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Abstract:

 Within the PREVIENI project, infertile and fertile women were enrolled from metropolitan, urban and rural Italian areas. Blood/serum levels of several endocrine disrupters (EDs) (perfluorooctane sulfonate, PFOS; perfluorooctanoic acid, PFOA; di-2-ethylhexyl-phthalate, DEHP; mono-(2-ethylhexyl)-phthalate, MEHP; bisphenol A, BPA) were evaluated concurrently with nuclear receptors (NRs) gene expression levels (ERα, ERβ, AR, AhR, PPARγ, PXR) in peripheral blood mononuclear cells (PBMCs). Infertile women from the metropolitan area displayed significantly higher levels of: BPA compared to fertile women (14.9 vs. 0.5 ng/mL serum); BPA and MEHP compared to infertile women from urban and rural areas; enhanced expression levels of NRs, except PPARγ. Infertile women from urban and rural areas had PFOA levels significantly higher than those from metropolitan areas. Our study indicates the relevance of the living environment when investigating the exposure to EDs and the modulation of the NR panel in PBMC as a suitable biomarker of the effect, to assess the EDs impact on reproductive health.
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1. Introduction

Infertility is defined as “the failure to achieve a clinical pregnancy after 12 months or more of regular unprotected sexual intercourse” [1]. This condition affects millions of women of reproductive age worldwide; the prevalence depends on the residing geographic area, pointing to the role of environmental factors [2]. Several toxicological studies identified associations between exposure to endocrine disrupters (EDs) and women’s reproductive problems leading to infertility [3,4]. In addition, an increasing number of human biomonitoring (HBM) studies shows that the general population is exposed to persistent and bioaccumulating EDs [5,6]. On the contrary, limited HBM data still exist on several EDs that are widely present in foods, the living environment and consumer products, such as perfluorooctane sulfonate (PFOS), perfluorooctanoic acid (PFOA), di-2-ethylhexyl phthalate (DEHP), as well as bisphenol A (BPA).

PFOS and PFOA are still widely used in paper, food packaging contact materials and textiles [7], and since 2010, they have been included among persistent organic pollutants (POPs) [8]. Human exposure occurs mainly through the diet, especially fish, but neither compound is routinely monitored in foods in Europe; indoor dust is also important for PFOA exposure [9,10]. PFOS and PFOA exposures have been associated with reduced fertility [11], longer time to pregnancy [12], as well as endometriosis [13]. Both chemicals enhance the activity of different nuclear receptors (NRs), including the estrogen receptor (ER) [14], the peroxisome proliferator-activated receptors (PPARs) [15,16] and the pregnane X receptor (PXR) [17].

DEHP is a common plasticizer used primarily in soft polyvinyl chloride; its presence in several consumer products (building materials, floorings, clothing, furnishings, food contact materials) leads to a widespread human exposure, even though DEHP is not considered a persistent compound [18]. Due to toxicological evidence, DEHP use has been recently restricted [19]. Upon intake, DEHP is quickly metabolized to its major toxic metabolite, mono-(2-ethylhexyl) phthalate (MEHP), representing the toxicologically relevant biomarker of DEHP exposure. DEHP is an agonist of PPARs and PXR, also altering the biosynthesis of estrogens and androgens. Epidemiological studies suggest a possible association with endometriosis, albeit the results are not univocal [20,21,22], whereas toxicological studies on rodents exposed to DEHP/MEHP point out impaired female reproductive function with decreased aromatase and estradiol levels [23].

BPA is extensively used as a monomer in polycarbonate plastics and in epoxy resins, representing one of the world’s highest production volume chemicals. A recent, comprehensive assessment by the European Food Safety Authority, currently available as draft, identifies food contact items, followed by thermal paper, as the main determinants of human exposure [24,25]. The adverse health effects of BPA are still a matter of intense debate. In women, BPA internal levels have been positively correlated with infertility-related conditions [26,27,28]. BPA is considered mainly as an ERα and ERβ agonist, but it can also affect other endocrine pathways, e.g., by acting as an antagonist of the androgen receptor (AR) or as an agonist of the aryl hydrocarbon receptor (AhR), involved in cross-talk processes with ERs, AR and other NRs [29] and agonist of PXR [30].

PFOS, PFOA, DEHP and BPA are the target EDs of the project, PREVIENI (Study in model areas on the environmental and health impact of some emerging chemical contaminants (endocrine disrupters): living environment, reproductive outcomes and repercussions in childhood; http://www.iss.it/prvn, supported by the Italian Ministry of Environment). The project’s first results pivoted on the possible relationship between EDs and reproductive health status. The PREVIENI cohort of Italian infertile women had a higher presence of detectable BPA serum levels, as well as enhanced expression of ERα, ERβ, AR and PXR in peripheral blood mononuclear cells (PBMCs) in comparison with fertile controls: significant correlations were also observed between ERα, ERβ, AR, AhR and PXR expression levels and BPA, MEHP concentrations and between AhR and PFOA [31]. Within PREVIENI, fertile and infertile women were enrolled in three Italian areas representing different living environment scenarios, which may be related to different EDs exposure patterns: Roma (Lazio, Central Italy), with all of the features of a metropolitan environment and lifestyle; Ferrara (Emilia-Romagna, Northern Italy), a medium-sized town amid a prosperous area with many farms and small- or medium-sized industries; Sora (Lazio, Central Italy), a rural municipality characterized by intensive agricultural activities. Therefore, the goal of the present study is to assess whether the area of residence can be related to any difference in serum ED concentrations and gene expression levels of NRs in women with different reproductive health status.



2. Methods


2.1. Areas under Study

Three different geographic areas were considered in this study: a metropolitan area (Rome, Lazio Region, Central Italy, approximately 2,700,000 residents); a medium-sized urban area (Ferrara, Emilia-Romagna Region, Northern Italy, approximately 130,000 residents); and a rural area (Sora, Lazio Region, Central Italy, approximately 26,000 residents). In order to characterize the areas under study, territorial, demographic and productive indicators were chosen for their potential contribution to the environmental contamination as regards the EDs considered in this study. Data on the selected indicators for each area were obtained for the year 2011 from the Italian National Institute of Statistics (ISTAT, http://www.istat.it).



2.2. Study Subjects

From January 2009, to December 2011, on a voluntary basis, 110 infertile and 43 fertile women were enrolled in the following medical centers per area:


	n = 49 infertile and n = 13 fertile women in the Department of Women Health and Territorial Medicine of “Sapienza” University “Sant’Andrea” Hospital, Rome;


	n = 38 infertile and n = 22 fertile women in the Department of Biomedical Sciences and Advanced Therapies, Section of Obstetrics and Gynaecology, University of Ferrara;


	n = 23 infertile and n = 8 fertile women in the Infertility Center S.T.S. (Sterility Therapy and Study) of Sora.




The fertile women were selected among those with a regular menstrual cycle who obtained a spontaneous pregnancy in the last year and stopped breastfeeding at least six months before starting the study. The infertile women, selected among those with a diagnosis of primary infertility (tubal infertility, endometriosis, anovulation, immunological factors) or unexplained infertility, were enrolled in the study before starting the infertility treatment. Inclusion criteria were: residing in the municipalities included in the area, age from 18 to 40 years, body mass index (BMI) <30 and PBMCs levels within the range of normal values for age and sex.

The exclusion criteria, which included the main confounders, were: occupational exposure to the selected EDs (plastic, housewares or textile industries), smoking habit, vegetarian diet, BMI >30 and the evidence of inflammatory or infectious diseases. The study has been carried out in accordance with The Code of Ethics of the World Medical Association (Declaration of Helsinki). Approval from the Ethical Committees of the responsible structures of the IVF centers were obtained before the beginning of this study, and all enrolled women gave informed consent to study inclusion.



2.3. Collection and Storage of Samples

All samples obtained from infertile women were collected before hormonal stimulation. Glass vials were used in order to avoid the possible release of DEHP or BPA from plastics. Three aliquots of venous blood were collected from each woman. For ED level determination, 5 mL of heparin-treated whole blood and 10 mL centrifuged blood to obtain serum were sampled and sent to the Environment Science Department “G. Sarfatti” (now the Department of Physical, Earth and Environmental Sciences) of the University of Siena.

For NR gene expression, blood samples were collected in PAXgene Blood RNA Tubes (PreAnalitiX, Plymouth, U.K.) and frozen until use. All samples were sent to the Food and Veterinary Toxicology Unit (Istituto Superiore di Sanità, Roma). Twelve samples from infertile subjects (eight from Roma, three from Ferrara and one from Sora) and two samples of fertile women from Ferrara were not analyzed for NR gene expression, due to delivery problems.



2.4. Chemical Analysis of Biomarker of Exposure

Based on established literature methods (see below), BPA, DEHP and MEHP were measured in serum and PFOS and PFOA in whole blood. All analyzed EDs were extracted using a liquid-liquid separation procedure and measured using high performance liquid chromatography with electrospray ionization tandem mass spectrometry (LC-ESI-MS).


2.4.1. PFOS/PFOA

For analysis of PFOS/PFOA, an extraction was performed according to the analytical procedure previously described [32]. Briefly, the samples were extracted with methyl tert-butyl ether (MTBE, J.T. Baker). The solvent was evaporated under nitrogen and replaced with methanol (J.T. Baker). Twenty µL were injected into HPLC (equipped with Betasil© C18 column, Thermo Electron Corporation) interfaced to a mass spectrometer at linear triple quadrupoles, by an electrospray ionization (ESI) source, working in negative ion mode (Finnigan LTQ Thermo Electron Corporation, San Jose, CA). The limit of detection (LOD) for both PFOS and PFOA was 0.4 ng/mL, corresponding to the value of the compounds in the blanks +3 SD.



2.4.2. DEHP/MEHP

The analytical procedure for the extraction of DEHP and MEHP from serum samples has been previously described [31]. Briefly, 0.5 g of each thawed sample were added to 4 mL of acetone (J.T. Baker), sonicated for 2 min and centrifuged for 15 min at 3000 rpm for two times. Supernatants were evaporated in a centrifugal evaporator (Thermo Scientific) and suspended with 0.5 mL of deionized water and 4 mL of acetic acid (J.T. Baker). After adjusting the volume to 0.5 mL, 5 μL of the sample were injected into the LC-ESI-MS system. A reverse phase HPLC column (Wakosil3C18, 2.0 × 100 mm, 3 μm; Wako Pure Chemical Industries Ltd.) was used. ESI-MS was operated in negative or positive ion mode depending on the analyte. The LODs were 2 ng/mL for MEHP and 10 ng/mL for DEHP.



2.4.3. BPA

Total BPA (free plus glucuronated) in serum was analyzed according to the procedure previously described [31]. Each aliquot of 0.5 mL of serum was incubated with 2 μL/mL of the enzyme I glucuronidase (Sigma-Aldrich) at 37 °C for 12 h. Subsequently, the sample was added to 3 mL of ethyl ether (J.T. Baker), shaken for 30 minutes and centrifuged at 4,000 rpm for 5 minutes. The procedure was repeated three times. The collected supernatants were then evaporated and reconstituted in 0.5 mL of methanol. Twenty microliter of sample were injected into a Betasil C18 column 50 × 2.1 mm at a flow rate of 250 μL/min in the HPLC-ESI-MS instrument. The negative ion for the identification of BPA was obtained by fragmentation of the ion 227 with collision energy of 35 and production of the ion (m/z) 212. The ESI source was set at a voltage of 5 kV and to a rush of 3 μA. The LOD was 0.5 ng/mL.



2.4.4. Data Quality Assurance and Quality Control

The analytical protocol comprised measures to avoid contamination from plasticizers in test materials, which included, besides the use of metal needles and glassware vials for collection and storage of samples, the use of glass labware rinsed by acetone and hexane to remove potential contaminants and the assessment of method blanks [33].

In addition, in order to monitor and evaluate any possible contamination of samples, data quality assurance and quality control protocols were performed, including matrix spikes, laboratory blanks and continuing calibration verification. In particular, blanks were analyzed with each set of five samples to check possible iatrogenic contamination and interferences: levels of chemicals in such samples resulted in being below the limit of detection for each compound.




2.5. Gene Expression Analysis of Nuclear Receptors

Blood samples collected in PAXgene Tubes were extracted for their RNA content by the PAXgene Blood RNA Kit (Qiagen). Total RNA was quantified by NanoDrop (Thermo Scientific Wilmington, DE, USA) and assessed for its quality by 1% agarose gel electrophoresis; all of the samples were optimal to be further analyzed. For each sample, 1 μg of RNA was reverse transcribed to cDNA by the cDNA Synthesis Kit (Quantace, London, UK), according to the manufacturer’s protocol.

Gene expression analysis was performed by quantitative real-time PCR using the Sensi Mix SYBR Kit (Quantace), with GAPDH as the reference gene. Specific primers for the selected NRs and GAPDH were designed using the Primer-BLAST web application (http://www.ncbi.nlm.nih.gov/tools/primer-blast) and are listed in Table 1.

Table 1. Primers sequences, accession numbers and amplicon lengths for reference (GAPDH) and nuclear receptors (NR) genes.









	Gene
	RefSeq Accession
	
	Sequence 5’ to 3’
	Amplicon Length (bp)





	GAPDH
	NM_002046.4
	forward
	ACTCCTCCACCTTTGACGCT
	273



	
	
	reverse
	CTTCAAGGGGTCTACATGGC
	



	ERα
	NM_000125.3
	forward
	ACTGCGGGCTCTACTTCATC
	275



	
	
	reverse
	GGCTGTTCCCAACAGAAGAC
	



	ERβ
	NM_001040275.1
	forward
	CTCTTTTGCCTGAAGCAACG
	269



	
	
	reverse
	CTGGGCAGTTAAGGAGACCA
	



	AR
	NM_000044.3
	forward
	CCCATCTATTTCCACACCCA
	259



	
	
	reverse
	GCAAAGTCTGAAGGTGCCAT
	



	PPARγ
	NM_138712.3
	forward
	GATGACAGCGACTTGGCAAT
	269



	
	
	reverse
	AGGAGCGGGTGAAGACTCAT
	



	AhR
	NM_001621.4
	forward
	TTCCACCTCAGTTGGCTTTG
	233



	
	
	reverse
	GGACTCGGCACAATAAAGCA
	



	PXR
	NM_003889.3
	forward
	GGCCACTGGCTATCACTTCA
	343



	
	
	reverse
	GGTTTTCATCTGAGCCTCCA
	










Amplification efficiencies, cDNA input dilution and primer concentrations were optimized by the standard curve method. Real-time PCR reactions were run on a Stratagene MP3005P Thermocycler. Experiments were performed in duplicate on 96-well PCR plates. The thermal program was as follows: 1 cycle at 94 for 10 min; 40 cycles at 94 °C for 10 s, 58 °C for 10 s and 72 °C for 10 s; and 1 dissociation cycle from 55 to 94 °C to verify amplification products. Data are expressed as 2-ΔCt (ΔCt = CtTG – CtRG), with CtTG as the threshold cycle of the target gene and CtRG as the threshold cycle of the reference gene.



2.6. Statistical Analysis

We performed statistical descriptive and comparative analysis using non-parametric tests. We decided to limit the statistical inference to single variable analyses (univariate statistics) stratifying by areas to provide unbiased results, taking into account the number of samples.

The concentration of each ED below the respective LOD has been considered as “<LOD”. For the inferential analyses and comparisons, the values below LOD have been replaced by half the LOD value (medium-bound) [34].

Dichotomous variables for concentrations of the EDs (0 if ≤ LOD and 1 if > LOD) were created. ED concentrations and NR expression values were not normally distributed, and the log transformation did not normalize the distributions. Therefore, differences between infertile and fertile women resident in the same area and across the areas were assessed with the Wilcoxon–Mann–Whitney test, adjusting for multiple comparisons using the Bonferroni procedure for correcting the p-value.

The risk of infertility in relation to the ED concentration was calculated stratifying by area of residence using univariate analysis and the chi-square test.

Statistical analysis was performed with STATA 11.2 (StataCorp, 4905 Lakeway Drive, College 17 Station, TX, USA) setting significance at p < 0.05.






3. Results


3.1. Areas Characterization

Considering the territorial, demographic and productive indicators, differences were evidenced in the three areas in the number and percentage of industries by category of production per km2. In particular, the metropolitan area was characterized by a high population density with about three million people and by the presence of agricultural and industrial enterprises. However, considering the population density, the highest proportion of enterprises with more than 10 employees was observed in the urban area. In the rural area, neither factories nor farms with more than 10 employees were reported (Table 2).


Table 2. Distribution of a set of territorial, demographic and productive indicators in the study areas. Data from the Italian National Institute of Statistics (ISTAT).



	
Areas

	
Metropolitan (Rome)

	
Urban (Ferrara)

	
Rural (Sora)




	
Indicators

	
1–10 employees

	
>10 employees

	
1–10 employees

	
>10 employees

	
1–10 employees

	
>10 employees






	
Agricultural enterprises

	
393

	
17

	
1684

	
10

	
4

	
0




	
Textile industries

	
206

	
9

	
40

	
2

	
4

	
0




	
Petroleum refinery

	
16

	
12

	
0

	
1

	
0

	
0




	
Manufactures of chemicals

	
121

	
43

	
12

	
8

	
4

	
0




	
Manufactures of articles of rubber

	
0

	
0

	
0

	
0

	
0

	
0




	
Manufacture of articles of plastics

	
0

	
0

	
0

	
0

	
0

	
0




	
Sanitation and waste management

	
39

	
6

	
2

	
0

	
0

	
0




	
Population

	
2,724,347

	
134,464

	
26,542




	
Surface (km2)

	
1307.71

	
404.36

	
71.82




	
Population density (inhabitants/km2)

	
2083.30

	
332.54

	
369.56











3.2. Biomarkers of Exposure

PFOS, PFOA, MEHP and BPA blood/serum levels in the women enrolled are summarized in Table 3. The results expressed as mean, median and interquartile range (25th–75th percentile) values are provided for both fertile and infertile groups by area. Since DEHP was found above the LOD only in one infertile woman in the metropolitan area (72.25 ng/mL) and in three infertile women in the rural area (range 10.03–25.33 ng/mL), it was excluded from the analysis.


Table 3. Analytical values of PFOS, PFOA (ng/mL blood), MEHP and total BPA (ng/mL serum) in enrolled women grouped by area of residence and subject group.



	
Chemicals

	
PFOS

	
PFOA

	
MEHP

	
BPA




	
Areas

	

	
infertile

	
fertile

	
infertile

	
fertile

	
infertile

	
fertile

	
infertile

	
fertile






	
Total

	
mean

	
3.5

	
2.2

	
1.8

	
1.7

	
37.9

	
13.1

	
10.6

	
4.8




	
(110 infertile;

	
median

	
<0.4

	
<0.4

	
<0.4

	
<0.4

	
8.3

	
3.3

	
<0.5

	
<0.5




	
43 fertile)

	
25th p #

	
<0.4

	
<0.4

	
<0.4

	
<0.4

	
<2

	
<2

	
<0.5

	
<0.5




	

	
75th p

	
0.86

	
<0.4

	
3.7

	
3.3

	
26.8

	
11.3

	
9.4

	
<0.5




	

	
%>LOD

	
30.00%

	
20.90%

	
40.90%

	
34.90%

	
62.70%

	
58.10%

	
41.80%

	
23.30%




	
Metropolitan

	
mean

	
6.9

	
4.5

	
0.6

	
<0.4

	
75.3

	
32.3

	
19.5

	
7.3




	
(49 infertile;

	
median

	
<0.4

	
<0.4

	
<0.4 a

	
<0.4 a

	
23.1 a

	
12.1 a

	
14.9 a,*

	
<0.5 *




	
13 fertile)

	
25th p

	
<0.4

	
<0.4

	
<0.4

	
<0.4

	
<2

	
<2

	
<0.5

	
<0.5




	

	
75th p

	
2.9

	
<0.4

	
<0.4

	
<0.4

	
127.4

	
18.2

	
25.8

	
<0.5




	

	
%>LOD

	
30.6%

	
7.7%

	
10.2%

	
0.0%

	
69.4%

	
69.2%

	
71.4%

	
23.1%




	
Urban

	
mean

	
0.8

	
1.3

	
3.2

	
2.6

	
8.4

	
6.2

	
1.7

	
2.2




	
(38 infertile;

	
median

	
<0.4

	
<0.4

	
3.6 b

	
1.1 b

	
4.4 b

	
3.7 a

	
<0.5 b

	
<0.5




	
22 fertile)

	
25th p

	
<0.4

	
<0.4

	
<0.4

	
<0.4

	
<2

	
<2

	
<0.5

	
<0.5




	

	
75th p

	
0.6

	
<0.4

	
4.9

	
5.2

	
9.4

	
5.6

	
3.8

	
5.4




	

	
%>LOD

	
26.3%

	
22.7%

	
71.1%

	
50.0%

	
73.7%

	
72.7%

	
26.3%

	
27.3%




	
Rural

	
mean

	
1

	
1.2

	
2.1

	
1.9

	
7.2

	
<2

	
6

	
7.8




	
(23 infertile;

	
median

	
<0.4

	
<0.4

	
2.2 b

	
1.6 b

	
<2 b

	
<2 b

	
<0.5 b

	
<0.5




	
8 fertile)

	
25th p

	
<0.4

	
<0.4

	
<0.4

	
<0.4

	
<2

	
<2

	
<0.5

	
<0.5




	

	
75th p

	
0.9

	
1.6

	
3.7

	
3.2

	
18.6

	
<2

	
<0.5

	
<0.5




	

	
%>LOD

	
34.8%

	
37.5%

	
56.5%

	
50.0%

	
30.4%

	
0.0%

	
4.4%

	
12.5%






LOD = 0.4 ng/mL for PFOS and PFOA; 2 ng/mL for MEHP; 0.5 ng/mL for BPA. * indicates statistically significant different values between fertile and infertile women in the same area of residence (Mann-Whitney test corrected with the Bonferroni procedure). a,b Different superscript letters indicate statistically significant different values between areas within subjects of the same group (Mann-Whitney test corrected with the Bonferroni procedure). # 25th and 75th p indicate percentile values.






The percentage of subjects exposed to each specific ED (levels > LOD), as well as the corresponding concentrations were different in the three study areas. BPA was significantly more prevalent in the metropolitan area, with a significantly higher level in infertile women. MEHP was detected in over 65% of the women from both the metropolitan and urban areas, but levels were significantly higher in women residing in the metropolitan area; in the rural area, MEHP was found in about 22% of women, with significantly lower levels compared to the other areas. BPA was detected in over 60%, 25% and 6% of the women from metropolitan, urban and rural areas, respectively. PFOS was detected in about 30% of the subjects in each area without differences in concentration. PFOA was the only ED significantly more prevalent in the urban and rural areas: it was detected in over 50% of the women from the urban and rural areas, but in less than 10% of those from the metropolitan area, where levels were significantly lower than in the other two areas.

The comparison of ED levels between infertile and fertile women for each area revealed that in the metropolitan area, infertile women had significantly higher BPA levels than fertile women (median values 14.9 vs. 0.5 ng/mL serum).

The comparisons of ED concentrations between fertile women by area of residence showed no significant difference for BPA or PFOS concentrations. MEHP concentration was significantly lower in the rural area, while no difference was found between the urban and the metropolitan area. Regarding PFOA, fertile women in the urban and rural areas had significantly higher levels than those in the metropolitan area.

Similar to fertile women, the comparison between infertile women by area of residence showed no significant difference for PFOS internal levels. On the other hand, in the metropolitan area, significantly higher concentrations of MEHP and BPA and significantly lower concentrations of PFOA were found compared to the urban and rural areas, while no significant differences were highlighted between the rural and urban areas. By comparing the proportion of infertile and fertile women with EDs concentration >LOD in univariate analysis, a significant association with infertility was observed for BPA in the metropolitan area (OR = 8.3; 95% CI = 1.7–52.1) (Table 4).


Table 4. Infertility risk factors associated with endocrine disrupters (ED) exposure (serum concentration >LOD) in enrolled women grouped by area of residence.



	
Chemicals

	
Total (n = 153)

	
Metropolitan area (n = 62)

	
Urban area (n = 60)

	
Rural area (n = 31)




	
OR

	
95% CI

	
OR

	
95% CI

	
OR

	
95% CI

	
OR

	
95% CI






	
PFOS

	
1.6

	
0.7

	
4.3

	
5.3

	
0.7

	
241.1

	
1.2

	
0.3

	
5.3

	
0.9

	
0.1

	
7.3




	
PFOA

	
1.3

	
0.6

	
2.9

	
ND

	
-

	
-

	
2.5

	
0.7

	
8.4

	
1.3

	
0.2

	
8.9




	
MEHP

	
1.2

	
0.6

	
2.6

	
1.0

	
0.2

	
4.4

	
1.1

	
0.3

	
3.9

	
ND

	
-

	
-




	
BPA

	
2.4 *

	
1.0

	
5.9

	
8.3 *

	
1.7

	
52.1

	
1.0

	
0.3

	
3.8

	
0.3

	
0.0

	
28.5






* Indicates a statistically significant value; ND indicates not determinable.








3.3. Nuclear Receptors Gene Expression

NRs gene expression values (mean, median and interquartile range) in infertile and fertile women by area are summarized in Table 5.


Table 5. Gene expression values of NRs in enrolled women grouped by area of residence and subject group. Data are expressed as 2ΔCt values with GAPDH as the reference gene.



	
Nuclear Receptors

	
ERα

	
ERβ

	
AR

	
PPARγ

	
AhR

	
PXR




	
Areas

	

	
infertile

	
fertile

	
infertile

	
fertile

	
infertile

	
fertile

	
infertile

	
fertile

	
infertile

	
fertile

	
infertile

	
fertile






	
Total

	
mean

	
0.1138

	
0.0151

	
0.0937

	
0.0122

	
0.1086

	
0.0142

	
0.0003

	
0.0008

	
0.0256

	
0.0047

	
0.1015

	
0.0122




	
(98 infertile ;

	
median

	
0.0082

	
0.0007

	
0.0081

	
0.0017

	
0.0087

	
0.001

	
0.0001

	
0.0002

	
0.0021

	
0.0012

	
0.0067

	
0.0004




	
41 fertile)

	
25th p #

	
0.0005

	
0.0003

	
0.0011

	
0.0009

	
0.0008

	
0.0005

	
0.0001

	
0.0001

	
0.0009

	
0.0007

	
0.0002

	
0.0002




	

	
75th p

	
0.0636

	
0.0058

	
0.0413

	
0.0071

	
0.0636

	
0.0099

	
0.0003

	
0.0002

	
0.0081

	
0.0022

	
0.0998

	
0.0043




	
Metropolitan

	
mean

	
0.2582

	
0.0282

	
0.2143

	
0.0216

	
0.2439

	
0.0232

	
0.0004

	
0.0003

	
0.0589

	
0.0068

	
0.2231

	
0.0195




	
(41 infertile ;

	
median

	
0.0647 a,*

	
0.0007 a,*

	
0.0591 a,*

	
0.0013 *

	
0.0593 a,*

	
0.0008 *

	
0.0002

	
0.0002

	
0.009 a,*

	
0.0013 *

	
0.0998 a,*

	
0.0004 a,*




	
13 fertile)

	
25th p

	
0.0256

	
0.0004

	
0.0132

	
0.0008

	
0.0186

	
0.0005

	
0.0000

	
0.0001

	
0.0041

	
0.0007

	
0.0170

	
0.0003




	

	
75th p

	
0.2963

	
0.0059

	
0.2398

	
0.0098

	
0.2707

	
0.0099

	
0.0003

	
0.0002

	
0.0265

	
0.0039

	
0.2698

	
0.0043




	
Urban

	
mean

	
0.0158

	
0.0125

	
0.0107

	
0.0105

	
0.0177

	
0.0137

	
0.0002

	
0.0013

	
0.0022

	
0.0048

	
0.0228

	
0.0124




	
(35 infertile ;

	
median

	
0.0012 b

	
0.0014 a

	
0.0017 b

	
0.0022 a

	
0.0015 b

	
0.0022 a

	
0.0001

	
0.0002

	
0.0016 b

	
0.0013 a

	
0.0006 b

	
0.0007 a




	
20 fertile)

	
25th p

	
0.0004

	
0.0005

	
0.0009

	
0.0015

	
0.0005

	
0.0009

	
0.0001

	
0.0001

	
0.0004

	
0.0009

	
0.0002

	
0.0003




	

	
75th p

	
0.0233

	
0.0156

	
0.0176

	
0.0089

	
0.0243

	
0.0157

	
0.0002

	
0.0003

	
0.0025

	
0.0024

	
0.0344

	
0.0137




	
Rural

	
mean

	
0.0004

	
0.0003

	
0.0011

	
0.0011

	
0.0009

	
0.0007

	
0.0002

	
0.0001

	
0.0009

	
0.0008

	
0.0003

	
0.0001




	
(22 infertile ;

	
median

	
0.0004 c

	
0.0004 b

	
0.0010 c

	
0.0010 b

	
0.0008 c

	
0.0006 b

	
0.0001

	
0.0001

	
0.0008 b

	
0.0006 b

	
0.0002 c

	
0.0001 b




	
8 fertile)

	
25th p

	
0.0003

	
0.0002

	
0.0006

	
0.0009

	
0.0005

	
0.0004

	
0.0001

	
0.0001

	
0.0004

	
0.0004

	
0.0001

	
0.0001




	

	
75th p

	
0.0006

	
0.0004

	
0.0015

	
0.0012

	
0.0011

	
0.0008

	
0.0002

	
0.0002

	
0.0011

	
0.0014

	
0.0002

	
0.0002






* Indicates statistically significant different values between infertile and fertile women in the same area of residence (Mann-Whitney test corrected with the Bonferroni procedure). a,b,c Different superscript letters indicate statistically significant different values between areas within women of the same group (Mann-Whitney test corrected with the Bonferroni procedure). # 25th and 75th p indicate percentile values.






The mRNAs of the selected NRs were detected in all samples examined, therefore confirming the suitability of the NRs panel in PBMCs. Expression levels were comparable for ERα, ERβ, AR and PXR, while AhR and PPARγ were expressed at lower levels.

Comparisons between infertile and fertile women within the areas showed that in the metropolitan area, the expression of ERα, ERβ, AR, AhR and PXR was approximately ten-fold (p < 0.01) higher in infertile women; on the contrary, in the other areas, no significant differences were found.

The comparisons of NR expression levels between fertile women by area of residence showed that women from the metropolitan and urban areas had a comparable expression of ERα, ERβ, AR, AhR and PXR. Fertile women from the rural area had significantly lower expression of all these NRs compared to the urban area and of ERα and PXR compared to the metropolitan area. No difference was detected for PPARγ expression.

The comparisons of NRs expression levels between infertile women by area of residence showed a different picture. Infertile women from the metropolitan area displayed significantly higher expression levels of all NRs, but PPARγ, when compared to infertile women from the other two areas (p < 0.01 for both comparisons. Mean expression levels in the metropolitan area were about 10-(PXR) to 25-fold (AhR) higher than in the urban area and about 70-(AhR) to 900-fold (PXR) higher than in the rural area).




4. Discussion

Our study, in the frame of the Italian project, PREVIENI, indicates the relationship between the residential area and biomarkers, serum/blood concentrations of some EDs and gene expression levels of a panel of NRs, in infertile and fertile women. In particular, BPA and MEHP levels, as well as expression of ERα, ERβ, AR, AhR and PXR were more prevalent in infertile women from the metropolitan area. In this area, BPA serum levels were also significantly higher in infertile women compared to fertile women. In the urban area, there was a noticeable increase of PFOA blood levels compared to the metropolitan area. This increase was detected also in the rural area, albeit to a lower extent; otherwise, women from the rural area overall showed the lowest values of MEHP and BPA serum concentrations, as well as of ERα, ERβ, AR, AhR and PXR expression. The presence of detectable PFOS blood levels was quite prevalent in the enrolled subjects, about 30%, but no significant relationship with the residential area was observed. Overall, the differences related to the residential area appeared more enhanced when comparing the infertile, rather than the fertile, groups.

The three areas represented quite distinct living environment scenarios according to selected territorial, demographic and productive indicators. The significantly higher levels of BPA (median levels and % >LOD) and MEHP (median levels) in women from the metropolitan area may reflect both the greater presence of economic activities employing these chemicals, as well as characteristic usage patterns of food commodities and consumer products. Moreover, in our study, BPA was the only ED specifically associated with infertility: the significant association between detectable BPA levels and infertility was confined to the metropolitan area, with an OR = 8.3. Furthermore, BPA levels in infertile women were about 30-fold higher than in controls of the same area.

In our study, we sampled BPA and MEHP in serum, so as to establish a more direct correlation with the biomarkers of effect measured in PBMCs. Indeed, we aimed at studying in the same matrix (i.e., blood) both biomarkers of exposure and NR expression identified as a potential, and toxicologically relevant, biomarker of effect for EDs [35]. Whereas blood is considered the matrix of choice for bioaccumulating compounds, like PFOS and PFOA, BPA and phthalates are regarded as EDs undergoing quick metabolism [36]. Nevertheless, several recent studies, using proper quality control analysis, have measured circulating levels of BPA and/or MEHP, as a toxicologically relevant DEHP metabolite, in humans, giving consistent evidence of their presence into the bloodstream. Studies using BPA and/or MEHP measurements in serum mainly address possible environment-health associations, such as the potential relationships with reproductive disorders [37,38], chronic diseases [39,40], breast cancer risk [41], as well as the risk estimation of BPA mother-fetus transfer [42].

In our study, we observed a widespread presence of BPA and MEHP in the bloodstream with significant differences related to the selected residence areas. The adopted protocols and devices for sampling and analysis allowed us to rule out any external contamination from plastics, lending further support to the meaningful correlation of the detected BPA and MEHP internal levels with the living environment in women with different reproductive health statuses [33,43].

We chose to determine total serum BPA, i.e., free together with glucuronated BPA, the major circulating metabolite [44]. We selected this approach taking into account the uncertainties on BPA metabolic fate in humans, recently discussed by Vandenberg et al. [45]. The consistent presence of detectable serum levels of BPA suggests a repeated and continuous uptake of the compound from aggregate exposure through both dietary and non-diet sources [25,46]. Concentrations detected in infertile women in the metropolitan area were higher compared to serum levels found in other HBM studies analyzing total BPA, mainly by ELISA methods [47], while those from the urban area were comparable to the reported ranges. A higher BPA exposure in the metropolitan area may also be consistent with the reported BPA increase in outdoor air in relation with the extent of urbanization [48].

Our findings are in agreement with studies demonstrating an association between BPA exposure and conditions associated with female infertility, such as polycystic ovary syndrome [28,49] and implantation failure in women undergoing IVF [26,50]. The available reports on endometriosis showed no significant correlation with urinary BPA [51], while a significant association with serum BPA is described [27,52]. Overall, our study points to BPA as a pollutant of concern in metropolitan scenarios, in terms of both exposure and reproductive health.

Results on MEHP indicate a generalized and continuous human exposure to DEHP, rapidly metabolized to MEHP [53]. Noteworthy, MEHP exposure was definitely higher (by an approximate 10-fold factor) in the metropolitan scenario compared to the other areas, both in fertile and infertile women. In our study, such generalized exposure was not associated with an increased risk of being infertile, also in the metropolitan area; however, we cannot conclude whether exposure levels were too low to show a detectable effect. Available data on MEHP serum levels in women of fertile age are limited: the values detected in our study were higher than in a Swedish population of women at delivery [54] and lower than in an Italian group of endometriotic women [20]. Epidemiological evidence on DEHP/MEHP reproductive effects in women is not univocal [20,21,22], differently from in vivo studies demonstrating MEHP’s adverse effects on fertility [23,55,56].

Women from the urban area, characterized also by a large presence of farm factories, had higher PFOA internal levels. Subjects from the rural area showed generally lower median concentrations for all of the EDs analyzed, which was expected from the characteristics of the territory; interestingly, however, 50% of women showed detectable PFOA levels, comparable to the urban areas. Eschauzier et al. [57] point out that perfluorinated alkylated acids, such as PFOA, are a contaminant of groundwater and water surface from different sources, hinting to a possible relationship with the water sources used in local agricultural activities. In fact, higher PFOA levels in the selected urban area of Ferrara may reflect a site-specific problem: PFOA pollution has been reported in the major water basin nearby the Ferrara area, the Po River, probably deriving from industrial sources [58]. Exposure to PFOS showed no difference among the areas, as well between infertile and fertile women. Unlike PFOA, PFOS exposure is almost completely related to food chain contamination [7,10]. Therefore, our findings may indicate a comparable PFOS dietary exposure in the selected population. PFOS and PFOA concentrations observed in our study were, on average, lower than estimated reference values for the German population [59], but comparable to levels found in Catalonia [60] and Italy [61].

Similarly to biomarkers of ED exposure, the area-stratified analysis showed significant differences as regards the gene expression levels of the NR panel, except for PPARγ, which did not differ either in relation to the health status or to the area of residence. Interestingly, women from the rural area generally presented significantly lower gene expression levels, with some difference between fertile and infertile women: although no conclusion can be made based on the present data, it is noteworthy that this finding seems to parallel the overall lower EDs exposure level in the same area.

In infertile women, the NR gene expression significantly differed among areas, with the highest levels in women from the metropolitan area followed by those from urban and rural area. Indeed, infertile women from metropolitan area presented a significant 10-fold increase, with respect to fertile women, in the gene expression levels of five out of six analyzed NRs, namely ERα, ERβ, AR, AhR and PXR. These NRs were all positively correlated, indicating a common responsiveness.

In our previous study, we showed a positive correlation between such NRs and BPA internal levels [31]. Since BPA serum levels were markedly higher in infertile women from the metropolitan area, it is plausible that this ED could contribute to the observed NRs increase in this group. Furthermore, MEHP showed a positive correlation with the same NR panel [31]. Even though MEHP internal levels showed no significant relationship with the fertility status, the internal levels in infertile women from the metropolitan area were significantly higher compared to the other areas. Therefore, it is plausible that MEHP might have added up to the BPA effect on NR expression in the study group of infertile women of the metropolitan area. The possible impact, if any, of an MEHP-related effect on NR expression in women remains to be ascertained.

We recognize that our data do not provide direct evidence of a causal link between ED serum levels and NR expression in PBMCs, including a possible combined effect of the simultaneous exposure to the EDs investigated. The metropolitan living environment is both associated with higher serum levels of BPA and MEHP and with an inducing effect on ERs and AR expression in infertile women. BPA is considered an ER-agonist, as well as an AR antagonist [29]; MEHP may display anti-estrogenic and anti-androgenic activities acting on steroid synthesis rather than on ERs or AR [62]. Indeed, NR expression may be modulated by direct, as well as cross-talk or feed-back mechanisms [63]. The observed increase of AhR and PXR is consistent with the available evidence on both BPA and MEHP mechanisms [23,29,30,64,65]. However, due to the lack of information on the expression of NRs in PBMCs to compare with, we may only hypothesize that the increase may become evident only when exposure to expression-inducer compound(s) exceeds a certain threshold.

It is noteworthy that the more persistent substances, PFOS and PFOA, showed no association with fertility status in our study, contrary to the findings of some previous studies [11,12,13]. As previously noted, based on the limited data available, PFOS and PFOA internal levels were comparable to those found in the general population of Mediterranean Europe [60,61] and lower than reference values for the Germany population [59]. Therefore, our negative findings may simply reflect the lack of effect by a baseline exposure level.

While acknowledging the unavoidable limitations of cross-sectional studies, our results clearly point out the characteristics of the area of residence as a relevant factor when investigating environmental exposures, such as EDs. In the present study, the metropolitan area emerged as a hotspot for BPA and MEHP exposure, BPA being significantly associated with an increased risk of being infertile in women. Moreover, our results point out a panel of NRs (ERα, ERβ, AR, AhR and PXR) induced at the same time in PBMCs of infertile subjects. PBMCs are responsive to estrogens, natural ligand of ERs, which mediate the immune cells response and PBMC infiltration in tissues. Indeed, cardiovascular disorders and autoimmune diseases are associated with the presence of PBMCs in tissues. Notably, in reproductive female organs, PBMCs regulate the extracellular matrix and are implicated in several functions, such as ovulation, menstruation and implantation [66]. Thus, investigations in reproductive target tissues may be warranted. The identified panel of NRs can be further developed as a suitable biomarker of effect when evaluating ED exposure in relation to reproductive health.



5. Conclusions

Our study reinforces the concept that humans are continuously exposed to several EDs, still widely present in consumer goods, and that this may represent a risk factor for woman’s fertility in relation to areas and living environment scenarios. Further research is warranted on the potential interactions of the internal burdens of EDs acting on similar pathways/targets, also expanding the range of EDs under scrutiny.
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