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Melatonin improves pregnancy outcomes in adenomyosis mice by
restoring endometrial receptivity via NF-kB/apoptosis signaling
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Background: Adenomyosis is a common gynecological disease which seriously impacts female fertility and
is increasing in incidence in women of childbearing age. Melatonin has beneficial effects on reproductive
processes. However, its impact on the uterine receptivity of patients with adenomyosis remains unclear.
In this study, we investigated the effect of melatonin on uterine receptivity and pregnancy outcomes in an
adenomyosis mouse model.

Methods: We induced an adenomyosis mouse model by oral administration of tamoxifen to neonatal
female CD-1 mice, then conducted a melatonin injection experiment to investigate its effect on implantation
rates (n=6 each). In a second experiment, the endometrium in the implantation state was collected to identify
the local action of melatonin on adenomyosis mice (n=6 each), and in a parallel study, the pregnancy rate and
number of offspring were recorded (n=6 each).

Results: The number of implantation sites in the adenomyosis model mice was much less than in control
group (5.0£2.10 vs. 13.3£2.38, P<0.0001), and 30 mg/kg of melatonin significantly improved this (9.0£0.63 vs.
5.0£2.10, P=0.002). Additionally, melatonin administration ameliorated the impaired endometrial receptivity
[leukemia inhibitory factor (LIF), integrin B3, homeobox A10 (HoxA10), and HoxA11], and improved the
endometrium development [endometrial area (EA) and endometrial thickness index (ETT)] and pregnancy
outcomes. Furthermore, the expression of implantation-related genes (Era, Pra, and P53), inflammatory
factors [tumor necrosis factor-a (TNF-a) and interleukin-1p (IL-1B)], oxidative stress associated genes
(Gpxl and SodI), and apoptosis-related genes or proteins (Bax, Bcl-2, caspase-3, and cleaved caspase-3)
was detected. The results showed higher local levels of reactive oxygen species (ROS) and inflammatory
cytokines in the uterus of an adenomyosis model mice induced endometrial cells apoptosis and tissue
damage, changed the uterine microenvironment, affected embryo implantation, and reduced the fertility of
adenomyosis. Interestingly, melatonin significantly mitigated adenomyosis-induced changes by inhibiting the
nuclear factor kappa B (NF-«B) signaling pathway, increasing the vascular endothelial growth factor (VEGF)
expression, decreasing the endometrial cells apoptosis, and improving pregnancy outcomes.

Conclusions: Melatonin treatment restored impaired uterine development and endometrial receptivity
of adenomyosis mice by improving the endometrial microenvironment via the NF-«xB/apoptosis signaling

pathway. Our results provided new insight into melatonin-based therapy for adenomyosis-related infertility.
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Introduction

Adenomyosis is characterized by the presence of
endometrial glands and stroma within the myometrium
and is extremely common in women of reproductive age.
The condition has an estimated prevalence of 38-64% (1),
and although benign, is both progressive and recurrent (2).
Adenomyosis is associated with lifelong infertility, identified
in 27-79% of infertile women (3), and compared with
controls, involves a 43% reduction in the odds ratio (OR)
for clinical pregnancy (4). Recent studies have emphasized
adenomyosis as associated with a 30% decrease in the
likelihood of pregnancy, with clinical pregnancy rate
significantly reduced in vitro fertilization/intracytoplasmic
sperm injection as compared with control subjects (40.5%
vs. 49.8%) (5,6). Although the exact mechanisms by which
adenomyosis may limit fertility remain elusive, alterations
in endometrial receptivity have been suggested as important
causes (7,8).

Clinically and pathologically, adenomyosis is a
hormone-dependent condition, which shows eutopic
endometrial tissue synthesizes estrogen locally and exhibits
progesterone resistance and abnormal cytokine production
(7,9). Abnormal endometrial molecular expressions in
adenomyosis have been proposed as impairing implantation
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and early embryo development. Nuclear factor kappa B
(NF-xB), an inflammatory mediator, was greatly involved
in the pathogenesis and progression in adenomyosis (10).
When activated, its nuclear translocation triggers many
pro-inflammatory cytokines transcription, including
interleukin-1p (IL-1B), tumor necrosis factor-a (TNF-a),
and so on (11). Inflammation processes such as IL-1,
TNF-a (12,13), natural killer cells, macrophages (14), a
spectrum of cytokines (15), and the presence of abnormal
levels of intrauterine free radicals have been proposed as
inducing cellular and biochemical alterations within the
eutopic endometrium. Homeobox A10/11 (HoxA10/11)
and leukemia inhibitory factor (LIF) were downregulated
in both mice models (16) and the secretory phase
endometrium of women with adenomyosis (17), and their
dysregulation decreased downstream factors influencing
endometrial receptivity by repressing the target gene
integrin B3 (18). Excessive reactive oxygen species (ROS)
production activated the expression of Bax, leading to a
decrease in mitochondrial membrane potential, which
activated caspase cascade and caused apoptosis.

Melatonin (N-acetyl-5-methoxytryptamine) is a powerful
antioxidant that has multiple important physiological
and pathological functions, including regulation of
inflammation, apoptosis, and metabolism (19). It is capable
of suppressing the production of pro-inflammatory
cytokines, including TNF-a and IL-1p, mainly by blocking
NF-«B signaling (20). Evidence suggests melatonin can
optimize maternal, placental, and fetal physiology (21).
It 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 (22). A previous animal study also showed
exogenous melatonin treatment can improve mouse embryo
implantation and litter size (23). These findings suggest
melatonin may be useful for the treatment of subfertility
caused by adenomyosis.

However, while it is known to have beneficial effects
on reproductive processes, the effect of melatonin on
adenomyosis-induced endometrial disorders is poorly
understood. In the present study, we adopted an
adenomyosis mouse model to investigate whether melatonin
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could exert a protective effect on adenomyosis mice and
explored the underlying mechanisms. We present the
following article in accordance with the ARRIVE reporting
checklist (available at https://atm.amegroups.com/article/
view/10.21037/atm-22-5493/rc).

Methods
Animal model

Animal experiments in this study were approved by the
Animal Ethics Committee of Tongji University (No.
TJBGO01321101) and conducted under the guidelines of
the National Research Council’s Guide for the Care and
Use of Laboratory Animals (24). A protocol was prepared
before the study without registration. Female neonatal
CD-1 mice (1.8-2.0 g; 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 pmol/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 pL/g body weight (16). All mice were
housed under controlled conditions of temperature (22—
26 °C) and light (12-h/12-h light/dark cycle) with ad libitum
access to food and water. After 75 days, tamoxifen-treated
mice were randomly assigned into five groups: Group I,
adenomyosis model group; Group II, melatonin 10 mg/kg
body weight (Me 10); Group III, melatonin 20 mg/kg
body weight (Me 20); Group IV, melatonin 30 mg/kg body
weight (Me 30); and Group V, melatonin 50 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 normal saline to a final concentration
of 1 mg/ml. Mice from Groups II, III, IV, and V were
intraperitoneally (i.p.) injected with melatonin every 12 h
at various doses (5, 10, 15, and 25 mg/kg body weight) for
4 weeks, while those in the control and adenomyosis model
groups followed the same regimen and received sham
injections (without melatonin). During days 110-125, the
estrous cycles of female mice were mated with fertile male
mice from 19:00 to 07:00, then checked for the presence
of a vaginal plug at 08:00-9:00 the following day. The
vaginal plug day was defined as gestation day 0.5. Pregnant
animals were killed by cervical dislocation on day 8.5 for
implantation site count, and the optimal concentration of
melatonin was determined by the number of implantation

© Annals of Translational Medicine. All rights reserved.

Page 3 of 16

sites and used for the subsequent study. In a second
experiment, a different group of female mice received the
same treatments as described, after which the animals were
euthanized at gestation day 4.5 (implantation window) of
pregnancy, the uterus was removed for morphometric and
endometrial receptivity analyses, and the oviducts collected
for blastocyst retrieval. In the parallel study, pups were born
approximately 21 days after mating, and the pregnancy rate
and number of offspring were recorded and statistically
analyzed. Each group contained at least six mice. The
detailed procedures are presented in Figure 1A4.

Uterine section and morphometric analysis

Uterine tissues from the experimental mice were
harvested at night on day 4.5, with approximately 4/5
fractions of the uterus used for collecting endometrial
tissues. The remaining sections were formalin-fixed and
paraffin-embedded, then used for hematoxylin and eosin
(H&E) staining and immunohistochemical (IHC) and
immunofluorescence (IF) analysis. Images of H&E and IHC
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) was traced, and
the latter was subtracted from the former as the endometrial
area (EA). The endometrial thickness index (ETT) was used
to determine the thickness of the endometrium, which
was calculated using the formula: ETT = 2EA/(P1 + P2)
(25,26). Two investigators independently completed the
measurement on different occasions.

RNA extraction and quantitative reverse transcription
polymerase chain reaction (qRT-PCR)

Total RNA was extracted using TRIzol reagent (Invitrogen,
Carlsbad, CA, USA). After the measurement of RNA
concentration and quality, RNA was reverse transcribed
to complementary DNA (cDNA) using a PrimeScript RT
Reagent Kit (TaKaRa Bio, Shiga, Japan) according to the
manufacturer’s instructions. Primers were designed and
purchased from Sangon Biotechnology (Shanghai, China).
qRT-PCR was performed using a TB Green Premix Ex
Taq kit (TaKaRa Bio) and an Applied Biosystems 7500
Fast Real-Time PCR System (Thermo Fisher Scientific,
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Figure 1 Construction and confirmation of adenomyosis mouse model. (A) Female neonatal CD-1 mice were orally dosed tamoxifen on
days 2 through 5 after birth. After 75 days, tamoxifen-treated mice were injected with melatonin for 28 days. Estrous mice were then mated
with fertile male mice and harvested at pregnancy 4.5 and 8.5, and the pregnancy rate and the number of litter size were recorded. (B) H&E
staining showed the myometrium was disrupted and disordered in all tamoxifen-treated mice, and endometrial glands and stromal cells
invaded the muscle layer in adenomyosis model mice (dotted line). (C,D) IF staining depicted myometrial disorders (a-SMA) with stroma
(vimentin) and gland epithelium (E-cadherin) invade the muscle layer in all tamoxifen-treated mice (n=9). a-SMA, a-smooth muscle actin;

DAPI, 4,6-diamidino-2-phenylindole; H&E, hematoxylin and eosin; IF, immunofluorescence.
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Table 1 Primers for qRT-PCR
Genes Primer sequence (5'-3') Product size (bp) Tm (°C)
GAPDH Forward: AGGTCGGTGTGAACGGATTTG 123 60.88
Reverse: TGTAGACCATGTAGTTGAGGTCA 58.59
LIF Forward: GCTGTATCGGATGGTCGCATA 156 60.07
Reverse: CACAGACGGCAAAGCACATT 59.69
Integrin p3 Forward: GGCGTTGTTGTTGGAGAGTC 138 59.41
Reverse: CTTCAGGTTACATCGGGGTGA 59.45
HoxA10 Forward: GGCAGTTCCAAAGGCGAAAAT 86 60.00
Reverse: GTCTGGTGCTTCGTGTAAGGG 60.94
HoxA11 Forward: ATAGCACGGTGGGCAGGAACG 96 65.06
Reverse: AGTCGGAGGAAGCGAGGTTTT 61.71
Era Forward: TGTCCAGCAGTAACGAGAAAGG 94 60.29
Reverse: TGGTAGCCAGAGGCATAGTCAT 60.69
Pra Forward: CTCCGGGACCGAACAGAGT 128 60.98
Reverse: GCGGGGACAACAACCCTTT 60.83
P53 Forward: TGAGGTTCGTGTTTGTGCCTGC 165 64.06
Reverse: CCATCAAGTGGTTTTTTCTTITTGC 58.19
Gpx1 Forward: CCACCGTGTATGCCTTCTCC 105 60.46
Reverse: AGAGAGACGCGACATTCTCAAT 59.57
Sod1 Forward: CACTCTCAGGAGAGCATTCCA 110 59.17
Reverse: CCCAGCATTTCCAGTCTTTG 56.98
Bcl-2 Forward: ACCTGTGGTCCATCTGACCCTC 163 63.42
Reverse: CCAGTTCACCCCATCCCTGA 61.21
Bax Forward: AGACAGGGGCCTTTTTGCTAC 137 60.55
Reverse: AATTCGCCGGAGACACTCG 60.15

gRT-PCR, quantitative reverse transcription polymerase chain reaction; GAPDH, glyceraldehyde 3-phosphate dehydrogenase; LIF,
leukemia inhibitory factor; HoxA10, homeobox A10; HoxA11, homeobox A11.

Waltham, MA, USA) according to the manufacturer’s
instructions. Glyceraldehyde 3-phosphate dehydrogenase
(GAPDH) was used as the standard control, and primer
sequences are listed in 7able 1. Relative quantification of

gene expression was performed using the 2™**“" method.

Western blot

Protein concentrations were determined using a BCA
protein assay kit (Thermo Fisher Scientific). Equal amounts
of total protein (30 pg/lane) were loaded and separated by
sodium dodecyl sulfate-polyacrylamide gel electrophoresis,

© Annals of Translational Medicine. All rights reserved.

then transferred onto polyvinylidene difluoride membranes
(EMD Millipore, Burlington, MA, USA) according to
standard procedures. The membranes were then blocked
using 5% non-fat milk (Sangon Biotechnology) in Tris-
buffered saline with 0.05% Tween-20 detergent for 1.5 h
on a shaker then incubated with primary antibody against
GAPDH (1:1,000; #5174; Cell Signaling Technology,
Boston, MA, USA), LIF (1:1,000; DF13730; Affinity,
Changzhou, China), integrin B3 (1:1,000; AF6086; Affinity),
HoxA10 (1:1,000; #58891; Cell Signaling Technology),
HoxA11 (1:1,000; ab72591; Abcam, Cambridge, UK),
phospho-p44/42 MAPK (Erk1/2) (Thr202/Tyr204)
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(1:2,000; #4370; Cell Signaling Technology), p44/42 MAPK
(Erk1/2) (1:1,000; #9102; Cell Signaling Technology),
phospho-p38 MAPK (Thr180/Tyr182) (1:1,500; T40076;
Abmart, Shanghai, China), p38 MAPK (1:1,500; T'55600;
Abmart), TNF-a. (1:500; AF7014; Affinity), IL-1p (1:1,000;
AF5103; Affinity), p-NF-«xB p65 (Ser536) (1:1,500;
"TA2006; Abmart), NF-xB p65 (1:1,500; TA5006; Abmart),
Bax (1:1,000; T40051; Abmart), Bel-2 (1:1,000; T40056;
Abmart), cleaved caspase-3 (1:1,000; #9664; Cell Signaling
Technology), caspase-3 (1:1,000; #9662; Cell Signaling
Technology), and vascular endothelial growth factor (VEGF)
(1:500; 19003-1-AP; Proteintech, Chicago, IL, USA) at
4 °C overnight, incubation with horseradish peroxidase-
conjugated anti-rabbit immunoglobulin G (IgG) secondary
antibodies at room temperature for 1.5 h followed. Images
were obtained using a chemiluminescent imaging system
(Tanon Science & Technology Co., Ltd., Shanghai, China),
with GAPDH used as the internal control. The intensities
of the protein bands were quantified using Image ] software
(National Institutes of Health, Bethesda, MD, USA).

Immunobistochemistry

Formalin-fixed, paraffin-embedded uteri were subjected
to routine 5 pm thickness sectioning for IHC analysis,
and all IHC experiments were performed using a standard
protocol. Briefly, sections were deparaffinized by incubating
with xylene for 30 mins and rehydrated in an ethanol series,
followed by antigen retrieval and endogenous peroxidase
blockage. Sections were then incubated with respective
primary antibodies, including anti-LIF (1:50; DF13730;
Affinity), integrin B3(1:50; AF6086; Affinity), HoxA10
(1:50; #58891; Cell Signaling Technology), and HoxAl1l
(1:50; ab72591; Abcam), overnight at 4 °C in a humidified
chamber, followed by incubation with the corresponding
secondary antibodies. Phosphate-buffered saline was used
as the negative control instead of the primary antibody.
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.

IF

Paraffin sections (3 pm) were routinely subjected to
deparaffinization and rehydration with xylene and
descending concentrations of alcohol, and permeabilized

© Annals of Translational Medicine. All rights reserved.
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with 1% Triton X-100 for 10 min. After endogenous
peroxidases blocking and serum blocking, the sections
were incubated with vimentin antibody (1:200; #5741;
Cell Signaling Technology)/E-cadherin antibody (1:200;
#3195; Cell Signaling Technology)/a-smooth muscle actin
(a-SMA) antibody (1:200; NB300-978; Novus, Centennial,
CO, USA) at 4 °C overnight. Sections were then rinsed
with phosphate-buffered saline with Tween 20 (PBST)
and incubated with donkey anti-rabbit secondary antibody
(1:500; Invitrogen)/donkey anti-goat secondary antibody
(1:500; Invitrogen) for 60 min at room temperature. The
cells were ultimately washed with PBST and stained with
4,6-diamidino-2-phenylindole (DAPI) (Beyotime, Shanghai,
China) to visualize nuclei, and analyzed with a Leica
microscope (Leica, Wetzlar, Germany).

Statistics analysis

All experiments were conducted at least three times, and
data are represented 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

significant.

Results
Artificial induction of adenomyosis mouse model

We established an adenomyosis mouse model to explore the
role of melatonin on uterine receptivity in adenomyosis.
A total of 96 mice were used for the first experiment, and
H&E pathology and IF analyses were used to verify the
effectiveness of the model (n=9). As shown in Figure 1B, the
circular muscle layer was well developed to form an intact
ring structure in control mice. However, the endometrial
glands and stromal cells invaded the muscle layer, resulting
in the distorted and disrupted myometrium in all tamoxifen
treated mice. IF analysis of vimentin or E-cadherin
co-staining with a-SMA also clearly demonstrated that
endometrial epithelial and stroma cells invaded the
disordered muscle layer (Figure 1C,1D). These results
indicated neonatal mice treated with tamoxifen represented
a successful method for modeling adenomyosis.

Ann Transl Med 2022;10(24):1317 | https://dx.doi.org/10.21037/atm-22-5493



Annals of Translational Medicine, Vol 10, No 24 December 2022

A Control

v/

Me20 Me30 Me50

v VS

Control Adenomyosis

Adenomyosis Me10

Melatonin

Page 7 of 16

N
o
]

Number of implantation sites
5
1
)
(2
o
&4
Pregncancy rate, %
@
o
1

-
o
1
-
o
o
1

50

o
1

O
m

15

Number of offspring

(per pregnancy female)
o o o >
1 1 1 1
Number of blastocyst recovered
o [9)] 8
L 1 1
/E

> 2 O <] &
QO 53 N QO 53 S
Oo& @o’ﬂ \'5‘00 Oo& ‘\0e \fi‘oo
9 2 9 @QJ
& %
¥ ¥
0.20 4 * g 60 —
N % sk
= e >
E 0.15 2
g 3 40 1
5 - I3
T 0.10 S o
% £ —
£ S 20 -
S 0.05 =
(= [}
i} £
3
c Q-
w
& &
P & F
o )
& ~
v.

Figure 2 Effect of melatonin on the number of implantation sites, pregnancy outcomes, and endometrial development. (A,B) Number

of implantation sites, (C) pregnancy rate, (D) number of offspring, and (E) recovered blastocysts. (F) H&E sections showed abnormal

endometrial morphology in mice treated with tamoxifen and that abnormal endometrial development was significantly improved after

melatonin injection. (G) The lower EA and (H) ETI caused by tamoxifen were significantly ameliorated after melatonin treatment.
****P<0.0001; **P<0.001; **P<0.01; *P<0.05; n=6. Me10, melatonin 10 mg/kg body weight; Me20, melatonin 20 mg/kg body weight;
Me30, melatonin 30 mg/kg body weight; Me50, melatonin 50 mg/kg body weight; P1, the myometrial and endometrial layers; P2, the inner

luminal surface area; H&E, hematoxylin and eosin; EA, endometrial area; ETI, endometrial thickness index.

Melatonin improves pregnancy outcomes and endometrial
development of adenomyosis model mice

"To clarify whether melatonin improved pregnancy outcomes
in adenomyosis model mice, we analyzed the implantation
sites in the different treatment groups. As shown in
Figure 24,2B, the number of implantation sites in the
adenomyosis model mice was much less than in control
mice (5.0+2.10 vs. 13.3+2.38, P<0.0001, n=6). However,
after long-term melatonin injection (28 days), a downward

© Annals of Translational Medicine. All rights reserved.

trend of implantation sites caused by adenomyosis was
ameliorated. In particular, 30 mg/kg melatonin therapy
significantly increased the number of implantation
sites (9.0£0.63 vs. 5.0+2.10, P=0.002, n=6). Therefore,
we determined 30 mg/kg of melatonin as the optimal
concentration for subsequent studies.

To determine whether melatonin improved pregnancy
outcomes in mice with adenomyosis, we mated estrous

females to fertile male mice, and as shown in Figure 2C,2D,

Ann Transl Med 2022;10(24):1317 | https://dx.doi.org/10.21037/atm-22-5493
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the pregnancy rate and average litter size were significantly
reduced in the adenomyosis group (n=6). However, the
low pregnancy rate and reduced offspring caused by
adenomyosis were significantly ameliorated in the melatonin
treatment group, suggesting melatonin may restore fertility
in tamoxifen-exposed mice.

To clarify whether the treatments affected ovulation,
blastocysts were flushed from uteri at day 4.5 (n=6), revealing
no differences among the three groups (Figure 2E).

To elucidate the mechanism, endometrial development
was analyzed (n=6), and uterine morphology analyses
showed treatment with tamoxifen caused abnormal
endometrial morphology which was significantly relieved
when treatment was combined with melatonin (Figure 2F).
Furthermore, we measured the EA and ETI, and as
shown in Figure 2G,2H, the lower EA and ETT caused by
tamoxifen were significantly ameliorated in the melatonin
therapy group (P<0.01). This suggested melatonin
could restore the damaged endometrial development in
adenomyosis mice.

Melatonin reversed impaired endometrial receptivity
caused by adenomyosis

To explore the mechanism of the beneficial effect of
melatonin on implantation, the gene and protein expression
of implantation-related markers in the endometrium of uteri
during the window of implantation (n=6) were measured.
The results showed endometrial receptivity related genes
deteriorated in the adenomyosis model group, with
adenomyotic endometrium showing significant decreases
in LIF, integrin 3, HoxA10, and HoxA11 messenger RNA
(mRNA) levels relative to those in control mice. However,
their levels were significantly upregulated after melatonin
treatment (Figure 34), and the protein levels were consistent
with their gene expressions (Figure 3B,3C).

Furthermore, IHC staining revealed LIF and integrin
B3 were mainly located in the cytoplasm of endometrial
luminal epithelial cells and glandular epithelial cells,
whereas HoxA10 and HoxAll were expressed in the
nuclei of endometrial luminal epithelial cells and glandular
epithelial cells (Figure 3D). Quantitative analysis of IHC
data revealed levels of LIF, integrin p3, HoxA10, and
HoxAll were significantly lower in adenomyosis mice than
in the control group, and importantly, melatonin treatment
significantly recovered these markers (Figure 3E). Taken
together, these results suggested melatonin ameliorated the
damaged endometrial receptivity caused by adenomyosis.

© Annals of Translational Medicine. All rights reserved.
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Melatonin alleviates aberrant endometrial metabolism

To further explore the potential mechanism of the
beneficial effects of melatonin on endometrial receptivity,
we extracted mRNA from the eutopic endometrium of mice
and determined changes in the expression of implantation-
related (Era, Pra, and P53), oxidative-stress-related (Sodl
and Gpxl), and apoptosis-related (Bc/-2 and Bax) genes by
gRT-PCR (n=6). The results showed significantly lower Era
expression in the adenomyosis model group compared with
the control and melatonin-treated mice (Figure 4A4), whereas
Pra expression remained unchanged (Figure 4B), and
P53 expression was significantly upregulated (Figure 4C).
Oxidative stress was considered an important factor
affecting the female reproductive system, and melatonin
was reportedly involved in redox homeostasis (27). In the
present study, we found adenomyosis altered the expression
of oxidative-stress-related genes, whereas melatonin
treatment ameliorated oxidative stress by significantly
decreasing the expression of Gpxl (Figure 4D) and
upregulating the expression of Sodl (Figure 4E). Excessive
oxidative stress often leads to apoptosis. Although there was
no difference between pro-apoptotic gene Bax (Figure 4F),
expression of the anti-apoptotic gene Bc/-2 was lower and
the ratio of Bax/Bcl-2 was higher in adenomyosis model
mice than in the other two groups, whereas melatonin
treatment markedly upregulated Bc/-2 and downregulated
the ratio of Bax/Bcl-2 expression relative to the untreated
model group (Figure 4G,4H).

Excessive oxidative stress and inflammatory factors not
only damage the embryo, but also reduced the function
of endometrium. To further elucidate the mechanism of
melatonin’s effect, we detected the expression of apoptotic-
associated proteins in the endometrium. The results of
Western blot analysis (Figure 5A,5B) show that compared
with control mice, adenomyosis mice had higher expression
of cleaved caspase-3, caspase-3, the ratio of cleaved
caspase-3/caspase-3 and Bax/Bcl-2, and after melatonin
treatment these decreased significantly. In addition, although
Bcl-2 expression did not change significantly, the trend of
Bax increased in the adenomyosis group.

To further explore the protective effect of melatonin,
the VEGF expression was also examined. The results of
Western blot showed that compared with the control group,
the endometrium of the adenomyosis model mice during
the implantation state had significantly decreased VEGF
expression (Figure 5C,5D), and melatonin significantly
increased VEGF expression. These results indicated
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Figure 4 Effects of melatonin on the implantation-related, antioxidative-associated, and apoptosis gene expression. (A-C) mRNA expression

of implantation-related genes Era, Pra, and P53, (D,E) antioxidative-associated genes Gpx1 and Sodl, (F-H) apoptosis-correlated genes

of Bax, Bcl-2, and the ratio of Bax/Bcl-2 in endometrium during implantation state from mice of the control, adenomyosis model, and
melatonin treated groups. ***P<0.001; **P<0.01; *P<0.05; n=6. mRINA, messenger RINA.

melatonin could exert a protective effect against oxidative
stress induced by adenomyosis and reduce endometrial
apoptosis to improve endometrial receptivity.

Melatonin reduces abnormal inflammatory responses in
adenomyosis mice by suppressing NF-«B signaling

To investigate the underlying molecular mechanisms of
melatonin in adenomyosis model mice, we first investigated
changes in levels of the proinflammatory cytokines TNF-a
and IL-1p in the endometrium during the implantation
window (n=6). Western blot analysis showed adenomyosis
model mice had higher TNF-o and IL-1p levels compared
with control mice (Figure 64,6B). A previous study reported
melatonin exerted an anti-inflammatory effect during
disease treatment (28). Therefore, we examined whether it
inhibited the release of proinflammatory cytokines in the
endometrium of mice with adenomyosis, with the results
confirming it significantly reduced TNF-a and IL-1p levels

© Annals of Translational Medicine. All rights reserved.

(Figure 64,6B). NF-xB and MAPK signaling pathways were
involved in melatonin-regulated cell functions (20,29),
and in the present study, we determined the relative
contributions of p-NF-kB p65, NF-«B p65, phospho-p44/42
MAPK, p44/42 MAPK, phospho-p38 MAPK and p38
MAPK in melatonin-mediated suppression of TINF-a and
IL-1B production in endometrial tissue at day 4.5 (n=6).
However, Western blot results revealed no differences
in levels of phospho-p44/42 MAPK, p44/42 MAPK,
Phospho-p38 MAPK and p38 MAPK among the three
groups (Figure 6C,6D), suggesting melatonin treatment
reduced the secretion of proinflammatory cytokines in
adenomyosis, although not via the p44/42 MAPK and p38
MAPK signaling pathways.

NF-«B activation was also enhanced by TNF-a
stimulation, and according to the feed-forward relationship
between proinflammatory factors and NF-«B activation,
it was likely activated NF-kB might result in increased
production of proinflammatory chemokines (13).

Ann Transl Med 2022;10(24):1317 | https://dx.doi.org/10.21037/atm-22-5493
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Figure 7 Schematic diagram of the regulatory mechanism of melatonin in the adenomyosis model mice. NF-kB, nuclear factor kappa B;

ROS, reactive oxygen species.

Interestingly, as shown in Figure 64,68, adenomyosis
induced higher levels of p-NF-kB p65 and the p-NF-«xB
p65/NF-kB p65 ratio than those observed in control mice,
whereas melatonin administration significantly reduced
both. These data suggested NF-xB may play a pivotal
role in the development of adenomyosis by promoting
inflammation and excessive oxidative stress, and further
impairing endometrial development. Furthermore, the
results indicated melatonin might reduce TNF-a and IL-1p
production in the endometrium of adenomyosis mice,
suppressing the NF-kB signaling (Figure 7).

Discussion

Adenomyosis is a common disease in women of reproductive
age, manifesting a variable degree of symptoms while causing
reproductive failure in a high percentage of patients (4).
Adjuvant measures to improve pregnancy outcomes
have been extensively explored, but the results are not
satisfactory. In the present study, we showed adenomyosis

© Annals of Translational Medicine. All rights reserved.

had a detrimental effect on uterine receptivity in mice, and
melatonin therapy significantly reversed this by reducing
the inflammatory reaction, oxidative stress, and apoptosis by
suppressing the NF-kB signaling pathway.

The endometrium is the primary target organ for embryo
implantation, and its development state is directly related
to embryo survival and implantation, and the establishment
and maintenance of gestation (30). 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 (31). Additionally, Eth is closely related to EA.
In the present study, we found endometrial morphology
developed more poorly in adenomyosis model mice than
in control mice. We observed a “thin” endometrium
which was 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
melatonin replacement may effectively restore normal

Ann Transl Med 2022;10(24):1317 | https://dx.doi.org/10.21037/atm-22-5493
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physiological function of the endometrium. In females,
estradiol (E,) and progesterone 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 E, is critical for inducing mouse uterine
receptivity. Blastocysts can locally synthesize and secrete E,
to initiate implantation (32), and the knockout of nuclear
estrogen and progesterone receptors leads to complete
infertility (33,34). In our study, we observed reduced Era
expression on day 4.5 in adenomyosis model mice, and
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 may be because low local estrogen levels in the
endometrium dysregulated matrix remodeling during
the implantation window, leading to poor endometrial
development and further damaging embryo implantation.

In adenomyosis mice, higher local levels of ROS and
inflammatory cytokines in the uterus induced cell apoptosis
and tissue damage, changed the uterine microenvironment,
affected embryo implantation, and reduced fertility. As
shown in Figure 3, the expression of LIF, integrin B3,
HoxA10, and HoxAl1 showed an obvious trend of decline.
During embryo implantation, weak gene expression
changes in LIF, integrin B3, HoxA10, and HoxAll
regulated some implantation-related genes and signaling
pathways. Therefore, we believed the imbalance of immune
regulation of endometrial cells induced by adenomyosis was
an important factor leading to the decline of endometrial
receptivity.

Melatonin benefits reproductive physiology as a free
radical scavenger and upregulates the expression of
antioxidant- or apoptosis-related genes (35,36). When
ROS reach a maximum resistance threshold, tissue damage
or even cell death can occur. Here, we found a dramatic
decrease in Sodl mRNA levels in adenomyosis model mice,
but these were upregulated following melatonin treatment.
Notably, Gpx1 expression was highest, which may be due
to the necessity for high levels of Gpx1 to remove excessive
peroxide ions in the endometrium. Excessive oxidative stress
often leads to apoptosis, which is an important regulator of
eutopic endometrial function. Contrary to earlier reports in
the rat, the genes expression of anti-oxidative genes (SODI,
Gpx1) and apoptosis-associated genes (caspase-3, Bcl-2) were
not changed after melatonin treatment (23).

The pathogenesis of adenomyosis-associated subfertility
has not been fully elucidated and was the focus of the

© Annals of Translational Medicine. All rights reserved.
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present study. The abnormal microenvironment of the
endometrium in adenomyosis model mice stimulated
endometrial cells to produce inflammatory damage, which
might activate NF-xB signaling. NF-kB transferred from
the cytoplasm to the nucleus, initiated the transduction
of multiple downstream inflammatory signal pathways,
released inflammatory factors such as TNF-a and IL-1f,
participated in a series of immune responses, caused a
localized hyperinflammatory response, produced obvious
toxic effects on embryos and endometrial epithelium, and
reduced the implantation rate (37). Our results showed
melatonin decreased the ROS level and apoptosis induced
by adenomyosis, increased VEGF expression, and improved
pregnancy outcomes, providing new insight into melatonin-
based therapy for adenomyosis infertility.

There are some limitations in our study. Firstly, as the
process of embryo implantation is a complex regulatory
network and we only examined endometrium development,
further experiments are needed to systematically study the
interaction between embryo and receptive endometrium.
Moreover, the pathway inhibitor of NF-xB was required to
clarify the mechanism of melatonin.

Conclusions

In summary, adenomyosis induced endometrial cell
apoptosis during window of implantation by activating the
Bax/caspase-3 mitochondrial apoptosis pathway through
ROS and caused an inflammatory response through the
NF-xB pathway in adenomyosis mice. Melatonin alleviated
apoptosis by inhibiting ROS, reducing TNF-a and IL-1B
expression and enhancing VEGEF expression by inhibiting
the NF-«B signal pathway. These results demonstrate
the protective effect of melatonin on adenomyosis,
especially the positive melatonin-specific effects on uterine
development and endometrial receptivity, and highlight
its potential as an auxiliary therapeutic candidate for the
treatment of fertility in adenomyosis patients.
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