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Figure 4. Relation between power and group size in four cases

4.3.1. Fixed conditions.

. Group points for single administration: (d4, dg) = (0, 0), (1, 0), (2, 0), (0, 1), (0, 2).
. Group point for simultaneous administration: (d4, dg) = (0.6, 0.6).

. Parameters in the dose-response curve: fig = 1.0, B4 = 1.0, Bz = 1.0.

. Variance 02: 2 = 02 = 1.0.

. Nominal significance level of r-test: one-sided 2.5%.

. Total number of animals: 1 = 42.

N BN e

4.3.2. Varied conditions.

7. Group size:
Case l:ng =6,n, =12
Case2:ng = 5,0y, =17
Case3:ns =4,n, =22
Case d:ny =3, ny, =27

8. Effect Size: A /o, = 0.1(0.1)1.5.

Figure 4 shows the results of the numerical calculations, with the power on the vertical axis and
the effect size on the horizontal axis. According to Figure 4, regardless of the effect size, Case 3 gives
the maximum power. Because the group size is constrained to be an integer, it is not possible to give the
most appropriate group size as a continuous value. The power becomes larger when the group size of
the simultaneous administration group is set larger than that of the single administration group. When
n = 42, what is prominent is the fact that the group size of 22 in the simultaneous administration group
is nearly equal to the total number of animals in the single administration group, 4 x 5 = 20.

5. DISCUSSION

5.1. Conclusion under assumed conditions

In the previous section, we investigated applicable designs assuming that the response variables follow
a homoscedastic normal distribution, that the dose-response relationship for single administration is
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linear, that synergism is defined as a larger response obtained with simultaneous administration as
compared to the dose plane obtained with single administration by assuming additivity, that there are
five groups for single administration and one group for simultaneous administration, etc.

As the results of numerical calculation for the group point, when the departure A from additivity
is proportional to square root of the dose, it is revealed that the group point for the simuitaneous
administration group should be on the boundary of the triangle region. Here, the results seemed to be
reasonable, Because it is natural to expect that the departure A does not continue to increase along with
the dose constantly. So, we applied these two situations as the sensitivity analysis. When the departure A
become larger linearly along with the dose, the group point should be located slightly outside the triangle
region. On the other hand, the group point should be set inside the triangle region when the departure A
is constant. However, the group point should be placed on the boundary of the triangular region, because
the reduction of power from a recommended group point is small. This means that the conventional
design in the real study is appropriate.

Subsequently, with respect to the group size, we revealed that the total number of animals allocated
to the simultaneous administration group should be same size as that in the single administration group.

5.2. Heteroscedasticity

When heteroscedasticity in data is expected from the past research, it is required to adjust the degree of
freedom by using the Welch test. For the cases discussed in this paper, we used the Welch test, which is
robust for heteroscedasticity because there is a tendency in real data for the variance to increase with an
increase in responses although the number of animals is small. However, the Welch test does not control
atype 1 error below the nominal significance level under heteroscedasticity. It is, therefore, required to
confirm, ex post facto, the type 1 error when the degree of heteroscedasticity is large.

5.3. Linearity

For the cases discussed in this paper, based on advanced information, it was possible to select the dose so
that there is linearity with the single administration group. This was easier due to the fact that the number
of dose levels in the single administration group was small (three levels). From the experimental results,
it was also confirmed that the lincarity assumptions were cstablished to some cxtent. When using the
results in this paper, it is important to confirm the dose-response relationship in preliminary experiments
or in past experiments using analogous substances. It is necessary to examine, ex post facto, the linearity
by displaying in figure or by linearity tests.

5.4. Group size

The group size must be an integer of at least 1. In addition, the total number of animals must be a
comparatively small. Under these conditions, as in this paper, it is necessary to obtain the appropriate
design using numerical calculations, separately considering a combination of possible group sizes.
However, in order to generalize these results, it is useful to perform power calculations, taking the
group size as a continuous value. When calculating the recommended ratio of the total number of
animals in the single administration group to the group size of the simultaneous administration group,
the results shown in Figure 5 are obtained.

When determining the appropriate group point of the simultaneous administration group, with the
departure A from the additivity being constant, the highest power is obtained by setting the number of

Copyright © 2008 John Wiley & Sons, Ltd. Environmetrics 2009; 20: 1-13
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Figure 5. Recommended ratio of the group size between single administration group and simultaneous administration group

animals at a ratio of 1:1 between the single administration group and the simultaneous administration
group.

‘When determining the simultaneous administration group on the boundary of the triangular region, a
theoretical calculation shows that the allocation at a ratio of 1.464:1 is appropriate. In other words, it is
best to set the total number of animals in the single administration group to be approximately 1.5 times
the total number of animals in the simultaneous administration group. The reason is that because it is
theoretically favorable for the accuracy of estimates based on additivity to be equal to that based on
simultaneous administration.

5.5. Practical consideration on the recommended design

In the numerical examples of the previous section, we showed that the group point for the simultaneous
administration on the boundary of the triangular region is not necessarily best and the recommended
number of animals for the simultaneous administration group is considerably greater than those for
single administration groups.

Although these results speciously imply that the design exemplified in the Subsection 4.1 should
be replaced with the recommended design shown in this paper in future, we think it is not always true,
because we have to take practical conditions into consideration, which were not incorporated in the
assumptions to derive the recommended design.

One of them is the robustness or stability of the result of data analysis in such experiments. The
situation is quite similar to that for the recommended design at linear regression analysis, for example,
related to a single chemical experiment. Actually, if we can entirely assume the linearity of the dose—
response relationship in regression analysis, the recommended design is to allocate a half of animals
to the maximum dose and the remaining half to the minimum dose, while such design is really not
adopted and animals are evenly allocated to uniformly distributed three or four doses probably to
secure the robustness of the result of data analysis. Likewise, when the functional relationship of the
A is not particularly clear, or when there is concern for the instability in squeezing the simultaneous
administration group into one group in our experiments, the design with two or three simultaneous

Copyright © 2008 John Wiley & Sons, Ltd. Environmetrics 2009; 20: 1-13
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administration groups within the triangular region must be practical. Since the mathematical formulation
in such condition could not be established up to present due to its difficult nature, we left it for [uture
investigation.

5.6. Other issues for future investigation

When the number of test substances is 3 or more, there needs to be strict controls for the number of
required animals. Therefore, a design must be determined by examining the design conditions in detail
for each case. Under this condition, an investigation following the same approach as in this paper is
necessary. This is another problem to be addressed in future research.

In this paper, we introduced a test statistic by using the unweighted least squares method. The
weighted least squares method must be considered when the rules for the size of variance are understood
from past research, such that variance linearly becomes larger along with the dose. The specific design
in this instance is also to be investigated in the future.
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Neonatal Exposure to Low-Dose 2,3,7,8-Tetrachlorodibenzo-p-Dioxin
Causes Autoimmunity Due to the Disruption of T Cell Tolerance’

Naozumi Ishimaru,* Atsuya Takagi,” Masayuki Kohashi,* Akiko Yamada,* Rieko Arakaki,*
Jun Kanno,” and Yoshio Hayashi®*

Although 2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD) has been shown to influence immune responses, the effects of low-dose
TCDD on the development of autoimmunity are unclear. In this study, using NFS/sld mice as a model for human Sjoégren’s
syndrome, in which the lesions are induced by the thymectomy on day 3 after birth, the autoimmune lesions in the salivary
glands, and in later phase, inflammatory cell infiltrations in the other organs were developed by neonatal exposure to
nonapoptotic dosage of TCDD without thymectomy on day 3 after birth. We found disruption of thymic selection, but not
thymic atrophy, in TCDD-administered mice. The endogenous expression of aryl hydrocarbon receptor in the neonatal
thymus was significantly higher than that in the adult thymus, suggesting that the neonatal thymus may be much more
sensitive to TCDD compared with the adult thymus. In addition, the production of Ty1 cytokines such as IL-2 and IFN-y
from splenic CD4* T cells and the autoantibodies relevant for Sjogren’s syndrome in the sera from TCDD-exposed mice were
significantly increased compared with those in control mice. These results suggest that TCDD/aryl hydrocarbon receptor
signaling in the neonatal thymus plays an important role in the early thymic differentiation related to autoimmunity. The

Journal of Immunology, 2009, 182: 6576-6586.

he toxicity of 2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD),’

the environmental contaminant, has been shown to influ-

ence various biological responses such as immunological,
reproductive, and neurobehavioral (1-3). It has been reported that
TCDD induces thymic atrophy and suppresses a variety of T cell-
dependent immune responses, including delayed-type and contact
hypersensitivity responses and the activity of CTL itself (4-7).
However, TCDD has been shown to enhance the proliferation and
cytokine production of mitogen- or Ag-stimulated T cells (8). In
this context, when a DO11.10 transgenic T cell model was used to
investigate the effects of TCDD on the activation of Ag-specific
CD4™ T cells by transfer of CD4™ T cells into TCDD-treated
recipient mice, the exposure to TCDD had little effect on the initial
activation, but on day 3 after OVA-peptide injection the T cell
proliferation of TCDD-treated recipients was enhanced compared
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with that of control recipients (9). Thus, the effect of TCDD seems
to be dependent on the developmental state and active state of the
T cells. As for the effects of TCDD on B cells, it was reported that
TCDD inhibited B cell proliferation triggered by LPS, surface Ig
cross-linking, or PMA/ionomycin (10, 11). Moreover, the in vivo
suppressive effect of TCDD on T cell-dependent Ab response to
sheep RBC (SRBC) was found as an immunotoxicity of TCDD
(12). However, the effects of TCDD on autoimmunity or on auto-
antibody production in autoimmune animal models have not been
demonstrated.

A combination of immunologic, genetic, and environmental fac-
tors may play a key role on the development of autoimmune dis-
ease, which is induced by the breakdown of central or peripheral
tolerance (13-15). Sjogren’s syndrome (SS) is generally consid-
ered to be a T cell-mediated autoimmune disorder characterized by
lymphocytic infiltrates and destruction of the exocrine glands,
particularly of the salivary glands, and systemic production of
autoantibodies against the ribonucleoprotein particles SS-A/Ro
and SS-B/La (16-18). We have established and analyzed an
animal model for SS in NFS/sld mutant mouse thymectomized
3 days after birth (3d-Tx) (19-21). It is well established that
3d-Tx in a certain strain of mice results in spontaneous devel-
opment of inflammatory lesions similar to human autocimmune
diseases in the thyroid, ovary, kidney, testis, and stomach, but
little is known about the mechanisms leading to the induction of
autoimmunity (22-25). From the findings in 3d-Tx autoimmune
models, the initiation of autoreactivity is thought to be due to
the retardation of regulatory T (Treg) cell differentiation to-
gether with lymphopenia caused by neonatal thymectomy. In
other words, the impairment of T cell differentiation and/or
maturation in the neonatal thymus may cause the initiation of T
cell self-reactivity. Although the perinatal exposure to TCDD
has been shown to induce the suppression of cell-mediated im-
munity to a more severe degree than those in adult exposure, the
association of neonatal exposure to TCDD with the develop-
ment of autoimmunity remains unclear (5, 6).
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FIGURE 1. Inflammatory lesions induced by neona-
tal exposure to low-dose TCDD. A, Histology of sali-
vary glands in female and male mice (6 mo) treated with
0 and 10 ng of TCDD were shown. H&E staining was
performed using paraffin-embedded sections. Photos are
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treated mice at 6 mo of age were analyzed by immuno-

CD4

fluorescence staining using anti-CD4, CD8, B220, and
CD1lc mAbs with Alexa Fluor 568-conjugated rat 1gG
(H+L) as the secondary Abs. Nuclei were stained with
4',6-diamidino-2-phenylindole. Photos are representa-
tive of three to five sections in each group. E, Inflam-
matory lesions of liver, lung, and kidney induced by
TCDD treatment. The sections from TCDD-treated
mice at 6 mo of age were stained with H&E. Photos are
representative of five to seven mice in each group.

One mechanism of TCDD action is binding and activation of
the aryl hydrocarbon receptor (AhR) (1, 26). The AhR is a
cytosolic transcription factor of the basic helix-loop-helix fam-
ily. The activated receptor heterodimerizes with the AhR nu-
clear translocator (ARNT) in the nucleus and binds the xeno-
biotic response elements (XREs), also known as dioxin
responsive elements (DREs), and alters the expressions of var-
ious genes such as cytochrome P450 1Al (CYP1Al). TCDD,
via the AhR, has been shown to have a variety of effects on T
cell development and function, including decreasing the number
of thymocytes by apoptosis and altering the effector functions
of mature Th and T killer cells (27-30). Although a variety of
studies have been performed to determine how high-dose
TCDD is influencing T cells and the thymus (29-31), the mech-
anism and targets of its actions are still unclear. In addition,
TCDD also induced the binding of several NF-«B proteins to a
kB site, one of which overlapped with a DRE site (32). It has
been uncertain whether the neonatal exposure to low-dose
TCDD in vivo influences the TCDD signaling including AhR,
CYPIAl, or NF-«B of immune cells.

In this study, we evaluated whether the immunotoxicity of no-
napoptotic and low-dose TCDD during neonatal period influences
the development of autoimmune disease in the murine SS-suscep-
tible strain. Moreover, the correlation between the TCDD-induced
signaling pathway in neonatal T cells and the initiation of self-
reactivity in vivo was analyzed.

Materials and Methods
Mice
NFS/N strain carrying the mutant gene s/d was reared in our specific

pathogen-free mouse colony, and given food and water ad libitum. Ex-
periments were humanely conducted under the regulation and permis-

CcD8

Liver

sion of the Animal Care and Use Committee of the National Institute of
Health Sciences, Tokyo, Japan and the University of Tokushima, To-
kushima, Japan.

Neonatal administration of TCDD

Intraperitoneal injection of 10 pl of corn oil including TCDD (0, 0.1, 1, or
10 ng/mouse) with neonatal mice was performed on day O, 1, and 2 after
birth. Treatment of TCDD and TCDD-injected mice followed the rules of
the National Institute of Health Sciences.

Histology

All organs were removed from the mice, fixed with 4% phosphate-buffered
formaldehyde (pH 7.2), and prepared for histologic examination. Formalin-
fixed tissue sections were subjected to H&E staining, and three pathologists
independently evaluated the histology without being informed of the con-
dition of each individual mouse. Histological changes were scored accord-
ing to the method proposed by White and Casarett (33), as follows: 1 =
1-5 foci composed of >20 mononuclear cells per focus; 2 = >5 such foci,
but without significant parenchymal destruction; 3 = degeneration of pa-
renchymal tissue; 4 = extensive infiltration of the glands with mononuclear
cells and extensive parenchymal destruction. Histological evaluation was
performed in a blinded manner, and one tissue section from each salivary
and lacrimal gland was examined.

Confocal microscopic analysis

Frozen sections were stained with 1 pg/ml primary Abs against CD4,
CDS8, B220, and CD11b/c (eBioscience) for 1 h. After three washes in
PBS, the sections were stained with Alexa Fluor 568 donkey anti-rat
1gG (H+L) (Molecular Probes) as the second Abs for 30 min and
washed with PBS. The nuclei was stained with 4',6-diamidino-2-phe-
nylindole. The sections were visualized with a laser scanning confocal
microscope (Carl Zeiss). A 63 X 1.4 oil differential interference con-
trast objective lens was used. Quick Operation Version 3.2 (Carl
Zweiss) for imaging acquisition and Adobe Photoshop CS2 (Adobe
System) for image processing was used.
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AUTOIMMUNITY INDUCED BY TCDD

Table I. Incidence of inflammatory lesions in TCDD-treated mice
Female Male
I mo 2 mo 6 mo I mo 2 mo 6 mo
Liver treated with TCDD (ng)
0 0/5(0) 070y 0O/5(0) 0/6 0y  0/6(0) 0/9 (0)
0.1 0/6(0) 2/8(25) 2/5(40) 0/S(0)  0/6(0) 2/6 (33)
I 1/520) 2/6(33) 16017  4/8(50) 0/6(0) 2/6 (33)
10 2/5(40) 3/6(50) 2/6(33) 2/6(33)y 46(67) 5701
Lung treated with TCDD (ng)
0 0/50) 0/7(0) 16 (17)  0/6(0)  0/7(0) 0/9 (0)
0.1 0/6(0)  4/8(50) 3/5(60) 0/5(0) 0/5(0) 3/6 (50)
1 1/5(20) 2/6(33) 4/6(67) 2/8(25) 3/6(50)  6/6 (100)
10 2/5(40) 3/6(50) 6/6(100) 1/6(17) 6/6 (100) 7/7 (100)
Kidney treated with TCDD (ng)
0 0/50) 0/7(0) 0/6(0) 0/6(0) 0/7(0) 0/9 (0)
0.1 0/6 (0) 0/8(0) 1/5(20) 1/5(20) 3/5(60)  4/6(67)
1 0/5(0) 0/6(0) 2/6(33) 2/8(25) 4/6(67)  5/6(83)
10 1/5Q20) 3/6(50) 2/6(33) 2/6(33) 6/6(100) 5/7(71)

The incidence of inflammatory lesions in the liver, lung, and kidney was histologically evaluated using the H&E-stained

sections of the TCDD-treated NFS/sid mice at 1, 2, and 6 mo of age. The number of inflammatory lesion-induced mice in the

organ/the total number of treated mice (%) is indicated.

Flow cytometric analysis

Surface markers were identified by mAbs with BD FACSCant flow cy-
tometer (BD Biosciences). Rat mAbs to FITC-, PE-, or PE-Cy5-conjugated
anti-B220, Thyl.2, CD4, CD8, CD25, and CD44 mAbs (eBioscience) were
used. Intracellular Foxp3 expression was analyzed with an intracellular
Foxp3 detection kit (eBioscience) according to the manufacturer’s instruc-
tions. For intracellular AhR expression, cells were stained with PE-CyS.5-
conjugated anti-CD4, PE-conjugated anti-CD8, PE-Cy7-conjugated anti-
CD44, allophycocyanin-conjugated anti-CD25 mAbs, and then fixed in
fixation/permeabilization solution (eBioscience) for 18 h at 4°C. After

washing twice with the permeabilization buffer (eBioscience), the cells
were blocked with Fc block for 40 min on ice, and incubated in rabbit
anti-AhR polyclonal Ab (BIOMOL) for 2 h at 4°C. After washing with the
permeabilization buffer, the cells were stained with FITC-conjugated ant-
rabbit IgG for 30 min at 4°C for flow cytometric analysis of multicolors.
The data were analyzed with FlowJo FACS Analysis software (Tree Star).

Proliferation assay

Cell proliferation was evaluated by counting of divisions by CFSE (Mo-
lecular Probes) dilution of labeled cells. After stimulation by anti-CD3 and
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FIGURE 2. The effect of in vivo TCDD injection on T cell phenotypes. A, CD4 and CD8 expressions on spleen cells from female TCDD-treated mice
at 6 mo of age were analyzed by flow cytometry. Positive cells (%) were indicated as the mean = SD of five to seven mice in each group. B, CD44
expression on CD4” T cells in spleen from TCDD-treated mice. CD44"2" cells (%) are indicated as the mean = SD of five to seven mice in each group.
C, T cell differentiation in thymus of TCDD-treated mice was analyzed by flow cytometry using CD4 and CD8 expressions. Figures are representative of
five to seven mice in each group. D, T cell population in thymus. CD4"CD8~ DN, CD4"CD8" DP, CD4*"CD8~ SP (CD4SP), and CD4~CD8" SP
(CDS8SP) cells (%) are shown as the mean = SD of five to seven mice in each group. E, The differentiation of DN T cells was evaluated using CD44 and
CD25 expressions. Figures are representative of five to seven mice in each group. F, CD44 ' CD25~ (DN1), CD44'CD25 (DN2), CD44~CD25' (DN3),
and CD447CD25" (DN4) cells (%) are shown as the mean = SD of five to seven mice in each group. %, p < 0.03; #*, p < 0.005.
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treated mice were analyzed by flow
cytometry. Results are representative
of three to five mice in each group.
Foxp3* cells (%) are indicated as
mean *= SD of three to five mice in
each group. =, p < 0.05. D, T-bet and
GATA-3 mRNA expressions of
spleen from TCDD-treated mice were
detected by real-time PCR. Data are
shown as mean = SD of four to six
mice per each group. *, p < 0.05;
sx, p < 0.005. E, IL-17 production
was analyzed by ELISA using the
culture supernatants from splenic T
cell-stimulated plate-coated anti-CD3
mAb for 24 h. Results are shown as
mean = SD of triplicates and repre-
sentative of four mice in each group.
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anti-CD28 mAbs, or LPS for 72 h, cell division of CD4™ or B220™ -gated
spleen cells was analyzed by flow cytometry.

ELISA

The JS-1-, SS-A/Ro-, SS-B/La-, or ss-DNA-specific Abs of sera from mice
were measured by an ELISA reader (model 680; Bio-Rad) with a spectro-
photometer reading at 490 nm. Igs (IgG2a and 1gG1) in sera were deter-
mined by using the mouse immunoglobulins ELISA quantitation kit (Be-
thyl Laboratories). For detection of IL-2, IFN-vy, IL-4, IL-10, and IL-17 in
the culture supernatants from anti-CD3 mAb-stimulated splenic CD4™ T
cells for 24 h, ELISA were performed by using each specific Ab for the
cytokines as previously described (34).

Real-time quantitative RT-PCR

Total RNA was extracted from thymus, spleen, and cultured thymocytes in
NFES/sld mice using Isogen (Wako Pure Chemical), and reverse tran-
scribed. Transcript levels of T-bet, GATA-3, AhR, CYPIAIl, Bcl-xL,
TNF-q, IFN regulatory factor (IRF)-1, GADD45, IL-1, autoimmune reg-
ulator (AIRE), salivary protein-1, GAD67, and B-actin were performed
using DNA Engine OPTICOM system (Bio-Rad) with SYBR Premix Ex
Tag (Takara Shuzo). Primer sequences were as follows: T-bet: forward,
5'-CCTGTTGTGGTCCAAGTTCAAC-3' and reverse, 5'-CACAAACAT
CCTGTAATGGCTTGT-3'; GATA-3: forward, 5'-GACTTGCCAGAAAG
GCAGAC-3', and reverse, 5'-AAAGAGGTCACCACCCACAG-3"; AhR:
forward, 5'-ACATAACGGACGAAATCCTGACC-3' and reverse, 5'-TC
AACTCTGCACCTTGCTTAGGA-3'; CYP1ALl: forward, 5'-CCATGACC
GGGAACTGTGG-3', and reverse, 5'-TCTGGTGAGCATCCTGGACA-
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3'; NF-xB: forward, 5'-ATGGCAGACGATGATCCCTA-3' and reverse,
5'-TAGGCAAGGTCAGAATGCAC-3’; Bcl-xL: forward, 5'-AGAAGA
AACTGAAGCAGAG-3', and reverse, 5'-TCCGACTCACCAATACCT
G-3’; TNF-q, forward, 5'-ATGAGCACAGAAAGCATGATC-3', and re-
verse, 5'-AGATGATCTGAGTGTGAGGG-3'; GADD45: forward, 5'-TG
GTGACGAACCCACATTCAT-3', andreverse, 5'-ACCCACTGATCCAT
GTAGCGAC-5'; IL-18: forward, 5'-TGATGAGAATGACCTGTTCT-3/,
and reverse, 5'-CTTCTTCAAAGATGAAGGAAA-3'; AIRE: forward, 5'-
AAGGGAGCCCAGGTCACTAT-3', and reverse, 5'-ATTGAGGAGGGA
CTCCAGGT-3'; salivary protein-1: forward, 5'-GGCTCTGAAACTCA
GGCAGA-3', and reverse, 5'-TGCAAACTCATCCACGTTGT-3'; GAD6T:
forward, 5'-TGCAACCTCCTCGAACGCGG-3', and reverse, 5'-CCAG
GATCTGCTCCAGAGAC-3'; B-actin: forward, 5'-GTGGGCCGCTCT
AGGCACCA-3' and reverse, S5'-CGGTTGGCCTTAGGGTTCAG
GGGGG-3'.

NF-kB transcription activity assay

The transcriptional activity of NF-«B of the nuclear extracts from thy-
mocytes was analyzed with NF-«B transcription factor colorimetric as-
say kit (Millipore). Nuclear extracts were incubated with biotinylated
double-strand oligonucleotide probe containing the consensus sequence
for NF-xB on a streptavidin-coated plate. Captured complexes, includ-
ing active NF-xB protein, were incubated with the primary Abs for p50
and RelA and HRP-conjugated secondary Ab and tetramethylbenzidine
substrate. The absorbance of the samples was measured with microplate
reader at 450 nm.
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Statistical test

The Student 1 test was used for statistical analysis. Values of p > 0.05 were
considered as significant.

Results
Induction of inflammatory lesions by neonatal administration of
low-dose TCDD

To elucidate whether inflammatory lesions are induced by neonatal
administration of low-dose TCDD into NFS/sld mice, i.p. injection
of 0, 0.1, 1, and 10 ng/mouse TCDD was performed on day 0, 1,
and 2 after birth. At 1, 2, and 6 mo of age, all the organs of treated
mice were histopathologically analyzed. The inflammatory lesions
in salivary glands of TCDD-injected mice, similar to those of
thymectomized NFS/sld mice, were found whereas no lesion was
observed in the salivary glands of vehicle-treated mice. The lesions
of female mice were more severe than those of male mice (Fig. 1,
A~-C). Lymphocyte infiltration around ducts with destruction of
acinar cells was observed in the TCDD-induced lesions (Fig.
1A). Severity of the inflammatory lesions was increased in a
dose-dependent manner of TCDD (Fig. 1, B and C). In addition,
more severe lesions developed with aging, and observed mainly
in female mice (Fig. 1C). To characterize the infiltrating im-
mune cells in the inflammatory lesions of salivary glands, the

frozen sections were analyzed using the markers of T cells, B
cells, and dendritic cells by immunofiuorescence staining.
CD4™ T cells were mainly infiltrated in the inflammatory le-
sions of salivary glands from TCDD-treated mice, whereas a
small population of CD8' T cells, B cells, and CDllc' den-
dritic cells were seen in the lesions (Fig. 1D).

In contrast, the inflammatory lesions of lung, liver, or kidney
were also observed in the mice treated with TCDD (Fig. 1E). The
incidence of the lesions is shown in Table I. At 6 mo of age, slight
inflammatory lesions in the liver of 30~50% male mice by 0.1 or
I ng of TCDD injection were observed. The inflammatory lesions
of liver were found in 30-70% of male mice and ~50% of the
female mice treated with 10 ng of TCDD at 6 mo of age. Also, the
inflammatory lesions of lung with a small number of lymphocyte
infiltrates around bronchus or blood vessels were observed in both
100% female and male mice treated with 10 ng of TCDD at 6 mo
of age. In addition, the slight inflammation in the kidney from
100% male mice treated with 10 ng of TCDD was observed at 6
mo of age. As for female mice, the renal lesions were found in
~50% of the mice treated with 10 ng of TCDD at 6 mo of age.
Induction of inflammatory lesions by TCDD might be dependent
on the sex or the sensitivity of each organ, although its precise
mechanism is unclear.
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FIGURE 5. Expression of AhR in neonatal thymus.
A, AhR protein of neonatal thymus from NFS/sld mice
was detected by Western blotting. Result was represen-
tative of two independent experiments. GAPDH expres- C
sion was used for loading control. B, Flow cytometric
analysis of intracellular AhR expression. Thymocytes
from B6 (3 mo) mice were stained with PE-Cy5.5-CD4
and PE-CD8 mAbs, fixed, washed in perm buffer, and 1d
then stained with rabbit anti-AhR Ab and FITC-conju-

gated anti-rabbit IgG as the second Ab. Diluted anti- 2d
AhR Ab (X200, X100, and X50) was used for staining.

C and D, Thymocytes from neonatal (days 0, 1, 2, and ad
3 after birth) and adult (12 wk of age) NFS/sld mice
were stained with PE-Cy5.5-CD4, PE-CDS8, allophyco-
cyanin-CD25, and PE-Cy7-CD44 mAbs, fixed, washed
in permeabilization buffer, and then stained with rabbit
anti-AhR Ab and FITC-conjugated anti-rabbit 1gG as
the second Ab. Intracellular AhR expressions of DN,
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DP, CD4SP, and CD8SP cells in neonatal and adult thy-
mus. Figures are representative of three to four samples.
Data are shown as mean = SD of three to four samples.
E and F, Intracellular AhR expression of DN cells in
thymus. Data are shown as mean * SD of mean fluo-
rescence intensity (MFI) of three to four samples. Col-
ored (blue or red) MFI was indicated in the figure as
significantly increased. *, p < 0.05; #*, p < 0.005.

Influence of in vivo low-dose TCDD injection on T cell
phenotypes

To examine the influence of neonatal exposure to low-dose TCDD
on T cell phenotypes, flow cytometric analysis of the expressions
of surface T cell markers was performed on female mice at 6 mo
of age (Fig. 2). There was no significant difference in the expres-
sion profile of CD4 and CD8 on the spleen cells by treatment of
TCDD (Fig. 2A). A significantly increased population of memory
phenotype, CD44™="CD4* T cell, was observed in the female
mice treated with TCDD (Fig. 2B). As for thymic maturation, the
CD47CD8™ double-negative (DN) cells were considerably in-
creased by treatment of 10 ng of TCDD while double-positive
(DP) cells significantly decreased by 10 ng of TCDD injection. By
contrast, both CD4 single-positive (SP) and CD8SP cells were
significantly increased by TCDD injection (Fig. 2, C and D). Fur-
thermore, when the increased DN cells were analyzed using dif-
ferentiation markers such as CD25 and CD44, CD44CD25~
(DN1) and CD447CD25™ (DN4) cells were significantly reduced
by in vivo treatment of 10 ng of TCDD, but significantly increased
populations of CD44'CD25' (DN2) and CD447CD25' (DN3)
cells were observed (Fig. 2, E and F). These results suggested that
neonatal exposure to TCDD might influence on thymic differen-
tiation including negative or positive selection of T cells.

The influence of low-dose TCDD on peripheral T cell functions

To know the effect of TCDD on T cell functions in the periphery,
cytokine secretions from splenic T cells activated by plate-coated
anti-CD3 mAb were analyzed using the culture supernatants by
ELISA. T};1 cytokine production, including IL-2 and IFN-y from
activated T cells of TCDD-treated mice, was significantly in-
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creased compared with that of control mice (Fig. 3A). By contrast,
there was no influence on T2 cytokine secretion such as IL-4 and
IL-10 by in vivo TCDD injection (Fig. 3A). Moreover, prolifera-
tive response of splenic T cells stimulated with anti-CD3 and
CD28 mAbs was analyzed using CFSE dilutions during 3 days.
The cell divisions during the late stage were significantly enhanced
by in vivo TCDD injection compared with those of control mice
(Fig. 3B). In contrast, there was no difference in Foxp3™
CD25"CD4™ T cells, classical Treg cells, by neonatal TCDD ex-
posure (Fig. 3C). It has been known that T-bet for Tyl and
GATA-3 for T,,2 are prime candidates for key transcription factors
of each cytokine production of Ty cells (35). T-bet mRNA ex-
pression of purified T cells from spleen in TCDD-treated mice was
higher than that in control mice. However, there was no change of
the GATA-3 mRNA expression by TCDD injection (Fig. 3D). In
addition, to examine the role of IL-17 in the pathogenesis for
TCDD-induced autoimmunity, no change was observed in IL-17
production from anti-CD3 mAb-stimulated T cells of TCDD-
treated mice (Fig. 3E). These findings show that the neonatal ex-
posure to low-dose TCDD influences on T cell activation or pro-
liferation through enhanced secretion of Tyl cytokines in the
periphery.

Direct influences of TCDD on neonatal thymus

When adult NFS/sid mice at 2 mo of age were injected with low-
dose TCDD, no inflammatory lesion in any organ was observed
until 6 mo of age (our unpublished data). Neonatal exposure to
low-dose TCDD may affect the induction of inflammatory lesions
in salivary glands resembling the SS model. To evaluate whether
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in thymus. A, Transcription activity of NF-«B in thy-
mocytes stimulated with anti-TCR mAb in the presence
or absence of TCDD was evaluated. Results are shown
as mean * SD of three samples. *, p < 0.05. B and C,
In vivo effect of TCDD on target genes of NF-kB was
evaluated to detect the mRNA expressions. The mRNA
expressions of NF-«B-regulated genes in thymus tissues
from TCDD-treated mice were analyzed by real time-
PCR. Results are shown as mean = SD of four to six
mice per each group. %, p < 0.05. D, AIRE mRNA
expression of thymus from TCDD-treated mice. E, The 40
mRNA expressions of salivary protein-1 and GAD67 in 20
thymus from TCDD-treated mice. The expressions of 0
thymus from TCDD-treated mice were detected by real-
time PCR. *, p < 0.05; =%, p < 0.005.
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the exposure to TCDD has much more influence on neonatal thy-
mus compared with adult thymus, the expression of AhR was an-
alyzed by quantitative RT-PCR. Interestingly, in contrast to adult
thymus, the expression of AhR mRNA of neonatal thymus from
NFS/sld mice was much higher (8- to 9-fold) (Fig. 44). The ex-
pression was reduced with aging (~3 mo of age). The expression
of AhR mRNA in neonatal spleen was higher (2-fold) than that in
adult spleen (Fig. 4A). Next, to clarify the direct effects of TCDD
on thymocytes, neonatal and adult thymocytes were incubated with
0, 100, and 1000 nM TCDD for 3 h to analyze AhR expression.
More increased expression of AhR in neonatal thymocytes was
observed by TCDD stimulation compared with that in adult thy-
mocytes (Fig. 4B). In addition, mRNA expression of CYP1Al, one
of target genes for TCDD/ARR/XRE (36), in neonatal thymocytes
was much enhanced by TCDD incubation, whereas there was no
change in mRNA expression of CYP1A1 in adult thymocytes by
TCDD stimulation (Fig. 4C). In contrast, there were no significant
changes in mRNA expressions of AhR and CYP1A1 of the spleen
cells in the response to TCDD between neonatal and adult mice
(data not shown). To understand association between TCR and
TCDD signaling in thymocytes of neonatal and adult NFS/sld
mice, plate-coated anti-TCRS mAb was used for the stimulation of
thymocytes with or without TCDD. Up-regulated mRNA expres-
sion of AhR by TCDD in both neonatal and adult thymocytes was
clearly reduced by stimulation of anti-TCRS mAb (Fig. 4D). In
addition, TCDD-induced CYP1A] mRNA expression in neonatal
thymocytes was reduced to the level of non-stimulation by anti-
TCRB mAb (Fig. 4E). These findings suggest that neonatal thy-
mocytes may be sensitive to TCDD through highly expressed AhR
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in NFS/sld mice, and that neonatal injection of TCDD might in-
fluence thymic differentiation to induce breakdown of tolerance.

Expression of AhR in neonatal thymus

To confirm the higher expression of AhR as a protein in neonatal
thymus tissues of NFS/sld mice, Western blot analysis was per-
formed. The highest expression of AhR was observed on day 2
after birth, and the expression on day 3 was relatively decreased.
The expression in adult (3 mo of age) was lower than that of
neonatal thymus (Fig. 5A4). Next, we tried to detect the intracellular
AhR expression in subpopulation of thymocytes by flow cytomet-
ric analysis. Flow cytometric analysis showed that most thymo-
cytes clearly expressed AhR in adult (3 mo of age) C57BL/6 mice,
and the fluorescence intensity of AhR expression was increased
depending on the dose of anti-AhR Ab (Fig. 5B). When compared,
the AhR expressions at each stage including DN, DP, CD4SP, and
CDS8SP cells in neonatal thymus of NFS/sld mice from day O to
day 3 after birth with those in adult thymus (3 mo), a significantly
increased AhR expression of neonatal (days 0, 1, 2, and 3) DN T
cells was observed than that of adult DN cells. In particular, much
more AhR expression of DN cells on day 2 was detected during
neonatal stage. AhR expression of DP T cells on days 2 and 3 was
significantly higher than that of adult DP cells. In contrast, al-
though AhR expression of CD4SP cells on day 2 was significantly
higher than that of adult CD4SP cells, there was no change in the
expression of AhR of CDS8SP cells between neonatal and adult
thymus (Fig. 5, C and D). Furthermore, when the AhR expression
of each differentiation stage of DN such as CD44*CD25~ (DN1),
CD44*CD25% (DN2), CD44~CD25" (DN3), and CD44~CD25~
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(DN4) cells was analyzed, AhR expressions of DN1 cells on day
2, DN2 cells on days 1, 2, and 3, DN3 cells on days 0, 1, and 2,
and DN4 cells on days 0, 1, and 2 were significantly higher than
those of adult DN cells (Fig. 5, E and F). Among them, the ex-
pressions of neonatal DN2 and DN3 cells were more intensive
compared with those of adult thymocytes. In contrast, there was no
difference in AhR expression at each stage between neonatal and
adult thymocytes from normal B6 mice (data not shown). These
findings suggest that AhR expression may be related with devel-
opment and differentiation of T cells in neonatal thymus of NFS/
sld mice, and that sensitivity of TCDD in neonates can be ex-
plained by the development of autoimmunity through AhBR
expression.

The influence of exposure to low-dose TCDD on central
tolerance

Because higher AhR expression of T cells in neonatal thymus of
NFS/sld mice was observed (Fig. 5), the cell signal pathway to
regulate central tolerance in thymus via TCDD/AhR was analyzed.
We focused on NF-«B, one of the responsive factors for TCDD/
AhR/XRE signaling (37), which is known to be a key transcription
factor for regulation of T cell differentiation, development, and
activation (38). When the transcriptional activity of NF-«B in be-
tween neonatal and adult thymocytes stimulated with anti-TCR
mAb in the presence of TCDD was compared, the neonatal activity
was significantly increased relative to that of adult thymocytes
(Fig. 6A). Also, the NF-«B activity of neonatal thymocytes stim-
ulated with anti-TCR mAb was largely enhanced by the addition of
TCDD, whereas the increased activity of adult thymocytes was not
observed (Fig. 64). Next, to understand the in vivo cell signaling
through NF-xB and TCDD/AR in thymus, the mRNA levels of
NF-«B target genes were analyzed by real-time PCR using the
thymus tissues from neonatal TCDD-treated mice. Among them,
Bcl-xL and TNF-a mRNAs in thymus tissues from TCDD-treated
mice were significantly increased in the dose-dependent manner
compared with control mice (Fig. 6B). There were no changes to
the mRNA expressions of IRF-1, GADDA4S5, IL-1 (Fig. 6C), IL-6,
inducible NO synthase, and Fas ligand (data not shown) which are
target genes of NF-kB for controlling T cell signal.

In contrast, AIRE, an essential transcription factor for the ex-
pression of tissue-specific autoantigen in thymic epithelial cells
(TECs), is well known to play a key role in T cell differentiation
and development related with autoimmunity (39). When AIRE
mRNA level in thymus tissues, including TECs from neonatal
TCDD-treated NFS/sld mice, was analyzed, the expression in 10
ng of TCDD-treated mice was significantly decreased compared
with that in control mice (Fig. 6D). Moreover, salivary protein-1
and GADG67 are known to be representative for the tissue-specific
Ag in salivary gland and pancreas respectively (40). Interestingly,
both salivary protein-1 and GAD67 mRNA expressions of the thy-
mus tissues from neonatal TCDD-treated NFS/sld mice were sig-
nificantly reduced relative to those from control mice (Fig. 6E).
These findings show that neonatal exposure to low-dose TCDD in
NFS/sld mice might influence the impairment of central tolerance
in thymus, resulting in the induction of autoimmune disease.

The influences of low-dose TCDD exposure on B cells

The effects of neonatal exposure to low-dose TCDD on B cell
phenotype and function were analyzed (Fig. 7). There was no dif-
ference in the number of B220% B cells from spleen between
TCDD-treated and control mice (Fig. 7A). Furthermore, no change
was observed in the proliferative response of splenic B cells to
LPS from TCDD-treated mice compared with that from control
mice (Fig. 7B). The serum titers of autoantibodies that are asso-
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FIGURE 7. Influence on B cell functions by neonatal exposure to low-
dose TCDD. A, B220™ B cells in spleen from TCDD-treated mice at 6 mo
of age were detected by flow cytometric analysis. Results are shown as
mean = SD of five to seven mice in each group. B, Proliferative response
of splenic B cells stimulated with LPS was evaluated with CFSE dilutions
during 72 h. Figures are representative of five to seven mice in each group.
C and D, Serum titers of autoantibodies, including anti-SSA/Ro, anti-SSB/
Lo, and anti-«-fodrin from female TCDD-treated mice from 1 to 6 mo of
age were measured by ELISA. Results are shown as mean * SD of five to
seven mice in each group. E, Ratio of IgG2a/IgGl in sera from TCDD-
injected mice. Serum titer of 1gG2a and 1gG1 from TCDD-injected NFS/
sld mice was measured by ELISA. Data are shown as mean = SD of the
ratio from five to seven mice. *, p < 0.05; =+, p < 0.005.
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ciated with SS, including anti-SSA/Ro, anti-SSB/La, and anti-
ssDNA, were examined (17, 18). In this study, serum titers of
anti-SSA/Ro and anti-SSB/La autoantibodies were significantly in-
creased in TCDD-treated mice at 6 mo of age compared with those
in control mice (Fig. 7C). It has been reported that thymectomized
NFS/sld mice and human SS patients have high titers of serum
autoantibody against a-fodrin (20, 34). The higher titers of anti-
«a-fodrin autoantibody in the sera from TCDD-treated mice were
also detected from control mice at 6 mo of age (Fig. 7D). No
significant change for anti-ssDNA was observed between TCDD-
treated and control mice (data not shown). In addition, when the
ratio of 1gG2a and IgG1 that is associated with Ty1 and T2 or
cellular and humoral immune responses was analyzed using sera
from TCDD-injected mice, the ratio from TCDD-injected mice
was significantly higher than that from control mice at 6 mo of age
(Fig. 7E).
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Discussion

TCDD is a widespread environmental contaminant that influences
several basic homeostatic control mechanisms in the body via AhR
(3). T cells are a possible direct target for TCDD, as evidenced by
the presence of the AhR in T cells, and inhibition of T cell growth
by the expression of a constitutively active AhR mutant in AhR-
null Jurkat T cells or following TCDD treatment (1, 41). It has
been demonstrated that expression of AhR in both CD4' and
CD8™ T cells is required for a full suppression of an allospecific
CTL response by TCDD, indicating a direct role for AhR in these
TCDD-induced immunosuppressive effects (1, 42). However, the
relationship between in vivo TCDD exposure and breakdown in T
cell tolerance has not been well defined.

In this study, we demonstrated that neonatal exposure to low-
dose TCDD could induce autoimmunity in the salivary glands
using a NFS/s/d strain associated with disease-susceptible autoan-
tibody production, such as anti-SSA/La, anti-SSB/Ro, and anti-q-
fodrin Abs. It has been reported that TCDD causes extensive dam-
age to the thymus to suppress T cell-dependent immune responses
in vivo, including delayed-type and contact hypersensitivity re-
sponses and the generation of CTL (4, 43, 44). By contrast, neo-
natal exposure to TCDD had little influence on thymic atrophy in
our experiment in which low-dose (0.0486 = 0.0088 to 8.37 = 0.7
ngrkg) TCDD was administered into neonatal mice on days 0, 1,
and 2 (body weight: 1.2 = 0.1 to 2.1 *= 0.35 g) after birth. The
dosage of TCDD was considerably lower than that in the experi-
ments in which thymic atrophy or apoptosis was induced by in
vivo exposure to TCDD (30-50 ug/kg) (31, 32). For instance, it
was reported that 60% apoptotic cells of thymus were observed in
normal mice injected with 50 pg/kg TCDD, whereas 20-30% ap-
optotic cells of thymus were observed in vehicle-injected mice. In
addition, although the loss of mitochondrial membrane potential
related to apoptosis of thymocytes was not detected in ~10 ug/kg
TCDD-treated mice, the loss was observed in 10-50 ug/kg
TCDD-treated mice (31). Thus, the exposure to low dosage under
10 pg/kg TCDD may have an influence on neonatal thymic dif-
ferentiation or selection in NFS/sld mice, but not atrophy or apo-
ptosis, to induce autoimmune disease as the late effect. Moreover,
T cell proliferation by anti-CD3 and -CD28 mAbs and Thl-type
cytokine production, such as 1L-2 and IFN-y from splenic CD4™
T cells, were significantly more enhanced by neonatal TCDD treat-
ment than those in control mice. These findings were consistent
with the reports that TCDD enhances proliferation and cytokine
production of mitogen- or Ag-stimulated T cells or T cell clones
(1, 8). Because there were alterations in the percentage and number
of DN cells in TCDD-treated mice, we analyzed this population
using CD44 and CD2S markers. After TCDD treatment in this set,
there was a decrease in the percentage of CD44*CD25™ cells
(DN1) and CD447CD25" cells (DN4), and a relative increase in
the percentage of CD44CD25™ cells (DN2) and CD44~CD25*
cells (DN3). Analysis of the actual numbers of cells in each pop-
ulation compared with controls suggested that thymic maturation
or negative selection at DN2 or DN3 might be affected by neonatal
exposure to the low-dose TCDD. These results suggest that TCDD
is interfering with the development and/or the proliferation of DN
cells. Furthermore, the early stage of DN and the late stage into
CD4SP or CD8SP in the thymic differentiation were disturbed by
low-dose TCDD treatment, indicating that the immunotoxicity of
TCDD on neonatal thymus might lead to the development of T
celi-dependent autoimmunity. The inflammatory lesions were ob-
served in the organs other than salivary gland including kidney,
lung, and liver in TCDD-treated mice. Although the inflammatory
lesions in liver, lung, and kidney from female mice treated with 10
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ng of TCDD at 2 mo of age were observed, the severity of ex-
traglandular lesions was lower than that of salivary gland, and the
onset was later compared with that in salivary gland. Most of the
extraglandular lesions of both female and male mice were devel-
oped with aging. We have previously demonstrated that the ex-
traglandular lesion such as autoimmune arthritis in 3d-Tx NFS/sld
mice was observed with aging (45, 46). Therefore, it is possible
that TCDD may enhance any age-related reaction in the organs to
induce autoimmunity.

In this study, there were no changes in the B cell number and
proliferation in spleen from low-dose TCDD-treated mice, al-
though the suppressive effect of the T cell-dependent Ab response
to sheep RBC was reported in C57BL/6 mice injected with TCDD
(47). In addition, TCDD selectively inhibited terminal B cell dif-
ferentiation into plasma cells in response to trinitrophenol-LPS
without altering early events in B cell activation or proliferation
(48). By contrast, in our study significantly increased autoantibody
productions such as anti-SSA/La, anti-SSB/Ro, and anti-a-fodrin
were observed by neonatal exposure to low-dose TCDD. Although
it is still unclear whether the direct or indirect effect of TCDD on
B cells influences autoantibody production, this new finding may
be a key to understand the association of TCDD immunotoxicity

. with the development of autoimmunity.

AhR is a cytoplasmic receptor protein and has been described as
a ligand-activated transcription factor that mediates induction of
xenobiotic metabolizing enzymes (27, 28, 49). Upon ligand bind-
ing, the AhR translocates into the nucleus and dimerizes with
ARNT. The AhR/ARNT complex binds to specific gene promoter
elements (50). In this study, significantly increased expressions of
AhR mRNA and protein in neonatal thymus were observed com-
pared with those in adult thymus. This suggests that neonatal ex-
posure to low-dose TCDD may effect thymic differentiation and/or
maturation through AhR by disrupting the T cell tolerance more
intensively than those in adult thymus. If negative or positive se-
lection in the neonatal thymus is disrupted by low-dose TCDD
exposure, autoreactive T cells may be released to the periphery and
expand in response to any autoantigen leading to induce autoim-
munity. Increased expression of AhR mRNA and the disrupted
thymic differentiation in the neonatal thymus by low-dose TCDD
exposure may support this hypothesis.

CYP1A1 is known to have pivotal roles in cell growth and ap-
optosis (51, 52). In the present study, CYP1A1 mRNA of neonatal
thymocytes was readily up-regulated by TCDD, whereas the ex-
pression of adult thymocytes was constant in the response to
TCDD. Neonatal exposure to low-dose TCDD may influence pro-
liferation, differentiation, or apoptosis of thymocytes through
CYPIALI at early stages, such as DN. Namely, it is possible that
negative selection leading cell apoptosis at DN3 might be dis-
turbed by neonatal exposure to TCDD. As a result, autoreactive T
cells leaking from thymic selection might survive and proliferate
in response to any autoantigen in the periphery, leading to the
induction of autoimmune lesions. The activation of AhR by TCDD
results in an increased binding activity to NF-«B subunit RelB of
AhR itself to form AhR/RelB complex, which was associated with
an increased mRNA level of multiple inflammatory genes (53).
Overexpression of AhR and RelB led to an increased level of
CCL1 and IRF-3 in control as well as TCDD-stimulated cells sup-
porting the role of RelB and AhR for the transcriptional regulation
of these genes (54). In the present study, TCDD enhanced TCR-
mediated classical NF-«B activation of neonatal thymocytes from
NFS/sid mice more than adult thymocytes. In addition, some NF-
kB-target genes such as Bcl-x_ and TNF-« in thymus were up-
regulated by in vivo TCDD injection. Our data demonstrate that
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TCDD/ABR signal may influence the differentiation or develop-
ment of T cells in the neonatal thymus associated with autoimmu-
nity. However, the precise mechanism of how the NF-«B activa-
tion, including classical and nonclassical pathway, interacts with
TCDD/ARR signal is still unclear.

It has been well known that autoimmune lesions of multiple
organs such as lacrimal glands, salivary glands, pancreas, and liver
are observed in AIRE gene-deficient mice (39). AIRE was reported
to play a pivotal role in the expression of tissue-specific autoanti-
gens such as salivary protein-1, GAD67, insulin, or other self-
proteins in the TECs that express the MHC class II on the cell
surface and function as APCs to immature T cells for the immu-
nological selection of central tolerance in the thymus (55). In this
study, mRNA expressions of AIRE and tissue-specific autoanti-
gens such as salivary protein-1 and GAD67 in the thymus were
reduced by the in vivo neonatal exposure to low-dose TCDD in
NFS/sld mice. The finding indicated that TCDD might influence
the selection of autoreactive T cells in the thymus through AIRE.
There may be any complex molecular mechanisms related to the
avidity of TCR, haplotype of MHC class II, Ag-specificity, T cell
apoptosis, interaction with TEC, or TCDD signal.

The AhR has been shown to mediate various immunotoxic re-
sponses induced by environmental pollutants like TCDD (56). Al-
though our results show that activation of the AhR by TCDD ef-
fects T cell development, the receptor does not seem to play a key
role in the establishment of a normal T cell compartment. The AhR
has been shown to play important roles in regulating the expres-
sion of several cytokines. For example, exposure of rats to TCDD
led to up-regulation of IL-18 and TNF-« in the liver (57, 58).
Interestingly, although TCDD suppressed the production of IFN-vy
by mediastinal lymph node cells, there was a 10-fold increase in
the IFN-v level in the lungs of TCDD-treated mice (59). Autoim-
mune disease is caused by heterogeneous etiology, involving in-
terplay between predisposing genes and triggering environmental
factors. Although a lot of studies have demonstrated the immuno-
toxicity of TCDD, this study is the first to induce autoimmunity by
neonatal low-dose TCDD treatment. Recently it has been reported
that AhR links Ty,17 cell-mediated experimental autoimmune en-
cephalomyelitis to environmental toxins through altering the dif-
ferentiation of Treg cells (60, 61). The low-dose TCDD exposure
in our model had little influence on the number of Treg cells in
spleen and the function of Ty 17 cells, such as IL-17 production
from T cells. The action of TCDD via AhR may influence periph-
eral tolerance related to autoimmunity besides central tolerance in
thymus.

Taken together, our new findings may explain the risk for au-
toimmunity caused by the late effect of early exposure to environ-
mental pollution, including TCDD. And as shown here, our model
would help to understand the multifactorial nature of autoimmune
disease.
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BACKGROUND: Perfluoroalkanoates, {e.g., perfluorooctanoate (PFOA)], are known peroxisome
proliferators that induce hepatomegaly and hepatocarcinogenesis in rodents, and are classic non-
genotoxic carcinogens that inhibit i vitro gap-junctional intercellular communication (GJIC). This
inhibition of GJIC is known to be a function of perfluorinated carbon lengths ranging from 7 to 10.

OBJECTIVES: The aim of this study was to determine if the inhibition of GJIC by PFOA but not
perfluoropentanoate (PEPeA) observed in F344 rat liver cells i vitro also occurs in F344 rats in vivo
and to determine mechanisms of PFOA dysregulation of GJIC using # vitro assay systems.

METHODS: We used an incision load/dye transfer technique to assess GJIC in livers of rats exposed to
PFOA and PFPeA. We used in vitro assays with inhibitors of cell signaling enzymes and antioxidants
known to regulate GJIC to identify which enzymes regulated PFOA-induced inhibition of GJIC.

REsULTS: PFOA inhibited GJIC and induced hepatomegaly in rat livers, whereas PFPeA had no
effect on cither end point. Serum biochemistry of liver enzymes indicated no cytotoxic response
to these compounds. I vitro analysis of mitogen-activated protein kinase (MAPK) indicated that
PFOA, but not PFPeA, can activate the extracellular receptor kinase (ERK). Inhibition of GJIC,
in vitro, by PFOA depended on the activation of both ERK and phosphatidylcholine-specific phos-
pholipase C (PC-PLC) in the dysregulation of GJIC in an oxidative-dependent mechanism.

CONCLUSIONS: The in vitro analysis of GJIC, an epigenetic marker of tumor promoters, can also
predict the in vivo activity of PFOA, which dysregulated GJIC via ERK and PC-PLC.

Key wORDS: extracellular receptor kinase, gap-junctional intercellular communication, mitogen-
activated protein kinase, perfluorooctanoate, perfluoropentanoate, phosphatidylcholine-specific-
phospholipase C, tumor promotion. Environ Health Perspect 117:545-551 (2009). doi:10.1289/

ehp.11728 available via http://dx.doi.org/ {Online 23 October 2008]

Research on the environmental fate and toxi-
cology of halogenated compounds has focused
primarily on brominated and chlorinated
organics, whereas fluorinated organics received
less attention, partly because of the percep-
tion that these compounds, which are quite
chemically inert, were also biologically inert
(Key et al. 1997). However, perfluorinated
fatty acids (PFFAs), such as perfluorooctano-
ate (PFOA) and perfluorooctane sulfonate
(PFOS), are found in the environment and
have been detected in the blood of animals
throughout the world, including the seals of
remote arctic regions, indicating widespread
distribution (Kannan 2001; Tao 2006; Van
de Vijver 2005). Significant levels of PFOA
and PFOS have also been detected in the
serum of humans, but there is evidence of
a significant decline in body burdens of
PFOS and PFOA over the last 5-10 years
(Calafat et al. 2007). The values from the first
National Health and Nutrition Examination
Survey (NHANES) conducted from 1999 to
2000 reported geometric means of 30.4 pg
PFOS/L and 5.4 pg PFOA/L, and the sec-
ond NHANES conducted berween 2003 and
2004 reported geometric means of 20.7 pg
PFOS/L and 3.9 pg PFOA/L (Calafat et al.
2007). Contamination of the environment

is not limited to PFOA and PFOS bur also
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includes short-chain perfluorinated alkano-
ates, such as perfluorobutyrate, perfluoro-
pentanoate (PEPeA), perfluorohexanoate, and
perfluorohepranoate (Skutlarek et al. 2006).
The acute toxicities of PFOA and
PFOS in rodent systems are low (Hekster
2003; Kudo and Kawashima 2003). After
the absorption of PFOA into the bedy, it is
predominantly distributed in the liver and
plasma and, to a lesser extent, the kidney and
lungs (Kudo and Kawashima 2003). Thus,
the chronic and short-term effects of PFOA
in rats are found largely in the liver (Kennedy
et al. 2004) and immune system (DeWitt
et al. 2008). Peroxisome proliferation in
rodent livers is one of the major responses
to PFOA, along with subsequent interfer-
ences with normal metabolism of fatty acids
and cholesterol, and the induction of hepa-
tocellular hypertrophy (Kennedy et al. 2004).
Peroxisome-proliferating chemicals are clas-
sic nongenotoxic tumor promoters in rodent
liver tissue (Cattley et al. 1995), and like other
peroxisome proliferators, PFOA has also been
shown to strongly promote tumors in rodent
livers (Abdellatif et al. 1991). However,
peroxisome-proliferating compounds might
not be strong tumor promoters in human
livers because of species differences in the
response to peroxisome proliferators in vivo,
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with rodents more responsive than primates
(Klaunig et al. 2003).

Although the underlying mechanisms of
tumor promotion might vary, such as the
induction of peroxisome proliferation, tum-
origenic cells have long been characterized as
cells that lose their ability to regulate growth
through contact inhibition (Borek and Sachs
1966) and lack the ability to terminally dif-
ferentiate (Potter 1978), which implies a
breakdown in one of the communicating
mechanisms (Trosko and Upham 2005).
Tumorigenic cells can be benign, leading to
the compression of surrounding tissues, or
have the potential to acquire genetic muta-
tions that lead to a malignant state where the
cancerous cells can invade surrounding tis-
sues. Alteration of cell-to-cell communication
via gap junctions has been implicated in the
tumorigenic process and is supported by con-
siderable evidence (Trosko and Ruch 2002).

Inhibition of gap-junctional intercellular
communication (GJIC) appears to be a neces-
sary, albeit insufficient, step of tumorigenesis
and is therefore 2 common response of cells to
tumor promoters, oncogenes, growth factors,
and nongenotoxic carcinogens such as peroxi-
some proliferators (Trosko and Ruch 1998;
Trosko and Upham 2005). Although GJIC
is modulated by multiple signaling pathways,
simple bioassays of intercellular communica-
tion can be used to assess dysregulation of gap
junctions regardless of the upstream effectors.
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Thus, GJIC is an excellent biomarker first to
assess the potential tumorigenicity of chemi-
cals and then to use as a cell signaling end
point to determine the early molecular events
induced by these chemicals.

Cell proliferative diseases, such as cancer,
not only require the release of a quiescent cell
from growth suppression via down-regulation
of GJIC and/or changes in extracellular com-
ponents (i.e., integrins), but also need to
activate mitogenic signaling pathways. The
mitogen-activated protein kinase (MAPK)
pathways are the major intracellular signal-
ing mechanisms by which a cell activates, via
phosphorylation, transctiption factors involved
in mitogenesis (Denharde 1996). The extracel-
lular receptor kinase (ERK) pathway has been
extensively characterized, is the most under-
stood of the MAPK pathways (Denhardt
1996), and is a key pathway of carcinogenesis
(Roberts and Der 2007).

In the present study, we extended our
in vitro studies with F344 rat liver epithelial
cells, which determined that PFOA, but not
PFPeA, inhibited GJIC (Upham et al. 1998),
to an in vive study using F344 rats exposed
to PFOA, PFPeA, or phenobarbital (PB), a
known tumor promoter, to determine GJIC
in liver rissue. We also continued our in vitro
studies of PEOA versus PFPeA in determin-
ing differential effects of these compounds on
MAPK, specifically ERK, and further deter-
mined that the mechanism of PFOA-induced
inhibition of GJIC depends on redox activity,
ERK, and phosphatidylcholine-specific phos-
pholipase C (PC-PLC).

Materials and Methods

Chemicals. We purchased PFOA (purity
> 90%) and PFPeA (purity = 97%), for the
data presented in Figures 1-3 and 4A, from
Fluka Chemie AG (Buchs, Switzerland),
and because of unavailability from Fluka, we
purchased PFOA for the data presented in
Figures 4B, 5, and 6 from Aldrich Chemical
Company Inc. (Milwaukee, WI, USA), with
a purity of 96%. The purity values were

P8

GJIC
{fraction of the control)

PFPeA
(5-C)
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obtained from the commercial sources. The
ratios of linear versus branched isomers in our
samples were undetermined. The stock solu-
tions were prepared by dissolving the pow-
der in the solvent: acetonitrile for the in vitro
assays and dimethyl sulfoxide (DMSO) for
the in vive studies; we also used these sol-
vents as the vehicle controls. We purchased
Lucifer yellow (LY) from Molecular Probes
(Eugene, OR, USA); sodium dodecyl sul-
fate, Tween 20, Tris, glycine, acrylamide,
tetramethylethylenediamine (TEMED) and
DC protein kit from Bio-Rad Laboratories
(Hercules, CA, USA); DMSO, rhodamine-
dextran (RhD; molecular weight, 10,000
Da), dithiothreitol (DTT), N-acetylcysteine
{Nac), r-ascorbate-2-phosphate (Asc-2-P)
sesquimagnesium salt hydrate, and PB from
Sigma-Aldrich Chemical Company (St. Louis,
MO, USA); D609 and U0126, from Tocris
Bioscience (Ellisville, MO, USA); resvera-
trol from CTMedChem (Bronx, NY, USA);
acetonitrile, from EM Science (Gibstown,
NJ, USA); polyclonal antibodies directed to
phospho-ERK, from New England Biolabs
(Ipswich, MA, USA); and mouse poly-
clonal antibody directed to glyceraldehyde

" 3-phosphate dehydrogenase (GAPDH), from
Chemicon (Temecula, CA, USA).

In vivo study. Animal treatment. The
protocol for this study was approved by the
Animal Care and Utilization Committee of
the National Institutes of Health Sciences
of Japan to assure that the rats were treated
humanely and with regard for alleviation
of suffering. Male Fischer-344 (F344) rats,
5 weeks old, were purchased from Charles
River Japan (Kanagawa, Japan) and housed in
plastic cages (five rats/cage). Male F-344 rats
were chosen to match the in vitro studies that
used liver epithelial cells isolated from male
E-344 rats. The rats were kept under condi-
tions of controlled temperature (23 + 2°C),
humidity (55 + 5%), and lighting (12/12-hr
dark/light cycle) and given CRF-12 basal diet
(Oriental Yeast Co., Tokyo, Japan) and tap
water ad libitum.

1.25

We used the rats in the experiments after
1 week of acclimation. Eighty rats were divided
into four groups and twenty rats per group
were treated with a single intraperitoneal (i.p.)
administration of 100 mgfkg PFOA, 100 mg/
kg PEPeA, 100 mg/kg PB, or only vehicle
(DMSO). Four rats per group were killed
under anesthesia at 1, 3, 6, 12, and 24 hr after
administration. Another 16 rats were divided
into four groups and four rats of each group
were given powder diet containing PFOA,
PFPeA, PB, or basal powder diet only (con-
trol), and then killed after 1 week. The diets
were prepared by blending each chemical into
the basal powder diet at final concentrations
of 0.02% for PFOA and PFPeA and 0.05%
for PB. We determined the weight of the rats
at the beginning and end of the experiment,
and the food consumption on days 3 and 7 of
the experiment. Based on the average weight
of the rats and the average food consumed
per day, the estimated daily doses of chemical
exposures for PFOA, PFPeA, and PB were
37.9, 32.3, and 93.3 mg/day/kg, respectively.

Diethyl ether was used to euthanize the
rats. Before sacrifice, blood was collected from
the orbital venous plexus under anesthesia with
diethyl ether and prepared for measuring serum
aspartate aminotransferase (sAST), serum ala-
nine aminotransferase (sALT), and serum alka-
line phosphatase (sALP). Determination of
sAST, sALT, and sALP was carried out with
a Hitachi automatic Analyzer 7150 (Hirachi,
Ltd., Tokyo, Japan) using commercially avail-
able GOP, GPT and ALP diagnostic reagents
(Wako Pure Chemical Industries, Ltd., Tokyo,
Japan). After opening the abdominal cavity, we
excised the liver and immediately used one part
of the liver for the incision loading/dye transfer
(IL/DT). Our preliminary study confirmed
that the anesthetic and the vehicle, DMSOQO,
under our experimental conditions did not
affect in vivo GJIC,

Bioassay of GJIC (IL/DT). We assayed
ex vivo GJIC in the liver by the IL/DT method
described previously (Sai et al. 2000). A part

of the left lobe of the liver was put on a plastic

W Vehicle

3 PFOA (8-C)
E3 PFPeA (5-C)
1 PB

Relative liver weight (%) E]
~N w E =]

12 24

]
Time {hr}

Figure 1. Analysis of in vivo effects of PFOA and PFPeA on GJIC in the liver tissue using IL/DT technique. Abbreviations: 5-C, five carbon; 8-C, eight carbon.
{A) A fluorescent image of an IL/DT analysis of GJIC in the liver tissue of rats at 24 hr after a single i.p. administration of DMSO (vehicle}, PB, PFOA, or PFPeA.
Bar =20 pm. {B) Mean + SD of the IL/DT data from rats treated with DMS0, PB, PFOA, or PFPeA for the acute exposure group. (€) Mean + SD relative liver weight
from rats treated with DMSO0, PB, PFOA, and PFPeA for the acute exposure group.

*p < 0.05 compared with vehicle, determined by one-way ANGVA for each time group followed by Dunnett’s post hoc test.
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plate covered with wet gauze. A mixture of
fluorescent dyes containing 0.5 mg/mL LY
and 0.5 mg/mL RhD in phosphate-buffered
saline (PBS) was dropped on the tissue’s sus-
face. Three to four incisions were made on the
surface of each specimen with a sharp blade.
Excess amount of dye mixture was addition-
ally put into the incisions and kept there for
3 min at room temperature. After incubation,
the tissue was washed with PBS three times
and fixed in 10% phosphate-buffered formalin
overnight. Slices were washed with water and
processed for embedding in paraffin. Five pm
sections for GJIC analysis were prepared by
cutting the paraffin block perpendicular to
the incision line. Areas stained with LY alone
or with RhD were detected by the emission
of fluorescence using a confocal microscope
(Fluoview, Olympus, Tokyo, Japan). We
counted the number of cells stained with LY
alone and normalized this number by divid-
ing by the incision length. At least three inci-
sion sites per specimen were randomly chosen
for the analysis, and the mean value was used
as data from one animal. The values were
expressed as a fraction of the control.

In vitro study. Cell culture. We obtained
the WB-F344 rat liver epithelial cell line from
J.W. Grisham and M.S. Tsao of the University
of North Carolina at Chapel Hill, Chapel
Hill, NC, USA (Tsao et al. 1984). Cells were
cultured in D-medium (formula 78-5470EF,
Gibco Laboratories, Grand Island, NY, USA),
supplemented with 5% fetal bovine serum
(Gibco Laboratories), and incubated at 37°C
in a humidified atmosphere containing 5%
CO; and 95% air. The cells were grown in
35-mm tissue culture plates (Corning Inc.,
Corning, NY, USA) and the culture medium
was changed every other day. Bioassays were
conducted with confluent cultures thar were

obtained after 2-3 days of growth.

MW DMSO, 1 week

B2 PFOA {8-C), 1 week
=1 PFPeA {5-C), 1 week
1.2541C3PB, week 8

1.00

0.75

0.50

0.25

gJIC
{fraction of the conrol)
Relative liver weight {%)

GJiC Liver weight

Figure 2. The long-term effects (1 week) of PB,
PFOA, and PFPeA on GJIC and RLW {mean + SD).
Abbreviations: 5-C, five carbon; 8-C, eight carbon,
A one-way ANOVA was done for the GJIC data
and a Kruskal-Wallis one-way ANOVA was done
for the RLW data because these data failed the
normality test.

*p < 0.05 compared with vehicle (BMSO); significant
effects determined by ANOVA or Kruskal-Wallis ANOVA
for each group was followed with a Dunnett’s post hoc
testat p<0.05.

In vitro and in vivo inhibition of GJIC by PFOA

These WB cells are diploid and nontu-
morigenic (Tsao et al. 1984) and have been
extensively characterized for GJIC in the
absence and presence of well-known tumor
promoters, growth factors, tumor suppres-
sor genes, and oncogenes (Trosko and Ruch
1998). Intrahepatic transplantation of WB
cells, which are liver bipolar stem cells, into
adult syngenic F344 rats results in the mor-
phologic differentiation of these cells into
hepatocytes and incorporation into hepatic
plates (Coleman et al. 1993).

Bioassay of GJIC (scrape load/dye trans-
fer). The scrape loading/dye transfer (SL/DT)
technique was adapted after the method of
Upham et al. (1998). The test chemicals were
added directly to the cell culture medium
from concentrated stock solutions. The
migration of the dye through gap junctions
was visualized with a Nikon Eclipse TE3000
phase contrast/fluorescent microscope and the
images were digitally captured with Nikon
EZ Cool Snap charge-coupled device cam-
era (Nikon Inc., Nikon, Japan). GJIC was
assessed by comparing the distance the dye
traveled in the chemically created cells with
the distance the dye traveled in the vehicle
controls, which was measured using the Gel-
Expert imaging software (Nucleotech, San

PFPeA {5-C)

Mateo, CA, USA). We report GJIC as a frac-
tion of the control. Based on previous results
(Upham et al. 1996, 1998), 1-methylanthra-
cene as well as PFOA were used as positive
controls of inhibition of GJIC, whereas ace-
tonitrile at vehicle concentrations was used as
a negative control. The vehicles used for the
in vitre assays, acetonitrile and PBS, had no
effect on GJIC. We performed all experiments
at least in uriplicate and report the results as
means + SD at the 95% confidence interval.
Western blot analysis. Cells were grown
in 35-mm-diameter Corning tissue culture
plates to the same confluency as the SL/DT
assay. The cells were depleted of serum 5 hr
before addition of PFFAs to synchronize the
cells into Gg to minimize background ERK
levels. This does not alter the effect on GJIC
in the F344 WB cells, as previously deter-
mined (Rummel et al. 1999). The proteins
were extracted with 20% sodium dodecyl sul-
fate (SDS) solution containing I mM phenyl-
methylsulfonyl fluoride, 100 pM NazVOy,
100 nM aprotinin, 1.0 pM leupeptin, 1.0 pM
antipain, and 5.0 mM NaF. The protein
content was determined with the Bio-Rad
DC assay kit. The proteins were separated on
12.5% SDS-polyacrylamide gel electropho-

resis according to the method of Laemmli

PFOA (8-C)

PFPeA (5-C)
GAPDH . S G S W —
time {min) 0 5 15 30 60

120 0 5 15 30 60

120 EGF

Figure 3. Activation of ERK-MAPK by PFOA, but not by PFPeA, in F344 WB rat liver epithelial cells deter-
mined by Western blots: Top panel probed with a phosphorylated ERK specific antibody and the bottom
panel probed with a GAPDH specific antibody. The concentrations of PFPeA and PFOA were 100 yM. The
concentration and time of incubation for epidermal growth factor {EGF} was 20.0 ng/mL. and 15 min.

1.25 -
@ M PEOA alone R 10 min PFOA .
E 22+ U0126 — gz 30 min PFOA
+D809 S 1o
{1+ Resveratrol

GJIC
(fraction of the control)

0 @ W
PFOA dose (pM)}
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Figure 4. (A) Prevention of PFOA-induced inhibition of GJIC by inhibitors of MEK and PC-PLC and resvera-
trol at various doses of PFOA {mean + SD}. The concentrations and times of preincubation of U0126, D603,
and resveratrol were 20 pM/30 min, 50 yM/20 min, and 100 pM/15 min, respectively. A one-way ANOVA
was done for each dose group. *Significant at p < 0.05 using the Dunnett's post hoc test that compared
each inhibitor treatment with that of PFOA alone. (B} The interactive effect of MEK and PC-PLC inhibitors
on reversing PFOA-induced inhibition of GJIC at 10 and 30 min {mean + SD). The concentrations and times
of preincubation of U0126 and D603 were 20 pM/30 min and 50 uM/20 min, respectively. A one-way ANOVA
indicated significance at p < 0.05 for each time group. The Tukey pairwise-comparison post hoc test was
used to determine statistical differences, as indicated by different letters, between the inhibitor treatments
for each time group. The lettered asterisks represent the 10-min group and lettered daggers represent the

30-min group.
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(1970). Fifteen micrograms protein was
loaded onto the gels and electrophoretically
transferred from the gel to polyvinyl difluo-
ride membranes (Millipore Corp., Bedford,
MA, USA). Phosphorylated ERK 1 and
ERK 2 were detected with a 1:2,000 dilu-
tion of anti-phospho-ERK polyclonal anti-
bodies, and GAPDH was detected with a
1:10,000 dilution of anti-GAPDH polyclonal
antibodies, that were incubated sequen-
tially with the membranes, each for 2 hr.
The protein—primary antibody complex was
probed with a 1:1,000 dilution of horseradish
peroxidase~conjugated anti-rabbit or anti-
mouse antibodies (Amersham Life Science
Products, Arlington Heights, IL, USA) for
1 hr. The ERK and GAPDH protein bands
were detected using the Super Signal chemi-
luminescence detection kit (Pierce Corp.,
Arlington Heights, IL, USA), enhanced
chemiluminescence (ECL) detection kit, and
ECL Hyperfilm~MP (Amersham Life Science
Products, Denver, CO, USA).

Statistics. For the in vivo studies, the value
of each group was expressed as the mean + SD
of data derived from four rats. The in vitro
assays were done in at least triplicate and
expressed as a fraction of the control. The sig-
nificance of differences in all results was evalu-
ated with either a one-way analysis of variance
(ANOVA) or, if the data set failed the normal-
ity test, a Kruskal-Wallis one-way ANOVA on
ranked means. Normality assumption testing
was done with the Kolmogorov-Smirnov test
and equal variance assumption testing with the
Levene median test. If ANOVA or Kruskal-
Wallis ANOVA rejected the null hypothesis,
then the results that were compared with a
designated control used Dunnett’s multiple-
compatison post hoc tests or Tukey’s post hoc
test for pairwise multiple comparisons.

Results

In vivo results. The in vivo results of PFOA
and PFPeA were compared with PB, a known
liver tumor promoter. We used two different
dosing schemes: an acute 24-hr exposure via
i.p. administracion and a longer-term (1 week)

dietary exposure. An ANOVA indicated that

PFOA, PFPeA, and PB had no statistically
significant effect on body weights of the rats
(data not shown). Liver injury was assessed
using the biomarkers sALT, sAST, sALP, and
the results for both dosing schemes are pre-
sented in Table 1. At day 7, there were no
significant differences between the rats treated
with PFOA, PFPeA, and PB for all three of
the selected liver enzymes, indicating no long-
term liver injury. After 1 day, we found a
small, biologically insignificant, buc statisti-
cally significant increase in sAST, with the
data exhibiting high variability.

To assess the in vivo effects of these com-
pounds on GJIC in the liver tissue, we used an
IL/DT technique. Figure 1A shows the incor-
poration of the fluorescent dye into the liver
cells and subsequent distribution of the fluo-
rescent dye through the gap junctions of the
tissue. RhD, which is a large-molecular-weight
dye that does not traverse gap junctions, is
color-coded red. LY, which does travel through
gap junction channels, is color-coded from yel-
low for high intensity to green for lower inten-
sity. We measured and averaged the distances
traveled by the gap-junction—permeable dye
and show them in Figure 1B (acute exposure)
and Figure 2 (long-term exposure). PFOA and
PB but not PFPeA inhibited in vive GJIC in
the liver tissues of rats treated either acutely
or chronically. Significant inhibition of GJIC
by PFOA was observed after 1 hr, and contin-
ued to inhibit GJIC until 24 br in the acutely
treated rats. Significant inhibition of GJIC did
not begin until after 12 hr of treatment with
PB in this group of rats.

In the acute dose regimen (Figure 1C), a
significant increase in the relative weight of liv-
ers from rats treated with PFOA was observed
at 24 hr. Similarly, rats chronically exposed
to PFOA and PB for 1 week had signifi-
cant increases in relative liver weight (RLW;
Figure 2). The livers of animals treated either
acutely or chronically with PFPeA did not sig-
nificantly increase in relative weights compared
with rats fed the vehicle (Figures 1C, 2).

In vitro results. Considering that the
in vitro results of PFOA and PFPeA effects
on gap junctions correlated with their effects

Table 1. The effect of PFOA, PFPeA, and PB on the levels of various biomarkers of liver injury in F344 rats.

Enzyme activity {mU/mL)
Exposure, time, enzyme OMSO (vehicle) PFOA PFPeA PB
Acute {24 hr)
SALT 51.56+3.2 138641264 56.3+13.2 545+4.1
SAST 3988+88 232+ 169.8* 13.0+£176 1006151
sALP 1672.8+90.0 1521.8+220.2 1495.0 + 233.8 1561.04 115.2
Longer-term {1 week)
SALT 393+£20 412419 398+3.0 38726
SAST 712100 704+43 739107 76.1+34
SALP 1488.8 £62.9 1394.5£59.4 14435 + 36.6 13493530

To determine significant effects, we performed a one-way ANOVA for sALP (1 day), SALP (1 week), and sALT {1 week)
and a Kruskal-Wallis one-way ANOVA on ranks for sAST (1 day), sAST (1 week], and sALT {1 day). Any significant effects
determined by ANOVA were followed by a Dunnett’s post hoc test, with DMSO designated as the control.

*p<0.05.
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on gap junctions in vive, we did further
in vitro analyses of PFOA to determine under-
lying mechanisms involved in the dysregula-
tion of GJIC. PFOA, which inhibits GJIC,
also activated ERK as determined by Western
blot analysis of the phosphorylated, activated
form of ERK (Figure 3). In contrast, the non-
GJIC inhibitory PFPeA did not activate ERK
(Figure 3). Activation of ERK was within
5 min in cells treated with PFOA, which cor-
relates with the time of inhibition of GJIC,
indicating a potential link. Preincubation of
the cells with an MEK inhibitor, U0126, par-
tially but significantly prevented the inhibition
of GJIC by PFOA (Figure 4A). Preincubation
of the cells with the PC-PLC inhibitor DG09
also partially but significantly prevented the
inhibition of GJIC by PFOA (Figure 4A). The
significant contribution of PC-PLC and MEK
in PFOA-induced inhibition of GJIC dimin-
ished after the maximum inhibitory dose of
80 pM to a nonsignificant involvement at the
higher dose of 120 pM (Figure 4A), indicating
further that mechanisms other than MEK and
PC-PLC are also involved.

Gap junctions are known to be redox sen-
sitive, so we conducted several experiments
with various antioxidants. Resveratrol signifi-
cantly reversed the inhibitory effect on GJIC
and was possibly inhibiting both MEK and
PC-PLC (Figure 4A). Additional experiments
were performed to look at the combinatorial
effect of pretreating cells with both D609 and
U0126. The combination of both of these
inhibitors of signal transduction enzymes
resulted in the prevention of GJIC inhibi-
tion by PFOA, and the combinatorial effect
was significantly greater than cells treated
with either inhibitor alone as determined by
a Tukey post hoc multiple-comparison test
(Figurc 4B). These results collectively indicate
that PFOA-induced regulation of GJIC is a
function of both of these signaling enzymes.

Further experiments were performed wich

DTT, Nac, and Asc-2-P (Figure 5). DTT
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Figure 5. Prevention of PFOA-induced inhibition of
GJIC by various antioxidants {mean + SD). The con-
centrations of PFOA, DTT, Nac, and Asc-2-P were
80 uM, 10mM, 100 uM, and 100 pM, respectively.
*p < 0.05 by ANOVA and Dunnett’s post hoc test comparing
each antioxidant treatment with that of PFOA alone (no
antioxidant),
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and Nac in the absence of PFOA had no sta-
tistically (ANOVA) significant effect on GJIC
at both 15 and 60 min (data not shown).
Asc-2-P had a small, < 10% effect (ANOVA,
Tukey) on GJIC in the absence of PFOA at
15 min but not 60 min (data not shown),
Asc-2-P and Nac both prevented the inhibi-
tion of GJIC by PFOA within a 60-min pre-
incubation time, but not DTT, implicating
redox-sensitive proteins that probably do not
involve thiol oxidations. Preincubation of Asc-
2-P and Nac for 15 min did not reverse the
effect of PFOA on GJIC. The oxidative nature
of PFOA was not cytotoxic, as indicated after
2 days of growing cells after the log-phase of
growth with 80 pM PFOA, resulting in no
visual abnormalities in the morphology of the
cells and complete restoration of GJIC after
the cells were transferred to fresh medium for

5 hr containing no PFOA (Figure 6).

Discussion

Understanding the biological effects of the
environmentally prevalent PFFAs on cell sig-
naling pathways relevant to the epigenetic,
nongenotoxic phase of cancer is important. In
particular, GJIC offers a very ceniral signal-
ing system to assess tisk (Trosko and Upham
2005). Although the transient closure of gap
junction channels during proliferation is a
normal response to mitogens, the chronic
inhibition of GJIC by toxicants and toxins
or by cytokines released during compensa-
tory hyperplasia could lead to pathologic
states (Trosko and Upham 2005; Upham and
Trosko 2006). Thus, we conducted two dos-
ing schemes, one a short term of 24 hr fol-
lowing an i.p. injection of PFOA, PFPeA, or
PB, and another a longer-term study where
the rats were dosed with these compounds
through their daily feedings for 1 week. We
previously demonstrated that inhibition of
GJIC using in vitro model systems by perfluo-
roalkyl carboxylates and sulfonates depended
on the chain length, where PFFAs with 7-10
carbons inhibited GJIC, and PFFAs with 2-6
carbons did not (Hu et al. 2002; Upham et al.
1998). To determine if chain length of PFFAs
would exhibit similar effects on GJIC in a
living organism, we treated F344 rats with
PFOA, an cight-carbon PFFA, and PFPeA, a
five-carbon PFFA, and determined GJIC in
the liver tissue using an ex vivo IL/DT assay.
The liver is the primary target of PFOA
(Kudo and Kawashima 2003), which is
known to induce hepatocellular tumors in
rodent model systems (Abdellacif et al. 1991;
Kennedy et al. 2004). Similar to our in vitro
results (Hu et al. 2002; Upham et al. 1998),
PFOA decreased GJIC activity in the liver
compared with the rats treated with the
vehicle (control) for both the acute and long-
term dosing schemes. In contrast, PFPeA-
treated rats did not have altered GJIC in
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the livers compared with the control rats for
both dosing schemes, which is also consis-
tent with our in vitre observations. Another
possible reason for the lack of an in vive
response by PFPeA could be a consequence
of a greater elimination rate that is typical
of PFFAs with shorter chain lengths (Chang
et al. 2008; Ohmori et al. 2003). Although
we did not measure the elimination rates of
PFPeA in our experiments, the half-life of
perfluorobutyrate is 9.2 hr (oral) and 6.4 hr
(intravenous) in Sprague-Dawley rats (Chang
et al. 2008). These half-lives are similar to
that of PB in Sprague-Dawley rats, which is
8-9 hr. Considering that PB inhibited GJIC
and induced hepatomegaly in the livers of the
rats used in our experiments, and PFPeA did
not inhibit GJIC using an in vitro assay sys-
tem, we would expect that the noninhibitory
cffects of PFPeA on GJIC in vive would not
result from its increased rate of elimination.
Further experiments are needed to confirm
such a conclusion.

We previously published data that indi-
cated the treatment of Sprague-Dawley rats
with PFOS resulted in a decrease in GJIC
activity in the liver tissue; thus, PFOA and
PFQOS have similar activities (Hu et al. 2002).
The following are additional reports dem-
onstrating that tumor promoters, known to
inhibit GJIC in vitro, also inhibited GJIC
in vivo: pentachlorophenol (Sai et al. 2000),
2-acetylaminofluorene (Krutovskikh et al.
1991), PB (Kolaja et al. 2000; Krutovskikh
1995), polychlorinated biphenyls (Kolaja et al.
2000; Krutovskikh 1995), pregnenolone-160:-
carbonitrile (Kolaja et al. 2000), cadmium
(Jeong et al. 2000), clofibrate, and DDT
(Krutovskikh 1995). Another interesting
report on the in vivo effects of chemicals on
GJIC is the treatment of rats with the antioxi-
dancs lycopene and alpha and beta carotene.
High doses of these antioxidants resulted
in a decrease in GJIC activity, whereas rats
exposed to low doses exhibited an increase
in GJIC (Krutovskikh et al. 1997). Although
in vivo assessment of intercellular communi-
cation has been limired in both the number of
studies and choice of organ, namely, the liver,
these results, including those presented in this
report, nevertheless suggest that the in vitro
rat liver epithelial cell assay system is a good
predictor of the in vivo effects of chemicals on
gap junctions in the liver tissues of rodents.

PFOA and PB induced hepatomegaly,
whereas PFPeA had no effect. These results
are similar to those previously published indi-
cating that PFOA, but not perfluorobutyrate,
affected RLWs in F344 rats (Takagi et al.
1991). Although not causally linked, hepato-
megaly has been correlated with the promo-
tion of liver tumors by many peroxisome
proliferacor—activated receptor O, agonists,

including PFOA (Takagi et al. 1992). The
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null effect of PFPeA on GJIC and hepato-
megaly suggest that PFPeA would not be a
tumor promoter; however, two-stage (initia-
tion and promotion) carcinogenesis studies
would be needed to confirm this conclusion.
Tissue necrosis is known to induce com-
pensatory hyperplasia that leads to increased
liver weights, but this is unlikely the cause of
hepatomegaly in the PFOA- and PB-treated
rats, considering that no visual damage of
the liver was seen in the histologic sections
(data not shown) and there was no increase in
serum enzymes.

Tissue homeostasis in multicellular organ-
isms depends on functional GJIC, and the
disruption of intercellular communication
has been linked to many diseases (Trosko
and Upham 2005). PFOA clearly interrupted
GJIC in the liver tissues of rats, but further
experiments would need to be done in other
species. PFOS also inhibited GJIC in rat liver
tissue as well as i1 vitro systems that included
dolphin kidney cells (Hu et al. 2002). Thus,
the potential for cross-species effects of PFOA
on GJIC implicates a health risk to multi-
cellular organisms. Future experiments, par-
ticularly with human cell lines, will aid in
determining differences in the sensitivity of
various organisms to the effects of PFOS and
PFOA on GJIC and allow for more accurate
assessment of risks these compounds pose to
humans and wildlife.

Considering that in vitro analyses of
PFFA, using rat liver epithelial cells, accu-
rately predicted the #n vivo effects on GJIC for
various PFFAs, we did further in vitro anal-
yses of PFPeA- and PFOA-treated rat liver
epithelial cells to determine potential signal-
ing mechanisms involved in PFOA-induced

regulation of GJIC. Connexin 43 (Cx43) is a

1.25
100 |

0.75

GJIC
(Fraction of the contrel)

0.50
0.25 b
0.00
Vehicle PFOA-{2d) PFOA-(2d} + 5h
PFOA-free medium

Figure 6. The effects of an extended incubation
of cells with PFOA (80 yuM, 2 days) and transfer of
cells to PFOA-free medium {5 hr} on cell morphoi-
ogy and GJIC (mean + SD). Each phase-contrast
and fluorescent photomicrograph represents ane
of the three replicates of each treatment group
{magnification, 200x). Different letters indicate
significance at p < 0.05 using ANOVA and Tukey
post hoc test with a pairwise comparison.
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