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The effects of perfluorononanoic acid (PFNA) on the immune
system and its mechanism of action in mice have not been
elucidated. Thus, BALB/c mice were exposed to the PENA (0, 1, 3,
or 5 mg/kg/day) for fourteen days. Exposure to PFNA led to
a decrease in body weight and in the weight of the lymphoid
organs. Cell cycle arrest and apoptosis were observed in the spleen
and thymus following PFNA exposure. In the thymus, PFNA
mostly modulated CD4*CD8* thymocytes, whereas the F4/80%,
CD11c*, and CD49b* cells were major targets in the spleen.
Although concanavalin A-induced T lymphocyte blastogenesis
was not altered by PFNA, production of interleukin (IL)-4 and
interferon-gamma by splenic lymphocytes was remarkably
impaired. The levels of cortisol and adrenocorticotrophic hormone
in sera were increased; however, the expression of glucocorticoid
receptor in the thymus was unchanged. In addition, expression of
the peroxisome proliferator-activated receptors (PPAR-a and
PPAR-vy) and IL-1f8 were upregulated significantly in the thymus
at a dose of 1 mg PFNA/kg/day. No significant changes in
expression of the inhibitory protein IkBa and IkBa kinase were
observed. Together, these results suggest that PFNA exerts toxic
effects on lymphoid organs and T cell and innate immune cell
homeostasis in mice and that these effects may result from the
activation of PPAR-a,, PPAR-vy, and the hypothalamic-pituitary-
adrenal axis. Interestingly, at the transcriptional level, the nuclear
factor-kappa B signaling pathway appears to be uninvolved in the
immunotoxic potential of PFNA.

Key Words: PFNA; Immunotoxicity; PPAR; glucocorticoid;
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In recent years, concern about perfluorinated compounds
(PFCs), a class of widespread environmental contaminants, has
grown. The high-energy carbon-fluorine (C—F) bond renders
these compounds resistant to hydrolysis, photolysis, microbial
degradation, and metabolism by animals, and thus, makes these
compounds environmentally persistent and poorly eliminated
once absorbed (Giesy and Kannan, 2002). PFCs are bi-
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ologically active and have been reported to cause hepatotox-
icity, developmental toxicity, reproductive toxicity, and
endocrine toxicity (Lau et al., 2007). Although a few studies
have assessed immune modulation following exposure to PFCs
(DeWitt et al., 2008; Nelson et al., 1992; Peden-Adams et al.,
2007, 2008; Yang et al., 2000, 2001, 2002), the results were
not entirely consistent due, in part, to the different methods and
compounds investigated. Furthermore, the modes of action of
these compounds have not yet been elucidated. Some studies
have focused on peroxisome proliferator—activated receptors
(PPARSs) agonism to postulate the mechanism of immunotox-
icity because PFCs are peroxisome proliferating chemicals
(PPCs) (Yang et al., 2002). PPARs were once believed to
predominantly regulate genes associated with lipid metabolism;
however, the roles of PPARSs in the regulation of inflammation
and immunity are rapidly evolving. PPARs bind the retinoid
receptor RXR and regulate gene expression by binding to
specific DNA sequence elements termed PPAR response
elements (Tugwood et al., 1992). PPAR agonists may exert
anti-inflammatory and immunomodulatory actions through
a DNA binding-independent interference of transcription factor
pathways, such as nuclear factor-kappa B (NF-xB) signaling
pathway (Delerive et al., 2000) and activator protein-1 (AP-1)
signaling pathway (Ricote et al., 1998).

Glucocorticoids (GCs), which are mainly composed of
cortisol and corticosterone, are the end-effectors of the
hypothalamic-pituitary-adrenal (HPA) axis. GCs play impor-
tant roles in the process of immunomodulation (Jondal et al.,
2004). Exposure to environmental chemicals, such as poly-
chlorinated biphenyls, polycyclic aromatic hydrocarbons,
2,3,7,8-tetrachlorodibenzo-p-dioxin, and heavy metals, can
alter the secretion of GCs and, thus, influence the immune
system (Love et al., 2003; Pabello and Lawrence, 2006; Rice
and Hayward, 1997; Shridhar er al., 2001). Previous studies
implicated GCs in the mechanism of the anti-inflammatory
effect of some PPAR agonists (Ialenti ez al., 2005). In Sprague-
Dawley rats, for instance, the level of corticosterone in the
blood was increased significantly by fenofibrate, a PPAR-o
agonist (Chen et al., 2008). Therefore, exposure to PFCs may
affect the secretion of GCs in mice, and alterations in GCs level
will result in immunomodulation.
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To date, most toxicological studies of PFCs have been
focused on perfluorooctanoic acid (PFOA) and perfluorooctane
sulfonate (PFOS), and only a few studies have reported on the
toxicity of PFNA, a compound with a nine-carbon length
(Kleszczynski et al., 2007; Kudo et al., 2006). PENA can be
bioaccumulated and biomagnified through food webs and it
have shown potentials for reproductive interference in animal
experiments (Houde et al., 2006). Several studies have reported
the presence of PFNA in a variety of wildlife species,
including, amphipod, fish, birds, and mammals (Haukas
et al., 2007; Van de Vijver et al., 2005). Human contamination
by PFNA has been reported in blood and seminal plasma and
the highest concentration of PFNA (0.47 ng/ml) was reported
in blood serum of urban tea worker populations in Sri Lanka
(Guruge et al., 2005). In many cases, the source and mode of
transmission of PFCs to wildlife is unknown. However, a likely
source is atmospheric fluorotelomer alcohol, which is emitted
through industrial activities and produces perfluorinated
carboxylic acids upon degradation (Ellis, et al., 2004). As
little is known about the immunotoxicity of PFNA, the aim of
this study was to investigate the immunotoxicity of PFNA in
BALB/c mice and to evaluate the mechanism of this
immunotoxicity by exploring the possible involvement of
PPARs, NF-kB—signaling pathways, and the HPA axis.

MATERIALS AND METHODS

Animals and treatment. Male BALB/c mice (Weitong Lihua Experimen-
tary Animal Center, Beijing, China) were maintained in a pathogen-free facility
and used at 6-8 weeks of age. Mice were randomly housed in four groups in
microisolator cages containing sterilized feed and autoclaved bedding. After
acclimatization for one week, the four groups of mice (n = 6) were treated with
different doses of PFNA (0, 1, 3, and 5 mg/kg) via gastric gavage once a day
for fourteen days. The doses were based on a preliminary trial in which half of
the mice died during treatment for fourteen days with a dose of 10 mg PFNA/
kg/day. Following treatment, the mice were weighed each day. All mice were
sacrificed by cervical dislocation at the end of fourteen days experiment. Blood
was collected before sacrifice according to the previous study (Preil et al.,
2001). Briefly, blood samples were obtained rapidly from the retroorbital sinus
by skilled operators and all mice in a cage were bled within 2 min to avoid
handling-induced increases in GCs levels (Pruett et al., 1999). Samples were
then centrifuged at 2000 X g at 4°C for 15 min and sera were stored at —80°C
until analysis. Spleen and thymus were immediately removed following
sacrifice, and these organs were weighed and divided into three portions. One
third was fixed in 10% neutral buffered formalin for histological examination.
Another section was immediately frozen in liquid nitrogen and stored at —80°C
until used for RNA isolation. The remainder was used for cell preparation. All
experimental manipulations were undertaken in accordance with the In-
stitutional Guidelines for the Care and Use of Laboratory Animals.

Monoclonal antibodies and reagents. The following monoclonal anti-
bodies (mAbs) were purchased from BD Biosciences PharMingen (San Diego,
CA): Fluorescein isothiocyanate (FITC)-conjugated anti-mouse CD4 mAb
(RM4-5; rat IgG2a), phycoerythrin (PE)-labeled anti-mouse CD8a mAb
(53-6.7; rat IgG2a), FITC-labeled anti-mouse CD11c mAb, PE-conjugated anti-
mouse F4/80 mAb (BMS), PE-conjugated anti-mouse TCR mAb, and FITC-
labeled anti-mouse CD49b mAb. Rat anti-mouse FcR mAb (2.4G2, IgG2b) was
produced by the 2.4G2 hybridoma (ATCC, Rockville, MD) in our laboratory.
In addition, PFNA (CAS number: 375-95-1, 97% purity) was purchased from
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Sigma Aldrich. Concanavalin A (ConA) was purchased from Sigma Chemical
Co. (St Louis, MO). Cells were cultured in RPMI 1640 (GiBco, CA)
containing 10% fetal bovine serum, 25mM N’-a-hydroxythylpiperazine-N’-
ethanesulfanic acid (Hepes), 2mM L-glutamine, 100 IU/ml of penicillin, 100
pg/ml streptomycin, and 50uM 2-mercaptoethanol (Sigma). The 3-(4,5-
dimethyl-thiazol-2-yl)-2-5-diphenyl tetrazolium bromide (MTT) (Sigma
Chemical Co.) was dissolved in phosphate-buffered saline (PBS) at
a concentration of 5 mg/ml and filtered through a 0.22-pm filter to sterilize
and remove insoluble residues.

Cell preparation. Following harvest of the thymus and spleen, single-cell
suspensions were prepared by grinding tissue sections with the plunger of
a 5-ml disposable syringe followed by suspension in RPMI 1640 medium.
Splenocytes were treated with a hemolysis buffer (17mM Tris-HCI and 140mM
NH,CI, pH 7.2) to remove red blood cells.

Immunofluorescence staining and flow cytometric analysis. Briefly, 5 X
10° splenocytes or thymocytes were washed once with fluorescein activated cell
sorter (FACS) buffer (PBS, pH 7.2, containing 0.1% NaN3 and 0.5% bovine
serum albumin [BSA]). Cells were incubated with 2.4G2 to block FcRs and
then incubated with an optimal concentration of fluorochrome-labeled specific
mAbs for 30 min at 4°C in the dark. At least 10,000 cells were assayed by
a FACSCalibur flow cytometry (Becton Dickinson, CA), and data were
analyzed with CellQuest software (Becton Dickinson, Mountain View, CA).
Nonviable cells were excluded using the vital nucleic acid stain propidium
iodide (PI; Sigma). The percentage of cells stained with a particular reagent or
reagents was determined by subtracting the percentage of cells stained
nonspecifically with the negative control mAb from staining in the same dot-
plot region with the anti-mouse mAbs. Molecule expression levels were
determined as the median fluorescence intensity of the cells positively stained
with the specific mAb.

Cell cycle analysis. Cells were collected and fixed overnight in 70%
ethanol at 4°C. Cells were then washed twice with complete PBS and stained
with 50 pg/ml PI in the presence of 100 pg/ml DNAse-free RNAse (Sigma).
After 30 min at room temperature in the dark, the cells were analyzed using
a FACSCalibur flow cytometer (Becton Dickinson). Data were analyzed with
CellQuest software (Becton Dickinson).

ConA stimulation and MTT assay. Splenocytes (2 X 10° cells/ml) were
stimulated with ConA (2.5 pg/ml) in a 96-well plate (Costar, MA) and
incubated at 37°C in 5% CO, for 72 h. Cell monolayers in exponential
growth were harvested, and 5 X 10® cells were added to each well of a 96-
well plate (Nunclon, VWR International, Inc., MD) in a total volume of 100
pl. The plates were incubated for 24 h at 37°C in 5% CO,. The medium was
discarded, and 200 pl of the test extracts for each sample were added to the
wells at different concentrations. After a 72-h incubation, 20 pl of the MTT
solution was added to each well, and the plates were incubated again for 4 h
at 37°C. Following incubation, the medium was discarded, and 100 pl of
dimethyl sulfoxide was added to dissolve the formazan crystals. The plate
was shaken for 30 min to dissolve the crystal, and the absorbance was
measured at 570 nm with a microplate reader. Assays for each concentration
were done in triplicate.

Histological analysis. Samples were fixed in 10% neutral buffered
formalin for histologic evaluation. Paraffin-embedded tissue sections were cut
and stained with hematoxylin and eosin for morphological evaluation.

Hormone and cytokines analysis. Corticosterone is the predominant GC
produced in mice, whereas the serum cortisol level in murine also reflects the
HPA axis function (Bhat et al., 2007; Nakano, 2007). In the present study, the
concentrations of adrenocorticotrophic hormone (ACTH) and cortisol in sera
samples were measured by enzyme-linked immunosorbent assay (ELISA)
according to the manufacturer’s directions (RapidBio Lab, CA). Twenty
microlitres of serum was required to evaluate cortisol level according to the kit.
Absorbance was measured with an ELISA plate reader (Multiskan Ex Primary
EIA V. 2.3, Labsystems, MA) at 450 nm. Interleukin (IL)-4 and interferon-
gamma (IFN)-y were measured in 10% homogenates from frozen spleen tissue by
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TABLE 1
Sequences of Primers Used for Real-Time RT-PCR Amplification

Target gene GenBank accession no. 5" — 3’ Primer sequences Product length (bp) Tm (°C)

PPAR-a NM_001113418 FW: AGATCGGCCTGGCCTTCTAAACATA 205 65.0
RW: TGCGTCGGACTCGGTCTTCTTGAT

PPAR-y NM_011146 FW: TCCGAAGAACCATCCGATTGAA 112 65.0
RW: GCAAGGCACTTCTGAAACCGACA

IL-1B NM_008361.3 FW: AGCACCTCACAAGCAGAGCACAA 130 65.0
RW: CCCTGGGGAAGGCATTAGAAAC

IxkBa NM 010907 FW: ACTTGGTGACTTTGGGTGCTGATGT 129 65.0
RW: TGACATCAGCCCCACATTTCAACAA

IKK NM_010546 FW: TTGCTGCCCAAGGTAGAAGAGGTAG 211 65.0
RW: AGGCACTGGAAGGCTGGGACATTAG

GR NM 008173.3 FW: TTACCCCTACCCTGGTGTCACTGCT 164 65.0
RW: TGGTATCGCCTTTGCCCATTTCACT

B-Actin AK167825 FW: TTCTTGGGTATGGAATCCTGTGGCA 144 65.0
RW: CATCCTGTCAGCAATGCCTGGGTAC

Note. FW, forward primer; RW, reverse primer.
ELISA in accordance with the manufacturer’s directions (Biosource International, RESULTS

Camarillo, CA). Absorbance was measured with an ELISA plate reader
(Multiskan Ex Primary EIA V. 2.3) at wavelengths of 450 and 492 nm,
respectively.

Real-time reverse transcription-PCR analysis. RNA was isolated from
individual mouse thymus samples using the RNeasy mini RNA isolation
protocol (Qiagen, Hilden, Germany). The concentration of total RNA was
measured by absorbance at 260 nm using a UV1240 spectrophotometer
(Shimadzu, Japan). The purity was estimated by the 260/280 nm absorbance
ratio. One microgram of total RNA was subjected to reverse transcription
using an oligo-(dT);s primer (Promega, WI) and M-MuLV reverse
transcriptase (New England Biolabs, UK) according to the manufacturers’
instructions. The samples were incubated for 60 min at 37°C to facilitate
reverse transcription and then incubated for 5 min at 95°C. Real-time PCR
reactions were performed with the Stratagene Mx3000P gPCR system
(Stratagene, CA). For quantification of gene expression, SYBR Green PCR
Master Mix reagent kits (Takala, Dalian, China) were used according to the
manufacturer’s instructions. Mouse-specific primers were designed for the
genes of interest: PPAR-o, PPAR-y, IxBo kinase (IKK), the inhibitory
protein IxBo, glucocorticoid receptor (GR), and IL-1B (Table 1). The
housekeeping gene f3-actin was used as an internal control. The differences of
efficiencies in amplification between the target genes and B-actin were all less
than 5%. The PCR amplification protocol was 95°C for 15 min followed by
40 cycles of 94°C for 5 s, 65°C for 20 s, and 72°C for 30 s. After PCR,
a melting curve analysis was performed to demonstrate the specificity of the
PCR product, which was displayed as a single peak (data not shown). Each
sample was analyzed in triplicate. The relative expression ratio (R) of a target
gene is expressed for the sample versus the control in comparison to the
B-actin gene. R is calculated based on the following equation (Livak and
Schmittgen, 2001): R = 222G where C, represents the cycle number at
which the fluorescence signal is first significantly different from background
and AAC;, is

(Cl,largel - Cl.aclin) Cl.largel - Cl‘aclin)

treatment ( control

Statistical analysis. Data were analyzed using SPSS for Windows 13.0
Software (SPSS, Inc., Chicago, IL) and presented as means with standard
errors (mean = SE). Differences between the control and the treatment groups
were determined using a one-way ANOVA followed by the Duncan’s
multiple range test. A p value of < 0.05 was considered statistically
significant.

Effect of PFNA Exposure on Body Weight

No significant change was observed following exposure of
mice to 1 mg PFNA/kg/day compared with controls (Table 2).
For mice exposed to 3 mg PFNA /kg/day, significant decreases in
mean body weight (reduced by 12.6% compared with controls,
p < 0.01) and body weight gain were observed at day 14, whereas
mice exposed to 5 mg PFNA/kg/day exhibited significantly
decreased body weight (reduced by 13.6%, p < 0.01) and body
weight gain as early as test day 7 and even more severe decreases
(reduced by 15.7%, p < 0.01) at the end of study.

Effect of PFNA Exposure on Thymus

Absolute thymus weights were significantly reduced by
33.3% and 44.4% at doses of 3 and 5 mg PFNA/kg/day,
respectively, after 14 days exposure to PFNA (p < 0.01).
Relative thymus weights were also markedly decreased in both
groups (Fig. 1A). Although no histopathological changes were
observed by optical microscope in thymi after PENA treatment
(data not shown), the percentages of different T-cell subsets
were significantly altered as determined by cell surface
phenotype analysis. CD4"CD8" cells were reduced by 42%
in mice receiving the highest dose of PFNA, whereas the
proportions of CD4"CD8  and CD4 CD8" cells were
correspondingly increased (Fig. 1B). To further examine the
cell cycle and apoptosis of thymocytes, flow cytometry
to detect PI binding to DNA was used. Upon administration
of 5 mg PFNA/kg/day to mice for 14 days, significant
decreases in the proportion of thymocytes in the S and G2/M
phases concurrently with a significant increase in the GO/G1
phase were observed. In addition, the percentage of G2/M
phase cells was also dramatically decreased in mice receiving
3 mg PFNA/kg/day (Fig. 1C). Apoptosis was increased
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TABLE 2
Body Weight and Weight Gain of Mice Treated with PFNA for
14 Days
Dose (mg/kg/day) 0 1 3 5
Body weight at day 0 (g) 19.7 3.5 193 +3.2 198 +28 198 +22
Body weight at day 7 () 19.6 3.4 193 +23 19.1 £22  17.1 £ 2.6%*

Body weight at day 14 (g) 20.3 £ 2.9 19.2 + 3.0 17.3 + 2.8%% 16.7 = 1.7**
Total weight gain 0.6 +0.2 —0.1 £0.1 —2.5 £ 0.9%* 3.1 + 1.6**
during the 14 days (g)

Note. Data are shown as mean + SE from six mice per group. A significant
difference from the control is indicated as *p < 0.05 and **p < 0.01.

significantly in thymocytes from mice receiving 5 mg PFNA/
kg/day compared with the control (Fig. 1D). Both cell cycle
arrest at the GO/G1 phase, which prevented thymocyte
proliferation, and increased apoptosis contributed to the
observed thymic atrophy.
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Effects of PFNA Exposure on Spleen

The absolute spleen weights were significantly reduced by
9.6% and 12.7% in the two higher doses of PFNA-treated
groups (p < 0.01), and the relative spleen weights were
markedly decreased in mice receiving 5 mg PFNA/kg/day
(Fig. 2A). No obvious changes in the spleen red pulp or white
pulp were noted, and no infiltration of mononuclear in-
flammatory cells was observed. The spleen capsule was
crinkled (data not shown), which may be a result of splena-
trophy. Cell surface phenotype analysis indicated a significant
decrease in the percentages of F4/80" and CD49b™ cells in all
of the treatment groups and of CD11c™ in the 3 and 5 mg
PFNA/kg/day groups. Thus, the innate immune cells in the
spleen were damaged following PFNA treatment. The
percentages of CD4" and TCR™ cells in the spleen were not
altered, whereas the percentage of CD8™ cells was decreased in
the 1 mg PFNA/kg/day animals (p < 0.05; Fig. 2B). Analysis
of the cell cycle and apoptosis revealed a trend similar to that
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(A) Absolute weight and relative weight of thymi from control and PFNA-exposed male mice. (B) Percentages of T-cell subsets in thymus from

control and PFNA-exposed male mice. (C) Percentages of thymocytes in different phases of cell cycle from control and PFNA-exposed male mice. (D) Percentages
of apoptosis cells in thymus from control and PENA-exposed male mice. For all panels, the values are presented as the mean + SE for six mice per group.

*p < 0.05; **p < 0.01.
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observed in the thymus, with the S-phase cells decreased and
the GO/G1-phase cells increased in the 5 mg PFNA/kg/day
group compared with the control (Fig. 2C). A significant
decrease of cells in the G2/M phase occurred in all treatment
groups (Fig. 2C). Splenocyte apoptosis was increased signif-
icantly in mice receiving 5 mg PFNA/kg/day compared with
the control (Fig. 2D). These results were similar to those from
a previous study on male C57BL/6 mice treated with PFOA
(Yang et al., 2001), and thus, this increase in apoptosis may
explain the splenic atrophy.

To further test whether PFNA exposure influenced the
response of splenic T lymphocytes to an in vitro stimuli, spleen
cells were incubated overnight with the T-cell mitogen ConA.
No obvious differences in ConA-induced splenic T lymphocyte
blastogenesis were observed between the control and the
PFNA-treated groups (data not shown). This finding is
consistent with previous study in which adult male and female
B6C3F1 mice were exposed to PFOS (0-5 mg/kg total
administered dose) (Peden-Adams et al., 2008).

Having observed no significant alteration in the splenic
T-cell proliferation response, we next examined whether PFNA

exposure influences the secretion of cytokines by T lympho-
cytes. Spleen cells from PFNA-treated mice produced
significantly lower quantities of IL-4, whereas the quantity of
IFN-y was significantly decreased only in mice exposed to
5 mg PENA/kg/day (Fig. 3).

Hormone Analysis

The concentrations of ACTH and cortisol in sera samples were
measured by ELISA to test whether the HPA axis was affected
by PFNA treatment. The levels of ACTH and cortisol were
significantly increased by 53% and 51%, respectively, at the
highest dose compared with the control (p < 0.01; Fig. 4). The
nearly synchronous changes of ACTH and cortisol in this
process implicated the activation of the HPA axis, which may be
involved in the immunomodulation by PFNA.

Gene Expression

Real-time reverse transcription—-PCR (RT-PCR) showed that
the mRNA levels of both PPAR-o and PPAR-y were
significantly increased (6.1-fold and 2.6-fold, respectively) in
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the 1 mg PFNA/kg/day group compared with the control
(p < 0.01; Figs. 5A, B). Despite the increased levels of cortisol
in the sera, the expression of GR in the thymus did not exhibit
a significant change in any of the treated groups compared with
the control (Fig. 5C). No significant changes were observed in
the expression of IKK or IkBa, which are genes involved in the
NF-kB-signaling pathway, in animals from any of the
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treatment groups (Fig. 5D, 5E). On the other hand, IL-1,
a target gene of the NF-kB-signaling pathway, was signifi-
cantly increased 3-fold in the 1 mg PFNA/kg/day group
compared with the control (p < 0.01; Fig. 5F).

DISCUSSION

Current data supports an effect of environmental chemicals
on the immune response. Here, we demonstrated that oral
administration of PFNA (3 and 5 mg PFNA /kg/day) to mice for
fourteen days resulted in a significant reduction of body weight
as well as of thymus and spleen weights. The atrophy of the
lymphoid organs in the higher dose groups may be explained
by the impairment of cell cycle progression and increased
apoptosis. The phenotypic analysis of thymocytes and
splenocytes demonstrated that the percentage of CD4"CD8"
thymocytes in the thymus was reduced most dramatically
following administration of 5 mg PFNA/kg/day. The more
pronounced effect on this double positive cell subset suggested
that PFNA may interfere with the process of thymocyte
maturation and differentiation. The significant decrease in the
proportions of thymocytes present in the S and G2/M phases
further supported this hypothesis. The results were similar to
previous studies on PFOA-treated mice (Yang et al., 2000,
2001). In the spleen, the innate immune cells seemed to be the
important cellular targets of PFNA, with a significant decrease
in the percentages of F4/80" and CD49b™ cells in all treated
groups and of CD11c" cells in the 3 and 5 mg PFNA/kg/day
groups. The percentages of T-cell subsets in the spleen,
however, were nearly unchanged following PFNA treatment.
In addition, no obvious differences in ConA-induced splenic
T lymphocyte blastogenesis were observed between the control
and the PFNA-treated groups. This finding was consistent with
the previous study of PFOS (0-5 mg/kg total administered
dose) exposure in adult male and female B6C3F1 mice (Peden-
Adams et al., 2008) and was also similar to the exposure of
sulfluramid in mice (Peden-Adams et al., 2007). On the other
hand, PFOA exposure at a dietary concentration of 0.02% for
ten days in mice decreased both T- and B-cell mitogen-induced
lymphoproliferation (Yang et al., 2002). This discrepancy may
be directly related to differences in effects between the classes
of PFCs.

To further examine the effects of PFNA on the function of
splenic lymphocytes, production of cytokines in the spleen was
quantified. IFN-vy is characteristic of T helper 1 cells, and IL-4
is the signature cytokine of T helper 2 cells. Both cytokines
play vital roles in the immune response and are thus useful for
the evaluation of immune function. Significant reductions in
IFN-v (at the dose of 5 mg PFNA/kg/day) and IL-4 (at all doses
of PFNA) were observed. Although no change in T lymphocyte
blastogenesis was observed, these results indicated that PFNA
exerts a profound effect on the secretion of cytokines,
especially IL-4, by T Ilymphocytes. Alteration of these
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FIG. 5. Real-time quantitative RT-PCR analyses of thymus mRNA expression levels of (A) PPAR-a, (B) PPAR-v, (C) GR, (D) IKK, (E) IxBa, and (F) IL-1B
from control and PFNA-exposed male mice. Gene expression levels represent the relative mRNA expression compared with the controls. Values are given as the

mean + SE for six mice per group. *p < 0.05; **p < 0.01.

cytokines may subsequently impair the immune function of
lymphocytes.

Previous studies have indicated that PPAR-ao is the most
likely target of PFCs in liver in mice (Abbott er al., 2007;
Vanden Heuvel et al., 2006), and exposure to some PFCs
activates PPAR-y to a certain extent (Vanden Heuvel et al.,
2006; Zhang et al., 2008). Ligand-induced activation of PPAR-o
or PPAR-y has been shown to influence the differentiation of
thymocytes, induce lymphoid organ atrophy, induce lympho-
cyte apoptosis, suppress innate immune cell activity (Chung
et al., 2003; Cunard et al., 2002b, 2004), and inhibit the
production of IFN-vy, tumor necrosis factor-a, IL-2, and IL-4
in T cells (Cunard et al., 2002a; Lovett-Racke et al., 2004).
PFNA has been reported to be a more potent agonist of PPAR-
o than other PFCs, such as perfluoroheptanoic acid, perfluor-
ohexanoic acid, and PFOA (Kudo, 2006), but whether PFNA
activates PPAR-y is not known. Our findings showed that
PPAR-o and PPAR-y mRNA were upregulated significantly in
the thymus of mice receiving 1 mg PFNA/kg/day, whereas the
expression of both genes was unchanged in the thymi of mice

receiving 3 or 5 mg PFNA /kg/day. This result suggests that the
maximum transcriptional activity of PPAR-o may be following
administration of 1 mg PFNA/kg/day in mice, and this
conclusion parallels the maximal transcriptional activity of
PPAR-a at 1 mg perfluorododecanoic acid/kg/day observed in
rats on day 14 (Zhang et al., 2008). In other studies, 10uM
PFOA induced the maximal transcriptional activity of PPAR-o
in mice (Maloney and Waxman, 1999). The significant
upregulation of PPAR-o and PPAR-y may, to some extent,
explain the immunotoxicity observed at this dosage.

Severe immunotoxicity was observed in the 3 and 5 mg
PFNA/kg/day treatment groups despite the unchanged expres-
sion of PPAR-o. and PPAR-y. Thus, a PPAR-o—independent
mechanism is likely at play. A previous study on the
immunomodulatory effects of PFOA in mice also revealed
a PPAR-o—independent mechanism (Yang et al., 2002). Due to
their fatty acid structure, PFCs are hypothesized to act as
structural mimics of fatty acids in organisms (Vanden Heuvel
et al., 2006). Fatty acids can activate the HPA axis and
intervene in inflammatory conditions and immunomodulation
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in rodents (Song, 2005). Therefore, the activation of the HPA
axis and the subsequent increase in ACTH and cortisol levels
in sera in the groups receiving the higher dose of PFNA was
not surprising. Endogenous or synthetic GCs have been
shown to induce thymocyte apoptosis preferentially in the
CD41CD8" compartment (Boldizsar et al., 2006) as well as
to induce cell cycle arrest in GO/G1 (Reisman and Thompson,
1995). In addition, higher levels of GCs were reported to
suppress innate immune responses (Liberman et al., 2007).
More specifically, high GC levels attenuate Langerhans cell/
dendritic cell maturation and function (Elftman et al., 2007),
reduce the percentage phagocytosis and the phagocytic index
(Bishayi and Ghosh, 2007), and induce apoptosis in mouse
natural killer cells (Migliorati et al., 1994). In the 3 and 5 mg
PFNA/kg/day treatment groups, increased cortisol levels were
associated with remarkable induction of lymphocyte apoptosis,
GO/G1 arrest, and a decreased CD4"CD8" subset in the
thymus, which led to significant atrophy of the organ. At the
same time, the significant decrease in innate immune cells in
the higher dose groups may also be attributed to the increased
cortisol levels.

The majority of the biological effects of GCs are mediated
by the GR via activation and repression of gene expression.
Real-time RT-PCR showed no alteration of GR expression in
the thymus of mice from all PENA-treated groups, despite the
significant increases of cortisol levels in the sera from mice
receiving the higher doses of PFNA. Thus, the non-
transcription GR mechanisms that were previously described
in studies of thymocytes in BALB/c mice after GC analogue
administration are favored (Boldizsar et al., 2006). The effect
of GC on immunomodulation in current study, therefore,
occurred either via regulation of GR at the protein level or via
other indirection ways, such as regulation of transcription
factor signaling pathways.

Among the known transcription factor signaling pathways,
the NF-kB—signaling pathway plays an important role in the
modulation of inflammatory and immune response (Delerive
et al., 2000; Smoak and Cidlowski, 2004; Sung et al., 2006). In
most nonactivated cells, NF-xB remains in the cytoplasm as an
inactive complex through its association with the inhibitory
protein IxBa (Baeuerle and Baltimore, 1996). Dimeric IKK
complex phosphorylates IkBo and leads to subsequent
ubiquitination and degradation of IxBo and then release of
the NF-kB protein (Baeuerle and Baltimore, 1996). Free
NF-kB dimers translocate to the nucleus to regulate target gene
transcription. GC and PPAR ligands upregulate the expression
of IxBa in mice and other animals (Almawi and Melemedjian,
2002; Dehmer et al., 2004; Delerive et al., 2000; Scheinman
et al., 1995). The significant increase of PPARs expression at the
lower doses of PFNA and the increased cortisol level at higher
doses of PFNA suggested that the NF-kB—signaling pathway
may be involved in the process of immunotoxicity; however,
neither IKK nor IkBa mRNA was altered in any PFNA-treated
groups. Furthermore, IL-1B, one of the NF-xB target genes,
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was significantly increased in mice receiving 1 mg PFNA/kg/
day. Together, these results suggest that PFNA exposure did
not suppress the NF-kB-signaling pathway at the transcrip-
tional level. Further investigation is necessary to clarify
whether the NF-kB-signaling pathway is regulated at the
post-transcriptional level and whether other transcription
factors, such as AP-1, are impacted following PFNA treatment.

In conclusion, our results demonstrate the immunotoxicity of
PFNA on lymphoid organs and lymphocyte homeostasis in
BALB/c mice. In addition, PFNA impaired secretion of
cytokines by lymphocytes, and this impairment may effectively
weaken the immune function of mice. Significant upregulation
of PPAR-a and PPAR-y mRNA may contribute to the
immunotoxicity observed in the 1 mg PFNA/kg/day treatment
group. In the 3 and 5 mg PFNA/kg/day treatment groups,
PFNA activated the HPA axis and resulted in increased ACTH
and cortisol levels in the sera of the mice. Therefore, activation
of PPAR and the HPA axis may be involved in the
immunotoxicity of PFNA in mice. Surprisingly, at the
transcriptional level, the NF-kB-signaling pathway did not
contribute to the immunotoxicity by this chemical. Further
immunotoxicity studies are required to understand the
mechanisms of immunomodulation of PFNA and to determine
potential health risks associated with exposure to this chemical.
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