
Summary. Cells cultured as monolayers proliferate well,
but do not sustain their differentiation characteristics.
Previous studies have investigated the interactions
between cells and growth factors or cytokines by
establishing either in vivo or in vitro three-dimensional
(3D) cultures. Using porcine uterine epithelial cells and
endometrial cells, the current study was designed to
develop a 3D uterine culture system and investigate the
response to hormone treatment. Formation of the 3D
uterine model was similar to that of uterus from the
group supplemented with calcium and magnesium, and
the addition of these ions altered the spectrum of
basement membrane degrading enzyme expression and
activity. In particular, the epithelial cell junctions in the
3D model most closely resembled those of an actual
uterus when the medium was supplemented with
calcium and magnesium; the intercellular basement
membrane structure was also tall under these conditions.
The study confirmed that Casp-3 expression was lowest
in the P4 (progesterone) treatment group, and this
hormone was the most potent stimulus for formation of
the endometrial cell layer. Therefore, the addition of
calcium and magnesium plays an important role in the
formation of a 3D uterine model, and the addition of P4
hormone mimics uterine thickening by stimulating
growth of the epithelial cell layer.
Key words: Endometrium, 3D co-culture, MMPs,
PAPP-A, Porcine

Introduction

In women, changes in the uterus are regulated by
positive feedback initiated from the pituitary gland and
negative-feedback that originates from the ovary. Within
the uterus, the endometrium is dramatically remodeled
throughout the menstrual cycle (estrus cycle) by the
action of growth factors and cytokines that are activated
by estrogen (Chegini et al., 1992; Burton and Wells,
1998; Kauma, 2000; Selam and Aric, 2000; Bulun,
2002). Abrupt changes in the endometrium occur
following conception; these changes are due to the
action of preimplantation factor that is secreted by the
fertilized ovum during the process of implantation. The
ensuing morphological changes of the endometrium are
maintained by progesterone, and are regulated by very
complex genetic mechanisms between successive
pregnancies (Yoshinaga, 2008; Harduf et al., 2009). In
clinical gynecological studies, it was shown that some
endometrial problems are caused by abnormal fertilized
ovum implantation, which contributes to reproductive
failure and infertility. One solution to this issue is to
transplant a developing embryo after maturation in a
natural environment using reproductive assistance
technology (Horcajadas et al., 2004; Mirkin et al., 2004;
Lea and Sandra, 2007; Yoshinaga, 2008). The failure of
an in vitro product (IVP) to correctly implant is
potentially due to a problem of the endometrium and/or
the clinical condition of endometriosis (Horcajadas et
al., 2007, 2008; Aghajanova et al., 2008; Oehninger,
2008). However, it is difficult to experimentally
determine the molecular mechanisms that underlie
infertility in the clinic, and studies of the signaling
between endometrial and embryonic cells are extremely
limited (Dey et al., 2004; Yoshinaga, 2008). A potential
solution to this issue is the construction of in vitro
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implantation models, as they may deepen our
understanding of the reciprocal signaling that takes place
between the endometrium and the embryo (Mardon et
al., 2007; Franchi et al., 2009; Wang et al., 2012).
Although a mouse model with significant genetic
identity to humans has been extremely useful, some
species-specific differences have limited its translational
capacity (Lee and DeMayo, 2004). Research using
primates, which are more physiologically similar to
humans, had increased up to the mid-2000s (Fazleabas et
al., 2004; Einspanier et al., 2006), but such research is
fraught with ethical and animal welfare problems. This
prompted the search for an in vitro model that could
solve these problems in a time- and cost-efficient
manner (Wang et al., 2012). Ultimately, this has led to
the development of single cell culture and co-culture
techniques for in vitro development of fertilized ova and
for in vitro cell culture studies that can provide an
environment that recapitulates several in vivo
intercellular interactions (Arnold et al., 2001). Irwin and
colleagues (Irwin et al., 1989) developed a 2D cell
culture system to study intercellular signaling, but
observed that the cells in this model do not maintain the
unique differentiation characteristics of uterine cells in
vivo, and fail to recapitulate the structure and function of
an actual uterus (Irwin et al., 1989). This is not
surprising given that different cell types within real
tissues form multiple layers and interact with the
extracellular matrix, whereas the 2D cell culture system
comprises (by definition) a single layer with very little
extracellular matrix (ECM) structure. Direct in vivo
assays therefore remain the ‘gold standard’, but studies
using living organisms or tissues are time- and space-
consuming, difficult to execute experimentally, and are
hampered by low reproducibility (White et al., 2014).
This again highlights the need for research into 3D
culture systems that consist of cells grown in an artificial
extracellular matrix (Ip and Darcy, 1996). 

Arnold and colleagues (Arnold et al., 2001) reported
that co-culture of epithelial and stromal cells embedded
in matrigel led to the inhibition of epithelial cell
proliferation as well as to stromal cell-dependent
epithelial cell differentiation. This suggested that certain
aspects of human physiology could be created outside
the body. Since then, many studies have been conducted
in 3D culture to mimic the internal environment. For
example, Bentin-Ley et al. (1994) reported that
endometrial cells cultured in 3D using collagen gel were
morphologically similar to endometrial tissue in the
body. This facilitated studies of the autocrine and
paracrine interactions between neighboring cells and
their environment, as well as studies of growth factors
and cytokines that regulate cell growth. Several studies
have compared 2D and 3D cell cultures and concluded
that the overall morphology, physiological function, and
spectrum of secreted factors observed in 3D
recapitulated the in vivo context more faithfully
(Schneider et al., 2010; Sart et al., 2013; Tseng et al.,
2014; White et al., 2014). However, the development of

3D cellular models of the endometrium and uterus has
lagged behind other systems, and little is still known
regarding the manner in which such models respond to
hormonal stimulation. To address this critical issue, we
have constructed a 3D cellular model of the uterus using
porcine endometrial cells. We used this model to
characterize the response of stromal and endometrial
cells to hormones, and discuss similarities and
differences between the 3D model and the actual in vivo
response herein.
Materials and methods

Preparation and certification of animals 

Estrus porcine uteri with confirmed corpus luteum
formation were collected from gilts at a local
slaughterhouse (Dodram(tm), Anseong, Kor) and
transported within 2 h to the laboratory in physiological
saline supplemented with penicillin G (100 U/ml) and
streptomycin sulphate (100 mg/ml) at 30-35°C. This
study was carried out in strict accordance with the
recommendations in the Guide for the Care and Use of
Laboratory Animals of the National Institutes of Health.
The protocol was approved by the Committee on the
Ethics of Animal Experiments of the Hankyong National
University (Permit Number: 2018-2).
Stromal cell and endometrial cell isolation

The uteri were dissected and placed in cold HBSS
(Thermo Fisher Scientific, the Netherlands) + 1% 100
U/ml penicillin/ 100 μg/ml streptomycin (P/S, Thermo
Fisher Scientific). Uterine bodies were subsequently
separated and slit longitudinally. The endometrial tissue
was incubated in 0.25% trypsin (Thermo Fisher
Scientific) for 1 h at 37°C in a shaking water bath. Then,
the endometrial tissue was minced into smaller pieces
and incubated in 0.05% DNAse type I (Sigma-Aldrich,
the Netherlands), 0.1% collagenase type II (Sigma-
Aldrich) and 0.1% trypsin in HBSS for 1 h and 15 min in
a 37°C shaking water bath. After 1 h 15 min in a shaking
water bath at 37°C, supernatant was collected and the
cells were flushed over a 40 μm nylon mesh cell strainer
to separate epithelial and stromal cells. Both fractions
were collected and seeded in separate culture flasks.
Each endometrial cell fraction was then cultured in
DMEM/Ham's F-12 medium (D/F12, Sigma-Aldrich) +
1% P/S + 10% fetal bovine serum (FBS; Thermo Fisher
Scientific) and maintained in an incubator at 37°C in 5%
CO2.
Setup of porcine uterus 3D cultures

Approximately 5 days after isolation, media from the
endometrial cultures was replaced with culture media
containing charcoal-stripped FBS (Hyclone, GE
Healthcare, the Netherlands). Two days later, cells were
detached from the culture flasks with Accutase (Thermo
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Fisher Scientific). Stromal cells were plated at a density
of about 70.000 cells/well in 120 μl of Collagen gel (1%
Cell matrix, type I, Nitta gelatin, Japan) with
DMEM/Ham's F-12 medium in a 24-well plate. After 1
day at 37°C, 1 ml of 70.000 epithelial cells mix
(including endometrium epidermal cells, vesicular cells,
and glandular cells)/ml was added to each well on top of
the ECM containing stromal cells. Then, the 3D
endometrial structures were constructed using two types
of medium. Type 1 was added to 500 µl of 3D base
culture medium and was composed of DMEM/Ham's F-
12 medium + 1% collagen + 10% FBS + 1% P/S + EGF
10 ng/ml (Sigma). Type 2 was added to 500 µl of 3D
base culture medium and was supplemented with
mineral buffer (0.001% Mg2+ 0.001% Ca2+, 0.05 N
NaOH, 2.2% NaHCO3, 200 mM HEPES). For each
group, incubation was performed at 39°C in a 5% CO2,
humid atmosphere incubator for 7 d (Fig. 1). The culture
medium was replaced with fresh medium every 48 h.
Table 1 shows the experimental groups used in this
study.

From the time of incubation, medium and tissue
were collected every 48 h and samples were stored at 
-80°C for analysis.
Hormonal stimulation experiments

To mimic the different stages of the reproductive
cycle, epithelial cells mixed with the appropriate 3D
culture medium containing hormones were inoculated in
culture dishes in which only stromal cells had previously
been grown. For porcine endometrial cells, we included
a normal control (only 3D base culture medium), and a
‘P4 dominant’ treatment (1 nM E2 (Estradiol, Sigma-
Aldrich) and 100 nM P4 (Progesterone, Sigma-
Aldrich)), an ‘LH dominant’ treatment (1 nM FSH
(Follicular stimulation hormone, Sigma-Aldrich) and
100 nM LH (Luteinizing hormone, Sigma-Aldrich)), and

an ‘E2 dominant’ treatment (100 nM E2 and 1 nM P4)
(van den Brand et al., 2019). FSH hormone was
excluded because it did not significantly affect the
development of uterine features. After 3 days, half of the
medium was removed and replaced with the
corresponding fresh medium that contained hormone
and/or compound. All experiments were performed in
triplicate. After 7 d of 3D culture, culture media and
protein were collected. All samples were stored at -80°C
for analysis. Samples cultured in 24-well plates were
fixed in 4% paraformaldehyde overnight at 4°C in
preparation for tissue analysis.
Hematoxylin and eosin (H&E) staining

Samples in each treatment group were washed for 30
min in PBS, and permeabilized with 0.2% Triton X-100
for 30 min at room temperature (RT). Routine H&E
staining was then performed prior to histological
inspection with an optical microscope (×40, ×100, ×400)
(Kim et al., 2020).
ELISA

The MMP-2 (ab78796, Abcam, Cambridge, UK),
MMP-9 (Santa Cruz Biotechnology Inc., Texas USA),
TIMP-2 (sc-9905, Santa Cruz Biotechnology Inc),
TIMP-3 (sc-6836, Santa Cruz Biotechnology Inc),
VEGF (ab2350, Abcam) and Casp3 (ab4051, Abcam)
primary antibodies were added to 96-well ELISA plates
to analyze the levels of these proteins in the protein
sample and culture media; the incubation was left at 4°C
for 24 h. After washing twice with washing buffer (1 ×
PBS containing 2.5% Triton X-100), the well contents
were blocked for 24 h at 4°C with 1% skim milk
blocking solution. After washing with washing buffer,
anti-rabbit (sc-2054, Santa Cruz Biotechnology Inc) and
anti-mouse (sc-2054 and sc-2031, Santa Cruz
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Fig. 1. Timeline for selecting
a 3D culture medium.

Table 1. Experimental design of hormonal stimulation in the porcine uterus 3D co-culture.
Cell extraction Isolation Pre-culture (24 h) Cell mix 3D culture Analysis (After Day-7)

Internal cell Epithelial cells mix* Normal Dish Culture by placing
Epithelial cells on
top of stromal cells.

3D culture
medium Hormone
addition

Microscope
(Morphology) And
SamplingExternal cell Stromal cell 24-well Dish (Selected 3D culture medium)

*: Includes endometrium epithermal cell, vesicular cell, glandular cell. Hormones: Progesterone, LH, FSH, E2.



Biotechnology Inc) secondary antibodies were added to
each well, and the plates were incubated for 2 h with
detection or substrate solution (R & D Systems, USA).
The reaction was stopped with 1 M NH2SO4, and
absorbance was measured at 450 nm. The levels of
proteins were determined according to a standard curve,
which takes into account 4 parameters based on the
following equation: 4 parameters (y=(A-
D)/(1+(x/C)^B)+D). The protein level is indicated by the
absorbance of the pg/ml or ng/ml (mean±S.D).
Western blotting

Proteins (50 µg) extracted from each sample were
quantified using the Bradford assay (Sigma-Aldrich)
according to the manufacturer’s instructions, separated
by SDS-PAGE at 150 V for 1 h, and transferred to 0.2
µm polyvinylidene difluoride (PVDF) membranes; the
membranes were blocked with skim milk blocking
buffer for 1 h. We used the following primary
antibodies: ß-actin (sc-47778, Santa Cruz Biotechnology
Inc), PAPP-A (sc-365226; Santa Cruz Biotechnology
Inc) and Casp-3 diluted 1:5000. The membranes were
incubated with appropriate primary antibodies at 4°C for
20 h, and were then washed three times (for 10 min each
time) with TBS-T (1 × Tris + 1 × NaCl + 0.05% Tween
20) to remove unbound antibodies. As secondary
antibodies, we used anti-rabbit or anti-mouse diluted
1:5000, which were incubated with the membranes at
room temperature for 2 h; the membranes were then
washed three times with TBS-T (10 min per wash). The
membranes were then incubated with ECL
(WBULS0500, Amersham) detection reagents for 5 min,
and exposed to X-ray film for 1–5 min. Levels of each
specific protein were normalized to that of β-actin and
quantified using the Alpha Innotech ver. 4.0 program
(San Leandro, CA, USA).
Gelatin zymography

Culture medium and 3D tissue sample protein (50
µg) were added to loading buffer (0.06% bromophenol,
10% SDS, 2% glycerol), allowed to stand on ice for 5
min, and then subjected to electrophoresis for 1 h 30 min
at 150 V; we used 12% SDS-PAGE gels containing 100
mg/ml gelatin A/B. The gels were washed with
renaturation buffer (2.5% Triton X-100) twice for 20
min, then placed in zymography reaction buffer (1 M
Tris-HCL pH 7.5, 5 M NaCl, 1 M CaCl2, 0.2 mM ZnCl2,
0.2 % Triton X-100, 0.02 % NaN3) and incubated at
37°C for 18 h. Then, the gels were stained with 0.5%
Coomassie blue R250 (Bio-Rad, USA) staining solution
for 1 h and destained with Destain solution (Bio-Rad,
USA) for measurement of white band to MMP-2 and
MMP-9 activity.
Immunofluorescence

After washing the 24-well 3D tissue samples stored

at 4°C with TBS (1x PBS with 0.01% Triton X-100),
were blocked at RT for 1 h in TBS, containing 5%
normal horse serum (NHS). Thereafter, the antigen-
antibody reaction induced using the primary antibody
(Casp-3, MMP-9, VEGF and PAPP-A: 1:200 dilution in
blocking buffer) was induced overnight at 4°C.
Afterwards, the samples were incubated with secondary
antibodies (anti-Rabbit IgG H&L (Alexa Fluor® 488);
anti-Mouse IgG H&L (Alexa Fluor® 594) (ab150077,
ab150116 Abcam, Cambridge, UK): diluted 1:500 in
blocking buffer) for 2 h at RT and then washed with PBS
for 30 min. Nuclei were counterstained with 0.1 g/ml
Hoechst 33258, and coverslips were mounted using
fluorescent mounting medium (Dako, Carpinteria, CA).
Images were acquired using an Olympus AX70
fluorescence microscope (100, 200, and 400x
magnification) fitted with a CCD color camera.
Statistical analysis

Data were analyzed using t-tests and a generalized
linear model method using SPSS Statistics 20 (SPSS,
Korea).
Results

Morphological changes in the uterus model are
dependent on specific 3D culture medium compositions

Cells were cultured in Type 1 and Type 2 basement
membrane culture medium for 48 to 168 h, and
morphology was recorded at various time points (Figs. 2,
3). In Type 1 medium, cells grew individually at early
time points, and very few cell-cell contacts were made.
After 96 h, the primary basement membrane was
formed, and a secondary cell layer was formed over the
basement membrane, although tissue morphology was
not recapitulated. After 120 h, both the basement
membrane and the extracellular matrix, which are the
main tissue constituents, were established, and a flat cell
structure was formed. After 168 h, the cell structures had
developed texture and an extracellular matrix was
established between cells; a significant number of layers
were also established (Fig. 2-1). On the other hand,
division in Type 2 medium was very rapid in the single
cells at 48 h, but initial binding was very low. After 96 h,
the differentiated cells were layered and bonded, and
after 120 h, the tissue body was completed and a tubular
network structure had formed between cells. In addition,
from the time-lapse at 168 h, the cells had reorganized
into a tissue-like structure and had recapitulated the
shape of the uterus. Fig. 2-2 shows representative images
of the shape of the final constructed uterus in each
medium type after 14 days. The composition of the
tissue body was not perfect and the epithelial tissue was
not well formed in Type 1 medium. By contrast, a
membrane structure had formed, and the final epithelial
tissue membrane was well established in Type 2
medium. The epithelial cell section, as well as the

836
Morphological changes in 3D endometrium



glandular and vascular sections of the endometrial body
had formed in Type 2 culture medium and the cell types
adopted the shape of the endometrium; objectively, this
medium induced a morphology that was closest to the
actual uterine tissue (Fig. 3).
The expression patterns of uterine MMPs was
dependent on the specif ic 3D culture medium
composition

Matrix metalloproteinase (MMP) activity is a
hallmark of an established uterine basement membrane
in vivo, and MMP activity should therefore be present in
a physiologically relevant 3D model. The activity and
expression patterns of MMPs in the 3D culture system
are shown in Figure 4. MMP expression and activity in

Type 1 medium was very low, but increased from 120 h
to 168 h. However, in Type 2 medium, there was
continuous expression of MMPs from 96 h to 168 h.
MMP-2 activity gradually increased in 3D models
cultured in Type 1 medium, whereas MMP-9 was
responsible for the main MMP activity in the basement
membrane of cells cultured in Type 2 medium (Fig. 4A).
The activity of TIMPs, which inhibit MMP, was lowest
in the presence of Type 1 medium; as expected, MMP-2
activity was very high under these conditions. In cells
cultured in Type 2 medium, low MMP-2 activity was
inversely correlated with the high activity of TIMPs.
Furthermore, the expression of TIMP-3, which inhibits
MMP-9, was low (Fig. 4B). Staining for Casp-3, a pro-
apoptotic factor, was very high in the presence of Type 1
medium for the initial 96 h, and then decreased by 168 h.
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Fig. 2. Differentiation of endometrium cells according to the
culture method. Microscopic analysis by incubation time (1: 400x,
2: 100x). 1. A, B. H&E staining. a, b. Phase contrast microscope.
A, a. Type 1 medium. B, b. Type 2 medium. Black arrows indicate
where cells are clustered. 2. A. Type 1 medium. b. Type 2
medium. 1, × 400; 2, × 200. Scale bar: 100 µm.



The converse pattern was observed with Type 2 medium:
Casp-3 expression was low at 96 h, but then increased
by 168 h. The expression of VEGF, which is associated
with angiogenesis and proliferation, increased between
48 h and 120 h in Type 1 medium, but then decreased by
168 h. However, in Type 2 medium, VEGF increased
continually from 48 h to 168 h (Fig. 4B).
Morphological changes of the 3D uterine model following
hormone stimulation

Various hormones were added to the 3D uterine
models, and the morphology of the cultures was
monitored over 6 days (Fig. 5). Untreated ESC
(Endometrium Stromal Cell) cultures exhibited the
expected EEC (Endometrium Epithelial cells) in the
upper layer, and a cubic epithelial layer was formed.
However, treatment with either luteinizing hormone
(LH) or estradiol (E2) prevented the formation of the
cubic epithelial cell layer; rather, the epithelial cells were
organized as a flat sheet. The morphology of
progesterone (P4)-treated cultures was similar to that of
the non-treated control, and the formation of the intima-
line cell layer was further increased than that of the
control group (Fig. 5A). In particular, EEC activity was
much higher in the P4-treated group compared to the
other groups, and the binding rate with ESC was also
high. We next analyzed the expression of the receptors
for each hormone in response to treatment (Fig. 5B).
Glandular cells trigger a receptor reaction and are
affected by hormones. We analyzed FSH-r (FSH-
receptor) and LH-r (LH-receptor) and found that the
response rate of FSH-r was significantly increased
following P4 treatment. While expression of LH-r was
high in control cultures, treatment with E2 further
increased LH-r levels. Expression of PAPP-A, a

regulator of implantation, was significantly higher in the
P4-treated group as expected (Fig. 5B). MMP activity
was higher in the hormone-treated group than in the
control group. Although expression of MMP-9 and
activation of MMP-2 was observed in the P4-treated
group, the level of both enzymes was higher in the other
groups. However, in the other groups, the expression of
unknown MMPs was confirmed between MMP-9 and
MMP-2, but low expression was observed in the P4
group. In other words, all MMPs were represented in the
P4-treated group, whereas the expression of many
MMPs was formed in the LH group, and expression of
unknown MMPs was increased among MMPs (Fig. 5C).
Western blot analysis revealed that the expression of
Casp-3 and PAPP-A was very low in the non-treated
group, whereas Casp-3 was robustly induced in the LH-
and E2-treated groups. In contrast, the induction of
Casp-3 was lower after P4 treatment when compared to
the other hormone-treated groups. Expression of PAPP-
A was observed only in the LH and E2 groups, and very
high expression was confirmed in the P4 group (Fig.
5D).
Subcellular localization of Casp-3 and MT-MMP in 3D
uterine cultures

The results of analyzing the expression patterns and
locations of Casp-3 and MT-MMPs inducing apoptosis
are shown in Fig. 6. In the case of the control group and
the P4 group, which were grown as uterine tissues, the
tissue matrix was composed, and the LH and E2 group
had a similar shape to the 2D culture. Among them, the
control group and the P4 group were expressed in the
inner membrane of the tissue construct, and unlike the
western blot result, the expression was confirmed in
some sections in the P4 group. In contrast, in LH-treated
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Fig. 3. Microscopic analysis of 3D uterine formation. A. H&E staining. a. Endometrium. b. vascular endothelial-like. c. endoglandular cell-like. 
d. Epidermal cell zone. e. Glandular zone. f. Vascular zone. g. Internal tissue. B. endometrial microenvironmental element (Zambuto et al., 2019).
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Fig. 4. MMP activity and
analysis of tissue proteins
according to 3D sample
proteins. A. Zymography
analysis of protein, 
B. ELISA analysis of
protein. ELISA experiments
were repeated three times,
and data are average fold
change (mean ± SD). 
a-e. Different letters within
the same column represent
a signif icant difference
(p<0.05).



cultures, Casp-3 expression was increased throughout
the extracellular matrix, and expression was also
increased in discrete cell clusters. E2 treatment elicited a
similar response to LH, although the expression was

higher in both the cell clusters and in the extracellular
matrix. The expression was increased in the overall part
of the tissue compared to other groups (Fig. 6A). The
expression of MT-MMPs (proteins that activate MMPs),
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Fig. 5. Morphological analysis of the 3D uterus following hormone addition. A. Hormones were
added at the beginning of 3D uterus construction. Black circle; internal matrix zone formation
section. Black arrow; cell clustered section. Red arrow; section of flattened cells. B. ELISA analysis
of 3D-metrium proteins. Analysis of target protein expression according to hormone treatment. C.
Zymography analysis of protein. D. Western blotting (Casp-3 and PAPP-A). Con: Control group,
LH: LH hormone group, P4: progesterone group, E2: E2 hormone group. a-e. Different letters
within the same column represent a significant difference (p<0.05). Scale bar: 100 µm.



was observed in all groups. In non-treated cultures, the
expression was uniform across the intimal cluster section
and the extracellular matrix. In the LH-treated group, the

expression level was similar to control, but was localized
to discrete areas of the extracellular matrix section, and
was found at the inner membrane cell layer. Expression
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Fig. 6. Immunofluorescence analysis of Casp-3 and MT-MMP protein in endometrium tissues from each treatment group. A. Casp-3 expression. B. MT-
MMP expression. The white arrow is the genes expression zone. x 200.

Fig. 7. Expression and localization of VEGF and PAPP-A protein in endometrium tissues from each treatment group. 1. A. Control group. B. LH group.
C. P4 group. D. E2 group. 2. ELISA analysis of 3D-metrium proteins a-e. Different letters within the same column represent a significant difference
(p<0.05). x 200.



in the P4-treated group was similar to that of the non-
treated group in the endometrium cell and extracellular
matrix section, while the expression pattern was higher
than that of the untreated group. In contrast, expression
of MT-MMPs was lowest in the E2-treated group; while
some expression was observed in parts of the
extracellular matrix, it was difficult find any expression
in other endometrial cells (Fig. 6B).
Expression patterns of angiogenesis and implantation-
related factors in 3D uterine cultures

VEGF is a pro-angiogenesis factor that is important
for the formation of 3D uterus, and PAPP-A is a
regulator of implantation. The expression of
angiogenesis factors related to the successful formation
of 3D uterus was higher and more widely distributed in
the non-treated group and the P4 group than in the other
groups (Fig. 7). There was increased expression in the
endometrium and in the extracellular matrix, which can
be predicted by the formation of blood vessels, and was
highly expressed across the entire tissue area. However,
LH treatment was mainly confined to the endometrium,
and it was difficult to detect expression in the
extracellular matrix compared to the non-treated group
and the P4-treated groups. In E2-treated cultures, the
expression was generally higher overall when compared
to the LH-treated cultures, but the expression pattern
was somewhat lower, and expression was concentrated
in the extracellular matrix rather than in the
endometrium. Expression of PAPP-A in the non-treated
group was found in the extracellular matrix in which
some endometrium was formed. Expression of PAPP-A
in the LH-treated cultures was barely detectable
compared to the other groups, with only a weak staining
visible in the extracellular matrix. In the case of P4, the
overall expression was increased in the extracellular
matrix of the inner membrane cell layer; in this area the
expression was much higher than in the other groups. In
contrast, E2 induced some PAPP-A expression in the
section where inner membrane cells formed, but
expression was not observed in the extracellular matrix
between the cells where PAPP-A is mainly expressed.
Discussion

The endometrium changes rapidly depending on the
influence of hormones secreted by the body (Chegini et
al., 1992; Burton and Wells, 1998). In particular,
increased progesterone secretion by the corpus luteum
from the time of estrus increases intercellular signaling
through genetic exchange between the maternal
endometrium and embryonic cells; this in turn changes
the physiological functions of the endometrium (Kauma,
2000; Selam and Aric, 2000; Bulun et al., 2002).
Following hormone stimulation, VEGF and PAPP-A
induce dramatic physiological, morphological, and
endocrinological changes in the endometrium
(Yoshinaga, 2008). Therefore, successful implantation

and maintenance of pregnancy requires critical
interactions between cells in the uterus and embryo
(Harduf et al., 2009). In order to understand these
interactions at the molecular level, 3D cell culture
technology can play a very important role, since it
allows researchers to studying changes in the
physiological environment of the tissue following
construction of the appropriate cellular model (Choi,
2011). In addition, intercellular signal transduction can
be studied using the highly physiologically relevant co-
culture technology in embryos (Arnold et al., 2001).
However, when it comes to the composition of the
uterus, two very important physiological components
must be considered during construction of cellular
models. First, the glandular and pro-angiogenesis
elements must be included. Second, distinct cell types in
the 3D model must maintain their differentiation status
over a long period of time (Zambuto et al., 2019). The
current study incorporated all these elements and
generated a network structure with a basement and
basement membrane between the uterine cells, which is
a significant improvement over regular 2D cell culture.
The morphology of the 3D model was similar to the
endometrium, and a gelatin membrane for the 3D uterus
was formed; it was also confirmed that glandular and
antigenic sections were established in the culture system
to which the hormone was added (Cha et al., 2013). In
the present culture system, the addition of collagen
stimulated the formation of tissue bodies, consistent with
the 2013 study of Cha et al. The addition of Ca2+ and
Mg2+ facilitated the formation of the glandular and
vascular components within the 3D uterus (Zambuto et
al., 2019). Ca2+ and Mg2+ supplementation appears to
simultaneously increase the number of cells and induce
morphological changes during 3D uterine construction.
Furthermore, construction of basement membrane,
which connects the two cell types, is very high. In
particular, it was confirmed that the addition of P4
maintains the function of the endometrium. Also,
expression of MMPs, which play important roles in the
development of the basal plasm during cellular
differentiation, is increased in the basal plasm. In
addition, the effect of MT-MMP, which activates MMPs,
is specifically enhanced following P4 treatment,
indicating that this hormone is very important for
endometrial structure and function (Kim and Yoon,
2020). It was confirmed that the uppermost endometrial
epithelial cell layer was a composite structure, which
was morphologically similar to that of the endometrial
tissue. In addition, it was confirmed that the
development of the glandular section, which interacts
with embryonic cells, is increased. In addition, in the
section where blood vessels are formed, the epithelial
cell section of the single layer in the endometrium has
the underlying quality associated with implantation. This
result meant that it was considered to be possible to
perform functional functions of the uterus, as reported
by Hilde et al. 2000. The expression of P4 plays a very
important role in the organization of the endometrium,
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which appears to be regulated by secreting progesterone-
receptor from the endometrium, which is very important
for the construction of the uterus (van den Brand et al.,
2019). In the porcine endometrial model used in the
present study, the addition of progesterone significantly
increased the change in basal quality compared to the
hypersecretion of LH or GTH hormones. Specifically,
P4 binds the progesterone receptor, which induces the
expression of VEGF, and it is confirmed that the
expression of PAPP-A. Associated with implantation can
be rapidly increased in the basal quality of the glandular
section. In other words, the expression pattern of PAPP-
A and VEGF in the in vitro endometrial model is similar
to that observed in the proliferative stage of the
endometrial cycle (Igarashi et al., 1999). In particular,
the addition of Ca2+ and Mg2+ has a positive effect on
uterine body formation during 3D construction of the
endometrium; it also seems to have an effect on the
incubation time as well. In other words, it seems that
Ca2+ plays a very important role in the differentiation of
uterine cells and has an active role in the construction of
the basal quality using gelatin. Therefore, through this
study, it is thought that a 3D uterus that can be used
practically is constructed when a culture medium
containing Ca2+, Mg and Progesterone hormone is used.
Conclusion

Addition of Ca2+ and Mg2+ to 3D uterine cellular
models gives them a physiologically relevant three-
dimensional morphology. Additionally, Ca2+ and Mg2+
supplementation alters the expression and activity
spectrum of basement membrane degrading enzymes. In
particular, epithelial cell junction analysis revealed that
the shape closest to the uterus was established in the
group supplemented with Ca2+ and Mg2+, and the
intercellular basement membrane structure was also high
under these conditions. In addition, it was confirmed that
Casp-3 expression was low in the P4 treatment group,
and the formation of the inner membrane cell layer was
further increased. Therefore, the addition of Ca2+ and
Mg2+ plays an important role in the formation of the 3D
uterus, and the addition of P4 hormone is thought to
thicken the uterus by increasing the number of epithelial
cell layers.
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