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Abstract

In the process of implantation, metalloproteinase enzymes play a key role in basement membrane
degradation and endometrial extracellular matrix. The activity of these enzymes is impeded by binding
Tissue Inhibitors of Metalloproteinase (TIMP). The oxygen concentration in the mammalian uterus at
the time of implantation is about 2-5%. It is seen that the imposition of hypoxia on cancer cells increases
the expression of metalloproteinase enzymes and reduces the expression of metalloproteinase
inhibitors, resulting in increased cell invasion. To know the effect of Hypoxia-Inducible Factor (HIF)
and other related factors, we decided to evaluate hypoxic conditions on endometrial epithelial cells of
the uterus and the role of matrix metalloproteinases (MMPs) on angiogenesis and invasion of the
embryo during implantation. In this study, human and mouse endometrial epithelial cells were
incubated for 24-48 hours in hypoxic conditions. Subsequently, the expression level of TIMP-1 was
measured in mouse and human epithelial cells by Real-Time PCR technique. The cell viability in
hypoxic conditions was evaluated by MTT assay. Our results demonstrated that hypoxia reduced the
quantitative gene expression of TIMP-1 in the human and mouse endometrial epithelial cells compared
to the control group. It can be concluded that applying hypoxic conditions by reducing the TIMP-1
expression and consequently increasing MMP expression, may improve the embryo implantation rate.
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1. Introduction

Implantation is an essential process to develop the
embryo, in which the embryo attaches to the outer
layer of the uterus and then invades the uterine
endometrium ready to accept it in several steps [1],
including blastocyst opposition from Zona Pellucida,
blastocyst adhesion to the uterine epithelium, embryo
invasion to stromal cells and angiogenesis. The
implantation success depends on the ability of the
embryo to degrade the basement membrane of the
uterine epithelium and invade the uterine stroma.
Several major factors are involved in this process,
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including extracellular matrix degradation enzymes.
Degradation of endometrial extracellular matrix
facilitates the trophectoderm invasion to the uterine
epithelium; various proteinases play a key role in this
degradation, with the emphasis on the importance of
metalloproteinase [2]. These enzymes are divided
according to substrate specificity, including
collagenases, gelatinases, and stromelysins. Gelatinase
B (gel B; also known as MMP-9) plays a significant role
in implantation. The binding of tissue inhibitors
impedes the activity of metalloproteinase enzymes
[3,4]. According to in vivo studies, the regulation of the
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balance between metalloproteinase and inhibitors
presented in the fetus and the uterus leads to
trophoblast invasion into the decidual cells of the
endometrium.  The  tissue inhibitors  of
metalloproteinase enzymes inhibit processes such as
angiogenesis, metastasis, tumorigenesis, and cellular
invasion, and include four subsets. In 1970, tissue
inhibitors of metalloproteinase-1 (TIMP-1) secreted
glycoprotein (25-31 kDa) was purified as the first
member of this family from human skin fibroblasts. In
1999 and 2000, TIMP-2 and TIMP-3 with a molecular
weight of 21 kDa, and TIMP-4 with a molecular weight
of 22 kDa were identified [5]. TIMP-1 and TIMP-2 are
both soluble proteins and TIMP-3 is an insoluble
protein that is attached to the extracellular matrix
components [6]. The inhibitors have almost the same
structure with two domains in mammals, N-terminal
(125 amino acids) and C-terminal (65 amino acids) [7].
Their inhibitory activity occurs by binding the N-
terminal domain to the catalytic site of
metalloproteinase enzymes [8]. The affinity of TIMP-1
to MMP-9 and TIMP-2 to MMP-2 is higher than other
enzymes.

TIMP-1, TIMP-2, and TIMP-3 are expressed
throughout the menstrual cycle in luminar and
glandular epithelial cells, veins, and endometrial
stromal cells [9]. The TIMP-1 mRNA level is higher
during the secretive and menstrual phase compared to
the proliferative phase. The TIMP-2 mRNA level is
almost constant throughout the cycle. The TIMP-3
mRNA level is higher in the late secretive and
menstrual phase compared to the early secretive and
proliferative phase. The expression of TIMP-3 in
comparison with TIMP-1 and -2 has a variety of
variations throughout the cycle [10]. Vascular
endothelial growth factor (VEGF) is one of the most
important angiogenesis regulators that plays a
significant role in the implantation process [11],
followed by the formation of the placenta. The highest
expression of this factor is affected by the estrogen and
progesterone as well as hypoxic conditions in the
secretive phase [12], in other words, in the
implantation window. Evidence suggests that VEGF
increases the expression of metalloproteinase secreted
by blastocyst [13] and reduces the expression of
metalloproteinase inhibitors presented in the uterine
endometrium [14]. In hypoxic conditions, hypoxia-
inducible factor (HIF) is activated which contains two
subunits of HIF1a and HIF1p [15]. HIF1a enters the

nucleus and attaches to HIF1f3 and finally by binding
to Hypoxia Responsive Elements (HRE) located in the
promoter region of the target gene, leads to transcript
from the desired gene. The HRE sequence is located in
the promoter region of the VEGF and matrix
metalloproteinases (MMPs) genes. In other words, the
HIF factor is activated in hypoxic conditions and plays
a role in processes such as angiogenesis and invasion,
expressed by VEGF and MMPS, respectively. In
studies on cancer, it has been seen that the expression
of TIMP has decreased in hypoxic conditions [16].
Given that VEGF has an inhibitory effect on TIMPs
expression, it can be said that hypoxic conditions can
indirectly reduce the TIMPs expression. To know the
effect of HIF and other related factors, we decided to
evaluate hypoxic condition on endometrial epithelial
cells of uterus and the role of MMPs on angiogenesis
and invasion of the embryo during implantation.

2. Materials and Methods

2.1 Preparation and culture of endometrial
(uterine) epithelial cells

All chemicals were obtained from Sigma-Aldrich
(USA); otherwise, they are specified within the text.
Human endometrial epithelial cells (C10128) were
obtained from the Iranian Biological Resource Center
(IBRC), Tehran, Iran. Cells were maintained in
DMEM/F12 medium supplemented with 10% FBS.
When cultured cells reached 80-90% confluency, the
cultured flask was sub-cultured with 0.25%
Trypsin/EDTA  solution. To obtain mouse
endometrial epithelial cells, pseudopregnant mice
were used. To this end, a number of female mice were
mated with vasectomized male mice and positive
vaginal plaque were detected on the next morning.
After 5-6 days, when the uterus had a thicker wall, the
mice were euthanized by cervical dislocation and then
dissected. Animal experiments was reviewed and
approved by the local Ethical Committee
(IR.NIGEB.EC.1394.8.10.A). Mice were group housed
4—-5 to a cage on a 12 h light/12 h dark cycle with food
and water available ad libitum in a temperature-
controlled room (22 +1 °C). The cells were isolated
from the internal surface of the fallopian tubes, using
0.25% Trypsin/EDTA solution and thus a uniform
solution of cells was obtained. Then, the overall cell
volume was evenly distributed between two flasks,
containing DMEM/F12 medium and 10% FBS. The
cells were examined for viability and uniformity
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dispersion using an inverted microscope (Nikon,
Eclipse-Ts-100) and finally incubated. After the
bottom of the flask is covered by about 70 to 80%, the
cells were passaged in three similar flasks to create
enough space for growth on a culture dish.

2.2 Flow cytometry

Since verified human endometrial epithelial cells
were purchased from IBRC, the evaluation of cell
surface markers in contrast to mouse cells did not
carry out. Mouse endometrial epithelial cells were
identified and characterized based on cell surface
markers. The flow cytometry performed at the
national blood bank, Tehran, Iran, briefly, 106 cells at
passage 3 were cast in 1.5 ml Falcon. Cells were
incubated with primary antibodies of surface markers
CD44 (Dako, Denmark) and CD54 (Dako, Denmark),
and the process was continued by exposure to the
FITC-conjugated secondary antibody at 4 °C in a dark
place for 30 min. Readings were performed with flow
cytometry (Partec Cy-Flow), and the results were
analyzed using FloMax software.

2.3 MTT cell proliferation assay

MTT assay was performed to determine the effect
of hypoxia on growth and proliferation of cells using 3-
(4, 5-Dimethylthiazol)-2, 5-diphenyltetrazolium
bromide (MTT). In each well of the 96-well plate,
10,000 cells/ml were cultured in triplicate. Plates were
exposed to hypoxic conditions (5% O-) at 37 °C with
85% humidity in an incubator for 24 and 48 hours.
After the incubation time, the supernatant of each well
was removed and replaced with 10 pl of MTT at a
concentration of 5 mg/ml in a phosphate buffer
solution. Further incubation for 4 hours, the
supernatant was removed and formazan crystals were
dissolved with 50 pul of DMSO. After the complete
dissolution of crystals, the OD of each well was read at
580 nm versus the DMSO control solvent by the
enzyme-linked immunosorbent assay (ELISA)
Reader.

2.4 Hypoxic condition and RNA extraction

Human and mouse endometrial cell suspension
was made separately; 10,000 cells/ml were cultured in
triplicate in different 96-well plates. Plates were
incubated at 37 °C in an incubator having the hypoxic
condition (5% O-) with 85% humidity and control
plates were incubated at 37 °C having 5% CO- with

85% humidity for 24 and 48 hours for gene analysis
evaluation. Total RNA was extracted from cultured
cells in hypoxic and control group in two different
incubation times by Total RNA Extraction Kit (Roche
Co., Germany), in accordance with the manufacturer’s
protocol, extracted RNA was then synthesized to
c¢DNA using cDNA kits (K-2101, Bioneer, S. Korea). To
verify the accuracy of synthesized cDNA, PCR with a
final volume of 15 pl was performed using a PCR
master mix (Ampliqgon 190301). Finally, the gene
expression was analyzed by Real-Time RT-PCR
technique. The reaction was prepared in a volume of
20 ul using Maxima SYBR Green qPCR Master Mix kit
(Fermentas, USA) as the following thermal profile: 95
°C for 10 min, 40 cycles of 95 °C for 20 seconds, 57.8
OCfor 30 seconds, and 72 °C for 20 seconds. Data were
standardized to the corresponding ovine GAPDH
(Glyceraldehyde 3-phosphate Dehydrogenase) level.
Specific primers (TIMP-1 for human and mouse) were
designed using the Beacon Designer 7 software, as
listed in Table 1.

size (bp)
33
162
152

Amplicon

Sequence
F: GGTGAAGGTCGGTGTGAACG
R:CTCGCTCCTGGAAGATGGTG
F: GGTGAAGGTCGGTGTGAACG
R:CTCGCTCCTGGAAGATGGTG
F: GGTGAAGGTCGGTGTGAACG
R:CTCGCTCCTGGAAGATGGTG

Table 1. Primer Sequences

™m
61
60
59
60
61
61

Primer
GAPDH
TIMP-1 Human
TIMP-1 Mouse
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2.5 Statistical analysis

All experiments were repeated in triplicate and
results were expressed as means + standard deviation.
After obtaining the Ct of genes from different
treatments, the data was calculated to obtain the
expression level by the Livac method and then
analyzed by SPSS 16.0 software using one-way
ANOVA and Duncan’s test for data comparison.
P<0.05 was considered significant.

3. Results

3.1 Surface markers

Results obtained from flow cytometry showed that
CD44 and CD54 levels on the surface of mouse
endometrial epithelial cells were 75.46% and 51.94%,
respectively (Figure 1).

3.2 Effect of hypoxic conditions on cell viability

The growth and proliferation of human and
mouse endometrial epithelial cells were assessed by
MTT assay after 24 and 48 hours in hypoxic
conditions. The viability of mouse endometrial
epithelial cell proliferation in hypoxic conditions (5%
oxygen) compared to 20% oxygen was reduced by
18.61%, and the viability of human endometrial
epithelial cells in hypoxic conditions was also reduced
by 16.83%. The results obtained (the number of cells)
are shown in Figures 2. The data is derived from three
replications.

3.3 Relative expression of TIMP-1

PCR product on gel electrophoresis showed a 152-
bp band of Timp-1in mouse sample and a 156-bp band
of Timp-1 in the human sample (Figure 3). These
figures confirm the accuracy of the initial stages of the
test, showing the cDNA synthesis and proper
performance of primers at 61°C.

3.4 Decrease in expression of TIMP-1

Since the SYBR Green dye used in the reaction is a
non-specific detector and binds to any double-
stranded DNA, a melting curve is required to ensure
the proper and specific proliferation. As shown in
Figure 4, the expression of TIMP-1 was significantly
reduced after 24 hours of incubation in hypoxia (6.5-
fold decrease in expression) as well as in 48 hours of
hypoxia (0.412-fold decrease in expression) as
compared to the control group. The result also show

TIMP-1 gene expression in the human endometrial
epithelial cells was significantly decreased in 24 hours
of hypoxia (0.70-fold decrease in expression) as well as
in 48 hours of hypoxia (0.31-fold decrease in
expression) as compared to the control group.
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Figure 1. Surface markers of endometrial epithelial cells in the
mouse uterus
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Figure 2. Comparison of the number of mouse and Human
uterine endometrium cells in hypoxic conditions after 24 and 48
hours compared to normal conditions
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Figure 4. Hypoxic effect on TIMP-1 gene expression in epithelial cells of the Human and mouse uterine endometrium

after 24 and 48 hours

4. Discussion

Previous studies on surface markers showed that
CD44 and CD54 are presented in the mouse
endometrial epithelial cell surface throughout the
cycle [17]. According to our flow cytometry results,
CD44 and CD54 were found on 75.46% and 51.94% of
cells surface, respectively; so it can be concluded that
isolated cells were the mouse endometrial epithelial
cells. Results on the viability of PC12 cells (derived
from rat kidney) indicated a reduction by 14% under
hypoxic conditions than normal conditions [18]. Our
cell viability in hypoxic conditions (5% oxygen) also
showed a decrease of 18.16% in mouse and 16.83% in
human endometrial cells in comparison with 20%
oxygen. As a result, it can be said that hypoxia has a
slightly destructive effect on cell viability. In fact,
oxygen depletion can be considered as the
environmental stress that changes intracellular
functions and pathways.

Embryonic development depends on the
immediate access of the embryo to the maternal blood
flow. Implantation is the first step in achieving this
capability. The ability of embryonic invasion into
endometrial tissue is the most important means to
achieve this goal, and invasion needs to secrete
extracellular matrix (ECM) degrading enzymes.
Studies on the implantation process showed that the

most important proteases involved in this process
were MMPs and serine proteases, in which MMPg and
urokinase plasminogen activator (UPA) had the
highest expression at the time of implantation [19].
The advancement of laboratory techniques such as
RT-PCR, immunocytochemistry, plasminogen-casein
zymography demonstrated that the UPA expression
was increased in medium from 4-8 days after
fertilization [20]. The zymography test also showed an
increase in the protein in the medium on the 6-gth day,
this can be attributed to the increased expression of
this protein when leaving the Zona, which predisposes
the blastocyst for implantation [20].

The highest MMP9 expression in the mouse
trophoblastic cells was observed on the day of 4.5-7.5
as parallel with the time of implantation, indicating the
importance of this enzyme in trophoblast invasion.
Inhibition of this enzyme expression reduces
trophoblast invasion [21]. Also, this enzyme
expression level at in vitro embryos is less than at in
vivo ones. Given its importance in implantation, it can
be considered as one of the causes of implantation
reduction in laboratory conditions [22]. Observations
suggest that inhibiting this enzyme by TIMP-1 could
prevent adhesion of the mouse embryo to the uterus.
The expression of TIMP-1 and TIMP-2 is increased in
the stroma and basement membrane within 15-24
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days of the menstrual cycle, the time of maximal
progesterone levels. This plays a key role in protecting
the uterine endometrial tissue against proteins
secreted from the embryo (MMPs) but decreased the
activity of TIMPs during implantation due to the
presence of inhibitory factors such as cytokines,
especially leukemia inhibitory factor (LIF), and
decreased progesterone receptors, resulting in an
embryo invasion into the uterine endometrial
epithelium [23]. On in vivo, none of the human
tissues, except for the alveoli, is exposed to high
concentrations of oxygen. Measuring the oxygen
content of the female reproductive system also shows
that gametes and embryos have never been exposed to
oxygen concentrations of more than 10% [24]. For
example, the oxygen content is between 2% to 6% in
the rabbit oviduct and about 8% in the hamster and
rhesus macaque oviducts [25].

The embryo encounters an oxygen gradient when
passing from the fallopian to the uterus so that the
oxygen pressure in the uterus is lower than other parts
of the reproductive system and the amount of oxygen
is lower (3.5% to 5%) during implantation [26]. The
previous report has shown that no studies have ever
been done on the expression of TIMP-1 gene in uterine
endometrial epithelial cells under hypoxic conditions,
and the evaluations only focus on the cultivation of
other cells. Changes in the oxygen level cause new
reactions in the cell to create the ability to cope with
new conditions. Adaptation with hypoxia involves a
wide range of responses, such as changing the
expression of genes, altering metabolic functions and
changing the activity of ion channels; all of which are
essential for cell viability. The ability of cells to respond
to oxygen depends on the activation of the family of
transcription factors called HIF that binds to HRE in
the promoter region of the target gene to initiate
transcription. The significance of this factor is where
the main transcription factor is in response to hypoxia
and transcribes over 40 genes, including glucose
transporters, glycolytic enzymes, factors involved in
angiogenesis, and other genes enhancing oxygenation
[27]. The purification of DNA-binding factors revealed
that HIF consists of a heterodimer protein complex
comprising HIF1_a and HIF1_[. HIF stays in the cell
only when the cell is cultured in hypoxia. The level of
this protein increases with oxygen reduction slowly
from 20% to 7% and reaches its maximum at 5%. The
rapid degradation process does not occur in the Beta

subunit and this subunit has a permanent expression
[28]. The promoter of this factoris rich in GCand it has
a very low expression in most cells of the body, but its
expression is greatly increased in hypoxia [29]. Two
subunits of HIF1-a and HIF2-a accumulate rapidly in
hypoxia. The reason for this is the stability of these two
subunits. The HIF is attached to DNA within the
CGTG sequence (A/G) in the HRE region, which in
turn increases the expression of the target gene.
Although the most important factor in regulating
HIF1-a is the amount of oxygen, research has shown
that this transcription factor is affected by other
factors, such as nitric oxide, cytokines, and growth
factors.

The study highlighted the role of this factor in
embryonic development because the female
reproductive system has an environment rich in
growth factors, cytokines, reducing molecules, and
oxygen. This strengthens the theory that the activation
of this factor on in vitro fertilization (IVF) causes a
simulation of the conditions in which the embryo is in
its normal state [30]. Misregulation or overexpression
of this factor by hypoxia or genetic changes is effective
in the development of cancer and tumor invasion [31].
As a result of the observations, HIF1a is considered to
be the most important factor in regulating gene
expression in hypoxia conditions.

Some genes containing this particular region in
their promoter are those involved in angiogenesis,
energy metabolism, erythropoietin, and cell
proliferation and invasion [30]. The HRE sequence is
located in the promoter region of the VEGF and MMPs
genes. In other words, the HIF factor is activated
under hypoxia and it is involved in some vital
processes of the body, such as angiogenesis and
invasion, by expressing VEGF and MMPS
respectively.

VEGF is one of the most exclusive regulators of
angiogenesis that is expressed under the influence of
estrogen, progesterone and hypoxia in implantation.
Jung et al. showed that the LIF cytokine (maximum
expression of LIF in the uterine epithelium cells in
implantation as well as in the embryo before
implantation) under hypoxia, activates the STAT3
transcription factor that in the interaction with the
HIF factor, is associated with the increased expression
of the VEGF factor [32].

On the other hand, Pufe et al. reported that VEGF,
as an autocrine growth factor, under cartilage hypoxia,
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increases the MMP expression and decreases the
TIMP-1,2 expression. In fact, the balance between the
enzyme and the inhibitor is eliminated [33]. Another
study in 2001 demonstrated that the cultivation of
MCF-7 and HTR8-S/Vneo cells (which is a human
trophoblast cell line) under hypoxia for 24 hours,
decreased TIMP-1 expression and increased MMP-9
expression, thereby increased cell invasion [16].

The results of this study showed that TIMP-1 gene
expression is decreased in 24 and 48-hour hypoxia
samples, compared to control endometrial epithelial
cells of human and mice. Therefore, it can be
concluded that hypoxia reduces the expression of
genes involved in implantation. In short, it can be said
that applying hypoxic conditions reduces the
expression of genes involved in invasion. Given the
importance of invasion in the implantation process as
the most important stage in pregnancy, this treatment
will improve this phase.
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