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Abstract
Clinical trials have shown that administering heparin during the luteal phase has beneficial effects on implantation and live 
birth rates. Heparin exerts direct effects on decidual human endometrial stromal cells (HESCs), which are independent of 
its anticoagulant effect. However, the accurate effects of heparin on the decidualization process remain unidentified. Here, 
we demonstrate that HESCs become dramatically resistant to oxidative stress upon decidualization, and we hypothesize 
a possible direct action of heparin on the decidualization of HESCs, which would lead to improved implantation. To test 
this hypothesis, we established primary HESC cultures and propagated them, and then we decidualized confluent cultures 
with 8-bromo-cAMP, with medroxyprogesterone acetate, and with or without heparin. We treated the cells with hydrogen 
peroxide (H2O2) as a source of reactive oxygen species (ROS). Adding heparin to decidualized HESCs induced prolactin 
secretion. Decidualized HESCs treated with heparin were prevented from undergoing apoptosis induced by oxidative stress. 
Heparin induced nuclear accumulation of the forkhead transcription factor FOXO1 and expression of its downstream target, 
the ROS scavenger superoxide dismutase 2. These results demonstrate that heparin-treated decidualized HESCs acquired 
further resistance to oxidative stress, suggesting that heparin may improve the implantation environment.
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Introduction

Heparin is a mucopolysaccharide that is composed of sul-
fated glucuronic acids and glucosamine that exists in dif-
ferent lengths of polymeric units and presents different 
molecular weights. This substance, ubiquitously found in 
mammalian tissues, is clinically administered to prevent 
thromboembolic disorders during pregnancy, especially 
against antiphospholipid antibody syndrome [1, 2]. The 
anticoagulant properties of heparin have been thought to 
contribute to the outcome of pregnancy in women with pro-
thrombotic disorders. However, intravascular or intravillous 

blood clots are rarely found during histological examinations 
of placentas and decidual samples obtained from patients 
suffering from miscarriages or complicated pregnancies [3].

Clinical trials have demonstrated that administering hep-
arin during the luteal phase has a beneficial effect on the 
implantation rate after the embryo transfers as well as on live 
birth rates in women with repeated implantation failures [4, 
5]. Hills et al. suggested that heparin could directly protect 
human villous trophoblasts against apoptosis in response to 
a variety of pathological stimuli [6]. In addition, heparin 
exerts direct effects on the decidualization of human endo-
metrial stromal cells (HESCs), apart from its anticoagulant 
activity [7]. However, the precise effects of heparin on the 
endometrial decidualization process remain unclear.

Here, we show that HESCs become resistant to oxidative 
stress-induced apoptosis upon decidualization [8]. In addi-
tion, we previously demonstrated that hCG, one of the earli-
est and most abundant glycoproteins secreted by embryonic 
trophoblasts, further promote resistance to oxidative stress 
[9]. Based on these facts, we investigated whether heparin 
inhibits apoptosis induced by oxidative stress upon HESC 
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decidualization, to clarify the molecular mechanisms under-
lying this process.

Materials and methods

Tissue collection

We collected human endometrium tissues from patients 
undergoing hysterectomy at the Saitama Medical University 
Hospital. This research project was approved by the Insti-
tutional Review Board (Approval #16102). We recruited 
patients with uterine fibroids with regular menstrual cycles 
who were not on hormonal treatment at the time of the oper-
ation. Written informed consent was obtained before tissue 
collection from all patients.

Isolation of HESCs

We isolated HESCs as mentioned elsewhere [10–13]. 
Briefly, we cultured the harvested HESCs in a maintenance 
DMEM/F-12 medium (Thermo Fisher Scientific, Waltham, 
MA, USA) containing 10% dextran-coated charcoal-treated 
FBS, supplemented with 2 µg/mL insulin from bovine pan-
creas (Sigma-Aldrich, St. Louis, MO, USA), 1 × 10−9 M 
β-estradiol (Sigma-Aldrich), 1% antibiotic/antimycotic solu-
tion (Thermo Fisher Scientific), and 1% l-glutamine solution 
(Thermo Fisher Scientific).

Decidualization and heparin treatment of HESCs

We stimulated the decidualization of the cultured HESCs 
with 0.5 mM 8-bromo-cAMP (8-Br-cAMP; Sigma-Aldrich) 
and 10−6 M medroxyprogesterone acetate (MPA; Sigma-
Aldrich). Next, we initiated heparin treatment at the time of 
decidualization medium change using different unfraction-
ated heparin concentrations (Sigma-Aldrich). We performed 
all experiments before the fourth passage of the cultures.

Prolactin (PRL) measurement

We measured PRL concentrations using an electrogenerated 
chemiluminescence immunoassay (ECLIA) method with an 
ECLusys Prolactin III Reagent (Roche Diagnostics, Basel, 
Switzerland) and a Cobas 6000 analyzer (Roche Diagnos-
tics). We then harvested the HESCs on the 3rd day of decid-
ualization to carry out the PRL measurements.

Cell apoptosis detection assay

We induced apoptosis in the cells using hydrogen peroxide 
(H2O2; Wako Pure Chemical Industries, Osaka, Japan) at 
a concentration of 100 mM in decidualized HESCs either 

treated or not treated with different concentrations of hep-
arin. We used Cell Death Detection ELISA Plus (Sigma-
Aldrich) as per the manufacturer’s instructions to perform 
the apoptosis assays. The results estimate the relative apop-
tosis level in H2O2-treated cells compared to the same level 
in untreated control cells.

Total RNA extraction and quantitative real‑time 
polymerase chain reaction (qRT‑PCR)

We extracted total RNA samples from HESCs using the 
miRNeasy Mini Kit (Qiagen, Hilden, Germany). Reverse 
transcription for synthesis of cDNA from the extracted total 
RNA was performed using BioScript reverse transcriptase 
(Bioline, London, UK). We then analyzed the expression 
of PRL, FOXO1, and SOD2 mRNAs using qRT-PCR. Each 
qRT-PCR was set up using PowerUp SYBR Green PCR 
Master Mix (Thermo Fisher Scientific), and we used the 
PikoReal 96 Real-Time PCR System (Thermo Fisher Sci-
entific) for expression detection. Table 1 shows the primer 
sequences for each gene. We calculated the mRNA expres-
sion levels in relation to the GAPDH level using the 2−ΔΔct 
method [14].

Immunofluorescent staining

We cultured HESCs on coverslips in six-well culture plates 
with a maintenance medium. At 80% confluency, we incu-
bated the HESCs with or without a decidualization medium 
for 3 days. The cells were then fixed with a 4% paraformal-
dehyde phosphate buffer solution (Nacalai Tesque, Kyoto, 
Japan) and stained with a primary antibody (FOXO1, Cell 
Signaling Technology; SOD2, Abcam, Cambridge, UK; 
surviving, Abcam). The secondary antibody used was an 
Alexa Fluor 488 conjugated antibody (Thermo Fisher Sci-
entific). Nuclear staining was performed using 4′,6-diami-
dino-2-phenylindole- (DAPI-)-containing mounting media 
(Vector Laboratories, Burlingame, CA, USA). We used a 
fluorescent microscope to visualize the results (Axiocam; 
Carl Zeiss, Oberkochen, Germany).

Table 1   Primer sequences used for real-time PCR

Gene name Primer sequence

GAPDH Forward: 5′-CGA​CCA​CTT​TGT​CAA​GCT​CA-3′
Reverse: 5′-AGG​GGT​CTA​CAT​GGC​AAC​TG-3′

FOXO1 Forward: 5′-ATT​CGG​AAT​GAC​CTC​ATG​GA-3′
Reverse: 5′-TTT​TAA​GTG​TAA​CCT​GCT​CAC​TAA​

CC-3′
SOD2 Forward: 5′-CTG​GAC​AAA​CCT​CAG​CCC​TA-3′

Reverse: 5′-TTT​GTA​AGT​GTC​CCC​GTT​CC-3′
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Statistical analysis

We repeated the PRL measurements and apoptosis assays in 
three separate experiments (n = 3). The qRT-PCR analysis 
was repeated six times (n = 6). Data were analyzed using a 
two-tailed Student’s t test for comparisons within two groups 
or Tukey’s test for multiple comparisons. All graphs of error 
ranges are indicated as a mean ± standard error. We consid-
ered P values < 0.05 as statistically significant.

Results

Effect of heparin on the oxidative resistance 
of decidualized HESCs

In agreement with our published study [8], decidualization 
reduced the level of H2O2-induced apoptosis in HESCs, as 
assessed by the nucleosomal DNA fragmentation level (data 
not shown). We found no significant cell apoptosis differ-
ences in the decidualizing HESCs treated with heparin at 
the lowest concentration (0.5 µg/mL) after H2O2 treatment. 
However, cotreatment with higher concentrations (5 µg/
mL) of heparin conferred additional protection against 
H2O2-dependent oxidative stress-induced apoptosis as com-
pared to untreated cells (Fig. 1). Accordingly, we used the 
effective concentration of heparin, 5 µg/mL, as a treatment 
in subsequent experiments.

Heparin modulates PRL expression on decidualized 
HESCs

Next, we investigated whether heparin stimulates PRL secre-
tion, a widely used biochemical marker for decidualizing 
HESCs [11, 15]. We treated primary HESC cultures with 
or without 8-Br-cAMP and MPA, as well as with heparin, 
for 6 days. As expected [16], the enhanced expression of 
PRL secretion required both 8-Br-cAMP and MPA signal-
ing. Heparin significantly induced PRL secretion in cultures 
treated with decidualized HESCs. In contrast, it had no effect 
on PRL secretion in undifferentiated HESCs (Fig. 2a).

HESCs are found as spindle-shaped fibroblast-like cells 
when cultured without treatment. Treatment with 8-Br-
cAMP and MPA induced morphological decidual changes 
(larger and rounder cells than before) to the phenotype of 
HESCs. Heparin did not affect these morphological changes, 

Fig. 1   Decidualized HESCs resistant to H2O2-induced apoptosis after 
heparin treatment. We cultured decidualized HESCs with or without 
heparin (0.5 or 5 µg/mL) for 3 days and exposed them to H2O2 (100 
µM) for 4 h. Data represent the percentage of apoptosis in compari-
son to the same percentage in untreated control cells. Data are repre-
sented as mean ± standard error. *P < 0.05

Fig. 2   Effect of heparin on the phenotype of HESCs. a PRL produc-
tion by primary HESCs in culture media. We treated HESCs with or 
without 8-Br-cAMP/MPA or 5  µg/mL heparin for 3  days. The data 
represent the mean PRL protein concentration of three different 
HESC cultures (n = 3). Data are presented as mean ± standard error. 
*P < 0.05. b Morphological changes of decidual HESCs in response 
to heparin. Scale bar: 200 µm



212	 Medical Molecular Morphology (2019) 52:209–216

1 3

and the phenotypes were undistinguishable from those of 
control cells. The addition of heparin to decidualized HESCs 
also had no discernible effects on the morphological appear-
ance of the decidual cultures (Fig. 2b).

Heparin induced the expression levels of SOD2 
in decidualized HESCs

To explore the underlying mechanism of oxidative resist-
ance, we focused on the forkhead transcription factor 
FOXO1, an important cAMP-dependent transcription fac-
tor in decidualizing HESCs [8, 10, 12]. FOXO1 is also 
implicated in antioxidative-resistance responses because it 
regulates the expression of superoxide dismutase 2 (SOD2) 
[8], also known as manganese superoxide dismutase 
(MnSOD). As expected, FOXO1 mRNA expression levels 
were extremely upregulated upon HESC decidualization by 
8-Br-cAMP and MPA. However, contrary to our expecta-
tion, heparin did not alter the FOXO1 mRNA expression on 
nondecidualized and decidualized HESCs. In contrast, the 
SOD2 mRNA expression levels rose upon HESC deciduali-
zation by 8-Br-cAMP and MPA, and heparin further stimu-
lated SOD2 mRNA expression on the decidualized HESCs 
(Fig. 3).

Heparin regulates FOXO1 protein subcellular 
localization and increases the protein levels of SOD2

In response to the activation of the PI3K/AKT signaling 
pathway or other kinases, phosphorylates FOXOs on con-
served residues, triggering their export from the nucleus 
and binding to 14-3-3 chaperone proteins in the cytosol 
and, hence, loss of transcriptional activity [17]. We spec-
ulated that the reciprocal effects of heparin on FOXO1 

and SOD2 mRNA expression on decidualized HESCs 
could reflect changes in the subcellular distribution of 
the FOXO1 protein. Confocal microscopy demonstrated 
that the FOXO1 protein in 8-Br-cAMP- and MPA-treated 
cells was localized in both the cytoplasm and the nuclei, 
in comparison with untreated decidualized cells that had 
the protein mostly in. We observed the nuclear accumu-
lation of FOXO1 protein immunoreactivity in decidu-
alized HESCs treated with heparin (Fig. 4). Consistent 
with our qRT-PCR analysis, the amount of SOD2 protein 
increased upon HESC decidualization by 8-Br-cAMP and 
MPA. Heparin further enhanced the production of SOD2 
protein on decidualized HESCs, as seen by the increased 
immunoreactivity (Fig. 5).

Fig. 3   Heparin stimulated the 
expression of SOD2 mRNA 
but not of FOXO1 mRNA in 
decidualized HESCs. Relative 
mRNA expression levels of 
FOXO1 (a) and SOD2 (b). We 
treated primary HESCs with or 
without 8-Br-cAMP/MPA or 
heparin (5 µg/mL), as indicated, 
for 3 days. Data are represented 
as mean ± standard error. 
*P < 0.05. NS not significant

Fig. 4   Heparin induces the cytoplasmic localization of FOXO1 in 
decidualized HESCs. We treated primary HESC cultures with 8-Br-
cAMP/MPA for 3 days with or without heparin (5 µg/mL). Confocal 
micrographs showing FOXO1 stained with Alexa Fluor 488 (green) 
and nuclei stained with DAPI (blue). Scale bar: 20 µm



213Medical Molecular Morphology (2019) 52:209–216	

1 3

Discussion

Since the initiation of in vitro fertilization-embryo transfer 
(IVF-ET) [18], improvements in the protocols of ovarian 
stimulation, preparation of follicles, embryo culture con-
ditions, and others have given considerable hope to cou-
ples with infertility. However, the live birth rate of IVF-
ET is not satisfactory. However, the rate-limiting factor 
appears to be the implantation rate, which results from 
a complex process that depends on many variables [19]. 
Successful implantation depends on three interdependent 
processes: embryo development, placenta formation, and 
decidualization of the endometrium. In particular, decidu-
alization involves the transformation of the endometrial 
stromal cells into specialized secretory cells, a process 
that is further characterized by an influx of specialized 
immune cells and vascular remodeling [20]. The decidual 
process is indispensable for the formation of a functional 
fetal–maternal interface as it controls trophoblast inva-
sion and tissue homeostasis, and it confers resistance to 
environmental stress signals, protecting against oxidative 
stress [8]. Impaired decidualization is associated with an 
increase in miscarriage rates in an exponential fashion 
[21].

Although the use of heparin in IVF-ET procedures lacks 
both molecular and clinical evidence to support it, practi-
tioners use it empirically to improve the implantation rates 
[22]. Clinical trials have demonstrated that administering 
heparin during the luteal phase has beneficial effects on the 
implantation and live birth rates in women with repeated 
implantation failures [4, 5]. The mechanism of this posi-
tive effect of heparin on implantation is unclear, but some 
hypotheses have been proposed, and we wanted to investi-
gate whether heparin has direct effects on the decidualiza-
tion process.

In this study, we demonstrated that heparin increases PRL 
secretion in decidualized HESCs without changing the cell 
morphology, which is widely accepted as a highly sensitive 
and specific decidual maker and is known to play an impor-
tant role in human endometrial differentiation and implan-
tation [23, 24], in agreement with another report [25]. The 
expression of PRL in the endometrium has been shown to 
be impaired in patients with recurrent pregnancy loss, both 
in vivo and in primary cultures subjected to a decidualizing 
stimulus [26]. Additionally, a lack of expression of endome-
trial PRL during the implantation window has been proven 
in some patients suffering from unexplained infertility and 
repeated miscarriages [27]. These observations suggest that 
heparin may improve the uterine environment for implanta-
tion by inducing PRL secretion upon decidualization.

Implantation and subsequent placenta formation are pro-
found inflammatory processes that are characterized by an 
influx of immune cells, extensive remodeling, and vascular 
changes [20]. Reactive oxygen species (ROS) are invari-
ably generated during inflammatory processes and are even 
more pronounced at the fetal–maternal interface because 
of the profound fluctuations in oxygen tension associated 
with the onset of placental perfusion in the first trimester of 
pregnancy [28]. In the luck of effective against mechanisms, 
ROS cause indiscriminate damage to proteins and nucleic 
acids. Thus, impaired decidualization inevitably predisposes 
the fetal–maternal interface to oxidative damage. In addi-
tion, compelling evidence has suggested that oxidative stress 
underpins a spectrum of pregnancy disorders, ranging from 
miscarriages to fetal growth restriction and preeclampsia 
[29].

FOXO1, a member of the mammalian FOXO subfamily 
of forkhead transcription factors, is an important regulator 
of the decidual process in HESCs. FOXOs are downstream 
targets of the phosphatidylinositol-3-kinase pathway, and 
phosphorylation of FOXOs by Akt and other kinases results 
in their nuclear exclusion and loss of their transcriptional 
activity [30, 31]. FOXO proteins are critical mediators of 
cell fate because of their ability to regulate either proap-
optotic genes [32–36] or genes involved in differentiation, 
cell cycle arrest [37], oxidative defenses [30, 38, 39], and 
DNA repair [31, 40]. We have demonstrated that decidual-
ized HESCs acquire heightened defenses against oxidative 
stress, which is partly explained by the FOXO1-dependent 
induction of SOD2 [8]. Herein, we demonstrated that hepa-
rin enhances resistance to oxidative stress-induced apopto-
sis. Moreover, it stimulates SOD2 expression in parallel with 
the accumulation of FOXO1 in the nuclei of decidualized 
HESCs. In addition, heparin induces apoptotic inhibitor sur-
viving protein expression in decidualized HESCs. Therefore, 
the possible beneficial effects of heparin on implantation 
probably consist in modulating trophoblast invasion [41] and 
endometrial differentiation.

Fig. 5   Heparin had no effect on the subcellular localization of SOD2 
on decidualized HESCs. We treated HESC cultures with 8-Br-cAMP/
MPA for 3 days with or without heparin (5 µg/mL). Confocal micro-
graphs showing SOD2 stained with Alexa Fluor 488 (green) and 
nuclei stained with DAPI (blue). Scale bar: 20 µm
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Low-molecular-weight heparins (LMWHs) are derived 
heparin by enzymatic or chemical depolymerization and 
have largely replaced UFH for preventing obstetrical com-
plications in women with thrombophilic disorders because 
of its simpler usage, more predictable anticoagulant activ-
ity and safety profile [42]. We employed only UFH as 
heparin, but not LMWHs fir the present study. However, 
both UFH and LMWHs improve the pregnancy outcome 
in women suffering from thrombophilia and pregnancy 
complications [1, 43]. Furthermore, various studies dem-
onstrated that UFH has similar direct effect as LMWHs 
for decidualized HESCs in vitro [7, 25, 44]. Hence, addi-
tional studies are need to evaluate LMWHs in prevention 
of apoptosis induced by oxidative stress.

In addition to its anticoagulant activity, heparin has bio-
logical properties that may be critical for the prevention of 
tissue injuries at the fetal–maternal interface. For instance, 
it suppresses natural killer cell cytotoxicity [45, 46], pre-
vents leukocyte adhesion/influx [47–49], and antagonizes 
interferon-γ (IFN-γ) signaling [50]. On top of these anti-
inflammatory and immunomodulatory effects, an increas-
ing number of cytokines and growth factors, including 
the hepatocyte growth factors, epidermal growth factors 
(EGFs), heparin-binding epidermal growth factors (HB-
EGFs), and fibroblast growth factors (FGFs), bind gly-
cosaminoglycans of the heparin and heparin-sulfate fam-
ily, thereby regulating their bioactivities [51, 52]. Further 
studies should be performed to clarify the association 
between heparin and anti-inflammatory or immunomodu-
latory effects on the decidualization process.

Conclusion

In conclusion, to the best of our knowledge, this is the 
first study showing that heparin confers resistance to oxi-
dative stress-induced apoptosis in decidualizing HESCs. 
Our results suggest that the mechanism accounting for this 
resistance to oxidative stress-induced apoptosis involves 
an increase in SOD2 expression through the accumula-
tion of FOXO1 in nuclei to enhance the free-radical-
scavenging potential in decidualized HESCs. Moreover, 
we demonstrated that heparin increases PRL secretion in 
decidualized HESCs. All in all, our results suggest that 
heparin may improve the uterine environment for success-
ful implantation by preventing apoptosis due to oxidative 
stress and by modulating the decidual process.

Acknowledgements  We would like to thank Ms. S. Mitsui for her 
assistance with experiments. This work was supported by JSPS KAK-
ENHI (Grant numbers 17K11250 and 16K20204).

Compliance with ethical standards 

Conflict of interest  The authors declare having no conflicts of interest.

References

	 1.	 Rai R, Cohen H, Dave M, Regan L (1997) Randomized controlled 
trial of aspirin and aspirin plus heparin in pregnant women with 
recurrent miscarriage associated with phospholipid antibodies (or 
antiphospholipid antibodies). BMJ 314:253–257

	 2.	 Rai R, Regan L (2002) Antiphospholipid syndrome in pregnancy: 
a randomized, controlled trial of treatment. Obstet Gynecol 
100:1354

	 3.	 Sebire NJ, Backos M, El Gaddal G, Goldin RD, Regan L (2003) 
Placental pathology, antiphospholipid antibodies, and preg-
nancy outcome in recurrent miscarriage patients. Obstet Gynecol 
101:258–263

	 4.	 Urman B, Ata B, Yakin K, Alatas C, Aksoy S, Mercan R, Balaban 
B (2009) Luteal phase empirical low molecular weight heparin 
administration in patients with failed ICSI embryo transfer cycles: 
a randomized open-labeled pilot trial. Hum Reprod 24:1640–1647

	 5.	 Qublan H, Amarin Z, Dabbas M, Farraj AE, Beni-Merei Z, Al-
Akash H, Bdoor AN, Nawasreh M, Malkawi S, Diab F, Al-Ahmad 
N, Balawneh M, Abu-Salim A (2008) Low-molecular-weight 
heparin in the treatment of recurrent IVF-ET failure and throm-
bophilia: a prospective randomized placebo-controlled trial. Hum 
Fertil (Camb) 11:246–253

	 6.	 Hills FA, Abrahams VM, Gonzalez-Timon B, Franvis J, Clock 
B, Hinkson L, Rai R, Mor Regan L, Sullivan M, Lam EW, Bros-
ens JJ (2006) Heparin prevents programmed cell death in human 
trophoblast. Mol Hum Reprod 12:237–243

	 7.	 Fluhr H, Spratte J, Ehrardt J, Steinmuller F, Licht P, Zygmunt M 
(2010) Heparin and low-molecular-weight heparins modulate the 
decidualization of human endometrial stromal cells. Fertil Steril 
93:2581–2587

	 8.	 Kajihara T, Jones M, Fusi L, Takano M, Feroze-Zaidi F, Pirianov 
G, Mehmet H, Ishihara O, Higham JM, Lam EW, Brosens JJ 
(2006) Differetial expression of FOXO1 and FOXO3a confers 
resistance to oxidative cell death upon endometrial decidualiza-
tion. Mol Endocrinol 20:2444–2455

	 9.	 Kajihara T, Uchino S, Suzuki M, Itakura A, Brosens JJ, Ishihara O 
(2011) Human chorionic gonadotropin confers resistance to oxida-
tive stress-induced apoptosis in decidualizing human endometrial 
stromal cells. Fertil Steril 95:1302–1307

	10.	 Labied S, Kajihara T, Madureira PA, Fusi L, Jones MC, Higham 
JM, Varshochi R, Francis JM, Zoumpoulidou G, Essafi A, Fernan-
dez de Mattos S. Lam EW, Brosens JJ (2006) Pregestins regulate 
the expression and activity of the forkhead transcription factor 
FOXO1 in differentiating human endometrium. Mol Endocrinol 
20:35–44

	11.	 Brosens JJ, Hayashi N, White JO (1999) Progesterone receptor 
regulates decidual prolactin expression in differentiating human 
endometrial stromal cell. Endocrinology 140:4809–4820

	12.	 Christian M, Zhang X, Schneider-Merck T, Unterman TG, Gel-
lersen B, White JO, Brosens JJ (2002) Cyclic AMP-induced 
forkhead transcription factor, FKHR, cooperates with CCAAT/
enhancer-binding protein b in differentiating human endometrial 
stromal cells. J Biol Chem 277:20825–20832

	13.	 Tochigi H, Kajihara T, Mizuno Y, Mizuno Y, Tamaru S, Kamei 
Y, Okazaki Y, Brosens JJ, Ishihara O (2017) Loss of miR-542-3p 
enhances IGFBP-1 expression in decidualizing human endome-
trial stromal cells. Sci Rep 2017:40001



215Medical Molecular Morphology (2019) 52:209–216	

1 3

	14.	 Livak KJ, Schmittgen TD (2001) Analysis of relative gene 
expression data using real-time quantitative PCR and the 2(−
delta delta C(T)) method. Methods 25:402–408

	15.	 Gellersen B, Kempf R, Telgmann R, DiMattia GE (1994) Non-
pituitary human prolactin gene transcription is independent of 
Pit-1 and differentially controlled in lyphocytes and in endome-
trial stroma. Mol Endocrinol 8:356–373

	16.	 Gellersen B, Brosens J (2003) Cyclic AMP and progesterone 
receptor cross-talk in human endometrium: a decidualizing 
affair. J Endocrinol 178:357–372

	17.	 Kajihara T, Brosens JJ, Ishihara O (2013) The role of FOXO1 
in the decidual transformation of the endometrium and early 
pregnancy. Med Mol Morphol 46:61–68

	18.	 Steptoe PC, Edwards RG (1978) Birth after the reimplantation 
of a human embryo. Lancet 2(8085):366

	19.	 Donaghay M, Lessey BA (2007) Uterine receptivity: alterations 
associated with benign gynecological disease. Semin Reprod 
Med 25:461–475

	20.	 Gellersen B, Brosens IA, Brosens JJ (2007) Decidualization of 
the human endometrium: mechanisms, functions, and clinical 
perspectives. Semin Reprod Med 25:445–453

	21.	 Wilcox AJ, Baird DD, Weinberg CR (1999) Time of implan-
tation of the conceptus and loss of pregnancy. N Engl J Med 
340:1796–1799

	22.	 Ricci G, Giolo E, Simeone R (2010) Heparin’s `potential to 
improve pregnancy rates and outcomes’ is not evidence-based. 
Hum Reprod Update 16:225–227

	23.	 Cloke B, Huhtinen K, Fusi L, Kajihara T, Yliheikkila M, Ho 
KK, Teklenburg G, Lavery S, Jones MC, Trew G, Kim JJ, Lam 
EW, Cartwright JE, Poutanen M, Brosens JJ (2008) The andro-
gen and progesterone receptors regulate distinct gene networks 
and cellular functions in decidualizing endometrium. Endo-
crinolgy 149:4462–4474

	24.	 Lynch VJ, Tanzer A, Wang Y, Leung FC, Gellersen B, Emera 
D, Wagner GP (2008) Adaptive changes in the transcription 
factor HoxA–11 are essential for the evolution of pregnancy in 
mammals. Proc Natl Acad Sci USA 105:14928–14933

	25.	 Fluhr H, Spratte J, Heidrich S, Ehrhardt J, Steinmüller F, Zyg-
munt M (2011) Heparin inhibits interferon-γ signaling in human 
endometrial stromal cells by interference with the cellular bind-
ing of interferon-γ. Fertil Steril 95:1272–1277

	26.	 Salker M, Teklenburg G, Molokhia M, Lavery S, Trew G, 
Aojanepong T, Mardon H, Lokugamage AU, Rai R, Landles 
C, Roelen BA, Quenby S, Kuijk EW, Kavelaars A, Heijnen CJ, 
Regan L, Macklon NS, Brosens JJ (2010) Natural selection of 
human embryos: impaired decidualization of endometrium disa-
bles embryo-maternal interactions and causes recurrent preg-
nancy loss. PLoS One 5:e10287

	27.	 Garzia E, Borgato S, Cozzi V, Doi P, Bulfamante G, Persani 
L, Cetin I (2004) Lack of expression of endometrial prolac-
tin in early implantation failure: a pilot study. Hum Reprod 
19:1911–1916

	28.	 Jauniaux E, Watson AL, Hempstock J, Bao YP, Skepper JN, Bur-
ton GJ (2000) Onset of maternal arterial blood flow and placental 
oxidative stress. A possible factor in human early pregnancy fail-
ure. Am J Pathol 157:2111–2122

	29.	 Jauniaux E, Poston L, Burton GJ (2006) Placental-related diseases 
of pregnancy: involvement of oxidative stress and implications in 
human evolution. Hum Reprod Update 12:747–755

	30.	 Kops GJ, de Ruiter ND, De Vries-Smits AM, Powell DR, Bos JL, 
Burgering BM (1999) Direct control of the forkhead transcription 
factor AFX by protein kinase B. Nature 398:630–634

	31.	 Brunet A, Bonni A, Zigmond MJ, Lin MZ, Juo P, Hu LS, Ander-
son MJ, Arden KC, Blenis J, Greenberg ME (1999) Akt promotes 
cell survival by phosphorylating and inhibiting a Forkhead tran-
scription factor. Cell 96:857–868

	32.	 Dijkers PF, Medema RH, Pals C, Banerji L, Thomas NS, Lam EW, 
Burgering BM, Raaijmakers JA, Lammers JW, Koenderman L, 
Coffer PJ (2000) Forkhead transcription factor FKHR-1 modulates 
cytokine-dependent transcriptional regulation of p27KIP1. Mol Cell 
Biol 20:9138–9148

	33.	 Sunters A, Fernandez de Mottos S, Stahl M, Brosens JJ, Zoum-
poulidou G, Saunders CA, Coffer PJ, Medema RH, Coombes RC, 
Lam EW (2003) FoxO3a transcriptional regulation of Bim con-
trols apoptosis in paclitaxel-treated breast cancer cell lines. J Biol 
Chem 278:49795–49805

	34.	 Modur V, Nagarajan R, Evers BM, Milbrandt J (2002) FOXO 
proteins regulate tumor necrosis factor-related apoptosis inducing 
ligand expression. Implications for PTEN mutation in prostate 
cancer. J Biol Chem 277:47928–47937

	35.	 Suhara T, Kim HS, Kirshenbaum LA, Walsh K (2002) Suppres-
sion of Akt signaling induces Fas ligand expression: involvement 
of caspase and Jun kinase activation in Akt-mediated Fas ligand 
regulation. Mol Cell Biol 22:680–691

	36.	 Dijkers PF, Medema RH, Lammers JW, Koenderman L, Coffer 
PJ (2000) Expression of the pro-apoptotic Bcl-2 family member 
Bim is regulated by the forkhead transcription factor FKHR-L1. 
Curr Biol 10:1201–1204

	37.	 Medema RH, Kops GJ, Bos JL, Burgering BM (2000) AFX-like 
Forkhead transcription factors mediate cell-cycle regulation by 
Ras and PKB through p27kip1. Nature 404:782–787

	38.	 Nemoto S, Finkel T (2002) Redox regulation of forkhead pro-
teins through a p66shc-dependent signaling pathway. Science 
295:2450–2452

	39.	 Essers MA, Weijzen S, de Vries-Smits AM, Saarloos I, de Ruiter 
ND, Bos JL, Burgering BM, EMBO J (2004) FOXO transcription 
factor activation by oxidative stress mediated by the small GTPase 
Ral and JNK. EMBO J 23:4802–4812

	40.	 Tran H, Brunet A, Grenier JM, Datta SR, Fornace AJ Jr, DiSte-
fano PS, Chiang LW, Greenberg ME (2002) DNA repair pathway 
stimulated by the forkhead transcription factor FOXO3a through 
the Gadd45 protein. Science 296:530–534

	41.	 Di Simone N, Di Niculo F, Sanguinetti M, Ferrazzani S, D’Alessio 
MC, Castellani R, Bompiani A, Caruso A (2007) Low-molec-
ular weight heparin induces in vitro trophoblast invasiveness: 
role matrix metalloproteinases and tissue inhibitors. Placenta 
28:298–304

	42.	 Greer I, Hunt BJ (2005) Low molecular weight heparin in preg-
nancy: current issues. Br J Haematol 128:593–601

	43.	 Kutteh WH (1996) Antiphospholipid antibody-associated recur-
rent pregnancy loss: treatment with heparin and low-dose aspi-
rin is superior to low-dose aspirin alone. Am J Obstet Gynecol 
174:1584–1589

	44.	 Spratte J, Schönborn M, Treder N, Bornkessel F, Zygmunt M, 
Fluhr H (2015) Heparin modulates chemokines in human endo-
metrial stromal cells by interaction with tumor necrosis factor α 
and thrombin. Fertil Steril 103:1363–1369

	45.	 Yamamoto H, Fuyama S, Arai S, Sendo F (1985) Inhibition 
of mouse natural killer cytotoxicity by heparin. Cell Immunol 
96:409–417

	46.	 Johann S, Zoller C, Haas S, Blumel G, Lipp M, Forster R (1995) 
Sulfated polysaccharide anticoagulants suppress natural killer cell 
activity in vitro. Thromb Haemost 74:998–1002

	47.	 Christopherson KW 2nd, Campbell JJ, Travers JB, Hromas RA 
(2002) Low-molecular-weight heparins inhibit CCL2l-induced T 
cell adhesion and migration. J Pharmacol Exp Ther 302:290–295

	48.	 Manduteanu I, Voinea M, Capraru M, Dragomir E, Simionescu 
M (2002) A novel attribute of enoxaparin: inhibition of monocyte 
adhesion to endothelial cells by a mechanism involving cell adhe-
sion molecules. Pharmacology 65:52–53

	49.	 Wan JG, Mu JS, Zhu HS, Geng JG (2002) N-desulfated non-anti-
coagulant heparin inhibits leukocyte adhesion and transmigration 



216	 Medical Molecular Morphology (2019) 52:209–216

1 3

in vitro and attenuates acute peritonitis and ischemia and reperfu-
sion injury in vitro. Inflamm Res 51:435–443

	50.	 Fritchley SJ, Kirby JA, Ali S (2000) The antagonism of interferon-
gamma (INF-gamma) by heparin: examination of the blockade of 
class II MHC antigen and heat shock protein-70 expression. Clin 
Exp Med Biol 120:247–252

	51.	 Folkman J, Shing Y (1992) Control of angiogenesis by hepa-
rin and other sulfated polysaccharides. Adv Exp Med Biol 
313:355–364

	52.	 Li Y, Wang HY, Cho CH (1999) Association of heparin with basic 
fibroblast growth factor, epidermal growth factor, and constitutive 

nitric oxide synthase on healing of gastric ulcer in rats. J Pharma-
col Exp Ther 290:789–796

Publisher’s Note  Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.


	Heparin prevents oxidative stress-induced apoptosis in human decidualized endometrial stromal cells
	Abstract
	Introduction
	Materials and methods
	Tissue collection
	Isolation of HESCs
	Decidualization and heparin treatment of HESCs
	Prolactin (PRL) measurement
	Cell apoptosis detection assay
	Total RNA extraction and quantitative real-time polymerase chain reaction (qRT-PCR)
	Immunofluorescent staining
	Statistical analysis

	Results
	Effect of heparin on the oxidative resistance of decidualized HESCs
	Heparin modulates PRL expression on decidualized HESCs
	Heparin induced the expression levels of SOD2 in decidualized HESCs
	Heparin regulates FOXO1 protein subcellular localization and increases the protein levels of SOD2

	Discussion
	Conclusion
	Acknowledgements 
	References


