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Abstract

Background: There are around 300 million adolescent pregnancies worldwide, accounting for 11% of all
births worldwide. Accumulating evidence demonstrates that many adverse perinatal outcomes are
associated with adolescent pregnancies. However, how and why these abnormalities occur remain to be
defined.

Methods: To compare uterine maturity, implantation, decidualization and placental development between
25-30 days old and 3 months old mature female CD-1 strain mice. Both in vivo mouse pregnancy and in
vitro cell culture were used. Western blot, real time RT-PCR, immunostaining and immunofluorescence
were used to study the progress of pregnancy during two groups.

Results: We found the litter size of adolescent pregnancy is significantly decreased from F1 to F3
generations compared to mature pregnancy. On days 8 and 12 of pregnancy, multiple abnormalities in
placental and decidual developments appear in F3 adolescent pregnancy. On days 5 and 8, uterine
endoplasmic reticulum stress is dysregulated compared to mature pregnancy. Embryo implantation and
decidualization are also compromised in adolescent pregnancy. Many genes are abnormally expressed in
adolescent estrous uteri.

Conclusion: The uterine immaturities and abnormal implantation may cause multiple pregnancy failures
in adolescent pregnancy.

Introduction

Each year, about 18 million girls aged 18 years or younger become pregnant, with a higher frequency of
these births by adolescents occurring in developing countries [1]. In 2015, there were about 300 million
adolescent pregnancies worldwide and 16 million adolescents gave birth, accounting for 11% of all births
worldwide [2]. What's more, nearly one-fifth of adolescents become pregnant in Africa [3]. In the
industrialized world, the United States continues to have a high rate of adolescent pregnancy|4].
Adolescent pregnancy will still be a target for prevention in many countries[5]. Accumulating evidence
demonstrates that many adverse perinatal outcomes are associated with adolescent pregnancies, such
as preterm birth, low birth weight babies, preeclampsia, intrapartum death, and miscarriage[6]. Compared
with women between 20 to 24.15 years old, the risk of stillbirth is 4 times higher in teens aged below 15
years and 50% higher in teens aged between 15 to 19 years [7]. In adolescents aged < 15 years, the
median gestational week is lower and the rates of threatened abortion and pre-eclampsia are higher
compared to control group [8]. The possibility of premature rupture of membranes and preterm premature
rupture of membranes in adolescent pregnancy was significantly higher compared to adult pregnancy [9].

Because most of the perinatal complications in these newborns occurs without any chromosomal
abnormality, the relationship between newborns and mothers has remained unexplained. However, most
pregnancy complications associated with gestation usually have a relationship with incorrect
implantation and placentation, such as preterm labor, low birth weight stillbirth and preeclampsia[10].
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Embryo implantation, decidualization and placenta development are key processes during pregnancy[11].
In assisted reproductive technologies, low implantation rate is a major problem during infertility
treatments [12]. Apart from embryo implantation, decidual and placental dysfunction also contribute to
poor pregnancy outcomes. Impaired decidualization is closely related to preeclampsia[13]. In aged mice,
there are abnormal steroid hormone responses and the decline of embryo implantation [14]. Defective
decidualization and placental development also lead to abnormal embryo development and reproductive
decline [10].

Based on these available data, we hypothesize that adolescent pregnancy may be associated specifically
with defective decidualization and placental development. In this study, a mouse model was used to
explore the factors in adolescent pregnancy leading to abnormal pregnancy outcomes. Our study showed
that pregnancy outcomes are significantly compromised in adolescent pregnancy, primarily due to
delayed embryo implantation and uterine immaturity.

Methods
Mice and treatments

CD1 mice were housed in a controlled environment with a 14 h light: 10 h dark cycle. Virgin females were
co-caged with male CD1 mice of 8—16 weeks old. The day when vaginal plug was detected was
designated as day 1 of pregnancy. The vaginal opening in CD1 virgin mice occurs about 25 days after
birth, which is referenced to 14-16 years old humans [15]. To explore the effects of adolescent pregnancy
on pregnancy outcomes, this study focused on immature female mice 25-30 days after birth (PND25-
PND30) and mature adult mice (12 weeks). Pregnant females were designated as FO mice, and their
offspring were designated as F1 mice. F1 mice were mated at first estrus (25-30 days old), and their
offspring were designated as F2 mice. F2 mice were mated at first estrus (25—-30 days old), and their
offspring were designated as F3 mice. Mature “Adult” females were 8—12 weeks old and designated as
3M. Artificial decidualization was performed as previously described[16]. Pregnant mice were
intraperitoneally injected with Tunicamycin (TM, 0.1 or 0.001 mg/kg in saline (5 mg/ml dissolved in
DMSO and diluted in saline, 100 ml per mouse, Millipore) on days 6 and 7 at 9:00 and 21:00, respectively.

RT-qPCR

Total RNAs were isolated with TRIzol reagent kit (T9109, TaKaRa) and reverse transcribed with
PrimeScript reverse transcriptase reagent kit (R233, Vazyme, Nanjing, China) according to the
manufacturer’s instructions. RT-qPCR was performed using SYBR (Q311, Vazyme, Nanjing, China) on a
Bio-Rad CFX96 Touch™ Real-Time System thermocycler using gene-specific primers (Table S1). Gene
expression was analyzed, and the Ct values were normalized to Rpl7 housekeeping gene.

Analysis of spliced Xbp1
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Total RNAs were isolated with TRIzol reagent kit (T9109, TaKaRa) and reverse transcribed with
PrimeScript reverse transcriptase reagent kit (R233, Vazyme, Nanjing, China) according to the
manufacturer’s instructions. XBP7 primers were designed to contain the 26 base pair fragment for
analysis of spliced and unspliced XBP7 mRNA. Products were separated on 2.5% agarose gel. The primer
sequences were described in Table S1

Isolation and culture of mouse uterine stromal cells

Stromal cells were isolated from mouse uteri. In brief, mouse uteri on day 4 of pregnancy were digested
with 1% trypsin (0458, AMRESCO) and 6 mg/ml dispase (0494207801, Roche) in Hanks' balanced salt
solution (H4891, Sigma). After luminal epithelial cells were removed by washing, the remaining uteri were
incubated with 0.15 mg/ml collagenase | (17100017, Gibco). The isolated stromal cells were cultured in
DMEM/F12 (D2906, Sigma) containing 10% charcoal-treated FBS (Biological Industries, Israel).

In vitro decidualization of endometrial stromal cells were induced with T mM progesterone and 10 nM
17B-estradiol as described [16].

Histology and immunohistochemistry

Tissues were fixed in 10% PBS-buffered formalin for 24 h, dehydrated and embedded in paraffin. Paraffin
sections (5 pm) were deparaffinized and stained with hematoxylin and eosin for histology analysis. The
number of sections of day 8 of pregnancy were collected for detected the length of embryos as previously
described [17]. Immunohistochemistry was performed as previously described [18]. After blocked with
10% horse serum at 37°C for 1 h, paraffin-sections were incubated with anti-progesterone receptor (PR)
(Invitrogen, MA5-A6393), anti-estrogen receptor (ER) (Santa Cruz Biotechnology, sc-7207), anti-GZMB
(Abcam, ab255598), or anti-CK8 (Abcam, ab53280) overnight at 4°C. Following PBS washing, sections
were incubated with biotinylated second antibody for 30 min and streptavidin-HRP complex (Zhongshan
Golden Bridge) for 30 min at room temperature. The positive signals were visualized through DAB
Horseradish Peroxidase Color Development Kit (Zhongshan Golden Bridge).

uNK cells were showed as previously described [19]. Briefly, paraffin-sections (5 pm) were deparaffinized
and antigen-retrieved with 10 mM sodium citrate buffer (pH 6.0). After blocked with 10% horse serum at
37°C for 1 h, paraffin-sections were incubated with biotinylated dolichos biflorus agglutinin (DBA) (Sigma
Aldrich, L6533) overnight at 4°C. Following PBS washing, sections were incubated with streptavidin-HRP
complex (Zhongshan Golden Bridge) for 30 min at room temperature. The positive signals were
visualized through DAB Horseradish Peroxidase Color Development Kit (Zhongshan Golden Bridge).

Immunofluorescence

Immunofluorescence was performed as previously described [18]. Briefly, paraffin sections were hydrated,
permeabilized with 1% Triton X-100 in PBS for 10 min and blocked with 10% horse serum at 37°C for 1 h.
Sections were then incubated with anti-Ki67 (ThermoFisher Scientific, RM-9106-S), anti-MUC1 (NOVUS,
nb120-15481), anti-Z0-1 (Invitrogen, 61-7300), anti-Collagen 4 (Abcam, ab6586), anti-Laminin a5 (
Abcam, ab184330), anti-Ezrin (Cell Signaling Technology, 3154s), anti-E-cadherin (Cell Signaling
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Technology, 3195s) or anti-Lamin A (Abcam, ab26300) overnight at 40C. After washing in PBS, sections
were incubated with the corresponding second antibody conjugated with FITC for 30 min at room
temperature. Sections were counter-stained with propidium iodide (PI, Sigma) and mounted for
fluorescence analysis.

Western blot

Tissues or cultured cells were collected for protein extraction and protein lysates were separated by SDS
polyacrylamide gel electrophoresis. After proteins were transferred onto PVDF membranes, membranes
were incubated with each primary antibody overnight at 4°C. The primary antibodies used in this study
included anti-GRP78 (Santa Cruz Biotechnology, sc-1050), anti-IRE (Cell Signaling Technology, 3294S),
anti-p-IRE (Abcam, ab48187), anti-Tubulin (Cell Signaling Technology, 2144s) ), anti-E-cadherin (Cell
Signaling Technology, 3195s), anti- N-cadherin (Cell Signaling Technology, 4061s), anti-Snail (Cell
Signaling Technology, 3879s), anti-cyclin D1 (Abcam, ab16663), anti-NKP46 (R&D Systems, AF2225),
anti-B-actin (Cell Signaling Technology, 4967s), anti-Ezrin (Cell Signaling Technology, 3154s), anti-Lamin
A (Abcam, ab26300) and anti-CHOP (Santa Cruz Biotechnology, sc-575). After membranes were
incubated with the corresponding HRP-conjugated secondary antibody for 1 h, signals were detected
through ECL Chemiluminescent kit (Millipore)

RNA-seq

Three samples were used for RNA-seq in 3M and F3 group. RNA-seq was performed by Novogene
(Tianjing, China). Briefly, total RNAs were isolated and quantitated by Qubit® RNA Assay Kit in Qubit®2.0
Flurometer (Life Technologies, CA, USA). Total 3 pg RNAs of each sample were used for library
preparation using NEBNext® UltraTM RNA Library Prep Kit for lllumina® (NEB, USA). Library preparations
were sequenced with an Illumina Hiseq platform, and 125 bp/150 bp paired-end reads were generated.
After raw data were first processed by in-house perl scripts, clean data were obtained by removing reads
containing adapter. FPKM (Fragments per kilobase per million) of genes was calculated based on the
length of genes and reads count mapped to genes. Differential expression analysis of two groups was
performed by the DESeq2 R package (1.16.1). After P-values were adjusted using the Benjamini-
Hochberg's approach, genes with an adjusted P-value < 0.05 were defined as differentially expressed
genes. Gene Ontology (GO) enrichment analysis of differentially expressed genes was performed through
the cluster Profiler R package. GO terms with corrected P value < 0.05 were considered as significantly
enriched.

Statistical analysis

Data were shown by the mean + SEM. Statistical analysis was performed with an unpaired Student'’s t-
test or two-way ANOVA followed with Bonferroni post hoc test. At least three independent repeats were
performed in all groups. P<0.05 was considered statistically significant.

Results
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Pregnancy outcome and placental development

After examining pregnancy outcomes for each group, we found that average litter size was significantly
decreased compared 3M with F2 (p=0.00670) and F3 (p=0.00037) mice while no changes was showed
from 3M to F1 mice (p=0.063648) (Fig. 1a). Because the reduction of average litter size was obvious in
F3, our further analysis focused on the comparison between F3 and 3M groups. It has been shown that
decrease in litter size could result from dysfunctional uteri or decreasing embryo number [20, 21], and
most problems during embryonic development are associated with placentation defects [22]. In
examining day 12 (D12) pregnant mice, F3 mice were revealed to have abnormal uteri compared with 3M
mice (Fig. 1b). Both the litter size and weight of embryos on D12 were decreased in F3 compared to 3M
(Fig. 1c-d); there were also more abnormal embryos in F3 mice than in 3M (Fig. 1e). Therefore, we
analyzed the histological structures of placentas of 3M and F3 females. Compared to 3M, the labyrinth
and junctions were enlarged in the F3 group (Fig. 1f). We then examined the expression of markers of
stem-like trophoblast progenitor cells differentiated from the mural trophectoderm [10, 11]. Both Essrb
and Eomes were decreased in F3 abnormal conceptuses, while Essrb was decreased and Eomses was
increased in F3 mice with normal embryos compared to 3M group (Fig. 2a-b). Pri2c2 and Tpbpa were
markers of trophoblast giant and intermediate trophoblast cells differentiated from trophoblast cells [10,
23]. Both Pri2c2 and Tpbpa were decreased in F3 abnormal conceptuses, while Pri2c2 was increased and
Tpbpa was decreased in F3 normal conceptuses (Fig. 2c-d). Ctsq and Sybn, markers of the labyrinth layer
[10], were decreased in F3 normal and abnormal conceptuses compared to the 3M group (Fig. 2e-f).

uNK cells are closely related to placental function [24]. Compared to 3M, the number of uNK cells was
lower in F3 normal placenta and higher in F3 abnormal placenta (Fig. 2g). GzmB and NKP46 are essential
to NK cell function. The number of GzmB-positive cells was reduced in F3 mice with normal embryos and
increased in F3 mice with abnormal embryos (Fig. 2h). The mMRNA expression of GzmB showed a similar
pattern (Fig. 3a). NKP46, an NK cell-related molecule, also showed a similar change with GzmB (Fig. 3b).
During placental development, NK cells are closely related to angiogenesis. ENG and VEGFa, the pro-
angiogenic molecules [24], decreased in the F3 group, and Endoglin, an anti-angiogenic factor, increased
(Fig. 3c-e). Decidualization genes, Prl8a2 increased while Bmp2 decreased in F3 group (Fig. 3f-g). The
expression of Hoxa10 was reduced in F3 mice with normal embryos and increased in F3 mice with
abnormal embryos (Fig. 3h). These data demonstrate that a dysfunctional placental may result in the
decrease of litter size in the F3 group.

Decidualization during embryo development

The placenta consists of fetal and maternal cell types, which interact functionally to ensure normal

embryo development. The maternal placenta is made up of the uterine decidua. Decidualization is a

critical process for establishing fetal-maternal communication [25]. Because there were abnormalities for

both embryonic and placental development on day 12 of pregnancy, we went further to examine

decidualization and embryo development on day 8 of pregnancy. The morphological characteristics and

number of embryos were similar between F3 and 3M groups (Fig. 4a-b). However, the size and weight of
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the embryos decreased in the F3 group compared to the 3M group. (Fig. 4c-d). Decidual tissues from both
3M and F3 groups were chosen for transcriptome analysis. Compared to 3M, there were 337 differently
expressed genes in the F3 group, of which 133 were up-regulated and 204 genes down-regulated (Fig. 4e).
Among the 337 differentially expressed genes, Igf1, Bmp2, Cdh1, Cited2, Pri8a2 (Dtprp), Bmp2, Cited2,
Cdh1 and Igf1 are decidualization-related genes [10]. Pri8a2, Bmp2 and Cited2 were increased, while
Cdh1and Igf1 were decreased in the F3 group (Fig. 4f-j). The mesenchymal-epithelial transition (MET) is
an important process during decidualization. E-cadherin, snail, and cyclin D1, MET-related genes, were
decreased in the F3 group (Fig. 5a). Tight junction protein ZO-1 was significantly decreased in the F3
group (Fig. 5b). To exclude embryo effects, pseudopregnant mice were induced for artificial
decidualization (Fig. 5¢). The weight of deciduoma was reduced in the F3 group compared to the 3M
group (Fig. 5d), and the expression of Prl8a2 showed an increase in the F3 group (Fig. 5€). In vitro
decidualization was used to examine the differences; compared to the 3M group, Prl8a2, Hoxa10 and
Bmp, decidualization-related genes, were also increased in the F3 group (Fig. 5f-h).

Dysfunction of endoplasmic reticulum stress during
decidualization

The endoplasmic reticulum (ER) plays important roles in cell protein synthesis, folding, and secretion [26].
During female mammalian reproduction, proper ER stress is essential to embryo implantation and
decidualization [16, 27, 28]. Based on our gene ontology (GO) and pathway analysis of differentially
expressed genes on day 8 of pregnancy, genes involved in the endoplasmic reticulum chaperone complex
were significantly enriched (Table S2). We then examined the protein levels of ER stress-related proteins.
In the F3 group, the levels of GRP78, IRE and P-Ire were decreased compared to the 3M group, whereas
CHOP levels showed no change between the two groups (Fig. 6a). In ER stress, p-IRE could splice Xbp7 to
induce gene expression [29]. On day 8 of pregnancy, the level of spliced Xbp7 also showed a decrease in
F3 groups (Fig. 6b). These data demonstrated that the dysfunction of GPR78-IRE-Xbp1 pathway could be
one cause of the deregulation of decidualization in the F3 group compared to 3M.

To further examine the response of pregnant mice to ER stress, female mice were treated on day 6 and
day 7 at 9:00 and 21:00 with different doses of TM (Tunicamycin), an inducer of unfolded protein
response by blocking N-linked glycosylation. When 3M pregnant mice were treated with 0.001 mg/kg TM,
the weight of implantation sites on D8 remained unchanged compared to control. After F3 pregnant mice
were treated with 0.001 mg/kg TM, the weight of embryos significantly decreased (Fig. 6¢c-€). When 3M
mice were treated with 0.1mg/kg TM, the weight of embryos was decreased, and both Grp78 and Ire
increased compared to control. When F3 mice were treated with 0.1 mg/kg TM, embryos were obviously
reabsorbed, and both Grp78 and Ire were decreased (Fig. 6¢-d). These results suggest that ER stress
dysfunction could be related to decidualization deregulation in F3 mice due to a differing response by
uterine stromal cells.

Decreased endoplasmic reticulum during embryo
implantation
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In rodents, embryo implantation is the premise of decidualization. Abnormal embryo implantation is
related to the dysfunction of decidualization [30]. To explore the reason for decidualization dysfunction,
we examined embryo implantation on D6. We found that embryo implantation sites were similar between
F3 and 3M groups (Fig. 7a-b). However, there were fewer implantation sites on day 5 in the F3 group
compared to the 3M group (Fig. 7c-d). For ER stress, the mRNA levels of GRP78 and IRE were significantly
decreased in F3 group. The levels of Ire and p-Ire proteins also showed an abnormal pattern in F3 group
(Fig. 7e-f). Furthermore, XBP1 expression was decreased in the F3 group due to the decreased p-IRE

(Fig. 7g). These data suggest that embryo implantation and ER stress was deregulated in the F3 group.

Delayed implantation due to receptive uterus

We further examined whether embryo implantation is normal on day 4 of pregnancy. At 22:00 on day 4, a
few implantation sites appeared in the 3M group, but no implantation sites were detected in the F3 group.
At 24:00 of day 4, implantation sites were detected clearly in the 3M group compared with F3 group

(Fig. 8a). Based on this study, we wondered whether embryonic development is normal in the morning of
day 4 pregnancy. When we flushed uteri in the morning on day 4, the number of blastocysts was similar
between 3M and F3 (Fig. 8b). The morphology of blastocysts was also similar between 3M and F3
groups (Fig. 8c). These results suggest that the delay of embryo implantation might be from a uterine
response in the F3 group.

Estrogen is a critical factor in determining the beginning of the implantation window. Estrogen level
determines the duration of the implantation window within a very narrow range. To analyze the cause of
delayed implantation, we measured estrogen levels on day 4. In the F3 group, estrogen levels were
significantly higher than that of the 3M group (Fig. 8d). Ltf, Muc1 and Pgr, estrogen targeted genes, were
also increased in the F3 group (Fig. 8e-g), as were immunostained levels of ER and PGR (Fig. 8h-i) and
MUC1and K167 (Fig. 9a-b), which are closely related to embryo implantation. The remodeling of the
extracellular matrix is important for embryo implantation [31]. Collagen 4 and Laminin a5, key
components of the extracellular matrix [32], were also increased in the F3 group. Ezrin, which is down-
regulated during embryo implantation [33], was increased in F3 mice (Fig. 9c-e). These results illustrate
that uteri receptivity was compromised in the F3 group compared to 3M group.

Immature uterus in F3 group

Because F3 mice were 25-30 days old, we wondered whether uteri were matured in these mice. Glands
are required for embryo implantation, yet in F3 mice at estrus, the size of the uterus and the number of
glands were significantly decreased (Fig. 10a). Except for glandular development, tight junction and the
extracellular matrix are also important for uterine development. E-cadherin, an adherence junction protein
[34], was strongly detected in the epithelial cells in 3M mice compared to F3 mice (Fig. 10b). Collagen IV,
a key component of the extracellular matrix, was also strongly seen in 3M mice compared to F3 mice
(Fig. 10c). Compared to 3M mice, Ezrin was highly detected on the surface of epithelial cells in F3 group
(Fig. 10d, g). Lamin A, a main component of the nuclear lamina, was decreased in uterine stromal cells
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and glandular epithelial cells in the F3 group compared to the 3M group (Fig. 10e-f). These data
demonstrate that uteri in F3 mice are underdeveloped compared to those in 3M mice.

Discussion

Adolescent pregnancy is associated with perinatal outcomes such as preterm birth, low birth weight
babies, and preeclampsia [35]. These abnormalities could be related to both embryonic and maternal
factors. In this study, we found that the litter size of F3 mice is significantly decreased. Although
development of preimplantation embryos was normal, the uterine immaturities of F3 mice likely triggered
abnormal pregnancy outcomes.

Most pregnancy complications such as low birth weight, fetal growth restriction, and pre-eclampsia are
correlated with a failure of proper placentation [36]. During pregnancy, the placenta is the main regulator
of nutrient supply for the growing embryo. Adequate placental function is indispensable for
developmental progression during intrauterine development [23]. A recent study indicated that sub-viable
mouse mutants or embryonic lethal models are associated with labyrinthian defects and intrauterine
growth retardation prior to death [37]. In our study, labyrinth markers are significantly decreased in
abnormal embryos of F3 mice. Evidence from individual gene knockouts also demonstrated that
placental labyrinth development is directly associated with fetal growth [38]. In the F3 group, the labyrinth
shows defective development and fetal growth is retarded. Improper differentiation also occurs in stem-
like trophoblast progenitor cells, the intermediate trophoblasts, spongiotrophoblast (SpTr) Tpbpa and
trophoblast giant cells in the F3 group. Ablation of Tpbpa-positive cells results in trophoblast invasion
defects, which are related to defective remodeling of maternal spiral arteries [39].

From days 6—11 of pregnancy in mice, uNK cells are recruited in large numbers to the mesometrial
decidual40]. uNK cells could be the key regulator of placental vascularization, including spiral artery
remodeling[41]. The combination of uNK cells and maternal B3 integrin showed profound effects on
invasive trophoblasts and placental development [24]. In our study, the decrease of uNK cell number and
abnormal expression patterns of angiogenic cytokines suggest placental dysfunction, which could be the
cause of lower litter sizes in F3 mice.

The correct development of placentation is closely related to uterine decidualization, as the decidua
functions as one part of the placenta [42]. Although the number of implantation sites showed similar
patterns in two groups on day 8 of pregnancy, the length and weight of embryos were significantly
decreased in the F3 group. Dysfunction of decidualization is an important cause of preeclampsia [43]; in
women with preeclampsia, decidual cells exhibited inadequate decidualization [44]. Through microarray
data analysis, the molecular pathways of decidualization were shown to be dysregulated in preeclampsia
and endometrial disorders [45]. Based on our transcriptome analysis, many pathways were significantly
changed in the F3 group, including the bicellular tight junction and endoplasmic reticulum chaperone
complex. Artificial decidualization is also compromised in the F3 group. The mesenchymal-epithelial
transition is an important step during decidualization[46]. In F3 mice, genes involved in mesenchymal-
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epithelial transition are down-regulated. During preeclampsia pregnancies, MET showed an increased
pattern in the decidua [47]. In aged mice, decidualization defects cause reproductive decline, key
regulators of decidualization are downregulated [10], and artificially-induced decidual response is also
defective [48]. These studies suggest that proper decidualization is essential for successful pregnancy.

During early pregnancy in mice, Ire-xbp1 signaling pathway of ER stress is activated in decidual cells on
days 5-8 of pregnancy [16]. GRP78 is expressed at implantation sites and decidual cells[16]. In human
decidual cells, the Ire-xbp1 signaling pathway is induced to support embryo development [28]. In patients
with spontaneous labor and preterm labor, GRP78, IRE1, and spliced Xbp7 (sXbp1) are significantly
increased [49]. Compared to normal pregnancy, unspliced Xbp7 (uXbp1) is increased in decidual cells of
preeclampsia patients [50]. Mouse decidualization is impaired after Ire-xbp1 signaling pathway is
inhibited [16]. These studies suggest that ER stress is a physiological process during embryo
implantation and decidualization. In our study, ER stress is decreased in the F3 group, indicating that
deregulation of ER stress could be one cause of dysfunctional decidualization.

TM has a concentration- and time-dependent effect on the proliferation of stromal cells [16]. Treatment
with 50 ng/ml or 2.5 ug/ml TM inhibits cell proliferation and growth[51]. However, treatment with TM at
pg/ml level has the opposite effect [52]. In this study, treatment with 0.001 mg/kg TM causes a decrease
of implantation sites in the F3 group but has no effects in 3M mice, and treatment with 0.1 mg/kg TM
causes more severe effects in the F3 group. These results indicate the response of ER stress is more
sensitive in the F3 group than in the 3M group. In aged human skeletal muscles, many key components
of the unfolded protein response are decreased, resulting in dysfunctional ER stress [53]. Therefore, it is
possible that the young age of F3 mice may cause abnormal ER stress.

Proper embryo implantation is required for successful establishment of pregnancy. In mice, estrogen is a
key determinant for the duration of the window of uterine receptivity; specifically, a high level of estrogen
will shorten the window of implantation [54]. In this study, the serum estrogen level and the expression
levels of estrogen-targeted genes are significantly higher in the F3 group than in the 3M group. A previous
study demonstrated that estrogen levels are also upregulated in Rbpj%’d female mice, leading to abnormal
decidualization and embryonic lethality [30]. In aged mice, the estrogen-responsive genes are
downregulated [10, 14]. The decrease of uterine estrogen response may contribute to the decline of
pregnancy rate [14]. It is possible that the increase of both estrogen and uterine estrogen response may
result in the decline of pregnancy in the F3 group.

Adequate uterine development is a requirement for pregnancy establishment. Uterine glands are
necessary for uterine function. In the glandless uterus of FOXA2-deficient mice, embryo resorption and
pregnancy failure occur [55]. Glands are fundamental to pregnancy success, as they directly connect the
crypt encasing the embryo [56]. In our study, the number of glands is significantly decreased in F3 mice.
Collagens and Lamins of extracellular matrix components are upregulated in human receptive
endometrium[57]. Collagens are important for embryo implantation [58]. Lamins are key structural
components of the nuclear lamina and play a role in nuclear architecture, DNA replication, and gene
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expression [59]. In the F3 group, both collagen IV and lamin A in stromal cells are downregulated,
indicating that the extracellular matrix and stromal cells may be immature. Cadherins are adhesion
molecules expressed at the cellular membrane for controlling cell adhesion [60]. Ezrin is one ERM protein
that provides a critical link between the plasma membrane and surface structures and is present in
uterine epithelium in human endometrial cycle and downregulated during embryo implantation[33]. In F3
mice, upregulated Ezrin and downregulated E-cadherin indicated tight junction in epithelial cells was not
well developed.

Conclusions

In summary, this study extensively compares different stages of adolescent and normal pregnancy. We
found numerous abnormalities during adolescent pregnancy, including decidual and placental defects
and small litter size. These abnormalities may result from uterine immaturity, high levels of estrogen and
abnormal response of ER stress. As a result, this study sheds light on adolescent pregnancy and the
underlying factors that lead to adverse perinatal outcomes, including preterm birth, low birth weight
babies, preeclampsia, intrapartum death, and miscarriage, which substantially affect maternal and
neonatal health.
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Figure 1

Pregnancy outcomes and placental development. (@) The average number of newborn mice in 3M (Adult
group, n =12), F1 (Adolescent F1, n =17), F2 (Adolescent F2, n =10), and F3 (Adolescent F3,n =12).
Statistical differences are analyzed by ANOVA followed by Tukey’s multiple comparisons post-hoc test.
Data are present as mean + S.E.M. **p < 0.01. (b) The uterine morphology on day 12 of pregnancy. (c)
The average number of embryos on day 12. (d) The average weight of embryos on day 12. (e) The rate of
abnormal embryos (n=12). (f) The placental morphology on day 12. Scale bars: 1 mm, n =6
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Figure 2

Placental development and uNK cells on day 12 of pregnancy in 3M (n = 6), normal F3 (n= 6) and
abnormal F3 (F3-A, n= 6) groups. (a, b) The mRNA levels of Essrb and Eomes, markers of trophoblast
stem cell genes. (c, d) The mRNA levels of Prl2c2 and Tpbpa, markers of the intermediate trophoblast
giant cells. (e, f) The mRNA level of Ctsq and Synb, markers of placental labyrinths. (g) The distribution of
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uNK cells. (h) GzmB immunostaining. Scale bars: T mm. Statistical differences are analyzed by ANOVA

followed by Tukey’s multiple comparisons post-hoc test. Data are present as mean + S.E.M. **p < 0.01.
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Figure 3

Decidualization changes in placenta on day 12 of pregnancy in 3M (n = 6), normal F3 (n= 6) and
abnormal F3 (F3-A, n= 6) groups. (a) GzmB mRNA level. (b) NKP46 protein level. (c) End mRNA level. (d)
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Eng mRNA level. (e) Vegf mRNA level. (f) Pri8a2 mRNA level. (g) Bmp2 mRNA level. (h) Hoxa10 mRNA
level.
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Figure 4

Decidual development on day 8 of pregnancy in F3 and 3M groups. (a) The uterine morphology on day 8
of pregnancy. (b) The average number of implantation sites in two groups. (c) The average length of
embryo on day 8 in two groups. (d) The average weight of implantation sites on day 8 in two groups
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(n=10). (e) Heatmap of genes differently expressed in the decidual tissues in two groups. (f) Pri8a2
mRNA level. (g) Igf T mRNA level. (h) Cdh1 mRNA level. (i) Bmp2 mRNA level. (j) Cited2 mRNA level.
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Figure 5

Decidualization-related gene expression in vivo on day 8 of pregnancy and in vitro. (a) The protein levels
of mesenchymal-epithelial transition-related genes. (b) Immunofluorescence of Zo-1, an epithelial
marker. Scale bars: 100 pm. (c) The morphology of deciduoma on day 8 of pseudopregnancy after 5l
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sesame oil were intraluminally injected in pseudopregnant mice. (d) The average weight of deciduoma in

two groups. (e) Prl8a2 mRNA expression in two groups (n=6). (f) Pri8a2 mRNA level under in vitro
decidualization. (g) Bmp2 mRNA level under in vitro decidualization. (h) Hoxa10 mRNA level mRNA level

under in vitro decidualization.

A
GRP94 -"_ S— v 04 L Da
| T—————— = —————————— —v——y
CHOP 30kDa
GRP78 78 kDa
IRE | - 3 e - W = | 30kDa
PIRE S . S— % | 110kDa
TUBULIN | S s s e s il | 5 D
3M F3
B
Xbpl - —
fantmd ! R —uXbpl
stpl
M F3
C D
L3 * k%
gl e £ T m
ED v X 3 °F3
W 20' &
?a a8
£ 107
: ¥
0 L T T
Con 0.001 0.1
TM (mg/kg)
Con 0.001 0.1
TM (mg/kg)
78 kDa
: 130 kDa
P-IRE - _ | 110kDa
TUBULIN | = s - — m— e || o— o s— | 52 kDa
Con T™ 0.1 mg/kg Con T™M 0.1 mg/kg
M F3
Figure 6

Page 22/28



Endoplasmic reticulum stress in decidua on day 8 of pregnancy. (a) The protein levels of endoplasmic
reticulum stress-related genes, including GRP94, CHOP, GRP78, IRE, and P-IRE in decidua on day 8 of
pregnancy. (b) The relative level of XBP1, a downstream gene of GRP78-IRE pathway. (c) The morphology
of deciduoma after pregnant mice were treated with 0.001 mg/kg and 0.1 mg/kg TM on days 6 and 7. (d)
The average weight of implantation sites after pregnant mice were treated with 0.001 mg/kg and 0.1
mg/kg TM on days 6 and 7. (e) The protein levels of GRP78-IRE pathway-related genes at implantation
sites on D8 after pregnant mice were treated with 0.001 mg/kg and 0.1 mg/kg TM on days 6 and 7 at
9:00 and 21:00, respectively.
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Figure 7

Embryo implantation and endoplasmic reticulum stress on days 5 and 6 of pregnancy. A The

representative uterine morphology of implantation sites on day 6. (b) The average number of

implantation sites on day 6. (c) The representative uterine morphology of implantation sites on day 5. (d)
The average number of implantation sites on day 5. (e) The mRNA levels of Grp78 and Ire at implantation
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sites on day 5. (f) The protein levels of GRP78, IRE and P-IRE at implantation sites on day 5. (g) The level
of spliced Xbp1 at implantation sites on day 8.
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Figure 8

Embryo implantation and uterine receptivity. (a) The representative uterine morphology of implantation
sites on day 4 at 22:00 and 24:00, respectively. (b) The average number of embryos collected from uterus
at 09:00 on D4 (3M: n=14, F3: n=11). (c) The representative morphology of blastocysts collected from
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day 4 pregnant mice at 09:00. (d) The serum level of estrogen on day 4. (€) The mRNA level of Ltf, an
estrogen target gene. (f) The mRNA level of Muc1, an estrogen target gene. (g) The mRNA level of Pgr, an
estrogen target gene. (h) Estrogen receptor (ER) immunostaining on day 4 of pregnancy. (i) Progesterone

receptor (PR) immunostaining on day 4 of pregnancy.
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Immunofluorescence of uterine receptivity-related genes on day 4 of pregnancy. (a) MUC1. (b) KI67. (c)
Collagen IV. (d) Laminin a5. (e) Ezrin.
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Figure 10

The morphology and gene expression of estrous uteri in 3M and F3 mice. (a) The uterine morphology
immunostained with anti-cytokeratin 8 (CK8). (b) E-cadherin immunofluorescence. (c) Collagen IV
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immunofluorescence. (d) Ezrin immunofluorescence. (E, F) LAMIN A immunofluorescence. (g) Western
blot analysis of E-cadherin, Ezrin and Lamin A proteins.
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