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Objective: To evaluate the effect of iron overload on nuclear factor kappa-B (NF-kB) activation in human endometrial stromal cells
(ESCs).
Design: Experimental study.
Setting: University hospital research laboratory.
Patient(s): Ten healthy women.
Intervention(s): Isolated ESCs from endometrial biopsies were incubated with 50 mM FeSO4 or vehicle. The NF-kB inhibitor
[5-(p-fluorophenyl)-2-ureido] thiophene-3-carboxamide (TPCA-1), which inhibits IKKb, the kinase of IkBa (inhibitory protein of
NF-kB), was used to prevent iron overload–stimulated NF-kB changes in ESCs.
Main Outcome Measure(s): NF-kB activation was assessed by p65:DNA-binding activity immunodetection assay. IkBa, p65, and
intercellular adhesion molecule (ICAM)-1 proteins expression was evaluated by Western blots. ESC soluble ICAM (sICAM)-1
secretion was measured by ELISA using conditioned medium.
Result(s): Iron overload increased p65:DNA-binding activity and decreased IkBa and p65 cytoplasmic expression in ESCs after
30 minutes of incubation as compared with the basal condition. ESC ICAM-1 expression and sICAM-1 secretion were higher after
24 hours of iron overload treatment than in the absence of treatment. TPCA-1 prevented the iron overload–induced increase of
p65:DNA binding and IkBa degradation.
Conclusion(s): Iron overload activates IKKb in ESCs, stimulating the NF-kB pathway and increasing ICAM-1 expression and sICAM-1
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secretion. These results suggest that iron overload induces a proendometriotic phenotype on
healthy ESCs, which could participate in endometriosis pathogenesis and development. (Fertil
Steril� 2015;103:439–47. �2015 by American Society for Reproductive Medicine.)
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T he local environment of the peri-
toneal cavity of women with
endometriosis has been associ-

ated with an inflammatory reaction.
In this context, the transcription factor
nuclear factor kappa-B (NF-kB) has
been involved in the stimulation of
inflammation and cell survival of
ectopic endometrial cells, promoting
cell proliferation and inhibiting
apoptosis (1–3). The NF-kB activation
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ORIGINAL ARTICLE: ENDOMETRIOSIS
pathways are complex and have been described in the context
of endometriosis in a recent review (4). Briefly, p65/p50
dimers of NF-kB are activated by proinflammatory
cytokines and oxidative stress, between other stimuli, which
trigger IkB-alpha (IkBa) phosphorylation by the kinase beta
of IkB (IKKb) or tyrosine kinase and the casein kinase II.
IkBa phosphorylation is followed by its ubiquitination and
degradation. Thus, p65/p50 free dimers translocate to the
cell nucleus, where they bind to DNA, activating the
transcription of genes containing kB sequences in their
promoters. This type of NF-kB activation is fast acting and
occurs within minutes (5–10). The binding of p65/p50
dimers to DNA results in the transcription of hundred of
genes involved in inflammation, adhesion, invasion,
angiogenesis, cell proliferation, and apoptosis (11, 12).
Among these genes, the intercellular adhesion molecule 1
(ICAM-1 or CD54) works mainly as a counter-receptor for
the lymphocyte function–associated antigen 1 (LFA-1), a
kind of integrin present in leukocytes. It can participate in
many inflammatory-related events (i.e., cell interactions,
chemotaxis, and proinflammatory responses), since stimuli
like interleukin (IL)-1, tumor necrosis factor (TNF)-a, and
angiotensin II can modulate ICAM-1 levels and the release
of its soluble form, sICAM-1, which can attach to LFA-1
and interrupt the interaction between leukocytes and ICAM-
1 expressing cells (13–15). ICAM-1 protein or mRNA overex-
pressions have been documented in serum, peritoneal fluid,
and ectopic endometrial stromal cells of women with endo-
metriosis, which suggests a role of this molecule in the path-
ophysiology of endometriosis (16–19).

The lysis of erythrocytes swept along to the peritoneal
cavity by retrograde menstruation produces iron release (20).
In fact, many studies have shown iron overload in the perito-
neal fluid, peritoneal macrophages, and endometriotic tissue
of women with endometriosis, implicating iron overload in
the pathogenesis of the disease (21–24). Iron is a vital
oligoelement, but in supraphysiological quantities it can
have adverse effects on the cells, because it reacts with
metabolism-related molecules as hydrogen peroxide and
superoxide anion, favoring the formation of highly toxic
hydroxyl radicals and then the establishment of an oxidative
setting (25, 26). Iron overload activates NF-kB in hepatic
macrophages, human prostate cancer, and lung and
colorectal adenocarcinoma cell lines (27–31), and in vitro
studies carried out with the Caco-2 cell line and endothelial
cells indicate that iron, in an NF-kB-dependent response,
can promote a rise of ICAM-1 levels (32, 33). Until now there
are no data about these bonds in endometrial cells. Using
endometrial stromal cells (ESCs) from healthy women as a
working model, we aimed to ascertain whether iron overload
can act as an NF-kB activation inductor and promote a
proendometriotic inflammatory response in these cells.
MATERIALS AND METHODS
Endometrial Biopsies

The use of human tissue for this study was approved by the
Ethical Review Boards of the University of Chile, Hospital
San Borja Arriar�an, and Fondo Nacional de Desarrollo
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Científico y Tecnol�ogico. Endometrial biopsies were obtained
with the use of a Pipelle de Cornier biopsy curette (Laboratoire
CCD) during the proliferative phase (days 5–13) of the men-
strual cycle from 10 healthy women (age, 26–39 years;
mean, 32.6�4.0 years)whowerenot receivinghormone treat-
ment and whowere undergoing laparoscopic surgery for tubal
sterilization. The endometrial phase of the biopsies was histo-
logically confirmed according to the standard criteria
described by Noyes and collaborators (34). The samples were
immediately placed on ice, transported, and cleaned of blood
excess and clots with sterile phosphate-buffered saline (PBS;
Gibco). A portion of each sample was fixed in 4% buffered
formaldehyde and embedded in paraffin for dating. Another
endometrial portion was used for ESC isolation procedures.
Cell Culture and Stimulation

The endometrial tissue was gently minced into small pieces
with scalpels until it reached a paste-like appearance. Then
minced tissue was incubated for 1 hour at 37�C in a shaking
water bath in 2 mL phenol red-free Dulbecco's modified
Eagle's medium (DMEM/F12-prf) (Gibco) containing collage-
nase type VII (1 mg/mL; Sigma) and bovine pancreas DNase-I
(10 mg/mL; Sigma). Then the dissociated cells were gently
filtered through 40- and 100-mm wire sieves. ESCs were
further purified from the remaining epithelial cells by selec-
tive adherence, plated in T-75 flasks (Orange Scientific), and
allowed to adhere for 20 minutes (35). Supernatant medium
containing erythrocytes, epithelial cells, and debris was
then removed and replaced by fresh DMEM/F12-prf contain-
ing 10% vol/vol fetal bovine serum (FBS; Biological Indus-
tries) and 1% vol/vol antibiotics/antimycotic (Gibco). All
cultures were maintained at 37�C and 5% CO2 in a humidified
chamber (model 3164, Forma Scientific Inc.). The purity
of obtained ESCs was assayed by immunocytochemistry
with antibodies to vimentin (stromal cell marker) and
cytokeratin-18 (epithelial cell marker; EMD Millipore) as
described elsewhere (35). ESC cultures contained no detect-
able cytokeratin-positive cells. Whenever necessary, ESCs
were suspended in medium with 10% vol/vol dimethyl sulf-
oxide (DMSO; Sigma) and stored in liquid nitrogen. For stim-
ulation, cells from the second passage were plated in 100-mm
Petri dishes (Orange Scientific) until they reached 80%
confluence. Then the medium was discarded and replaced
for 18–24 hours by FBS-free medium. The next day, the plates
were washed with PBS, the FBS-free medium was replaced,
and ESCs were stimulated with FeSO4$7H2O (Sigma) at
50 mM (17.5 mL from freshly 20 mM stock solution in 7 mL
FBS-free medium) during incubation periods of 30 minutes
and 2, 6, and 24 hours. Control condition (iron-free) corre-
sponds to ESCs coming from the same biopsy but cultured
with FBS-freemedium alone. The iron overload concentration
used in these experiments corresponds to the iron concentra-
tion measured in the peritoneal fluid from patients with endo-
metriosis (24), and it is the same that was used in previous
studies in other cell types (27–30). Additionally, ESCs from
one biopsy were stimulated with 1 ng/mL IL-1b (Sigma) at
30 minutes and 2, 6, and 24 hours as positive controls for
NF-kB pathway activation (36–38).
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Cell viability was determined by reduction of MTS
(3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-
2-(4-sulfophenyl)-2H-tetrazolium, inner salt) using the Cell-
Titer 96 AQueous One Solution Cell Proliferation Assay
(Promega) and by measurement of extracellular lactate dehy-
drogenase activity, using the LDH-Cytotoxicity Assay Kit II
(BioVision). Using 96-well plates, 1.5 � 104 ESCs/well were
seeded five times, serum deprived for 18–24 hours, and stim-
ulated for 24 hours with 50 mM FeSO4. Following the manu-
facturer's instructions, optical density measurement at 490
and 655 nm (reference wavelength) was performed using a
microplate reader (PHOmo spectrophotometer; Autobio Lab-
tec Instruments). Both assays were carried out twice and inde-
pendently. The 24-hour exposure to iron overload did not
affect ESC viability (data not shown).
NF-kB Inhibition

Studies on hepatic macrophages suggest that iron overload
triggers the pathway by activating IKKb (27, 28, 39), so we
used the IKKb inhibitor TPCA-1 ([5-(p-fluorophenyl)-2-
ureido] thiophene-3-carboxamide; Santa Cruz Biotechnology)
at a 10-mMconcentration. This concentration has beendemon-
strated to be effective in primary human trophoblast cells and
choriodecidual cell cultures (40–42). The inhibitor vehicle was
0.01% vol/vol DMSO. DMSO did not induce any variation on
IkBa or p65 cytoplasmic protein expression and had no
influence on p65:DNA complexes formation (data not
shown). The inhibitor was added to cell cultures 45 minutes
before the 30-minute stimulus with FeSO4 or IL-1b.
Extraction of Cytoplasmic and Nuclear Proteins

After the exposure to FeSO4 or control experiments, in the
absence or presence of TPCA-1, cellswere trypsinized, collected,
and centrifuged for 5 minutes at 400� g. The pellet was resus-
pended in 500 mL PBS, placed in a 1.5-mL tube, and centrifuged
again at 400 � g at 4�C for 5 minutes. Proteins from pelleted
cells were extracted using nuclear and cytoplasmic extraction
reagents (NE-PER, Pierce) according to the manufacturer's
protocol. Protease inhibitor cocktail (Sigma) and phosphatase
inhibitors, 500 mM sodium orthovanadate (Sigma) and 1 mM
sodium fluoride (Sigma), were added to the extraction
reagents. Cytoplasmic and nuclear extracts were stored at
�80�C until use. Protein concentrations were determined
using the BCA protein assay kit (Pierce). Sample freezing did
not alter protein concentrations or quality, as established in
preliminary experiments.
NF-kB (p65)—DNA Binding Immunodetection
Assay

Activation of dimers containing the p65 subunit of NF-kB was
determined using the TransAM kit (Active Motif) according to
the manufacturer's instructions, as described elsewhere (43).
Briefly, DNA binding of p65 was investigated using a well
plate with a coated oligonucleotide containing an NF-kB
consensus-binding site (50-GGGACTTTCC-30). Five micro-
grams of nuclear proteins were incubated in the wells and a
p65 monoclonal antibody, which specifically recognizes an
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epitope that is only exposed when protein is activated, was
added to each well; horseradish peroxidase–conjugated sec-
ondary antibody was used to amplify the signal. After adding
developing solution, the absorbance at 450 nm with a refer-
ence wavelength of 655 nm was examined on a microplate
reader. Samples were tested in duplicate. Specificity of the
assay was evaluated using controls provided by the manufac-
turer in duplicate.
Western Blots

Protein expression of IkBa, p65, and ICAM-1 was analyzed in
cytoplasmic extracts. Protein extracts (20 mg per lane)
were heated at 95�C for 5 minutes and then resolved by
12% vol/vol sodium dodecylsulphate-polyacrilamide gel
electrophoresis and transferred onto nitrocellulose mem-
branes (0.45 mm; Pierce) for 1.5 hours at constant 350 mA.
After Ponceau red (Sigma) staining to check proper transfer,
membranes were blocked with 5%wt/vol dry nonfat skimmed
milk powder in 0.1% vol/vol Tween-20/Tris-buffered saline
(TBST) at pH 7.5 for 2 hours of shaking at room temperature
(RT). The membranes were cut, and different sections were
then incubated overnight at 4�C with IkBa (sc-371), p65
(sc-372), or ICAM-1 (sc-7891) rabbit polyclonal primary anti-
bodies (Santa Cruz Biotechnology), which were used at 1:750,
1:2,000, and 1:1,000 dilutions, respectively. Membranes were
incubated with anti-b-actin mouse monoclonal antibody
(clone AC-15, Sigma) diluted at 1:8,500 as an internal control
for protein loading and transfer. Additional incubations with
rabbit and mouse IgG (Santa Cruz Biotechnology) were done
as negative controls. All antibodies were prepared in 1%
blocking solution. After washes with TBST, membranes
were incubated for 1 hour at RT and agitated with horseradish
peroxidase–conjugated goat anti-rabbit or anti-mouse sec-
ondary antibody (Jackson ImmunoResearch) diluted 1:8,500
in TBST. Protein detection was achieved usingWestern Light-
ning Enhanced Chemiluminiscent Reagent Plus (Perkin-
Elmer). Chemiluminescence was captured with a CCD digital
camera (Discovery 10gD, Ultral€um), and the optic density of
the IkBa, p65, and ICAM-1 bands relative to the b-actin bands
was measured and analyzed using computational software
(ImageJ 1.42q; National Institutes of Health). Samples were
tested in duplicate.
Soluble ICAM-1 ELISA

Soluble ICAM-1 was quantified in cell-free conditioned
medium. Once collected, supernatants were centrifuged for
5 minutes at 400 � g and then aliquoted and stored at
�80�C until use. Protein levels were evaluated using the
ELISA kit Quantikine for human sICAM-1/CD54 (R&D Sys-
tems) following the manufacturer's instructions. In this assay,
1 mL of each cell-free conditioned medium was concentrated
5 times (200 mL final volume) by evaporation during 2 hours
at 30�C with a concentrator device (Concentrator 5301;
Eppendorf). Next, 100 mL were put into the wells, and after
the corresponding incubations and the addition of developing
solution, the absorbance at 450 nm with a reference wave-
length of 655 nm was examined on the spectrophotometer.
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The concentration of sICAM-1 was extrapolated from a stan-
dard curve using recombinant sICAM-1. Values were normal-
ized to the protein content of each culture from which the
conditioned medium was obtained. Samples were tested in
duplicate. The limit of detection of the kit was 96 pg/mL,
and the inter- and intra-assay coefficients of variation were
4.6% and 5.5%, respectively.
Statistical Analysis

Data are expressed as the mean of five independent experi-
ments coming from five different endometrial biopsies �
SEM.One-wayanalysis of variance (ANOVA) followedbyDun-
nett's test was performed for multiple comparisons between
control conditions and each stimulus. For experiments with
TPCA-1 inhibitor and comparisons between conditions, a Bon-
ferroni post-test was performed. P< .05 was considered statis-
tically significant. All analyses were performed using the
computational software Prism v5.01 (GraphPad Software Inc).
RESULTS
Effect of Iron Overload on Cytoplasmic NF-kB
Pathway Components

Iron overload decreased IkBa expression 0.5-fold versus con-
trol conditions at 30 minutes and 2 hours of incubation time
(P< .01; Fig. 1A and B). In the case of p65, iron overload
induced a reduction (0.4-fold; P< .05) of cytoplasmic p65
expression at 30 minutes' exposure, while no significant
FIGURE 1

IkBa and p65 expression in response to iron overload in ESC. (A) Western
extracts after 0.5 and 2 hours of exposure to iron overload. C ¼ contro
expression relative to b-actin bands. (C) p65 expression relative to b-actin
(n ¼ 5). Statistics are performed with one-way ANOVA with Dunnett's tes
Alvarado-Díaz. Iron overload and NF-kB activation in ESC. Fertil Steril 2015.
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change was observed at 2 hours' incubation time, as compared
with the control condition (Fig. 1A and C). IL-1b reduced IkBa
and p65 cytoplasmic expression in ESC, showing a similar
response to the iron overload stimulus (data not shown).

Effect of Iron Overload on p65 Binding to DNA

At 30 minutes of stimulus with FeSO4 50 mM, an increase
(1.4-fold, P< .05) in p65:DNA interaction was shown versus
control cultures, whereas at 2 hours of treatment there was
no change relative to the control experiment, indicating a
short acting time of the pathway (Fig. 2A). The specificity of
the assay was confirmed using nuclear extracts from Jurkat
cells stimulated with phorbol ester as a positive control for
p65:DNA complexes. In the presence of wild-type soluble
kB oligonucleotides there was a clear reduction in p65 binding
to DNA, while using mutated oligonucleotides did not inter-
fere with the formation of p65:DNA complexes (Fig. 2B). In
a similar way to iron overload stimulus, IL-1b induced an
increase in p65:DNA binding in ESCs (data not shown).

Effect of Iron Overload on ICAM-1 Expression

To determine the downstream effect of iron overload–
dependent NF-kB activation, the NF-kB-modulated protein
ICAM-1 was assessed by Western blot using cytoplasmic ex-
tracts of ESCs, and sICAM-1 was quantified in culture media
by ELISA. It is shown that after 24 hours of stimulus with
FeSO4 50 mM, there is an increase in protein expression (4.8-
fold vs. control;P< .05; Fig. 3AandB).At 24hours of treatment
blot picture of IkBa, p65, and b-actin proteins using ESC cytoplasmic
l condition. Protein weight is indicated in kilo-Daltons (kDa) (B) IkBa
bands. The bars show the mean � SEM of five independent values

t (*P<.01 and **P<.05 vs. control condition).
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FIGURE 2

p65:DNA binding in response to iron overload in ESC. (A) Immunodetection assay for p65:DNA complexes (TransAM). The bars show the mean�
SEM of five independent values (n¼ 5) expressed as optical density measured at 450 nm. (B) The specificity of the assay was evaluated as described
in Materials and Methods. J ¼ Jurkat cells nuclear extracts; OligoNat ¼ wild type kB oligonucleotide; OligoMut ¼ mutated kB
oligonucleotide.Statistics are performed with one-way ANOVA with Dunnett's test (*P<.05 vs. control condition).
Alvarado-Díaz. Iron overload and NF-kB activation in ESC. Fertil Steril 2015.
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with iron overload, ESCs increased the secretion of sICAM-1 to
the extracellular medium (1.4-fold vs. control; P< .05; Fig. 3C).
IL-1b induced an increase of ICAM-1 expression in ESCs,
similar to iron overload stimulus (data not shown).
NF-kB Inhibition Experiments

Pretreatment for 45 minutes with TPCA-1 of ESCs before in-
cubation with FeSO4 50 mM for 30minutes effectively blocked
FIGURE 3

ICAM-1 expression in ESC and sICAM-1 levels in culture media of ESCs. (A)
from ESCs. C ¼ control condition. Protein weight is indicated in kilo-Dalto
ELISA using ESC conditioned medium. The bars show the mean concentrati
are performed with one-way ANOVA with Dunnett's test (*P<.05 vs. cont
Alvarado-Díaz. Iron overload and NF-kB activation in ESC. Fertil Steril 2015.
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the iron overload–induced reduction of cytoplasmic IkBa
expression, showing a 1.3-fold increase versus the iron over-
load condition (P< .05). In the TPCA-1-alone condition there
was a significant increase of cytoplasmic IkBa expression
versus the control condition (1.5-fold; P< .001; Fig. 4A
and B). Preincubation with TPCA-1 increased 1.4-fold the
expression of p65 versus the vehicle condition (P< .05;
Fig. 4A and C). Pretreatment with TPCA-1 prevented the ef-
fect of iron overload on p65:DNA binding and induced a
Western blot picture of ICAM-1 and b-actin using cytoplasmic extracts
ns (kDa). (B) ICAM-1 expression relative to b-actin bands. (C) sICAM-1
on (pg/mg protein)� SEM of five independent values (n¼ 5). Statistics
rol condition).
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FIGURE 4

Effect of IKKb inhibition before iron overload exposure in ESCs on IkBa and p65 cytoplasmic expression and p65:DNA binding. (A) Western blot
picture of IkBa, p65, and b-actin proteins using ESC cytoplasmic extracts. (B) IkBa expression relative to b-actin bands. (C) p65 expression relative to
b-actin bands. (D) Immunodetection assay for p65:DNA complexes (TransAM). The bars show the mean� SEM of five independent values (n ¼ 5)
expressed as optical density measured at 450 nm. C¼ control condition (vehicle alone). Statistics are performedwith one-way ANOVA followed by
the Bonferroni post-test (*P<.05 and **P<.001 vs. vehicle; &P<.001, &&P<.05, and &&&P<.01 between conditions).
Alvarado-Díaz. Iron overload and NF-kB activation in ESC. Fertil Steril 2015.
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reduction (0.5-fold vs. vehicle; P< .001) of p65:DNA interac-
tion. This response was similar to the inhibitor-alone condi-
tion (0.5-fold vs. vehicle; P< .001; Fig. 4D). Thus, TPCA-1
prevented iron overload–stimulated NF-kB activity and basal
ESC NF-kB activity. In control experiments, TPCA-1 inhibited
IL-1b-induced IkBa degradation and p65 cytoplasmic expres-
sion reduction in ESCs (data not shown) in the same manner
as in iron overload experiments.
DISCUSSION
In patients with endometriosis, iron overload has been shown
in the peritoneal tissue, liquid, andmacrophages and in the eu-
topic and ectopic endometrium (21–24). Iron excess acts as a
pro-oxidant factor and inductor of proinflammatory pathways
in macrophages and human lung and colorectal adenocarci-
noma cells (27, 28, 30, 31). On the other side, NF-kB is
constitutively activated in endometriotic lesions (44);
inhibition of NF-kB in in vitro and in vivo animal models of
the disease has shown a reduction of endometriotic lesion
development, decreasing inflammation and cell proliferation,
and increasing apoptosis of endometriotic cells (45, 46). In
the endometrium, NF-kB is physiologically activated, but the
cyclic activation pattern is altered in women with
endometriosis (43), and previous review studies have
postulated iron overload as an inducer of NF-kB activation in
endometrial or endometriotic cells as a mechanism involved
in endometriosis pathophysiology (47, 48). Our results show
that iron overload induces NF-kB pathway activation in
444
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healthy human ESCs, which is reflected by events at
30 minutes of stimulus, like IkBa degradation, reduction of
cytoplasmic p65, and its union to oligonucleotides with kB
consensus sequence. Furthermore, the iron overload effect
would involve at least partially the mediation of IKKb
activity, as suggested by the experiments in which the IKKb
inhibitor, TPCA-1, prevented or reversed the iron overload–
induced changes in ESC, that is, inhibiting IkBa degradation
and p65:DNA binding. It is known that NF-kB activation by
IL-1b involves IKKb activity (8, 49, 50), and our control
experiments showed similar results in response to IL-1b or
iron overload in ESCs in the presence or absence of TPCA-1,
which also supports IKKb as the main kinase activating the
NF-kB pathway in response to iron overload in ESCs. Iron
proinflammatory signalinghas been suggested tobedependent
mainly on pro-oxidative hydroxyl (COH) and peroxynitrite
(ONOO�) radical formation, which would promote the activity
of IKKb (27, 28, 51). This type of specific cell signaling, linking
iron overload and p65 activation by IKKb, was previously
suggested to be exclusive of hepatic macrophages (28, 39).
Several studies indicate that iron can promote p65:DNA
complexes formation, but no data about IkBa degradation
dynamics or IKKb involvement are provided (29–31). This
study shows that this type of cell signaling, involving iron
overload–mediated IKKb and p65 activation, is also present
in ESCs and not only in hepatic macrophages. However,
these cell types exhibit some differences in NF- kB signaling
kinetics. Our results show that iron overload induces an early
and short effect on NF- kB activation that returns to the basal
VOL. 103 NO. 2 / FEBRUARY 2015
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level at 2 hourswith no recovery of IkBa cytoplasmic levels. On
the other hand, hepatic macrophages exhibited NF-kB
activation at 30 minutes and 2 hours as well, and certain
IkBa recovery was seen at 2 hours poststimulus (27). Beyond
evident cell type–specific differences, there are some
molecular mechanisms to be considered as possible
modulators of these observations. Cessation of NF-kB activity
occurs mainly owing to upregulation of IkB proteins (2, 9,
10). Studies in mouse embryonic fibroblast, HeLa, and Jurkat
cells showed that NF-kB can induce an early expression
(within 1 hour and delayed by 45 minutes with respect to
that of IkBa) of IkBε, which acts as effectively as IkBa on the
inhibition of p65:DNA interaction (11, 52, 53). Alternatively,
NF-kB can induce the synthesis of the Sef protein, which was
recently identified as a feedback antagonist of receptor
tyrosine kinase signaling. Overexpression of Sef suppressed
IL-1-induced IKKb dependent p65/p50 NF-kB dimers activa-
tion. This response was associated with the inhibition of NF-
kB -dependent de novo synthesis of the IkBa protein (54). Sef
overexpression reduces endometrial adenocarcinoma cell pro-
liferation, and loss of Sef expression has been shown in the
endometrium of women with adenomyosis (55, 56). Finally,
oxidative stress can promote IkBa phosphorylation by casein
kinase II and Syk tyrosine-kinase, favoring its degradation
(57–59). Although attractive as explanations, these
mechanisms have not been demonstrated to operate in
endometrial cells, and no direct evidence of iron overload
participation is available. Further studies should be carried
out to unravel the mechanisms that govern precise iron
overload signaling in ESC. The statistically significant 1.5-
fold increase inNF-kB:DNAbinding, observed after 30minutes
of iron overload stimulus, may seemmodest, but it agrees with
responses shown in other cellular systems. For instance, studies
on neuroblastoma, cerebral endothelial, and lung adenocarci-
noma cells, using higher iron concentrations (77–150 mM)
and equal or longer times of stimulus (30 minutes–24 hours),
have consistently shown that, compared with control
condition, iron overload induces just a 50% mean increase on
NF-kB activation, which appears to be sufficient to trigger
long-termand important cellular responses, suchas the expres-
sion of inducible nitric oxide synthase 2 and the release of IL-8
and macrophage chemotactic protein-1 to the extracellular
medium (31, 60, 61).

As a consequence of the iron overload stimulus, ICAM-1
expression in ESC and sICAM-1 secretion by ESC were
significantly increased after 24 hours of exposure time,
which is most probably due to the effect of NF-kB activation
at a short time after iron overload stimulus, since ICAM-1 is
known to be modulated by NF-kB (13, 32, 33). The
statistically significant 4.8-fold increase in ICAM-1 expres-
sion and 1.4-fold increase in sICAM-1 secretion by ESCs in
response to iron overload seem biologically relevant, but
further experiments should be carried out to test biological
cellular changes. ICAM-1 expression by refluxed endome-
trial cells during menstruation may allow their adhesion to
the mesothelial lining. Besides, as T-cytotoxic lymphocytes
and natural killer cells express ICAM-1 ligands like LFA-1
and Mac-1 proteins, it has been suggested that sICAM-1
release could impede the interaction between immune
VOL. 103 NO. 2 / FEBRUARY 2015
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system cells and refluxed ones, thus avoiding ectopic endo-
metrial cells elimination (16–19).

Retrograde menstruation may occur in up to 90% of
women of reproductive age at some moment of their lives,
but only 5%–10% develop endometriosis. Nevertheless,
intense and long-lasting menstrual fluxes, as well as shorter
menstrual cycles, are known risk factors in patients with
endometriosis, which clearly produce more exposure to
menstrual reflux, supporting Sampson's theory (62–66).
Intrapelvic iron overload (including peritoneal liquid,
endometriotic lesions, and macrophages), the most probable
and logical source of which are refluxed erythrocytes
during menstruation and the bleeding of endometriotic
lesions themselves, has been shown in patients with
endometriosis as opposed to in healthy women (20–24).
Thus, iron overload emerges as an important etiological
factor. In most women, refluxed endometrial tissue is
eliminated from the peritoneal cavity by peritoneal
macrophages, but apparently this mechanism becomes
dysfunctional in women with endometriosis either because
of iron overload, which alters macrophage physiology and
phagocytic properties, or because of the overwhelmed
scavenging capacity of macrophages by excessive
endometrial reflux (20, 48, 67). In addition, endometrial
cells from women with endometriosis have shown
molecular and biochemical differences relative to
endometrial cells from healthy women (68–70).
Consequently, iron homeostasis in endometrial cells from
women with endometriosis and in endometriotic cells could
differ from that in endometrial healthy cells, and this topic
is being researched in our laboratory as a possible
mechanism to explain why endometriosis occurs only in
some but not in all women with retrograde menstruation.
For instance, altered expression of transporters that mediate
cellular entry and exit of iron could favor increased iron
concentration in endometrial cells, possibly triggering the
responses observed in the present study. These postulates
may explain in part the origin and progression of the
disease, but many other known factors have been shown to
be important contributing etiologic mechanisms of
endometriosis (65, 71–73).

The iron overload–modulated NF-kB activation, ICAM-1
expression, and sICAM-1 secretion by ESCs shown in this
study suggest them as a mechanism inducing and/or promot-
ing endometriosis-associated inflammation and endometri-
osis induction and development. Together these results
suggest that the iron overload observed in the peritoneal cav-
ity of patients with endometriosis (21–24) may trigger and
maintain the NF-kB constitutive activation shown in
peritoneal endometriotic lesions (44) as well as activate
NF-kB in refluxed endometrial cells during menstruation,
increasing the inflammatory response by ectopic
endometrial cells. Other known NF-kB-mediated cell
responses, such as promotion of cell proliferation, inhibition
of apoptosis, angiogenesis, and tissue invasion (2, 4, 11, 12,
74, 75), could be mediated by iron overload in endometrial
cells and contribute to their proendometriotic phenotype
transformation, but this remains to be studied in future
investigations. Likewise, even if these experiments show
445
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NF-kB activation and ICAM-1 overexpression in response to
iron overload in ESCs, since we did not assess ICAM-1 expres-
sion in response to NF-kB inhibition, the possibility of other
pathways modulating an iron-dependent ICAM-1 increase
cannot be excluded and should be addressed in the future.
Another limitation of this work is that, as in many in vitro
studies, the conditions of the intraperitoneal environment
in vivo cannot be equaled and undoubtedly are much more
complex in the presence of hundreds of other cell mediators,
such as hormones and cytokines, among others.

In summary, the results of this study propose a role of iron
overload as a proinflammatory NF-kB pathway activator in
ESCs, conferring proendometriotic behavior on ESCs. This
cell signaling mechanism may account for the initiating or
evolving processes of this chronic disease. In this context,
the search for new strategies focused on diminishing the local
influence of iron overload could help in the prevention and
treatment of endometriosis.

Acknowledgments: The authors thank Hugo Sovino, Pau-
lina Kohen, Alex Mu~noz, Alejandro Tapia, and Candy Rojas,
for their participation in recruitment and enrollment of eligible
subjects for this research and for helping with laboratory
facilities.

REFERENCES
1. Lebovic DI, Mueller MD, Taylor RN. Immunobiology of endometriosis. Fertil

Steril 2001;75:1–10.
2. Guo SW. Nuclear factor-kB (NF-kB): an unsuspected major culprit in the

pathogenesis of endometriosis that is still at large? Gynecol Obstet Invest
2007;63:71–97.

3. Gonz�alez-Ramos R, Van Langendonckt A, Defr�ere S, Lousse JC, Colette S,
Devoto L, et al. Involvement of the nuclear factor-kB pathway in the patho-
genesis of endometriosis. Fertil Steril 2010;94:1985–94.

4. Gonz�alez-Ramos R, Defr�ere S, Devoto L. Nuclear factor-kappaB: a main
regulator of inflammation and cell survival in endometriosis pathophysi-
ology. Fertil Steril 2012;98:520–8.

5. Sen R, Baltimore D. Inducibility of kappa immunoglobulin enhancer-binding
protein NF-kappa B by a posttranslational mechanism. Cell 1986;47:921–8.

6. Nelson G, Paraoan L, Spiller DG, Wilde GJ, Browne MA, Djali PK, et al. Multi-
parameter analysis of the kinetics of NF-kappaB signalling and transcription
in single living cells. J Cell Sci 2002;115:1137–48.

7. Perkins ND. Post-translational modifications regulating the activity and func-
tion of the nuclear factor kappa B pathway. Oncogene 2006;25:6717–30.

8. Perkins ND. Integrating cell-signalling pathways with NF-kB and IKK
function. Nat Rev Mol Cell Biol 2007;8:49–62.

9. Ghosh S, Hayden MS. New regulators of NF-kappaB in inflammation. Nat
Rev Immunol 2008;8:837–48.

10. Hoesel B, Schmid JA. The complexity of NF-kB signaling in inflammation and
cancer. Mol Cancer 2013;12:86–100.

11. Tian B, Brasier AR. Identification of a nuclear factor kappa B-dependent
gene network. Recent Prog Horm Res 2003;58:95–130.

12. Kumar A, Takada Y, Boriek AM, Aggarwal BB. Nuclear factor-kappaB: its
role in health and disease. J Mol Med 2004;82:434–48.

13. Melotti P, Nicolis E, Tamanini A, Rolfini R, Pavirani A, Cabrini G. Activation of
NF-kB mediates ICAM-1 induction in respiratory cells exposed to an
adenovirus-derived vector. Gene Ther 2001;8:1436–42.

14. Witkowska AM, Borawska MH. Soluble intercellular adhesion molecule-1
(sICAM-1): an overview. Eur Cytokine Netw 2004;15:91–8.

15. Mousa SA. Cell adhesion molecules: potential therapeutic and diagnostic
implications. Mol Biotechnol 2008;38:33–40.

16. Vigan�o P, Gaffuri B, Somigliana E, Busacca M, Di Blasio AM, Vignali M.
Expression of intercellular adhesion molecule (ICAM)-1 mRNA and protein
446
Descargado para Anonymous User (n/a) en University of Chile de Clin

exclusivamente. No se permiten otros usos sin autorización. Cop
is enhanced in endometriosis versus endometrial stromal cells in culture.
Mol Hum Reprod 1998;4:1150–6.

17. Wu MH, Yang BC, Hsu CC, Lee YC, Huang KE. The expression of soluble
intercellular adhesion molecule-1 in endometriosis. Fertil Steril 1998;70:
1139–42.

18. Somigliana E, Vigan�o P, Candiani M, Felicetta I, Di Blasio AM, Vignali M. Use
of serum-soluble intercellular adhesion molecule-1 as a new marker of
endometriosis. Fertil Steril 2002;77:1028–31.

19. Calhaz-Jorge C, Costa AP, Santos MC, Palma-Carlos ML. Soluble intercel-
lular adhesion molecule 1 in the peritoneal fluid of patients with endometri-
osis correlates with the extension of peritoneal implants. Eur J Obstet
Gynecol Reprod Biol 2003;106:170–4.

20. Van Langendonckt A, Casanas-Roux F, Donnez J. Oxidative stress and
peritoneal endometriosis. Fertil Steril 2002;77:861–70.

21. Van Langendonckt A, Casanas-Roux F, Donnez J. Iron overload in the
peritoneal cavity of women with pelvic endometriosis. Fertil Steril 2002;
78:712–8.

22. Van Langendonckt A, Casanas-Roux F, Eggermont J, Donnez J. Character-
ization of iron deposition in endometriotic lesions induced in the nude
mouse model. Hum Reprod 2004;19:1265–71.

23. Lousse JC, Defr�ere S, Van Langendonckt A, Gras J, Gonz�alez-Ramos R,
Colette S, et al. Iron storage is significantly increased in peritoneal macro-
phages of endometriosis patients and correlates with iron overload in
peritoneal fluid. Fertil Steril 2009;91:1668–75.

24. Polak G, Wertel I, Tarkowski R, Kotarski J. Peritoneal fluid iron levels in
women with endometriosis. Ginekol Pol 2010;81:20–3.

25. Cairo G, Bernuzzi F, Recalcati S. A precious metal: iron, an essential nutrient
for all cells. Genes Nutr 2006;1:25–39.

26. Brissot P, Ropert M, Le Lan C, Lor�eal O. Non-transferrin bound iron: a key
role in iron overload and iron toxicity. Biochim Biophys Acta 2012;1820:
403–10.

27. She H, Xiong S, Lin M, Zandi E, Giulivi C, Tsukamoto H. Iron activates NF-
kappaB in Kupffer cells. Am J Physiol Gastrointest Liver Physiol 2002;283:
G719–26.

28. Xiong S, She H, Sung CK, Tsukamoto H. Iron-dependent activation of
NF-kappaB in Kupffer cells: a priming mechanism for alcoholic liver disease.
Alcohol 2003;30:107–13.

29. Ornstein DL, Zacharski LR. Iron stimulates urokinase plasminogen activator
expression and activates NF-kappa B in human prostate cancer cells. Nutr
Cancer 2007;58:115–26.

30. Natoli M, Felsani A, Ferruzza S, Sambuy Y, Canali R, Scarino ML. Mecha-
nisms of defense from Fe(II) toxicity in human intestinal Caco-2 cells. Toxicol
In Vitro 2009;23:1510–5.

31. Potnis PA, Mitkus R, Elnabawi A, Squibb K, Powell JL. Role of NF-kB in the
oxidative stress-induced lung inflammatory response to iron and selenium
at ambient levels. Toxicol Res 2013;2:259–69.

32. Bernotti S, Seidman E, Sinnett D, Brunet S, Dionne S, Delvin E, et al. Inflam-
matory reaction without endogenous antioxidant response in Caco-2 cells
exposed to iron/ascorbate-mediated lipid peroxidation. Am J Physiol Gastro-
intest Liver Physiol 2003;285:G898–906.

33. Soares MP, Seldon MP, Gregoire IP, Vassilevskaia T, Berberat PO, Yu J, et al.
Heme oxygenase-1 modulates the expression of adhesion molecules associ-
ated with endothelial cell activation. J Immunol 2004;172:3553–63.

34. Noyes RW, Hertig AT, Rock J. Dating the endometrial biopsy. Fertil Steril
1950;1:3–25.

35. Defr�ere S, Van Langendonckt A, Moulin P, Befahy P, Gonzalez D, Marti-
nez-Madrid B, et al. Human endometrial epithelial cells (EEC) constitu-
tively express more intercellular adhesion molecule (ICAM)-1 than
endometrial stromal cells (ESC) in culture. Am J Reprod Immunol 2005;
54:5–12.

36. Lin CH, Sheu SY, Lee HM, Ho YS, Lee WS, Ko WC, et al. Involvement
of protein kinase C-gamma in IL-1beta-induced cyclooxygenase-2
expression in human pulmonary epithelial cells. Mol Pharmacol 2000;
57:36–43.

37. Holden NS, Catley MC, Cambridge LM, Barnes PJ, Newton R. ICAM-1
expression is highly NF-kappaB-dependent in A549 cells. No role for ERK
and p38 MAPK. Eur J Biochem 2004;271:785–91.
VOL. 103 NO. 2 / FEBRUARY 2015
icalKey.es por Elsevier en diciembre 29, 2022. Para uso personal 
yright ©2022. Elsevier Inc. Todos los derechos reservados.

http://refhub.elsevier.com/S0015-0282(14)02306-1/sref1
http://refhub.elsevier.com/S0015-0282(14)02306-1/sref1
http://refhub.elsevier.com/S0015-0282(14)02306-1/sref2
http://refhub.elsevier.com/S0015-0282(14)02306-1/sref2
http://refhub.elsevier.com/S0015-0282(14)02306-1/sref2
http://refhub.elsevier.com/S0015-0282(14)02306-1/sref3
http://refhub.elsevier.com/S0015-0282(14)02306-1/sref3
http://refhub.elsevier.com/S0015-0282(14)02306-1/sref3
http://refhub.elsevier.com/S0015-0282(14)02306-1/sref3
http://refhub.elsevier.com/S0015-0282(14)02306-1/sref3
http://refhub.elsevier.com/S0015-0282(14)02306-1/sref4
http://refhub.elsevier.com/S0015-0282(14)02306-1/sref4
http://refhub.elsevier.com/S0015-0282(14)02306-1/sref4
http://refhub.elsevier.com/S0015-0282(14)02306-1/sref4
http://refhub.elsevier.com/S0015-0282(14)02306-1/sref4
http://refhub.elsevier.com/S0015-0282(14)02306-1/sref5
http://refhub.elsevier.com/S0015-0282(14)02306-1/sref5
http://refhub.elsevier.com/S0015-0282(14)02306-1/sref6
http://refhub.elsevier.com/S0015-0282(14)02306-1/sref6
http://refhub.elsevier.com/S0015-0282(14)02306-1/sref6
http://refhub.elsevier.com/S0015-0282(14)02306-1/sref7
http://refhub.elsevier.com/S0015-0282(14)02306-1/sref7
http://refhub.elsevier.com/S0015-0282(14)02306-1/sref8
http://refhub.elsevier.com/S0015-0282(14)02306-1/sref8
http://refhub.elsevier.com/S0015-0282(14)02306-1/sref9
http://refhub.elsevier.com/S0015-0282(14)02306-1/sref9
http://refhub.elsevier.com/S0015-0282(14)02306-1/sref10
http://refhub.elsevier.com/S0015-0282(14)02306-1/sref10
http://refhub.elsevier.com/S0015-0282(14)02306-1/sref11
http://refhub.elsevier.com/S0015-0282(14)02306-1/sref11
http://refhub.elsevier.com/S0015-0282(14)02306-1/sref12
http://refhub.elsevier.com/S0015-0282(14)02306-1/sref12
http://refhub.elsevier.com/S0015-0282(14)02306-1/sref13
http://refhub.elsevier.com/S0015-0282(14)02306-1/sref13
http://refhub.elsevier.com/S0015-0282(14)02306-1/sref13
http://refhub.elsevier.com/S0015-0282(14)02306-1/sref14
http://refhub.elsevier.com/S0015-0282(14)02306-1/sref14
http://refhub.elsevier.com/S0015-0282(14)02306-1/sref15
http://refhub.elsevier.com/S0015-0282(14)02306-1/sref15
http://refhub.elsevier.com/S0015-0282(14)02306-1/sref16
http://refhub.elsevier.com/S0015-0282(14)02306-1/sref16
http://refhub.elsevier.com/S0015-0282(14)02306-1/sref16
http://refhub.elsevier.com/S0015-0282(14)02306-1/sref16
http://refhub.elsevier.com/S0015-0282(14)02306-1/sref16
http://refhub.elsevier.com/S0015-0282(14)02306-1/sref17
http://refhub.elsevier.com/S0015-0282(14)02306-1/sref17
http://refhub.elsevier.com/S0015-0282(14)02306-1/sref17
http://refhub.elsevier.com/S0015-0282(14)02306-1/sref18
http://refhub.elsevier.com/S0015-0282(14)02306-1/sref18
http://refhub.elsevier.com/S0015-0282(14)02306-1/sref18
http://refhub.elsevier.com/S0015-0282(14)02306-1/sref18
http://refhub.elsevier.com/S0015-0282(14)02306-1/sref19
http://refhub.elsevier.com/S0015-0282(14)02306-1/sref19
http://refhub.elsevier.com/S0015-0282(14)02306-1/sref19
http://refhub.elsevier.com/S0015-0282(14)02306-1/sref19
http://refhub.elsevier.com/S0015-0282(14)02306-1/sref20
http://refhub.elsevier.com/S0015-0282(14)02306-1/sref20
http://refhub.elsevier.com/S0015-0282(14)02306-1/sref21
http://refhub.elsevier.com/S0015-0282(14)02306-1/sref21
http://refhub.elsevier.com/S0015-0282(14)02306-1/sref21
http://refhub.elsevier.com/S0015-0282(14)02306-1/sref22
http://refhub.elsevier.com/S0015-0282(14)02306-1/sref22
http://refhub.elsevier.com/S0015-0282(14)02306-1/sref22
http://refhub.elsevier.com/S0015-0282(14)02306-1/sref23
http://refhub.elsevier.com/S0015-0282(14)02306-1/sref23
http://refhub.elsevier.com/S0015-0282(14)02306-1/sref23
http://refhub.elsevier.com/S0015-0282(14)02306-1/sref23
http://refhub.elsevier.com/S0015-0282(14)02306-1/sref23
http://refhub.elsevier.com/S0015-0282(14)02306-1/sref23
http://refhub.elsevier.com/S0015-0282(14)02306-1/sref24
http://refhub.elsevier.com/S0015-0282(14)02306-1/sref24
http://refhub.elsevier.com/S0015-0282(14)02306-1/sref25
http://refhub.elsevier.com/S0015-0282(14)02306-1/sref25
http://refhub.elsevier.com/S0015-0282(14)02306-1/sref26
http://refhub.elsevier.com/S0015-0282(14)02306-1/sref26
http://refhub.elsevier.com/S0015-0282(14)02306-1/sref26
http://refhub.elsevier.com/S0015-0282(14)02306-1/sref26
http://refhub.elsevier.com/S0015-0282(14)02306-1/sref27
http://refhub.elsevier.com/S0015-0282(14)02306-1/sref27
http://refhub.elsevier.com/S0015-0282(14)02306-1/sref27
http://refhub.elsevier.com/S0015-0282(14)02306-1/sref28
http://refhub.elsevier.com/S0015-0282(14)02306-1/sref28
http://refhub.elsevier.com/S0015-0282(14)02306-1/sref28
http://refhub.elsevier.com/S0015-0282(14)02306-1/sref29
http://refhub.elsevier.com/S0015-0282(14)02306-1/sref29
http://refhub.elsevier.com/S0015-0282(14)02306-1/sref29
http://refhub.elsevier.com/S0015-0282(14)02306-1/sref30
http://refhub.elsevier.com/S0015-0282(14)02306-1/sref30
http://refhub.elsevier.com/S0015-0282(14)02306-1/sref30
http://refhub.elsevier.com/S0015-0282(14)02306-1/sref31
http://refhub.elsevier.com/S0015-0282(14)02306-1/sref31
http://refhub.elsevier.com/S0015-0282(14)02306-1/sref31
http://refhub.elsevier.com/S0015-0282(14)02306-1/sref32
http://refhub.elsevier.com/S0015-0282(14)02306-1/sref32
http://refhub.elsevier.com/S0015-0282(14)02306-1/sref32
http://refhub.elsevier.com/S0015-0282(14)02306-1/sref32
http://refhub.elsevier.com/S0015-0282(14)02306-1/sref33
http://refhub.elsevier.com/S0015-0282(14)02306-1/sref33
http://refhub.elsevier.com/S0015-0282(14)02306-1/sref33
http://refhub.elsevier.com/S0015-0282(14)02306-1/sref34
http://refhub.elsevier.com/S0015-0282(14)02306-1/sref34
http://refhub.elsevier.com/S0015-0282(14)02306-1/sref35
http://refhub.elsevier.com/S0015-0282(14)02306-1/sref35
http://refhub.elsevier.com/S0015-0282(14)02306-1/sref35
http://refhub.elsevier.com/S0015-0282(14)02306-1/sref35
http://refhub.elsevier.com/S0015-0282(14)02306-1/sref35
http://refhub.elsevier.com/S0015-0282(14)02306-1/sref35
http://refhub.elsevier.com/S0015-0282(14)02306-1/sref36
http://refhub.elsevier.com/S0015-0282(14)02306-1/sref36
http://refhub.elsevier.com/S0015-0282(14)02306-1/sref36
http://refhub.elsevier.com/S0015-0282(14)02306-1/sref36
http://refhub.elsevier.com/S0015-0282(14)02306-1/sref37
http://refhub.elsevier.com/S0015-0282(14)02306-1/sref37
http://refhub.elsevier.com/S0015-0282(14)02306-1/sref37


Fertility and Sterility®
38. Cao WG, Morin M, Metz C, Maheux R, Akoum A. Stimulation of macro-
phage migration inhibitory factor expression in endometrial stromal cells
by interleukin 1 beta involving the nuclear transcription factor NFkappaB.
Biol Reprod 2005;73:565–70.

39. Xiong S, She H, Takeuchi H, Han B, Engelhardt JF, Barton CH, et al. Signaling
role of intracellular iron in NF-kB activation. J Biol Chem 2003;278:17646–54.

40. Podolin PL, Callahan JF, Bolognese BJ, Li YH, Carlson K, Davis TG, et al.
Attenuation of murine collagen–induced arthritis by a novel, potent, selec-
tive small molecule inhibitor of IkB kinase 2, TPCA-1 (2-[(Aminocarbonyl)
amino]-5-(4-fluorophenyl)-3- thiophenecarboxamide), occurs via reduction
of proinflammatory cytokines and antigen-induced T cell proliferation.
J Pharmacol Exp Ther 2005;312:373–81.

41. De Silva D, Mitchell MD, Keelan JA. Inhibition of choriodecidual cytokine
production and inflammatory gene expression by selective I-kappaB kinase
(IKK) inhibitors. Br J Pharmacol 2010;160:1808–22.

42. Aye IL, Waddell BJ, Mark PJ, Keelan JA. Oxysterols exert proinflammatory ef-
fects in placental trophoblasts via TLR4-dependent, cholesterol-sensitive
activation of NF-kB. Mol Hum Reprod 2012;18:341–53.

43. Gonz�alez-Ramos R, Rocco J, Rojas C, Sovino H, Poch A, Kohen P, et al. Physio-
logic activation of nuclear factor kappa-B in the endometrium during themen-
strual cycle is altered in endometriosis patients. Fertil Steril 2012;97:645–51.

44. Gonz�alez-Ramos R, Donnez J, Defr�ere S, Leclercq I, Squifflet J, Lousse JC,
et al. Nuclear factor-kappaB (NF-kB) is constitutively activated in peritoneal
endometriosis. Mol Hum Reprod 2007;13:503–9.

45. Celik O, Hascalik S, Elter K, Tagluk ME, Gurates B, Aydin NE. Combating
endometriosis by blocking proteasome and nuclear factor-kappaB path-
ways. Hum Reprod 2008;23:2458–65.

46. Gonz�alez-Ramos R, Van Langendonckt A, Defr�ere S, Lousse JC, Mettlen M,
Guillet A, et al. Agents blocking the nuclear factor-kappaB (NF-kB) pathway
are effective inhibitors of endometriosis in an in vivo experimental model.
Gynecol Obstet Invest 2008;65:174–86.

47. Defr�ere S, Lousse JC, Gonz�alez-Ramos R, Colette S, Donnez J, Van
Langendonckt A. Potential involvement of iron in the pathogenesis of
peritoneal endometriosis. Mol Hum Reprod 2008;14:377–85.

48. Defr�ere S, Gonz�alez-Ramos R, Lousse JC, Colette S, Donnez O, Donnez J,
et al. Insights into iron and nuclear factor-kappa B (NF-kappaB) involvement
in chronic inflammatory processes in peritoneal endometriosis. Histol Histo-
pathol 2011;26:1083–92.

49. Li ZW, Chu W, Hu Y, Delhase M, Deerinck T, Ellisman M, et al. The IKKbeta
subunit of IkappaB kinase (IKK) is essential for nuclear factor kappaB activa-
tion and prevention of apoptosis. J Exp Med 1999;189:1839–45.

50. Schwabe RF, Bennett BL, Manning AM, Brenner DA. Differential role of I
kappa B kinase 1 and 2 in primary rat hepatocytes. Hepatology 2001;33:
81–90.

51. Tsukamoto H. Iron regulation of hepatic macrophage TNFalpha expression.
Free Radic Biol Med 2002;32:309–13.

52. Whiteside ST, Epinat JC, Rice NR, Isra€el A. I kappa B epsilon, a novel member
of the I kappa B family, controls RelA and cRel NF-kappa B activity. EMBO J
1997;16:1413–26.

53. Kearns JD, Basak S, Werner SL, Huang CS, Hoffmann A. IkappaBepsilon
provides negative feedback to control NF-kappaB oscillations, signaling dy-
namics, and inflammatory gene expression. J Cell Biol 2006;173:659–64.

54. Fuchs Y, Brunwasser M, Haif S, Haddad J, Shneyer B, Goldshmidt-Tran O,
et al. Sef is an inhibitor of proinflammatory cytokine signaling, acting by
cytoplasmic sequestration of NF-kB. Dev Cell 2012;23:611–23.

55. Zhang H, Zhao X, Yan L, Li M. Similar expression to FGF (Sef) reduces endo-
metrial adenocarcinoma cells proliferation via inhibiting fibroblast growth
factor 2–mediated MAPK/ERK signaling pathway. Gynecol Oncol 2011;
122:669–74.
VOL. 103 NO. 2 / FEBRUARY 2015
Descargado para Anonymous User (n/a) en University of Chile de Clin

exclusivamente. No se permiten otros usos sin autorización. Cop
56. Guo Q, Zhang H, Zhao X, Fu Y, Zhang J, Li M. Loss of expressions of Dusp6,
Sprouty4, and Sef, negative regulators of FGF2/ERK1/2 signaling, in the
endometrium of women with adenomyosis. Int J Gynecol Pathol 2014;33:
288–97.

57. Shen J, Channavajhala P, Seldin DC, Sonenshein GE. Phosphorylation by the
protein kinase CK2 promotes calpain-mediated degradation of IkappaBal-
pha. J Immunol 2001;167:4919–25.

58. Takada Y, Mukhopadhyay A, Kundu GC, Mahabeleshwar GH, Singh S,
Aggarwal BB. Hydrogen peroxide activates NF-kappa B through tyrosine
phosphorylation of I kappa B alpha and serine phosphorylation of p65: ev-
idence for the involvement of I kappa B alpha kinase and Syk protein-
tyrosine kinase. J Biol Chem 2003;278:24233–41.

59. Viatour P, Merville MP, Bours V, Chariot A. Phosphorylation of NF-kappaB
and IkappaB proteins: implications in cancer and inflammation. Trends
Biochem Sci 2005;30:43–52.

60. Salvador GA, Oteiza PI. Iron overload triggers redox-sensitive signals
in human IMR-32 neuroblastoma cells. Neurotoxicology 2011;32:
75–82.

61. Chen LC, Hsu C, Chiueh CC, Lee WS. Ferrous citrate up-regulates the NOS2
through nuclear translocation of NFkB induced by free radicals generation in
mouse cerebral endothelial cells. PLoS One 2012;7:e46239.

62. Sampson JA. Peritoneal endometriosis due to menstrual dissemination of
endometrial tissue into the peritoneal cavity. Am J Obstet Gynecol 1927;
14:442–69.

63. Halme J, Hammond MG, Hulka JF, Raj SG, Talbert LM. Retrograde menstru-
ation in healthy women and in patients with endometriosis. Obstet Gynecol
1984;64:151–4.

64. D'Hooghe TM, Debrock S. Endometriosis, retrograde menstruation and
peritoneal inflammation in women and in baboons. Hum Reprod Update
2002;8:84–8.

65. Burney RO, Giudice LC. Pathogenesis and pathophysiology of endometri-
osis. Fertil Steril 2012;98:511–9.

66. Vercellini P, Vigan�o P, Somigliana E, Fedele L. Endometriosis: pathogenesis
and treatment. Nat Rev Endocrinol 2014;10:261–75.

67. Capobianco A, Rovere-Querini P. Endometriosis, a disease of the macro-
phage. Front Immunol 2013;4:9.

68. Akoum A, Lawson C, Herrmann-Lavoie C, Maheux R. Imbalance in the
expression of the activating type I and the inhibitory type II interleukin 1 re-
ceptors in endometriosis. Hum Reprod 2007;22:1464–73.

69. Chehna-Patel N, Sachdeva G, Gajbhiye R, Warty N, Khole V. ‘‘Spot’’-ting dif-
ferences between the ectopic and eutopic endometrium of endometriosis
patients. Fertil Steril 2010;94:1964–71.

70. Rai P, Kota V, Deendayal M, Shivaji S. Differential proteome profiling of eu-
topic endometrium from women with endometriosis to understand etiology
of endometriosis. J Proteome Res 2010;9:4407–19.

71. Bulun SE. Endometriosis. N Engl J Med 2009;360:268–79.
72. Augoulea A, Alexandrou A, Creatsa M, Vrachnis N, Lambrinoudaki I. Path-

ogenesis of endometriosis: the role of genetics, inflammation and oxidative
stress. Arch Gynecol Obstet 2012;286:99–103.

73. Neubauer C, Kiesel L, G€oteM.MicroRNAs and the pathogenesis of endome-
triosis. J Endometriosis 2012;4:1–16.

74. Defr�ere S, Van Langendonckt A, Vaesen S, Jouret M, Gonz�alez Ramos R,
Gonzalez D, et al. Iron overload enhances epithelial cell proliferation in
endometriotic lesions induced in a murine model. Hum Reprod 2006;21:
2810–6.

75. Zhang JJ, Xu ZM, Zhang CM, Dai HY, Ji XQ,Wang XF, et al. Pyrrolidine dithio-
carbamate inhibits nuclear factor-kB pathway activation, and regulates
adhesion, migration, invasion and apoptosis of endometriotic stromal cells.
Mol Hum Reprod 2011;17:175–81.
447
icalKey.es por Elsevier en diciembre 29, 2022. Para uso personal 
yright ©2022. Elsevier Inc. Todos los derechos reservados.

http://refhub.elsevier.com/S0015-0282(14)02306-1/sref38
http://refhub.elsevier.com/S0015-0282(14)02306-1/sref38
http://refhub.elsevier.com/S0015-0282(14)02306-1/sref38
http://refhub.elsevier.com/S0015-0282(14)02306-1/sref38
http://refhub.elsevier.com/S0015-0282(14)02306-1/sref39
http://refhub.elsevier.com/S0015-0282(14)02306-1/sref39
http://refhub.elsevier.com/S0015-0282(14)02306-1/sref40
http://refhub.elsevier.com/S0015-0282(14)02306-1/sref40
http://refhub.elsevier.com/S0015-0282(14)02306-1/sref40
http://refhub.elsevier.com/S0015-0282(14)02306-1/sref40
http://refhub.elsevier.com/S0015-0282(14)02306-1/sref40
http://refhub.elsevier.com/S0015-0282(14)02306-1/sref40
http://refhub.elsevier.com/S0015-0282(14)02306-1/sref41
http://refhub.elsevier.com/S0015-0282(14)02306-1/sref41
http://refhub.elsevier.com/S0015-0282(14)02306-1/sref41
http://refhub.elsevier.com/S0015-0282(14)02306-1/sref42
http://refhub.elsevier.com/S0015-0282(14)02306-1/sref42
http://refhub.elsevier.com/S0015-0282(14)02306-1/sref42
http://refhub.elsevier.com/S0015-0282(14)02306-1/sref43
http://refhub.elsevier.com/S0015-0282(14)02306-1/sref43
http://refhub.elsevier.com/S0015-0282(14)02306-1/sref43
http://refhub.elsevier.com/S0015-0282(14)02306-1/sref43
http://refhub.elsevier.com/S0015-0282(14)02306-1/sref44
http://refhub.elsevier.com/S0015-0282(14)02306-1/sref44
http://refhub.elsevier.com/S0015-0282(14)02306-1/sref44
http://refhub.elsevier.com/S0015-0282(14)02306-1/sref44
http://refhub.elsevier.com/S0015-0282(14)02306-1/sref44
http://refhub.elsevier.com/S0015-0282(14)02306-1/sref45
http://refhub.elsevier.com/S0015-0282(14)02306-1/sref45
http://refhub.elsevier.com/S0015-0282(14)02306-1/sref45
http://refhub.elsevier.com/S0015-0282(14)02306-1/sref46
http://refhub.elsevier.com/S0015-0282(14)02306-1/sref46
http://refhub.elsevier.com/S0015-0282(14)02306-1/sref46
http://refhub.elsevier.com/S0015-0282(14)02306-1/sref46
http://refhub.elsevier.com/S0015-0282(14)02306-1/sref46
http://refhub.elsevier.com/S0015-0282(14)02306-1/sref46
http://refhub.elsevier.com/S0015-0282(14)02306-1/sref47
http://refhub.elsevier.com/S0015-0282(14)02306-1/sref47
http://refhub.elsevier.com/S0015-0282(14)02306-1/sref47
http://refhub.elsevier.com/S0015-0282(14)02306-1/sref47
http://refhub.elsevier.com/S0015-0282(14)02306-1/sref47
http://refhub.elsevier.com/S0015-0282(14)02306-1/sref48
http://refhub.elsevier.com/S0015-0282(14)02306-1/sref48
http://refhub.elsevier.com/S0015-0282(14)02306-1/sref48
http://refhub.elsevier.com/S0015-0282(14)02306-1/sref48
http://refhub.elsevier.com/S0015-0282(14)02306-1/sref48
http://refhub.elsevier.com/S0015-0282(14)02306-1/sref48
http://refhub.elsevier.com/S0015-0282(14)02306-1/sref49
http://refhub.elsevier.com/S0015-0282(14)02306-1/sref49
http://refhub.elsevier.com/S0015-0282(14)02306-1/sref49
http://refhub.elsevier.com/S0015-0282(14)02306-1/sref50
http://refhub.elsevier.com/S0015-0282(14)02306-1/sref50
http://refhub.elsevier.com/S0015-0282(14)02306-1/sref50
http://refhub.elsevier.com/S0015-0282(14)02306-1/sref51
http://refhub.elsevier.com/S0015-0282(14)02306-1/sref51
http://refhub.elsevier.com/S0015-0282(14)02306-1/sref52
http://refhub.elsevier.com/S0015-0282(14)02306-1/sref52
http://refhub.elsevier.com/S0015-0282(14)02306-1/sref52
http://refhub.elsevier.com/S0015-0282(14)02306-1/sref52
http://refhub.elsevier.com/S0015-0282(14)02306-1/sref53
http://refhub.elsevier.com/S0015-0282(14)02306-1/sref53
http://refhub.elsevier.com/S0015-0282(14)02306-1/sref53
http://refhub.elsevier.com/S0015-0282(14)02306-1/sref54
http://refhub.elsevier.com/S0015-0282(14)02306-1/sref54
http://refhub.elsevier.com/S0015-0282(14)02306-1/sref54
http://refhub.elsevier.com/S0015-0282(14)02306-1/sref55
http://refhub.elsevier.com/S0015-0282(14)02306-1/sref55
http://refhub.elsevier.com/S0015-0282(14)02306-1/sref55
http://refhub.elsevier.com/S0015-0282(14)02306-1/sref55
http://refhub.elsevier.com/S0015-0282(14)02306-1/sref56
http://refhub.elsevier.com/S0015-0282(14)02306-1/sref56
http://refhub.elsevier.com/S0015-0282(14)02306-1/sref56
http://refhub.elsevier.com/S0015-0282(14)02306-1/sref56
http://refhub.elsevier.com/S0015-0282(14)02306-1/sref57
http://refhub.elsevier.com/S0015-0282(14)02306-1/sref57
http://refhub.elsevier.com/S0015-0282(14)02306-1/sref57
http://refhub.elsevier.com/S0015-0282(14)02306-1/sref58
http://refhub.elsevier.com/S0015-0282(14)02306-1/sref58
http://refhub.elsevier.com/S0015-0282(14)02306-1/sref58
http://refhub.elsevier.com/S0015-0282(14)02306-1/sref58
http://refhub.elsevier.com/S0015-0282(14)02306-1/sref58
http://refhub.elsevier.com/S0015-0282(14)02306-1/sref59
http://refhub.elsevier.com/S0015-0282(14)02306-1/sref59
http://refhub.elsevier.com/S0015-0282(14)02306-1/sref59
http://refhub.elsevier.com/S0015-0282(14)02306-1/sref60
http://refhub.elsevier.com/S0015-0282(14)02306-1/sref60
http://refhub.elsevier.com/S0015-0282(14)02306-1/sref60
http://refhub.elsevier.com/S0015-0282(14)02306-1/sref61
http://refhub.elsevier.com/S0015-0282(14)02306-1/sref61
http://refhub.elsevier.com/S0015-0282(14)02306-1/sref61
http://refhub.elsevier.com/S0015-0282(14)02306-1/sref62
http://refhub.elsevier.com/S0015-0282(14)02306-1/sref62
http://refhub.elsevier.com/S0015-0282(14)02306-1/sref62
http://refhub.elsevier.com/S0015-0282(14)02306-1/sref63
http://refhub.elsevier.com/S0015-0282(14)02306-1/sref63
http://refhub.elsevier.com/S0015-0282(14)02306-1/sref63
http://refhub.elsevier.com/S0015-0282(14)02306-1/sref64
http://refhub.elsevier.com/S0015-0282(14)02306-1/sref64
http://refhub.elsevier.com/S0015-0282(14)02306-1/sref64
http://refhub.elsevier.com/S0015-0282(14)02306-1/sref65
http://refhub.elsevier.com/S0015-0282(14)02306-1/sref65
http://refhub.elsevier.com/S0015-0282(14)02306-1/sref66
http://refhub.elsevier.com/S0015-0282(14)02306-1/sref66
http://refhub.elsevier.com/S0015-0282(14)02306-1/sref66
http://refhub.elsevier.com/S0015-0282(14)02306-1/sref67
http://refhub.elsevier.com/S0015-0282(14)02306-1/sref67
http://refhub.elsevier.com/S0015-0282(14)02306-1/sref68
http://refhub.elsevier.com/S0015-0282(14)02306-1/sref68
http://refhub.elsevier.com/S0015-0282(14)02306-1/sref68
http://refhub.elsevier.com/S0015-0282(14)02306-1/sref69
http://refhub.elsevier.com/S0015-0282(14)02306-1/sref69
http://refhub.elsevier.com/S0015-0282(14)02306-1/sref69
http://refhub.elsevier.com/S0015-0282(14)02306-1/sref69
http://refhub.elsevier.com/S0015-0282(14)02306-1/sref69
http://refhub.elsevier.com/S0015-0282(14)02306-1/sref70
http://refhub.elsevier.com/S0015-0282(14)02306-1/sref70
http://refhub.elsevier.com/S0015-0282(14)02306-1/sref70
http://refhub.elsevier.com/S0015-0282(14)02306-1/sref71
http://refhub.elsevier.com/S0015-0282(14)02306-1/sref72
http://refhub.elsevier.com/S0015-0282(14)02306-1/sref72
http://refhub.elsevier.com/S0015-0282(14)02306-1/sref72
http://refhub.elsevier.com/S0015-0282(14)02306-1/sref73
http://refhub.elsevier.com/S0015-0282(14)02306-1/sref73
http://refhub.elsevier.com/S0015-0282(14)02306-1/sref73
http://refhub.elsevier.com/S0015-0282(14)02306-1/sref74
http://refhub.elsevier.com/S0015-0282(14)02306-1/sref74
http://refhub.elsevier.com/S0015-0282(14)02306-1/sref74
http://refhub.elsevier.com/S0015-0282(14)02306-1/sref74
http://refhub.elsevier.com/S0015-0282(14)02306-1/sref74
http://refhub.elsevier.com/S0015-0282(14)02306-1/sref74
http://refhub.elsevier.com/S0015-0282(14)02306-1/sref75
http://refhub.elsevier.com/S0015-0282(14)02306-1/sref75
http://refhub.elsevier.com/S0015-0282(14)02306-1/sref75
http://refhub.elsevier.com/S0015-0282(14)02306-1/sref75

	Iron overload–modulated nuclear factor kappa-B activation in human endometrial stromal cells as a mechanism postulated in e ...
	Materials and methods
	Endometrial Biopsies
	Cell Culture and Stimulation
	NF-κB Inhibition
	Extraction of Cytoplasmic and Nuclear Proteins
	NF-κB (p65)—DNA Binding Immunodetection Assay
	Western Blots
	Soluble ICAM-1 ELISA
	Statistical Analysis

	Results
	Effect of Iron Overload on Cytoplasmic NF-κB Pathway Components
	Effect of Iron Overload on p65 Binding to DNA
	Effect of Iron Overload on ICAM-1 Expression
	NF-κB Inhibition Experiments

	Discussion
	Acknowledgments
	References


