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Abstract: We aimed to explore the relationship of adipose tissue concentrations of some persistent
organic pollutants (POPs) with the risk of endometriosis and the endometriotic tissue expression
profile of genes related to the endometriosis-related epithelial-mesenchymal transition (EMT) pro-
cess. This case—control study enrolled 109 women (34 cases and 75 controls) between January 2018
and March 2020. Adipose tissue samples and endometriotic tissues were intraoperatively collected
to determine concentrations of nine POPs and the gene expression profiles of 36 EMT-related genes,
respectively. Associations of POPs with endometriosis risk were explored with multivariate logistic
regression, while the relationship between exposure and gene expression profiles was assessed
through Spearman correlation or Mann-Whitney U tests. After adjustment, increased endometrio-
sis risk was associated with p,p’-DDT, PCB-180, and ZPCBs. POP exposure was also associated with
reduced gene expression levels of the CLDN7 epithelial marker and increased levels of the ITGB2
mesenchymal marker and a variety of EMT promoters (HMGA1, HOXA10, FOXM1, DKK1, CCR1,
TNFRSF1B, RRM2, ANG, ANGPT], and ESR1). Our findings indicate that exposure to POPs may
increase the risk of endometriosis and might have a role in the endometriosis-related EMT devel-
opment, contributing to the disease onset and progression. Further studies are warranted to corrob-
orate these findings.

Keywords: endometriosis; persistent organic pollutants; organochlorine pesticides; polychlorinated
biphenyls; epithelial-mesenchymal transition

1. Introduction

Endometriosis is among the most prevalent disorders in women of childbearing age,
with a suspected worldwide prevalence of 10-15% of women of childbearing age [1-3].
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This hormone-dependent disease is defined by the presence of endometrial-like tissue
outside the uterine cavity [4]. Moreover, the peritoneal microenvironment surrounding
lesions also plays a crucial role in the pathophysiology of this condition [5]. In addition to
menstrual irregularities and fertility issues, chronic pelvic pain stands out as the predom-
inant symptom, often worsening during menstruation (dysmenorrhea), sexual activity
(dyspareunia), bowel movements (dyschezia), or urination (dysuria) [6,7]. Furthermore,
it has been observed that endometriosis correlates with an increased risk for autoimmune
disorders, fibromyalgia, chronic fatigue syndrome, gynecological cancers, and adenomy-
osis in affected women [8-11].

The precise elucidation of the origins and pathophysiology of endometriosis remains
elusive. However, the disease is widely acknowledged to possess a multifactorial nature,
wherein hormonal, genetic, lifestyle, and environmental factors collectively contribute to
the disease risk [4]. In this regard, it has been pointed out that human daily exposure to
the so-called endocrine-disrupting chemicals (EDCs) might be related to an increased risk
for endometriosis [12]. They are a wide group of synthetic chemicals that can alter the
homeostasis of the endocrine system and are associated with multiple adverse effects [13].
Among EDCs, persistent organic pollutants (POPs) constitute a heterogeneous group of
synthetic organic compounds used worldwide until the 1980s for pest control, sanitation,
and agricultural and industrial purposes. They include organochlorine pesticides (OCPs),
such as dichlorodiphenyltrichloroethane (DDT) and its metabolite p,p’-dichlorodiphe-
nyldichloroethylene (p,p’-DDE), hexachlorobenzene (HCB), and hexachlorohexane
(HCH), and polychlorinated biphenyls (PCBs) congeners. Although most countries
banned or severely restricted the use of POPs, considerable research efforts have raised
awareness about the ongoing and continuous exposure of the general population, at-
tributed to the high persistence and lipophilia of these compounds and their consequent
bioaccumulation and biomagnification in the food chain [14]. Adipose tissue is, therefore,
considered the main reservoir of these compounds, accounting for all routes and sources
of exposure, and represents a stable and long-term biomarker of exposure to these chem-
icals [15-17]. The relationship between POP exposure and increased risk for this estrogen-
dependent disease is biologically plausible since many OCPs and PCBs have been shown
to interact with estrogen and/or androgen receptors [18-22], and epidemiological evi-
dence has been published for a variety of hormone-dependent diseases, e.g., breast cancer
[23,24], anovulation [25], ovarian function [26,27], infertility [28], preterm birth [29], poly-
cystic ovarian syndrome [30], fibroids [31], and endometriosis [32]. Nevertheless, while
some authors pointed out that some POPs might be related to an increased risk for endo-
metriosis [33-35], others have not found any association between POP exposure and en-
dometriosis risk [36-38].

Moreover, it has been suggested that EDCs may have a crucial impact not only on
the onset but also on the progression of endometriosis. Of particular interest, epithelial-
to-mesenchymal transition (EMT) has been described as a crucial process during the de-
velopment and progression of endometriosis [39]. Specifically, it has been suggested that
Type 2 (that occurs in response to wound or inflammatory response, leading to tissue fi-
brosis) and Type 3 EMT (that occurs in epithelial cancer cells that differ genetically and
epigenetically from untransformed epithelial cells and favor clonal outgrowth and the de-
velopment of localized tumors) might be involved in this disease [40]. As schematized in
Supplementary Figure S1, EMT is a physiological process in which cells lose the epithelial
features such as E-cadherin, desmoplakin, occluding, and claudins and gain properties of
mesenchymal cells such as N-cadherin, vimentin, and some integrin heterodimers. The
matrix metalloproteinase (MMP) family also plays a crucial role in this EMT since they
are involved in the breakage of cell-cell and cell-extracellular matrix unions [41,42]. All
these molecular changes are associated with the alteration of cell functions such as en-
hanced migration, invasiveness, and resistance to apoptosis [43]. This complex process is
driven by various signaling pathways, such as the TFG-3, PDGFRa, Wnt, and Notch path-
ways [40], some of them converging in intracellular cascades such as Smad, [3-catenin, NF-
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kB, PI3K/AKT, or MAPK/ERK, which finally activates the key EMT regulators [Snail, Slug,
Zinc finger E-box-binding homebox (ZEB1/2) or Twist] [40,43,44]. Moreover, pro-inflam-
matory mediators such as interleukins (ILs), tumor necrosis factor (TNF), and chemokines
have also been widely reported to trigger EMT through STAT3/JAK, NF-xB, MAPK/ERK,
or Smad internal cascades [45,46]. Additionally, estrogens and hypoxia-related factors
[angiogenin (ANG), angiopoietin 1 (ANGPT1), or vascular endothelial growth factor
(VEGF)] have been suggested to promote endometriosis-related EMT via MAPK/ERK,
PI3K/AKT, or [3-catenin cascades [47,48]. Many soluble factors have been described to be
up- or downstream activators or inhibitors of these cellular pathways. For instance,
HMGA1, FOXM1, RXRA, FUT-8, POU5F1, or HOXA10 gene products promote EMT,
while DUSP6 and AGR?2 gene products decreased EMT via the TGF-f3 signaling pathway
[49-56]. Similarly, DDK1, CDK1, or SOX2 and CCR1 or CHUK have been shown to regu-
late Wnt-driven and Notch/NF-kB-driven EMT, respectively [57-62]. Other soluble fac-
tors, such as the RRM2 gene product, promote EMT by targeting JAK2/STAT3 intracellular
cascade [63]. To date, most of the efforts made to address adverse effects associated with
human exposure to POPs did not focus on the physiopathological changes underlying
hormone-dependent diseases, although in vitro evidence suggests that exposure to some
POPs may promote molecular biomarkers related to enhanced migration and invasive-
ness ability of ovarian granulosa cancer cells such as MMPs [64]. Moreover, Zucchini-Pas-
cal et al. [65] pointed out that POPs may orchestrate EMT in human primary cultured
hepatocytes, observing the repression of epithelial markers (cell-cell junctions and E-cad-
herin) and increased the abundance of various mesenchymal genes.

Thus, given the current discrepancies on the influence of POPs in the development
of endometriosis, the present study was designed to explore the association between the
bioaccumulated concentrations of OCs and PCBs and the risk of endometriosis in women
of childbearing age. Finally, given the crucial role of the EMT signaling pathway in disease
onset and the in vitro evidence of the link between POP exposure and EMT, the secondary
aim of this study was to assess the influence of this exposure on the expression profiles of
EMT-related genes in the endometriotic tissue.

2. Results
2.1. Adipose Tissue Concentrations of Selected POPs

As shown in Table 1, all studied OCPs and PCBs were detected in >85% of analyzed
omental adipose tissue samples. The OCP with the highest median concentration was p,p’-
DDE (81.09 ng/g tissue) followed by 3-HCH (12.22 ng/g tissue), while the most concen-
trated PCB congener was PCB-180 (28.05 ng/g tissue). In comparison to controls, a signif-
icantly higher median concentration of PCB-138 (20.29 vs. 13.74 ng/g tissue), PCB-153
(26.76 vs. 18.50 ng/g tissue), PCB-180 (39.04 vs. 20.54 ng/g tissue), ) PCBs (0.25 vs. 0.15
nmol/g tissue), and ) POPs (0.76 vs. 0.52 nmol/g tissue) were observed in cases, while the
differences did not reach the statistical significance for p,p’-DDT (1.72 vs. 1.40 ng/g tissue;
p-value = 0.065), p,p-DDE (118.52 vs. 74.33 ng/g tissue; p-value = 0.067), and ) OCPs (0.55
vs. 0.35 nmol/g tissue; p-value = 0.072).
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Table 1. Omental adipose tissue concentrations of organochlorine pesticides and polychlorinated biphenyls (ng/g tissue).

Cases (n = 34)

Controls (n =75)

Percentiles Percentiles
%>LOD  Mean SD 25th 50th 75th Mean 5D 25th 50th 75th p-Value

o,p’-DDT 96.30 0.89 1.19 0.28 0.46 0.83 0.50 0.38 0.27 0.40 0.60 0.360
p,p’-DDT 89.90 3.50 494 0.94 1.72 3.61 1.84 1.84 0.19 1.40 2.53 0.065
p,p’-DDE 100.00 282.05 552.90 48.03 118.52 226.42 103.35 84.47 41.96 74.33 136.76 0.067
p-HCH 100.00 32.79 45.86 431 14.88 37.12 16.67 17.18 5.46 11.09 22.34 0.261
v-HCH 100.00 25.10 34.27 5.07 11.27 28.91 12.80 12.53 4.60 8.32 16.80 0.204
HCB 100.00 15.43 14.81 5.05 6.88 24.57 9.99 7.32 5.26 7.62 11.68 0.513
>OCPs ! - 1.16 1.93 0.24 0.55 1.13 0.47 0.35 0.21 0.35 0.60 0.072
PCB-138 99.10 30.41 30.83 10.39 20.29 38.95 16.85 12.33 7.76 13.74 24.03 0.015
PCB-153 100.00 39.77 41.32 12.47 26.76 45.48 21.90 16.99 9.21 18.50 31.05 0.012
PCB-180 100.00 64.52 87.79 18.28 39.04 70.14 31.25 28.72 9.82 20.54 50.62 0.006
Y PCBs! - 0.36 0.42 0.11 0.25 0.37 0.19 0.15 0.07 0.15 0.27 0.009
Y POPs ! - 1.51 2.15 0.43 0.76 1.78 0.66 0.46 0.30 0.52 0.92 0.018

1 Expressed in nmol/g tissue; LOD: limit of detection; SD: standard deviation; DDT: dichlorodiphenyltrichloroethane; DDE: dichlorodiphenyldichloroethylene;
HCH: hexachlorohexane; HCB: hexachlorobenzene; OCP: organochlorine pesticides; PCB: polychlorinated biphenyls; POP: persistent organic pollutant.
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2.2. Associations between Chronic Adipose Tissue POP Concentrations and Endometriosis Risk

Table 2 exhibits the associations found between adipose tissue concentrations of
OCPs and PCBs and the risk of endometriosis. After adjusting for age, BMI, residence, and
parity, an increased risk of endometriosis was found to be significantly associated with
adipose concentrations of p,p”-DDT (OR 1.63, 95% CI 1.13-2.34), PCB-180 (OR 1.89, 95%
CI1.09-3.27), and Y PCBs (OR 1.78, 95% CI 1.02-3.12), while the association with PCB-138
and PCB-153 and }POPs did not reach the statistical significance [(OR 1.65, p-value =
0.086), (OR 1.65, p-value = 0.075), and (OR 1.75, p-value = 0.056), respectively]. When par-
ticipants were classified by tertiles of each POP, a significantly increased risk was ob-
served for the women in the third versus first tertile of PCB-180 (OR 8.48, 95% CI 1.88-
38.13) and Y} PCBs (OR 5.33, 95% CI 1.39-20.41) (Figure 1). A similar trend but close to the
statistical significance was also found for PCB-138 (OR 2.97, 95% CI 0.89-9.90; p-value =
0.077) and )'POPs (OR 3.03, 95% CI 0.89-10.31; p-value = 0.076).

Similarly, a close-to significant increased risk was observed for the women in the sec-
ond versus first tertile of PCB-180 (OR 3.36, 95% CI 0.96-11.75; p-value = 0.058).

Likewise, higher concentrations of almost all analyzed POPs were observed in
women with stages III/IV versus stages I/Il endometriosis, although they did not reach
statistical significance (Supplementary Table S1).

Table 2. Relationship of omental adipose tissue concentrations of organochlorine pesticides and
polychlorinated biphenyls with endometriosis. Logistic regression analyses (n = 109).

OR IC 95% p-Value OR! IC 95% p-Value

o,p-DDT 1.45 0.87 2.42 0.152 1.35 0.78 2.34 0.284
p,p’-DDT 1.62 1.14 2.32 0.008 1.63 1.13 2.34 0.008
p,p’-DDE 1.49 0.98 2.26 0.061 1.42 0.90 2.26 0.135
p-HCH 1.11 0.83 1.48 0.499 0.99 0.72 1.36 0.935
v-HCH 1.25 0.84 1.86 0.268 1.08 0.69 1.67 0.747
HCB 1.26 0.75 213 0.382 1.16 0.63 2.10 0.636

> OCPs ! 1.54 0.98 2.42 0.060 1.44 0.87 2.40 0.159
PCB-138 1.60 0.98 2.62 0.059 1.65 0.93 292 0.086
PCB-153 1.59 0.99 2.53 0.054 1.65 0.95 2.87 0.075
PCB-180 1.63 1.08 2.46 0.021 1.89 1.09 3.27 0.023
Y PCBs 1.64 1.04 2.58 0.034 1.78 1.02 3.12 0.044
Y POPs 1 1.76 1.07 2.88 0.025 1.75 0.99 3.10 0.056

! Adjusted for age (yr), body mass index (kg/m?), residence (rural/urban), and parity (yes/no). OR:
odds ratio; IC 95%: 95% confidence interval;, DDT: dichlorodiphenyltrichloroethane; DDE: dichloro-
diphenyldichloroethylene; HCH: hexachlorohexane; HCB: hexachlorobenzene; OCP: organochlo-
rine pesticides; PCB: polychlorinated biphenyls; POP: persistent organic pollutant.
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Figure 1. Adjusted odds ratios (OR) for endometriosis in the tertiles (T1, T2, T3) of omental adipose
tissue concentrations of (A) organochlorine pesticides (OCs); (B) polychlorinated biphenyls (PCBs);
and (C) the sum of OCs, PCBs, and POPs. Models were adjusted for age (yr), body mass index
(kg/m?), residence (rural/urban), and parity (yes/no). # p-value 0.100-0.050 compared with T1; * p-
value < 0.050 compared with T1.

2.3. Associations between Adipose Tissue Levels of POPs and Expression Profile of
EMT-Related Genes

Expression profiles of most of the included genes have been reported previously
[66,67], given their participation in other endometriosis-related cell signaling pathways,
and are summarized in Supplementary Table S2. A total of 18 genes (50.0%) were ex-
pressed in >75% of the samples, while 14 (38.9%) were expressed in 25-75% of samples.
Compared to those with I/Il endometriosis, increased mean gene expression in endome-
triotic tissue from women with III/IV endometriosis was observed for MMP7 (0.10 vs.
0.00), FUTS (1.14 vs. 0.02), and SOX2 (1.51 vs. 0.36). Although differences did not reach
statistical significance, it was also detected higher expression of POU5F1 (3.13 vs. 1.18, p-
value =0.054), RXRA (3.90 vs. 1.59, p-value =0.055), and JUN (1.27 vs. 0.12, p-value = 0.097),
and lower gene expression of DUSP6 (4.97 vs. 8.10, p-value = 0.072).

Associations between endometriotic gene expression and adipose tissue POP con-
centrations are displayed in Table 3. Regarding the core EMT markers, lower CLDN7 and
higher ITGB2 gene expression levels were associated with higher concentrations of o’,p’-
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DDT, p’,p’-DDT, p’,p"-DDE, XOCPs, and XPOPs. HCB concentrations were also positively
correlated with ITGB2 expression levels, although they did not reach statistical signifi-
cance (Spearman rho = 0.334, p-value = 0.072).

Among TGF-B- and PDGFRa-related EMT promoters, FOXM1 and HMGAL1 gene ex-
pression levels were positively correlated with o’,p’-DDT, p’,p’-DDT, p’,p"-DDE, ZOCPs,
and XPOPs. Moreover, FOXM1 was also correlated with higher HCB concentrations,
while the positive correlations found between the pairs HMGA1-HCB, HMGA1--HCH,
and FOXM1-3-HCH did not reach statistical significance (Spearman rhos = 0.338-0.349, p-
values = 0.059-0.067). Similarly, increased HOXA10 expression levels were positively as-
sociated with p’,p’-DDE, ZOCPs, ZPOPs, and o’,p"-DDT, although the latter did not reach
statistical significance (Spearman rho = 0.320, p-value = 0.084). Moreover, an inverse close-
to-significant association was observed between DUSP6 gene expression and concentra-
tions of B-HCH and XOCPs (Spearman rho = -0.308, p-value = 0.098; Spearman rho =
-0.307, p-value = 0.098, respectively). Likewise, detectable gene expression levels of FUT8
were associated with higher concentrations of PCB-138 and PCB-153, although they did
not reach the statistical significance (p-values = 0.078 and 0.086, respectively), as well as
PUSF1 detectable levels with 3-HCH concentration (p-value = 0.078).

Concerning Wnt- and Notch/NF«B-related EMT inducers, positive associations were
found between DKK1 and CCR1 gene expression levels and concentrations of o’,p’-DDT,
p’,p-DDT, p’,p"-DDE, ZOCPs, and LPOPs. A positive close-to-significant association was
also observed between CCR1 expression levels and 3-HCH concentrations (Spearman rho
=0.335, p-value = 0.070).

Regarding inflammation-related EMT enhancers, RRM2 expression levels were asso-
ciated with higher concentrations of o’,p’-DDT, p’,p"-DDT, p’,p’-DDE, HCB, XOCPs, and
ZPOPs, while the association with f-HCH did not reach the statistical significance (Spear-
man rho = 0.317, p-value = 0.088). Moreover, detectable gene expression levels of
TNFRSF1B were related to higher concentrations of p’,p’-DDT, while the associations
found for o’,p’-DDT, p’,p’-DDE, and YXOCPs did not reach the statistical significance (p-
values = 0.081, 0.081, and 0.067, respectively).

Regarding estrogen- and growth factor-related EMT modulators, increased ESR1
gene expression was associated with higher concentrations of o’,p’-DDT and p’,p"-DDE,
while the associations found with p’,p’-DDT, ZOCPs, and ZPOPs did not reach the statis-
tical significance (p-values = 0.075, 0.060, and 0.078, respectively). Finally, with regard to
the hypoxia-related EMT promoters, positive associations between ANG gene expression
and concentrations of o’,p’-DDT, p’,p’-DDT, and p’,p’-DDE, while the association with
ZOCPs did not reach statistical significance (p-value = 0.094).
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Table 3. Associations between endometriotic tissue EMT-related gene expression levels and omental adipose tissue concentrations of organochlorine pesticides
and polychlorinated biphenyls (n = 30).

0’p-DDT p'p’-DDT  p'p’-DDE B-HCH v-HCH HCB YOCPs PCB-138  PCB-153  PCB-180 =~ YPCBs  YPOPs
CLDNT * 0 -0.46 -0.41 -0.49 -0.26 -0.18 -0.29 -0.45 -0.18 -0.16 -0.16 -0.15 -0.43
o p-value  0.011 0.026 0.005 0.157 0.346 0.124 0.013 0.341 0.396 0.407 0.415 0.018
) TCB2+ 0 0.59 0.52 0.56 022 0.13 0.33 0.49 0.25 0.23 0.20 0.20 0.49
= p-value  0.001 0.004 0.001 0.247 0.493 0.072 0.006 0.176 0.223 0.300 0.289 0.006
= <012 047 (0.53) 1.64 (3.44) 102.46 (171.71) 21.97 (64.91) 13.04 (46.69) 6.98 (22.06) 0.58 (0.80) 20.44 (31.95) 26.82 (41.64) 49.88 (52.72) 0.27(0.34) 0.84 (1.27)
S MMP1b  >0.12 051 (0.85) 1.93(2.69) 134.57 (369.65) 14.00 (28.98) 10.56 (20.85) 6.78 (11.77) 0.53 (1.36) 20.04 (27.62) 25.60 (30.15) 34.41(39.29) 0.23(0.21) 0.74 (1.82)
= p-value  0.885 0.548 0.468 0.520 0.373 0.787 0.694 0.663 0.604 0.310 0.373 0.983
& <039  0.58(0.89) 1.43(3.10) 102.46 (222.07) 14.66 (28.98) 10.97 (19.73) 6.44 (17.31) 0.48(1.42) 19.16 (16.06) 25.41(19.93) 34.41(34.22) 0.22(0.19) 0.68 (1.82)
O TIMP1b  >039 047 (0.57) 1.93(2.56) 13457 (163.70) 19.34 (64.91) 13.41 (47.86) 7.87 (24.58) 0.58(0.73) 22.82(32.08) 30.94 (41.84) 51.76 (85.41) 0.28 (0.42) 0.77 (1.26)
p-value  0.724 0.633 0.633 0.604 0.633 0.443 0.604 0.290 0.221 0.310 0.290 0.548
<0.10 058 (1.91) 1.93(5.68) 136.30 (220.21) 22.16(59.93) 16.70 (46.20) 12.68 (21.97) 0.73 (1.69) 20.44 (33.71) 26.28 (42.24) 34.41(55.54) 0.22(0.35) 0.84 (1.83)
AGR2b  >0.10  0.45(0.38) 1.43(1.75) 72.36(183.63) 12.22(23.46) 9.19 (15.64) 6.78(5.33) 0.34(1.22) 20.14 (9.93) 26.82(8.86) 49.88 (47.68) 0.25(0.12) 0.62 (1.43)
p-value 0237 0.191 0.395 0.237 0.191 0.548 0.351 0.724 0.633 0.310 0.548 0.694
2 DUSP6 = 0 -0.29 -0.31 -0.29 -0.31 -0.27 -0.23 -0.31 -0.20 -0.23 -0.13 -0.18 -0.29
Z p-value  0.123 0.101 0.121 0.098 0.150 0.224 0.098 0.291 0.226 0.502 0.345 0.117
E FOXMI - 0 0.61 0.54 0.53 0.35 0.27 0.39 0.50 0.28 0.27 0.25 0.27 0.51
& p-value  <0.001 0.002 0.003 0.059 0.150 0.034 0.005 0.134 0.146 0.177 0.142 0.004
5 <009 041(0.77) 1.41(3.02) 7528 (212.33) 14.33(27.30) 10.76 (18.37) 6.50 (15.54) 0.33(1.37) 19.04 (14.66) 25.50 (19.28) 34.82 (35.86) 0.23(0.20) 0.54 (1.74)
> FUT8®  >0.09 0.57(0.72) 2.50 (2.51) 171.75(212.60) 25.05(75.48) 18.88 (57.28) 10.83 (34.83) 0.79 (0.96) 33.05(56.55) 42.33 (77.34) 60.48 (114.59) 0.36 (0.65) 1.11 (1.83)
E p-value 0598 0.291 0.312 0.253 0.312 0.538 0.235 0.078 0.086 0.173 0.173 0.173
Z  mmcars  © 0.57 0.50 0.56 0.34 0.27 0.35 0.51 0.29 0.28 0.25 0.27 0.53
= p-value  0.001 0.005 0.001 0.067 0.152 0.061 0.004 0.119 0.134 0.183 0.156 0.003
g hoxame © 0.32 0.27 0.43 0.20 0.17 0.13 0.37 0.20 0.18 0.16 0.20 0.37
E p-value  0.084 0.154 0.018 0.286 0.379 0.500 0.043 0.296 0.332 0.396 0.295 0.047
g PDGERA®  © -0.15 -0.20 -0.08 -0.27 -0.26 -0.19 -0.17 -0.19 -0.20 -0.17 -0.19 -0.18
a p-value 0433 0.291 0.686 0.148 0.173 0.303 0.358 0.316 0.295 0.373 0.307 0.331
O <004 045(0.53) 1.33(3.11) 72.36(223.61) 9.54 (32.61) 6.01(20.85) 6.44 (11.84) 0.27(1.43) 20.04 (16.18) 25.6(20.13) 35.24 (31.88) 0.23(0.20) 0.50 (1.93)
B POUSFI®  >0.04 051(1.59) 242 (479) 1363 (160.27) 21.97 (53.72) 1341 (41.65) 8.98 (24.75) 0.73(0.65) 22.82(31.95) 30.94 (41.64) 51.76 (84.05) 0.28 (0.41) 0.84 (1.17)
p-value  0.443 0.130 0.272 0.078 0.152 0.419 0.178 0.419 0.330 0.494 0.419 0.290
RXRA - 0 0.03 0.01 0.00 0.00 0.01 -0.03 -0.01 -0.06 -0.04 0.00 -0.02 -0.03
p-value  0.857 0.961 0.987 0.983 0.948 0.886 0.964 0.754 0.843 0.995 0.931 0.886
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B <058 0.51(0.51) 1.83(3.02) 153.84 (204.98) 19.34 (20.73) 13.04 (15.80) 8.98(16.18) 0.58(1.33) 20.14 (13.49) 26.82 (17.49) 40.76 (33.44) 0.25(0.20) 0.84 (1.38)
5 BMIl®  >0.58 0.47(0.92) 1.81(3.11) 78.19(185.17) 15.11(64.91) 11.39 (48.99) 6.44(33.57) 0.36(1.23) 20.44 (62.07) 26.70 (80.99) 37.32 (110.51) 0.25 (0.68) 0.58 (1.99)
O p-value  0.395 0.604 0.290 0.983 0.983 0.694 0.373 0.787 0.756 0.724 0.756 0.395
> § DKKL » 0 0.43 0.39 0.51 0.22 0.14 0.11 0.43 0.09 0.07 -0.02 0.03 0.40
ZE p-value  0.017 0.034 0.004 0.243 0.469 0.572 0.017 0.644 0.714 0.899 0.872 0.029
=i CDK1 0 0.18 0.07 0.14 -0.08 -0.11 0.03 0.11 0.15 0.13 0.15 0.10 0.12
55 9 p-value  0.355 0.709 0.466 0.673 0.546 0.856 0.546 0.434 0.505 0.431 0.607 0.511
<= <006 045(0.53) 1.33(2.77) 72.36(222.07) 12.22(32.49) 9.19(20.70) 6.44 (11.84) 0.30 (1.42) 20.04 (13.49) 25.60 (17.49) 35.24 (31.88) 0.23(0.19) 0.50 (1.82)
Z SOX2b  >0.06 051 (1.59) 2.42(4.79) 1363 (163.70) 21.97 (57.03) 13.41 (43.55) 8.98 (24.75) 0.73(0.65) 22.82 (35.82) 30.94 (45.47) 51.76 (85.41) 0.28 (0.44) 0.84 (1.17)
= p-value 0576 0.191 0.494 0.206 0.351 0.468 0.351 0.633 0.520 0.694 0.633 0.419
9 CCRI - 0 0.60 0.56 0.56 0.33 0.24 0.27 0.51 0.18 0.18 0.06 0.13 0.48
= p-value  <0.001 0.001 0.001 0.070 0.206 0.154 0.004 0.332 0.349 0.765 0.492 0.008
< CHUK * 0 0.13 0.05 0.14 -0.16 -0.19 -0.07 0.06 -0.01 -0.04 -0.03 -0.07 0.06
g % p-value 0505 0.793 0.445 0.393 0.327 0.718 0.741 0.938 0.825 0.890 0.732 0.761
o <010 0.58(0.78) 1.64 (2.91) 134.57 (175.97) 19.34 (58.01) 13.04 (42.16) 6.78 (21.76) 0.53(0.98) 20.44 (30.51) 26.82 (39.83) 40.76 (58.48) 0.25(0.36) 0.74 (1.55)
gé FOS®  >0.10 0.47(0.89) 1.83(3.38) 98.56 (433.72) 15.11(26.53) 11.39 (18.25) 6.98(8.98) 0.58 (1.95) 20.04 (15.97) 26.70 (21.60) 35.24 (58.33) 0.25(0.23) 0.77 (2.13)
Z & p-value  0.700 0.910 0.700 0.803 0.769 0.455 0.734 0512 0.455 0.769 0.603 0.734
5 <010 058 (1.13) 2.12(3.75) 11852 (260.86) 17.23 (54.56) 12.21(39.36) 8.42(18.39) 0.50 (1.49) 20.28 (28.56) 27.43 (33.01) 34.82(55.10) 0.24(0.27) 0.71 (1.90)
g JUNP  >0.10 0.42(0.30) 1.60(1.33) 126.2(176.58) 15.76 (24.21) 11.84 (16.70) 5.05(17.87) 0.58 (0.67) 20.29 (46.32) 26.76 (59.60) 50.92 (84.81) 0.26(0.50) 0.81 (1.02)
zZ. p-value  0.482 0.542 0.778 0.963 0.888 0.223 0.851 0.851 0.888 0.373 0.606 0.888
5': ILIRLL 0 -0.01 -0.06 0.02 -0.13 -0.14 -0.26 -0.03 -0.14 -0.14 0.01 -0.08 -0.01
Z p-value  0.950 0.759 0.917 0.496 0.467 0.173 0.859 0477 0.456 0.964 0.675 0.965
2 % IL6ST 0 0.25 0.14 0.24 -0.14 -0.18 -0.02 0.14 0.02 -0.01 -0.04 -0.04 0.14
Z % p-value  0.186 0.462 0.200 0.469 0.341 0.927 0.469 0.919 0.960 0.827 0.827 0.468
ES rrwoe 0 0.58 0.50 0.46 0.32 021 0.43 0.43 0.26 0.28 0.30 0.29 0.46
§ o p-value  0.001 0.005 0.012 0.088 0.263 0.019 0.018 0.173 0.139 0.107 0.123 0.010
EE nprspp 010 036(049) 138(243) 64.58(203.62) 14.00(27.98) 1056 (1817) 656 (15.30) 0.30(133) 20.04(19.78) 2628 (23.82) 37.32(39.44) 025(020) 0.58 (1.69)
- A >0.10  0.63 (1.58) 2.88 (4.66) 164.28 (262.20) 23.82 (86.83) 17.93 (65.67) 12.68 (27.80) 0.74 (1.33) 24.04 (56.94) 30.94 (82.43) 51.96 (121.48) 0.27 (0.69) 0.85 (2.43)
Z p-value  0.081 0.032 0.081 0.108 0.167 0.541 0.067 0.402 0.428 0.635 0.667 0.118




Int. ]. Mol. Sci. 2024, 25, 4420

10 of 22

E% <010 0.63(1.92) 2.57 (5.65) 153.84 (204.98) 21.97 (45.83) 13.41(36.52) 10.24 (18.15) 0.74 (1.63) 20.14 (29.38) 26.82 (39.20) 40.76 (66.48) 0.26(0.39) 0.84 (1.75)
= & EGFb  >0.10 047 (0.28) 1.81(2.08) 78.19(183.63) 14.66(32.33) 10.97 (20.70) 6.44 (12.59) 0.36 (1.22) 20.44 (19.16) 26.70 (24.00) 37.32(56.53) 0.25(0.26) 0.58 (1.47)
® <z p-value  0.395 0.272 0.330 0.419 0.548 0.206 0.272 0.443 0.443 0.520 0.443 0.373
SCE ESR] * 0 0.37 0.33 0.43 0.12 0.05 0.09 0.35 0.05 0.03 0.00 0.02 0.33
Z 2 = p-value  0.044 0.075 0.018 0513 0.791 0.627 0.060 0.775 0.855 0.985 0.902 0.078
89 £ <012 058(1.97) 1.43(5.73) 102.46 (222.07) 14.00 (23.46) 10.56 (15.64) 6.44 (18.76) 0.48(1.73) 18.92(25.94) 25.41(29.95) 34.41(31.36) 0.22(0.20) 0.68 (1.82)
= 9 FGF2b  >0.12 047 (0.55) 1.93(2.20) 134.57 (183.09) 19.34 (59.93) 13.41 (46.20) 7.87(21.90) 0.58 (1.14) 22.82(32.08) 30.94 (41.84) 51.96 (85.98) 0.28 (0.42) 0.7 (1.39)
3 = p-value  0.950 0.820 0.852 0.395 0.351 0.663 0.694 0.310 0.272 0.310 0.351 0.576
ANG # 0 0.41 0.37 0.37 0.20 0.14 0.23 0.31 0.17 0.16 -0.01 0.05 0.30
9 p-value  0.024 0.047 0.043 0.290 0.471 0.228 0.094 0.357 0.398 0.940 0.775 0.113
5 ANGPTIe @ -0.03 -0.11 -0.05 -0.26 -0.27 -0.28 -0.13 -0.25 -0.28 -0.19 -0.24 -0.14
> % p-value  0.883 0.549 0.783 0.166 0.145 0.130 0.506 0.178 0.131 0.302 0.202 0.472
0= <035 0.36(2.00) 1.38(6.07) 64.58 (223.61) 14.66 (52.56) 10.97 (38.61) 5.79(19.19) 0.30 (1.74) 18.48 (28.02) 25.41 (31.74) 34.41(37.37) 0.22(0.21) 0.58 (1.99)
< £ FLTI®  >035 0.51(0.51) 2.42(1.97) 136.30 (158.76) 19.34 (25.46) 13.41(19.73) 898 (21.59) 0.73 (1.09) 22.82 (23.45) 30.94 (30.57) 51.76 (73.53) 0.27 (031) 0.85 (1.38)
S p-value 0419 0.330 0.272 0.633 0.604 0.237 0.272 0.141 0.191 0.237 0.290 0.206
g <092 047(0.60) 1.81(3.44) 78.19(222.07) 14.66(32.33) 10.97 (20.70) 6.44 (12.59) 0.36(1.42) 20.44 (19.16) 26.28 (24.00) 35.24 (64.59) 0.22(0.26) 0.62 (1.47)
e VEGFA®  >0.92  0.58(0.85) 1.83(2.69) 136.30 (166.54) 22.16 (45.93) 16.70 (36.52) 10.24 (24.05) 0.58 (1.14) 20.14 (23.58) 26.82 (29.39) 48.07 (37.71) 0.27 (0.24) 0.85 (1.75)
p-value 0443 0.494 0.548 0.443 0.576 0.120 0.468 0.419 0.443 0.310 0.237 0.395

aExpressed as Spearman rho coefficients (9) and p-values; Pexpressed as median[interquartilic range] and p-value: EMT: epithelial-mesenchymal transition; CLDN7: clau-
din 7; ITGB2: integrin beta-2; MMP1: matrix metallopeptidase 1; TIMP1: tissue inhibitor metallopeptidase 1; AGR2: Anterior gradient protein 2 homolog; DUSP6: dual
specificity phosphatase 6; FOXM1:forkhead box M1; FUTS: fucosyltransferase 8; HMGA1: high mobility group AT-hook 1; HOXA10: Homeobox A10; PDGFRA: platelet-
derived growth factor receptor alpha; POU5F1: POU class 5 homeobox 1; RXRA: retinoid X receptor alpha; BMI1 proto-oncogene, polycomb ring finger; CDK1.: cyclin-
dependent kinase 1; DKK1: dickkopf WNT signaling pathway inhibitor 1; SOX2: SRY-box transcription factor 2; CCR1: C-C motif chemokine receptor 1; CHUK: component
of inhibitor of nuclear factor kappa B kinase complex; FOS: Fos proto-oncogene; JUN: Jun proto-oncogene; ILIRL1: interleukin 1 receptor, type I; IL6ST: interleukin 6
cytokine family signal transducer; RRM2: ribonucleotide reductase M2; TNFRSF1B: tumor necrosis factor receptor superfamily member 1B; EGF: epidermal growth factor;
ESRI1: estrogen receptor 1; FGF2: fibroblast growth factor 2; ANG: angiogenin; ANGPT1: angiopoietin 1; FLT1: fms related receptor tyrosine kinase 1; VEGFA: vascular
endothelial growth factor A.
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3. Discussion

This study reveals a relationship between bioaccumulated exposure to POPs and the
risk of endometriosis in women of childbearing age, which was greater in the women with
higher omental adipose tissue concentrations of p,p’-DDT and PCB-180, as well as ZPCBs.
Moreover, this is the first study to explore the potential association between exposure to
POPs and the disruption in the expression profiles of genes involved in the endometriosis-
related EMT process, revealing that exposure to certain POPs, such as p,p’-DDT, were as-
sociated with higher levels of several EMT-promoting genes and with reduced levels of
some inhibitors of this process.

During the last decades, an effort has been made to explore the relationship between
POP exposure and perturbations in the homeostasis of gynecological tissues. Hence, re-
searchers observed that POPs significantly reduced decidualization in primary human en-
dometrial stromal cells [68], as well as the migration and invasiveness of both endometrial
epithelial and stromal cells [69,70]. Consistent with these in vitro findings, previous epide-
miological studies [33-35,71-75] evidenced a positive association between endometriosis
risk and exposure to certain POPs, including some PCB congeners, HCB, and (3-HCH, in
line with our findings revealing significant (or close-to-significant) associations with p,p’-
DDT, PCB-138, PCB-153, ZPCBs, and ZPOPs, either when the exposure was considered as
continuous or categorical variables, showing increasing odds for those women in the second
and third tertile. Interestingly, Martinez-Zamora et al. [75] and Ploteau et al. [71] only found
significant associations in women with severe endometriosis. In this regard, although we
observed higher concentrations of most POPs in women with III/IV endometriosis, none of
them reached statistical significance, probably given the reduced sample size of this sub-
group analysis. Nevertheless, various studies reported null associations [36-38,76-79]. The
divergent findings can be partially explained by the heterogeneity of populations, method-
ologies, and experimental designs employed across the various studies.

However, most of the previous epidemiological evidence linking endometriosis to
POP exposure was limited to exploring the association with disease risk, but they did not
explore whether these POPs may disrupt potential endometriosis-related adverse out-
come pathways. In this regard, as mentioned above, EMT has been described as a crucial
process favoring the development of endometriotic lesions and endometriosis-related fi-
brosis [40]. In this study, we observed that the CLDN?7 epithelial marker in the endome-
triotic lesions was inversely associated with some POPs, while the ITGB2 mesenchymal
marker was positively associated with them, suggesting that POP exposure might favor
EMT in endometriotic lesions. In this regard, Zucchini-Pascal et al. [65] demonstrated that
in vitro exposure to three OCPs caused the repression of epithelial markers (cell-cell junc-
tions and E-cadherin) and increased the abundance of various mesenchymal genes, in-
cluding vimentin, fibronectin, and its receptor ITGA5 in human primary cultured hepato-
cytes. Bratton et al. [80] also reported up-regulation of ITGA6 in breast cancer cells after
exposure to DDT, another marker of mesenchymal phenotype [81]. Moreover, Hu, et al.
[69] observed that exposure to PCB-104 of primary cultures of eutopic endometrial tissues
from women with endometriosis increased migration and invasion through the up-regu-
lation of mesenchymal markers such as MMP3 and MMP10 gene expression. Similarly,
endometrial stromal cells exposed to HCB also enhanced migration and invasiveness abil-
ity involving ER signaling pathway [82].

Our findings also suggest that POPs may enhance some key regulators of the endo-
metriosis-related EMT process. TGF3/PDGFRa, WNT/B-catenin and Notch/NF«B have
been traditionally described as the main signaling pathways promoting EMT [40]. Inter-
estingly, we have found that higher concentrations of some OCPs, PCBs as well as XPOPs
were positively correlated with the gene expression of a variety of promoters related to
these signaling pathways such as PDGFRa, HMGA1, HOXA10, CCR1, FOXM1 or FUT8
genes. A similar trend was observed for DKK1, though the available evidence attributes a
dual role to DKK1 during the EMT process [57,58]. These results are in line with previous
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studies suggesting up-regulation of PDGFRa gene expression in estrogen-dependent
cells, such as epithelial mammary cells exposed to a pesticide mixture [83]. DDT has also
been shown to activate the p38 MAPK pathway [84], one of the main intracellular cascades
driven by TGF@/PDGFRa receptors in human endometrial adenocarcinoma cells. Human
hepatocyte cultures exposed to some OCPs also increased the expression of the DKK1
gene [85]. It has also been recently reported that in vivo models of endometrial cancer
exposed to other endocrine-disrupting chemicals such as diethylstilbestrol (DES) aber-
rantly activated the WNT/B-catenin and TGF{/PDGFRa-related PI3K/AKT signaling
pathways [86].

In addition, chronic inflammation has been recently identified as a key inducer of
EMT through SMAD, NF«B, and/or STAT3 intracellular cascades [87-89]. Moreover, we
previously reviewed the ability of POPs to stimulate a pro-inflammatory milieu [90]. In-
terestingly, we observed increased expression levels of the TNFRSF1B gene in those
women with increased concentrations of o,p’-DDT, p,p’-DDT, p,p"-DDE, and PCB-13§,
which is supported by previous evidence that also reported the up-regulation of the IL6R,
TNF, and CXCL8 genes after exposure to DDT in breast cancer cells [80,91]. Human
hepatocyte cultures exposed to some OCPs also up-regulated pro-inflammatory markers
such as IL17RB [85]. Moreover, in line with previous studies on mouse thymoma cells
exposed to tributyltin oxide, another EDC [92], we observed positive correlations between
some POPs and increased expression of the RRM2 gene, which has been reported to pro-
mote EMT through the STAT3 cascade [63].

Finally, estrogen and hypoxia signals may also stimulate endometriosis-related EMT
[47]. Estrogens may promote EMT via ERa, probably given its ability to directly bind to
hepatocyte growth factor promoters [93]. In this regard, our findings reflect higher expres-
sion levels of the ERa gene (ESR1) in those women with higher o,p’-DDT and p,p"-DDE
concentrations. In line with these findings, Griinfeld and Bonefeld-Jorgensen [20] and
Bratton et al. [80] also reported an up-regulation in hormone receptors such as ESR1 and
the progesterone receptor (PGR) in breast cancer cells after exposure to DDT and other
OCPs. Regarding hypoxia-related genes, VEGF and other pro-angiogenic factors, such as
ANG and ANGPT1, are markedly expressed in hypoxic conditions and suspected to pro-
mote EMT though the NF«kB and [-catenin intracellular cascades [94]. We observed that
ANG gene expression was positively correlated to concentrations of o,p’-DDT, p,p"-DDT,
and p,p’-DDE concentrations, in line with numerous studies that reported the OCP-related
up-regulation of pro-angiogenic gene mRNA levels [80,95,96].

Limitations of this study include the relatively small sample size, reducing the statis-
tical power and the possibility of examining differences in risk between stages of endo-
metriosis and associations with gene expression profiles in endometriotic tissues. How-
ever, it is worth mentioning that consistent statistically significant relationships were
identified even after adjusting for multiple potential confounders. Additionally, given that
endometrium samples were not collected, the observed correlations between exposure
and EMT gene expression in endometriotic tissue were not compared to those in endome-
trium. Moreover, the limited amount of endometriotic tissue samples available prevented
us from performing protein validation analysis to confirm the reported gene expression
results. Furthermore, in this study, we did not consider the location of the analyzed endo-
metriotic samples (endometriomas, deep infiltrating lesions...) that might show different
gene expression profiles. In addition, we cannot rule out that the associations found with
single chemicals are a surrogate of exposure to other unmeasured pollutants with similar
physicochemical properties or even to mixtures of pollutants that exert a combined effect.
In this regard, only congeners from two families of POPs were considered in this study,
although humans are simultaneously exposed to a very wide range of EDCs, including
other POPs such as dioxins and furans, as well as polybrominated and perfluorinated
compounds. Finally, our case-control/cross-sectional design prevented us from inferring
a causal association between POPs and both endometriosis risk and gene expression pro-
files, although adipose tissue is the preferential reservoir for POP accumulation, and
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concentrations in this matrix are considered indicative of long-term exposure [97].
Strengths of this study also include the laparoscopic confirmation of the presence (cases)
or absence (controls) of endometriosis, ensuring that controls did not have asymptomatic
or undetectable lesions by magnetic resonance imaging, as may be the case of those stud-
ies assessing exposure in serum samples. Furthermore, biological samples were collected
from cases and controls under the same conditions, increasing the comparability between
cases and controls with respect to previous habits. Another strength is the simultaneous
measurement of a variety of POPs in omental adipose tissue and numerous genes in-
volved in the endometriosis-related EMT process in endometriotic tissue. In this regard,
it is important to mention that it is highly challenging to gather endometriotic tissue sam-
ples for investigation. Importantly, our findings support consistent associations between
gene expression and exposure to certain POP congeners. Finally, a key contribution of this
study is the combined examination of biomarkers of exposure, potential biomarkers of
effect, and health outcomes to determine the potential impact of POP exposure on endo-
metriosis-related adverse outcome pathways.

Our findings shed light on the potential of POPs accumulated in the omental adipose
tissue to trigger the risk of endometriosis, as well as to disrupt a wide variety of genes
related to the EMT process. It is necessary to clarify the underlying mechanisms involved
in the development and progression of endometriosis, and therefore, the need to identify
preventable risk factors and establish intervention measures to halt and potentially re-
verse the progression of this female disease.

4. Materials and Methods
4.1. Study Population and Sample Collection

The population of this hospital-based case-control study consisted of 109 women of
childbearing age. A total of thirty-four cases and seventy-five controls were enrolled and
matched by frequency during the period from January 2018 to March 2020 in two public
hospitals (‘San Cecilio” and “Virgen de las Nieves’) in Granada, Southern Spain. For the
secondary aim of this study, a cross-sectional design was adopted, including only women
from the case group.

Cases were defined as women with histological confirmation of endometriosis after
a laparotomy or laparoscopic surgery, while controls were women undergoing a similar
surgical procedure but for non-malign diseases (including acute appendicitis, biliary dis-
ease, hiatus hernia, ovarian torsion, corpus luteum, uterine fibroids, and cystadenomas),
in whom the absence of endometrial lesions was visually and histologically confirmed.
Additional criteria for all women included age between 20 and 54 years. Exclusion criteria
for all participants were body mass index (BMI) > 35 kg/m?, previous history of cancer
(except non-melanoma skin cancer), pregnancy at recruitment, and failure to provide in-
formed consent.

In the study, healthcare professionals apprised each patient of the study’s aims and
invited them to sign an informed consent form, which was approved by the Research Eth-
ics Committee of Granada (0464-N-18).

Following the protocols outlined in the EHPect project, standardized procedures
were employed for the collection and storage of biological samples, as well as for admin-
istering standardized questionnaires to gather data. Hence, approximately 100-150 mg of
omental adipose tissue from cases and controls and 30-50 mg of endometriotic tissue from
cases were gathered during surgery and kept in QIAazol reagent (Qiagen, Hilden, Ger-
many) to ensure RNA stability. Samples were stored at —80 °C at the Biobank of the Public
Andalusian Health Care System. EHPect surgical and clinical questionnaires were used to
gather sociodemographic, lifestyle, clinical, and surgical information, including age (in
years), place of residence (urban or suburban), level of education (university degree or
lower), employment status (working outside the home or not), current smoking status
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(yes or no), parity (nulliparous, primiparous, or multiparous), and average intensity of
menstrual bleeding (mild, moderate, or severe).

As shown in Table 4, no difference was found between cases and controls in terms of
age, BMI, residence, educational level, working status, smoking habits, parity, or men-
strual bleeding intensity (p-values > 0.050). Among the 34 cases, 22 (64.7%) and 12 (35.3%)
were diagnosed with stage I/II and III/IV endometriosis, respectively.

Table 4. Sociodemographic, anthropometric, and reproductive characteristics of endometriosis
cases and controls.

Cases (n =34) Controls (n = 75)

n (%) n (%) p-Value
Age (years) ! 359+53 351+82 0.967
Height (m)? 1.6+0.1 1.6+0.1 0.365
Weight (kg)?! 69.5+15.7 65.7+13.1 0.600
Body mass index (kg/m?)?! 259+5.5 246+48 0.288
Normal weight (BMI < 25) 18 (52.9) 46 (61.3) 0.166
Overweight (BMI 25-30) 7 (20.6) 20 (26.7)
Obese (BMI > 30) 9 (26.5) 9 (12.0)
Residence 0.152
Rural 10 (29.4) 13 (17.3)
Urban 24 (70.6) 62 (82.7)
Educational level 0.949
Less than university degree 22 (64.7) 49 (65.3)
University degree 12 (35.3) 26 (34.7)
Working outside home 0.766
Yes 24 (70.6) 55 (73.3)
No 10 (29.4) 20 (26.7)
Current Smoker 0.549
Yes 24 (70.6) 57 (76.0)
No 10 (29.4) 18 (24.0)
Parity 0.593
Nulliparous 14 (41.2) 35 (46.7)
Primiparous/multiparous 20 (58.8) 40 (53.3)
Intensity of menstrual bleeding 0.542
Mild 11 (32.4) 20 (26.7)
Moderate/Severe 23 (67.6) 55 (73.3)
rASRM endometriosis classification -
I 10 (29.4) -
I 12 (35.3) -
I 8 (23.5) -
I\Y% 4(11.8) -

! Mean * standard deviation.

4.2. Adipose Tissue Sample Extraction and Chemical Analyses

The extraction protocol was adapted from Vela-Soria et al. [98]. Approximately 100
mg of omental adipose tissue was weighted and enzymatically treated with 2.5 mg clos-
tridium histolyticum collagenase (Merck, Darmstadt, Germany) dissolved in 125 uL phos-
phate-buffered saline (PBS) (10% 500 mM calcium chloride) in an orbital shaker at 37 °C
overnight. A total of 10 uL of a solution in acetonitrile of internal standards (1 mg/L) was
added, and homogenates were diluted with 4 mL hexane, manually shaken for 60 s, soni-
cated in an ultrasound batch for 15 min, and centrifuged at 2600x g (10 min, 6 °C). Next,
the entire organic phase was transferred to a clean glass vial and evaporated under a ni-
trogen stream. The residue was then diluted in 4 mL acetonitrile, vortexed for 30 s, and 1
mL of distilled water was then added. The extract was transferred to a Captiva EMR-Lipid
cartridge (Agilent, Santa Clara, CA, USA). The eluates were collected by gravity in a
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polypropylene centrifuge tube for the SALLE-DLLME procedure. Accordingly, 700 mg
NaCl and 2 uL of formic acid (98%) were added and the solution was manually shaken
for 60 s; then, after centrifugation at 2600x g for 10 min at 6 °C, the supernatant was placed
in a 15 mL screw-cap glass test tube, concentrated to 1 mL under a nitrogen stream, and
diluted with 10 mL of 10% NaCl aqueous solution (w/v) at pH of 2. Next, 1.5 mL TCM was
injected, and the mixture was shaken for 60 s and centrifuged for 10 min at 2600x g (6 °C),
transferring the whole sedimented phase into a chromatographic glass vial and then ana-
lyzed by gas chromatography/tandem mass spectrometry (GC-MS/MS).

The gas chromatography system consisted of an Agilent 7890 GC with split-splitless
inlet and Agilent 7693 autosampler (Agilent, Santa Clara, CA, USA). HP-5MS-UI capillary
column (30 m x 0.25 mm i.d.; 0.25 um film thickness) from Agilent was used to separate
target analytes. Samples were automatically injected in splitless mode, and the temperature
of injection port and injection volume were 270 °C and 2 pL, respectively. The carrier gas
with high purity (99.999%) was helium at constant flow (1.0 mL min-?). The initial oven tem-
perature was set at 70 °C for 2.0 min, raised at a rate of 15 °C min™ to 160 °C, held for 5 min,
and finally, raised at rate of 30 °C min™ to 300 °C, then held for 4 min (total time of 21.7 min).

The mass spectrometer was an Agilent 7000D triple quadrupole (Agilent, Santa Clara,
CA, USA) equipped with inert electron-impact (EI, 70 ev) ion source and operated in dy-
namic multiple reaction monitoring (DMRM) mode. Two MS/MS transitions for each an-
alyte were reported, the first for quantification and the second for confirmation. Temper-
atures of the transfer line, ion source, and quadrupoles were 280 °C, 280 °C, and 150 °C,
respectively. The mass spectrometer was auto-tuned weekly. The limit of detection (LOD)
was determined as the smallest amount of the analyte that gave a signal-to-noise ratio > 3
and was set at 0.1 ng g tissue for each POP.

4.3. RNA Isolation and Quantitative Real-Time Polymerase Chain Reaction (qRT-PCR)

Using QIAzol reagent (Qiagen, Hilden, Germany) and the RNeasy Mini kit (Qiagen,
Hilden, Germany), total RNA was extracted from 30 mg of each endometriotic tissue sam-
ple following the manufacturer’s protocol, and the concentration was assessed through a
NanoDrop 2000 spectrophotometer (Thermo Fisher Scientific, Waltham, MA, USA), veri-
fying that the A260/A280 ratio remained within the range of 1.8 to 2.2 for each sample. An
iScript cDNA synthesis kit (Bio-Rad Laboratories, Hercules, CA, USA) was used for re-
verse transcription according to the manufacturer’s instructions.

Real-time PCR was carried out with a CEFX96 Real-time PCR detection system (Bio-
Rad Laboratories, Hercules, CA, USA) using SsoAdvanced SYBR® Green Supermix (Bio-
Rad Laboratories, Hercules, CA, USA). Expression of 36 genes was measured according
to the manufacturer’s protocol. All included genes are involved in the endometriosis-re-
lated EMT process. Particularly, 5 of them belongs to the core EMT markers [claudin 7
(CLDN?), integrin beta-2 (ITGB2), matrix metallopeptidase 1 (MMP1), matrix metallopep-
tidase 7 (MMP?7), and tissue inhibitor metallopeptidase 1 (TIMP1)], 10 were related to the
TGFB and PDGFRa signaling pathways [anterior gradient protein 2 homolog (AGR2),
dual specificity phosphatase 6 (DUSP6), forkhead box M1 (FOXM1), fucosyltransferase 8
(FUTS8), high-mobility group AT-hook 1 (HMGALI), high-mobility group AT-hook 2
(HMGA?2), homeobox A10 (HOXA10), platelet-derived growth factor receptor alpha
(PDGFRA), POU class 5 homeobox 1 (POU5F1), and retinoid X receptor alpha (RXRA)], 4
related to the Wnt signaling pathway [proto-oncogene, polycomb ring finger (BMI1), cy-
clin-dependent kinase 1 (CDK1), dickkopf WNT signaling pathway inhibitor 1 (DKK1),
and SRY-box transcription factor 2 (SOX2)], 4 to the Notch/NFxB-related signaling path-
way [C-C motif chemokine receptor 1 (CCR1), component of inhibitor of nuclear factor
kappa B kinase complex (CHUK), Fos proto-oncogene (FOS), and Jun proto-oncogene
(JUN)], 5 were inflammation-related EMT inducers [interleukin 1 receptor, type II (IL1R2);
interleukin 1 receptor, type I (IL1IRL1); interleukin 6 cytokine family signal transducer
(IL6ST); ribonucleotide reductase M2 (RRM2); and tumor necrosis factor receptor super-
family member 1B (TNFRSF1B)], 4 were estrogen-related EMT inducers [cytochrome P450
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family 19 subfamily A member 1 (CYP19A1), epidermal growth factor (EGF), estrogen
receptor 1 (ESR1), and fibroblast growth factor 2 (FGF2)], and 4 were hypoxia-related EMT
inducers [angiogenin (ANG), angiopoietin 1 (ANGPT1), fms-related receptor tyrosine ki-
nase 1 (FLT1), and vascular endothelial growth factor (VEGFA)]. The criteria for the selec-
tion of these genes were based on previous evidence relating exposure to EDCs with the
expression of these genes and their participation in the endometriosis-related EMT pro-
cess [40,44,47,80,99]. Primers used for these studies were purchased from Bio-Rad Labor-
atories (Hercules, CA, USA), and their assay ID, amplicon context sequence, amplicon
length (bp), and chromosome location are detailed in Supplementary Table S3. Each
mRNA primer employed in this investigation was meticulously crafted and validated by
Bio-Rad Laboratories. The process involved devising primers, validating them through
experimental assays using universal RNA, analyzing amplification plots and melt curves,
and assessing efficiency and dynamic range through the generation of a seven-point standard curve.
Subsequent to this, specificity was ascertained through next-generation sequencing of the re-
sulting amplicon.

Gene expression was analyzed via Bio-Rad CFX 96 Manager Software 3.1 to deter-
mine the cycle of quantification (Ct), and this was calculated using the 2-24¢t method. All
values were normalized using glyceraldehyde-3-phosphate dehydrogenase (GAPDH)
RNA expression levels, calculating the difference corresponding to the quantification cy-
cles between the target genes and GAPDH gene: ACt = Ct (gene of interest) - Ct (GAPDH).

4.4. Statistical Analysis

Descriptive analysis was conducted of the sociodemographic, lifestyle, and gyneco-
logical characteristics of cases and controls. Continuous variables were expressed as
means + standard deviation, and categorical variables were expressed as percentages. Ad-
ipose tissue concentrations of individual OCP and PCB congeners, the sum of OCPs
(>OCPs), PCBs (3.PCBs), and POPs (3 POPs) were expressed as means + standard devia-
tion and percentiles (25, 50, and 75). The total molar concentration of OCPs (3 OCPs), PCBs
(XPCBs), and POPs (3 POPs) expressed in nmol/g tissue was also calculated as the sum of
the molar concentrations of adipose tissue OCPs, PCBs, and POPs, respectively. Adipose
concentrations of OCPs and PCBs below the LOD were assigned a value of LOD/2. Adi-
pose concentrations of OCPs and PCBs were log-transformed to minimize the influence
of extreme values.

Bivariate analyses were conducted between cases and controls using the chi-square
and Student’s (or Mann-Whitney) tests as appropriate. The Mann-Whitney test was used
to compare concentrations of POPs between cases and controls and between stage I/1I
cases and stage III/IV cases. Unconditional logistic regression analyses were performed to
determine the odds ratios (ORs) for endometriosis risk of omental adipose concentrations
of OCPs and PCBs in the study population. In additional models, concentrations of OCPs
and PCBs were entered in terciles. Given the limited sample size, regression analyses were
adjusted for (1) age (yr), (2) age (yr), and BMI (kg/m?) and (3) age (yr), BMI (kg/m?), resi-
dence (rural/urban), and parity (yes/no). Given the similarity in results obtained, only
those from fully adjusted models are discussed. Results are summarized as ORs with cor-
responding 95% confidence intervals. Because the independent variables were log-trans-
formed, OR estimates reflect the odds of endometriosis risk for each 1 log unit of the con-
centration of the corresponding biomarker.

Correlations between POP concentrations and gene expression levels were calculated
by Spearman’s rank correlation coefficient for those genes expressed in >75% of the sam-
ples, while for those genes expressed in 25-75% of the samples, they were considered as
dichotomous variables [according to the median value (for those between 50 and 75%) or
to the minimum detectable level (for those between 25 and 50%)] and the Mann—-Whitney
test was applied. Associations with POPs were not explored for those genes expressed in
<25% of the samples.
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Given the small sample size, the significance level was set at p = 0.050, although re-
sults with p-values between 0.100 and 0.050 were also cautiously discussed. All tests were
two-tailed, and SPSS Statistics 23.0 (IBM, Chicago, IL, USA) and R statistical computing
environment v3.1 were used for data analyses, while figures were designed with
GraphPad Prism 5.0 software (San Diego, CA, USA).

Supplementary Materials: The following supporting information can be downloaded at:
https://www.mdpi.com/article/10.3390/ijms25084420/s1.

Author Contributions: Conceptualization, O.O.-H. and F.A.-C.; methodology, F.A.-C.; formal anal-
ysis, AM.-L., EM.P.,, A.O.-M. and F.A.-C; investigation, AM.-L.,, FM.P., A.O.-M., A.L. and J.L.; re-
sources, I.L., J.C. and A.L.-R.; writing—original draft preparation, A.M.-L.; writing—review and ed-
iting, 0.0.-H., AL, JL, IL, J.C, AL-R, N.O,, M.F.F. and F.A.-C; supervision, O.O.-H. and F.A.-C,;
project administration, O.O.-H. and F.A.-C.; funding acquisition, O.O.-H. and F.A.-C. All authors
have read and agreed to the published version of the manuscript.

Funding: This research was funded by the Health Institute Carlos III (ISCIII)-FEDER (grant number
PI17/01743) and the ‘Antonio Chamorro/Alejandro Otero” Research Chair. It was also partly sup-
ported by the European Union Commission (EU’s Horizon Europe research and innovation pro-
gramme under Grant Agreement No. 101057014, PARC) and the Spanish Consortium for Research
on Epidemiology and Public Health (CIBERESP).

Institutional Review Board Statement: The study was conducted in accordance with the Declara-
tion of Helsinki and approved by the Research Ethics Committee of Granada (0464-N-18).

Informed Consent Statement: Informed consent was obtained from all subjects involved in the study.
Data Availability Statement: Data are contained within the article and Supplementary Materials.

Acknowledgments: The authors are also grateful to the ISCIII for the predoctoral contract granted
to A. Olivas-Martinez (grant no. FI21/00236). This paper is part of the PhD thesis developed by A.
Martin-Leyva in the context of the “Clinical Medicine and Public Health Program” of the University
of Granada.

Conflicts of Interest: The authors declare no conflicts of interest.

References

1.

10.

11.

12.

Buck Louis, G.M.; Hediger, M.L.; Peterson, C.M.; Croughan, M.; Sundaram, R.; Stanford, J.; Chen, Z.; Fujimoto, V.Y.; Varner,
M.W.; Trumble, A.; et al. Incidence of endometriosis by study population and diagnostic method: The ENDO study. Fertil. Steril.
2011, 96, 360-365. https://doi.org/10.1016/j.fertnstert.2011.05.087.

Eisenberg, V.H.; Weil, C.; Chodick, G.; Shalev, V. Epidemiology of endometriosis: A large population-based database study
from a healthcare provider with 2 million members. BJOG Int. |. Obstet. Gynaecol. 2018, 125, 55-62. https://doi.org/10.1111/1471-
0528.14711.

Zondervan, K.T., Becker, CM. Missmer, S.A. Endometriosis. N. Engl. ] Med 2020, 382, 1244-1256.
https://doi.org/10.1056/NEJMra1810764.

Vercellini, P.; Vigano, P.; Somigliana, E.; Fedele, L. Endometriosis: Pathogenesis and treatment. Nat. Rev. Endocrinol. 2014, 10,
261-275. https://doi.org/10.1038/nrendo.2013.255.

Chen, S.; Liu, Y.; Zhong, Z.; Wei, C,; Liu, Y.; Zhu, X. Peritoneal immune microenvironment of endometriosis: Role and thera-
peutic perspectives. Front. Immunol. 2023, 14, 1134663. https://doi.org/10.3389/fimmu.2023.1134663.

Giudice, L.C.; Kao, L.C. Endometriosis. Lancet 2004, 364, 1789-1799. https://doi.org/10.1016/s0140-6736(04)17403-5.

Eskenazi, B.; Warner, M.L. Epidemiology of endometriosis. Obstet. Gymnecol. Clin. N. Am. 1997, 24, 235-258.
https://doi.org/10.1016/s0889-8545(05)70302-8.

Matias-Guiu, X.; Stewart, C.J.R. Endometriosis-associated ovarian neoplasia. Pathology 2018, 50, 190-204.
https://doi.org/10.1016/j.pathol.2017.10.006.

Ruderman, R.; Pavone, M.E. Ovarian cancer in endometriosis: An update on the clinical and molecular aspects. Minerva Ginecol.
2017, 69, 286-294. https://doi.org/10.23736/s0026-4784.17.04042-4.

Benagiano, G.; Brosens, I.; Habiba, M. Structural and molecular features of the endomyometrium in endometriosis and adeno-
myosis. Hum. Reprod. Updat. 2014, 20, 386-402. https://doi.org/10.1093/humupd/dmt052.

Kvaskoff, M.; Mu, F.; Terry, K.L.; Harris, H.R.; Poole, E.M.; Farland, L.; Missmer, S.A. Endometriosis: A high-risk population
for major chronic diseases? Hum. Reprod. Updat. 2015, 21, 500-516. https://doi.org/10.1093/humupd/dmv013.

Smarr, M.M.; Kannan, K.; Buck Louis, G.M. Endocrine disrupting chemicals and endometriosis. Fertil. Steril. 2016, 106, 959-966.
https://doi.org/10.1016/j.fertnstert.2016.06.034.



Int. ]. Mol. Sci. 2024, 25, 4420 18 of 22

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

Kahn, L.G,; Philippat, C.; Nakayama, S.F.; Slama, R.; Trasande, L. Endocrine-disrupting chemicals: Implications for human
health. Lancet Diabetes Endocrinol. 2020, 8, 703-718. https://doi.org/10.1016/s2213-8587(20)30129-7.

La Merrill, M.; Emond, C.; Kim, M.].; Antignac, J.P.; Le Bizec, B.; Clément, K.; Birnbaum, L.S.; Barouki, R. Toxicological function
of adipose tissue: Focus on persistent organic pollutants. Environ. Health Perspect. 2013, 121, 162-169.
https://doi.org/10.1289/ehp.1205485.

Kohlmeier, L.; Kohlmeier, M. Adipose tissue as a medium for epidemiologic exposure assessment. Environ. Health Perspect. 1995,
103 (Suppl. S3), 99-106. https://doi.org/10.1289/ehp.951035399.

Artacho-Cordoén, F.; Fernandez-Rodriguez, M.; Garde, C.; Salamanca, E.; Iribarne-Duran, L.M.; Torné, P.; Expdsito, J.; Papay-
Ramirez, L.; Fernandez, M.F.; Olea, N.; et al. Serum and adipose tissue as matrices for assessment of exposure to persistent
organic pollutants in breast cancer patients. Environ. Res. 2015, 142, 633-643. https://doi.org/10.1016/j.envres.2015.08.020.
Bokobza, E.; Hinault, C; Tiroille, V.; Clavel, S.; Bost, F.; Chevalier, N. The Adipose Tissue at the Crosstalk Between EDCs and
Cancer Development. Front. Endocrinol. 2021, 12, 691658. https://doi.org/10.3389/fend0.2021.691658.

Bonefeld Jorgensen, E.C.; Autrup, H.; Hansen, J.C. Effect of toxaphene on estrogen receptor functions in human breast cancer
cells. Carcinogenesis 1997, 18, 1651-1654. https://doi.org/10.1093/carcin/18.8.1651.

Bonefeld-Jorgensen, E.C.; Andersen, H.R.; Rasmussen, T.H.; Vinggaard, A.M. Effect of highly bioaccumulated polychlorinated
biphenyl congeners on estrogen and androgen receptor activity. Toxicology 2001, 158, 141-153. https://doi.org/10.1016/s0300-
483x(00)00368-1.

Griinfeld, H.T.; Bonefeld-Jorgensen, E.C. Effect of in vitro estrogenic pesticides on human oestrogen receptor alpha and beta
mRNA levels. Toxicol. Lett. 2004, 151, 467-480. https://doi.org/10.1016/j.toxlet.2004.03.021.

Sonnenschein, C.; Soto, A M. An updated review of environmental estrogen and androgen mimics and antagonists. J. Steroid
Biochem. Mol. Biol. 1998, 65, 143-150. https://doi.org/10.1016/s0960-0760(98)00027-2.

Soto, A.M.; Michaelson, C.L.; Prechtl, N.V.; Weill, B.C.; Sonnenschein, C.; Olea-Serrano, F.; Olea, N. Assays to measure estrogen
and androgen agonists and antagonists. Adv. Exp. Med. Biol. 1998, 444, 9-23; discussion 23-28. https://doi.org/10.1007/978-1-
4899-0089-0_3.

Arrebola, ]J.P.; Belhassen, H.; Artacho-Cordén, F.; Ghali, R.; Ghorbel, H.; Boussen, H.; Perez-Carrascosa, F.M.; Exposito, J.;
Hedhili, A.; Olea, N. Risk of female breast cancer and serum concentrations of organochlorine pesticides and polychlorinated
biphenyls: A case-control study in Tunisia. Sci. Total Environ. 2015, 520, 106-113. https://doi.org/10.1016/j.scitotenv.2015.03.045.
Pastor-Barriuso, R.; Fernandez, M.F.; Castafio-Vinyals, G.; Whelan, D.; Pérez-Gémez, B.; Llorca, J.; Villanueva, C.M.; Guevara,
M.; Molina-Molina, ].M.; Artacho-Corddn, F.; et al. Total Effective Xenoestrogen Burden in Serum Samples and Risk for Breast
Cancer in a Population-Based Multicase-Control Study in Spain. Environ. Health Perspect. 2016, 124, 1575-1582.
https://doi.org/10.1289/ehp157.

Costa, E.M.; Spritzer, P.M.; Hohl, A.; Bachega, T.A. Effects of endocrine disruptors in the development of the female reproduc-
tive tract. Arq. Bras. Endocrinol. Metabol. 2014, 58, 153-161. https://doi.org/10.1590/0004-2730000003031.

Génard-Walton, M.; Warembourg, C.; Duros, S.; Mercier, F.; Lefebvre, T.; Guivarc’h-Levéque, A.; Le Martelot, M.T.; Le Bot, B.;
Jacquemin, B.; Chevrier, C.; et al. Serum persistent organic pollutants and diminished ovarian reserve: A single-exposure and
mixture exposure approach from a French case-control study. Hum. Reprod. 2023, 38, 701-715. https://doi.org/10.1093/hum-
rep/dead028.

Lefebvre, T.; Fréour, T.; Ploteau, S.; Marchand, P.; Le Bizec, B.; Antignac, ]J.P.; Cano-Sancho, G. Mixtures of persistent organic
pollutants and ovarian function in women undergoing IVF. Reprod. Biomed. Online 2023, 46, 129-137.
https://doi.org/10.1016/j.rbmo0.2022.09.015.

Syed, S.; Qasim, S.; Ejaz, M.; Sammar; Khan, N.; Ali, H.; Zaker, H.; Hatzidaki, E.; Mamoulakis, C.; Tsatsakis, A.; et al. Effects of
Dichlorodiphenyltrichloroethane on the Female Reproductive Tract Leading to Infertility and Cancer: Systematic Search and
Review. Toxics 2023, 11, 725. https://doi.org/10.3390/toxics11090725.

Eick, SM.; Tan, Y.; Taibl, K.R.; Barry Ryan, P.; Barr, D.B.; Hiils, A.; Eatman, J.A.; Panuwet, P.; D’Souza, P.E.; Yakimavets, V.; et
al. Prenatal exposure to persistent and non-persistent chemical mixtures and associations with adverse birth outcomes in the
Atlanta African American Maternal-Child Cohort. |. Expo. Sci. Environ. Epidemiol. 2023. https://doi.org/10.1038/s41370-023-
00530-4.

Yang, Q.; Zhao, Y.; Qiu, X,; Zhang, C.; Li, R.; Qiao, J. Association of serum levels of typical organic pollutants with polycystic
ovary syndrome (PCOS): A case-control study. Hum. Reprod. 2015, 30, 1964-1973. https://doi.org/10.1093/humrep/dev123.
Trabert, B.; Chen, Z.; Kannan, K.; Peterson, C.M.; Pollack, A.Z.; Sun, L.; Buck Louis, G.M. Persistent organic pollutants (POPs)
and fibroids: Results from the ENDO study. J. Expo. Sci. Environ. Epidemiol. 2015, 25, 278-285. https://doi.org/10.1038/jes.2014.31.
Wen, X,; Xiong, Y.; Qu, X; Jin, L.; Zhou, C.; Zhang, M.; Zhang, Y. The risk of endometriosis after exposure to endocrine-disrupt-
ing chemicals: A meta-analysis of 30 epidemiology studies. Gynecol. Endocrinol. Off. ]. Int. Soc. Gynecol. Endocrinol. 2019, 35, 645—
650. https://doi.org/10.1080/09513590.2019.1590546.

Ploteau, S.; Antignac, J.P.; Volteau, C.; Marchand, P.; Vénisseau, A.; Vacher, V.; Le Bizec, B. Distribution of persistent organic
pollutants in serum, omental, and parietal adipose tissue of French women with deep infiltrating endometriosis and circulating
versus stored ratio as new marker of exposure. Environ. Int. 2016, 97, 125-136. https://doi.org/10.1016/j.envint.2016.08.011.
Porpora, M.G.; Ingelido, A.M.; di Domenico, A.; Ferro, A.; Crobu, M.; Pallante, D.; Cardelli, M.; Cosmi, E.V.; De Felip, E. In-
creased levels of polychlorobiphenyls in Italian women with endometriosis. Chemosphere 2006, 63, 1361-1367.
https://doi.org/10.1016/j.chemosphere.2005.09.022.



Int. ]. Mol. Sci. 2024, 25, 4420 19 of 22

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

Vichi, S.; Medda, E.; Ingelido, A.M.; Ferro, A.; Resta, S.; Porpora, M.G.; Abballe, A.; Nistico, L.; De Felip, E.; Gemma, S.; et al.
Glutathione transferase polymorphisms and risk of endometriosis associated with polychlorinated biphenyls exposure in Ital-
ian women: A gene-environment interaction. Fertil. Steril. 2012, 97, 1143-1151.e3. https://doi.org/10.1016/].fertnstert.2012.02.027.
Tsukino, H.; Hanaoka, T.; Sasaki, H.; Motoyama, H.; Hiroshima, M.; Tanaka, T.; Kabuto, M.; Niskar, A.S.; Rubin, C.; Patterson,
D.G,, Jr.; et al. Associations between serum levels of selected organochlorine compounds and endometriosis in infertile Japanese
women. Environ. Res. 2005, 99, 118-125. https://doi.org/10.1016/j.envres.2005.04.003.

Niskar, A.S.; Needham, L.L.; Rubin, C.; Turner, W.E.; Martin, C.A.; Patterson, D.G,, Jr.; Hasty, L.; Wong, L.Y.; Marcus, M. Serum
dioxins, polychlorinated biphenyls, and endometriosis: A case-control study in Atlanta. Chemosphere 2009, 74, 944-949.
https://doi.org/10.1016/j.chemosphere.2008.10.005.

Trabert, B.; De Roos, A.].; Schwartz, S.M.; Peters, U.; Scholes, D.; Barr, D.B.; Holt, V.L. Non-dioxin-like polychlorinated biphen-
yls and risk of endometriosis. Environ. Health Perspect. 2010, 118, 1280-1285. https://doi.org/10.1289/ehp.0901444.

Klemmt, P.A.B.; Starzinski-Powitz, A. Molecular and Cellular Pathogenesis of Endometriosis. Curr. Women’s Health Rev. 2018,
14, 106-116. https://doi.org/10.2174/1573404813666170306163448.

Yang, Y.M.; Yang, W.X. Epithelial-to-mesenchymal transition in the development of endometriosis. Oncotarget 2017, 8, 41679—
41689. https://doi.org/10.18632/oncotarget.16472.

Artacho-Cordodn, F.; Rios-Arrabal, S.; Lara, P.C.; Artacho-Cordoén, A.; Calvente, I.; Nufiez, M.I. Matrix metalloproteinases: Po-
tential therapy to prevent the development of second malignancies after breast radiotherapy. Surg. Oncol. 2012, 21, e143-e151.
https://doi.org/10.1016/j.suronc.2012.06.001.

Radisky, E.S.; Radisky, D.C. Matrix metalloproteinase-induced epithelial-mesenchymal transition in breast cancer. . Mammary
Gland Biol. Neoplasia 2010, 15, 201-212. https://doi.org/10.1007/s10911-010-9177-x.

Lamouille, S.; Xu, J.; Derynck, R. Molecular mechanisms of epithelial-mesenchymal transition. Nat. Rev. Mol. Cell Biol. 2014, 15,
178-196. https://doi.org/10.1038/nrm3758.

Konrad, L.; Dietze, R.; Riaz, M.A.; Scheiner-Bobis, G.; Behnke, J.; Horné, F.; Hoerscher, A.; Reising, C.; Meinhold-Heerlein, I.
Epithelial-Mesenchymal Transition in Endometriosis-When Does It Happen? ]. Clin. Med. 2020, 9, 1915.
https://doi.org/10.3390/jcm9061915.

Chattopadhyay, I.; Ambati, R.; Gundamaraju, R. Exploring the Crosstalk between Inflammation and Epithelial-Mesenchymal
Transition in Cancer. Mediat. Inflamm. 2021, 2021, 9918379. https://doi.org/10.1155/2021/9918379.

Wu, J.; Li, X,; Huang, H.; Xia, X.; Zhang, M.; Fang, X. TET1 may contribute to hypoxia-induced epithelial to mesenchymal
transition of endometrial epithelial cells in endometriosis. Peer] 2020, 8, €9950. https://doi.org/10.7717/peerj.9950.

Lih Yuan, T.; Sulaiman, N.; Nur Azurah, A.G.; Maarof, M.; Rabiatul Adawiyah, R.; Yazid, M.D. Oestrogen-induced epithelial-
mesenchymal transition (EMT) in endometriosis: Aetiology of vaginal agenesis in Mayer-Rokitansky-Kiister-Hauser (MRKH)
syndrome. Front. Physiol. 2022, 13, 937988. https://doi.org/10.3389/fphys.2022.937988.

Xiong, W.; Zhang, L.; Liu, H,; Li, N,; Du, Y.; He, H.; Zhang, Z.; Liu, Y. E(2)-mediated EMT by activation of 3-catenin/Snail
signalling during the development of ovarian endometriosis. J. Cell. Mol. Med. 2019, 23, 8035-8045.
https://doi.org/10.1111/jcmm.14668.

Pujals, M.; Resar, L.; Villanueva, ]. HMGA1, Moonlighting Protein Function, and Cellular Real Estate: Location, Location, Lo-
cation! Biomolecules 2021, 11, 1334. https://doi.org/10.3390/biom11091334.

Gorbacheva, A.M.; Uvarova, A.N.; Ustiugova, A.S.; Bhattacharyya, A.; Korneev, K.V.; Kuprash, D.V.; Mitkin, N.A. EGR1 and
RXRA transcription factors link TGF- pathway and CCL2 expression in triple negative breast cancer cells. Sci. Rep. 2021, 11,
14120. https://doi.org/10.1038/s41598-021-93561-6.

Sommerova, L.; Ondrouskova, E.; Vojtesek, B.; Hrstka, R. Suppression of AGR2 in a TGF-p-induced Smad regulatory pathway
mediates epithelial-mesenchymal transition. BMC Cancer 2017, 17, 546. https://doi.org/10.1186/s12885-017-3537-5.

Tu, CF,; Wu, M.Y,; Lin, Y.C,; Kannagi, R.; Yang, R.B. FUT8 promotes breast cancer cell invasiveness by remodeling TGF-3
receptor core fucosylation. Breast Cancer Res. BCR 2017, 19, 111. https://doi.org/10.1186/s13058-017-0904-8.

Yang, W.; Cui, X,; Sun, D.; Sun, G.; Yan, Z.; Wei, M.; Wang, Z.; Yu, W. POU5F1 promotes the proliferation, migration, and
invasion of gastric cancer cells by reducing the ubiquitination level of TRAF6. Cell Death Dis. 2023, 14, 802.
https://doi.org/10.1038/s41419-023-06332-8.

Song, C.; Zhou, C. HOXA10 mediates epithelial-mesenchymal transition to promote gastric cancer metastasis partly via modu-
lation of TGFB2/Smad/METTL3 signaling axis. J. Exp. Clin. Cancer Res. CR 2021, 40, 62. https://doi.org/10.1186/s13046-021-01859-
0.

Moncho-Amor, V.; Pintado-Berninches, L.; Ibafiez de Caceres, I.; Martin-Villar, E.; Quintanilla, M.; Chakravarty, P.; Cortes-
Sempere, M.; Fernandez-Varas, B.; Rodriguez-Antolin, C.; de Castro, J.; et al. Role of Dusp6 Phosphatase as a Tumor Suppressor
in Non-Small Cell Lung Cancer. Int. ]. Mol. Sci. 2019, 20, 2036. https://doi.org/10.3390/ijms20082036.

Song, S.; Zhang, R.; Cao, W.; Fang, G.; Yu, Y.; Wan, Y.; Wang, C.; Li, Y.; Wang, Q. Foxml is a critical driver of TGF-B-induced
EndMT in endothelial cells through Smad2/3 and binds to the Snail promoter. |. Cell. Physiol. 2019, 234, 9052-9064.
https://doi.org/10.1002/jcp.27583.

Li,J; Zhang, Y; Ye, F; Qian, P.; Qin, Z,; Li, D.; Ye, L.; Feng, L. DKK1 Promotes Epithelial-Mesenchymal Transition and Cisplatin
Resistance in Gastric Cancer via Activation of the PI3K/AKT Pathway. Cancers 2023, 15, 4756. https://doi.org/10.3390/can-
cers15194756.



Int. ]. Mol. Sci. 2024, 25, 4420 20 of 22

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

Qi, L,; Sun, B, Liu, Z; Li, H,; Gao, J.; Leng, X. Dickkopf-1 inhibits epithelial-mesenchymal transition of colon cancer cells and
contributes to colon cancer suppression. Cancer Sci. 2012, 103, 828-835. https://doi.org/10.1111/j.1349-7006.2012.02222.x.

Zhang, B.; Zhang, M.; Li, Q.; Yang, Y.; Shang, Z.; Luo, ]J. TPX2 mediates prostate cancer epithelial-mesenchymal transition
through CDK1 regulated phosphorylation of ERK/GSK3B/SNAIL pathway. Biochem. Biophys. Res. Commun. 2021, 546, 1-6.
https://doi.org/10.1016/j.bbrc.2021.01.106.

Li, X.; Xu, Y.; Chen, Y.; Chen, S,; Jia, X.; Sun, T.; Liu, Y.; Li, X; Xiang, R.; Li, N. SOX2 promotes tumor metastasis by stimulating
epithelial-to-mesenchymal transition via regulation of WNT/B-catenin signal network. Cancer Lett. 2013, 336, 379-389.
https://doi.org/10.1016/j.canlet.2013.03.027.

Lee, M.M.; Wong, Y.H. CCR1-mediated activation of Nuclear Factor-kappaB in THP-1 monocytic cells involves Pertussis Toxin-
insensitive Galpha(14) and Galpha(16) signaling cascades. ]. Leukoc. Biol. 2009, 86, 1319-1329. https://doi.org/10.1189/j1b.0209052.
Liu, B.; Wang, Z.; Cheng, S.; Du, L,; Yin, Y.; Yang, Z.; Zhou, J. miR-379 inhibits cell proliferation and epithelial-mesenchymal
transition by targeting CHUK through the NF-kB pathway in non-small cell lung cancer. Mol. Med. Rep. 2019, 20, 1418-1428.
https://doi.org/10.3892/mmr.2019.10362.

Yang, M.; Yao, P.; Lang, X.; Li, X.; Zhang, D. Ribonucleotide reductase subunit M2 promotes proliferation and epithelial-mes-
enchymal transition via the JAK2/STAT3 signaling pathway in retinoblastoma. Bioengineered 2021, 12, 12800-12811.
https://doi.org/10.1080/21655979.2021.2001241.

Gogola-Mruk, J.; Hoffmann-Mtodzianowska, M.; Kaminska, K.; Ptak, A. Mixtures of persistent organic pollutants increase ovar-
ian granulosa tumor cell line migration and spheroid invasion by upregulating MMP2 expression and activity via IGFIR. Tox-
icology 2021, 452, 152715. https://doi.org/10.1016/j.tox.2021.152715.

Zucchini-Pascal, N.; Peyre, L.; de Sousa, G.; Rahmani, R. Organochlorine pesticides induce epithelial to mesenchymal transition
of human primary cultured hepatocytes. Food Chem. Toxicol. Int. ]. Publ. Br. Ind. Biol. Res. Assoc. 2012, 50, 3963-3970.
https://doi.org/10.1016/j.fct.2012.08.009.

Peinado, F.M.; Olivas-Martinez, A.; Iribarne-Duran, L.M.; Ubifia, A.; Ledn, J.; Vela-Soria, F.; Fernandez-Parra, J.; Fernandez,
M.F,; Olea, N.; Freire, C.; et al. Cell cycle, apoptosis, cell differentiation, and lipid metabolism gene expression in endometriotic
tissue and exposure to parabens and benzophenones. Sci. Total Environ. 2023, 879, 163014. https://doi.org/10.1016/j.sci-
totenv.2023.163014.

Peinado, F.M.; Olivas-Martinez, A.; Lendinez, I; Iribarne-Duran, L.M.; Ledn, J.; Fernandez, M.F.; Sotelo, R.; Vela-Soria, F.; Olea,
N.; Freire, C.; et al. Expression Profiles of Genes Related to Development and Progression of Endometriosis and Their Associa-
tion with Paraben and Benzophenone Exposure. Int. ]. Mol. Sci. 2023, 24, 6678. https://doi.org/10.3390/ijms242316678.
Lavogina, D.; Visser, N.; Samuel, K.; Davey, E.; Bjérvang, R.D.; Hassan, J.; Koponen, J.; Rantakokko, P.; Kiviranta, H.; Rinken,
A.; et al. Endocrine disrupting chemicals interfere with decidualization of human primary endometrial stromal cells in vitro.
Front. Endocrinol. 2022, 13, 903505. https://doi.org/10.3389/fend0.2022.903505.

Hu, T.; Yao, M,; Fu, X,; Chen, C.; Wu, R. Polychlorinated biphenyl 104 promotes migration of endometrial stromal cells in
endometriosis. Toxicol. Lett. 2018, 290, 19-28. https://doi.org/10.1016/j.toxlet.2018.03.009.

Willing, C.; Peich, M.; Danescu, A.; Kehlen, A.; Fowler, P.A.; Hombach-Klonisch, S. Estrogen-independent actions of environ-
mentally relevant AhR-agonists in human endometrial epithelial cells. Mol. Hum. Reprod. 2011, 17, 115-126.
https://doi.org/10.1093/molehr/gaq081.

Ploteau, S.; Cano-Sancho, G.; Volteau, C.; Legrand, A.; Vénisseau, A.; Vacher, V.; Marchand, P.; Le Bizec, B.; Antignac, J.P.
Associations between internal exposure levels of persistent organic pollutants in adipose tissue and deep infiltrating endome-
triosis with or without concurrent ovarian endometrioma. Environ. Int. 2017, 108, 195-203. https://doi.org/10.1016/j.en-
vint.2017.08.019.

Porpora, M.G.; Medda, E.; Abballe, A.; Bolli, S.; De Angelis, I.; di Domenico, A.; Ferro, A.; Ingelido, A.M.; Maggi, A.; Panici,
P.B.; et al. Endometriosis and organochlorinated environmental pollutants: A case-control study on Italian women of reproduc-
tive age. Environ. Health Perspect. 2009, 117, 1070-1075. https://doi.org/10.1289/ehp.0800273.

Matta, K.; Vigneau, E.; Cariou, V.; Mouret, D.; Ploteau, S.; Le Bizec, B.; Antignac, ].P.; Cano-Sancho, G. Associations between
persistent organic pollutants and endometriosis: A multipollutant assessment using machine learning algorithms. Environ. Pol-
Tut. 2020, 260, 114066. https://doi.org/10.1016/j.envpol.2020.114066.

Buck Louis, G.M.; Chen, Z.; Peterson, C.M.; Hediger, M.L.; Croughan, M.S.; Sundaram, R.; Stanford, ].B.; Varner, M.W.; Fu-
jimoto, V.Y.; Giudice, L.C.; et al. Persistent lipophilic environmental chemicals and endometriosis: The ENDO Study. Environ.
Health Perspect. 2012, 120, 811-816. https://doi.org/10.1289/ehp.1104432.

Martinez-Zamora, M.A.; Mattioli, L.; Parera, J.; Abad, E.; Coloma, J.L.; van Babel, B.; Galceran, M.T.; Balasch, J.; Carmona, F.
Increased levels of dioxin-like substances in adipose tissue in patients with deep infiltrating endometriosis. Hum. Reprod. 2015,
30, 1059-1068. https://doi.org/10.1093/humrep/dev026.

De Felip, E.; Porpora, M.G.; di Domenico, A.; Ingelido, A.M.; Cardelli, M.; Cosmi, E.V.; Donnez, J. Dioxin-like compounds and
endometriosis: A study on Italian and Belgian women of reproductive age. Toxicol. Lett. 2004, 150, 203-209.
https://doi.org/10.1016/j.toxlet.2004.01.008.

Pauwels, A.; Schepens, P.J.; D'Hooghe, T.; Delbeke, L.; Dhont, M.; Brouwer, A.; Weyler, J. The risk of endometriosis and expo-
sure to dioxins and polychlorinated biphenyls: A case-control study of infertile women. Hum. Reprod. 2001, 16, 2050-2055.
https://doi.org/10.1093/humrep/16.10.2050.



Int. ]. Mol. Sci. 2024, 25, 4420 21 of 22

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

Fierens, S.; Mairesse, H.; Heilier, ].F.; De Burbure, C.; Focant, ].F.; Eppe, G.; De Pauw, E.; Bernard, A. Dioxin/polychlorinated
biphenyl body burden, diabetes and endometriosis: Findings in a population-based study in Belgium. Biomark. Biochem. Indic.
Expo. Response Susceptibility Chem. 2003, 8, 529-534. https://doi.org/10.1080/1354750032000158420.

Lebel, G.; Dodin, S.; Ayotte, P.; Marcoux, S.; Ferron, L.A.; Dewalilly, E. Organochlorine exposure and the risk of endometriosis.
Fertil. Steril. 1998, 69, 221-228. https://doi.org/10.1016/s0015-0282(97)00479-2.

Bratton, M.R,; Frigo, D.E.; Segar, H.C.; Nephew, K.P.; McLachlan, J.A.; Wiese, T.E.; Burow, M.E. The organochlorine o,p’-DDT
plays a role in coactivator-mediated MAPK crosstalk in MCF-7 breast cancer cells. Environ. Health Perspect. 2012, 120, 1291-1296.
https://doi.org/10.1289/ehp.1104296.

Nieto-Nicolau, N.; de la Torre, R.M.; Farifias, O.; Savio, A.; Vilarrodona, A.; Casaroli-Marano, R.P. Extrinsic modulation of
integrin a6 and progenitor cell behavior in mesenchymal stem cells. Stemm Cell Res. 2020, 47, 101899.
https://doi.org/10.1016/j.scr.2020.101899.

Chiappini, F.; Ceballos, L.; Olivares, C.; Baston, J.I; Miret, N.; Pontillo, C.; Zarate, L.; Singla, J.J.; Farina, M.; Meresman, G.; et al.
Endocrine disruptor hexachlorobenzene induces cell migration and invasion, and enhances aromatase expression levels in hu-
man endometrial stromal cells. Food Chem. Toxicol. Int. ]. Publ. Br. Ind. Biol. Res. Assoc. 2022, 162, 112867.
https://doi.org/10.1016/j.fct.2022.112867.

Rivero, J.; Henriquez-Hernandez, L.A.; Luzardo, O.P.; Pestano, J.; Zumbado, M.; Boada, L.D.; Valerdn, P.F. Differential gene
expression pattern in human mammary epithelial cells induced by realistic organochlorine mixtures described in healthy
women and in women diagnosed with breast cancer. Toxicol. Lett. 2016, 246, 42—48. https://doi.org/10.1016/j.toxlet.2016.02.003.
Frigo, D.E.; Tang, Y.; Beckman, B.S.; Scandurro, A.B.; Alam, J.; Burow, M.E.; McLachlan, J.A. Mechanism of AP-1-mediated gene
expression by select organochlorines through the p38 MAPK pathway. Carcinogenesis 2004, 25, 249-261.
https://doi.org/10.1093/carcin/bgh009.

Ambolet-Camoit, A.; Ottolenghi, C.; Leblanc, A.; Kim, M.].; Letourneur, F.; Jacques, S.; Cagnard, N.; Guguen-Guillouzo, C,;
Barouki, R.; Aggerbeck, M. Two persistent organic pollutants which act through different xenosensors (alpha-endosulfan and
2,3,7,8 tetrachlorodibenzo-p-dioxin) interact in a mixture and downregulate multiple genes involved in human hepatocyte lipid
and glucose metabolism. Biochimie 2015, 116, 79-91. https://doi.org/10.1016/j.biochi.2015.07.003.

Padilla-Banks, E.; Jefferson, W.N.; Papas, B.N.; Suen, A.A.; Xu, X.; Carreon, D.V.; Willson, C.J.; Quist, E.M.; Williams, C.J. En-
docrine disruption of early uterine differentiation causes adenocarcinoma mediated by Wnt/p-catenin- and PI3K/AKT signal-
ing. bioRxiv 2022. https://doi.org/10.1101/2022.11.18.517135.

Ricciardi, M.; Zanotto, M.; Malpeli, G.; Bassi, G.; Perbellini, O.; Chilosi, M.; Bifari, F.; Krampera, M. Epithelial-to-mesenchymal
transition (EMT) induced by inflammatory priming elicits mesenchymal stromal cell-like immune-modulatory properties in
cancer cells. Br. ]. Cancer 2015, 112, 1067-1075. https://doi.org/10.1038/bjc.2015.29.

Suarez-Carmona, M.; Lesage, ].; Cataldo, D.; Gilles, C. EMT and inflammation: Inseparable actors of cancer progression. Mol.
Oncol. 2017, 11, 805-823. https://doi.org/10.1002/1878-0261.12095.

Lv, N.; Gao, Y.; Guan, H.; Wu, D.; Ding, S.; Teng, W.; Shan, Z. Inflammatory mediators, tumor necrosis factor-a and interferon-
Y, induce EMT in human PTC cell lines. Oncol. Lett. 2015, 10, 2591-2597. https://doi.org/10.3892/01.2015.3518.

Peinado, F.M.; Artacho-Cordén, F.; Barrios-Rodriguez, R.; Arrebola, ]J.P. Influence of polychlorinated biphenyls and organo-
chlorine pesticides on the inflammatory milieu. A systematic review of in vitro, in vivo and epidemiological studies. Environ.
Res. 2020, 186, 109561. https://doi.org/10.1016/j.envres.2020.109561.

Thompson, L.A; Ikenaka, Y.; Sobhy Darwish, W.; Nakayama, S.M.M.; Mizukawa, H.; Ishizuka, M. Effects of the organochlorine
p.p’-DDT on MCF-7 cells: Investigating metabolic and immune modulatory transcriptomic changes. Environ. Toxicol. Pharmacol.
2019, 72, 103249. https://doi.org/10.1016/j.etap.2019.103249.

Osman, A.M.; van Loveren, H. Phosphoproteomic analysis of mouse thymoma cells treated with tributyltin oxide: TBTO affects
proliferation and energy sensing pathways. Toxicol. Sci. Off. ]. Soc. Toxicol. 2012, 126, 84-100. https://doi.org/10.1093/tox-
sci/kfr333.

Ono, Y.J.; Hayashi, M.; Tanabe, A.; Hayashi, A.; Kanemura, M.; Terai, Y.; Ohmichi, M. Estradiol-mediated hepatocyte growth
factor is involved in the implantation of endometriotic cells via the mesothelial-to-mesenchymal transition in the peritoneum.
Am. ]. Physiol. Endocrinol. Metab. 2015, 308, E950—-E959. https://doi.org/10.1152/ajpendo.00573.2014.

Luo, M.; Hou, L.; Li, J.; Shao, S.; Huang, S.; Meng, D.; Liu, L.; Feng, L.; Xia, P.; Qin, T.; et al. VEGF/NRP-1laxis promotes progres-
sion of breast cancer via enhancement of epithelial-mesenchymal transition and activation of NF-kB and -catenin. Cancer Lett.
2016, 373, 1-11. https://doi.org/10.1016/j.canlet.2016.01.010.

Clere, N.; Lauret, E.; Malthiery, Y.; Andriantsitohaina, R.; Faure, S. Estrogen receptor alpha as a key target of organochlorines
to promote angiogenesis. Angiogenesis 2012, 15, 745-760. https://doi.org/10.1007/s10456-012-9288-7.

Zarate, L.V.; Pontillo, C.A.; Espafiol, A.; Miret, N.V.; Chiappini, F.; Cocca, C.; Alvarez, L.; de Pisarev, D.K_; Sales, M.E.; Randi,
A.S. Angiogenesis signaling in breast cancer models is induced by hexachlorobenzene and chlorpyrifos, pesticide ligands of the
aryl hydrocarbon receptor. Toxicol. Appl. Pharmacol. 2020, 401, 115093. https://doi.org/10.1016/j.taap.2020.115093.

Quintana, P.J.; Delfino, R.J.; Korrick, S.; Ziogas, A.; Kutz, F.W.; Jones, E.L.; Laden, F.; Garshick, E. Adipose tissue levels of orga-
nochlorine pesticides and polychlorinated biphenyls and risk of non-Hodgkin’s lymphoma. Environ. Health Perspect. 2004, 112,
854-861. https://doi.org/10.1289/ehp.6726.



Int. ]. Mol. Sci. 2024, 25, 4420 22 of 22

98. Vela-Soria, F.; Garcia-Villanova, J.; Mustieles, V.; de Haro, T.; Antignac, J.P.; Fernandez, M.F. Assessment of perfluoroalkyl
substances in placenta by coupling salt assisted liquid-liquid extraction with dispersive liquid-liquid microextraction prior to
liquid chromatography-tandem mass spectrometry. Talanta 2021, 221, 121577. https://doi.org/10.1016/j.talanta.2020.121577.

99. Roy, D.; Morgan, M.; Yoo, C.; Deoraj, A.; Roy, S.; Yadav, V.K.; Garoub, M.; Assaggaf, H.; Doke, M. Integrated Bioinformatics,
Environmental Epidemiologic and Genomic Approaches to Identify Environmental and Molecular Links between Endometri-
osis and Breast Cancer. Int. J. Mol. Sci. 2015, 16, 25285-25322. https://doi.org/10.3390/ijms161025285.

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual au-
thor(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.



