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Abstract

Protection of glandular acinar cells from autoimmune-induced damage would be of significant
clinical benefit to Sjogren’s syndrome (SS) patients. EGCG (the most abundant green tea polyphenol)
possesses anti-apoptotic, anti-inflammatory, and autoantigen-inhibitory properties. To investigate if
EGCG can protect against certain autoimmune-induced pathological changes in the salivary glands
of the non-obese diabetic (NOD) mouse model for SS-like symptoms, animals were provided with
either water or water containing 0.2% EGCG. At the age of 8, 16 and 22 weeks, samples were
collected for pathological and serological analysis. Massive lymphocyte infiltration was observed in
the salivary glands of the water-fed group at the age of 16 weeks, while the EGCG group showed
significantly reduced lymphocyte infiltration. By 22 weeks of age, animals fed with water
demonstrated elevated levels of apoptotic activity within the lymphocytic infiltrates, and high levels
of serum total anti-nuclear antibody, in comparison with the animals fed with EGCG. Remarkably,
proliferating cell nuclear antigen (PCNA) and Ki-67 levels in the salivary glands of NOD animals
fed with water were significantly elevated in comparison to BALB/c control mice; in contrast, PCNA
and Ki-67 levels in EGCG-fed NOD animals were similar to BALB/c controls. These results indicate
that EGCG is able to protect the NOD mouse submandibular glands from autoimmune-induced
inflammation, and reduces serum autoantibody levels. Abnormal proliferation, rather than apoptosis,
appears to be a characteristic of the NOD mouse gland that is normalized by EGCG. The evidence
suggests that EGCG could ultimately be used to delay or manage SS-like autoimmune disorders.
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Introduction

Autoimmune disorders, the third most common group of diseases in the United States, affect
about 8% of the population. The pathogenesis of SS, a relatively common autoimmune disease,
is poorly understood. Primary SS is characterized by inflammatory infiltration of the lacrimal
and salivary glands, leading to loss of secretory function and resulting ocular and oral health
problems. Environmental and genetic factors appear to contribute to the etiology (Bolstad and
Jonsson, 2002; Yamamoto, 2003; Sawalha et al., 2003). T-cell-mediated cytotoxicity and
autoantibodies are important in loss of gland function (Rehman, 2003; Manganelli and Fietta,
2003; Hayashi et al., 2003; Hayashi et al., 2004). Glandular epithelial cells also contribute to
the autoimmune process by secreting pro-inflammatory cytokines. The trigger(s) for the
autoimmune attack on exocrine cells are unknown. One mechanism may involve aberrant
expression and translocation of nuclear autoantigens onto the acinar cell membrane during
apoptosis, where they are exposed to antigen-presenting cells such as macrophages and
dendritic cells (Manganelli and Fietta, 2003; Cravens and Lipsky, 2002; van Woerkom,
2004). During apoptosis, autoantigens redistribute in acinar cells to form apoptotic bodies and
blebs, where autoantigen proteins, including SS-A/Ro, SS-B/La, Ku, PARP, fodrin, golgins
and NuMA, are clustered as subcellular structures. Structural changes in auto-antigens may
contribute to an altered configuration of the autoantigen cluster, leading to the autoimmune
response (Rosen and Casciola-Rosen, 2004). Therefore, acinar cells likely play a key role in
initiating and sustaining this autoimmune disorder.

The NOD mouse strains (e.g. NOD/Lt, NOD.B10-H2b, NOD-scid) comprise an important
model system that has provided clues to the cellular mechanisms involved in SS (Cha et al.,
2002;Jonsson et al., 2006). During the past two years, almost 50% of published animal studies
for SS used this model. It was originally used as a model for type | diabetes. However, the
NODI/Lt strain develops a lymphocytic infiltration of exocrine tissues at 10-12 weeks of age,
particularly in females, and progresses to a dramatic reduction in saliva secretion. It has been
suggested that early changes in glandular homeostasis involving apoptosis contribute to disease
progression (Humphreys-Beher et al., 1998). Data from studies in the NOD mouse and human
SS patients are consistent with a model for SS in which there is an initial phase during which
dysregulation of glandular homeostasis triggers the disease, followed by an immune cell-
mediated phase that leads to a loss of secretory function (Cha et al., 2002). Collectively, these
observations suggest that three potential strategies for ameliorating SS by directly targeting
the acinar cells could be selective inhibition of their apoptosis, autoantigen expression, and
production of pro-inflammatory cytokines.

Currently, there is no known cure for SS, nor is there knowledge for prevention or delay of
such disease. Treatment of the symptoms is generally relies on artificial lubricants as saliva or
tear substitutes (Baudouin et al., 2004). Recently, FDA-approved agents, such as pilocarpine
and cevimeline, are used as salivary stimulants to treat xerostomia (Fox, 2003; Cassolato and
Turnbull, 2003;Porter et al., 2003), as well as interferon y (IFN-y) (Khurshudian, 2003). It was
suggested that gene therapy might be one of the future treatments for primary SS by inducing
the growth and differentiation of glands (Fox, 2004). In addition, plant extracts and Chinese
traditional medicine had been recognized as an option to treat SS and/or xerostomia (Ohno et
al., 1990; Zhao et al., 1989). These naturally occurring phytochemicals may serve as an
alternative approach to treating SS-associated disorders. One group of compounds with
considerable potential is the green tea polyphenols (GTPs), which possess chemopreventive,
anti-apoptotic, and anti-inflammatory activities (Mukhtar and Ahmad, 2000, Sueoka et al.,
2001, Hsu and Dickinson, 2006). Previously, we showed that NOD mice fed with GTPs had
reduced lymphocytic infiltration of the submandibular gland 3 weeks after the onset of diabetes
(Hsu et al, 2007). GTPs are extracted from green tea leaves as a complex mixture of
polyphenolic compounds. Here, we sought to test if a purified GTP, EGCG, could modulate
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SS-like pathological symptoms in the NOD mouse, evaluate the time course of changes, and
determine its effects on apoptosis and cell proliferation.

Materials and Methods

Chemicals and Antibodies

Animals

EGCG (>95%) was purchased from Sigma-Aldrich (St. Louis, MO). Anti-human PCNA
(FL-261) and actin (1-19) goat polyclonal antibody were purchased from Santa Cruz
Biotechnology, Santa Cruz, CA. Anti-human Ki-67 antibody was purchased from Abcam Inc,
MA. The Mouse Anti-Nuclear Antibodies (ANA) ELISA Kit was purchased from Alpha
Diagnostic International, Inc. San Antonio, TX.

All animal protocols in this study were approved by the Institutional Animal Care and Use
Committee. A total of 72 NOD/ShiLtJ (001976, previously designated as NOD/tJ) mice were
purchased at the age of 3 weeks from Jackson Laboratory, MN. The animal were maintained
in a pathogen-free environment, housed at 5 mice/cage, and fed ad libitum. Two treatment
groups of 36 mice per group were randomly assigned. One group was fed with EGCG, the
other with water. EGCG exposure (0.1% w/v) was initiated at 4 weeks of age, and the
concentration increased to 0.2% w/v at the age of 8 weeks, when the animals reached
reproductive age. Water bottles for each cage were filled daily with freshly prepared EGCG-
water. The progress of diabetic autoimmune disease was determined by a test of urinary glucose
using glucotest strips (Glucotest, Boehringer Mannheim, Mannheim, Germany). Animals
testing positive for urinary glucose with this method were labeled as “disease positive” from
that day of testing. The body weight of each mouse was monitored and recorded. At the age
of week 8, 16 and 22, 12 animals from each treatment group were removed and euthanized by
COy, inhalation followed by thoracotomy. Blood was collected by cardiac puncture, and the
submandibular glands were collected and weighed. Each pair of salivary glands collected was
separated into two lobes (free from the sublingual gland). One lobe was fixed in 10% neutral-
buffered formalin and paraffin-embedded for pathological and immunohistochemistry
analysis. The opposite lobes were stored at —80° C for molecular analysis.

Determination of Serum Total Anti-Nuclear Antibodies

Serum samples were examined by ELISA assay for anti-SS-associated autoantibodies using
the Mouse Anti-Nuclear Antibodies (ANA) ELISA Kit (Alpha Diagnostic International, Inc.
San Antonio, TX) according to the manufacturer’s instructions, as previously described (Hsu
et al, 2007). Briefly, samples in triplicate were analyzed with blanks, positive and negative
controls in 96-well plates by ELISA reaction, photodetection using a VERSAmax Microplate
Reader at 450nm, and statistical analysis using two-tailed student t-test.

Histopathological Analysis

The protocol has been adapted using the recently published cumulative focus score (cFS)
criteria, for the assessment of salivary gland inflammatory infiltrates as a component of the
diagnosis of SS (Morbini, 2005). Five micron-thick (5 pm) serial sections were cut and stained
with hematoxylin and eosin (H&E) for histopathological evaluation. The inflammatory cell
infiltrate was determined by a standardized scoring system. The standardized system scores
the number of focal inflammatory cell aggregates containing 50 or more lymphocytes in each
4-mm? area of a salivary gland. The salivary gland lobules with prominent ductal dilation and/
or parenchyma atrophy are excluded from scoring, regardless of the pattern of inflammation,
as well as the areas of a gland showing extra vascular polymorphonuclear leukocytes. In
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addition, ducts of salivary glands exhibiting various histological changes such as metaplasia,
hyperplasia, thinning or oncocytic changes, are noted.

Once the glandular foci were identified, a quantitative analysis of the focal areas was performed
by using computer software (BIOQUANT NOVA PRIME 6.75, Bioguant Co., Nashville, TN,
U.S.A)). One hematoxylin and eosin (H&E) stained submandibular salivary gland section was
selected at random for each animal and images of areas containing foci were loaded into the
software. The areas of lymphocyte infiltration foci were captured individually and measured
quantitatively using relative density units. The numbers generated from this software represent
areas (in arbitrary units) occupied by lymphocytes in the salivary glands.

Immunohistochemical Analysis

Immunohistochemical staining was performed using a standard protocol with Histo-plus Kits
(ZYMED Laboratories, CA, U.S.A.) according to the manufacturer’s directions.
Deparaffinized sections were immersed in methanol containing 3% hydrogen peroxide for 20
min. The sections were incubated with anti PCNA polyclonal antibody (FL-261; Santa Cruz
Biotechnology, CA, U.S.A., diluted 1:100) overnight at 4°C or were incubated with anti-Ki-67
polyclonal antibody (Abcam Inc, MA, U.S.A. diluted 1:1500) for 1 hour at room temperature.
The sections were then incubated with the biotinylated secondary antibody for 10 min and
HRP-streptavidin for 10 min. Peroxidase staining was performed for 3~7 min using a solution
of DAB chromogen. The sections were counterstained with 0.5% methyl green.

At least 1000 cells were counted, and the percentage of cells showing positive nuclear staining
was designated as the lymphocytic index.

Apoptosis Analysis (TUNEL Assay)

Cells with nuclear DNA fragmentation were visualized by the TUNEL method using the
ApopTag Plus Peroxidase in situ apoptosis detection kit (Chemicon International, CA, U.S.A.)
according to the manufacturer’s directions. Briefly, after deparaffinization, endogenous
peroxidase activity was quenched with 3% hydrogen peroxide in PBS for 5 min at room
temperature. Then the sections were incubated with terminal deoxynucleotidyl-transferase
(TdT) enzyme in a moist chamber for 60 min at 37°C. Incubation with antidigoxigenin-
conjugate for 30 min at room temperature was conducted, followed by color development with
DAB substrate. Methyl green was used for counterstaining.

TUNEL indices (TI) were defined as the ratio of TUNEL-positive cells/total number of cells
counted (at least 1000 cells).

Statistical Analysis

For diabetic disease onset, logistic regression was used to examine the effect of EGCG. Terms
for group (EGCG vs. water), time (8 weeks, 16 weeks, 22 weeks), and the interaction between
group and time were considered for possible inclusion in the model using both backward
elimination and forward selection. Under backward elimination, both main effects and their
interaction were forced into the logistic regression model. Since an interaction should not be
included in a model unless both main effects are present, the interaction term was then tested
to determine if it should be dropped from the model by comparing the deviance for the saturated
model (consisting of both main effects and their interaction) with the deviance for the reduced
model (consisting of only the main effects). A non-significant test result indicated that the
interaction term should be dropped. If the interaction term was dropped, each main effect was
tested in turn to determine if either of them should be dropped. The process continued until no
terms could be dropped without significantly affecting the fit of the model. In the forward
selection process, each main effect term was added in turn, and the deviance for a model with
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one predictor was compared with the deviance for the model with no predictors. The process
continued until there were no additional significant effects to be added to the model. Every test
in both model-building procedures was based on a difference of deviances, all of which have
approximate 2 distributions with degrees of freedom corresponding to the difference in
degrees of freedom for the competing models. Each of these tests was performed at the 0.05
level of statistical significance.

For the lymphocytic infiltration area calculation, we compared the “water” and EGCG-treated
groups using statistical methods that take into account the fact that the number of lymphocytes
was measured three times by BIOQUANT software for each animal in each group. A separate
comparison of the groups was performed at each time point so that we could assess changes
over time in the differences between the groups in terms of number of lymphocytes.

For other assay results, ANOVA and two tailed student t-test were used to analyze the samples
with either SEM or SD presented in the results. Values with p<0.05 is considered statistically
significant between treatment groups.

Diabetic disease onset

We chose to give the animals EGCG by bottle-feeding ad libitum instead of other methods
such as gavage or injection, to avoid stress-induced autoimmune disease onset. Female NOD
mice develop diabetes beginning at week 12 of age (Jackson Laboratories, 2007 Diabetes
Incidence study data for Stock No. 001976). At 8 weeks of age, animals appeared normal
without signs of stress, weighing 17.8 to 23.2 grams. There was no urine glucose detected in
any animal group. At 16 weeks of age, 8 out of 12 animals in the water-fed group, and 3 out
of 12 animals in the EGCG-fed group, tested positive for urine glucose. Three EGCG-fed
animals lost weight, although they did not test positive for urine glucose. At 22 weeks of age,
only 3 of the 12 animals in the water-fed group remained negative for urine glucose, while 7
of the 12 EGCG-fed animals were negative (Fig 1A).

To calculate this set of data, the backward elimination procedure based on the likelihood ratio
(LR) test was applied to determine whether the group and time main effects and the interaction
between these two factors should be included in the model. The LR test for retaining the
interaction effect was not significant (x2 = 0.08, d.f. = 2, p = 0.961). Next, both the group and
time main effects were tested for elimination. The LR tests for retaining both main effects were
significant: group (2 = 29.29, d.f. = 2, p <0.001) and time (¥ = 7.06, d.f. = 1, p = 0.008). The
forward stepwise procedure produced similar results, indicating that “time” should be added
to the model first (x= = 27.28, d.f. = 2, p <0.001), followed by group (x* =7.06,d.f.=1,p=
0.008), and that the group by time interaction should not be added (32 = 0.08, d.f. =2, p =
0.961). Therefore, only the group and time main effects were included in the final logistic
regression model. The significant result for the time factor indicates that there was a significant
increase in the rate of onset of diabetes over the course of the study. The significant result for
the group factor indicates that there was a significant difference between the group treated with
EGCG and the group treated with water in terms of the rate of onset of diabetes, with the EGCG-
treated group having a significantly slower rate of onset.

In addition, an odds ratio method was used to assess the data. At 16 weeks of age, the odds for
the EGCG-fed mice to be disease-free is almost 6.1 more times than the water-fed mice; at 22
weeks of age, the odds for the EGCG-fed mice to be disease-free is about 4.2 more times
compared to the water-fed mice.
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The body weights in both groups were normal at 16 weeks of age. At 22 weeks of age, there
was no significant difference in body weight average between the groups (p>0.05). Within
both groups, 2 animals showed a significant decline (p<0.05) in body weight relative to the
rest of the group. These data show that EGCG in the water did not affect overall food
consumption or body weight.

Serum total anti-nuclear antibody level change

At 8 weeks of age, serum total anti-nuclear antibody levels in both groups were at background
(optical absorbance of >0.3 is considered positive for total autoantibodies). In the water-fed
group, by the age of 16 weeks total serum autoantibody levels were significantly elevated at
0.37£0.13 (p<0.05, two tailed t-test). By 22 weeks of age, serum total anti-nuclear antibody
levels were 0.424+0.09, but this value was not significantly different from the 16 week value
(p=0.33). In the EGCG-fed group, by 16 weeks of age, serum total anti-nuclear antibody levels
were also significantly increased to 0.34+0.09 (p<0.01). By 22 weeks of age, serum total anti-
nuclear antibody levels were 0.318+0.038, not significantly higher than that at 16 weeks of age
(p>0.46) (Fig. 1B). When the two groups are compared, at 22 weeks of age, the total serum
autoantibody level in the EGCG-fed group was significantly lower (p<0.005) than the level in
the water-fed group (Fig 1B). That is, EGCG reduced, but did not entirely prevent, the age-
dependent rise in total serum autoantibody levels in the NOD mouse.

Histomorphologic analysis

The morphology of the submandibular glands of EGCG-treated animals was compared to that
of water-fed (EGCG-negative) animals of 22 weeks of age. Gross, macroscopic evaluation
indicated a significant textual difference between the glands from EGCG and water-fed
animals. While glands from EGCG-treated animals exhibited a relatively firm and normal
tactile textual consistency on manual palpation immediately following dissection and prior to
fixation in formalin, glands from water-fed animals were distinctly soft in textual consistency.
Furthermore, histological examination of hematoxylene and eosin (H&E) stained section of
gland tissues from both animals under the light microscopic power (20X) showed a distinct
enlargement of the acinar and intercalated ducts of glands from the water-fed group compared
to glands from EGCG-fed animals (Fig 2A). Glands from water-fed animals also exhibited
significant interstitial fibrosis (Fig 2A, arrow). The markedly increased size of the glands from
water-fed animals reflects enhanced hypertrophy with or without accompanying hyperplasia.
For example, the brush borders of striated ducts of glands from the water-fed animal (2A)
appeared much denser than those of glands from EGCG-treated animals (2B).

Lymphocytic infiltration in the submandibular glands

At 8 weeks of age, one out of 12 animals in the water-fed group and three out of 12 in the
EGCG-fed group had small lymphocytic infiltrations. There was no statistical difference
between the groups in the areas of the lymphocytic infiltrations (999.77 + 3463.30 vs. 2896.56
+ 3716.60, p = 0.209, all results are given as Mean £ SD, ANOVA two-tailed t test). In the
water-fed group, by 16 weeks of age, the average area of lymphocytic infiltration had increased
dramatically to 49757.87 + 26407.40 (p<0.0001). By 22 weeks of age, the average area of
lymphocytic infiltration was not increased further (60599.66 + 40230.24; p>0.3). In the EGCG-
fed group, by 16 weeks of age, the average area of lymphocytic infiltration had increased to
28639.64 + 15613.84 (p<0.0001). By 22 weeks of age, the average area of lymphocytic
infiltration showed a further significant increase (51442.32 + 31730.66; p<0.003). Figure 2 are
representative photos from which the lymphocytic infiltrates were quantitatively measured by
BIOQUANT software.

When the two treatment groups are compared at 16 weeks of age, the average area of
lymphocytic infiltration in the EGCG-fed group was significantly lower (p=0.026). By the age
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of 22 weeks, there was not significant difference (p=0.599) (Fig 3). That is, EGCG delayed
(but did not prevent) the increase in lymphocytic infiltration of the NOD mouse submandibular
glands.

Apoptotic activity in the salivary glands

The apoptotic activity was determined by TUNEL staining of the salivary glands (Fig 4A) and
quantification (Fig 5A). At 8 weeks of age, apoptotic activity throughout the glandular
epithelium was very low in both treatment groups (water-fed 0.11%=+0.03; EGCG-fed 0.1%
+0.03). In the water-fed group, at the age of 16 weeks apoptotic activity in the glandular
epithelium was increased significantly to 0.15%20.18 (p<0.05). Within the lymphocytic
infiltrates, apoptotic activity was substantially higher than in the glandular epithelium (0.41%
+0.15, p<0.0001). By 22 weeks of age, apoptotic activity in the glandular epithelium was 0.35%
+0.11, a significant (p<0.0001) 2.3-fold increase over the 16 week value. Within the
lymphocytic infiltrates, apoptotic activity was more than 9-fold higher than in the glandular
epithelium (3.20%+1.10; p<0.0001), and nearly 8-fold higher than the 16 week lymphocytic
infiltrate value (p<0.0001).

In the EGCG-fed group, at the age of 16 weeks apoptotic activity in the glandular epithelium
was increased significantly to 0.18%0.12 (p<0.05). Within the lymphocytic infiltrates,
apoptotic activity was substantially higher than in the glandular epithelium (1.19%z+0.56,
p<0.0001). By 22 weeks of age, apoptotic activity in the glandular epithelium was 0.36%+0.34,
not statistically different than the 16 week value (p=0.11). Within the lymphocytic infiltrates,
apoptotic activity was 0.87%=0.26, only 2.4-fold higher than in the glandular epithelium
(p<0.003), and no different to the 16 week lymphocytic infiltrate value (p=0.13).

There is no significant difference between the two treatment groups in the levels of apoptotic
activity in the glandular epithelium at either 16 or 22 weeks of age (p>0.38). For comparison,
the level of apoptosis in BALB/c control mice at 22 weeks is 0.1%. However, significant
differences between the two groups were seen in apoptotic activity in the lymphocytic
infiltrates. At 16 weeks of age, apoptosis in the infiltrates in EGCG-fed mice was 2.9-fold
higher that in the water-fed group (p<0.001). However, at 22 weeks of age, the level in EGCG-
fed mice was unchanged, and 3.7-fold lower that in the water-fed group (p<0.0001). That is,
EGCG did not affect the modest levels of apoptosis in the glandular epithelium, but did affect
apoptosis in the infiltrates, initially raising levels, but blocking the considerable increase seen
at 22 weeks in water-fed mice (Fig 5A).

PCNA expression in the submandibular glands

In the water-fed group, PCNA immunostaining (Fig 4B) and quantification (Fig 5B)
demonstrated relatively low levels of positive cells in the glandular epithelium at 8 and 16
weeks of age (0.52%0.57 and 0.32%+0.80, respectively, p>0.5). However, by 22 weeks of
age, the number of PCNA-positive cells had increased by a remarkable 45-fold compared to
16 weeks of age (14.64%+8.86, p<0.0001). In the EGCG-fed group, PCNA levels were low
at 8 and 16 weeks of age (0.13%=0.08 and 0.20%z0.25, p>0.3). At 22 weeks, PCNA-positive
cells had increased to just 1.08%z1.24, only a 5-fold increase compared to 16 weeks of age
(p<0.03).

When the two groups are compared, even at the early age of 8 weeks, PCNA-positive cells in
the EGCG-fed group were 4-fold lower than the water-fed group (p=0.026). By 16 weeks of
age, PCNA levels were comparable between the groups. However, by 22 weeks of age, PCNA
nuclear staining in the water-fed group was more than 13-fold higher than in the EGCG-fed
group (p<0.0004) (Fig 4B and Fig 5B). In comparison, BALB/c mice at 22 weeks of age showed
similar PCNA expression (approximately 1%) to EGCG group.
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That is, in water-fed NOD mice, there is a dramatic rise in PCNA-positive cells between 16
and 22 weeks of age, and EGCG considerably reduces this rise and maintains levels comparable
to normal control mice. The vast majority of the PCNA-positive cells are localized to the ductal
epithelial cells (Fig. 6A). Of these positive cells, most show cytoplasmic staining, but a
significant minority show nuclear staining. Some ducts also showed PCNA immunostaining
in the lumen (Fig 6A).

Ki-67 expression in the submandibular glands

In the water-fed group, Ki-67 immunostaining (Fig 4C) and quantification (Fig 5C)
demonstrated relatively low levels of positive cells in the glandular epithelium at 8 and 16
weeks of age (0.41%+0.41, 0.07%+0.07). The level at 16 weeks of age was 5.8-fold lower than
at 8 weeks of age (p<0.02), possibly reflecting cessation of animal growth. However, by 22
weeks of age, the number of Ki-67-positive cells had increased by a dramatic 53-fold compared
to 16 weeks of age (3.71%+1.96, p<0.0001). In the EGCG-fed group, Ki-67 levels were also
low at 8 and 16 weeks of age (0.12%+0.18, 0.04%+0.05). As seen in the water-fed group, Ki-67
levels at 16 weeks of age were lower (3-fold) compared to 8 weeks of age, but this difference
is not statistically significant (p>0.16). At 22 weeks, Ki-67-positive cells had increased nearly
20-fold, to 0.78%z0.53 compared to 16 weeks of age (p=0.0001).

As seen in PCNA staining, when the two groups are compared, even at the early age of 8 weeks,
Ki-67-positive cells in the EGCG-fed group were 3.4-fold lower than the water-fed group
(p<0.04). Similarly by 16 weeks of age, Ki-67 levels were comparable between the groups
(p>0.3). However, by 22 weeks of age, Ki-67 nuclear staining in the water-fed group was nearly
5-fold higher than in the EGCG-fed group (p=0.0005) (Fig 4C and Fig 5C). In comparison,
BALB/c mice at 22 weeks of age showed similar Ki-67 expression (approximately 0.66%) to
the EGCG group.

That is, in NOD mice, Ki-67 levels behaved similarly to PCNA levels and were affected by
EGCG in the same way: in the water-fed group, there was a dramatic rise in Ki-67-positive
cells between 16 and 22 weeks of age, and EGCG reduces this increase and maintains levels
comparable to normal control mice. The proportion of Ki-67-positive cells at 22 weeks of age
in the water-fed group was almost a fourth of that of the PCNA-positive cells (3.71% vs.
14.64%). The vast majority of the Ki-67-positive cells are localized to the ductal epithelial
cells (Fig. 6B). No significant cytoplasmic staining was seen.

Discussion

It is interesting to notice that there is a differential autoimmune diabetic disease onset time
between water-fed and EGCG-fed groups. At week 16 of age, 67% of control mice developed
insulin-dependent diabetes, while only 25% of EGCG-fed mice developed insulin-dependent
diabetes (n=12). At week 22 of age, 78% of control mice became diabetic, while only 45% of
EGCG-fed animals developed insulin-dependent diabetes (n=9). EGCG significantly delayed
the onset of diabetes in the animals (Fig 1). This discovery is encouraging and warrants future
studies to determine the underlying mechanism.

We previously reported that green tea extract possesses inhibitory effects on lymphocytic
infiltration and serum autoantibody production in NOD mice 3 weeks post positive urinary
glucose detection (Hsu et al., 2007). The current study showed that EGCG, the most abundant
GTP, also has inhibitory effects in lymphocytic infiltration and serum autoantibody production
(Fig 1A, Fig 2 and Fig 3). These results indicate that the protective effects of GTPs are, at least
in part, contributed by the anti-inflammatory and anti-apoptotic properties of EGCG.

Life Sci. Author manuscript; available in PMC 2009 June 25.



1duosnuey Joyiny vd-HIN 1duosnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Gillespie et al.

Page 9

On the other hand, lymphocytic infiltration into the salivary glands is not always associated
with positive urinary glucose. Lymphocytic infiltration was detected as early as 8 weeks of age
in 17% of the animals (4 of out 24), at which time none of the animals were tested positive for
urinary glucose. This observation suggests that the autoimmune reaction that targets the
secretory glands was triggered at very early stage, prior to the reproductive age of these animals
(8 weeks old), resulting in the migration of lymphocytes into the submandibular glands, and
perhaps other secretary glands such as the lacrimal glands and pancreas.

Therefore, it is logical to separate the autoimmune disease progression in NOD mice to three
stages: disease triggering (early), disease advancing (midterm), and gland tissue destructing
(late). The role of EGCG appears to play in all three stages. EGCG could influence the onset
of autoimmune disease in NOD by modulating gene expressions and/or protein activities in
the acinar cells (perhaps other cell types too) of secretary glands, resulting in a weakened local
autoimmune manifestation and allowing the acinar cells to continue functioning for an
extended time. This protective effect led to a delayed onset of diabetes in the NOD mice
possibly due to EGCG’s presence in the pancreatic tissue, especially the islets of  cells. During
the disease advancing stage (week 8 through week 16 of age), the most visible symptom of the
autoimmune disease is the lymphocytic infiltration into the secretary glands and positive
urinary glucose, while the autoantibody production and apoptotic activity remained relatively
low in the salivary glands. At this stage, EGCG consumption was associated with significantly
reduced lymphocytic infiltration (Fig 3) and the number of animals with positive urinary
glucose (Fig 1A). This protective effect of EGCG during the disease advancing stage may be
attributed to the anti-inflammatory property of EGCG that is able to confine the lymphocytic
infiltration into the secretory glands, therefore reducing the lymphocytemediated dysfunction
of these glands.

However, the autoimmune-induced dysfunction of secretory glands appears not strongly
associated with acinar cell apoptosis, since at this disease advancing stage (week 16 of age),
acinar cell apoptosis, at least in the submandibular glands, is not significantly increased in any
group in comparison to the Balb/c strain (Fig 5A). Thus, we postulate that dysfunction of the
secretory glands is due to changes of cellular behavior, such as undifferentiation, proliferation,
and cell type conversion, rather than the direct result of lymphocyte-induced apoptosis.

Apoptotic activity in the salivary glands of NOD mice increased significantly at week 22 of
age, when the disease progression is in the tissue destruction stage and animal begin to lose
weight and die. At this stage, lymphocytic infiltration to the glands became more efficient,
overcame the protective effect of EGCG (Fig 3). Thus, the total lymphocytic-infiltrated areas
between water-fed and EGCG-fed groups were no longer statistically different, despite EGCG-
fed animals had a smaller average lymphocytic area in absolute Bioguant measurement (Fig 2
and Fig 3). On the other hand, EGCG significantly reduced the number of TUNEL-positive
cells in the glands (Fig 4A and Fig 5A), and maintained a relatively low autoantibody
production (Fig 1B) in comparison to the water-fed animals. It is apparent that increased
apoptotic activity in the glands is associated with elevated total serum autoantibody levels as
seen in the water-fed animals at week 16 of age. However, the relationship between apoptosis
and autoantibody production is still not clear. It is likely that elevated autoantibody levels
caused the increased number of apoptotic cells, and this increased apoptotic activity further
stimulated the autoantibody production by releasing more autoantigens into the circulation
system to form a feedback loop that eventually results in total dysfunction of the glands.

During this stage, a new observation was recorded: a significant high level of proliferating cells
in the gland. Both PCNA and Ki-67 immunostaining confirmed this phenomenon (Fig 4B, 4C,
Fig 5B, and 5C). These proliferation markers are significantly elevated in the salivary glands
of water-fed NOD mice in comparison to the Balb/c mouse glands. Interestingly, the EGCG-

Life Sci. Author manuscript; available in PMC 2009 June 25.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Gillespie et al.

Page 10

fed animals showed only moderate increase in PCNA and Ki-67 nuclear proliferation markers
(Fig 4B and 4C). Histological evaluation also suggest that the salivary glands from the water-
fed NOD mice exhibit enlarged acinar and duct structures, and signs of fibrosis (Fig 2A). It is
not clear why cell proliferation is associated with the final stage of autoimmune disease
progression. It could be explained as stem cell and/or fibroblasts proliferation to replace lost
cellsin the gland caused by autoimmune-induced cell death. It may also be explained that gland
cells are converted from terminally differentiated cells to proliferating cells that are less
differentiated. Under either circumstance, these cells have lost the secretory function. This may
explain that Sjogren’s syndrome-associated xerostomia is not always a consequence of
complete acinar cell loss (Jonsson et al. 2006).

Ki-67 is specific for proliferating cells, whereas PCNA is expressed during S phase and repair.
Many of the PCNA-positive cells showed cytoplasmic localization (Fig 6A). This would
account for the higher proportion of PCNA-positive cells as compared to Ki-67-positive cells
in the glands of 22 week old water-fed mice. Cytoplasmic localization of PCNA raises the
possibility of inappropriate intracellular trafficking. Consistent with this, some ducts showed
immunostaining for PCNA in the lumen, suggesting secretion. This could account, in part, for
PCNA being targeted as an autoantigen.

The current study indicates that the protective effects of EGCG at this stage were at multiple
scales. It maintains the total serum autoantibody production at moderate levels (Fig 1B);
inhibits the expression of PCNA and Ki-67 protein levels (Fig 4B, 4C, Fig 5B, and 5C); and
suppressed apoptotic activity in the glands (Fig 4A and Fig 5A). We previously reported that
EGCG significantly inhibited TNFa-induced apoptosis in human salivary gland acinar cells
in vitro (Hsu et al., 2007). This inhibitory effect on apoptosis could be due to modulation of
MAPK signal to interrupt an apoptotic signal (Hsu et al., 2007). On the other hand, inhibition
of cell proliferation by EGCG might be achieved by its pro-differentiation property previously
described (Hsu et al., 2003). Finally, the relatively low levels of serum total autoantibodies
could be resulted from EGCG’s inhibitory effect on autoantigen expression (Hsu et al.,
2005).

In conclusion, the most abundant green tea polyphenol EGCG significantly delayed the onset
of autoimmune diabetes, effectively protected the salivary gland cells from autoimmune-
induced damage at multiple levels. Systemically, EGCG consumption at 0.2% leads to a
moderate level of serum total autoantibodies, and resulted in a smaller number of animals
developed insulin-dependent diabetes. In the salivary glands, 0.2% EGCG consumption
reduced lymphocytic infiltration during the disease advancing stage, inhibited apoptotic
activity, and suppressed the expression of cell nuclear proliferation markers PCNA and Ki-67.
Taken together, oral consumption of EGCG could provide protective effects in the secretory
cells against autoimmune-induced damage, and sustain cellular function in the secretory glands
by preventing these highly differentiated cells from signals for proliferation and/or apoptosis.
However, the mechanisms for such multi-level protection by EGCG are still poorly understood,
which warrant further investigation in order to unveil the working mechanisms of this unique
phytochemical for human benefits.

List of abbreviations

GTPPs, green tea polyphenols; EGCG, (-)-epigallocatechin-3-gallate; ROS, reactive oxygen
species; NOD, non-obese diabetic.
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Figure 1.

A. Diabetes disease onset detected by urinary glucose test. There was no urine glucose
detected in any animal group at the age of 8 weeks. At 16 weeks of age, 8 animals in the water-
fed group tested positive for urine glucose; 3 animals in the EGCG-fed group were positive.
At 22 weeks of age, only 3 out of 12 animals in the water-fed group were negative for urine
glucose, while 7 out of 12 in the EGCG-fed animals were negative. B. Total serum anti-
nuclear antibody determination by ELISA. Serum total anti-nuclear antibody concentration
in each NOD mouse was measured by the Mouse Anti-Nuclear Antibodies (ANA) ELISA Kit
at the age of 8 (n=12), 16 (n=10) and 22 weeks (n=9). Values of each bar represent absorption
measurements for each group. Y-error bars represent SEM. At the age of 22 weeks, serum total
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anti-nuclear antibody levels are significantly lower in EGCG-fed animals than water-fed
animals (two-tailed student t-test analysis, p<0.005).
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Figure 2.

Representative H&E stained submandibular gland sections of water-fed (left) and
EGCG-fed (right) NOD mice (20X). Histological examination of hematoxylene and eosin
(H&E) stained section of gland tissues from water-fed and EGCG-fed animal groups at 22
weeks of age demonstrates a distinct enlargement of the acinar and intercalated ducts of glands
from the water-fed group (A) compared to glands from EGCG-fed animals (B). Glands from
water-fed animals also exhibited significant interstitial fibrosis (arrow). White lines encircle
the areas of lymphocytic infiltration measured by BIOQUANT NOVA PRIME 6.75 software.
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Figure 3.

22 weeks

Average focal areas of submandibular gland lymphocyte infiltration in NOD mice at
different age. Animals were fed either with EGCG/water or water only. At the age of 8 (n=36),
16 (n=36) and 22 weeks (n=27), submandibular glands were dissected, processed and stained
by H&E. Three randomly selected areas of lymphocytic infiltrates were measured in each gland
as relative density units generated by BIOQUANT NOVA PRIME 6.75 software, representing
area sizes. Error bars are standard error of means (SEM). Results were analyzed by the two-
tailed t-test analysis. * At 16 weeks of age, the average lymphocytic infiltrated area in EGCG-

fed animals is significantly lower that in water-fed animals (p=0.026).
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Figure 4.
A. Representative TUNEL staining of submandibular glands from BALB/c, water-fed,

and EGCG-fed NOD mice at 22 weeks of age (magnification 10X). Submandibular salivary
gland samples from BALB/c (left), water-fed (middle), and EGCG-fed (right) NOD mice were
stained with ApopTag Plus Peroxidase in situ apoptosis detection method according to the
manufacturer’s instructions. Red arrows point to the nuclear staining of TUNEL-positive cells.
B. Representative PCNA immunostaining of submandibular glands from BALB/c, water-
fed, and EGCG-fed NOD mice at 22 weeks of age (magnification 10X). Submandibular
salivary gland samples from BALB/c (left), water-fed (middle), and EGCG-fed (right) NOD
mice were immunostained with the anti-PCNA antibody. Red arrows point to the nuclear
staining of PCNA-positive cells. C. Representative Ki-67 immunostaining of
submandibular glands of BALB/c, water-fed, and EGCG-fed NOD mice at 22 weeks of
age (magnification 40X). Submandibular salivary gland samples from BALB/c (left), water-
fed (middle), and EGCG-fed (right) NOD mice were immunostained with the anti-Ki-67
antibody. Arrows point to the nuclear staining of Ki-67-positive cells.
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Figure 5.

A. Percentage of TUNEL-positive cells in the submandibular gland epithelium of water-
fed and EGCG-fed NOD mice at 8, 16, and 22 weeks of age. Solid bars represent the average
percentage of TUNEL-positive cells in the submandibular gland of water-fed NOD mice. Open
bars represent the average of TUNEL-positive cells in the submandibular gland of EGCG-fed
NOD mice. B. Percentage of PCNA-positive cells in the submandibular gland epithelium
of water-fed and EGCG-fed NOD mice at 8, 16, and 22 weeks of age. Solid bars represent
the average percentage of PCNA-positive cells in the submandibular gland of water-fed NOD
mice. Open bars represent the average of PCNA-positive cells in the submandibular gland of
EGCG-fed NOD mice. C. Percentage of Ki-67-positive cells in the submandibular gland
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epithelium of water-fed and EGCG-fed NOD mice at 8, 16, and 22 weeks of age. Solid
bars represent the average of Ki-67-positive cells in the submandibular gland of water-fed NOD
mice. Open bars represent the average of Ki-67-positive cells in the submandibular gland of
EGCG-fed NOD mice. * Statistical difference was found between the two treatment groups.
y-error bars represent SD.
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Figure 6.
PCNA and Ki-67 expression in glandular epithelium of 22 week old water-fed animals

(magnification 40X). A. PCNA immunostaining.Solid arrows point to representative nuclear
staining of ductal cells; open arrows to areas of cytoplasmic staining; red arrows to PCNA
immunostaining in the lumen of some ducts. B. Ki-67 immunostaining. Solid arrows point
to representative nuclear staining of ductal cells.
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