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Abstract

In an effort to search for novel therapeutics for adenomyosis, we sought to determine whether treatment with epigallocatechin-3-
gallate (EGCG) would suppress the myometrial infiltration, improve pain behavior, lower stress level, and reduce uterine
contractility in a mice model of adenomyosis. Adenomyosis was induced in 28 female ICR mice neonatally dosed with tamoxifen,
while another 12 (group C) were dosed with solvent only, which served as a blank control. Starting from 4 weeks after birth, hot
plate test was administrated to all mice every 4 weeks. At the |16th week, all mice induced with adenomyosis were randomly
divided into 3 groups: low-dose EGCG (5 mg/kg), high-dose EGCG (50 mg/kg), and untreated. Group C received no treatment.
After 3 weeks of treatment, the hot plate test was administered again, a blood sample was taken to measure the plasma corti-
costerone level by enzyme-linked immunosorbent assay, and then all mice were sacrificed. The depth of myometrial infiltration
and uterine contractility were also evaluated. We found that the induction of adenomyosis resulted in progressive generalized
hyperalgesia, along with elevated amplitude and frequency of uterine contractions as well as elevated plasma corticosterone levels.
The EGCG treatment dose dependently suppressed myometrial infiltration, improved generalized hyperalgesia, reduced uterine
contractility, and lowered plasma corticosterone levels. These results suggest that induced adenomyosis causes pain and elevates
stress levels in mice. Uterine hyperactivity may contribute to dysmenorrhea in women with adenomyosis who might also have
elevated stress level due to pain. The EGCG appears to be a promising compound for treating adenomyosis.
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of the mechanisms underlying adenomyosis-caused pain is still
woefully inadequate. As a result, treatment of adenomyosis has
been a challenge,'® with hysterectomy being the treatment of
choice for severe adenomyosis.

Using a simple mouse model of adenomyosis pioneered by
Parrott et al,'""'> we have previously shown that treatment
with valproic acid, a histone deacetylase inhibitor, is effica-
cious in improving generalized hyperalgesia resulting from
induced adenomyosis in mice."® In addition, treatment with
levo-tetrahydropalmatine  (/-THP), an analgesia, and

Introduction

Epigallocatechin-3-gallate (EGCG), a flavonoid, is the major
catechin found in green tea,' a popular beverage around the
world, which has been shown to possess many desirable
properties such as antioxidative, antimitotic, antiangiogenic, and
tumor-suppressive activities.>> In endometriosis, it has been
reported that EGCG suppresses estrogen-stimulated activation,
proliferation, and vascular endothelial growth factor expression
of endometrial cells in vitro and induces regression of the
endometriotic lesions.* EGCG has also been shown to suppress
the angiogenesis-signaling pathway and inhibit neovasculariza-

tion and the growth of experimental endometriosis in mice.””’
Adenomyosis, once called endometriosis interna, is a fairly
common gynecologic disorder with a poorly understood
pathogenesis® as endometriosis. Remarkably, it shares many
similarities with endometriosis in terms of estrogen dependency,
progesterone resistance, symptomology, and many molecular
aberrations.” Similar to endometriosis, our current knowledge
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andrographolide, a nuclear factor kB (NF-«xB) inhibitor, can
retard myometrial infiltration, reduce uterine contractility, and
alleviate generalized hyperalgesia in mice induced with
adenomyosis.’

Our previous studies clearly demonstrate that induced
adenomyosis results in hyperalgesia in mice,”'® similar to what
we found in women with endometriosis.'* Pain is a physical
stressor.'> Since adenomyosis-induced pain is a chronic stres-
sor, it may result in elevated physiological arousal that is often
associated with the release of stress hormones such as cortisol
or, in rodents, corticosterone (CORT). However, to our best
knowledge, there is no report regarding whether induced
adenomyosis in rodents can result in elevated CORT levels
in conjunction with generalized hyperalgesia.

In an effort to search for a novel therapeutic for adenomyosis,
we sought to determine whether EGCG has any therapeutic
potential in a mice model of adenomyosis. Besides its desirable
antiangiogenic activity as demonstrated in cancer and endome-
triosis, we were interested in EGCG for some other important
reasons. We have previously shown that progesterone receptor
isoform B (PR-B) is hypermethylated in adenomyosis, which
leads to PR-B silencing and possibly accounts for progesterone
resistance, and, as such, histone deacetylase inhibitors and
demethylation agents may be useful in reactivating PR-B and
suppressing proliferation of ectopic endometrial tissues.'® In
addition, we have recently shown aberrant immunoreactivity to
DNA methyl transferase (DNMT)-1 and DNMT-3B and also to
class I histone deacetylases (HDACs) in adenomyosis.''® The
EGCG has been shown to suppress DNMTs and decrease HDAC
activity, resulting in the reactivation of methylation-silenced
genes.'>?® Thus, it is likely that EGCG might also reactivate
PR-B inadenomyosis, resulting in PR-B reactivation and possibly
diminished progesterone resistance. Moreover, EGCG is reported
to attenuate acute stress responses through gamma-aminobutyric
acid (GABA )ergic system in the brain.?! Hence, it is possible that
EGCG may attenuate stress levels in adenomyosis. Finally, it is
reported that EGCG evokes a phasic contraction in smooth
muscle cells,? raising the possibility that EGCG may attenuate
adenomyosis-induced uterine hyperactivity. These considera-
tions suggest that EGCG might be an excellent drug candidate.

We hypothesize that EGCG can suppress the myometrial
infiltration, reduce hyperalgesia, and reduce uterine contracti-
lity in mice induced with adenomyosis. This study was
undertaken to test these hypothesis. In addition, we also address
the question as to whether the induced adenomyosis would
result in elevated stress levels as measured by plasma CORT
in conjunction with reduced latency to noxious thermal
stimulus and whether EGCG can lower this stress level.

Methods and Materials

Chemicals

The EGCG was purchased from Sigma-Aldrich (St Louis,
Missouri). It was dissolved in 0.9% saline for intraperitoneal
administration. Tamoxifen citrate was purchased from Fudan

Forward Pharmaceutical Company (Shanghai, China). All other
chemicals were also purchased from Sigma unless otherwise
stated.

Animals and Treatments

Four pregnant ICR mice with a gestational age of 15 to 16 days
were purchased from Shanghai Laboratory Animal Corporation
(Shanghai, China), and each of them was housed in a single cage
during the rest of the gestation period and the ensuing birth and
nursing period. The sex of the pups (1 day after birth) was deter-
mined, and the female pups were selected for use in this study.
The same litter of pups and the dam were housed in the same cage
until weaned. All mice were housed in an animal care facility
under controlled conditions (20°C, 12:12 light—dark cycle with
lights on at 6:00 am) and had free access to chow and fresh water.

Following Parrott et al,'""'? and as reported previously,”'?
adenomyosis was induced by orally dosing female neonatal
mice with 1 mg/kg tamoxifen suspended in peanut oil/
lecithin/condensed milk mixture (2:0.2:3, by volume) at a dose
volume of 5 pL/g body weight from day 2 to day 5 after birth.
Female control neonatal mice, selected randomly, were
similarly fed with the same amount of solvent, without tamox-
ifen. When these female mice reached 3 weeks of age, they
were weaned and separated from the dams.

All experiments were performed under the guidelines of the
National Research Council’s Guide for the Care and Use of
Laboratory Animals® and approved by the institutional experi-
mental animals review board of Shanghai OB/GYN Hospital,
Fudan University.

Experimental Protocol

A total of 28 female neonatal pups were orally dosed with
tamoxifen from day 2 to day 5 after birth, while another 12
were dosed in similar fashion with the solvent only (control
group [group C]). Starting from 4 weeks after birth, hot plate
test was administered to all mice every 4 weeks, as described
previously.”'? At the 16th week after birth, all mice dosed with
tamoxifen were randomly divided into 3 groups of roughly
equal size, each group receiving a different treatment by daily
intraperitoneal administration for 3 weeks: group L (n = 9)
received a low-dose (5 mg/kg body weight) EGCG treatment;
group H (n = 10) received a high-dose (50 mg/kg body weight)
EGCG treatment; and group U (n = 9), the untreated group,
received the vehicle only. The mice in group C received no
treatment at all and served as a blank control. The EGCG
dosages were determined based on a previous study of its use
to treat endometriosis’ and on each mouse’s body weight
measured every day before EGCG administration.

After the 3-week-long treatment period (at the 19th week),
the final hot plate test was administered to all the mice with
or without induced adenomyosis, after measuring body weight.
Then, after taking 0.5 mL blood directly from each mouse
(taken between 9:00 hours and 15:00 hours of the day), they
were sacrificed by perfusing the heart with formalin. For each
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Figure I. Schematic illustration of the experiment design of this study. Untreated: mice that received no treatment; Lo-dose EGCG: mice
treated with 5 mg/kg EGCG (low dose); Hi-dose EGCG: mice treated with 50 mg/kg EGCG (high dose). See text on experiment protocol for

more details. EGCG indicates epigallocatechin-3-gallate.

mouse, both uterine horns were harvested and the uterine
weight was recorded. The left uterine horn was used for uterine
contractility measurement (described below), and the right one
was fixed in 4% paraformaldehyde immediately after
collection and then embedded in paraffin. The brains of all
mice were harvested and analyzed (to be reported elsewhere).
The experimental design is shown schematically in Figure 1.

We evaluated the depth of myometrial infiltration of ectopic
endometrium following the criteria of Bird et al,?* as reported
previously.” Briefly, grade 1 was defined as the penetration of
the ectopic endometrium into superficial myometrium; grade 2,
the penetration into mid-myometrium; and grade 3, the
penetration beyond mid-myometrium. For ease of statistical
analysis, grade 0 was recorded when there was a complete
absence of any ectopic endometrium in the myometrium.

For histological examination, serial 4-um sections were
obtained from each paraffin-embedded tissue block, and then
3 randomly selected sections were chosen for hematoxylin and
eosin staining to confirm pathologic diagnosis, as described
previously.”!* If endometrial glands and stroma were seen to
be infiltrated into the myometrium, adenomyosis was diagnosed.

Contractility Measurement

Uterine contractility was measured (described below) as
described previously,”'* with slight modification. The left uterine
horn was dissected of deciduas and serosa in Ringer solution and
then trimmed into uterine strips of approximately 2 x 2 x 10 mm
in size and then the strips were bathed in Kreb solution consisting
of 118 mmol/L of NaCl, 25 mmol/L of NaHCO3, 1.2 mmol/L of

KH,POy,, 4.7 mmol/L of KCI, 1.2 mmol/L of MgSO,4-7H,0, 2.5
mmol/L of CaCl,, and 11.5 mmol/L of glucose.25

The contractile activity was recorded by ML845 PowerLab 4/
25 Data Recording System (AD instruments, Sydney, Australia),
as reported previously.” Briefly, the uterine strips were incubated
in an organ bath chamber (CW-3 Smooth Muscle Chamber,
Shanghai Jide Experimental Apparatus Factory, Shanghai,
China) filled with 20 mL of Kreb solution. The solution was
maintained at 37°C and pH 7.4 at all time and was gassed con-
tinuously with a mixture of 95% O, and 5% CO,. For measure-
ment, one end of the uterine strip was tied to a Perspex holder
and the other was tied under 1-g resting tension. All uterine strips
were allowed to equilibrate for at least 1 hour during which the
bathing solution was changed every 20 minutes. After the equi-
libration period, the spontaneous contractions were recorded for
10 minutes by Chart 5.0 software in the form of sinusoid-like
wave, as described by Calixto and Yunes, with a sampling rate
of 2 Hz.***" Both the mean amplitude and the mean frequency
of the contraction were calculated for each mouse.

Measurement of Plasma CORT Level by ELISA

The corticosterone ELISA kit was purchased from Abcam
(Hong Kong, China). The CORT measurement was performed
following the manufacture’s instruction. Briefly, the harvested
blood sample was collected in sterile tubes containing liquid
EDTA, which were kept in cold ice. The samples were centri-
fuged at 2000g for 10 minutes and then the supernatant liquid
(plasma) was harvested and stored at —20°C until use. The
absorbance was read immediately on a microplate reader
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Figure 2. Box plots of body weight measured at different time points among different groups of mice. A, Body weight measured at the end of week 4
after birth; (B) body weight measured at the end of week 8 after birth; (C) body weight measured at the end of week 12 after birth; (D) body weight
measured at the end of week |6 after birth or right before the drug treatment (Tx); (E) body weight measured at the end of the 3-week long drug
treatment; (F) change in body weight between before and after treatment. The dashed line in each figure represents the median of all mice. CTL indi-
cates mice without adenomyosis; UNT, mice induced with adenomyosis but received no treatment; LE, mice induced with adenomyosis that received
low-dose EGCG treatment; HE, mice with induced adenomyosis that received high-dose EGCG treatment; EGCG, epigallocatechin-3-gallate.
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Figure 3. Box plot of uterine weight at the end of 3-week-long epigallocatechin-3-gallate (EGCG) treatment among different groups of mice.
The dashed line represents the median of all mice. The group labels were the same as in Figure 2.

(Thermo Scientific Multiskan MK3, Waltham, Massachusetts)
at a wavelength of 450 nm. Then the mean optical density was
converted into concentration. Each sample was evaluated in
triplicate. The coefficient of variation was all less than 5%. The
R? of the standard curve of the assay was greater than .98.

Statistical Analysis

Box plot was used to provide a graphic summary of the distri-
bution and dispersion of the quantities of interest. In each box
plot, the bottom and the top of the box represent the lower and
the upper quartiles, respectively, and the band near the middle
of the box represents the median, and the ends of the whiskers
represent the smallest and the largest nonoutlier observations.
Data points outside of the 2 whiskers are typically considered
outliers. Comparison of the distributions among 2 or more
groups of continuous variables was made using the Wilcoxon
and Kruskal-Wallis tests, respectively, and the paired
Wilcoxon test was used when the before—after comparison was
made for the same group of mice. Pearson or Spearman rank
correlation coefficient was used when evaluating correlations
between 2 variables when both variables were continuous or
when at least 1 variable was ordinal. To see whether EGCG
treatment and other possible factors were responsible for the
change in hot plate latency before and after the treatment, a
multiple linear regression model was used.

To determine correlates of depth of myometrial infiltration,
we used the Cox regression model for the discrete or grouped
survival time data. This model assumes, implicitly, that the
data were ordered categorically, with an implicit underlying
order (scale of severity) in the data,*® with 4 categories or states
corresponding to grades 0, I, II, and III infiltration.

P values of less than .05 were considered statistically signif-
icant. All computations were made with R statistics software
system version 2.15.2.%°

Results

Consistent with Parrott et al'"*'? and as previously reported,”'?
we found that adenomyosis was successfully induced in all
(100%) mice dosed with tamoxifen but none in undosed mice.
The EGCG was well tolerated, as no mice in group L or H died,
nor did we find anything unusual.

Treatment Effect on Body and Uterine Weight

We found that the induction of adenomyosis resulted in signif-
icantly reduced body weight at 1, 2, 3, and 4 months after the
induction when compared with those mice without the induc-
tion (P = .020, P = .006, P = .010, and P = .002, respectively;
Figure 2A-D). There was a significant difference in body
weight among the 4 groups of mice at the end of the experiment
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Figure 4. Box plot of the depth of myometrial infiltration among different groups of mice. The group labels were the same as in Figure 2.

(P =4.6 x 10”7; Figure 2E). We also performed a multiple lin-
ear regression analysis and found that both the induction of
adenomyosis and the EGCG treatment were associated with a
decrease in body weight (P = 1.8 x 10~ and P = .002, respec-
tively; R* = .70). Using the change in body weight before and
after the treatment as a dependent variable and the body weight
before treatment, the induction of adenomyosis, and dose of
EGCQG as covariates, we found that all 3 covariates were signif-
icantly and negatively associated with the change in body
weight (regression coefficient f = —0.599, P = .006; B =
—4.869,P=1.6 x 107°; B = —0.062, P = .002, respectively;
R* = .60; Figure 2F).

We found that there is a significant difference in uterine
weight among the 4 groups of mice (P = 8.8 x 10~/; Figure 3).
Using the uterine weight as a dependent variable and the body
weight after treatment, the induction of adenomyosis, and dose
of EGCG as covariates, we found, via a linear multiple regres-
sion, that both the body weight and the induction of adenomyo-
sis were significantly and positively associated with the uterine
weight (P = 7.8 x 10 %and P = .001, respectively; R? = 74,
Figure 3), and the EGCG dose was significantly and negatively
associated with the uterine weight (P = .0001). Similar results
were obtained when using the ratio of the uterine weight and
the body weight (data not shown).

Treatment Effect on the Depth of Myometrial Infiltration

We evaluated the effect of drug treatment on the depth of
myometrial infiltration and found that, compared with untreated

mice, mice treated with either low-dose or high-dose EGCG had
significantly less infiltration (P = 7.5 x 10—, Kruskal test; Fig-
ure 4). Mice treated with high-dose EGCG appeared to have less
infiltration than those that received low-dose EGCG, as seen in
Figure 4. The median depth in untreated, low-dose, and the high-
dose groups was 3, 1, and 0, respectively, and the depth in low-
dose and high-dose groups was significantly lower than that in
the untreated group (P = .0016 and P = .00014, respectively).
The Cox regression analysis suggested that EGCG treatment sig-
nificantly and dose dependently reduced the depth of myometrial
infiltration (regression coefficient B = 0.039, P = 0.0002).

Effect of Treatment on the Thermal Response Latency

Four weeks after birth, there was a significant difference in hot
plate latency (P = .011; Figure 5A). In fact, the induction of
adenomyosis was significantly associated with reduced latency
(P = .0015). At the end of the eighth week after birth, the
difference in hot plate latency amount in the 4 groups of mice
became more pronounced (P = 1.3 x 107°; Figure 5B), with
the mice induced with adenomyosis having reduced latency
(P = 7.7 x 1077). In mice with induced adenomyosis, the
reduction in hot plate latency was statistically significant
when compared with that evaluated a month ago (P = 1.4 x
10~7; Figure 6). At 12 and 16 weeks after birth, the mice with
induced adenomyosis had progressively reduced hot plate
latency (P = 7.6 x 1077, and P=7.7 x 1077, respectively;
Figure 5C and D). Compared with the latency evaluated 4
weeks earlier, the latency evaluated at weeks 12 and 16 was
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Figure 5. Hot plate latency in different treatment groups. A, Hot plate latency at 4th week (month |); (B) hot plate latency at 8th week (month
2); (C) hot plate latency at |2th week (month 3); (D) hot plate latency before treatment (month 4); (E) hot plate latency after 3-week treatment.
F, Change in hot plate latency before—after treatment in different groups. The dashed line in each figure represents the median of all mice. The
group labels were the same as in Figure 2.
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significantly decreased (both P values were P = 7.5 x 107%).In
contrast, within the 3 groups of mice induced with adenomyo-
sis, no significant difference in latency was found at weeks 4, 8,
12, and 16 (P values ranged from .388 to .655).

After treatment with EGCG, however, the hot plate latency in
treated mice was significantly improved in a dose-dependent fashion
(P = 4.7 x 107° Figures 5E, 6). This can be seen more clearly by
plotting the before—after treatment difference in latency (Figure SF),
in which there was virtually little change for mice in group C, a fur-
ther decrease in group U, but a steep increase, in a dose-dependent
manner, in groups L and H mice (Figure 5F). Regressing the differ-
ence on before-treatment latency, dose of EGCG, and the presence
or absence of adenomyosis, we found that the before-treatment
latency and the dose were both significantly associated with the
change in latency (P = .013 and P = 6.9 x 10~°, respectively).

Treatment Effect on Plasma Level of CORT

We found that there is a significant difference in plasma CORT
levels among the 4 groups of mice (P = 1.2 x 10~°; Figure 7A).
In particular, the untreated mice had a significantly elevated
CORT levels when compared with mice without adenomyosis
(P = .00014; Figure 7A). We also found that the CORT levels
correlated negatively with the hot plate latency (r = —.89, P
= 2.4 x 107" Figure 7B). A multiple linear regression using
the log-transformed CORT level (for improved normality) as
dependent variable and the presence of adenomyosis, EGCG
dose, after-treatment hot plate latency, and the depth of

myometrial infiltration as covariates indicated that the presence
of adenomyosis was positively associated with the CORT level
(P = .00018), while the EGCG dose and the latency were both
negatively associated with the CORT levels (P = .043 and P =
8.7 x 1077, respectively; R* = .79). The mean CORT level in
group H was similar to that of group C (P = .093), but that in
group L was still lower than that of group U but higher than
group C (P = .0002 and P = .006, respectively).

Treatment Effect on Uterine Contractility

We found that different treatment groups had quite different
contractile waveforms (Figure 8A). There was a significant
difference in contractile amplitude among different treatment
groups (P = 6.3 x 107°; Figure 8B). In particular, untreated
mice had a significantly higher amplitude when compared with
the mice without adenomyosis (P = 6.8 x 10~°). The contrac-
tile amplitude was found to correlate positively with the uterine
versus body weight ratio (r = .75, P = 1.9 x 107% or r = .78,
P = 3.8 x 107°, if the amplitude was log-transformed;
Figure 8C). Regressing the amplitude (log-transformed to
enhance normality) on the ratio, the EGCG dose and the
presence of adenomyosis indicated that both the uterine versus
body weight ratio and the induction of adenomyosis were
significantly and positively associated with the amplitude
(P =4.7 x 107" and P = .022, respectively; R> = .66).
Similarly, there was a significant difference in the frequency
of uterine contractility after drug treatment (P = .022;
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indicates control group; U, untreated group; e, low-dose EGCG group; E, high-dose EGCG group. EGCG indicates epigallocatechin-3-gallate.

Figure 8D). The untreated mice had a significantly higher fre-
quency when compared with the mice without adenomyosis (P
= .005). The contractile frequency (log transformed) was
found to correlate positively with the uterine versus body
weight ratio (r = .52, P = .0007). Regressing the frequency
(log transformed) on the ratio, the EGCG dose and the presence
of adenomyosis indicated that both the uterine versus body
weight ratio and the induction of adenomyosis were signifi-
cantly and positively associated with the contractile frequency
(P = .0005 and P = .019, respectively; R* = .33).

Factors Associated With the Uterine Weight and Uterine
Contractility

Based on multiple linear regression analysis using body weight,
depth of myometrial infiltration, presence of adenomyosis, and
EGCG treatment dose as covariates, we found that the depth
of myometrial infiltration was positively associated with the
uterine weight (P = 6.7 x 10", while the presence of adeno-
myosis and the EGCG treatment dosage were negatively

associated with the (log transformed) uterine weight (P = 6.5
x 107 and P = .0044, respectively; R* = .89).

For contractile amplitude, the multiple linear regression incor-
porating uterine weight, body weight, depth of myometrial infiltra-
tion, presence of adenomyosis, and EGCG treatment dose as
covariates yielded the presence of adenomyosis (P = .022), uterine
weight (P = .041), body weight (P = .011), and the depth of infil-
tration (P = .046) as covariates that were positively associated
with the contractile amplitude (R* = .85, P = 6.4 x 10~'%).

For contractile frequency, we found, through multiple linear
regression analysis, that only the presence of adenomyosis
(P = .0065) and the uterine weight (P = .0008) were positively
associated with the contractile frequency (R* = 31, P = .0011).

Determinants of Hot Plate Latency After Treatment

We carried out a multiple linear regression analysis to identify
factors that potentially determine the change in thermal
response latency before and after drug treatment using the
pretreatment latency, EGCG dosage (= 0 if untreated), depth
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Figure 8. A, Representative waveforms of uterine contraction in different groups: blank control group (BLK), high-dose EGCG group (hi-dose),
low-dose EGCG group (lo-dose), and untreated group (Untr’d). One side of each small square represents | second in time. B, Box plot of the
amplitude of uterine contractility among different groups of mice. C, Scatter plot of uterine contractile amplitude versus the uterine weight—
body weight ratio. Each alphabet represents one data point, and the abbreviation is the same as in Figure 7. D, Box plot of the frequency of
uterine contractility among different groups of mice. The group labels are the same as in Figure 2. EGCG indicates epigallocatechin-3-gallate.

of myometrial infiltration (grade = 0 if no adenomyosis),
uterine weight versus body weight ratio, amplitude, and fre-
quency of uterine contraction as covariates. We found that the
pretreatment latency (P = 2.2 x 10~ '?), uterine weight versus
body weight ratio (P = .0122), contractile amplitude (P = 4.3
x 107°), and the depth of myometrial infiltration were all
negatively associated with the change in before—after hot plate
latency (R? = .95, P<2.2 x 107'%).

Factors Associated With the Depth of Myometrial
Infiltration of Endometrial Tissues

Using a Cox regression model, we found that EGCG treatment
is associated with reduced depth of myometrial infiltration,

while the presence of adenomyosis is associated with
increased infiltration depth (all P values <0.0002).

Discussion

Besides the confirmation of our previous report that induced
adenomyosis in mice results in progressive generalized hyperal-
gesia along with elevated amplitude of uterine contractility,”"?
this study also demonstrates that (1) the induction of adenomyo-
sis causes elevated plasma CORT levels that correlate negatively
with the hot plate latency; (2) treatment with EGCG dose depen-
dently suppresses myometrial infiltration, improves generalized
hyperalgesia, and reduces the amplitude of uterine contraction;
(3) the after-treatment level of generalized hyperalgesia,
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presumably correlated with the severity of adenomyosis-induced
pain, may be determined by the pretreatment pain level, depth of
myometrial infiltration, the uterine versus body weight ratio, and
uterine contractile amplitude.

It has been reported that women with endometriosis com-
plain of a high level of stress due to the negative impact of the dis-
ease on quality of life, work, relationship, and fertility.>**! In
addition, compared to women with nonendometriosis-associated
pain, women with endometriosis complain higher levels of stress
and negative impact on daily activities.>> Consistent with this
observation, higher serum cortisol levels are reported in infertile
women with stage III to IV endometriosis than in healthy
women,>® although another study reported lower salivary
cortisol levels in women with endometriosis when compared to
controls, even though those women with endometriosis reported
a high level of perceived stress.**

The CORT is a glucocorticoid secreted by the cortex of the
adrenal gland in response to the stimulation by adrenocorticotropic
hormone. In rodents, CORT is a major indicator of stress. The ele-
vated plasma CORT in mice with induced adenomyosis when
compared with mice without is indicative of stress most likely due
to adenomyosis-induced pain and/or hyperalgesia. This seems to
be plausible, since the plasma CORT levels correlated negatively
with the hot plate latency (» = —.89), which is a measure of hyper-
algesia. This is also consistent with the results from animal models
of pain that pain markedly activates the hypothalamo—pituitary—
adrenal (HPA) axis with increased plasma corticosterone
release.*® Alternatively, the proinflammatory milieu of the ectopic
endometrium may also stimulate CORT synthesis and action, as
the levels of corticotropin-releasing factor (CRF) are reported to
be increased in endometriotic biopsies in humans.*® In addition,
overexpression  of  11B-hydroxysteroid  dehydrogenase
(HSD11B1), which synthesizes cortisol, and the downregulation
of the gene coding for cortisol-degrading HSD11B2 enzyme are
recently reported in endometriotic tissues.’’

Whatever the cause be, the elevated plasma CORT resulting
from adenomyosis found in our study appears to be consistent
with numerous reports that chronic pain conditions such as rheu-
matoid arthritis represent a strong stressor for the afflicted
patients and are associated with profound HPA axis dysfunction,
which may in turn exacerbate symptoms of chronic pain.*® It is
also consistent with the findings in animals that acute and
chronic pain models result in HPA axis activation’ that is accom-
plished by the secretion of corticotrophin-releasing hormone and
arginine vasopressin from the paraventricular nucleus of the
hypothalamus.>

However, high sustained levels of glucocorticoids are dele-
terious and known to cause subsequent structural and func-
tional changes in the hippocampus.***? Indeed, hippocampal
abnormalities have been reported in an animal model with
chronic pain that is shown to predict the behavioral manifesta-
ton of anxiety and reduced extinction of contextual aversive
conditioning.** Although glucocorticoids are classically known
to have anti-inflammatory and immunosuppressive properties,
CORT administrated prior to a subsequent immune challenge
would actually potentiate the proinflammatory response.**

Chronic stress may also exacerbate pain.*>**® Therefore, our
finding of elevated systemic CORT levels in mice with adeno-
myosis, coupled with the recent report that preinduction stress
exacerbates endometriosis,*’ raises the possibility that stress
and adenomyosis may be mutually facilitative or promotional,
perpetuating adenomyosis-induced pain. This is quite plausible
biologically, since the inflammatory response resulting from
adenomyosis or other diseases is modulated in part by a
bidirectional communication between the brain and the
immune systems.*® Future studies are needed to verify the
existence of such a cross-talk.

Conceivably, the reduced depth of myometrial infiltration of
endometrial tissues in mice treated with EGCG may be due to
the antioxidative, antimitotic, and antiangiogenic activity of
EGCQG, as reported previously. The reduced immunoreactivity
to NF-kB and cyclooxygenase 2 (COX-2; Chen et al,
unpublished data) in EGCG-treated, but not in untreated, mice
lends support for this view. The upregulation of PR-B in
EGCG-treated, but not in untreated, mice (Chen et al, unpub-
lished data) may also be responsible.

Evidence is emerging that uterine hyperactivity, mediated,
perhaps mostly, by oxytocin receptor (OTR) in adenomyosis
may be responsible for adenomyosis-associated dysmenor-
rhea.* Tt is well documented that uterine contractility of the
junctional zone in the nonpregnant uterus is oxytocin
dependent.”® The OTR overexpression may result in uterine
hyperperistalsis or dysperistalsis. In the presence of inflamma-
tion and other pain mediators, the hypersensitivity or hyperal-
gesia in the uterus resulting from elevated nerve fiber density or
hyperinnervation®' and central sensitization may transduce
dysperistalsis as pain or dysmenorrhea. In addition, oxytocin,
mediated by OTR, is involved in the release of prostaglandin
(PG) E,, (PGE,,) from endometrial cells.’>>* The increased
production of PGE,,, which is known be to a coactivator of
nociceptors and a pain mediator, can further increase PGE, and
its own production in an autocrine/paracrine manner’* and,
together with PGE,, can upregulate COX-2,%° which, in turn,
further increases PGE,, causing dysmenorrhea in adenomyosis.
Thus, by suppression of NF-kB activation and OTR and
COX-2 expression, EGCG can reduce PGs production, uterine
hyperactivity, and, consequently, pain.

Our finding of elevated amplitude of uterine contractions in
mice with adenomyosis is consistent with our previously
published data that OTR is overexpressed in adenomyosis,’®
data from other groups,””*® and our previous study in the same
mouse models of adenomyosis.” It is also consistent with our
recent report showing increased amplitude, but not frequency,
of OTR-mediated uterine contractility in women with adeno-
myosis.*” The presence of adenomyosis, in conjunction with
the activation of NF-kB,>® may lead to increased production
of proinflammatory cytokines and elevated COX-2 expression,
resulting in increased production of PGs. The increased PGs
production may ultimately lead to uterine hyperactivity.

In summary, this study further confirms our previous report
that the induction of adenomyosis in mice results in progressive
hypersensitivity to noxious stimulus, along with elevated
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amplitude of uterine contraction. Our study also demonstrates
that adenomyosis causes elevated systemic CORT levels,
suggesting increased stress. In addition, treatment with EGCG
is efficacious in suppression of myometrial infiltration,
improving generalized hyperalgesia and reducing the ampli-
tude of uterine contraction and systemic CORT levels. These
results show that uterine hyperactivity, in the form of increased
contractile amplitude, may be one cause for dysmenorrhea in
women with adenomyosis. Finally, EGCG seems to be a
promising compound for treating adenomyosis, especially in
view of their attractive side effect and cost profiles. Caution,
however, should be exercised, since a successful therapeutic
for animals cannot ensure an efficacious therapeutic for
humans. Indeed, all compounds shown promising results in
preclinical efficacy studies of adenomyosis so far have not
made it to the bedside.®” The EGCG is also known to be
unstable and have a poor bioavailability.®! In this regard, it is
shown that an EGCG prodrug appears to be promising.®?
Further research of translational nature is clearly warranted.
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