VoL. 26, 2006

of target genes, and it can elicit apoptosis by transcription-
independent mechanisms (3, 28). Although apoptosis in re-
sponse to p53 activation is often accompanied by caspase ac-
tivation, the mechanisms underlying p53-induced caspase
activation remain poorly understood. Caspase activities in
RbAp48-induced apoptosis in HSG cells were assayed using a
caspase family colorimetric substrate set. A significant increase
in caspase 1 activity was detected with relatively elevated
caspase 3 and 8 activity on RbAp48-induced apoptotic HSG
cells (Fig. 4F). RbAp48-induced apoptosis in HSG cells was
clearly inhibited by siRNA of E2F-1 and p53 but only moder-
ately by siRNA of ARF (Fig. 4G).

RbAp48/E2F1/ARF-p53 pathway in the salivary glands. We
evaluated the effects of RbAp48 overexpression and knock-
down in primary MSG cells and documented the effects on
E2F-1, ARF, and p53 protein levels in these cells. We demon-
strated that overexpression of RbAp48 in MSG cells from B6
mice induced E2F-1, p19ARF, and phospho-p53 expression,
and the inhibitory effect of siRNA of RbAp48 was observed
from confocal microscopic analysis (Fig. SA). We next exam-
ined whether TAM-induced apoptosis is associated with
RbAp48 expression in MSG cells from B6 mice, compared
with cells from ER~~, E2F17/~, and p53~/~ mice. By confo-
cal microscopic analysis, we found that TAM-induced apopto-
sis was associated with RbAp48 expression in MSG cells from
B6 mice but not from ER™~, E2F17~/~, and p53~/~ mice Fig.
(5B). We further examined the effect of OVX on the expres-
sion of RbAp48, E2F-1, p19AREF, and phospho-p53 in MSG
cells from B6, ER™~, E2F1~'~, and p53~/~ mice. By double-
labeled confocal microscopy, we found coexpression of
RbAp48/E2F1, RbAp48/p19ARF, and RbAp48/p53 in MSG
cells from OVX B6 mice but not from B6 mice (Fig. 5C). No
differences in RbAp48/E2F1, RbAp48/p19ARF, and RbAp48/
phospho-p53 expression levels were observed in MSG cells
from non-OVX and OVX ER™/~, E2F1~/~, and p53~/~ mice
(Fig. 5C).

Findings in RbAp48-transgenic mice. We constructed sev-
eral lines of B6 background TG mice (39) expressing RbAp48
in the salivary glands using Lama promoter as described in
Materials and Methods. Prominent expression of RbAp48 in
the salivary glands from TG mice was determined at the age of
8 to 20 weeks by both immunohistochemistry and Western
blotting (Fig. 6A and B). No difference in RbAp48 expression
in the spleen was observed between TG and WT mice. A
considerable number of TUNEL™ apoptotic epithelial duct cells
were found in the salivary glands of RbAp48-TG mice but not
WT mice at the age of 20 weeks (Fig. 6C). In addition, expression
of E2F-1, p19AREF, and phospho-p53 was observed in the salivary
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glands of RbAp48-TG mice but not WT mice (Fig. 6D). BrdU
studies of TG mice with ectopic RbAp48 in the salivary glands
demonstrated that cellular proliferation is barely affected (Fig.
6E). No pathological findings were observed in other organs of
TG mice.

DISCUSSION

In this study, we demonstrated the first evidence that gen-
der-based, tissue-specific apoptosis could be induced in the
exocrine gland cells through RbAp48 overexpression with p53
phosphorylation. Indeed, RbAp48 overexpression with apop-
tosis was observed in the exocrine glands in OVX C57BL/6
mice, and transgenic expression of the RbAp48 gene induced
tissue-specific apoptosis in the exocrine glands.

RbAp48, initially identified as a retinoblastoma binding pro-
tein (34), was characterized as a component of distinct nucleo-
some-modifying complexes, including the nuclear histone
deacetylases (18, 25). In general, the functions of the RbAp48-
like proteins in these complexes remain undetermined. It was
reported that E2F-1 and RbAp48 are physically associated in
the presence of Rb and histone deacetylase (26), suggesting
that RbAp48 could be involved in transcriptional repression of
E2F-responsive genes. The induction of apoptosis in various
cell lines is accompanied by a shift in Rb from the hyper- to the
hypophosphorylated form (49). Rb dephosphorylation, which
has been shown to be required for apoptosis, occurs in the
early stage of apoptosis (6). Loss of Rb function can induce
p33-dependent apoptosis, but little is known about the mech-
anisms of Rb-regulated p53-dependent apoptosis. Recently,
Lieman et al. provided evidence for a novel mechanism linking
Rb-E2F to the extrinsic apoptotic pathway through inactiva-
tion of focal adhesion kinase and activation of caspase 8 (20).
It has been proposed that the E2F-1 transcription factor serves
as a link between the Rb/E2F proliferation pathway and the
p353 apoptosis pathway by inducing the expression of p14ARF,
a protein that regulates p53 stability. Recent observations have
revealed that p53 can directly translocate to mitochondria and
induce apoptosis in a transactivation-independent manner
(21). In this study, we confirmed a time-dependent downregu-
lation of Mdm?2, which is important as a regulatory partner of
p53 (47). In addition to regulation of p53, Mdm2 has been
reported to stimulate E2F-1 transactivation by a mechanism
that remains unclear. E2F-1 can signal p53 phosphorylation in
the absence of pl14AREF, similar to the observed modifications
to p53 in response to DNA damage. p53 modification is found
to be crucial for E2F-1-mediated apoptosis, and this apoptosis
is compromised when E2F-1 is coexpressed with a p53 mutant

pCMV-GFP, and then apoptosis was detected by PE-annexin V on GFP* cells. Infection of adenovirus B-galactosidase was used as a control.
Graphs are representative of five independent experiments. (D) Expression levels of p53, phospho-p53 (Ser9), and Mdm2 in IPTG-treated RHO
cells. Other phosphorylated p53 proteins (Serl5, Ser20, and Ser392) were not detected. GAPDH expression was used for an internal control. Blots
are representative of three independent experiments. (E) Detection of increased p21 expression, a major player in the p53-mediated pathway, by
Western blotting. Blot is representative of two independent experiments. (F) Caspase activities of IPTG-treated RHO cells were analyzed by a
caspase enzymatic activity assay. A significant increase in caspase-1 activity was detected with relatively elevated caspase 3 and 8 activity. The
absorbance of samples was read at 405 nm in a microtiter plate reader and the relative percent increase in activity was calculated by comparing
the absorbance of IPTG-treated cells with that of untreated cells. Data are means * standard deviations of triplicate samples. The graph is
representative of three independent experiments. (G) RbAp48-induced apoptosis in HSG cells was clearly inhibited by siRNAs of E2F-1 and p53
but only moderately by siRNA of ARF. Graphs are representative of three independent experiments.
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FIG. 6. RbAp48 overexpression and apoptosis in TG mice. (A) RbAp48 overexpression in the salivary gland tissues of TG mice but not WT
mice at the age of 20 weeks detected by immunohistology. The percentage of RbAp48™ cells was enumerated as described above (legend of Fig.
2B). (B) RbAp48 expression in the salivary gland tissues at the age of 20 weeks of TG mice compared with age-matched WT mice as detected by
Western blotting. No differences in the levels of RbAp48 expression in spleens of WT and TG mice were detected. GAPDH expression was used
for an internal control. (C) TUNEL™ apoptotic epithelial duct cells were found in salivary glands of TG mice but not of age-matched WT mice
at the age of 20 weeks. The percentage of TUNEL™ cells was enumerated as described above. Images are representative of five mice.
(D) Expression of E2F-1, p19ARF, and P-p53 was observed by confocal microscopy in the salivary glands of RbAp48-TG mice but not WT mice.
Images are representative of five mice. (E) BrdU studies of TG mice with ectopic RbAp48 in the salivary glands demonstrated that cellular
proliferation is barely affected. The graph is representative of three mice.

FIG. 5. RbAp48/E2F1/ARF-p53 pathway in the salivary glands. (A) Overexpression of RbAp48 in MSG cells from B6 mice induced E2F-1,
p19ARF, and phospho-p53 (P-p53) expression, and the inhibitory effect of siRNA (15 nM) of RbAp48 was observed by confocal microscopic
analysis. Cont, irrelevant siRNA control. Images are representative of three independent experiments. (B) TAM-induced apoptosis was associated
with RbAp48 in MSG cells from B6 mice but not from ER™~, E2F1™/", and pS37~/~ mice as detected by confocal microscopy. Images are
representative of two independent experiments. (C) Coexpression of RbAp48/E2F1, RbAp48/p19ARF, and RbAp48/p53 was detected by
double-labeled confocal microscopic analysis in MSG cells of OVX B6 mice but not sham B6 mice. No differences in RbAp48/E2F1, RbAp48/
PI9ARF, and RbAp48/p33 expression levels were observed in MSG cells of non-OVX and OVX ER™/~, E2F17/~, and p53~/~ mice. Photos are
representative of two independent experiments.
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lacking many N- and C-terminal phosphorylation sites (36).
These findings suggest that p53 phosphorylation is a key step in
E2F-1-mediated apoptosis. The transcription factor E2F-1
functions as a key regulator for both cell cycle progression and
apoptosis. E2F-2-deficient T lymphocytes exhibit enhanced T-
cell receptor-stimulated proliferation and a lower activation
threshold, leading to the accumulation of a population of au-
toreactive T lymphocytes, which appear to be responsible for
causing autoimmunity in E2F-2-deficient mice (24). E2F-17/~
mice exhibit a defect in T lymphocyte development leading to
an excess of mature T cells due to a maturation stage-specific
defect in thymocyte apoptosis (8).

Our recent study suggests that antiestrogenic actions have
a potent effect on the proteolysis of a-fodrin autoantigen in
the salivary glands through upregulation of caspase 1 and
caspase 3 activity (14). We found here a proteolysis of a-fodrin
and a significant increase in caspase 3 activity in addition to the
elevated caspase 1 and caspase 8 activity on RbAp48-induced
apoptotic HSG cells. The fodrin a-subunit of various cells has
been shown to be cleaved in association with apoptosis, in
particular, due to upregulation of caspase 3 (4, 15, 48). Several
reports have demonstrated that estrogen may play an inhibi-
tory role in apoptosis in endothelial cells, breast cancer cells,
cardiac myocytes, prostate cells, and neuronal cells (30, 32, 41,
43). Moreover, it has been noted that some enzymatic activities
are elevated in postmenopausal women compared with normal
healthy women (1, 27). Increased caspase levels seem to po-
tentiate cell death in the presence of p53-generated signals that
trigger caspase activation. Activated caspases digest many cel-
lular proteins responsible for cell cycle regulation (e.g., Rb and
Mdm?2) (16), DNA damage recognition and repair [e.g., DNA-
dependent protein kinase, p53, and poly(ADP-ribose) poly-
merase], and regulation of the cellular structure (e.g., actin,
lamin, and fodrin) (44, 45). All these functional and structural
protein modifications lead directly to apoptosis. Moreover,
RbAp48 is found not only in histone deacetylase complexes but
also in ATP-dependent remodeling complexes (9). Here we
show that RbAp48 specifically activates E2F-1-mediated p53
phosphorylation in the salivary gland cells but not in many of
the other types of cells examined. Thus, although the associa-
tion of RbAp48 with nuclear transcriptional coactivators has
not been described, there is abundant evidence that these
histone binding factors interact with related classes of proteins
(53, 46).

Taken together, our results demonstrate a direct molecular
mechanism by which estrogen deficiency might promote p53-
mediated apoptosis exclusively in exocrine gland cells through
RbAp48 overexpression.
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Abstract

Objective: To understand the salivary gland pathobiology,
we established an immortalized duct/basal cell line (MSE)
from the submandibular glands of p53-deficient mice. Meth-
ods: A variety of culture assays and xenograft experiments
were conducted. Cellular characteristics were analyzed us-
ing histological, immunohistochemical, ultrastructural, and
molecular techniques. Results: inoculation of a mixture of
MSE and Matrigel reconstructed polarized ducts whereas
cotransplantation of MSE with both Matrigel and NIH3T3
(3T3) cells developed mixed tumors of adenoma and sarco-
ma. A daughter adenoma line (MSA) showed some trans-
formed phenotype in vitro, but was marginally tumorigenic
in vivo. Notably, pleomorphic adenoma gene 1 (PLAGT) was
expressed in MSA but not in MSE. As compared with MSE,
MSA showed higher levels of insulin-like growth factor-I re-
ceptor (IGF-IR). Interestingly, 3T3 sarcoma secreted insulin-
like growth factor-11 (IGF-1), while MSA did not. Conclusion:
The intrinsic tumorigenic programs of p53 null salivary epi-

thelium are promoted by 3T3 sarcoma-derived IGF-Il in a
paracrine manner through overexpression of PLAGT and

IGF-IR. Copyright © 2006 S. Karger AG, Base!

Introduction

p53iscrucial in maintaining genome stability through
a cell cycle control checkpoint. If p53 ceases to function,
affected cells undergo dysregulated growth and eventu-
ally result in neoplastic transformation by the consecu-
tive acquisition of genetic/epigenetic alterations [1]. It is
evident that the inherent or acquired loss of p53 can re-
lease cell cycle restraints and endow cells in culture with
a selective growth advantage, thereby leading to immor-
talization without entering senescence [2]. Conversely,
the whole-body knockout of p53 in mice represents a
powerful means of generating immortalized epithelial
clones that retain the original phenotypic and functional
characteristics [3-5]. In this experiment, in order to ex-
ploit the deficiency of p53, we established epithelial cells
from the submandibular glands of p53 null adult mice.
We found that MSE, one of the characterized established
epithelial cell lines, may stem from the duct/basal unit
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because of the inherent capacity to form duct structures
in vitro and in vivo. Therefore, further studies in MSE
might provide some insights into the mechanisms for sal-
ivary tubulogenesis [6]. Shortly after the breakthrough
discovery of p53, it is clear that immortalization through
p53 loss is held to be a critical step in neoplastic transfor-
mation [1]. Indeed, p53-deficient mesenchymal cells are
known to spontaneously acquire the ability to form tu-
mors, after continuing growth in vitro [2, 7, 8]. By con-
trast, all epithelial cell lines established from p53 null
mice, including MSE, remain nontumorigenic at any pas-
sage [3, 9-11]. An impressive amount of information in-
dicates that mesenchyme is not a passive structural by-
stander and that disruptive stresses of epithelial-mesen-
chymal cell and cell-extracellular matrix dialogue have
profound influences on the fidelity of epithelial morpho-
genesis [12, 13]. Similar to organogenesis, it is a consensus
of opinion that epithelial tumorigenesis requires a high
degree of spatial and temporal orchestration of epitheli-
um and its surrounding stroma [12-17]. In the case of
salivary glands, evidence pointing to a significant role of
stroma as a modulator of tumors is based on the histori-
cal observation that neoplastic transformation of embry-
onic mouse submandibular epithelium by polyoma virus
was found only when cocultured with embryonic salivary
mesenchyme [18]. Because of a dearth of model systems,
very little is known about how stromal microecology par-
ticipates in and contributes to the development of sali-
vary gland tumors.

To dissect the fundamental pathway governing neo-
plastic conversion of p53-deficient epithelial cells, we de-
vised MSE experiments. One of the most provocative im-
plications is that MSE became dramatically tumorigenic,
when cotransplanted with both 3T3 cells and Matrigel.
Daughter line MSA purified from xenograft tumors
showed overexpression of pleomorphic adenoma gene 1
(PLAG]I) and insulin-like growth factor-I receptor (IGF-
IR). Given that 3T3 sarcoma (3T3T) produced sufficient
levels of insulin-like growth factor-1I (IGF-II), the pres-
ent salivary adenoma formation may be the direct conse-
quence of stromal-epithelial interactions via PLAG1/
IGF-1I signaling cascade.

Materials and Methods

Mice

Eight-week-old female p53 nuil mice of a C57BL/6 background
and 6- to 8-week-old female BALB/c athymic nude mice were pur-
chased from the Jackson Laboratory (Bar Harbor, Me., USA) and
Nihon CLEA (Tokyo, Japan), respectively. They were housed in a
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specific pathogen-free facility. All experiments were conducted
with the approval of the Institutional Animal Care and Use Com-
mittee at the Tsurumi University.

Cell Lines

3T3 cells were purchased from American Type Culture Col-
lection (Rockville, Md., USA) and a cell line of human adenoid
cystic carcinoma (AdCC) was generously provided by Dr. T. Sakai
(Osaka University, Osaka, Japan). Both cells were maintained in
Dulbecco’s modified Eagle medium (DMEM, Sigma Chemical
Co., St. Louis, Mo., USA) supplemented with 10% fetal bovine se-
rum at 37°C with 5% CO, atmosphere.

Establishment of New Cell Lines

Ten pieces of minced submandibular glands dissected from
P53 null mice were placed on cell culture plates coated with type
I collagen (Sigma). After outgrowth, limiting dilution cloning was
performed for sorting MSE. Similarly, MSA and 3T3T were also
subcloned from tumors derived from xenografts of MSE, Matrigel
(BD Biosciences, San Jose, Calif., USA) and 3T3. Both MSE and
MSA were cultured in the keratinocyte-SFM (Invitrogen, Carls-
bad, Calif., USA), with the supplement of epidermal growth factor
(R&D Systems, Minneapolis, Minn., USA) and bovine pituitary
extract (Invitrogen). To confirm the cell phenotype, standard im-
munocytochemical procedures were used.

Electron Microscopy

MSE and the MSE/Matrigel/3T3 tumor were primarily fixed
in 2.5% glutaraldehyde and postfixed in 1% osmium tetroxide.
Epon-embedded, ultrathin sections were stained with uranyl ac-
etate and lead citrate, and examined in an H-7000 electron micro-
scope (Hitachi, Tokyo, Japan).

Western Blotting

MSE, 3T3 and 3T3T were homogenized in NP-40 lysis buffer
(Invitrogen). The whole cell lysates were fractionated by SDS
polyacrylamide gel and transferred to PVDF membranes (Milli-
pore, Bedford, Mass., USA). After blocking with 5% skim milk for
1 h, membranes were incubated overnight at 4°C with primary
antibody against cytokeratin CK14 (GP-CK14, Progen Biotech-
nik, Heidelberg, Germany), CK8/18 (Progen Biotechnik), or a-
smooth muscle actin (a-SMA, Progen Biotechnik) for MSE, and
with antibody against IGF-II (R&D Systems) for 3T3 and 3T3T.
The immunoreaction was detected by enhanced chemilumines-
cence (Amersham Biosciences, Arlington Heights, I11., USA), fol-
lowed by 1 h incubation with peroxidase-conjugated secondary
anti-guinea pig or anti-mouse antibody (Zymed Lab., San Fran-
cisco, Calif., USA). Finally, they were developed by XAR film
(Eastman Kodak, Rochester, N.Y., USA). The relative density of
each band was determined with Image] software (http://rsb.info.
nih.gov/ij).

Reverse Transcription-Polymerase Chain Reaction

Total RNA was extracted from the cells by TRIzol reagent (In-
vitrogen) and then treated with DNase I (Invitrogen). Using a
¢DNA synthesis kit (Superscript [l DNA preamplification system,
Invitrogen), cDNA was reverse-transcribed from 2 pg of RNA.
Polymerase chain reaction (PCR) was conducted in 30 pl of reac-
tion mixture (1X PCR buffer, ex Taqg DNA polymerase, Takara
Biomedicals, Kyoto, Japan). Sequences for specific primers were:
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amylase, 5-GGATGGAGAAAAGATGTCCTAC-3’ (forward)
and 5-CATCACCCGTGTGAAACC-3" (reverse); PLAGI, 5'-
TTTCCCTGAAGGGGC-3’ (forward) and 5-GGTATTGTAG-
CTCTTGCCAC-3’ (reverse); IGF-IR, 5'-CAAGCTGTGTGTC-
TCCGAAA-3'(forward)and5-TGATGAGATCCCGGTAGTCC-
3’ (reverse), and IGF-II, 5"-TCAGAGAGGCCAAACGTCATC-3'
(forward) and 5'-GGTCTTTGGGTGGTAACAGCAT-3' (re-
verse). Initial denature for PCR was 94°C for 2 min. Next, 30
cycles were done, each consisting of 94°C for 30 s, 58°C for 30 s
and 72°C 30s, and the final extension was 72°C for 10 min. PCR
products were separated by 2% agarose gel. At least three mea-
surements were performed for each sample.

Cell Proliferation Assay

MSE and MSA were plated at a density of 3 X 10%/96-well plate
and stimulated by different doses of epidermal growth factor, fi-
broblast growth factor-II, transforming growth factor-a, hepato-
cyte growth factor, or IGF-II, all purchased from R&D Systems.
The growth rate was analyzed by the cell count reagent SF (Naca-
lai Tesque, Kyoto, Japan). The absorbance was measured on a Dy-
natech MR600 microplate Reader (Dynatech Lab., Chantilly, Va.,
CA), using a test wavelength of 450 nm and a reference wave-
length of 600 nm, respectively.

In vitro Branching Assay

MSE were implanted at a density of 4 X 10° cells into Matri-
gel-coated 6-well plates and then maintained for 14 days without
further treatment.

Xenograft Assay

Xenografts with different stromal conditions were prepared:
one-way xenografts (2 X 10 MSE or2 X 106 MSA only); two-way
xenografts (2 X 10 MSE + Matrigel or 2 X 10® MSA + Matrigel),
and three-way xenografts (1 X 10® MSE + Matrigel + 5 X 10°3T3
or 1 X 10° MSA + Matrigel + 5 X 10° 3T3). All cells were used
immediately. For each group, at least 3 mice (6 total injected sites)
were used. Mice were monitored daily for 12 weeks.

The tumors which developed were measured in three dimen-
sions with calipers and their volume (mm?) was calculated with
the formula of V = 0.52 X length X width X height [19]. Re-
sected tissues and tumors were fixed in 10% phosphate-buffered
formalin. Conventional paraffin sections were stained with he-
matoxylin and eosin (HE) for histological analysis.

Immunohistochemistry

Formalin-fixed, paraffin-embedded sections were stained by
the streptavidin-biotin-peroxidase method [Dako LSAB(2) sys-
tem, Dakocytomation, Glostrup, Denmark] using CK14 (Progen
Biotechnik, 1:100); heat-induced antigen retrieval was performed.
Appropriate positive and negative controls were run throughout.
CK14-positive foci in 5 randomly selected areas of representative
MSE/Matrigel/3T3 tumors from 3 mice were calculated under a
light microscope.

Real-Time Reverse Transcription PCR

Real-time reverse transcription (RT)-PCR for IGF-IR was per-
formed in MSE and MSA using the MX3000P system (Stratagene,
La Jolla, Calif,, USA). The reaction mixture consisted of 12.5 ul
of real-time PCR Master Mix (Applied Biosystems, Warrington,
UK) and 1.25 pl of primer with the supplement of DNase- and
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RNase-free H,O. Sample DNA (2 pl) was added to this mixture.
The first step of PCR amplification was 95°C for 305, and then 40
cycles were performed, each consisting of 95°C for 30s, 57°C for
30s,and 75°C for 30s.

Colony Formation Assay

MSE and MSA were cultured at a density of 3 X 10° cells in
DMEM containing 0.36% noble agar. After cultivation for 14
days, colony numbers in soft agar formed by each cell line were
counted under a phase-contrast microscope (Nikon ECLIPSE
TS§100, Tokyo, Japan).

In vitro Invasion Assay

A cell invasion assay was performed by the Cell Invasion kit
(Chemicon, Temecula, Calif., USA). According to the manufac-
turer’s protocol, MSE, MSA and AdCC were initially seeded at a
density of 2.5 X 10° cells in the upper chambers containing se-
rum-free DMEM. Following 30 h of incubation, only cells that
invaded through Matrigel-coated transwell inserts were detached
and stained with calcein-AM solution. Invasion of cells was eval-
uated by a fluorescence plate reader using a 480/520 nm filter.
Each analysis was repeated at least in triplicate for confirmation.

Statistical Analysis

Values were expressed as the mean * SD. Comparisons be-
tween two groups were performed by Student’s t test. The level of
statistical significance was set at p < 0.05.

Results

MSE Recapitulate Differentiated Cytoprofile of

Duct/Basal Units

Five epithelial clones were successfully established. Of
these, MSE retained a stable phenotype even at passage
50 (data not shown). This line exhibited a uniform epi-
thelial morphology and never showed the propensity to
pile up on the monolayer culture (fig. 1a). Ultrastructur-
ally, cell surface microvilli, intracytoplasmic tonofila-
ment bundles, multiple tight junctions and well-devel-
oped desmosomes were found (fig. 1b). By Western blot-
ting, these cells expressed CK14 but were negative for
CK8/18 and a-SMA (fig. 1c, upper panel). There was no
detectable expression of amylase mRNA on a plastic dish
(fig. 1c, lower panel), and even when cultured in Matrigel
(data not shown) MSE did not show any differentiation
along with an acinar line. Except for IGF-II, all growth
factors tested dose-dependently enhanced MSE growth
in varying degrees (data not shown). When implanted in
Matrigel, MSE clusters elongated and budded, displaying
a branching-like appearance reminiscent of salivary
gland morphogenesis (fig. 1d). Consistent with the in vi-
tro data, MSE/Matrigel xenografts formed polarized
ducts lined by well-developed microvillar surface and
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Fig. 1. Cellular profile of MSE. a Phase contrast at day 4 in monolayer culture showing uniform epithelial mor-
phology. b Microvilli, tonofilaments and desmosomes were seen by transmission electron microscopy. ¢ West-
ern blotting showing CK14 expression {(upper panel). No amylase mRNA was detected by RT-PCR (lower pan-
el). PC: Whole-cell extracts from mouse submandibular glands. d In vitro branching 14 days after implantation
in Matrigel mimicked salivary morphogenesis. Inset shows the budding formation. e, f In vivo tubulogenesis 3
months after injection with Matrigel. e HE histology of a well-developed duct (x400). f Transmission electron
micrograph of duct showing long microvilli on luminal surface and multiple tight junctions.

sealed by tight junctions in vivo (fig. le, ). Collectively,
MSE are of basal cell lineage that is programmed to dif-
ferentiate into duct cells.

Sarcomatous Transformation of 3T3 Is a Key Event in

MSE Tumorigenesis

All MSE/Matrigel/3T3 xenografts developed tumors
within 2 weeks, while none of the others had subsequent
tumors after up to 12 weeks (fig. 2a). In contrast to 3T3,
mitomycin C-treated 3T3 could not foster MSE tumori-
genesis. Histologically, MSE/Matrigel/3T3 tumors re-
vealed a mixture of adenoma and sarcoma in varying
proportions (fig. 2b). Adenoma components consisted of
solid nests and well-formed ducts with scattered foci of
squamous differentiation (fig. 2b). At the ultrastructural
level, small intracellular and intercellular lumina were
seen in solid tumor islands (fig. 2¢). Even in multiple sec-
tions, adenoma elements lacked malignant features as
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compared with 3T3T. MSE tumors were immunopositive
for CK14 (fig. 2d, upper panel), and the CK14-positive
area percentage ranged from 15.5 to 30.3%, with a mean
of 22.43% (fig. 2d, lower panel). As shown, CK14 was
completely negative in nearby 3T3T cells. These in vivo
results unequivocally prove that the sarcomatous change

of 3T3 is critical to induce tumorigenic conversion in
MSE.

MSA Exhibit Transformed Phenotypes in vitro but Are

Marginally Tumorigenic in vivo

As compared with MSE, MSA showed cellular pleo-
morphism and several multinucleated epithelial cells
were visible in the monolayer culture (fig. 3a). The prolif-
eration rate of MSA was 2-fold higher than MSE (fig. 3b).
Interestingly enough, the average number of colonies was
13 £ 2in MSA and 1 * 1 in MSE, showing significant
difference in growth behaviors (fig. 3c). In contrast to a
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Fig. 2. Tumorigenicity assay of MSE. a Only MSE/Matrigel/3T3 xenografts grew as tumors visible by the naked
eye. b HE histology of MSE/Matrigel/3T3 tumor showing solid nests (left panel; X200) and ducts (right panel;
X 200) in sarcoma. Inset shows squamous differentiation (X400). ¢ Transmission electron micrograph of a
solid nest (left panel) and well-formed duct (right panel). d Immunoexpression of CK14 in solid nests (upper
left panel; x200) and ducts (upper right panel; X200). Approximately 22% of tumor areas were CK14-express-

ing adenomas (lower panel).

highly invasive AdCC, both cell lines, however, lacked
invasive capacity (fig. 3d). By in vivo xenograft assay, tu-
mors began to appear in MSA/Matrigel recombinants 4
weeks after inoculation (fig. 4a), but their size remained
unchanged after up to 12 weeks (data not shown). Indeed,
the volume of MSA/Matrigel tumors was far smaller than
that of the MSE/Matrigel/3T3 or MSA/Matrigel/3T3 tu-
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mors. Among the three-way xenografts, MSA showed a
slight increase in the tumor volume, although statistical-
ly not significant. Histologically, MSA/Matrigel tumors
were compatible with ductal adenomas containing scat-
tered squamoid foci (fig. 4b) and essentially similar to ad-
enomacomponents of MSE/Matrigel/3T3 tumors (fig. 2b)
and MSA/Matrigel/3T3 tumors (data not shown). Over-
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Fig. 3. Cellular profile of MSA. a Phase contrast at day 3 in culture showing marked morphological alteration
compared to MSE (fig. 1a). b The growth rate of MSA was nearly 2-fold greater than that of MSA by cell prolif-
eration assay. ¢ Colony formation assay showing large MSA colonies (upper panel). Inset shows magnified
colony (X400). As compared to MSE, MSA formed a significantly larger number of colonies (1 vs. 13) (lower
panel). * p < 0.05. d No significant difference in invasive ability between MSE and MSA by invasion assay.

all, MSA gained some transformed phenotypes in vitro,
but apparently lacked malignant properties in vivo.

Stromal-Epithelial Interactions Direct MSE

Tumorigenesis through PLAG1/IGF-II Pathway

There is ongoing concern that PLAGI plays an impor-
tant role in the development of salivary pleomorphic ad-
enomas [20-26]. In this context, we investigated the pos-
sible involvement of PLAGI and its related genes in MSE
tumorigenesis. As expected, PLAGI was evident in MSA
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and 3T3T, but not in MSE and 37T3 (fig. 5a). All cell lines
tested expressed IGF-IR, with a higher expression level
(>3-fold) in MSA than MSE (fig. 5a, b). On the other
hand, clearly enhanced expression of IGF-II protein
(>1.8-fold), a genuine target gene of PLAGI [22, 23], was
found in 3T3T as compared with 3T3 (fig. 5¢). Moreover,
exposure to IGF-II accelerated the growth of MSA in a
dose-dependent manner (fig. 5d). Analysis of molecular
profile provides evidence that 3T3T-derived IGF-1I up-
regulate proliferation of PLAGI- and IGF-IR-expressing
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Fig. 4. Tumorigenicity assay of MSA. a MSA/Matrigel tumors remained small compared to MSE/Matrigel/3T3
and MSA/Matrigel/3T3 tumors. b HE histology of MSA/Matrigel tumor showing ductal adenoma with squa-

mous differeqtiation (x200).

MSA in a paracrine manner and suggests that PLAGI is
a possible candidate to trigger the molecular switch of
preneoplastic MSE to neoplastic MSA.

Discussion

A growing body of work shows that fibroblasts func-
tion as a landscaper in the stroma [12-17, 27-30]. There
have been hundreds of in vitro and in vivo tissue recom-
binant studies using a wide variety of epithelial and fibro-
blastic cells in different stages of transformation [31-34].
A key point to consider is the great deal of fibroblast het-
erogeneity and plasticity [14-16, 27-30]. The origin and
nature such as murine versus human [35, 36, young ver-
sus old [37, 38], orthotopic versus ectopic [39, 40], and
normal versus irradiated [10, 41], all intervene. In this
context, we focused on the previous data using the well-
defined and most prevalent 3T3 as a stromal partner for
comparison. In essence, 3T3 encouraged normal and ma-
lignant human prostate epithelial cells to proliferate [42].
In human prostate cancer PC-3, original, neu-transfected
and irradiated 3T3 cells all acted in a cooperative way to
facilitate tumor formation [43]. A similar in vivo tumor-
promoting effect was observed in human bladder carci-
noma cells [44]. On the other hand, cotransplantation of
3T3 with another human prostate cancer line, LNCaP,
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failed to cause carcinoma [45]. It is also important to keep
in mind that the tumor-forming potential of preneoplas-
tic murine 3T3 [46] and marginally tumorigenic human
PC-3 and LNCaP [47] is largely different in the presence
or absence of a reconstituted basement membrane, Matri-
gel [48]. Matrigel/3T3-dependent progression of LNCaP
was successfully demonstrated in the recent xenograft
experiment [49]. In our working model, fibroblastic mi-
croenvironments potently tune the neoplastic conversion
of MSE into MSE/Matrigel/3T3 recombinants. Although
the exact molecular mechanism of 3T3 sarcomagenesis
remains to be determined, a hepatocyte growth factor/c-
Met autocrine axis is one of the attractive candidates [50].
On the other hand, MSE could not react to insufficient
stromagenesis by growth-arrested 3T3. In the absence of
Matrigel, MSE/3T3 transplants remained nontumori-
genic (unpubl. data). Surprisingly, neither MSE nor MSA
components could be detected in MSE/Matrigel/3T3T
and MSA/Matrigel/3T3T tumors (unpubl. data), suggest-
ing that 3T3T are not an active stromal partner. Based on
our unpublished stepwise monitoring that MSE and MSA
throve until 4 weeks after inoculation but eventually dis-
appeared, it is likely that epithelial elements were gradu-
ally replaced by the vigorously growing 3T3T.

There are a few experiments in which the addition of
an active oncogene ras or neu can drive neoplastic poten-
tial of p53 null epithelial cells [3, 51-53]. Although we did
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Fig. 5. Molecular mechanism of MSE tumorigenesis. a RT-PCR showing overexpression of PLAGI in MSA and
3T3T. IGF-IR was highly expressed in MSA, and IGF-II was detectable only in stromal cells. PC: Mouse brain.
b Real-time RT-PCR demonstrated that MSA arranged >3-fold increase in IGF-IR expression relative to MSE.
*p < 0.05. ¢ Western blotting showing a higher level of IGE-II in 3T3T. PC: Mouse recombinant IGF-I1.
d A dose-dependent enhancement of IGF-II-inducible growth was evident in MSA by cell proliferation assay.

not introduce any exogenous genomic insult, the possi-
bility that p53-deficient MSE poses unstable chromo-
somes (>80% of cells were aneuploid; unpubl. data),
which render cells spontaneous accumulation of succes-
sive genetic changes through time, should also be consid-
ered [54]. In recent years, the contribution of the proto-
oncogene PLAGI to salivary gland tumorigenesis has be-
gun to emerge [20-26]. In our model, ectopic expression
of PLAGI was evidentin MSA and 3T3T. A genuine target
gene of PLAGI is IGF-II and the oncogenic capacity of
PLAGI is mediated by activating the IGF-II mitogenic
pathway [22-26]. Compared with the culture superna-

268 Pathobiology 2006;73:261-270

tant of 3T3, that of 3T3T enhanced the growth of MSA in
a dose-dependent manner and this was partially inhib-
ited in the presence of the neutralizing antibody against
IGF-II (data not shown). It is of note that IGF-II was pro-
duced by 3T3T, whereas it was not detectable in MSA. On
the other hand, the activity of IGF-II mitogenic signaling
is mainly regulated by IGF-IR. In fact, IGF-IR-deficient
cells overexpressing PLAGI could not respond to IGF-II
[23]. As shown, IGF-IR was highly expressed in MSA.
Collectively, in contrast to an autocrine mechanism of
PLAGI-expressing 3T3 sarcomagenesis [23], tumorigenic
conversion of MSE is directed by stroma-derived IGF-II
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in a paracrine manner through overexpression of PLAGI
and IGF-IR. Although extensive efforts have been made,
MSA/Matrigel tumors failed to grow continuously and
remained small. Conversely, this phenomenon firmly es-
tablishes that PLAGI by itself is a benign oncogene [20-
26] and also supports the notion that other than duct
cells, myoepithelium significantly contributes to the for-
mation of PLAGI-induced salivary gland tumors [25, 26].
Further experiments are currently underway in our labo-
ratory to identify other PLAGI target genes potentially
involved in MSA tumor progression.

In summary, the present results indicate that the in-
herent genomicinstability of MSE through p53loss makes
its phenotype very plastic, which alters under continuous
stromal pressure. Our data also convincingly support the
fact that PLAGI is a key determinant in the neoplastic

transformation of salivary epithelium [20-26]. While
much work remains to be done, p53 null epithelial cells
now established open a unique opportunity to probe syn-
ergistic interactions between intrinsic PLAGI in the epi-
thelium and extrinsic growth signals such as IGF-II from
the stroma in salivary gland tumorigenesis.
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Abstract

Objective: To determine the involvement of oxidative stress
in the salivary gland of patients with Sjogren’s syndrome
(SS). Methods: Oxidative damage to the gland was mea-
sured by 8-hydroxy-2'-deoxyguanosine (8-OHdG) and hex-
anoyl-lysine (HEL) using the SS saliva. In addition, lactate de-
hydrogenase (LDH) and mitochondrial glutamic-oxaloacetic
transaminase (m-GOT), both general markers for cell dam-
age, were also analyzed. Results: Increased levels of 8-OHdG
and HEL were found in the saliva of SS patients, but not in
that of patients with other salivary gland dysfunction or of
healthy individuals. Levels of LDH and m-GOT were signifi-
cantly correlated with 8-OHdG and HEL levels, respectively.
Furthermore, the increased levels of 8-OHdG and HEL were
also correlated in the SS saliva. Conclusion: These findings
suggested the involvement of oxidative stress in glandular
tissue destruction in SS. It was indicated that the detection
of 8-OHdG and HEL in the saliva may become a useful tool
for the diagnosis of SS. Copyright © 2006 S. Karger AG, Basel

Introduction

Sjogren’s syndrome (SS) is an autoimmune disease
which progressively destroys the salivary and lacrimal
glands, leading to the distressing symptoms of dry mouth
and dry eyes [1]. The etiology of SS is obscure, with evi-
dence implicating both environmental factors, in partic-
ular viruses, and genetic predisposition [2-4].

Oxidative stress by reactive oxygen species (ROS) is
thought to participate in a wide variety of cellular func-
tions including apoptosis [5, 6]. Several observations have
suggested that ROS might mediate apopotosis: various
cytotoxic stresses are sometimes accompanied by in-
creases in intracellular ROS levels; depletion or oxidation
of cellular antioxidants such as redox enzymes including
thioredoxin induce apoptosis [7, 8], and many antioxi-
dants and free radical scavengers have been shown to in-
hibit or delay certain types of cell death [9, 10]. There are
many reports on the possible mechanism by which vari-
ous pathophysiological phenomena in autoimmune dis-
eases develop through these processes [11, 12]. Increased
levels of markers for oxidative stress are found in the sy-
novial fluid [13, 14], serum [15-17] and urine of patients
with rheumatoid arthritis [18] and type I diabetes melli-
tus [19, 20]. However, there is a paucity of studies spe-
cifically on SS.
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Table 1. Characteristics of the subjects in this study

SS G1 (non-SS) G2 (non-SS) Control

(n=38) {(n=9) (n=10) (n=10)
Age, years 64.6111.3 61.7%£119 68.2%6.7 59.8+6.5
Unstimulated saliva flow rates, ml/15 min 0.1+0.1 0.3%0.2 1.0+£0.3 3016
Stimulated saliva flow rates, ml/10 min 3.7+05 41*0.5 73%*1.5 155%3.7

Values represent mean * SD.

We have already reported on the relationship between
a marked expression of thioredoxin and Epstein-Barr vi-
rus (EBV) reactivation in the salivary gland of SS patients
[21]. Furthermore, our previous studies showed an in-
crease in the enzymatic activity of apoptotic protease by
EBV activation to be involved in the progression of 120-
kDa a-fodrin autoantigen proteolysis during the devel-
opment of SS [22, 23].

8-Hydroxy-2'-deoxyguanosine (8-OHdG) is formed
when the guanine in DNA undergoes oxidative damage
by ROS [24, 25]. During the process of DNA repair, 8-
OHAJG is released into the extracellular space [26]. By de-
tecting this, it is possible to prove cytotoxicity via oxida-
tive stress; thus 8-OHdG has been used widely as a useful
biomarker [27-30]. The formation of hexanoyl-lysine
(HEL) in lipid hydroperoxide-modified proteins includ-
ing oxidatively modified low-density lipoprotein was re-
ported as an initial marker for the oxidative damage of
biological molecules in vivo [31]. The purpose of this
study, therefore, is to clarify the relationship of oxidative
stress to the extent of damage to the glandular tissue that
is caused by such stress.

Materials and Methods

Patients and Controls

All patients were seen at the outpatient clinic of the Tsurumi
University School of Dental Medicine. They all had the typical
symptoms of dry mouth such as difficulty in swallowing, impaired
sense of taste, or burning sensation of the tongue, each of which
can be relieved by applying artificial saliva. The participants were
women, and their mean age was 63.9 * 9.6 years (range 36-86
years). Informed consent was obtained from all study subjects. Pa-
tients with unstimulated salivary test result values of <1.5 ml/
15 min, and stimulated values of <10 ml/10 min were diagnosed
with dry mouth, whereas patients with values of =10 ml were ex-
cluded from this study, despite subjective symptoms otherwise
suggestive of dry mouth. The diagnosis of SS was based on the cri-
teria proposed by Fox and Saito [32]: (1) the presence of keratocon-
junctivitis sicca, where the tear volume was measured by the

Oxidative Stress in Sjogren’s Syndrome

Schirmer I test (<5 mm/5 min), (2) dry mouth, (3) extensive lym-
phocytic infiltrate on minor salivary gland biopsy, and (4) labora-
tory evidence of a systemic autoimmune disease, which includes
positive rheumatoid factor (titer =1:160), positive antinuclear an-
tibodies (titer =1:160), or positive S5-A or SS-B antibodies. When
the patients met at least three of the above criteria, they were diag-
nosed as having SS. These patients had not received glucocorti-
coids or immunosuppressive agents for at least 6 months prior to
this examination. They were then divided into three different sub-
groups: SS group with unstimulated values of <0.5 ml/15 minand
stimulated values of <5 ml/10 min; group 1 (G1): non-SS with
unstimulated values of <0.5 ml/15 min and stimulated values of
<5 ml/10 min, and group 2 (G2): non-SS with unstimulated values
of =0.5 to <1.5ml/15 min and stimulated values of =5 to <10 ml/
10 min.

Of the 27 patients with dry mouth, 8 were classified as §S,9 as
Gl and 10 as G2. Ten normal healthy individuals served as age-
and sex-matched controls with unstimulated values of =1.5 ml/
15 min and stimulated values of =10 ml/10 min. The values of
unstimulated and stimulated saliva flow rate in each group are
shown in table 1.

Unstimulated and stimulated whole saliva was collected in the
outpatient clinic between 2:00 and 4:00 p.m. to minimize the ef-
fects of diurnal variation, and the patients and healthy volunteers
were instructed to avoid food or drink and smoking for at least
1 h preceding the test. Before the collection of saliva, the partic-
ipants were seated in a chair and left to relax for 5 min. With the
head bent forward, they then let saliva drip into a paper cup for
15 min. Thereafter, the secretion of saliva was stimulated by
chewing on a piece of gum for 10 min and the stimulated saliva
was collected for 10 min as described above. As the unstimulated
saliva was low in volume and not a sufficient amount for testing,
we used the stimulated saliva for the experiments.

Preparation of Saliva and Sera Samples

Stimulated whole saliva samples were centrifuged at 12,000
rpm for 45 min and filtered through a 0.22-pm filter to remove
cells, virus and particulate debris. The blood samples were cen-
trifuged at 3,000 rpm for 5 min and the sera separated. All saliva
and sera were stored at -80°C until analysis.

Determination of Salivary and Serum 8-OHdG

Saliva and sera samples were centrifuged at 10,000 rpm for
30 min and filtration of the supernatant using an ultrafilter (cut-
off molecular weight 10 kDa) was performed to exclude interfer-
ing substances. Competitive enzyme-linked immunosorbent as-
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say (ELISA) [33] was conducted in triplicate using an 8-OHdG
monoclonal antibody (N45.1; Institute for the Control of Aging,
Shizuoka, Japan). A 50-plaliquot of the saliva or sera supernatant
samples was put into plastic immunoplate wells and incubated at
4°C overnight. The wells were rinsed 3 times with a washing buf-
fer (0.05% Tween 20/citrate-containing phosphate-buffered sa-
line) and 100 pl of HRP-conjugated anti-mouse IgG antibody was
added and incubated at room temperature for 1 h. The wells were
rinsed 3 times with a washing buffer, and 100 ul of hydrogen per-
oxide/citrate containing phosphate-buffered 1% 3,3’,5,5"-tetra-
methylbenzidine was added. After 15min 1 M phosphate was add-
ed to the wells to stop the reaction. The absorbance at 450 nm of
the reaction mixture was measured with a microplate reader
(PerkinElmer, Wellesley, Mass., USA) and a standard curve was
used to determine the amount of 8-OHdG present in the test sam-
ples. The standard curve was generated by plotting absorbance
versus log (concentration of standards), then the absorbance val-
ues obtained for the test samples were used to determine the con-
centrations [34].

Detection of HEL

The HEL levels were assessed in triplicate by HEL ELISA Kit-
700 using an anti-HEL monoclonal antibody (Institute for the
Control of Aging, Shizuoka, Japan). The competitive indirect
ELISA was conducted as established previously with some modi-
fications [31]. Briefly, 50 p.l of the saliva samples was titrated into
each well of a 96-well microtiter plate and then 50 pl of the anti-
HEL monoclonal antibody solution/well was added and kept over-
night at 4°C. The wells were rinsed 3 times with a washing buffer
(0.05% Tween 20/citrate-containing phosphate-buffered saline)
and HPR-conjugated anti-mouse IgG antibody was added and in-
cubated at room temperature for 1 h. The wells were rinsed 3 times
with a washing buffer, and hydrogen peroxide/citrate containing
phosphate-buffered 1% 3,3',5,5'-tetramethylbenzidine was added.
After 15 min, the color development was stopped by the addition
of 1 M phosphate into the wells. The optical density of each well
was determined by a microplate reader (PerkinElmer) at 450 nm.

Detection of Lactate Dehydrogenase

Lactate dehydrogenase (LDH) concentrations in the saliva
were measured in triplicate using an LDH Cytotoxicity Detection
Kit (Takara Bio, Shiga, Japan). Briefly, centrifuged saliva samples
were placed in a 96-well microtiter plate with diapholate/NAD*
and 11.25 ml of iodotetrazolium chloride/Na-lactate added to
each well. After 30 min, 1 N hydrochloric acid was added to the
wells to stop the reaction. The absorbance of the samples was mea-
sured at 490 and 630 nm according to the filters available using
an ELISA reader (PerkinElmer). The LDH concentration in the
saliva was normalized to that of the control group.

Detection of Mitochondrial Glutamic-Oxaloacetic

Transaminase

Activity of mitochondrial glutamic-oxaloacetic transaminase
(m-GOT) was determined with a commercially available kit (Sys-
mex, Hyogo, Japan). B-NADH/oxaloacetate mixture (250 ul) was
incubated with the samples (20 pl) for 10 min at 37°C, then the
reaction was started by adding 100 pl a-ketoglutarate/L-aspartate
mixture and incubated for 3 min at 37°C. The absorbance of the
samples was measured at 340 nm (Hitachi 7170 Automatic Ana-
lyser, Tokyo, Japan).
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Determination of Apolipoprotein B

The levels of apolipoprotein B were determined by turbidi-
metric immunoassay methods. The microtiter plate contain-
ing 100 mM 2-amino-2-hydroxymethyl-1,3-propanediol buffer
(300 1) was placed in a spectrophotometer and incubated for
5 min at37°C. Anti-human apolipoprotein B polyclonal antibody
was added and incubated for 5 min at 37°C. Absorbance was es-
timated in 2-point endpoint, at 340 and 694 nm.

Lip Biopsy Samples

The 8 patients diagnosed with SS underwent labial minor sal-
ivary gland biopsies after having given their consent. Sections
from the labial minor salivary gland biopsies were stained with
hematoxylin and eosin (HE) using the standard method. Three
trained pathologists evaluated the focal lymphocytic infiltration
in the minor salivary glands by the HE-stained section according
to Greenspan’s criteria [35]: grade 0: absent; grade 1: slight in-
filtrate; grade 2: moderate infiltrate or less than one focus per
4 mm?; grade 3: one focus per 4 mm?, and grade 4: more than one
focus per 4 mm?. Grades 3 and 4 were considered to be positive
according to the SS criteria [36].

Statistical Analysis

Data were presented as mean * SD and range. Comparisons
between the groups were statistically analyzed by one-way analy-
sis of variance (ANOVA) followed by Scheffé’s test. Correlations
between variables were assessed with Pearson’s correlation coef-
ficient. Statistical analysis of the data was carried out by using the
Statview software program for the Macintosh computer. p < 0.05
was taken as being statistically significant.

Ethics

Informed consent was obtained from all the patients, and the
Ethical Committee of the Tsurumi University approved this
study.

Results

To examine whether the 8-OHdG and HEL levels in
the saliva were disease-specific, a comparative evaluation
was conducted among samples taken from the different
groups. The §S group, in comparison with the G1, the G2
and the control groups, showed a significant difference,
thus indicating the involvement of oxidative stress in the
secretory dysfunction of SS (table 2). On the other hand,
there was no correlation between the G1, the G2 and the
control groups. Both the SS and the G1 groups are associ-
ated with reductions in salivary secretion of similar se-
verity, but there was a significant difference in the 8-
OHJAG (p < 0.0001) (fig. 1) and the HEL (p < 0.01) levels
(fig. 2) between these two groups. Thus it was suspected
that there may be a mechanism that causes salivary gland
dysfunction that is independent of oxidative stress. There
are various causes of dry mouth such as side effects from
medications with anticholinergic activity, diabetes mel-
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Fig. 1. 8-OHdG levels of saliva of all the groups. Values are ex-
pressed as mean = SD. One-way ANOVA revealed a significant
difference between G1, G2 and control vs. SS. p <0.0001; Scheffé’s
test was conducted. There was no significant difference between
G1, G2 and control groups. G1 vs. G2, p = 0.9114; G1 vs. control,
p = 0.5467; G2 vs. control, p = 0.8997.
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Fig. 2. HEL levels of saliva of all the groups. Values are expressed
as mean * SD. These results significantly corresponded with the
increase in the 8-OHdG level in saliva. One-way ANOVA revealed
a significant difference between Gl vs. SS, p < 0.01, and G2 and
control vs. SS, p < 0.0001; Scheffé’s test was conducted. There was
no significant difference between G1, G2 and control groups.
G1 vs. G2, p = 0.4617; Gl vs. control, p = 0.3091; G2 vs. control,
p=0.9917.

Table 2. Differences between 8-OHdG,

HEL, LDH, m-GOT, and apolipoprotein S§ Gl G2 Control

B (apoB) levels (mean £ SD) in the SS ]

group vs. G1, G2 and control groups Salivary 8-OHdG, ng/ml 25%1.0 0.91+0.3 0.720.2 0.6+0.1
Serum 8-OHdG, ng/ml 0.3x0.1 0.2%0.1 ND 02%0.1
HEL, nmol/l 53.9%254 22.8%10.3 10.7%+23 84%19
LDH, relative units 0802 04%0.3 0.2%0.1 0.1£0.1
m-GOT, IU/1 79.0*449 20.9+258 109%12.1 51%1.2
apoB, mg/dl <5 <5 <5 <5

The relative units of LDH in the saliva were normalized to that of the control group.
ND = Not determined.

litus and psychological disorders and these were possible
causative factors for the salivary gland dysfunction in the
Gl group.

To validate the results of the salivary analysis given
above, the 8-OHdG serum level was measured in indi-
vidual patients. Compared with those taken from the
control group, the serum samples from the SS group ex-
hibited a trend similar to that of the saliva samples (p =
0.3444) (fig. 3). This result was interpreted to support the
reliability of 8-OHAG detection in the saliva of SS pa-
tients. On the other hand, it was considered possible that
the 8-OHdG contained in the saliva samples might be

Oxidative Stress in Sjogren’s Syndrome

derived from the blood circulation. However, the concen-
tration of apolipoprotein B, a marker for serum origin,
was found to be below the detectable level in the same
saliva samples (table 2). Furthermore, the 8-OHdAG levels
in the saliva were 10-fold higher than that in the sera, thus
proving that the salivary 8-OHdG was of salivary gland
origin. It was assumed that the 8-OHdG in the sera de-
tected in the SS patients was a reflection of glandular tis-
sue damage or damage to other organs due to the re-
sponse to autoimmunity.

The results described above suggested that the glandu-
lar tissue damage was caused by oxidative stress. To sub-
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Fig. 3. 8-OHdG levels of serum of SS, G1 and control groups. Val-
ues are expressed as mean * SD. The serum samples of the SS
group exhibited a trend similar to that of the salivary samples.
There was no significant difference between the three groups,
p = 0.3444.
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Fig. 4. LDH levels of saliva of all the groups. Values are expressed
as mean t SD. One-way ANOVA revealed significant differenc-
es between G1vs. SS, p <0.001; G2 and control vs. SS, p < 0.0001,
and Gl vs. control, p < 0.05; Scheffé’s test was conducted. There
was no significant difference between G1, G2 and control groups.
Gl vs. G2, p = 0.4369; G2 vs. control, p = 0.3905.
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Fig. 5. m-GOT levels of saliva of all the groups. The level was sig-
nificantly higher in the SS group. Values are expressed as mean
+ SD. One-way ANOVA revealed significant differences between
G1vs. SS, p<0.001, and G2 and control vs. SS, p < 0.0001; Schef-
fé’s test was conducted. There was no significant difference be-
tween the G1, G2 and control groups. G1 vs. G2, p = 0.8486; G1
vs. control, p = 0.6470; G2 vs. control, p = 0.9824.

stantiate this further, LDH and m-GOT, which are wide-
ly employed as general markers for cell damage, were an-
alyzed. Consequently, the LDH levels of the SS group
were found to be significantly higher in comparison to
those of the G1, the G2 and the control groups. There was
no correlation between the Gl, the G2 and the control
groups (fig. 4; table 2). The m-GOT levels of the SS group
were also significantly higher than those of the other
groups, generally duplicating the pattern seen in the 8-
OHAG levels, but there was no correlation between the
G1, the G2 and the control groups (fig. 5; table 2). In all
the groups, the LDH and m-GOT levels significantly cor-
related with the 8-OHdG and HEL levels (fig. 6). Further-
more, the 8-OHdG and HEL levels were also correlated
(r = 0.8971, p < 0.0001) (fig. 7).

Next, the correlation between the extent of tissue dam-
age expressed by the salivary markers and the results of
the histopathological evaluation of SS was examined.
There was no marked correlation between the histologi-
cal grade and the levels for 8-OHdG (p =0.8231) and HEL
(p = 0.5485; data not shown). We speculate that this may
be explained through the fact that oxidative stress is a
causative agent for not only destruction, but also cellular
dysfunction by oxidative degeneration of lipid mem-
branes and membrane proteins [37].
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