respiratory mechanics. Lung function was assessed at 11 to 12 weeks of age using a 
flexiVent small animal ventilator. Parameters measured are: respiratory resistance; elastance; 
compliance; airway resistance; tissue damping; and tissue elastance. No significant statistical 
difference was present in any comparison (p>0.05). 
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6.4 Life-long exposure to PFOA, but not PFOS, induced airway hyperresponsiveness  
 

Interestingly, lifetime exposure to ingested PFOA and inhaled FTOH induced airway 

hyperresponsiveness (AHR), as indicated by the left-upward shift of the MCh dose-response 

curves (Fig. 6.4). Central conducting airways in PFOA- and FTOH-exposed mice were 

hyperreactive to MCh challenge, generating greater maximum Newtonian resistance: the 

maximum Rn, measured at the maximum experimental MCh dose ([MCh] = 50 mg/mL), was 

significantly greater in the PFOA- and FTOH-exposed mice than in the naïve animals (max Rn: 

PFOA 1.68 ± 0.19 cmH20·s·mL-1, FTOH 1.87 ± 0.23 cmH20·s·mL-1, Naïve 1.02 ± 0.12 

cmH20·s·mL-1; ANOVA, p<0.05; Table 6.3). Indeed, Rn measured in the PFOA- and FTOH-

exposed mice were significantly higher than that of the naïve at every MCh dose greater than 12 

mg/mL (two-way ANOVA pairwise comparison, P<0.05). At the same time, PFOA- and FTOH- 

exposed mice were hypersensitive to MCh, indicated by the significantly lower PC100 in the 

PFOA- and FTOH-exposed mice compared to the naïve (PC100: PFOA 13.0 ± 3.8 mg/mL, 

FTOH 12.2 ± 1.7 mg/mL, Naïve 41.6 ± 9.0 mg/mL; ANOVA p<0.05; Table 6.3). Taken 

together, the hyperreactive and hypersensitive airways in PFOA- and FTOH-exposed mice 

constitute AHR. Of note, the degree of AHR was comparable to the OVA-induced AHR 

measured in OVA-only group (Compare Fig. 6.4A & 6.5B). In PFOS exposed animals, airways 

were hypersensitive to MCh, as indicated by the significant decrease in PC100 (PC100: PFOS 

17.8 ± 3.9 mg/mL vs Naïve 41.6 ± 9.0 mg/mL; ANOVA, p<0.05; Table 6.3), but there was no 

detectable increase in the maximum Rn compared to the naïve.  

  Tissue damping (G), which is closely related to peripheral tissue resistance, was 

measured after the maximum experimental MCh challenge ([MCh] = 50 mg/mL). This G value 

was significantly greater in the PFOA-exposed mice than in the naïve (Gmax: PFOA 20.67 ± 2.20 
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cmH20·mL-1; FTOH  Naïve 11.27 ± 1.23 cmH20·mL-1, p<0.05; Table 6.4). Tissue elastance (H) 

was also greater in PFOA- and FTOH-exposed mice at the maximum MCh dose compared to the 

naïve (Hmax: PFOA 69.70 ± 6.27 cmH20·mL-1, FTOH 64.72 ± 9.80 cmH20·mL-1, vs Naïve 37.56 

± 4.20 cmH20·mL-1, two-way ANOVA, P<0.05; Table 6.5).  

Finally, tissue hysteresivity (eta), which characterizes the ratio of energy dissipation to 

energy conservation in the lung tissues, was evaluated. A change in baseline eta reflects 

inhomogeneity in the lungs or structural changes in the airways. In our study, there were no 

detectable changes in eta in any one of the PFC exposed cohorts (Table 6.2).  
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Fig 6.4. Chronic exposure of mice to ingested PFOA or inhaled FTOH induced airway 
hyperresponsiveness in 12 weeks old Balb/c mice. Airway mechanics were assessed using 
flexiVent® system after mice inhaled increasing doses of nebulized methacholine (MCh)(0 - 50 
mg/mL). Methacholine (dose-response curve for (A) Newtonian resistance (Rn); (c) tissue 
damping (G); and (D) tissue elastance (H) are plotted for each group. (B) Central airway MCh 
sensitivity was quantified by calculating provocative concentration 100 (PC100), a concentration 
of MCh required to elicit 100% increase in baseline Rn. Means were compared with that of the 
naïve using two-way ANOVA, and the difference was considered significant if P < 0.05 (*), P < 
0.01(**) and P < 0.001(***) and not significant (NS) if p > 0.05. # indicates significant 
statistical difference compared to 5the naïve (One-way ANOVA, p < 0.05). Error bars shown 
represent the standard error of mean (±SEM). The number of animals per group was 8-10. 
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Table 6.2. Baseline respiratory mechanic parameters measured in PFOA-, FTOH- and PFOS-
exposed mice 

 Rn baseline 
(cmH20·s·mL-1) 

G baseline 
(cmH20·mL-1) 

H baseline 
(cmH20·mL-1) 

eta 
(G/H) 

Naïve (n=10) 0.389 ± 0.041 4.389 ± 0.222 19.28 ± 1.09 0.24 ± 0.02 

PFOA (n=8) 0.438 ± 0.056 3.998 ± 0.246 19.44 ± 1.68 0.21 ± 0.01 

FTOH (n=8) 0.389 ± 0.033 5.231 ± 0.121 24.03 ± 1.06 0.22 ± 0.01 

PFOS (n=11) 0.340 ± 0.026 4.239 ± 0.319 17.41 ± 1.62 0.27 ± 0.04 

OVA-only (n=8) 0.334 ± 0.020 4.510 ± 0.310 20.85 ± 1.70 0.22 ± 0.01 

PFOA+OVA 
(n=8) 0.391 ± 0.038 4.475 ± 0.407 22.51 ± 1.98 0.20 ± 0.01 

FTOH+OVA 
(n=11) 0.343 ± 0.027 4.672 ± 0.134 23.61 ± 1.38 0.20 ± 0.01 

PFOS+OVA 
(n=8) 0.371 ± 0.022 4.598 ± 0.183 23.57 ± 1.92 0.20 ± 0.01 

Values are mean ± SE. Rn, Newtonian resistance; G, tissue damping; H, tissue elastance; eta, tissue 
hysteresivity. There was no statistical significant difference between chemical exposed group and naïve 
(P>0.05). 
 
Table 6.3. Newtonian resistance measured in mice exposed to PFOA, FTOH or PFOS  

 Rn baseline 
(cmH20·s·mL-1) 

Rn maximum 
(cmH20·s·mL-1) 

PC 100 
(mg/mL) 

Naïve (n=10) 0.389 ± 0.041 1.02 ± 0.12 41.6 ± 9.0 
PFOA (n=8) 0.438 ± 0.056 1.68 ± 0.19 † 13.0 ± 3.8 † 
FTOH (n=8) 0.389 ± 0.033 1.87 ± 0.23 † 12.2 ± 1.7 † 
PFOS (n=11) 0.340 ± 0.026 1.27 ± 0.16 17.8 ± 3.9 † 

Values are mean ± SE. Rn, Newtonian resistance; PC 100, provocative concentration 100. (†) indicates 
significant difference compared to naïve (P<0.05). 
 
Table 6.4. Tissue damping measured in mice exposed to PFOA, FTOH or PFOS 

 G baseline 
(cmH20·mL-1) 

      G maximum 
       (cmH20·mL-1) 

Naïve (n=10) 4.389 ± 0.222 11.27 ± 1.23 
PFOA (n=8) 3.998 ± 0.246 20.67 ± 2.20 † 
FTOH (n=8) 5.231 ± 0.121 17.00 ± 2.36 
PFOS (n=11) 4.239 ± 0.319 13.29 ± 0.95 

Values are mean ± SEM. G, tissue damping. (†) indicates significant difference compared to the naïve 
(ANOVA, P<0.05). 
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Table 6.5. Tissue elastance measured in mice exposed to PFOA, FTOH or PFOS 
 H baseline 

(cmH20·mL-1) 
H maximum 

(cmH20·mL-1) 
Naïve (n=10) 19.68 ± 1.21 37.56 ± 4.20 
PFOA (n=8) 19.44 ± 1.68 69.70 ± 6.27 † 
FTOH (n=8) 24.03 ± 1.06 64.72 ± 9.80 † 
PFOS (n=11) 17.41 ± 1.62 41.38 ± 4.74 

Values are mean ± SEM. H, tissue elastance. (†) indicates significant difference compared to the naïve 
(ANOVA, P<0.05). 
 

6.5 PFOA and FTOH exposure did not augment allergen induced AHR 

The observation that in-utero-through-postnatal exposure to PFOA or FTOH induced 

AHR in mice led to the question of whether allergic AHR would be worsened by the altered lung 

mechanics resulting from the lifelong exposure to PFOA or FTOH. To answer this key question, 

some PFC-exposed mice were sensitized and challenged with ovalbumin (OVA) and lung 

function was assessed.  

OVA sensitization and challenge consistently established allergen-induced AHR in the 

controls, as indicated by the 93% increase in maximum Rn (max Rn: OVA-only 1.97 ± 0.18 

cmH20·s·ml-1 vs Naïve 1.02 ± 0.12 mH20·s·ml-1; p<0.05, Table 6.5) and 82% decrease in PC 100 

(PC100: OVA-only 7.3 ± 0.4 mg/ml vs Naïve 41.6 ± 9.0 mg/ml; p<0.05, Fig. 6.5B, Table 6.5). 

PFOA-, FTOH- or PFOS-exposed mice that were sensitized and challenged with OVA also 

exhibited AHR, but no further augmentation of AHR beyond the level achieved by OVA-only 

treatment was observed in any group exposed to PFCs; the magnitude of maximum Rn in any of 

the PFCs + OVA groups was not different compared to that of the OVA-only group (max Rn: 

PFOA + OVA 1.73 ±0.24 cmH20·s·mL-1, FTOH + OVA 1.70 ± 0.22 cmH20·s·mL-1, PFOS + 

OVA 1.89 ± 0.25 cmH20·s·mL-1; ANOVA, p>0.05;Table 6.5, Fig. 6.5 A). PC100 was also not 

different in any PFCs + OVA groups compared to the OVA-only (PC100: PFOA + OVA 5.8 ± 
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1.7 mg/mL, FTOH + OVA 11.6 ± 1.8 mg/mL, PFOS + OVA 9.6 ± 1.6 mg/mL vs OVA-only 7.3 

± 0.4 mg/mL; P>0.05;Table 6.5, Fig 6.5 B).  

 Interestingly, PFOA+OVA group exhibited concentration response characteristics of 

tissue damping (G) that deviated from that of OVA-only groups (Fig. 6.5 C). The maximum G, 

measured after inhalation of 50 mg/mL of MCh, was significantly greater in the PFOA+OVA 

group compared to the OVA-only group (max G: PFOA + OVA 38.0 ± 7.6 cmH20·mL-1 vs 

OVA-only 26.3 ± 2.6 cmH20·mL-1, p<0.05;Table 6.6, Fig. 6.5 B), indicating augmented airflow 

limitation in the periphery when mice were co-exposed to PFOA and OVA. However, 

PFOA+OVA, PFOS+OVA, and FTOH+OVA exposure elicited no detectable impact on the 

tissue elastance (H) beyond the level achieved with OVA-only (Fig. 6.5 D).  
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Fig 6.5. Chronic exposure of mice to PFOA, FTOH or PFOS did not further augment ovalbumin-induced 
airway hyperresponsiveness. Airway mechanics were assessed using flexiVent® system after mice 
inhaled increasing doses of nebulized methacholine (MCh) (0-50 mg/mL). MCh dose-response curve for 
(A) Newtonian resistance (Rn); (C) tissue damping (G); and (D) tissue elastance (H) are plotted for each 
group. (B) MCh sensitivity of conducting airways was quantified by calculating provocative 
concentration 100 (PC100), a concentration of MCh required to elicit 100% increase in baseline Rn. * (P 
< 0.05), ** (P < 0.01) and *** (P < 0.001) indicate statistical difference between the OVA-only animals 
and the unexposed naïve animals (two-way ANOVA). # indicates significant difference compared to the 
naïve (one-way ANOVA, P<0.05). Error bars shown represent the standard error of mean (±SEM). The 
number of animals per group was 8-10. 
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Table 6.6. Newtonian resistance measured in mice that were exposed to PFOA, FTOH or PFOS and were 
also sensitized and challenged with ovalbumin  

 Rn baseline 
(cmH20·s·ml-1) 

Rn maximum 
(cmH20·s·ml-1) 

PC 100 
(mg/ml) 

Naïve (n=10) 0.389 ± 0.041 1.02 ± 0.12† 41.6 ± 9.0† 
OVA-only (n=8) 0.334 ± 0.020 1.97 ± 0.18 7.3 ± 0.4 

PFOA + OVA (n=8) 0.391 ± 0.038 1.73 ±0.24 5.8 ± 1.7 
FTOH + OVA (n=11) 0.343 ± 0.027 1.70 ± 0.22 11.6 ± 1.8 
PFOS + OVA (n=8) 0.371 ± 0.022 1.89 ± 0.25 9.6 ± 1.6 

  Values are mean ± SE. OVA, ovalbumin; Rn, Newtonian resistance; PC 100, provocative concentration 
100 (†) indicates significant difference compared to OVA-only (P<0.05). 
 
Table 6.7. Tissue damping measured in mice that were exposed to PFOA, FTOH or PFOS and were also 
sensitized and challenged with ovalbumin 

 G baseline 
(cmH20·ml-1) 

G maximum 
(cmH20·ml-1) 

Naïve (n=10) 4.389 ± 0.222 11.27 ± 1.23† 
OVA-only (n=8) 4.510 ± 0.310 26.36 ± 2.55 

PFOA+OVA(n=8) 4.475 ± 0.407 38.03 ± 7.60† 
FTOH+OVA (n=11) 4.672 ± 0.134 25.34 ± 6.41 
PFOS+OVA (n=8) 4.598 ± 0.183 29.86 ± 8.34 

  Values are mean ± SE. G, tissue damping. (†) indicates significant difference compared to OVA-only 
(P<0.05). 
 
Table 6.8. Tissue elastance measured in mice that were exposed to PFOA, FTOH or PFOS and were also 
sensitized and challenged with ovalbumin 

 H baseline 
(cmH20·mL-1) 

H maximum 
(cmH20·mL-1) 

Naïve (n=10) 19.68 ± 1.21 37.56 ± 4.20† 
OVA-only (n=8) 20.85 ± 1.70 93.09 ± 16.12 

PFOA+OVA(n=8) 22.50 ± 1.98 93.45 ± 11.49 
FTOH+OVA (n=11) 23.61 ± 1.38 74.82 ± 10.97 
PFOS+OVA (n=8) 23.57 ± 1.92 110.03 ± 22.22 

Values are mean ± SEM. H, tissue elastance; PC 100, concentration of methacholine required to double 
the baseline G. i.e. provocative concentration 100. (†) indicates significant difference compared to the 
naïve values (ANOVA, P<0.05). 
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6.6 FTOH and PFOS exposure blunted OVA induced leukocyte infiltration to the lungs 

 Because PFCs have the potential to modulate immune responses, the impact of chronic 

exposure of mice to PFOA, FTOH or PFOS on airway inflammation was assessed. The BALF 

collected from mice exposed to PFCs was analyzed to assess leukocyte infiltration of the lungs, 

by counting the total inflammatory cell number and distribution. Interestingly, mice that ingested 

PFOA exhibited 25-fold higher total cell count compared to the naïve (total leukocytes number 

in BALF: PFOA (58.1 ± 10.8) x104 cells/mL BALF vs naïve (2.28 ± 0.17) x104 cells/mL BALF, 

p<0.05; Table 6.7), but this effect was not observed in the mice exposed to inhaled FTOH, a 

treatment which resulted in a similar serum PFOA concentration as those ingested PFOA in diet 

(Fig. 6.1). The increase in total cell count was associated with an increase in macrophage 

number in the BALF and increased TNF- α mRNA abundance.  Moreover, there was an increase 

in IL-13, IFN-γ mRNA abundance in the lungs exposed to dietary PFOA and PFOS (Fig. 6.9; 

Table 6.10).  

 Airway inflammation was further assessed for goblet cell hyperplasia, in large 

conducting airways (airway cross-section area > 1200 µm2), using semi-quantitative histological 

assessment. No detectable goblet cell hyperplasia was observed histologically in any one of 

PFC-only exposed groups (Fig. 6.8; Table 6.8).  
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Fig 6.6. Inflammatory cell counts in bronchoalveolar fluid (BALF). BALF was collected from Balb/c 
mice at 12 weeks of age. Prior to the collection, all mice were anesthetized and mechanically ventilated 
for approximately 30 minutes to assess respiratory mechanics. (A) Total cell counts in BALF were 
estimated using hemocytometer, and values are expressed as # cells / mL of obtained BALF. 200uL of 
BALF was cytospun and fixed on a coverslip and stained with a modified Wright-Giemsa stain. Cell 
distribution was analyzed by manually identification of (B) macrophage, (C) eosinophils, (D) neutrophils 
in six randomly chosen fields of view examined with a light microscope at 400x magnifications. Mean 
values were compared against that of the naïve using ANOVA, and the difference was considered 
significant if P < 0.05 (*), P < 0.01(**) and P < 0.001(***), or not significant if P > 0.05 (NS). # indicate 
significant differences in the mean compared to OVA-only group. Error bars shown represent the 
standard error of mean (±SEM). Number of animals per group was 6-8. 
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We further assessed whether the chemical exposure impacted allergen induced airway 

inflammation. PFC-exposed mice were sensitized and challenged with ovalbumin (OVA) and 

BALF was collected for analysis. OVA sensitization and challenge resulted in a dramatic 

infiltration of leukocytes in the lungs as reflected by an increase in total cell count in BALF 

(total leukocytes number in BALF: OVA-only (77.6 ± 15.0) x104 cells/mL BALF vs. naïve 

(2.28 ± 0.17) x104 cells/mL BALF, p<0.05). Furthermore, there was significantly elevated 

leukocyte number in peribronchiole regions (Fig. 6.7), and significant goblet cell hyperplasia in 

conducting airways (Fig. 6.7 and Table 6.9).  

Surprisingly, allergen induced leukocyte infiltration in the lungs was blunted by exposure 

to FTOH or PFOS, but not to PFOA. FTOH exposure decreased the total cell count in BALF by 

83% (p<0.05) compared to OVA-only. The decrease in the total cell was associated with 85% 

(p<0.05), 83% (p<0.05) and 73% (p<0.05) decrease in the macrophage, eosinophil and 

neutrophil numbers, respectively. Similarly, PFOS exposure decreased the total cell count in 

BALF by 61% (p<0.05) compared to OVA-only, and it was associated with 65% (p<0.05) 

decreases in macrophage numbers (Fig. 6.6). However, histological assessment of goblet cell 

and mucus abundance revealed no detectable changes in OVA-induced goblet cell hyperplasia 

by PFOA, FTOH and PFOS (Fig. 6.8;Table 6.9).  

We then attempted to assay cytokine abundance in BALF by enzyme-linked 

immunosorbent assay (ELISA) in collaboration with Dr. John Gordon at the University of 

Saskatchewan. Due to inconsistency in the measurement output and low abundance of some 

cytokines in BALF, BALF samples were exhausted before any reliable data were generated. So, 

we then attempted to measure level of IL-5, TGF-β and IFN-γ in the whole lung lysate as 

described in the methods. This was also unsuccessful with no consistence and reliable data 
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generated; absorbance values coincided in the lower end of standard curve close to that of a 

blank-well with no consistency between experimental or biological replicates (Table 6.13). This 

likely resulted from RIPA buffer containing protease and phosphotase inhibitor may not be 

compatible with ELISA reaction. Alternatively, there may have been too low abundance of 

cytokine relative to amount of whole lung protein.  

Finally with success, we measured mRNA abundance of eotaxin, IL-13, IFN- γ and TNF- 

α in whole lung using qPCR. Consistent with the presence of eosinophils in the BALF, we 

detected elevated level of eotaxin and IL-13 in OVA challenged lungs (Fig. 6.9A&D). 

Interestingly, mRNA level of IFN- γ was elevated in both PFOA and PFOS exposed group (Fig. 

6.9 C) and this effect was retained in PFCs exposed mice that were also sensitized and 

challenged with OVA. TNF- α level was increased in OVA-only and PFOA+OVA group, but 

the same effects weren’t demonstrated in the PFOS+OVA group. Unfortunately, we weren’t able 

to assess mRNA level in FTOH exposed mice because a routine RNA sample preservation was 

implemented after FTOH exposed mice groups were already sacrificed.  
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Fig 6.7. Histology of left lungs of Balb/c mice exposed to PFCs. (a,b,c) mice with no exposure to 
PFCs; (d,e,f) mice exposed to ingested PFOA; (g,h,i) mice exposed to inhaled FTOH; (j,k,l) mice 
exposed to ingested PFOS. PFCs exposure started in utero at gestation day two and continued through 
and after weaning. Pups were kept on same diet and housing condition until they were sacrificed at 11-
12 weeks of age (20-24g body weight). Histology sections were stained with (LEFT & MIDDLE) 
hematoxylin and eosin (H&E) stain and (RIGHT) Periodic-acid Schiff (PAS) stain. (MIDDLE & 
Right) mice were sensitized and challenged with ovalbumin (OVA) in the final three weeks of the 
study and were sacrificed at 11-12 weeks of age (20-24g body weight). Black scale bar is equal to 100 
µm. (RED ARROW HEADS) point to goblet cells and mucus in the airway epithelium. (BLACK 
ARROWS) point to peri-bronchial inflammation with infiltrating leukocytes.   
 
 

(a)     [H&E]   Naïve     (b)     [H&E]  OVA only       (c)     [PAS]  OVA only     

(d)     [H&E] PFOA only     (e)     [H&E] PFOA + OVA   (f)     [PAS] PFOA + OVA     

(j)     [H&E] PFOS only     (k)    [H&E] PFOS + OVA   (l)     [PAS] PFOS + OVA     

(g)      [H&E] FTOH only     (h)    [H&E] FTOH +  OVA   (i)     [PAS] FTOH + OVA     
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Fig 6.8. Goblet cell and mucus score in PFC exposed animals - with and without OVA 
sensitization and challenge - show no detectable impact of PFCs exposures on allergen induced 
goblet cell hyperplasia. Mean scores are the average of scores from twelve conducting airways 
from four different animals. Two independent observers scored each airway. Goblet cell 
metaplasia and mucus secretion was scored from 0 to 3; 0 indicating no presence of goblet cell 
while 3 indicate severe goblet cell hyperplasia with greater than 2/3 of the airway epithelial 
stained with Periodic Acid Schiff stain. (*) indicates a significant difference with p<0.05. 
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Fig 6.9. Relative mRNA abundance of inflammatory cytokines in mouse lungs exposed to dietary 
PFOA and PFOS. mRNA abundance was measured using quantitative RT-PCR, with 
normalization to an internal standard - ribosomal subunit 18S. Relative expression between 
groups was compared based on ΔΔCt values for PFOA and PFOS exposure alone (PFOA; 
PFOS), ovalbumin sensitization and challenge (OVA), or OVA sensitization and challenge in 
combination with PFOA or PFOS exposure (PFOA+OVA; PFOS+OVA). All data are plotted 
relative to the abundance of mRNA for each target that was detected in the OVA-only mice. IL-
13 Ct value for chemical-naïve and PFOA exposed mice exceeded 35 cycles, indicating IL-13 
transcript abundance was below detection limits. Significant differences from the chemical-naïve 
mice were determined by ANOVA and are denoted with (*) when P < 0.5. Error bars represent 
the standard error of mean (±SEM). Number of animals per group was three, and experimental 
triplicates were done for each animal. Abbreviations: (ND) – not detected (Ct > 35); TNF-α - 
tumor necrosis factor; IFN-γ - interferon γ; and, IL-13 - interleukin 13. 
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Values are mean ± SE. (†) indicates significant difference compared to naïve (P<0.05) 
 
 
Table 6.10. Total and differential cell counts in bronchoalveolar lavage fluid collected from mice that 
were exposed to the PFOA, FTOH or PFOS and were also sensitized and challenged with ovalbumin 

 OVA-only PFOA 
+OVA 

FTOH 
 +OVA 

PFOS  
+OVA 

Total cell count, x104 77.6 ± 15.0 89.0 ± 19.0 13.4 ± 4.7† 24.2 ± 3.0† 
Macrophage, x104 40.1 ± 9.6 45.6 ± 6.2 6.1 ± 2.5† 14.1 ± 2.7† 
Eosinophil, x104 20.2 ± 6.1 21.1 ± 9.9 3.4 ± 2.7† 3.8 ± 0.8 
Neutrophil, x104 9.8 ± 2.6 15.3 ± 4.4 2.6 ± 1.5† 3.7 ± 1.4 
Lymphocyte, x104 7.5 ± 2.8 7.0 ± 2.0 1.2 ± 0.7 2.6 ± 0.2 
Values are mean ± SE. OVA, ovalbumin. (†) indicates significant difference compared to OVA-only 
(P<0.05) 

 

 

 

 

 

 

 

 

 

 

 

Table 6.9. Total and differential cell counts in bronchoalveolar lavage fluid collected from mice that 
were exposed to PFOA, FTOH or PFOS 
 Naive PFOA FTOH PFOS 
Total cell count, x104 2.28 ± 0.17 58.1 ± 10.8† 2.31 ± 0.22 1.99 ± 0.25 
Macrophage, x104 2.10 ± 0.19  56.8 ± 10.8† 2.10 ± 0.25 1.88 ± 0.25 
Eosinophil, x104 0.06 ± 0.02 0.68 ±0.52 0.05 ± 0.02 0.05 ± 0.03 
Neutrophil, x104 0.04 ± 0.01 0.09 ±0.08 0.10 ± 0.02 0.04 ± 0.02 
Lymphocyte, x104 0.06 ± 0.03 0.56 ±0.36 0.06 ± 0.02 0.02 ± 0.01 

Table 6.11. Semi-quantitative goblet cell and mucus score of 
large airways with cross-section lumen area > 1200 µm2 

 Mean score Standard error 
Naïve 0.208 0.150 

PFOA 0.167 0.150 

FTOH 0.167 0.150 

PFOS 0.000 0.165 

OVA-only 2.042† 0.150 

PFOA+OVA 2.167† 0.150 

FTOH+OVA 1.917† 0.150 

PFOS+OVA 2.042† 0.150 
Means are the average of scores from twelve conducting airways 
from four different animals. Goblet cell metaplasia and mucus 
secretion was scored from 0 to 3; 0 indicating no presence of 
goblet cell while 3 indicate severe goblet cell hyperplasia with 
greater than 2/3 of the airway epithelial stained with Periodic 
Acid Schiff stain. (†) indicates significant difference compared to 
the naïve (P<0.05). 
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!
Table 6.12. qPCR measurement of cytokine mRNA abundance in  murine lungs.  

 Eotaxin TNF-α 
Treatment ΔΔCt (x10-4) Relative to  OVA ΔΔCt (x10-4) Relative to  OVA 

Naïve 0.27 ± 0.17  0.44 ± 0.28 0.45 ± 0.07 2.26 ± 0.35 

PFOA 14.54 ± 4.57* 23.9 ± 7.52 21.97 ± 2.59 * 111 ±13.1 

PFOS 5.87 ± 1.57 * 9.65 ± 2.42 2.84 ± 2.65 14.4 ± 13.4 

OVA 60.75 ± 18.4 * 100 ± 30.4 19.80 ± 1.57 * 100 ± 7.84 

PFOA+OVA 65.0 ± 11.9 * 107 ± 19.6 24.68 ± 4.87 * 125 ± 24.6 

PFOS+OVA 22.80 ± 7.95 * 37.5 ± 13.1 9.38 ± 3.46 47.4 ± 17.5 

 IFN-γ IL-13 
Treatment ΔΔCt (x10-4) Relative to OVA ΔΔCt (x10-4) Relative to OVA 

Naïve 1.60 ± 0.22 3.78 ± 0.53 0.03 ± 0.01 ND 0.40 ± 0.16 

PFOA 110.4 ± 31.4 *  261 ± 74.3 0.10 ± 0.00 ND 1.58 ± 0.03 

PFOS 108.2 ± 29.3 * 255 ± 69.4 1.37 ± 0.75 * 20.9 ± 11.5 

OVA 42.3 ± 18.3* 100 ± 43.3 6.54 ± 1.20 * 100 ± 18.3 

PFOA+OVA 168.6 ± 48.8 * 399 ± 116 7.34 ± 3.09 * 112 ± 47.2 

PFOS+OVA 106.8 ± 10.0 * 253 ± 23.7 2.82 ± 0.71 * 43.2 ± 10.8 

Data are preseted as mean ΔΔCt ± SEM. Means are average of values from three animals for each group. 
ANOVA followed by Bonferroni post-test was used to compare ΔΔCt  with the naïve and OVA-only 
group. (*) indicate significant difference compared to the naïve group, P< 0.05. (†) indicates significant 
difference compared to the OVA group, P<0.05. ND (not detected) indicates Ct > 35, which is considered 
outside detectable experimental threshold. 
!
Table 6.13. The variance of ELISA performed on whole lung lysates 

  
TNF-a (pg/mL) IL-5 (pg/mL) IFN-g (pg/mL) 

Naïve (N=3) Average 5.20 13.32 31.81 

 
Variance 1.78 113.78 442.12 

OVA (N= 7) Average 4.78 11.07 32.14 

 
Variance 0.64 8.74 137.31 

PFOA (N=7) Average 4.93 11.77 36.96 

 
Variance 0.41 44.89 100.50 

PFOA+OVA(N=6) Average 5.13 17.76 35.18 

 
Variance 1.59 47.89 134.05 

PFOS (N=3) Average 3.14 8.35 24.51 

 
Variance 1.55 12.72 45.83 

PFOS+OVA (N=3) Average 3.91 12.52 31.04 

 
Variance 2.16 22.50 76.26 

FTOH (N=7) Average 3.12 11.86 35.12 

 
Variance 1.00 29.15 148.81 

FTOH+OVA (N=3) Average 4.16 8.87 14.63 

 
Variance 0.89 14.20 13.47 

Data are presented with mean (pg/mL) and variance for each group. Cytokine level was measured from 
each biological sample in duplicates.    
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7. DISCUSSION 

  Here we evaluated and demonstrated in mice that in-utero-through-postnatal exposure to 

PFOA on its own led to exposed offspring acquiring AHR. To our knowledge, such impact on 

lung function has not been reported elsewhere. Moreover, this study was the first of its kind to 

demonstrate the impact of PFCs on lung function by utilizing a unique chronic PFCs exposure 

protocol, beginning in utero by exposing pregnant dams and then continuing throughout early 

infancy and adolescence of the offspring by exposing nursing dams and weaned pups to PFOA, 

FTOH or PFOS. This approach resulted in PFC exposure that spanned all critical stages of 

development, thus mimicking human exposure in the global environment. Therefore, our study 

offers a unique platform to gauge the potential adverse effects of early life and continued 

exposure to PFCs.  

Prior to our study, dermal exposure of mice to high doses of PFOA had been 

demonstrated to augment ovalbumin (OVA) induced IgE response and airway hyperreactivity, 

and in utero exposure to PFOA and PFOS caused significant histological and morphometric 

changes in the newborns (51,52,70). Our findings provide new evidence that the impact of PFCs 

on developing lungs can ultimately lead to functional changes later in life. Furthermore, our 

finding provides support to a recent epidemiological study that links PFC exposures to juvenile 

asthma (45), and supports the currently held public opinion that minimization of exposure to 

PFCs is in the best interest of children and expectant mothers.  

 One of the intriguing findings of this study was that, despite similarities in structure and 

function of PFOA and PFOS as PPARα and β agonists, the effects of long-term exposure to each 

compound on airway inflammation and lung function have several distinct features. PFOA 

exposure alone, but not PFOS alone, was associated with significant airway 



! 61!

hyperresponsiveness. PFOA exposure was linked to increased numbers of lung macrophages, 

whereas PFOS had no such effect. However, exposure to any of PFOA, FTOH or PFOS was 

associated with elevated expression of the immune regulator, IFN-γ in the lungs. This implies tat 

the elevation of IFN-γ is no sufficient to produce all of the effects observed by some PFCs. 

Indeed, PFOS ingestion was associated with suppressed OVA-induced leukocyte infiltration to 

the lungs, while PFOA ingestion had no detectable impact. Suppression of airway inflammation 

by PFOS is consistent with evidence that PFOS and PFOA can have immunosuppressive 

capacity (71-73).  

This is intriguing because macrophages engulf inhaled inert particles and initiate an 

inflammatory response by releasing inflammatory cytokines (such as TNF-α and IFN-γ) and 

neutrophil chemoattractants (KC), all of which have been implicated in airway inflammation and 

hyperresponsiveness (74,75). Indeed, mRNA abundances of TNFα and IFN-γ were elevated in 

PFOA exposed mice (Fig. 6.9), implicating a change in the local immune response that may 

have contributed to PFC induced AHR. The level of IFN-γ mRNA was elevated in all three 

exposure groups (Fig. 6.9) and this effect was retained in mice that were also challenged with 

OVA. This is interesting because the accumulation of macrophages in several disorders (for 

example, in adipose tissue at sites of atherosclerotic plaque formation) is associated with local 

inflammation that includes IFN-γ production as part of the interactions among resident and 

infiltrating immune cells with macrophages in a local immune network (76,77). IFN-γ modulates 

innate and adaptive immunity against, viral, intracellular bacterial infections and an allergic 

insult, and it is an important activator of macrophages (77). Though our study was not designed 

to delineate the mechanisms that link PFC exposure to increased IFN-γ expression, our findings 

do support future work in this area. Moreover, our work uncovers areas for further investigation, 
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and suggests that examination of the impact of chronic PFC exposure on the response to 

infectious agents, and the resulting changes in lung inflammation and function, should be of 

interest. 

In light of the increase in macrophage presence only seen with PFOA exposure, the 

altered inflammatory response to OVA by FTOH and PFOS is surprising. These PFCs is known 

to modulate immune function by acting as agonists for the peroxisome proliferator-activated 

receptors (PPAR) α, β and γ (55). PPARs are widely expressed in diverse cell types including 

immune and pulmonary structural cells and can act as a regulator of gene transcription through 

binding to specific response elements or peroxisome proliferator response elements (PPREs).  

PPARγ, in particular, regulates energy metabolism, cell differentiation, apoptosis and 

inflammation (56). Activated PPARγ stimulates the differentiation of monocytes to 

macrophages, and inhibits the induction of inducible nitric oxide synthase, metallanoproteinase-

9 and scavenger receptor A transcription (58). PPARγ activation inhibits the expression of 

monocyte-chemoattractant protein-1, vascular cell adhesion molecule-1 and intracellular 

adhesion molecule; thus PPARγ activation interferes with chemo-attraction and cell adhesion of 

monocytes, and T- lymphocytes (57). Moreover, PPARγ also acts as a trans-repressor of 

macrophage inflammatory genes (59).  

Aside from their role as PPARγ agonists, both PFOA and PFOS modulate the immune 

response by acting as PPARα agonists (70). PPARα agonists, such as gemfibrozil, ciprofibrate, 

and fenofibrate, have been demonstrated to increase the production of IL-4 in human T-cell lines 

and cause a shift in cytokine levels by inhibiting interferon-gamma (IFN-γ) (61). In line with 

those effects, PFOA is thought to augment the Th2 response and subsequently increase airway 

hyperreactivity through its action on PPARα. Indeed, both PFOA and PFOS show greater 
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affinity for and activation of PPARα than PPARγ does, suggesting that the main target for PFOA 

and PFOS is PPARα (55).  

All together, the distinctive impact of the two compounds on the lungs likely arises from 

differential affinity and activation of PPAR by PFOA and PFOS. PFOS has a higher affinity for 

PPARγ than PFOA, and PFOA has a higher affinity for, and greater activation of PPARα than 

PFOS does (55). In this regard, future studies using a murine PPAR knockout model will be 

important in elucidating the mechanism of AHR observed in this study.  

It will also be meaningful to investigate the impact of PFCs on macrophage subtypes and 

phenotype because proliferation of one subtype (M1 or M2) has been implicated in infectious 

disease; and polarization of macrophages often has functional consequences for local tissue 

immunity (78). Future studies should also focus on tissue-resident macrophages that have 

prenatal origins within the lungs, because early life insults to these cells may underpin the lung 

dysfunction associated with PFOA, FTOH and PFOS exposure. Alveolar macrophages will be a 

good candidates to study because they have prenatal origins in the lungs, act as immune 

surveillance for inhaled pathogens, and regulate clearance of surfactant (79-81).  

Another surprising finding of this study is that despite the impact  of  FTOH and PFOS 

on airway inflammation, none of the compounds tested impacted the magnitude of OVA-

induced AHR. Indeed, this is in disagreement with findings from an acute dermal PFOA 

exposure protocol that showed enhanced airway hyperreactivity in mice exposed to PFOA and 

OVA (70). At first glance, the difference may be attributed to differences in PFC dosage: the 

dermal study utilized 2.5 mg PFOA/kg body weight/day and our protocol utilized ~1 mg 

PFOA/kg body weight/day. However, our protocol includes maternal exposure during gestation 

and nursing (42 days at 1 mg/kg) as well as 9 weeks (63 days at 1 mg/kg) of PFOA or PFOS 
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ingestion post-weaning. In total, this study delivered a cumulative exposure dose of 

approximately 105 mg/kg (42 days +63 days at 1 mg/kg). In contrast, the acute dermal exposure 

study delivered 2.5 mg/kg for 4 days, for a cumulative dose of only 10 mg/kg. Hence, the lack of 

impact on lung function would not appear to be linked to any deficit in the magnitude of PFC 

exposure.  

Of note, the dermal study utilized whole body plethysmography instead of the force 

oscillation method utilized in this study. Whole body plethysmography provides nonspecific 

respiratory mechanics, while the force oscillation method provides a more specific measures of 

conducting airways mechanics (67). Therefore, enhanced OVA-induced airway hyperreactivity 

with higher-dose PFOA and measured by plethysmography could reflect more global changes in 

lung physiology, whereas the lack of effect on Rn measured by force oscillation likely is more 

reflective of the airway response.  

One may argue that the conclusion of this experimental finding, however, should be 

taken with caution because the dose range used for OVA sensitization and challenge presented 

here was sufficient to reach maximum detectable changes in lung, thereby precluding any 

potential additive impact that PFCs could have. However, this possibility is unlikely because the 

Rn values that were measured across groups were as high as 2.60 cmH2O·s/mL, with the mean 

Rn in the OVA-only group being only 1.97 cmH2O·s/mL. This suggests murine airways are 

capable of generating greater airflow limitation than what was measured in the OVA-only group. 

Hence, it is unlikely that any real augmentation of Rn by PFC exposure remained undetected due 

to the technical limitations of using a high concentration of OVA or limits in the measurement 

range of the small animal ventilator. Nevertheless, in future studies, submaximal allergen 

sensitization may be used to reveal any additive capacity of xenobiotics to enhance OVA-
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induced AHR. To date, Midoro-Horiuti et al. were successful in using such a submaximal OVA 

model to show that Bisphenol A exposure enhanced OVA-induced airway hyperreactivity (2).  

In addition, our protocol was to assess AHR at 48 hrs post allergen challenge, when AHR 

was at its peak in OVA-only animals. This time point may not be ideal for tracking peak 

cytokine expression in lung tissue, since cytokine levels most likely reach peak values before 

maximum AHR is attained. Therefore, our cytokine mRNA data may not necessarily reflect 

causal mechanisms. Indeed, the cytokine mRNA level measured was relatively low at this time 

point, being in the order of <1% of ribosomal 18s. Future studies to assess the impact of PFC 

exposure on cytokine expression as a causal relationship (i.e., immune suppression) should make 

use of earlier time points.  

! Even in the absence of any exacerbation of!OVA-induced AHR by PFCs, it is notable and 

potentially alarming that PFOA or FTOH alone induced AHR in mice. The magnitude of PFOA 

and FTOH-induced AHR was comparable to that of OVA-induced AHR. This finding is striking 

because adult dams showed no change in their respiratory mechanics in spite of receiving the 

same dietary PFOA for six weeks during pregnancy and lactation (82). This suggests that 

exposure to PFCs specifically in early development (fetal and postnatal) is necessary for the 

development of PFC-induced AHR. Of course, the experimental design did not exclude the 

possibility that exposure to PFOA or PFOS in utero only, during early infancy only, or in early 

adulthood only may be enough to have an impact on the susceptibility to develop an asthma 

phenotype. Nevertheless, our model most resembles typical human environmental exposure that 

span over long period of accumulative exposure and therefore merits consideration. !

Besides these key findings, a few interesting observations were made that are worthy of 

note. First is the association of liver enlargement with ingested PFOA and PFOS. This 
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association was not surprising at first given that many previous studies have demonstrated such 

an effect in PFOA and PFOS exposed mice (49,50). Interestingly, however, mice that inhaled 

FTOH did not show liver enlargement, despite show a serum PFOA level similar to mice that 

ingested PFOA (see Fig. 6.1 & 6.2). This was surprising because a previous study where FTOH 

was administered orally also showed liver enlargement (83). Our finding implies that liver 

enlargement is a consequence specific to dietary (oral) exposure to these xenobiotics.  

 A second observation of note is that PFOA exposure, at a dose of 1mg/kg body 

weight/day, resulted in a serum PFOA concentration of 4800 ± 1100 ng/mL or 4.8 ± 1.1 mg/L, 

almost one order of magnitude higher than serum levels reported in occupationally exposed 

persons (422-999 ng/mL) or that reported for individuals living in areas of high environmental 

exposure (155-556 ng/mL) (37). A more recent study measured considerably higher human 

serum levels: the serum PFOA concentration measured in retired fluorochemical production 

workers ranged from 72 ng/mL to 5100 ng/mL in 26 individuals (33). Moreover, the detected 

level of circulating PFOA in our murine model is two to three orders of magnitude higher than 

the 0.5-20 ng/mL detected in the general public (31, 38). Previous animal studies have utilized a 

much higher dose than we chose (50-52,70). Toxicological findings of animal studies using 

higher doses should be approached with caution when extrapolating animal model findings to 

humans, especially with developmental models. Nevertheless, our model most probably mimics 

the exposure level of the highly exposed occupational workers and individuals living in area of 

high environmental exposures (except these workers were not exposed in utero or as children, 

unless some of them were pregnant while working). This warrants an additional study with 

PFOA concentration one or two orders of magnitude lower than 4 mg PFOA/ kg feed/day (or 1 

mg/ kg body weight/ day) to bring the model closer to exposures level in general population.   
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8. CONCLUSION 
 

In conclusion, we demonstrated in this study that in allergen-naïve mice, in utero-

through-adulthood exposure to PFOA alone was sufficient to induce lung inflammation 

(characterized by macrophage accumulation and IFN-γ expression) as well as AHR, a hallmark 

symptom of asthma (13). A similar increase in IFN-γ expression as well as AHR was seen in 

mice exposed to FTOH. Chronic exposure of mice to PFOS increased airway sensitivity to a 

bronchoconstrictor, agonist, along with the suppression of allergic airway inflammation. These 

findings add to the awareness of the toxicity of these compounds. In the past, increased 

awareness of the potential toxicity of PFOS to humans and wildlife resulted in a voluntary 

phase-out in production by manufacturing companies more than a decade ago, and this has 

resulted in a decline in serum PFOS concentration in the general public (83). Moreover, our 

findings are important because they strongly support the current production phase-out of PFOA 

by eight major manufacturers, through a voluntary stewardship agreement with United States 

Environmental Protection Agency to eliminate global PFOA production by 2015 (85). Our study 

also highlights the importance of continued monitoring of these chemicals not only because 

these chemicals persist in the environment and in the human population, but also because they 

may impact developing children (31,33). Finally, taken into consideration with epidemiological 

studies that link PFOA exposure to juvenile asthma, our findings support the currently held 

public opinion that minimization of exposure to PFCs is in the best interest of children and 

expectant mothers. 
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