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Background: Adenomyosis, defined as the invasion of endometrial glands and stroma into the myometrium, is a common
gynecological disorder. In the present study we report on the effect of leonurine on ICR mice with adenomyo-
sis induced by neonatal tamoxifen.

Material/Method: After being treated with tamoxifen for 4, 8, and 12 weeks, we assessed body weight and pain modulation in
mice in hotplate tests. The mice were divided into 5 groups: a low-dose leonurine treatment group, a high-

dose leonurine treatment group, a valproic acid (VPA) treatment group, a vehicle only treatment group, and a

blank control group. We evaluated body weight, pain modulation in hotplate tests, and the depth of myome-

trial infiltration. Immunoreactivity staining of progesterone receptor (PR), nuclear factor-xB phosphorylated-

p65 (p-p65), cyclooxygenase-2 (COX-2), and oxytocin receptor (OTR) was evaluated by immunohistochemistry.

Results: The measurement of the body weight, myometrial infiltration, and pain modulation showed that neonatal
tamoxifen treatment led to adenomyosis. Leonurine treatment appeared to decrease hyperalgesia and myo-

metrial infiltration. Immunoreactivity staining showed decreased p-p65, COX-2, and OTR protein expressions.

Conclusions: Our results indicate that leonurine attenuates hyperalgesia in mice with induced adenomyosis via down-regu-
lating expressions of p-P65, COX-2, and OTR, and could be beneficial for treating adenomyosis.
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Background

Adenomyosis is fairly prevalent in multiparous premenopaus-
al women ages 35-50 years [1,2]. Hysterectomy is the defini-
tive treatment for adenomyosis in severe cases. Conservative
treatment is important for patients who desire to preserve fer-
tility. The traditional medical therapy of adenomyosis is mainly
based on hormonal dependency, including GnRH-a, oral contra-
ceptives, testosterone derivatives, progestin [3], and nonste-
roidal anti-inflammatory drugs. However, hormonal treatment
has some disadvantages, including adverse effects, relapse af-
ter withdrawal, short course, and lesion survival after medica-
tion [4,5]. Since no currently available medical treatment is gen-
erally effective, further drug development studies are needed.

Patients with adenomyosis more frequently present dysmenor-
rhea as a chronic pelvic pain. Leonurine is an alkaloid typically
found in the plant Leonuri herba, which has been used to treat
dysmenorrhea for hundreds of years in China. Furthermore,
the molecular bases of hyperalgesia in patients with adeno-
myosis are complicated and not well understood. PRs are syn-
thesized in the endometrial stromal, which are responsible for
proliferation and remodeling of the endometrium. Altered ex-
pression of PR-A and PR-B was reported in endometriosis pa-
tients with eutopic endometrium [6]. Another study suggest-
ed that glutamate decarboxylase 65 (GAD65)-mediated GABA
synthesis play a partial role in hyperalgesia through regulation
of histone deacetylase (HDAC) [7,8]. COX-2, known to be a tar-
get of nonsteroidal drugs, was reported to be involved in hy-
peralgesia induced by streptozotocin [9,10]. Previous evidence
also indicated that OTR and transient receptor potential vanil-
loid type 1 (TRPV1) might be involved in dysmenorrhea [11].

In this study, we focused on the effect of leonurine on treat-
ing ICR mice with induced adenomyosis. We hypothesized that
leonurine would reduce hyperalgesia and suppress the myo-
metrial infiltration of ectopic endometrium in mice. Our previ-
ous study demonstrated that VPA, a histone deacetylase inhib-
itor, could resolve dysmenorrhea and consequently reduce the
uterus size [12], and was used as a positive indicator in this
experiment. To illuminate the molecular basis, the protein ex-
pressions of PR, p-p65, COX-2, and OTR in mice were assessed.

Material and Methods

Chemicals

Leonurine and VPA (valproic acid sodium salt, P4543) were
purchased from Sigma-Aldrich (St. Louis, MO). All the drugs
were dissolved in 2% DMSO in 0.1 mol-L-1 Na2504 (pH
5.0). Tamoxifen citrate was purchased from Fudan Forward
Pharmaceutical Company (Shanghai, China).
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Animals and treatments

We purchased 35 newborn (day 1 after birth) female ICR
mice and the mother mice from Shanghai Laboratory Animal
Corporation (Shanghai, China). Each mouse was housed in its
own cage under controlled conditions (20°C, 12: 12 light/dark
cycle with lights on at 6: 00 am, and free access to food and
fresh water). All experiments were performed under the guide-
lines of the National Research Council’s Guide for the Care and
Use of Laboratory Animals and approved by the Institutional
Experimental Animal Review Board of Shanghai Obstetrics and
Gynecology Hospital, Shanghai College of Medicine, Fudan
University.

All mice were randomly divided into 5 groups. Following the
methods of Parrott [13], 4 groups of female neonatal mice were
orally dosed with 1 mg/kg tamoxifen suspended in a 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, and the untreat-
ed group received no treatment as a blank control. At 4 weeks
of age, all the female neonatal mice were weaned and sepa-
rated from their mothers. The body weight, hotplate, and tail-
flick tests were evaluated every 4 weeks. At 16 weeks of age,
4 groups of mice received daily treatment for 3 weeks: Group
1 received a low-dose (30 mg/kg body weight) leonurine treat-
ment; Group 2 received a high-dose (60 mg/kg body weight)
leonurine treatment; Group 3 received VPA treatment (10 mg/
kg body weight); and Group 4 received the vehicle (2% DMSO
in 0.1 mol-L-1 Na2504 adjusted to pH5.0) only and served as
a control. Body weights were assessed and hotplate tests were
performed before and after drug treatment.

Hotplate test

The hotplate test is a standard method for measuring nocicep-
tion in rodents. It is a well-known test that is suitable for use
in studying reiteration leading to a modification of response
latencies. The test was performed using a Hot Plate Analgesia
Meter (BME-480, Institute of Biomedical Engineering, Chinese
Academy of Medical Sciences, Tianjin, China) consisting of a
25x25 c¢cm metal plate. The temperature set at 55.0+0.1°C. A
plastic cylinder (18 cm high x20 cm diameter) was placed on
the hotplate. The time interval (in seconds) between place-
ment and the licking of its hind paws was measured as the
latency to respond to thermal stimulus. Each mouse was test-
ed once per session.

Histological examination of myometrial infiltration

The depth of myometrial infiltration of ectopic endometrium
was determined following the criteria of Bird [12]. For histo-
logical examination, serial 4-mm sections were obtained from
each paraffin-embedded tissue block, with 3 randomly selected
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Figure 1. Light microscopy of uterus of control group and tamoxifen-treated group. (A) Endometrium from an untreated mouse
showed endometrial lumen lined by columnar cells with well-defined layers of endometrial stroma and smooth muscle.
(B) and (C€) Untreated mice showed adenomyosis with endometrial glands penetrating deeply into myometrium (red arrows).

H-E: original magnification: x200.

sections were chosen for HE staining. If endometrial glands
and stroma were found in myometrium, the diagnosis of ad-
enomyosis was made.

Immunohistochemistry analysis

Routine deparaffinization and rehydration procedures were
performed. The primary antibody against target antigens were:
rabbit polyclonal antibody against PR (SC-539; Santa Cruz,
CA; 1: 50), p-p65 (3037; Cell Signaling Technology, Boston,
MA; 1: 50), rabbit monoclonal antibody against COX-2 (4212-
1; Epitomics, San Francisco, CA; 1: 100) and OTR (251676;
Abbiotec, CA; 1: 100). The slides were heated at 98°C in an
EDTA buffer (pH 9.0) for 30 min and cooled at room temper-
ature. Sections were incubated overnight with the respective
antibody at 4°C. The slides were subsequently incubated with
the biotinylated secondary antibody, Supervision TM Universal
(anti-rabbit) Detection Reagent (HRP) (GK500705, Shanghai
Gene Tech Company, Shanghai, China), at room temperature
for 30 min. Finally, the tissue sections were counterstained
with hematoxylin and mounted.

A series of 5 random fields of 1 section were examined under a
microscope (Olympus BX51, Olympus, Tokyo, Japan) equipped
with a digital camera (Olympus DP70, Olympus, Tokyo, Japan).
Immunohistochemical parameters evaluated in the area were:
(i) integrated optical density (I0D), (ii) total stained area (S),
and (iii) mean optical density (MOD) defined as MOD=I0D/S,
equivalent to the intensity of staining in all positive cells.
Immunoreactivity staining was quantitatively characterized
using Image Pro-Plus 6.0 (Media Cybernetics, Inc., USA).

Statistical analysis

The results are expressed as means + standard deviation (SD)
from at least 3 independent experiments. The paired sam-
ple t test was used to analyze before-after comparison using
SPSS 13.0 statistical software. The Kruskal-Wallis test was per-
formed to investigate multiple comparisons of ranked data.
Measurement data were compared with LSD method of anal-
ysis of variance among multiple groups. Pearson’s correlation
coefficient was used to determine the correlation between
myometrial infiltration depth and treatment. Significance was
set as p<0.05.

Results

Induction of adenomyosis in mice and pathological
findings

No mice died during this experiment. The H-E staining indi-
cated that adenomyosis occurred in all tamoxifen-treated fe-
male neonatal mice. As shown in Figure 1, a well-demarcated
endometrium could be clearly seen in sample A, which was
surrounded by regular layers of smooth muscles and connec-
tive tissue. Invasions of endometrial glands into the myome-
trium were discovered in samples B and C.

Effect on body weight following drug treatment

The body weight of all the mice at 4, 8, 12, 16, and 19 weeks
were evaluated. Neonatal dosing with tamoxifen resulted in a
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Figure 2. (A) The average body weight of groups. (B) Assessment of the depth of myometrial infiltration in groups. (C) Hotplate latency
in untreated group (control) and tamoxifen-treated group. (D) Hotplate latency of multiple groups. UT — untreated;
CT - control; LL — low-dose leonurine; HL — high-dose leonurine.

consist weight loss in mice compared to untreated mice. Dosing
for 3 weeks with high- and low-dose leonurine and VPA caused
weight loss compared to the control group at week 19, but the
difference was not significant. High- and low-dose leonurine
and VPA treatment caused weight loss compared to the un-
treated group, but the difference was not significant (Figure 2A).

Infiltration of myometrium followed by drug treatment

The effect of drug treatment on the myometrial infiltration
was assessed by the infiltration depth scores. The boxplot in
Figure 2B shows that dosing with neonatal tamoxifen result-
ed in significantly higher infiltration depth score than in un-
treated mice (p<0.05). High- and low-dose leonurine and VPA
treatment reduced the infiltration of myometrium induced by
tamoxifen, but the difference was not significant (Figure 2B).
There was a negative correlation between dosing with leon-
urine and myometrial infiltration (r=—-0.735, p<0.05).

Hotplate response latency

To identify the thermal pain modulation in mice, the hotplate
test was conducted by evaluating the response to thermal

stimuli (Figure 2C, 2D). Hotplate response latency of the mice
dosed with tamoxifen significantly decreased in a general and
long-term way (p<0.05). The latency of pro-treat mice at 19 w
appeared to decrease significantly (p<0.05), compared to pre-
treat mice at 16 w. Treatment with high- and low-dose leon-
urine and VPA significantly (p<0.05) prolonged the response
latency compared to the control group.

Expressions of PR, p-p65, COX-2, and OTR proteins
affected by drug treatment

Tissue-specific regulation of PR, p-p65, COX-2, and OTR pro-
teins in the uterus was determined by immunohistochemistry
as described (Figure 3). A significant decline was shown in PR
protein levels in HL, LL, VPA, and CT groups, compared to the
UT group (p<0.05). There was no difference between the drug-
treated group and the CT group (p>0.05). An obvious elevation
of p-P65, COX-2, and OTR protein levels was shown in the CT
group compared with the UT group (p< 0.05). Treatment with
high- and low-dose leonurine and VPA resulted in decreased
p-P65 expression compared to the CT group, but the differ-
ence was not significant. High-dose leonurine and VPA treat-
ment significantly decreased the expression of COX-2 compared
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Figure 3. Expression levels of PR, p-p65, COX-2, and OTR proteins as affected by drug treatment. IHC was performed for the protein

level assays.

to the UT group (p<0.05). Expression of OTR was significant-
ly up-regulated in the CT group compared to the UT group
(p<0.05). Treatment with high-dose leonurine and VPA signif-
icantly down-regulated the OTR expression compared to the
CT group (p<0.05).

Discussion

Adenomyosis is a common gynecological disorder in patients
with postmenopausal breast cancer who were treated with the
selective estrogen receptor modulator (SERM) tamoxifen [14].
In the present study, hyperalgesia was induced by dosing with
tamoxifen in neonatal ICR mice sensitive to xenobiotic es-
trogens. Pathological examination of uterine tissues showed
myometrial infiltration. Continuous weight loss in tamoxifen-
induced mice was observed, but the change was not signifi-
cantly different compared to untreated mice. We also found
thermal hyperalgesia in tamoxifen-induced mice, as shown by
a reduction of hotplate response latency. Only 50% of patients
with adenomyosis who receive hormonal treatments or sur-
gery have pain relief [15]. Therefore, further studies on novel
and effective therapies are needed.

Previously, we reported that VPA, a histone deacetylase inhibi-
tor, suppressed proliferation of adenomyosis stromal cells [16].
Leonurine is a well-known Chinese traditional medicine for
treating dysmenorrhea. Here, we showed the effect of leon-
urine in treating mice with adenomyosis. We demonstrated
that drug treatment with leonurine and VPA caused a weight
loss in mice, but the change was not significant. The patholo-
gy findings identified that leonurine and VPA partially inhibit-
ed the penetration of endometrial glands into the myometri-
um. The results of hotplate testing showed that treatment with
leonurine and VPA prolonged the response latency to thermal
stimuli, suggesting that leonurine protects against hyperalgesia.

However, the mechanism responsible for alleviating pain in
mice with adenomyosis of leonurine is not readily appar-
ent. It was proved that leonurine exerted beneficial effects
in treating osteoclast-related diseases or acute kidney inju-
ry through inhibiting NF-xB signaling [17,18]. P65 is the most
common form of NF-kB, which has been implicated in inflam-
mation and tumorigenesis. Also, NF-kB regulates the synthe-
sis of COX-2. In this study, we found a lower expression of PR
and elevated expressions of p-p65, COX-2, and OTR. We con-
firmed that leonurine played a role in suppressing phosphory-
lation of P65 and expression of COX-2 and OTR. The data from
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our immunohistochemical evaluation suggested that leonurine
attenuates generalized hyperalgesia in mice through regulat-
ing the protein levels of p-p65, COX-2, and OTR.

Conclusions

Taken together, these findings suggest that leonurine could
be an attractive agent for improving generalized hyperalge-
sia. This study is the first to provide evidence that leonurine
can prevent hyperalgesia and myometrial infiltration, and elu-
cidates the mechanism involved.
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