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Abstract

Perfluorooctane sulfonate (PFOS) is a member of perfluoroalkyl acids (PFAA) containing an 8-
carbon backbone. PFOS is a man-made chemical with carbon-fluorine bonds that are one of the
strongest in organic chemistry and widely used in industry. Human occupational and
environmental exposure to PFOS occurs globally. PFOS is non-biodegradable and persistent in the
human body and environment. In this study, data demonstrated that exposure of human
microvascular endothelial cells (HMVEC) to PFOS induced the production of reactive oxygen
species (ROS) at both high and low concentrations. Morphologically, it was found that exposure
to PFOS induced actin filament remodeling and endothelial permeability changes in HMVEC.
Furthermore, data demonstrated the production of ROS plays a regulatory role in PFOS-induced
actin filament remodeling and the increase in endothelial permeability. Our results indicate that the
generation of ROS may play a role in PFOS-induced aberrations of the endothelial permeability
barrier. The results generated from this study may provide a new insight into the potential adverse
effects of PFOS exposure on humans at the cellular level.
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Perfluoroalkyl acids (PFAA) are man-made chemicals with a carbon backbone 4-14 in
length and a charged functional moiety (mainly carboxylate, sulfonate, or phosphonate) (Lau
et al., 2007; Kovarova and Svobodova, 2008). The fluorine moiety of PFAA provides
extremely low surface tension which renders PFAA a unique hydrophaobic and oleophaobic
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nature. Carbon-fluorine bonds within PFAA are among the strongest in organic chemistry.
The fully fluorinated hydrocarbons are stable at temperatures as high as 150 °C and are
nonflammable. PFAA are not subject to degradation by strong acids, alkalis, oxidizing
agents, or photolysis (Lau et al., 2007). These chemical and physical features point to a
extremely stable character of PFAA, which makes these chemicals ideal surfactants in a
variety of industries (Lau et al., 2007). PFAA have a long history of industrial applications,
and there is emerging appreciation of their potential biological activity (Lau et al., 2007;
Kovarova and Svobodova, 2008). PFAA are widely used as fluorocarbon-based industrial
surfactants in aircraft production processes, automotive production processes, chemical
products, building products, electronic products, and personal care products in the past half
century. Until recently, PFAA have been considered biologically inactive (Andersen et al.,
2008). Nevertheless, their unique stability also makes these chemicals almost
nonbiodegradable and persistent in the environment, which may pose a potential chronic
health risk to humans (Lau et al., 2007). The Center for Disease Control and Prevention
(CDC) recently established biomonitoring for several members of PFAA in its National
Health and Nutrition Examination Survey (NHANES) (Andersen et al., 2008).

Although all PFAA share unique structural stability, the members with 8-carbon backbone
are most effective and widely used in industry. Perfluorooctane sulfonate (PFOS) is a widely
known PFAA containing an 8-carbon backbone (Kovarova and Svobodova, 2008). Human
occupational and environmental exposure to PFOS occurs globally (Lau et al., 2007). In
2000, world-wide industry produced and used 3,500 metric tons of PFOS (Lau et al., 2007).
Furthermore, PFOS is generated from the biodegradation of various precursors. Several
studies demonstrated that there are more than 50 precursors of PFOS used in various
industries (Pelley, 2004). Surveillance studies detected PFOS in biological samples from
exposed individuals globally, and the concentrations of PFOS in wildlife as well as humans
are greater than that of other members of PFAA (Kannan et al., 2001; Taniyasu et al., 2003).
Under environmental conditions, PFOS shows high thermal, chemical, photolytic, and
biological stability (Parsons et al., 2008). Studies also demonstrated that PFOS is not
metabolized in rats or humans (Olsen et al., 2007). These unique features of PFOS indicate
that PFOS has a potential to bioaccumulate. Indeed, the half-life for serum elimination of
PFOS is approximately 88-146 days for male and female cynomolgus monkeys after initial
intravenous dosing and repeated oral dosing (Seacat et al., 2002; Olsen et al., 2007). The
half-life for serum elimination of PFOS among retired PFOS production workers is
approximately 5.4 years (Kudo et al., 2006; Olsen et al., 2007).

PFOS enters the human body through ingestion and skin penetration (Kudo et al., 2006), and
binds proteins, such as serum albumin (Kovarova and Svobodova, 2008). Both in vivo and
in vitro assays demonstrated that PFOS is highly bound in rat, monkey, and human plasma
over a concentration range of 1-500 pug/ml (Olsen et al., 2007). PFOS has a high affinity for
B-lipoproteins and competes for fatty acid binding sites on liver fatty acid binding protein
(Luebker et al., 2002). PFOS binds DNA (Zhang et al., 2009). Furthermore, it was
demonstrated that the binding of PFOS to protein and DNA is via ion bonds, van der Waals
force and hydrophobic interaction, which alter the secondary conformation of protein and
DNA (Zhang et al., 2009).

Several epidemiological and medical surveillance studies have been performed on general
populations and occupational cohorts exposed to PFOS (Lau et al., 2007; Olsen et al., 2007).
A cohort study of PFOS-exposed workers showed that bladder cancer mortality was
elevated among male workers who had worked in a high volume PFOS exposure job for a
minimum of one year; however, the results were only based on three cases (Alexander et al.,
2003). A recent Danish study found that high PFOS levels were associated with fewer
normal sperm in young men (Joensen et al., 2009). PFOS has also been associated with
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decreased fecundity in women (Fei et al., 2009). Due to the placental transfer of PFOS in
humans, epidemiologic studies also focused on the effects of PFOS exposure on human fetal
development. Recent studies showed conflicting conclusions regarding maternal exposures
to low levels of PFOS and newborn birth weight (Hamm et al., 2009; Washino et al., 2009).
An epidemiologic assessment of 5,262 pregnancies in mid-Ohio Valley residents (2000—
2006) reported modest associations of PFOS exposure with preeclampsia and low birth
weight (adjusted odds ratio = 1.3, 95% confidence interval: 1.1, 1.7) (Stein et al., 2009).
Significant associations between PFOS exposure and high serum cholesterol have been
reported (Steenland et al., 2009). Preliminary data suggest possible interactions with thyroid
homeostasis, but outcomes are not consistent in all studies (Olsen et al., 2003a; Bloom et al.,
2009; Dallaire et al., 2009).

PFOS-induced adverse effects from animal studies include body weight reduction,
hepatomegaly and hepatic peroxisome proliferation, hormone disruption, immunotoxicity,
and neonatal mortality (Lau et al., 2007). The molecular mechanism underlying PFOS-
induced harmful effects on animals is not yet fully elucidated. Currently, Lau et al (2007)
and DeWitt et al (2009) found that the activation of peroxisome proliferator-activated
receptor-alpha (PPAR-a) signaling pathway may play a major role. Gene expression
profiling in the liver and lung of PFOS-exposed mouse fetuses confirmed that PFOS-
dependent changes are primarily related to activation of PPAR-a (Rosen et al., 2009).
However, increasing evidence from other animal studies also demonstrated that PFOS-
induced toxicity can be independent of PPAR-a activation (Lau et al., 2007; Abbott et al.,
2009; DeWitt et al., 2009).

It was found that exposure to high concentrations of PFOS induced lipid peroxidation in rat
neuronal PC12 cells lines, which directly resulted in developmental neurotoxicity (Slotkin et
al., 2008). Short-term exposures of fish to high concentrations of PFOS consistently
increased hepatic fatty acyl-CoA oxidase activity and oxidative damage (Oakes et al., 2005).
Recently, a study found that PFOS exposure induced the production of reactive oxygen
species (ROS) in human hepatoma Hep G2 cells (Hu and Hu, 2009). The present study
investigated whether PFOS exposure would induce ROS production in human microvascular
endothelial cells (HMVEC) as well as mouse macrophages. Furthermore, the time course
and the dose-dependence of PFOS-induced ROS production were evaluated. The present
study also attempted to determine whether exposure to PFOS induces permeability changes
in HMVEC. Moreover, the role of ROS production in PFOS-induced permeability in
HMVEC was evaluated.

Materials and Methods

Materials

Perfluorooctane sulfonate (PFOS) and catalase were purchased from Sigma-Aldrich (St.
Louis, MO). Cell culture media EBM-2 was obtained from Lonza (Boston, MA). Fetal
bovine serum was obtained from Atlanta Biologicals (Lawrenceville, GA). Penicillin and
streptomycin, 5-(and-6)-chloromethyl-2’,7'-dichlorodihydrofluorescein diacetate, acetyl
ester (CM-H,DCFDA), FITC-phalloidin, dihydroethidium (DHE), secondary antibodies-
conjugated with FITC, TRITC, and Cy5 were purchased from Invitrogen (Eugene, OR). VE-
Cadherin antibody was purchased from Alexis (San Diego, CA). Electrical cell substrate
impedance sensing system (ECIS) culture wares were purchased from Applied Biophysics
(Troy, NY). PFOS stock solution (1M) was prepared in 1XxPBS with 10% DMSO, and was
then diluted to 1 mM PFQOS working solution with serum free cell culture medium.
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Mouse Raw 264.7 macrophages purchased from ATCC (Manassas, VA) were cultured
according to the protocol provided by ATCC. The human microvascular endothelial cells
(HMVEC) were a kind gift from Dr. Rong Shao (Biomedical Research Institute, Baystate
Medical Center/University of Massachusetts at Amherst, Springfield, MA, USA). HMVEC
were cultured according to the protocol described previously (Shao and Guo, 2004). Briefly,
HMVEC were grown in endothelial basal medium-2 (EBM-2) (Lonza, Boston MA)
supplemented with 10% (v/v) fetal bovine serum (FBS) (Atlanta Biologicals, Lawrenceville,
GA), 100 U/ml penicillin,10 pug/ml streptomycin, 0.01ug/ml of epidermal growth factor and
1ug/ml hydrocortisone. The cells were maintained in an incubator at 37 °C with 5% CO5 in
air.

Electron Spin Resonance (ESR) Spectroscopy

Since free radicals are reactive and have short life-time, direct ESR measurements can not
be used for their detection. Instead, ESR spin trapping, an indirect method, was used to
detect short-lived free radicals such as hydroxyl (OH). This method is based on there action
of a short-lived radical binding with a paramagnetic compound to form a relatively long-
lived free radical product(spin adduct). This adduct can then be observed using conventional
ESR whereby the intensity of the signal is used to measure the amount of short-lived
radicals trapped. The hyperfine couplings of the spin adduct are generally characteristics of
the original trapped radicals. This method is ideal for detection and identification of free
radicals because of its specificity and sensitivity. All ESR measurements were conducted
using a Bruker EMX spectrometer (Bruker Instruments Inc., Billerica, MA 01821, USA)
and a flat cell assembly. Hyperfine couplings were measured (to 0.1 G) directly from
magnetic field separation using potassium tetraperoxochromate (K3CrOg) and 1,1-
diphenyl-2-picrylhydrazyl (DPPH) as reference standards(Buettner, 1987; Janzen et al.,
1987). The Acquisit program was used for data acquisitions and analyses (Bruker
Instruments Inc., Billerica, MA 01821, USA). RAW 264.7 macrophages (1x108/ml) were
suspended in 1x PBS pH 7.4 and incubated with the spin trap 5,5-dimethyl-1-pyrroline-N-
oxide (DMPO; 200mM) in the presence or absence of different concentrations of PFOS.
Samples were incubated for 5 min in a 37° C water bath and than transferred to an ESR flat
cell for measurement at room temperature with instrument settings of 63.6 milliwatt,
modulation amplitude 1G, receiver gain 1.00 x 10, conversion time 40.960 msec, and time
constant 40.960 msec. All Spectra shown are in accumulation of 5 scans. The relative radical
concentration was estimated by measuring the peak-to-peak height (mm) of the observed
spectra.

Transendothelial electrical resistance

The transendothelial electrical resistance (TER) was measured using electrical cell—
substrate impedance sensing system (ECIS) (Applied Biophysics, Troy, NY) according to
the published protocol (Babior, 2000; Apopa et al., 2009). Measuring transendothelial
electrical resistance is a measure of endothelial barrier integrity. Briefly, HMVEC were
grown to confluent monolayers on ECIS culture ware and serum-starved overnight. The
electrical resistance was measured on cells located on the small gold electrodes in each of
the wells. The culture medium was the electrolyte. The small gold electrode covered by
confluent HMVEC and a larger gold counter electrode were connected to a phase-sensitive
lock-in amplifier. A constant current of 1 pA was supplied by a 1 V, 4,000 Hz alternating
current through a 1 M resistor. Changes in voltage between the small electrode and the large
counter electrode were continuously monitored by the lock-in amplifier, stored, and then
calculated as resistance.
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Immunofluorescence confocal microscopy assay

Immunofluorescence assays were performed according to the methods published previously
(Qian et al., 2005). Briefly, HMVEC were grown oncoverslides. After treatment, cells were
fixed and permeabilized, followed by labeling with the specific antibodies for the targeted
proteins as well as immunofluorescence-conjugated secondary antibodies. The labeled
coverslides were mounted to the slides with an antifade reagent (Invitrogen, Eugene, OR). A
Zeiss LSM 510 microscope was used to obtainimages. Scale bars were generated and
inserted by LSM software.

ROS measurement by confocal microscopy

ROS measurements by confocal microscopy were performed according to the methods
described previously (Qian et al., 2003b and 2005). Briefly, confluent HMVEC were serum-
starved overnight and then stimulated with different concentrations of PFOS for varying
time periods. During the simulation periods, dihydroethidium (DHE) was added at a final
concentration of 5 uM for the last 30 min of exposure. After incubation, the cells were
washed twice with phosphate-buffered saline and mounted on coverslips. A Zeiss LSM 510
microscope was used to obtain images. Scale bars were generated and inserted by LSM
software.

ROS measurement by a fluorescence microplate reader

Statistics

Results

HMVEC were plated at 2 x 10° in 24 well plates grown to confluence, and serum-starved
overnight. The cells were first measured at the appropriate wavelengths using a CytoFluor
plate reader to determine the cellular background. The cells were then treated with PFOS.
One hr prior to reading the fluorescence of the samples, 5uM DHE was added. Fluorescence
was immediately measured for background (excitation = 485/20, emission = 580/20, gain =
50), and then measured at one-hr increments for the duration of the experiment. The
background fluorescence of the cells and cells with the dye were then subtracted from values
of fluorescence for each treatment. The untreated samples were set to 1 by division, and the
treated samples scaled appropriately.

One-way ANOVA test was used to determine statistical significance for ROS measurement
by a fluorescence microplate reader. A student’s paired t test was appled to determine
statistical significance for ROS measurement by ESR spectroscopy. The criteria for
significance was set at p<0.05.

PFOS induces ROS generation in macrophages

The ESR technique was applied for radical detection due to its specificity for free radical
measurements. Since ESR studies must be performed without the presence of media or fetal
bovine serum, the reactions can only be measured for short time periods up to about 30 min.
These unique requirements of ESR measurements suggest that both high concentrations of
PFOS and a robust cell system are needed to observe the production of ROS. Macrophages
were selected in the ESR analysis due to their highly reactive activities within short period
of exposure time in PBS (Leonard et al., 2004 and 2007).

High range concentrations of PFOS were selected to expose macrophages according to
published results (Oakes et al., 2005; Slotkin et al., 2008; Hu and Hu, 2009). In Figure 1B,
the two center peaks were measured and averaged for a sample n=4. Hydroxy| radical gives
a 1:2:2:1 pattern with a splitting constant of 14.9 gauss. Both the pattern and the splitting
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constants helped define the peak. However further use of the scavengers catalase and
superoxide dismutase verified the identity as superoxide radical and hydroxyl radical. The
peaks in Figure 1B might not be strong; however, they were consistent over the 4 replicates.
Moreover, there were no peaks without PFOS (Figure 1A). Taken together, the results
demonstrate that PFOS increased ROS generation by 3.4 fold in macrophages (Figure 1C).

Exposure to high range concentrations of PFOS induces ROS generation in HMVEC

PFOS-induced ROS production in HMVEC was examined using confocal microscopy
analysis. HMVEC were exposed to different concentrations (10-100 uM) of PFQOS for one
hr, followed by incubation with dihydroethidium for the last 30 min of exposure.
Dihydroethidium is a dye that stains cells blue. When it is degraded by O,-~, the blue color
decreases and the degradation products stain cells red. The measurements of intensity of two
different colors reflect the amounts of ROS production in cells in an opposite way (i.e., the
intensity of red color directly correlates with the ROS production in cells while the blue
staining inversely correlates with the ROS production). The untreated cells showed a weak
red staining while the PFOS treated cells exhibited a strong red staining, which increases
with PFOS exposure from 10-100 uM (Figure 2A). Results demonstrate that exposure of
HMVEC to PFOS induced the production of ROS over a concentration range of 10-100 pM.

Fluorescence-based microplate reader analysis was performed to quantify PFOS-induced
ROS production in HMVEC. HMVEC were exposed to two different concentrations of
PFOS at 50 uM and 100 uM for 1 hr, followed by incubation with dihydroethidium for the
last 30 min of exposure. The results show that PFOS exposure induced a significant increase
(2 fold) of ROS generation at the concentrations of 50-100 uM in HMVEC (Figure 2B).

Exposure to low range concentrations of PFOS induces the production of ROS in HMVEC

Since serum PFOS levels in occupational workers are typically between 0.5-2 pug/ml (about
1-5 puM), with the highest level reaching 13 ug/ml (26 uM) (Olsen et al., 1998; Olsen et al.,
2003a; Olsen et al., 2003b; Lau et al., 2007; Slotkin et al., 2008), it is relevant to explore
PFOS-induced ROS production at the concentrations within these occupational exposure
ranges in the cellular test system. HMVEC were exposed to PFOS at the low range
concentrations (2 or 5 uM) for 1 hr as indicated, followed by the incubation with
dihydroethidium for the last 30 min of exposure (Figure 3A). The untreated cells exhibited
strong blue staining, whereas 2 uM PFOS exposure substantially decreased the intensity of
blue staining and 5 pM PFOS exposure almost eliminated the blue staining. The results
demonstrate that PFOS induced ROS production over low range concentrations between 2-5
uM within 1 hr (Figure 3A). The results also indicate that PFOS may induce ROS
production in a concentration-dependent manner in HMVEC.

The time course of PFOS-induced ROS production in HMVEC was also evaluated. Results
indicate that PFOS-induced production of ROS in HMVEC increased with increasing of
incubation time (over 1-5 hrs) at the concentration of 2 uM (Figure 3B).

PFOS induces permeability in HMVEC through production of ROS

The vascular endothelial monolayer forms a semi-selective permeability barrier between
blood and the interstitial space to control the movement of blood fluid, proteins, and
macromolecules across the vessel wall (Mehta and Malik, 2006). Morphologically, the
increase in endothelial cell permeability mainly results from disruption of cell junctions and
cell adhesions, which leads to the formation of gaps between endothelial cells (Mehta and
Malik, 2006). Whether PFOS exposure could induce permeability changes in HMVEC
monolayers was determined by measuring transendothelial electrical resistance.
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The confluent monolayer of HMVEC was exposed to PFOS at different concentrations (2 or
5 uM) as indicated in Figure 4A. During the exposures, an electric cell-substrate impedance
sensor (ECIS) was used to measure transendothelial electrical resistance (TER), which
reflects the permeability of HMVEC monolayer. The change in TER reading inversely
correlates with an increase in permeability. The results show that exposure of HMVEC to
PFOS induced a decrease in resistance, which correlates with an increase in permeability in
HMVEC, at PFOS concentrations as low as 2 uM (Figure 4A). Furthermore, exposure to 5
uM of PFOS decreased resistance to a greater extent than 2 uM, suggesting that PFOS
induces endothelial permeability in a concentration-dependent manner. Thus, results
demonstrate that PFOS exposure may compromise the integrity of the endothelial monolayer
barrier.

To visualize the effect of PFOS-induced endothelial monolayer barrier change, confocal
microscopy imaging analysis technique was employed to image the cell junctions of the
monolayers with fluorescence-conjugated specific antibodies to cell membrane protein VE-
cadherin. The results show that HMVEC in the untreated monolayers align tightly with no
significant gaps detected between cells. However, upon exposure to 2 uM of PFOS, many
gaps were apparent in the HMVEC monolayers. Furthermore, it was found that 5 uM of
PFOS induced more gap formation than 2 uM (Figure 4B). These results again suggest that
PFOS exposure induced an increase in permeability in a concentration-dependent manner in
HMVEC monolayers.

It was proposed that ROS might increase endothelial permeability (Lum and Roebuck, 2001;
Houle and Huot, 2006). Therefore, experiments were conducted to determine whether the
PFOS-induced permeability increase is modulated through ROS production in HMVEC. A
specific ROS scavenger, catalase (2,000 units/ml), was added into HMVVEC monolayers,
followed by PFOS stimulation and confocal microscopy imaging analysis. Results
demonstrate that inhibition of ROS production substantially blocked the PFOS-induced gap
formation in HMVEC, indicating that the production of ROS may play a regulatory role in
the PFOS-induced permeability increase in HMVEC (Figure 4C).

PFOS induces actin filament remodeling through the production of ROS in HMVEC

In endothelial cells, actin filaments are key components of cell junctions and adhesions and
are involved in modulating endothelial permeability (Mehta and Malik, 2006). The
remodeling of actin filaments induces the formation of central stress fibers to develop strong
substrate anchorage, and peripheral motile structures of lamellipodia and filopodia for cell
spreading and motility (Lee and Gotlieb, 2002). The change in endothelial permeability is
directly associated with actin filament remodeling (Mehta and Malik, 2006).

FITC-phalloidin was used to stain actin filaments in HMVEC, followed by confocal
microscopy imaging analysis. Results demonstrate that HMVEC in the unstimulated
monolayers closely attach each other to form a well-organized network structure and are
separated by an evenly distributed actin dense periphery band (DPB). However, upon PFOS
exposure for one hr, both the network structure and the DPB were disrupted, the cells pulled
apart, and some small breaks were formed in the monolayers (Figure 5A). The results
demonstrate that PFOS exposure induced actin filament remodeling in monolayer HMVEC.
To explore the regulatory role of ROS in PFOS-induced actin filament remodeling, the
HMVEC monolayer was pretreated with catalase to remove ROS, followed by 2 uM of
PFOS exposure and confocal microscopy imaging analysis. Results indicate that the removal
of ROS substantially blocked PFOS-induced actin filament remodeling, indicating the
regulatory role of ROS in PFOS-induced actin filament remodeling in HMVEC (Figure 5B).
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Since it is difficult to measure actin filament remodeling at the cell peripheral region in a
closely attached HMVEC monolayer, subconfluent HMVEC were exposed to 2 uM of
PFOS for 1 hr to determine whether the exposure would induce actin filament remodeling at
the peripheral region to form cell motile structures, such as lamellipodia and filopodia.
Results demonstrate that PFOS exposure induced actin filament remodeling to form
lamellipodia and filopodia structures at the cell periphery and stress fiber structures in the
cell body, and that inhibition of ROS production by catalase blocked PFOS-induced
formation of lamellipodia, filopodia, and stress fibers (Figure 5C). These results demonstrate
that PFOS exposure has an ability to remodel actin filaments through the ROS production.

Discussion

According to the preliminary data from West Virginia University, consistent statistically
significant associations of serum electrolytes with PFAA serum values in a large survey
population have been noted (preliminary data available at
http://www.hsc.wvu.edu/som/cmed/c8/). This might result from PFAA-induced vascular
endothelium barrier dysfunction. A 30 year medical surveillance has also found an
association between elevated uric acid levels and perfluorooctanoic acid (PFOA), another
key member of PFAA, concentrations in human serum (Costa et al., 2009). Hyperuricemia
was found to induce endothelial dysfunction (Nakagawa et al., 2006). Moreover, it was
suggested that dysfunction of vascular system may be associated with low birth weight (Holt
and Byrne, 2002; Norman, 2008). A single human study with unconventional study design
raised an association between PFAA exposures and human cardiovascular disease
(Anderson-Mahoney et al., 2008). This study has several limitations, and the question of
human cardiovascular disease awaits its first large-scale population evaluation with incident-
epidemiologic designs. More fundamentally, PFOS does induce oxidative stress and is
known to change surface membrane potential and to alter calcium channels (Harada et al.,
2005). Furthermore, glucose homeostasis and hepatic metabolism appear to be systemically
affected, in studies using NHANES data (Lin et al., 2009a and 2009b). There is ample
physiologic reason to consider endothelial response in cell system and toxicity studies, as
well as cardiovascular disease in future incident studies of human populations. Therefore, it
is postulated that the identification of PFOS-induced endothelial dysfunction may provide
some fundamental information concerning adverse health effects on humans.

In this report, human microvascular endothelial cells (HMVEC), an in vitro human
microvascular endothelium model, were used. This model was generated through
immortalization of primary endothelial cells by engineering with a human telomerase
catalytic protein (nTERT) (Shao and Guo, 2004). This cell model resembles the signature of
primary human microvascular endothelial cells in phenotype and gene expression profile
more than a commercially available human microvascular endothelial cell-1 (HMEC-1) cell
line does. HMEC-1 were established by the transduction of SV40 large T antigen. The
availability of this model in our laboratory provides us with a unique advantage in the study
of PFOA and PFOS-induced effects on endothelium. We have applied this model to
successfully identify the toxic effects of iron oxide nanoparticles in vitro (Apopa et al.,
2009).

The results of this study demonstrate that exposure of HMVEC to both high and low
concentrations of PFOS induced the production of ROS. Morphologically, PFOS exposure
induced actin filament remodeling and endothelial permeability changes in HMVEC.
Furthermore, the production of ROS appeared to play a regulatory role in PFOS-induced
actin filament remodeling and endothelial permeability increase. Taken together, the results
lead us to hypothesize that PFOS-induced ROS production plays a role in the aberrations of
the endothelial permeability barrier. Aberrations of endothelial permeability were reported
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to play a major role in the pathogenesis of many human diseases, including inflammation,
acute lung injury syndromes, and carcinogenesis (Houle and Huot, 2006; Mehta and Malik,
2006). Therefore, results from the present study provide insight into potential mechanisms
for the effects of PFOS exposure upon humans at the cellular level.

Reactive oxygen species (ROS) refer to a diverse group of reactive, short-lived, oxygen
containing species, such as Oy~ H,0,, and "OH. Cellular systems are protected from ROS-
induced cell injury by an array of defenses composed of various antioxidants with different
functions. When ROS in the cellular system overpower the defense systems, ROS produce
cell damage or oxidative stress, leading to the development of various diseases. ROS possess
five crucial properties of cell injury with capacities: (a) to cause permanent structural
changes in DNA, (b) to initiate lipid peroxidation, (c) to induce protein oxidation, (d) to
modulate the activity of stress proteins and stress genes that regulate effector genes related
to growth, differentiation, and cell death, and (e) to activate cytoplasmic and nuclear signal
transduction pathways (Qian et al., 2003a). ROS have been implicated to be involved in
many diseases, ranging from cardiovascular disorders, carcinogenesis, chronic
inflammation, and neurodegenerative diseases (Halliwell et al., 1992; Gutteridge and
Halliwell, 2000). Two separate studies from other research groups suggested that PFOS-
induced oxidative stress response was involved in developmental neurotoxicity in PC12
cells, a neuronotypic cell line (Slotkin et al., 2008), and hepatic fatty acyl-CoA oxidase
activity increase in fish (Oakes et al., 2005). Recently, a report showed that exposure of
human hepatoma HepG2 cells to 50-200 uM PFOS induced ROS production, leading to
dissipation of mitochondria membrane potential and induction of apoptosis (Hu and Hu,
2009).

Wei and colleagues (2009) found that PFOA and PFOS mixtures affect minnow genes
implicated in oxidative stress. Huang and colleagues (2009) used PFOS to induce oxidative
stress in Atlantic salmon. Nakayama and colleagues (2008) report that PFOS concentration
is positively correlated with mRNA levels of glutathione peroxidase 1 and glutathione-s-
transferase alpha 3 in cormorant liver, as well as negatively correlated with the response of
heat shock protein 8. They inferred that antioxidant enzymes are induced in response to
oxidative stress and suppression of molecular chaperones, from PFC exposure, leading to
reductions in protein stability (Nakayama et al., 2008). In human population studies, the
consistent and strong association of biomarkers of PFOS with elevated lipids suggests a
further reason to examine oxidative stress in humans, especially since humans do not
metabolize or excrete longer-chain perfluorocarbons readily (Steenland et al., 2009; Nelson,
et al., 2010).

However, a potentially important issue raised from these results is that the concentrations of
PFOS applied in these assays were substantially higher than the concentrations relevant to
occupational and environmental exposures. Serum PFOS levels in occupational workers are
typically between 0.5-2 pug/ml (about 1-5 uM), with the highest level reaching 13 pg/ml (26
uM) (Olsen et al., 1998; Lau et al., 2007; Slotkin et al., 2008). In the general population,
serum PFOS levels were reported to be approximately 20 ng/ml (40 nM) (Calafat et al.,
2007 and 2007b; Slotkin et al., 2008). Therefore, one could argue that identification of
PFOS-induced ROS at the low range concentrations may yield more relevant data. In the
present study, both macrophages and HMVEC were initially exposed to high-range
concentrations of PFOS to determine their capability to produce ROS according to
previously published dose ranges (Oakes et al., 2005; Slotkin et al., 2008; Hu and Hu,
2009). Then, HMVEC were exposed to occupationally and environmentally relevant low
concentrations of PFOS to detect its capability to produce ROS and HMVEC effects.
Results demonstrate that PFOS exposure was able to induce ROS production in an in vitro
human endothelial cell system within the occupationally and environmentally exposure-
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relevant concentration ranges, which implies that human exposure to PFOS at ranges
compatible with biomonitoring results might induce the generation of ROS.

In this study, three different techniques were used to measure PFOS-induced ROS
production in both macrophages and HMVEC to take advantage of the unique features of
each individual technique. To evaluate the production of PFOS-induced ROS in
macrophages, ESR spin trapping was used. Spin trapping is the method of choice for
detection and identification of free radical generation in biological systems due to its
specificity and sensitivity (Qian et al., 2001). Confocal microscopy imaging analysis was
also used to examine PFOS-induced ROS in HMVEC. In recent years, the molecular
staining techniques have been significantly improved to serve as additional methods to
identify and characterize specific ROS. The confocal microscopy imagining analysis
technique provides the physical images of ROS production in the cell system, as well as
information about whether the free radicals are produced intracellularly or extracellularly.
To further quantify the production of ROS, a fluorescence microplate reader was used to
measure PFOS-induced ROS production in HMVEC. With these three different techniques,
results indicate that PFOS exposure induced significant amounts of superoxide radical and
hydroxyl radical production intracellularly in both human endothelial cells and mouse
macrophages.

Colorimetric changes reflect the production of ROS in HMVEC (Figures 2 and 3). In Figure
2, reflecting a concentration range of PFOS between 0 t0100 uM, the difference of ROS
production was large and the change in red color staining substantial, which was easily
detected by a confocal microscope. In contrast, in Figure 3, the concentration range of PFOS
was between 0 to 5 uM, and the difference of ROS production was small. The change in red
color staining was not detected by a confocal microscope. However, the changes in the blue
color staining, which measure how much the dye was degraded by ROS, were substantial
(Figure 3), indirectly reflecting the amount of PFOS-induced ROS production in HMVEC.

The results of this study indicate that PFOS exposure induced an alteration in endothelial
permeability. Mechanistically, data show that PFOS-induced endothelial permeability was
modulated by production of ROS. These results regarding the role of ROS in endothelial cell
permeability are consistent with several published observations by other researchers that
ROS-induced oxidant stress directly increases endothelial permeability (Lum and Roebuck,
2001; Houle and Huot, 2006). It was found that exposure of endothelial cell monolayer to
ROS generators, xanthine/xanthine oxidase or glucose/glucose oxidase, increased
endothelial cell permeability in a concentration-dependent manner (Shasby et al., 1985;
Holman and Maier, 1990). Furthermore, the direct stimulation of endothelial cells with
H,0, induced an increase in monolayer permeability (Siflinger-Birnboim et al., 1996). Our
published results showed that ROS production mediates iron oxide nanoparticle-induced
permeability in HMVEC (Apopa et al., 2009).

In this study, it was also found that PFOS-induced endothelial permeability may be
associated with remodeling of actin filaments. Actin is one of the most abundant proteins in
eukaryotic cells. There are two different forms of actin, monomeric actin (G-actin) and actin
filaments (F-actin). Actin filaments are involved in a wide variety of cellular processes,
including cell permeability, cell motility, cell cycle control, cellular structure, and cell
signaling (Schmidt and Hall, 1998). They function in cellular processes by undergoing a
dynamic structural remodeling as well as continuing polymerization and depolymerization,
leading to the formation of discrete structures at the cell periphery for attachment to the
substratum in response to extracellular signal transduction (Qian et al., 2002). Compelling
evidence showed that actin filament remodeling plays a major role in determining the
structural integrity of the confluent endothelial monolayer (Lee and Gotlieb, 2003). In
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endothelial cells, actin filaments are the key components of cell junctions and adhesions.
Actin filaments undergo dynamic remodeling to form DPB in maintaining cell-cell
adhesion, central stress fibers to develop strong substrate anchorage, and lamellipodia and
filopodia for cell spreading and motility (Lee and Gotlieb, 2002). Mehta and Malik (2006)
demonstrated that the disruption of actin filaments is directly related to an increase in
endothelial cell permeability. Studies also found that both the reduction of DPB and the
induction of stress fibers are associated with agonist-induced cell permeability changes
(Vyalov et al., 1996). The results from Figure 5 demonstrate that exposure of HMVEC to
PFOS disrupted the integrity of DPB and induced the formation of lamellipodia, filopodia
and stress fibers, which may generate the force to pull monolayer HMVEC apart. The results
also demonstrate that the removal of ROS by catalase abolished PFOS-induced actin
filament remodeling and HMVEC monolayer separation, resulting in an inhibition of PFOS-
induced increase of endothelial permeability. Furthermore, PFOS-induced actin filament
remodeling was concurrent with PFOS-induced endothelial cell permeability. Therefore, our
results suggest that PFOS increases endothelial monolayer permeability through the
production of ROS, which may in turn stimulate remodeling of actin filaments. This scheme
is summarized in Figure 6.

In the current study, dihydroethidium dye was used to determine the PFOS-induced
production of ROS in HMVEC. Future studies are needed to examine a) the source of ROS
production and b) the mechanism by which ROS produce actin filament remodeling and
endothelial cell permeability.
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Figure 1. PFOS induces ROS generation in macrophages

ESR spectra were recorded 5 min after mixing 1 x 108 RAW 264.7 macrophages with 100
uM PFQOS. The left panels are the ESR spectra, i.e., control (A) and cell exposed to PFOS
(B). The right panel (C) represents quantification of ROS generation determined from
analysis of signal peaks (n =4; * significant increase from control. p< 0.05).
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Figure 2. PFOS induces ROS generation in high range concentrations in HMVEC

A. HMVEC were grown on coverslips and serum-starved overnight. The cells were
stimulated with different concentrations (10-100 uM) of PFOS for one hr. Dihydroethidium
(DHE) dye was added into the cell culture during the last 30 min of the stimulation. After
the staining, the cells were fixed and analyzed by confocal microscopy. The intensity of red
color corresponds to the amount of ROS production. B. HMVEC were grown on 24-well
plates and serum-starved overnight. The cells were stimulated with 50 uM and 100 pM
PFQOS, respectively, for 1 hr. Dihydroethidium dye was added into the cell culture during the
last 30 min of the stimulation. After the staining, fluorescence was quantified with a
microplate reader (n=3). * Statistically significantly different from control (p<0.05).
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Figure 3. PFOS induces ROS generation in low range concentrations in HMVEC

A. HMVEC were grown on coverslips and serum-starved overnight. The cells were
stimulated with the different concentrations (2 or 5 uM) of PFOS for 1 hr. Dihydroethidium
dye was added into the cell culture during the last 30 min of the stimulation. After the
staining, the cells were fixed and analyzed by confocal microscopy. The intensity of blue
color inversely corresponds to the amount of ROS production (upper panels). The low
panels are actin filament staining to reflect the cell number. B. PFOS induces ROS
generation in a time-dependent manner in HMVEC. HMVEC were grown on 24-well plates
and serum-starved overnight. The cells were stimulated with 2 uM of PFOS for the different
periods of time (1-5 hrs) as indicated. Dihydroethidium dye was added into the cell culture
during the last 30 min of the stimulation. After the staining, fluorescence was quantified
with a microplate reader (n=4). * Significantly different from control (p<0.05).

J Toxicol Environ Health A. Author manuscript; available in PMC 2011 June 2.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Page 19

Fig. 4A
1.05
//*\\
;s - 0 0
]
b — )
§ 0.95 —2uM
E SuM
2 09
D
~
0.85
0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18
Time (h)

Fig. 4B

Figure 4. PFOS exposure induces an increase in HMVVEC monolayer permeability through ROS
production

A. HMVEC were grown to a confluent monolayer on gold microelectrodes and serum-
starved overnight. The cells were exposed to different concentrations (2 or 5 uM) of PFOS
as indicated, and measurements of the transendothelial resistance (TER) were performed
using ECIS. The results shown are representative of 2 independent experiments. B. HMVEC
were grown to a confluent monolayer on coverslides and serum-starved overnight. The cells
were exposed to the different concentrations (2 or 5 uM) of PFOS as indicated for 1 hr.
After the exposures, the cells were fixed, permeabilized, and stained with VVE-cadherin (red
color). A Zeiss confocal microscope was used to take the images. Arrows indicate the
location of gaps. C. PFOS induces permeability through ROS production in HMVEC.
HMVEC were grown to a confluent monolayer on coverslides and serum-starved overnight.
The cells were exposed to PFOS (5uM), as well as catalase (2,000 u/ml), as indicated for 1
hr. After the exposures, the cells were fixed, permeabilized, and stained with VE-cadherin
(red color). A Zeiss confocal microscope was used to take the images.
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Fig. 5C
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Figure 5. PFOS induces actin filament remodeling through ROS production in HMVEC

A. PFOS induces actin filament remodeling in confluent HMVEC monolayers. Confluent
HMVEC on coverslips were serum-starved overnight and then were exposed to PFOS (2 or
5 uM) for 1 hr. After exposure, the cells were fixed, permeabilized, and stained with FITC-
phalloidin to visualize actin filaments, followed by confocal microscopy analysis. Arrows
indicate the disruption of DPB and the formation of break in the monolayers. B. PFOS
induces actin filament remodeling through ROS production in confluent HMVEC
monolayers. Confluent HMVEC on coverslips were serum-starved overnight and then were
exposed to PFOS (5 uM), as well as catalase (2,000 u/ml), as indicated for 1 hr. After
exposure, the cells were fixed, permeabilized, and stained with FITC-phalloidin for actin
filaments, followed by confocal microscopy analysis as stated in Figure 5A. C. PFOS
induces actin filament remodeling through ROS production in subconfluent HMVEC.
HMVEC on coverslips were serum-starved overnight and then were exposed to PFOS (2
uM), as well as catalase (2,000 u/ml), as indicated for 1 hr. After the exposure, the cells
were fixed, permeabilized, and stained FITC-phalloidin for actin filaments, followed by
confocal microscopy analysis as stated in Figure 5A.
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Figure 6. Schematic representation of signal transduction from PFOS stimulation to cell
permeability
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