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Abstract
Background: Adenomyosis is a benign gynecological disorder but has detrimental effect on female
fertility of childbearing age. Melatonin is a classic antioxidant and free radical scavenger to protect
against tissue damage, and exerts important roles in reproductive systems. The effects of melatonin on
endometrial development in adenomyosis remain unclear. This study aimed to explore the function of
melatonin on endometrial development in adenomyosis mice and its possible mechanisms.

Methods: Inducing an adenomyosis mouse model by oral administration of tamoxifen. 0, 10, 20, 30, 50
mg/kg body weight melatonin were then respectively injected to investigate the effect of melatonin on
implantation rates. Quantitative real time polymerase chain reaction (qRT-PCR), western blotting and
immunohistochemistry were used to determine the expression of endometrial receptivity markers in
endometrium during implantation window. Endometrial mRNA expressions of implantation-associated
oxidative stress-correlated and apoptosis-related genes were analyzed by qRT-PCR. Western blotting was
used to explore the mechanism of protective effect of melatonin on endometrial development.

Results: 30mg/kg melatonin injection signi�cantly improved the number of implantation sites in an
adenomyosis model mice. Adenomyosis adversely effected the development of mouse uterine
development and impaired endometrial receptivity. Melatonin administration ameliorated hyper-
in�ammation state of the endometrium, improved antioxidant capacity and depressed apoptosis
of endometrial cells induced by adenomyosis to reduce reproductive damage by suppressing the NF-κB
signaling pathway.

Conclusion: Melatonin treatment ameliorates impaired endometrial development and endometrial
receptivity of adenomyosis mice by improving the microenvironment of endometrium via NF-κB signaling
pathway. The current study suggests the potential e�cacy of melatonin based adenomyosis therapy.

Background
Adenomyosis, characterized by the presence of heterotopic endometrial glands and stroma in the
myometrium, is extremely common in women of reproductive age, with an estimated prevalence of 38–
64%[1]. Though it is a benign clinically condition but demonstrates a progressive and recurrent nature[2].
Adenomyosis also shows mysterious characteristics with adverse implications on women fertility and
associated with lifelong infertility, which is identi�ed in 27–79% of infertile women [3]. It negatively
affects pregnancy and the live birth rate, as well as increases the risk of miscarriage. Compared with
controls, adenomyosis patients had a 43% reduction in the odds ratio (OR) for clinical pregnancy [4]. Two
recent meta-analysis[5, 6] concluded that adenomyosis is associated with a 30% decrease in the
likelihood of pregnancy, with clinical pregnancy rates signi�cantly reduced in in vitro
fertilization/intracytoplasmic sperm injection as compared with those in control subjects (40.5% vs.
49.8%). Although the exact mechanisms by which adenomyosis may limit fertility remain elusive,
alterations in endometrial receptivity have been suggested as one of the most important causes [7, 8].
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Abnormal endometrial molecular expressions in adenomyosis have been thought to impair implantation
and early embryo development. In�ammation processes such as interleukin-1β(IL-1b), tumor necrosis
factor-α(TNF-α)[9, 10] and natural killer cells, macrophages[11] and a spectrum of cytoines[12] taking
place within the eutopic endometrium induce cellular and biochemical alterations. Molecular markers
associated with endometrial receptivity, homeobox A10/11 (Hox-A10 /11) gene and leukemia inhibitory
factor (LIF) expression decreased in both mice models[13] and in the secretory phase endometrium of
women with adenomyosis[14], whose dysregulation decrease down stream factors in�uencing
endometrial receptivity by repressing target genes β3-integrin[15].

Melatonin (N-acetyl-5-methoxytryptamine) is a circadian hormone produced primarily by the pineal gland
and acts as an anti-in�ammatory agent, a powerful free radical scavenger, antioxidant, potential immune-
regulator, and regulator of the circadian rhythm[16]. It is capable of suppressing the production of pro-
in�ammatory cytokines, including TNF-α and IL-1β, mainly by blocking nuclear factor kappaB(NF-κB)
signaling[17]. Evidence suggests that melatonin and the reproductive system are interrelated under both
physiological and pathological conditions[18]. Moreover, melatonin can optimize maternal, placental and
fetal physiology[19], which is involved in the maintenance of uterine homeostasis through regulation of
numerous pathways associated with uterine receptivity and gestation, and improves uterine physiological
processes, such as decidualization and implantation[20]. Additionally, melatonin receptors (MR1A and
MR1B) are localized in the glandular epithelial cells of the endometrium[21].Melatonin and its
receptor(MT1)-mediate the anti-proliferative effects in the rat uterus[22], with other animal study showing
that exogenous melatonin treatment can improve mouse embryo implantation and litter size [23]. These
�ndings implicate melatonin may be useful for the infertility of adenomyosis. Consequently, a better
understanding of the effects of melatonin on adenomyosis is needed.

Considering that the abnormal environment of endometrium in adenomyosis and the role of melatonin in
female reproduction, we conducted a series of experiments to determine whether melatonin in�uences
embryo implantation and endometrial receptivity in adenomyotic mice and further investigated its
mechanism of action. To the best of our knowledge, this is the �rst study to evaluate the function
relationship between melatonin and adenomyosis.

Materials And Methods

Animal Model
Female neonatal CD-1 mice (1.8-2.0g; 13 pregnant mice were provided by Beijing Vital River Laboratory
Animal Technology Co., Ltd., Beijing, China) were orally dosed on days 2 through 5 after birth(birth day
was set as day 1) with 2.7 µmol/kg tamoxifen (Shanghai Fudan Forward Science & Technology Co., Ltd,
Shanghai, China) suspended in a peanut oil/lecithin/condensed milk mixture (2:0.2:3,v/v) at a dose
volume of 5 µL/g body weight [13]. All mice were housed under controlled conditions of temperature (22–
26°C) and light (12-/12-h light/dark cycle) with ad libitum access to food and water. After 75 days,
tamoxifen-treated mice were randomly divided into �ve groups: Group I, adenomyosis model group; Group
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II, melatonin 5 mg/kg body weight (Me 10); Group III, melatonin 10 mg/kg body weight (Me 20); Group IV,
melatonin 15 mg/kg body weight (Me 30); and Group V, melatonin 25 mg/kg body weight (Me 50).
Melatonin (Sigma-Aldrich, St. Louis, MO, USA) was dissolved in a small volume (0.02 mL) of absolute
ethanol and diluted in 0.9%NaCl to a �nal concentration of 1 mg/ml. Mice from Groups II, III, IV, and V
were intraperitoneally (i.p.) injected with melatonin every 12h at various doses (5, 10, 15 and 25 mg/kg
body weight) for 4 weeks. Mice in the control group and adenomyosis model group received vehicle
treatment of melatonin (NaCl + Ethanol). During days 110-125, all mice were mated with male mice from
19:00 to 07:00 and then checked for the presence of a vaginal plug at 08:00-9:00 the following day. The
vaginal plug day was de�ned as gestation day 0.5. The animals were killed by cervical dislocation at day
8.5 for implantation site count. The optimal concentration of melatonin was determined by the number of
implantation sites and used for the subsequent study. In a second experiment, another group of female
mice received the same treatments described, after which the animals were euthanized at gestation day
4.5 (implantation window) of pregnancy, the uterus were removed for morphometric and endometrial
receptivity analyses, and the oviducts were collected for blastocyst retrieval. Flow chart of the
experiments can be seen in supplementFigure. All animal experiments were approved by the Ethics
committee of the Tong-ji University (No. TJBG01321101) and complied with international guidelines for
the care and use of laboratory animals.  

Uterine Section and Morphometric Analysis
Uterine tissues from the experimental mice were harvested at night on day 4.5. Approximately 4/5
fractions of the uterus were used for collecting endometrial tissues, immediately dropped into liquid
nitrogen, and stored at -80℃ for subsequent gene and protein analyses. Another 1/5 fraction of the
uterine tissues were formalin-�xed and para�n-embedded and cut into routine 5-µm-thick sections using
a microtome for hematoxylin and eosin (H&E) staining and immunohistochemical(IHC) analysis. Images
were observed under a Motic EasyScanner (Motic China Group Co., Ltd., Xiamen, China) and
photographed. Six sections from each uterus were analyzed, and morphometric parameters were
measured using Image Pro-Plus software (v.6.0; Media Cybernetics, Silver Spring, MD, USA). The interface
between the myometrial and endometrial layers (P1) and the inner luminal surface area (P2) were traced,
and the latter was subtracted from the former as the endometrial area (EA). The endometrial thickness
index (ETI) was used to determine the thickness of endometrium, which was calculated using the formula
[24, 25]:

Two investigators independently completed the measurement on different occasions.
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RNA Extraction and Quantitative Reverse Transcription
Polymerase Chain Reaction (qRT-PCR)
 Total RNA was extracted using the TRIzol reagent (Invitrogen, Carlsbad, CA, USA). After the measurement
of RNA concentration and quality, RNA was reverse transcribed to cDNA using PrimeScript RT reagent Kit
(TaKaRa Bio, Shiga, Japan) according to manufacturer’s  instructions. The primers were designed and
purchased from Sangon Biotechnology (Shanghai,China). qRT-PCR was performed using the TB Green
Premix Ex Taq kit (TaKaRa Bio) and the Applied Biosystems 7500 Fast Real-Time PCR System (Thermo
Fisher Scienti�c, Waltham, MA, USA) according to manufacturer’s instructions. We detected expression
levels of glyceraldehyde 3-phosphate dehydrogenase (Gapdh), Lif, integrin-β3, Hoxa10, Hoxa11, estrogen
receptor α(Era), progesterone receptor α(Pra),P53,glutathione Peroxidase1(Gpx1), super Oxide
Dismutase(Sod1), B-cell lymphoma-2(Bcl-2), and Bcl-2-associated X protein(Bax). PCR conditions
included 10µL TB Green, 0.4µL Dye II, 0.8µL forward and reverse primers, 2µL template, and ddH2O to a
total volume of 20µL. The procedure was as follows: 95°C for 30s, followed by 40 cycles of 95°C for 5 s
and 60°C for 34 s, a melting curve from 60 to 95°C with incremental increases of 0.5°C every 5 s. GAPDH
was used an the standard control, and primer sequences are listed in Table1. Relative quanti�cation of
gene expression was performed using the 2-△△CT method. 

Western blot
Approximately 20mg of mouse endometrium was ground (Cebo Biotechnology, Shanghai, China) and
 lysed using radioimmunoprecipitation assay lysis buffer (Beyotime Biotechnology, Jiangsu, China) with
a protease inhibitor cocktail (Thermo Fisher Scienti�c) on ice for 30 min. Protein concentrations were
determined using a BCA protein assay kit (Thermo Fisher Scienti�c). Equal amounts of total protein
(30µg/lane) were loaded and separated by sodium dodecyl sulfate-polyacrylamide gel electrophoresis
and then transferred onto polyvinylidene di�uoride membranes (EMD Millipore, Burlington, MA, USA)
according to standard procedures. The membranes were then blocked using 5% non-fat milk (Sangon
Biotech) or 5% bovine albumin (Sangon Biotech) in Tris-buffered saline with 0.05% Tween-20 detergent
for 1.5 h on a shaker then incubated with primary antibody against GAPDH, Lif, Integrin-β3, Hoxa10,
Hoxa11, p44/42 mitogen-activated protein kinase[MAPK; extracellular signal-regulated kinase (ERK) 1/2],
 phosphorylated(p)‐p44/42MAPK(ERK1/2)(Thr202/Tyr204), p‐p38 MAPK(Thr180/Tyr182), p38 MAPK,
TNF‐α, IL‐1β, IκB‐α, p-NF-κB p65(ser536), and NF-κB p65 at 4°C overnight, followed by incubation with
horseradish peroxidase-conjugated anti-rabbit IgG secondary antibodies at room temperature for 1.5 h.
Images were obtained using a chemiluminescent imaging system (Tanon Science & Technology Co., Ltd.,
Shanghai, China), with GAPDH was used as the internal control. Antibody information is presented in
Table 2. The intensities of the protein bands were quanti�ed using Image J software (National Institutes
of Health, Bethesda, MD, USA). 

IHC Analysis
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Formalin-�xed, para�n-embedded uteri were subjected to routine 5µm thickness sectioning for IHC
analysis. All IHC experiments were performed using a standard protocol. Brie�y, sections were
deparaffinized by incubating with xylene for 30 min and rehydrated in an ethanol series, followed by
antigen retrieval and endogenous peroxidase blockage. The sections were then incubated with respective
primary antibodies, including anti-α-smooth muscle actin (α-SMA), -Lif, - Integrin-β3, -Hoxa10 and -
Hoxa11, overnight at 4°C in a humidi�ed chamber, followed by incubation with the corresponding
secondary antibodies. Phosphate-buffered saline was used as the negative control instead of the primary
antibody. Antibody information is presented in Table 2. Image Pro-Plus software (Iv.6.0; Media
Cybernetics) was used to evaluate the reactivity of the endometrial glands and luminal surface epithelium
of the uterus (average positively-stained area percentage) using two independent analyzers. 

Statistics analysis
All experiments were carried out at least three times, data represent the as mean ± standard deviation
(SD). Statistical analyses were conducted using one-way analysis of variance, followed by Turkey’s or
Bonferroni post hoc analysis for multiple comparisons. All analyses were performed using GraphPad
Prime software (GraphPad Software, LaJolla, CA, USA) and SPSS (v.18.0; SPSS Inc., Chicago, IL, USA).
 p < 0.05 was considered statistically signi�cant.

Results

Arti�cial induction of adenomyosis mouse model
A total of 96 mice were used for the �rst experiment. H&E pathologic andα-SMA staining analyses were
used to verify the effectiveness of the mouse model(n=8). In control mice, the circular muscle layer was
well developed to form an intact ring structure and without endometrial tissues (Fig.1.A, D), ectopic
endometrial glands and/or stromal cells in the myometrium of all tamoxifen-induced mice (Fig.1.B,C and
E,F) were visualized, indicating that neonatal mice treated with tamoxifen was a successful method of
modeling adenomyosis. Further, the size of endometrial gland was smaller in melatonin injection mice
than that in model mice (Fig.1.B vs C, E vs F). 

Melatonin improves implantation sites and endometrium
development of adenomyosis mice
To clarify whether melatonin can improve pregnancy outcomes in adenomyosis model mice, we
administered melatonin via i.p. injection to the model mice (n=12). The results showed that adenomyosis
adversely in�uenced pregnancy outcome, with the number of implantation sites more signi�cantly
decreased in adenomyosis model mice than in normal mice (5.0 ± 2.10 vs 13.3 ± 2.38, p 0.0001). By
contrast, 30mg/kg melatonin treatment signi�cantly increased the number of implantation sites relative
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to that observed in untreated adenomyosis model mice (9.0 ± 0.63 vs 5.0 ± 2.10, p=0.002)  Fig. 2.A , B .
Therefore, we determined 30mg/kg melatonin as the optimal concentration for subsequent studies.

To clarify whether the treatments affected ovulation, blastocysts were �ushed from uteri at day 4.5(n=12),
revealing no differences between three groups (Fig. 2.C). To elucidate the mechanism, the endometrium
development was analyzed(n=6). Adenomyosis negatively effects endometrial development in mice;
however, melatonin treatment reversed the development of the damaged endometrium, with both the EA
and ETI showing improvements in melatonin-treated mice relative to untreated adenomyosis model mice
(p 0.01), although these measurements remained lower than those in control animals (p 0.05 and p
0.0001, respectively). (Fig.2.D-F).  

Melatonin reversed impaired endometrial receptivity 
To explore the mechanism of the bene�cial effect of melatonin on implantation, we measured gene and
protein expression of implantation-related markers in the endometrium of uteri during the implantation
window(n=6). We observed altered endometrial gene expression in the adenomyosis mouse model, with
adenomyotic endometrium showing signi�cant decreases in Lif, Integrin-β3 , Hoxa10, and Hoxa11 mRNA
levels relative to those in control mice (p 0.0001, respectively). Their levels were signi�cantly upregulated
after melatonin treatment (p 0.05, respectively) (Fig. 3.A). Additionally, changes in protein levels of these
markers corresponded to those of the mRNA levels (Fig.3.B, C). 

Furthermore, IHC staining revealed that Lif and Integrin-β3 were mainly located in the cytoplasm of
endometrial luminal epithelial cells and glandular epithelial cells, whereas Hoxa10 and Hoxa11 were
expressed in the nuclei of endometrial luminal epithelial cells and glandular epithelial cells (Fig.3.D).
Quantitative analysis of IHC data revealed that levels of Lif, Integrin-β3, Hoxa10, and Hoxa11 were
signi�cantly lower in adenomyosis mice than those in control group (p 0.001, respectively), whereas
melatonin treatment signi�cantly recovered these levels (p 0.05, respectively) (Fig.3.E). These results
indicated that melatonin alleviated damaged endometrial receptivity in the adenomyosis mouse model. 

Melatonin alleviates aberrant endometrial metabolism
To further explore the potential mechanisms of the bene�cial effects of melatonin on endometrial
receptivity, we extracted mRNA from eutopic endometrium of mice and determined changes in the
expression of implantation-related (Era, Pra, and P53), oxidative-stress-related (Sod1 and Gpx1), and
apoptosis-related (Bcl-2 and Bax) genes by qRT-PCR (n=6). The results showed signi�cantly lower Era
expression in the adenomyosis model group relative to that in the control and melatonin-treated groups
(p< 0.05) (Fig.4.A), whereas Pra expression remained unchanged (p 0.05) (Fig.4.B), and P53 expression
was signi�cantly upregulated in the melatonin-treated group relative to that in the adenomyosis model
group (p< 0.001)(Fig.4.C). Oxidative stress is considered an important factor affecting the female
reproductive system, and melatonin is reportedly involved in redox homeostasis[26]. In the present study,
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we found that adenomyosis altered the expression of oxidative-stress-related genes, whereas melatonin
treatment ameliorated oxidative stress by signi�cantly upregulated the expression of Sod1 (p< 0.05)
(Fig.4.E) but not Gpx1, the expression of which was higher in adenomyosis model mice than in the control
group (p< 0.01) (Fig.4.D). Excessive oxidative stress often leads to apoptosis. As expected, expression of
the anti-apoptotic gene Bcl-2 was lower and that the ratio of Bax/Bcl-2 was higher in adenomyosis model
mice than the other two groups (p< 0.05), whereas melatonin treatment markedly upregulated Bcl-2 (p<
0.05) and downregulated the ratio of Bax/Bcl-2 expression relative to that in the untreated model group
(p< 0.05) (Fig.4.F, H). These results indicated that melatonin exerted a protective effect against oxidative
stress induced by adenomyosis and reduced endometrial apoptosis to improve endometrial receptivity. 

Melatonin reduces abnormal in�ammatory responses in  
adenomyosis mice by suppressing NF-κB signaling 
To investigate the molecular mechanisms of melatonin underlying the protective effects of melatonin on
adenomyosis model mice, we �rst investigated changes in levels of the proin�ammatory cytokines TNF-α
and IL-1β in the endometrium of mice during the implantation window (n=6). Western blot analysis
showed that adenomyosis model mice showed higher TNF-α and IL-1β levels relative to the control (p<
0.0001 and p< 0.01, respectively) (Fig.5.B, D). A previous study reported that melatonin exerts an anti-
in�ammatory effect during the treatment of diseases[27]. Therefore, we examined whether melatonin
inhibits the release of proin�ammatory cytokines in the endometrium of mice with adenomyosis, with the
results con�rming that melatonin signi�cantly reduced TNF-α and IL-1β levels(p< 0.001 and p< 0.05,
respectively) (Fig.5.B, D). MAPK and NF-κB signaling pathways are involved in melatonin-regulated cell
functions[17, 28]. In the present study, we determined the relative contributions of p38 MAPK, p-p38
MAPK, ERK, p-ERK IκB-α NF‐κB and p-NF‐κB in melatonin-mediated suppression of TNF-α and IL-1β
production in endometrial tissue at day 4.5(n=6). However, western blot results revealed no differences in
levels of p38 MAPK, p-p38 MAPK, ERK, or p-ERK among the three groups (Fig.5.A, C), suggesting that
melatonin treatment reduces the secretion of proin�ammatory cytokines in adenomyosis, although not
via the MAPK and ERK signaling pathways.

NF‐κB, a critical transcriptional factor involved in in�ammation and inactive when bound to its speci�c
inhibitor IκB, is a common downstream target of the phosphoinositide 3-kinase/AKT and ERK
pathways[29]. During NF‐κB activation, IκB kinase induces IκB degradation, resulting in the activation and
translocation of NF‐κB to the nucleus, where it is reportedly involved in regulation the expression of genes
encoding proin�ammatory cytokines and their receptors[30]. NF-κB activation is also enhanced by TNF-α
stimulation, and according to the feed-forward relationship between proin�ammatory factors and NF-κB
activation, it is likely that activated NF-κB may result in increased production of proin�ammatory
chemokines [10]. Therefore, we determined whether melatonin treatment attenuated TNF-α and IL-1β
production via the NF-κB pathway. The results showed reduced levels of IκB-α in adenomyosis model
group relative to that in the control group(p< 0.0001), and that melatonin treatment restored its expression
(p< 0.05) (Fig.5.B, D). Additionally, adenomyosis induced higher levels of p-NF‐κB p65 and the p-NF‐κB
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p65/ NF‐κB p65 ratio relative to those observed in control mice(p< 0.0001 and p< 0.05, respectively),
whereas melatonin administration signi�cantly reduced both of these(p< 0.0001 and p< 0.01,
respectively) (Fig.5.B, D). These data suggested that NF-κB may play a pivotal role in the development of
adenomyosis by promoting in�ammation, apoptosis and impairing endometrial development in mice
(Fig.6). Furthermore, the results indicated that melatonin might reduce TNF-α and IL-1β production in the
endometrium of adenomyosis mice, thereby suppressing the NF-κB signaling.

Discussion
Adenomyosis is one the common disease in women of reproductive age, manifestsing a variable degree
of symptoms while causing reproductive failure in a high percentage of patients [4]. The adjuvant
measures to improve pregnancy outcomes have been extensively explored, but the results is not
satisfactory. Melatonin produced mainly by the pineal gland during the darkness is a multifunctional
agent, with increasing evidence identifying melatonin-speci�c functions in female reproduction [31].
Additionally, melatonin receptors have been identi�ed in ovarian [32] and uterine [21, 23] tissues. However,
information regarding the function of melatonin in adenomyosis is limited. In the present study, our
results showed that adenomyosis had a detrimental effect on uterine receptivity in mice, and that
melatonin therapy signi�cantly reversed the impaired endometrial receptivity by reducing in�ammatory
reaction, oxidative stress, and apoptosis by suppressing NF-κB signaling pathway.

The endometrium is the primary target organ for embryo implantation, and the development state of
endometrium is directly related to embryo survival and implantation, as well as the establishment and
maintenance of gestation [33]. During early gestation, melatonin injection could improve embryo
implantation and litter size in a mouse model[23]. Additionally, pinealectomy signi�cantly reduced the
success of rat embryo implantation, and exogenous melatonin supplementation remodeled endometrial
morphology and improved embryo implantation[24]. In the present study, we examined the roles of
melatonin in uterine development of adenomyosis model mice by injecting melatonin into the peritoneal
cavity for 4 weeks. The results showed that 30mg/kg melatonin increased the number of implantation
sites, which is consistent with the previous report [23]. Moreover, we observed no obvious change in the
number of recovered blastocysts between the three groups.

The correlation between endometrial thickness (Eth) and the ability of embryos to implant has been
analyzed, and there is a general consensus that a higher Eth results in a better chance of implantation
[34]. Additionally, Eth is closely related to EA. In the present study, we found that endometrium
morphology developed much more poorly in adenomyosis model mice than in control mice. We observed
a “thin” endometrium, which is likely the morphologic expression of defective vascularization during the
invasive phase; however, this morphology improved following melatonin administration but had no effect
on ovulation, which indirectly indicated that melatonin replacement may effectively restore normal
physiological function to the endometrium in adenomyosis model mice. To better clarify the effect of
melatonin on endometrium development in adenomyosis model mice, we identi�ed downregulated
expression of endometrial receptivity markers (Fig. 4) in the endometrium, which agreed with �ndings
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from previous report [13].Dysregulation of endometrial receptivity markers in the endometrium during the
implantation window suggested that adenomyosis correlated with impaired implantation; however, these
markers were signi�cantly up-regulated after melatonin supplement. These data provided further
evidence of the protective effect of melatonin on endometrial development in adenomyosis model mice.

In females, estradiol (E2) and progesterone(P) play crucial roles in multiple reproductive systems, and
their functions are mediated by the nuclear receptors ERA and PRA. During pre-implantation, a small
surge of E2 is critical for inducing mouse uterine receptivity. Blastocyst can locally synthesize and secrete
E2 to initiate implantation [35], and that knockout of nuclear estrogen and progesterone receptors leads to
complete infertility [36, 37]. In our study, we observed reduced Era expression on day 4.5 in adenomyosis
model mice, and that exogenous melatonin supplementation actively upregulated this expression to
sensitize the uterus, although no change was observed in Pra expression. The same trend was observed
in P53 expression, a gene critical for implantation. This might be because low local estrogen level in the
endometrium of adenomyosis model mice dysregulated matrix remodeling during the implantation
window, leading to poor endometrial development and further damaging embryo implantation.

Excessive free radical environments can damage fertilized eggs and interfere with embryo development.
Melatonin bene�ts reproductive physiology mainly as a free radical scavenger and upregulates the
expression of antioxidant- or apoptosis-related genes[38]. When reactive oxygen species (ROS) reach a
maximum resistance threshold, tissue damage or even cell death can occur. Here, we found dramatic
decrease in Sod1 mRNA levels in adenomyosis model mice, but that these were upregulated following
melatonin treatment. Notably, we did not observed melatonin-mediated changes in Gpx-1 expression. This
may be explained by the necessity for high levels of GPX1 in order to remove excessive peroxide ions in
the endometrium of adenomyosis mice. Melatonin may act as direct ROS scavenger and regulate
endogenous antioxidant enzymes, such as SOD, to decrease levels of oxidative stress. Excessive
oxidative stress often leads to apoptosis, which is an important regulator of eutopic endometrial function.
Previous studies demonstrated that increased cellular proliferation and decreased apoptosis of
endometrial cells facilitate ectopic survival and implantation of adenomyosis [39]. Our data showed that
adenomyosis altered the expression of apoptosis-associated genes, induced a variable degree of
apoptosis, hindered endometrial development, and impaired endometrial receptivity, whereas melatonin
administration improved the expression of anti-apoptosis-associated genes and decreased the apoptosis
rate in the endometrium of adenomyosis model mice. These results showed that melatonin
supplementation might effectively mitigate oxidative stress-induced apoptosis by maintaining redox
homeostasis, thereby enabling the endometrium to promote embryo implantation and rescue the adverse
outcomes caused by adenomyosis.

Adenomyosis is a hyperin�ammatory disease and in�ammatory factors are involved in cell adhesion,
proliferation, apoptosis and invasion. Abnormal in�ammatory responses and ROS are toxic to embryos,
ultimately impairing endometrial receptivity and thereby damaging pregnancy outcomes. In the present
study, we identi�ed elevated TNF-α and IL-1β levels in the endometrium of adenomyosis model mice
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along with decreased Sod1 expression. We speculated that the presence of an increased in�ammatory
reaction and oxidative stress in the mouse model damaged endometrium development.

In addition to regulating circadian rhythms, melatonin also exerts antioxidant, anti-in�ammatory, and
immunomodulatory activities in mammals, with its anti-in�ammatory effect involving several signaling
pathways, such as those related to MAPK, NF-κB, and MMPs [17, 40]. These wide-spectrum, anti-
in�ammatory activities eventually lead to blockade of the NF-κB signaling pathway. Endometrial
alterations are partically responsible for infertility and suboptimal uterine receptivity, and the abnormal
endometrial milieu may contribute to adverse pregnancy outcomes. The pathogenesis of adenomyosis
subfertility, which has not been fully elucidated, was the focus of present study. NF-κB is an important
nuclear transcription factor, and NF‐κB-mediated signaling plays an important role in in�ammation [41].
Melatonin can maintain the inner blood‐retinal barrier by inhibition the p38/thioredoxin-interacting
protein/NF‐κB pathway in diabetic retinopathy [28]. NF‐κB activation occurs following signal-induced
degradation of IκB-α, resulting in NF‐κB translocation to the nucleus, where it regulates the expression of
speci�c genes. In the present study, we identi�ed lower IκB-α levels and higher p-NF‐κB p65 levels in
adenomyosis model mice, with melatonin supplementation reversing this effect. This result suggested
that melatonin might inhibit in�ammation and improve endometrial receptivity via NF‐κB pathway.

Looking back on our study, there are some limitations. First, the experiment about offsprings was not
performed, and further experiments are required to conduct. Second, to better elucidate the role of
melatonin, we will knock out melatonin receptors in adenomyosis model to determine the exact
mechanism of melatonin.

Conclusions
In summary, we identi�ed impaired endometrial receptivity in an adenomyosis mouse model, as well as
reversal of this harmful effect by administration of antioxidant melatonin. Speci�cally, melatonin
injection inhibited the hyper-in�ammation state in the mouse model by improving the expression levels of
endometrial receptivity markers, which was accompanied by an increase in embryo implantation via
inhibition of NF-κB signaling. These results demonstrated the protective effect of physiological melatonin
on adenomyosis, especially the positive melatonin-speci�c effects on endometrial receptivity, and
highlight its potential as an auxiliary therapeutic candidate for the treatment of adenomyosis.

Abbreviations
Me: melatonin ;TNF-α: tumor necrosis factor-α;IL-1β: interleukin-1β; qRT-PCR: Quantitative real time
polymerase chain reaction; H&E: hematoxylin and eosin staining; IHC: immunohistochemical analysis; α-
SMA:anti-α-smooth muscle actin;Gapdh: glyceraldehyde 3-phosphate dehydrogenase; Lif: leukemia
inhibitory factor; Hoxa10/11: homeobox A10/11; Era: estrogen receptor α; Pra: progesterone receptor α;
Gpx1: glutathione Peroxidase1; Sod1: super oxide dismutase; Bcl-2: B-cell lymphoma-2; Bax: Bcl-2-
associated X protein; NF-κB: nuclear factor kappaB; ERK 1/2: p44/42 mitogen-activated protein
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kinase[MAPK; extracellular signal-regulated kinase],  p-ERK1/2(Thr202/Tyr204):phosphorylated(p)‐
p44/42MAPK; Eth :endometrial thickness.
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Figure 1

Light microscopy of uteri. A,D Representative images from the control mice, B,E the adenomyosis model
group, C, F the melatonin-treatment group according to H&E staining and α-smooth muscle actin staining
(magni�cation: 100×). The arrows depict the ectopic endometrial glands. 
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Figure 2

Effect of melatonin on the number of implantation sites and endometrial development. A , B Number of
implantation sites. C Number of recovered blastocysts. D Representative H&E sections showing
endometrial development (magni�cation: 40×). E The EA and F ETI (μm). ( *p < 0.05; **p < 0.01; ****p <
0.0001). 
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Figure 3

The effects of melatonin on endometrial receptivity during the implantation window. A mRNA levels of
endometrial receptivity markers(Lif, integrin-β3, Hoxa10 and Hoxa11) were evaluated by qRT-PCR in
endometrium during implantation window from the control, adenomyosis model and melatonin treated
mice. B Protein levels of endometrial receptivity markers of Lif, integrin-β3, Hoxa10 and Hoxa11 in control,
adenomyosis model and melatonin treated group were detected by western blotting, evaluated by Image
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J software, and normalized against GAPDH. C A representative western blotting images of Lif, integrin-β3,
Hoxa10 and Hoxa11. D Representative images of immunohistochemistry for Lif, integrin-β3, Hoxa10 and
Hoxa11(magni�cation: ×400) and E their quanti�ed expression values. (*p < 0.05; **p < 0.01; ***p < 0.001;
****p < 0.0001).

Figure 4

Effects of melatonin on the implantation-related, antioxidative-associated and apoptosis gene
expression. A, B and C mRNA expression of implantation- related genes Era, Pra, and P53, D and E
antioxidative-associated genes Gpx and Sod1, F, G and H apoptosis-correlated genes of Bax, Bcl-2 and
the ratio of Bax/Bcl-2 in endometrium during implantation window from mice of the control, adenomyosis
model and melatonin treated groups. (*p < 0.05; **p < 0.01).
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Figure 5

Melatonin inhibits the expression of in�ammatory factors in adenomyosis model mice via the NF-
κB signaling pathway. A The representative western blotting images of p-ERK, ERK, p-p38 and p38 in
endometrium during implantation window from mice of the control, adenomyosis model and melatonin
treated groups. B The representative western blotting images of TNF-α, IL-1β, IκB-α, p-NF-κB p65, and NF-
κB p65 of each group. C Quantitative analysis of p-ERK, ERK and the p-ERK/ERK ratio, p-p38, p38 as well
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as the p-p38/p38 ratio normalized against GAPDH. D Quantitative analysis of TNF-α, IL-1β, IκB-α, p-NF-κB
p65, and NF-κB p65 levels, as well as the p-NF-κB/NF-κB ratio, normalized against GAPDH.( *p < 0.05; **p
< 0.01; ***p < 0.001; ****p < 0.0001).

Figure 6

A schematic diagram of the regulatory mechanism of melatonin in adenomyosis model mice.
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