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Abstract

Problem—Chronic endometritis, inflammation of the uterine lining caused by common gram-

negative bacterial strains or mycoplasma, has been associated with unexplained implantation 

failure and infertility. However, limited models of bacteria-induced implantation loss exist to study 

the molecular changes that occur in vivo. The goal of this study was to provide a new resource to 

study the process of bacteria-induced inflammation and implantation loss utilizing common 

experimental models: C57Bl/6 mice and primary human endometrial stromal cells.

Method of Study—Prior to implantation, mated C57Bl/6 females were administered vehicle 

(saline) or gram-negative bacterial lipopolysaccharide (LPS) at a range of concentrations by 

intraperitoneal injection. Implantation sites were counted, and uteri were harvested to evaluate the 

molecular changes that accompany LPS-mediated implantation loss. Primary human endometrial 

stromal cells were decidualized in vitro in the presence and absence of LPS. Total RNA and 

conditioned media were harvested to evaluate the expression of known decidualization-associated 

genes and various cytokines and chemokines.

Results—LPS treatment resulted in fewer implantation sites in mice, decreased expression of 

decidualization-associated genes, and altered expression and release of cytokines and chemokines. 

Immunohistological analysis of the uterus from LPS-exposed mice demonstrated increased 

apoptosis and decreased proliferation during decidualization.

Conclusions—LPS exposure disrupted implantation and decidualization in mice and human 

endometrial stromal cells. This model could be used to study the pathophysiology of implantation 

failure in patients with chronic endometritis or to test potential therapeutic interventions.

1. Introduction

The establishment of pregnancy in placental species relies on a number of factors, including 

synchronous development of the fertilized blastocyst and the transformation of the uterus 

into a receptive state. Uterine receptivity refers to the window of time that the endometrium 
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has obtained the capacity to accept a competent blastocyst. The ovarian hormones drive 

uterine receptivity by inducing endometrial decidualization, a process of remodeling 

required for implantation, invasion, and to support embryonic growth 1. The maternal 

immune system also contributes to uterine remodeling and receptivity by altering the 

expression of epithelial attachment molecules, regulating the degree of trophoblast invasion, 

enhancing breakdown of the extracellular matrix, and supporting vascular remodeling and 

angiogenesis 2, 3. In fact, the importance of some pro-inflammatory activity during 

implantation has been demonstrated by improved IVF success rates in patients with biopsy-

induced local inflammation4. This local injury induces the expression of several pro-

inflammatory cytokines and chemokines, such as tumor necrosis factor alpha (TNF-α) and 

growth-regulated oncogene alpha (GRO-α)5. However, cytokine and chemokine expression 

must be precisely regulated, as inappropriately elevated concentrations of certain cytokines 

and chemokines are associated with implantation failure 6, 7.

It is critical that the local immune environment be tightly regulated for implantation to 

occur, and one potential contributing factor to an altered immune environment in humans is 

chronic endometritis, a condition estimated to affect approximately 10% of women 8, 9. 

Chronic endometritis refers to inflammation of the endometrium and is often caused by 

gram-negative bacterial strains such as Escherichia coli and Gardnerella vaginalis or by 

Ureaplasma urealyticum and Mycoplasma species 10. Notably, the prevalence of 

endometritis is much higher in women with infertility, and specifically those with recurrent 

implantation failure (RIF). A recent study of infertile women with RIF identified chronic 

endometritis in almost 34% of their study population, although others have reported the 

prevalence as high as 57% in women with RIF 11, 12. Interestingly, endometritis is also 

common in the dairy industry, and bovine uterine infections are estimated to cost the United 

States 650 million dollars annually 13.

Genital tract infections by ascending microbial invasion with gram-negative bacteria have 

well documented negative effects on gestation, including pregnancy loss and preterm labor. 

Exposure of pregnant mice to the gram-negative bacterial lipopolysaccharide (LPS) during 

mid-pregnancy results in spontaneous preterm labor and fetal loss 14–16. Infections present at 

the time of conception may also cause reproductive dysfunction by disrupting uterine 

receptivity. However, there is limited literature documenting the immunologic changes 

occurring in response to bacterial infection prior to implantation which may affect 

gestational success. Studies of LPS-mediated implantation loss have been undertaken in the 

Park strain mouse, although the minimum dose required to induce implantation loss likely 

varies by experimental strain. Moreover, studies with the Park strain mouse provided limited 

information on the molecular and histologic changes that accompany implantation failure 17.

Our study aims to provide a new model for the investigation into the effects of gram negative 

bacteria on implantation and uterine receptivity. Establishing this model with the C57Bl/6 

mouse line will provide a basis for comparison in future studies utilizing transgenic mice, 

often developed on the C57Bl/6 background. Furthermore, studying the effects of LPS on 

decidualization in primary human endometrial stromal cells will provide additional insight 

into the direct effects of gram-negative bacteria on human endometrial stromal cell 
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signaling. Both models provide an opportunity to understand the pathophysiology of 

infection-mediated pregnancy loss in eutherian mammals.

2. Materials and Methods

2.1 Reagents

Dulbecco’s Modified Eagle’s Medium (DMEM) was purchased from Life Technologies 

(Carlsbad, CA). Fetal bovine serum (FBS) was purchased from Sigma-Aldrich (St. Louis, 

MO). Charcoal dextran-treated (stripped) FBS was purchased from Gemini Bio Products 

(West Sacramento, CA). Estradiol (E2; 1,3,5[10] estratrien-3,17β-diol; ≥99%) was 

purchased from Steraloids (Newport, RI). Progesterone (P4; 4-pregnene-3,20-dione; ≥99%) 

and dibutyryl cyclic AMP (cAMP; N6, 2’-O-dibutyryladenosine 3’−5’-cyclic 

monophosphate sodium salt; ≥96% HPLC) were purchased from Sigma Aldrich. Ki-67 

antibody (D3B5) was purchased from Cell Signaling Technology (Danvers, MA). Primer-

probe sets for TaqMan assays were purchased from Applied Biosystems (Thermo Fisher 

Scientific, Waltham, MA). The 384-well mouse cytokine and chemokine panel assay (cat. 

#10034635) and human cytokine and chemokine panel assay (cat. #10034472) were 

purchased from BioRad Laboratories (Hercules, CA). The ApopTag® Peroxidase In Situ 
Apoptosis Detection Kit (cat. #S7100) was purchased from Millipore Sigma (Temecula, 

CA). Harris Hematoxylin (cat. #S212) and Eosin Phloxine Alcoholic Working Solution (cat. 

#S176) were purchased from Poly Scientific R&D Corp. (Bay Shore, NY).

2.2 Animals

All experiments were conducted with the approval of the Institutional Animal Care and Use 

Committee at Yale University and followed the National Institute of Health Guide for the 

Care and Use of Laboratory Animals. Food and water were provided ad libitum, and mice 

were maintained on a 12:12 hour light:dark schedule. Adult (6–10-week-old) C57Bl/6 mice 

were utilized for all experiments. Female mice were placed with proven-fertile male mice 

overnight at a 1:1 ratio and evaluated for the presence of a copulatory plug the following 

morning. The morning that the copulatory plug was observed was designated 0.5 days post 

coitum (dpc). Male mice were removed once the copulatory plug was observed. On the 

afternoon of 0.5 dpc, plug-positive female mice were administered vehicle (saline), 1 μg 

LPS, 2.5 μg LPS, 5 μg LPS, or 10 μg LPS diluted in saline in a total volume of 100 μl by 

intraperitoneal injection. Mice were weighed at the time of injection, 1 day post-injection, 

and 5 days post-injection. Implantation sites were visualized and counted on 5.5 dpc. Uteri 

were harvested on 1.5 and 5.5 dpc for histology or RNA extraction.

2.3 Cell Culture

Primary human endometrial stromal cells (hESCs) were obtained from endometrial biopsies 

as previously described and maintained at 37ᵒC with 95% humidity and 5% carbon dioxide 
18. hESCs were used before the sixth passage for all experiments. hESCs were grown in 

DMEM media supplemented with heat-inactivated 10% FBS. Prior to treatment, cells were 

cultured in 6-well plates and media were changed to phenol red-free DMEM supplemented 

with 5% heat-inactivated, charcoal dextran-treated (stripped) FBS. Decidualization was 

induced by supplementing media with 10 nM E2, 100 nM P4, and 0.5 mM dibutyryl cAMP 
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(decidualization cocktail). Cells were additionally treated with .1 μg/mL LPS or vehicle 

(PBS). The dose of LPS was chosen based on previous reports of induced inflammatory 

responses in cultured mammalian endometrial cells 19. Every 48 hours, half of the culture 

medium was removed and replaced by fresh media containing the decidualization cocktail. 

Control wells underwent the same media replacement protocol were half of the phenol red-

free DMEM supplemented with 5% heat-inactivated, charcoal dextran-treated (stripped) 

FBS was replaced every 48 hours. Cells treated with LPS also had the LPS treatment 

replaced every 48 hours. For gene array and quantitative RT-PCR analysis, RNA was 

harvested 3 and 7 days after the addition of the decidualization cocktail. Transcript levels of 

amphiregulin (Areg) and wingless-related integration site 4 (Wnt4) were used as markers for 

implantation and decidualization in mice. Transcript levels of insulin-like growth factor 

binding protein-1 (IGFBP1) and prolactin (PRL) were used as markers for the decidual 

response in hESCs 20.

2.4 RNA Extraction

Total RNA was harvested from the mouse uterus using the Qiagen QIAshredder and the 

Qiagen RNeasy mini kit (Qiagen, Valencia, CA) according to the manufacturer’s protocol. 

Total RNA was harvested from the hESCs using the Qiagen RNeasy mini kit. A 

deoxyribonuclease (DNase) treatment was performed on-column for all samples using the 

ribonuclease-free DNase Kit (Qiagen) according to the manufacturer’s instructions. Total 

RNA quantity and purity was assessed using the NanoDrop One Spectrophotometer 

(ThermoFisher Scientific) based on the absorbance ratios at 260 and 280 nM and at 260 and 

230 nM.

2.5 Quantitative RT-PCR

Individual mRNA abundance was determined using a TaqMan One-Step procedure on the 

CFX Connect Real-Time System (Bio-Rad Laboratories) with predesigned TaqMan assays 

(ThermoFisher Scientific) and 100 ng of total RNA as input. Quantitative RT-PCR was 

performed in a 10 μl reaction volume with the following thermocycling parameters: 48ᵒC for 

30 minutes, 95ᵒC for 10 minutes, followed by 40 cycles of 95ᵒC for 15 seconds and 60ᵒC 

for 60 seconds. Expression values for each gene were calculated using a standard curve. In 

both the mouse and human samples, the signal from each probe was normalized to the 

reference gene peptidylprolyl-isomerase B (Ppib and PPIB respectively). Each gene primer-

probe was evaluated with technical duplicates for each sample with a minimum of four 

biological replicates per treatment group. A list of TaqMan assays used in this study is 

shown in Supplemental Table S1.

2.6 Cytokine Array

Transcript levels of various cytokines and chemokines in the mouse uterus and hESCs were 

measured from a total of 50 ng RNA using predeveloped mouse and human cytokine and 

chemokine 384-well panel assays from BioRad Laboratories. Array data was analyzed using 

the Bio-Rad CFX Manager 3.1 software. The transcript levels were normalized using the 

delta-delta Ct method and the reference gene TATA-binding protein (Tbp). Relative 

expression was determined for the mouse uterus by graphing data relative to transcript levels 

in the uterus of non-pregnant, diestrous-staged mice. Relative expression for decidualized 
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hESCs was determined by graphing data relative to transcript levels in non-decidualized 

(Day 0) hESCs.

2.7 Immunohistochemistry

Uterine mouse tissue samples isolated at 1.5 and 5.5 dpc were fixed overnight in 10% 

buffered formalin and stored in 70% ethanol until processing and embedding. Tissues were 

paraffin-embedded and sectioned at 5μm by the Yale School of Medicine Pathology Core. 

Tissue slides were stored at room temperature in dust-free slide boxes. Histology was 

visualized by hematoxylin and eosin staining. For immunostaining, slides were 

deparaffinized, rehydrated, and endogenous peroxide blocked with 3% hydrogen peroxide. 

Heat-induced antigen retrieval was performed with a 0.01 M citrate buffer at pH 6 (diluted 

from a stock solution of 0.1 M sodium citrate and 0.1 M citric acid). Slides were then 

blocked with 10% normal goat serum (Vector Laboratories Inc., Burlington, CA) at room 

temperature for 1 hour, and incubated at 4ᵒC overnight with primary antibody (Ki-67 1:400). 

The next day, slides were incubated with anti-rabbit secondary antibody (cat. #BA-1000, 

Vector Laboratories) for 1 hour at room temperature. After washing, the antigen-antibody 

complex was visualized using the Vectastain ABC Kit (cat. #PK-6100, Vector Laboratories) 

and the chromogenic substrate 3,3’ diaminobenzidine tetrahydrochloride (DAB, cat 

#SK-4100, Vector Laboratories) solution. Apoptotic cells were detected through the 

procedures outlined by the manufacturer in the ApopTag® Peroxidase In Situ Apoptosis 

Detection Kit. Sections were counterstained with Hematoxylin, dehydrated, cleared with 

Xylenes, and cover slipped. Sections were visualized, and images were captured using the 

Revolve microscope (Echo Laboratories Inc., San Diego, CA).

2.8 Cytokine Analysis in Conditioned Media

Cytokines were measured in conditioned media from hESCs treated for decidualization 

cocktail in the presence and absence of 0.1 μg LPS utilizing the cytokine multiplex assay 

from BioRad Laboratories (cat. #12009709 and 171B6007M). The 17-plex assay measured 

GRO-α, Il-1β, IL-6, IL-8, IL-10, IL-12, IL-17A, G-CSF, GM-CSF, IFN-γ, IP-10, MCP-1, 

MIP-1α, MIP-1β, RANTES, TNF-α, and VEGF. Analytes were quantified using the 

LUMINEX 200 (LUMINEX, Austin, TX).

2.9 Statistical Analysis

The data represent the average of at least 4 biological replicates and are presented as means 

± SEM. Statistical significance was determined by ANOVA with Tukey’s post-hoc analysis. 

Statistical significance was defined as *p < 0.05 or **p < 0.01 using GraphPad Prism 

Software version 7.0.

3. Results and Discussion

3.1 Determining the optimal dose for LPS-induced implantation failure in C57Bl/6 mice.

In order to determine the minimum dose of LPS required to induce implantation loss in 

C57Bl/6 mice, successfully mated females were administered increasing doses of LPS on 

the day the copulatory plug was visualized (0.5 dpc). The experimental regimen is depicted 

in Figure 1A. Because LPS exposure can induce hypoglycemia and hypertriglyceridemia 
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leading to weight loss in mice, body weight was measured prior to LPS injection, one day 

following LPS injection, and five days post injection (Figure 1B) 21. Mice receiving 5 μg of 

LPS on 0.5 dpc demonstrated a significant loss in body weight on 1.5 dpc. However, body 

weights for all treatment groups were equivalent to controls by 5.5 dpc, suggesting that acute 

LPS administration did not result in sustained weight loss.

All concentrations of LPS tested reduced the number of implantation sites visualized at 5.5 

dpc (Figures 1C and 1D). Although the Park strain mouse tolerated LPS to 50 μg per animal, 

treatment with 10 μg of LPS per mouse in the C57Bl/6 strain resulted in total implantation 

failure, along with indications of morbidity and mortality 17. Therefore, experiments at the 

10 μg dose were suspended. Compared to Park strain mice, which demonstrated 100% 

implantation failure at 5 μg, C57Bl/6 mice were more resistant to LPS-induced implantation 

failure and demonstrated approximately 61% inhibition of implantation at 5 μg LPS 17. This 

suggests that C57Bl/6 mice have a reduced range of tolerated LPS exposure leading to 

implantation loss, between 1 and 10 ug per mouse. Mice exposed to 2.5 μg LPS 

demonstrated significant implantation failure with the least initial weight loss ( Figures 1B 

and 1D). Therefore, we further characterized the implantation sites in mice exposed to 2.5 

μg of LPS. Gross examination of uterine histology at 5.5 dpc in LPS-treated mice revealed 

slightly smaller implantation sites and incomplete closure of the luminal epithelium 

compared to control mice (Figure 1E). In addition to the observed morphological changes, 

the transcript levels of implantation and decidualization marker genes were blunted by 

preimplantation exposure to LPS (Figure 1F). Expression of Areg, a member of the 

epidermal growth factor family expressed in the luminal epithelial cells at the time of 

implantation, was induced in the uterus of control mice but not in the uterus of mice exposed 

to LPS 22, 23. Transcript levels of Wnt4, which is critical to the process of embryo 

implantation and uterine decidualization, were attenuated at 5.5 dpc in the uterus of mice 

exposed to LPS compared to controls 24, 25. The reduced expression of uterine marker genes 

is similar to what is reported in genetic models of implantation failure 26–28.

The process of murine decidualization is characterized by pronounced stromal cell 

proliferation 29. Therefore, a Ki-67 stain was performed to visualize cell proliferation in the 

uterus of control and LPS-treated mice (Figure 2A). Fewer Ki-67 positive decidual cells 

were observed in the uterus of mice treated with LPS compared to control mice. This is 

similar to reports of fewer mitotic bodies found in the uterus of the Park strain mouse treated 

with LPS 17. The authors report this difference on day 14 of pregnancy, which suggests that 

bacterial endotoxin exposure early in pregnancy can produce long-term effects that persist 

throughout pregnancy. LPS exposure has also been shown to inhibit proliferation in several 

other cell types, including lung and skin fibroblasts and sub-types of epithelial cells 30–32. In 

macrophages, LPS inhibits proliferation by decreasing the expression of cyclin D1, a key 

mediator of protein synthesis and cell growth 33, 34. LPS treatment has also been shown to 

suppress cell proliferation through the nuclear factor-kB pathway 31. The mechanism by 

which pre-implantation exposure to LPS inhibits proliferation during the process of 

decidualization in the mouse is not clear. However, we found that the expression of several 

proliferation-associated cytokines and growth factors was dysregulated at 5.5 dpc following 

LPS treatment, which likely contributes to altered levels of stromal cell proliferation 35–37. 

Interestingly, others have reported that in non-pregnant mice, LPS treatment resulted in 

Moustafa et al. Page 6

Am J Reprod Immunol. Author manuscript; available in PMC 2020 February 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



greater numbers of Ki-67-positive cells, indicating that the uterine response to LPS is 

context specific 38. However, the identity of the proliferating cells was not determined in that 

study and may include infiltrating immune cell types.

To further evaluate the effect of preimplantation LPS exposure on the process of cell 

survival, apoptotic cells were visualized by TUNEL immunostaining (Figure 2B). LPS 

treatment resulted in an acute rise in apoptosis, evident on 1.5 dpc primarily in the luminal 

epithelial cells and the adjacent stroma. Apoptotic cells were also apparent in the stroma of 

5.5 dpc uterine sections from mice treated with LPS. Rare TUNEL positive cells were 

observed in uterine sections from control mice at 1.5 dpc and none were evident at 5.5 dpc 

in control mice. Cell death in response to LPS treatment has also been observed in Human 

Hepatoma (HepG2), Human Microvascular Endothelial (HMVEC), and CD4 T cells and has 

been associated with increased reactive oxygen species production and oxidative stress in 

these cell types 39–41. Altered levels of proliferation and cell death likely contribute to 

implantation failure in this model, as these cellular processed are critical to the 

establishment of pregnancy.

3.2 Identifying the molecular changes that accompany LPS-induced implantation failure

To detect the molecular changes that accompany implantation failure in LPS-treated mice, 

we evaluated the transcript levels of various cytokines and chemokines in the uterus one day 

following LPS treatment (1.5 dpc) and at decidualization (5.5 dpc) (Figure 3A). 

Differentially expressed genes were identified by comparing uterine transcript levels in LPS-

exposed mice to those in the control mice at the same time-point. Transcript levels in the 

uterus of non-pregnant, diestrus-staged mice served as a relative baseline for expression 

analysis. Plotting relative gene expression revealed several patterns of differentially 

expressed genes (Figures 3B, 3C, 3D, and 3E).

In the control mice, transcript levels of leukemia inhibitory factor (Lif) were induced on 1.5 

dpc compared to non-pregnant mice (Figure 3B). Lif is a pleiotropic cytokine that plays a 

critical role in embryo implantation by regulating growth and development of the embryo, 

enhancing embryo-uterine interactions, and stimulating receptivity of the endometrial stoma 
42, 43. The early induction of Lif in the uterus prior to implantation was not evident in LPS-

exposed mice. Likewise, interleukin-1 alpha (II-1α), which is also essential for implantation, 

was induced in the uterus of control mice on 1.5 dpc but not the uterus of mice exposed to 

LPS 44. The pattern representing genes induced immediately following mating in control 

mice but not LPS-exposed mice was evident for 34 of the 87 cytokine and chemokine genes 

analyzed. Conversely, transcript levels of cysteine-X-cysteine motif chemokine ligand 9 

(Cxcl9), a chemokine that mediates T-cell trafficking, were acutely elevated in response to 

LPS (Figure 3C). Studies evaluating T-cell numbers in women with unexplained, recurrent 

spontaneous abortion (RSA) have correlated elevated levels of T helper 17 cells with RSA 
45. Apart from the overall T cell number, the balance of T-cell subsets (e.g. Th1 and Th2) 

further influences implantation success, indicating that altered levels of Cxcl9 may disrupt 

the immune cell balance required for the establishment of pregnancy 46, 47. The pro-

inflammatory cytokine interleukin-6 (Il-6) was also acutely induced in the uterus of LPS-

exposed mice compared to controls (Figure 3C). Interestingly, levels of Il-6 remained 
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significantly higher at 5.5 dpc in LPS treated mice, demonstrating persistent effects of 

inflammatory stimuli occurring prior to implantation. In addition, 19 genes were induced by 

LPS on 1.5 dpc compared to control samples at the same time-point.

Post-implantation, certain genes were uniquely induced during decidualization in the control 

mice compared to LPS-exposed mice. For example, transcript levels of interleukin-22 (Il-22) 

and bone morphogenic protein 6 (Bmp6) were increased in control mice on 5.5 dpc but not 

LPS-exposed mice (Figure 3D). mRNA expression of ciliary neurotrophic factor (Cntf), 
actin beta (Actb), nodal growth differentiation factor (Nodal), and interleukin 3 (Il-3) also 

followed this pattern. Previous reports have characterized the expression profiles of some of 

these genes in the uterus, demonstrating up-regulation during implantation and 

decidualization 48–50. However, their function during early pregnancy has yet to be 

determined. For example, Cntf, a member of the gp130 family that includes the critical 

cytokines Il-6 and Lif, binds the LIF receptor but does not have a demonstrated role in the 

uterus 51.

Interestingly, some genes found to be uniquely upregulated by LPS exposure were 

persistently upregulated at 5.5 dpc (Figure 3E). Transcript levels of interferon alpha 2 

(Ifna2) and X-C motif chemokine ligand 1 (Xcl1) were elevated on 1.5 dpc, then 

significantly higher on 5.5 dpc. In control mice, the expression of these genes was reduced at 

both timepoints compared to levels in non-pregnant mice. The immunomodulatory functions 

of these chemokines are established 52, but it is unclear whether elevated levels of Ifna2 and 

Xcl1 in the uterus contribute to LPS-mediated implantation loss. Interferons are important 

for establishing uterine receptivity in domestic mammals 53, however the role of Ifna2 
during pregnancy in humans has not been defined. The immune regulating effects of Xcl1 
include tissue-specific recruitment of T lymphocytes, specifically dendritic cells 54, 55. 

Dendritic cells are potent antigen presenting cells found localized to the endometrium during 

pregnancy 56. Both elevated and low levels of uterine dendritic cells have been associated 

with RSA, suggesting that precise levels of dendritic cells are required for pregnancy success 
57, 58. These results demonstrate that early exposure to bacterial endotoxins can result in 

acute and persistent effects on the expression of cytokines and chemokines in the mouse 

uterus during pregnancy. Moreover, the functions associated with these signaling molecules 

may disrupt the critical immune balance required for the establishment of pregnancy.

3.3 Characterizing Cytokine and Chemokine Release in Primary Human Endometrial 
Stromal Cell in Response to Decidualization and LPS

As in the mouse, a complex network of signaling molecules, originating from the 

endometrial stroma, are necessary for establishing the microenvironment in human 

endometrium that can support and regulate embryo attachment, trophoblast invasion, stromal 

cell decidualization, and vascular remodeling 59, 60. The signaling molecules required to 

generate this local milieu include secreted cytokines and chemokines, and disturbances in 

their expression related to maternal infection and inflammation can lead to implantation 

failure 61, 62. To determine the direct effect of bacterial endotoxin exposure on cytokine and 

chemokine secretion by endometrial stromal cells, hESCs were decidualized in vitro in the 

presence and absence of 0.1 μg/mL LPS. The response of hESCs to decidualization was first 
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characterized in the absence of LPS. The addition of decidualization cocktail results in the 

robust upregulation of decidual biomarkers IGFBP1 and PRL compared to the 

undecidualized hESCs on Day 0 (Figure 4A) 63, 64.

To identify the decidualization-associated cytokines and chemokines, focused gene 

expression profiling was performed using a predesigned human cytokine and chemokine 

array panel (Figure 4B). mRNA expression in hESCs exposed to decidualization cocktail for 

3 or 7 days was compared to expression levels in non-decidualized cells (Day 0). Following 

7 days of hormone stimulus, 45 cytokine and chemokine genes were upregulated compared 

to non-decidualized cells. The genes evaluated by the human array panel included some that 

were also evaluated by the mouse cytokine and chemokine array panel in Figure 3A. We 

found that the following genes were upregulated in response to decidualization in both 

hESCs and the mouse uterus: CCL24, CXCL5, THPO, BMP6, BMP2, IL7, IL15, IL11, and 

CXCL12. We performed cytoplex analysis to identify the cytokines and chemokines 

secreted from hESCs in response to decidualization and found that IL-6, IL-8, IL-10, G-

CSF, MCP-1, IL-12, TNF-α, IL-17, IFN-γ, MIP-1α, VEGF, and GRO-α were progressively 

released in a time-dependent manner following hormone stimulus (Figure 4C). Levels of 

GM-CSF, MIP-1β, and IL-1β were below the limit of detection at all timepoints evaluated. 

RANTES levels did not appreciably change with addition of the decidualization cocktail and 

IP-10 levels were significantly lower on Day 3 and Day 7 (data not shown). Elevated levels 

of proinflammatory/immunostimulatory cytokines characterize early implantation, and the 

expression of many of these cytokines and chemokines has been clinically associated with 

implantation rates 65. For example, intrauterine concentrations of TNF-α are positively 

associated with clinical pregnancy 66. Likewise, the TNF-α 308 promoter polymorphism, 

which is associated with high TNF-α production, has been linked to increased implantation 

rates and a reduced rate of miscarriage 67, 68. Conversely, a polymorphism at position 405 in 

the VEGF gene, which is associated with reduced gene expression, is associated with 

reduced embryo implantation rates 69, 70. Moreover, recent studies have demonstrated that 

G-CSF treatment in women with recurrent IVF failure improved implantation and pregnancy 

rates 71. It is important to note that it is necessary for the concentration and ratio of certain 

cytokines to remain within a narrow range to be associated with positive pregnancy 

outcomes, where levels above this range are associated with implantation failure and 

pregnancy loss 72, 73.

hESCs decidualized in the presence of LPS expressed significantly lower transcript levels of 

decidual biomarkers IGFBP1 and PRL compared to those decidualized without LPS (Figure 

5A). Importantly, others have shown that decidualized stromal cells from patients with 

chronic endometritis secrete lower levels of IGFBP1 and PRL compared to patients without 

chronic endometritis 74. While the expression of decidual biomarkers was attenuated, the 

secretion of many cytokines and chemokines was enhanced when decidualized hESCs were 

exposed to LPS (Figure 5B). Secreted levels of IL-6, IL-8, IL-10, G-CSF, MCP-1, VEGF, 

GRO-α, RANTES, and IP-10 were significantly higher in hESCs exposed to the 

combination of decidualization cocktail and LPS compared to those exposed to only the 

decidualization cocktail on Day 7. These results confirm previous findings that demonstrated 

decidualized hESCs secrete higher levels of MCP-1 following exposure to LPS 75. A 

prospective cohort study found that women with successful clinical pregnancies had lower 
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endometrial levels of MCP-1 than those with failed pregnancies, indicating a sensitivity to 

MCP-1 levels 76. Therefore, elevated cytokine levels in response to endotoxin exposure may 

be detrimental to the establishment of pregnancy. Induced cytokine expression in response to 

LPS has also been demonstrated in non-decidualized human, mouse, and bovine endometrial 

cells 77–80. However, this study is one of the first to evaluate the direct response of hESCs to 

bacterial endotoxin exposure during decidualization. Interestingly, secreted levels of IL-12 

and IFN-γ were significantly decreased in decidualized hESCs exposed to LPS compared to 

those that were not exposed to LPS. In most cell types studied, LPS induced the expression 

of IL-12 and IFN-γ, suggesting a unique response to LPS in the context of decidualization 
81, 82.

This study provides two relevant models to study the impact of bacteria endotoxin exposure 

on the establishment of pregnancy. We found that LPS exposure occurring prior to 

implantation and decidualization resulted in stark changes to the mouse endometrium and in 

hESCs that would be expected to blunt the initial stages of pregnancy. As chronic 

endometritis is associated with poor reproductive outcomes, these new models are directly 

relevant to enhancing our understanding of how bacterial endotoxins alter the uterine 

environment 83. Furthermore, use of these in vivo and in vitro models provide an avenue to 

identify and test targets for therapeutic intervention, ultimately improving fertility 84.
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Figure 1. LPS-induced implantation failure.
(A) Schematic of the LPS exposure regimen is shown. Mice were injected with saline or 

various concentrations of LPS diluted in saline on the day the copulatory plug was 

visualized (0.5 days post coitum; dpc). Mice received a total injection volume of 100 μl by 

intraperitoneal injection. Mice were weighed on 0.5, 1.5, and 5.5 dpc. Uterine tissue was 

harvested on 1.5 and 5.5 dpc. (B) Mice were weighed immediately prior to injection, 1 day 

post-injection, and 5 days post-injection. Body weight relative to starting body weight is 

graphed. (C) Representative images of uterine horns from vehicle and LPS (2.5 μg) treated 
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mice on 5.5 dpc. (D) Implantation sites were counted on 5.5 dpc in all treatment groups and 

the average per group was graphed. (E) Gross examination of uterine histology in mice 

treated with vehicle or 2.5 μg LPS. Cross-sections were stained with hematoxylin and eosin. 

(F) Transcript levels of decidual biomarkers Areg and Wnt4 were measured by qRT-PCR in 

mouse uterine RNA samples harvested from diestrus staged mice and 5.5 dpc mice treated 

with vehicle (saline) or 2.5 μg LPS. Transcript levels were normalized to the reference gene 

Ppib and set relative to vehicle samples. Results are representative of at least 4 independent 

experiments. Data represent the mean ± SEM, **p < 0.01 as determined by ANOVA.
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Figure 2. Immunohistological analysis of cell proliferation and cell death markers in response to 
LPS.
(A) Immunoreactive Ki-67 in cross-sections of uteri from vehicle and 2.5 μg LPS-treated 

mice on 1.5 and 5.5 dpc. Arrows point to regions of reduced Ki-67 reactivity. (B) ApopTag 

staining in cross-sections of uteri from vehicle and 2.5 μg LPS-treated mice on 1.5 and 5.5 

dpc. Arrows point to ApopTag positive cells. n = 3 mice per group per time point.
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Figure 3. LPS treatment alters the expression of uterine cytokines and chemokines.
(A) Expression profile of cytokines and chemokines in the uteri of vehicle and LPS-treated 

mice at 1.5 and 5.5 dpc was evaluated by qRT-PCR and compared to levels in diestrus-

staged non-pregnant uteri. Several patterns of differential gene expression were identified: 

(B) Expression of Lif and Il1α mRNA was induced in the uterus of control mice at 1.5 dpc 

not in mice exposed to LPS. (C) Expression of Cxcl9 and Il6 mRNA was acutely induced in 

the uterus in response to LPS exposure. (D) Expression of Il22 and Bmp6 mRNA was 

induced in the uterus of control mice on 5.5 dpc but not mice exposed to LPS. (E) 
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Expression of Ifna2 and Xcl1 mRNA was repressed in the uterus of control mice at both 

timepoints but induced in the uterus of mice exposed to LPS. Expression data represent the 

mean of at least 4 independent experiments ± SEM. *p < 0.05; as determined by ANOVA.
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Figure 4. hESC response to decidualization.
(A) qRT-PCR analysis of IGFBP1 and PRL mRNA in hESCs treated with decidualization 

cocktail on day 0, 3, and 7. mRNA values were normalized to the reference gene PPIB and 

set relative to Day 0 samples. (B) Transcript levels of cytokines and chemokines were 

measured by qRT-PCR using a predesigned array panel, and expression of genes regulated in 

response to decidualization was compared to levels in non-decidualized (Day 0) hESCs. (C) 

Measurement of cytokines and chemokines released into the media from hESCs on Day 0, 3, 

and 7 of decidualization by Luminex-based cytoplex. Bar graphs represent the mean of at 
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least 4 independent experiments ± SEM. *p< 0.05 and **p < 0.01, as determined by 

ANOVA with Tukey’s post-hoc analysis.
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Figure 5. hESC combination LPS and decidualization effects on day 7.
(A) mRNA expression of IGFBP1 and PRL in response to a combination of 0.1 μg/mL LPS 

and decidualization. mRNA values were normalized to the reference gene PPIB and set 

relative to control samples. (B) Secreted levels of cytokines and chemokines were measured 

by Luminex-based cytoplex in conditioned media from hESCs treated with decidualization 

cocktail +/− 0.1 μg/mL LPS. (C) Secreted levels of IL-12 and IFN-γ from hESCs exposed to 
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decidualization cocktail +/− 0.1 μg LPS. Bar graphs represent the mean of at least 4 

independent experiments ± SEM. **p< 0.01 as determined by ANOVA.

Moustafa et al. Page 24

Am J Reprod Immunol. Author manuscript; available in PMC 2020 February 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript


	Abstract
	Introduction
	Materials and Methods
	Reagents
	Animals
	Cell Culture
	RNA Extraction
	Quantitative RT-PCR
	Cytokine Array
	Immunohistochemistry
	Cytokine Analysis in Conditioned Media
	Statistical Analysis

	Results and Discussion
	Determining the optimal dose for LPS-induced implantation failure in C57Bl/6 mice.
	Identifying the molecular changes that accompany LPS-induced implantation failure
	Characterizing Cytokine and Chemokine Release in Primary Human Endometrial Stromal Cell in Response to Decidualization and LPS

	References
	Figure 1.
	Figure 2.
	Figure 3.
	Figure 4.
	Figure 5.

