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Abstract: Phthalates are substances used as plasticizing agents and solvents that can increase the
risk of infertility and that appear to induce oxidative stress. The aim of the study was to show
the possible relationship between urinary concentrations of phthalates metabolites, namely MEP,
MBzP, MnBP, MEHP, MEHHP, and MnOP and biomarkers of nucleic acids oxidation, methylation,
or protein nitroxidation. The oxidative stress biomarkers measured in human urine were 8-oxo-7,8-
dihydroguanine, 8-oxo-7,8-dihydroguanosine, 8-oxo0-7,8-dihydro-2’-deoxyguanosine, 3-nitrotyrosine,
and 5-methylcytidine. Two hundred and seventy-four couples were enrolled, undergoing an assisted
reproduction technology (ART) treatment, urine samples were analyzed in HPLC/MS-MS, and then
two sub-groups with urinary concentration > 90th or <10th percentile were identified, reducing
the sample size to 112 subjects. The levels of oxidative stress biomarkers were measured in both
groups, reduced to 52 men and 60 women. A statistically significantly difference for 8-oxoGuo and
3-NO,Tyr between men and women, with higher levels in men, was found. The levels of oxidative
stress biomarkers were directly correlated with some phthalate concentrations in both sexes.

Keywords: phthalates; nucleic acids oxidation; nitroxidation; methylation; oxidative stress; urinary
biomarkers; infertility

1. Introduction

Exposure to phthalate seems to increase oxidative stress levels, which is recognized
to contribute to male and female infertility. Phthalates are substances that exhibit en-
docrine disrupting properties and can induce problems related to infertility, disorders of
the metabolic, immune, and thyroid systems [1]. They are a family of esters of phthalic
acid, widely used in industry as plasticizing agents, added to improve the flexibility and
moldability of plastics and widely used in children’s toys, medical devices, cosmetics,
hygiene products, clothing such as footwear and raincoats, food packaging, and also con-
struction material [2]. The phthalates with lower molecular weight are highly soluble in
water (i.e., diethyl phthalate (DEP) and di-n-butyl phthalate (DnBP)) and therefore they
are inserted in production cycle of cosmetics, pharmaceuticals, and insecticides. The EU
directive on cosmetics, Dir 76/768/EEC, prohibits in Europe the use of DnBP together
with other phthalates such as (2-ethylhexyl)-phthalate (DEHP), benzyl butyl phthalate
(BzBP), bis2-methoxyethyl phthalate, n-pentylisopentyl phthalate, di-n-pentyl phthalate,
and diisopentyl phthalate.
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DEHP, due to its toxicity for reproduction, has recently been replaced with di-isononyl
phthalate (DiNP), also in the production of PVC [3]. Phthalates, at high concentration, have
toxic effects on the liver and kidneys, and cause malformations and fetal death.

In men, they cause a decrease in concentrations of testosterone and consequently of
sperm quality, since they act as xenoestrogens [3]. Some studies provide evidence that
phthalate exposure may be associated with a decrease in fertility and fecundity [4,5].

Recent studies proposed a correlation between the phthalate metabolites and the
oxidation products of nucleic acids [6]. In fact, the oxidative stress (OS) could be involved
in the mechanisms by which phthalates cause adverse effects. Higher OS and greater
difficulties of cells to deal with it can lead to affect the reproductive organs and reduce
fertility [7]. It is well known that oxidative stress induced by xenobiotics can affect the male
reproductive tract and spermatogenesis, which results in the production of sperm of poor
quality [8,9]. Spermatozoa are unable to defend themselves effectively against oxidative
stress [10]. The imbalance between pro-oxidants and antioxidants can lead to a number
of reproductive diseases such as endometriosis, polycystic ovary syndrome (PCOS), and
unexplained infertility. Pregnancy complications such as spontaneous abortion, recurrent
pregnancy loss, and preeclampsia, can also develop in response to OS [11].

OS is an imbalance between the production of ROS (reactive oxygen species) and the
ability of the biological system to repair the damage. In physiological processes, ROS could
be key signal molecules from the growth of oocytes to conception, embryo development
and pregnancy. ROS also play a role in the pathological processes affecting the female
reproductive tract, influencing the entire reproductive life of women; moreover, the OS can
modulate the decrease in fertility related to age [12].

Oxidative and nitrosative stress are closely related; ROS react with nitrogen species
(RNS) when ROS levels are heightened. In addition, ROS and RNS can induce pathologic
effects to reproduction function, acting on the mitochondrial and nuclear DNA, lipids,
proteins, and spermatozoa biomolecules [13-17].

Urinary oxidized products of nucleic acids can be considered suitable biomarkers of
oxidative stress. Among the nitrogenous bases contained in the nucleic acids, guanine
has a lower redox potential and so it’s the most vulnerable to oxidation. The creation and
excretion of the oxidized form 8-oxo-7,8-dihydroguanine (8-oxoGua) is the result of the
activities of DNA reparation and of both DNA and RNA turnover.

The 8-oxodGuo (8-0x0-7,8-dihydro-2-deoxyguanosine) (8-oxodGuo) molecule is formed
by the bound of guanine with deoxyribose, obtaining the oxidized nucleoside deoxy-
guanosine, and it is the product of an important DNA lesion coming from repair and
turnover, while the bind between guanine and ribose molecule produces the 8-oxoGuo
(8-Oxo0-7,8-guanosine) (8-oxoGuo) that is the oxidized nucleoside guanosine, produced
by RNA turnover. The molecular characteristics of RNA (single-stranded) bring a higher
easiness of ROS attack than DNA because its bases are sterically less protected [18,19].

The nitration of tyrosine residues is the result of greater RNS levels, which is realized
in two steps: first, the production of tyrosyl radicals, and second, with their reaction with
NO?2 obtaining the formation of 3-nitrotyrosine (3-NO2Tyr) [12].

DNA methylation plays vital roles in numerous biological processes: Numerous types
of methylated nucleosides were identified, which modulate the functions of RNA. 5-MeCyt
(5-methylcytidine) (5-MeCyt) is a methylation product of cytidine, the nucleoside formed
by cytosine bounded to ribose, and this molecule is used as an epigenetic biomarker for
RNA, because it impacts on its structure and functions [20].

The aim of the study herein presented was to evaluate the relationship between phtha-
late metabolites levels and biomarkers of nucleic acids oxidation and protein nitroxidation
in the urine of male and female subjects attending a fertility center. The main objective was
to understand if these chemicals were able to induce oxidative stress and if this pathway
could be responsible for some infertility problems.
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2. Materials and Methods
2.1. Study Population

The Institutional Review Board of the IRCCS San Raffaele Scientific Institute in Milan
evaluated and expressed a positive opinion about the study protocol (identification code
73/INT/2017, date 8 June 2017).

A total of 274 couples undergoing an assisted reproduction technology (ART) treat-
ment at the San Raffaele Hospital (Milan, Italy) were enrolled.

All the subjects were interviewed, following the signing of the informed consent.

Anamnestic information was collected using an ad hoc questionnaire, and in addition
to the clinical history, data were gathered about life habits and occupational activity.

The analysis of urinary phthalates metabolites was carried out for all the partici-
pants and the results obtained have been previously published [21,22]. In these studies
the analytes were: MEP (monoethyl phthalate), metabolite of DEP; MBzP (monoben-
zyl phthalate), metabolite of BZBP; MnBP (mono-n-butyl phthalate), metabolite of both
DnBP and BBzP; MEHP (mono-(2-ethylhexyl)phthalate) and MEHHP (mono-2-ethyl-5-
hydroxyhexylphthalate), metabolites of DEHP; MnOP (mono-n-octyl phthalate) metabolite
of DnOP (di-n-octyl phthalate).

Subsequently, from these data, for a better underlining of the differences, two sub-
groups were identified based on a urinary concentration > 90th or <10th percentile for at
least one of the studied metabolites. These two groups were selected for the determination
of the urinary level of 8-oxoGua, 8-oxoGuo, 8-oxodGuo, 3-NO, Tyr, and 5-MeCyt.

This selection led to a final group of 112 subjects.

In Table 1 the number of subjects having high (>90th percentile) or low (<10th per-
centile) levels of each considered phthalate metabolite is reported. Overall, the sample
selected for the determination of oxidative stress biomarkers was reduced to 52 men and
60 women.

Table 1. Number of subjects with urinary phthalate metabolite concentration over 90th percentile or
<10th percentile of the group.

Phthalate N > 90th (M/W f) N < 10th (M/W)
MnBP 2 25 (12/13) 21 (7/14)
MEP b 17 (9/8) 24 (15/9)
MBzP ¢ 23(9/14) 29 (10/19)
MnOP 4 22 (12/10) 28 (11/17)

Y DEHP © 28 (14/14) 16 (4/12)

2 MnBP—mono-n-butyl phthalate; > MEP—monoethyl phthalate; ¢ MBzP—monobenzyl phthalate; ¢ MnOP—
mono-n-octyl phthalate; ¢ } DEHP—molar sum of the di (ethylhexyl)phthalate metabolites; f M/W: number of
men/women.

2.2. Urine Sample Collection

Methods for collection of urine samples have been previously described [21]; a spot
volume of urine was collected during the outpatient visits of the recruited subjects, cases,
and controls. One aliquot (250 uL) was used for the determination of the oxidative stress
biomarkers: 8-oxoGua, 8-oxoGuo, 8-oxodGuo, 3-NO, Tyr, and 5-MeCyt, another (3 mL) for
phthalate metabolites analysis.

2.3. Biological Monitoring

The concentrations of the six phthalate metabolites MEP, MBzP, MnBP, MEHP, MEHHP,
and MnOP were determined as previously described [4].

Briefly, urine samples were purified with SPE extraction and analyzed with the
HPLC/MS/MS system (API-4000, ABI Sciex, Framingham, MA, USA), using a Synergi
Polar 150 x 4.6-mm column and an acetic acid 1% v/v solution in water/acetonitrile gradi-
ent as mobile phase. The method was fully validated with accuracy between 91.89% and
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100.65%, an interday variability between 1.8% and 7.8%, and limit of detection (LOD) from
0.05 ng/L (MEHHP) to 3 ug/L (MEP).

The analytical method used for the 8-oxoGua, 8-oxoGuo, 8-oxodGuo, and 3-NO2Tyr
determination was the one published by Andreoli et al. [23] with some changes; the
chromatographic column used was a Kinetex Polar C18 column 100 A (150 x 4.6 mm,
2.6 m) supplied by Phenomenex (Torrance, CA, USA); for 5-MeCyt the same method was
followed, after diluting the sample 1:100 and using a chromatographic column Discovery
C18 (150 x 4.6 mm, 5 um) by Supelco Analytical, Bellefonte, PA, USA).

Sample pretreatment provided a defrost at 37 °C and a subsequent centrifugation at
10,000 g for 5 min, and then the internal standard was added to the urine supernatant
and it was injected into the HPLC-MS/MS system.

The monitored ionic transitions were studied in the positive ion mode and were
(precursor /product values of m/z): 168.0—140.0 and 171.0—143.0 for 8-oxoGua and its
internal standard ((**C'®N,) 8-oxoGua), 284.3—168.0 and 287.13—171.1 for 8-oxodGuo
and its internal standard (("*C'®N,) 8-oxodGuo), 300.24—168.2 and 303.24—171.0 for
8-oxoGuo and its internal standard ((**C1°Nj) 8-0xoGuo), 226.99—181.0 and 229.99—184.0
for 3-NO, Tyr and its internal standard (3-NO,Tyr-d3), 257.95—126.100 and 180.3—80.10
for 5-MeCyt and Cotinine d3 used as internal standard, respectively. The LODs were:
0.50 pg/L for 8-oxoGua, 0.14 pg/L for 8-oxodGuo,0.70 ug/L for 8-oxoGuo, 1.81 pg/L for
3-NO2Tyr, and 0.28 ng/L for 5-MeCyt.

The chromatographic runs were carried out with a Series 200 LC quaternary pump
(PerkinElmer, Norwalk, CT, USA) coupled with an AB/Sciex API 4000 triple-quadrupole
mass spectrometry detector equipped with a Turbo Ion Spray (TIS) probe. Detection was in
the MRM mode. The used instrument software was 1.5 version of Analyst® software (AB
Sciex, Framingham, MA, USA).

To normalize the values of analytes urinary concentrations, owing to dilution, the
creatinuria was measured, using the method of Jaffe [24], and the concentration values of
the analytes were expressed in pg/g of creatinine.

2.4. Statistical Analysis

For the statistical elaboration the software SPSS® 25.0 (IBM, Armonk, NY, USA)
was used.

Firstly, a descriptive analysis was produced to draw a general picture of the study
population; for the male-female comparison, the x? test was used for qualitative variables
and the t-test for quantitative variables, both with a significance level of 0.05.

Values of the bases do not have a normal distribution; consequently, data were loga-
rithmic (log 10) transformed to obtain it. Values of phthalate metabolites or of oxidative
bases below the limit of detection (LOD) were set to LOD/2.

Multiple linear regressions were performed to hypothesize a possible cause—effect
relationship between each base, and the values of the analyzed phthalates, MnBP, MEP,
MBzP, MnOP, and } _DEHP, were considered as independent variables. The regressions were
conducted for the whole sample and then separately for men and women. In the regression
study, age, BMI, smoke habit, and alcohol consumption were taken into consideration as
confounding factors.

Finally, a student’s ¢-test was performed to highlight the differences in the mean values
of the oxidative stress biomarkers depending on the percentile group for the phthalate
metabolites concentration. A significance level of 0.05 was chosen as useful.

3. Results

All results are herein presented in tables. Table 2 summarizes the sample characteristics
of recruited subjects. Tables 3 and 4 show the urinary phthalate metabolites concentra-
tions for the selected subjects, while Table 5 highlights the results regarding the oxidative
stress biomarkers.
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Table 2. Characteristics of the sample.

Men (N = 52) Women (N = 60) p-Value
Age (range) 40.1 (30-67) 37.8 (29-43) 0.016 *
BMI ? (% of subjects)
Normal 53.8 71.7
Overweight 36.5 13.3
Obese 9.6 5.0 0.005 *
Underweight 0.0 8.3
Unknown 1.3 1.7
Present smokers (%) 21.2 15.0
Previously smokers (%) 28.8 20.0 0.358
Alcohol consumption
Daily 19.2 3.3
Weekly 55.8 45.0
Monthly 154 23.3 0.011 *
Never 7.7 21.7
Missing 1.9 6.7
Residence area (%)
Urban 67.3 81.7
Rural 17.3 10.0
Cost 1.9 3.3
Industrial 3.8 1.7 0.388
Urban and industrial 1.9 0.0
Other 5.7 1.7
Missing 1.9 3.3
Job type (%)
Soldiers 9.6 0.0
Factory workers 23.1 1.7
Teachers 1.9 16.7
Employees, computer operators 442 48.3
Healthcare professionals 5.8 11.7
Cleaning workers/caterers 1.9 3.3 0.000 *
Tradesman/sales clercks 0.0 5.0
Artisan 3.8 0.0
Unemployed 0.0 3.3
Others 3.8 9.6
Missing 5.8 10.0
Infertility factor of the couple € (%)
Ovulatory and endocrine dysfunctions 135 18.2
Endometriosis 3.8 5.0
Reduced ovarian reserve 7.7 15.1
RPLP 7.6 10.0
Idiopathic 26.9 249
Male factor 23.3 6.7 0.328
Reduced ovarian reserve + endometriosis 1.9 1.7
Reduced ovarian reserve + RPL P 0.0 1.7
Tubal factor 0.0 5.0
Male + female factors 115 10.0
Others 3.8 1.7

2 BMIL: body mass index; ® RPL: recurrent pregnancy loss; ¢ the infertility factors are of the couple in which the
single subject (male or female) is in * t-test or X2 test significance p < 0.05.
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Table 3. Results of urinary phthalate metabolites concentration for men in the two sub-groups.

ug/g Creatinine MnBP 2 MEP P MBzP ¢ MnOP ¢ Y.DEHP ©
>90th Percentile—Number of Subjects 12 9 9 14 12
Mean 120.55 1931.51 15.54 10.84 86.01
Median 106.94 880.20 12.63 8.36 72.02
Standard deviation 55.5 2173.00 7.34 6.01 47.23
Minimum 62.59 347.27 7.78 4.99 37.04
Maximun 245.13 7113.22 28.51 20.90 205.01
<10th Percentile—Number of Subjects 7 15 10 4 11
Mean 1.87 0.93 0.54 0.06 0.96
Median 1.63 1.05 0.60 0.05 0.92
Standard deviation 0.80 0.29 0.14 0.04 0.26
Minimum 0.91 0.11 0.18 0.03 0.70
Maximun 3.18 1.20 0.60 0.14 1.30

2 MnBP—mono-n-butyl phthalate; > MEP—monoethyl phthalate; ¢ MBzP—monobenzyl phthalate; ¢ MnOP—
mono-n-octyl phthalate; © Y DEHP—molar sum of the di (ethylhexyl)phthalate metabolites.

Table 4. Results of urinary phthalate metabolites concentration for women in the two sub-groups.

ug/g Creatinine MnBP @ MEP b MBzP ¢ MnOP 4 Y DEHP ¢
>90th Percentile—Number of Subjects 13 8 14 14 10
Mean 131.40 2549.59 36.09 9.81 79.14
Median 121.00 1049.14 28.26 8.75 63.00
Standard deviation 74.37 2735.39 26.18 3.92 46.93
Minimum 47.35 359.94 10.60 4.62 42.28
Maximun 281.71 7574.72 93.39 16.77 187.24
<10th Percentile—Number of Subjects 14 9 19 12 17
Mean 1.33 0.73 0.35 0.09 0.89
Median 1.25 0.71 0.33 0.08 1.10
Standard deviation 0.68 0.19 0.20 0.04 0.38
Minimum 0.10 0.55 0.07 0.02 0.10
Maximun 2.38 1.18 0.60 0.18 1.19

2 MnBP—mono-n-butyl phthalate; b MEP—monoethyl phthalate; * MBzP—monobenzyl phthalate; d MnOP—
mono-n-octyl phthalate; © Y DEHP—molar sum of the di (ethylhexyl) phthalate metabolites.

Table 5. Results of urinary concentrations of oxidative stress biomarkers for men.

N= 52. . 8-oxoGua ! 8-oxoGuo 2 8-oxodGuo 3 3-NO, Tyr 4 5-MeCyt °
ug/g Creatinine

Mean 19.49 6.38 3.76 33.01 13.55
Median 14.94 4.75 2.58 23.18 9.58
Standard deviation 15.98 5.12 3.84 34.56 9.37
Minimum 1.21 1.44 0.07 5.60 3.73
Maximum 68.81 31.64 18.15 224.96 37.25
5th percentile 2.86 1.80 0.25 6.93 473
95th percentile 55.30 16.20 14.10 89.58 35.60

1 8-oxoGua: 8-ox0-7,8-dihydroguanine; 2 8-ox0-Guo: 8-Ox0-7,8-guanosine; 3 8-oxodGuo: 8-Ox0-7,8-dihydro-2'-
deoxyguanosine; * 3-NO, Tyr: 3-nitrotyrosine; > 5MeCyt: 5-methylcytidine.

The comparison between mean values of men, reported in Table 5, and those of women,
reported in Table 6, showed a statistically significantly difference for 8-oxoGuo (p = 0.013)
and 3-NO,Tyr (p = 0.002), and both levels resulted higher in men.
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Table 6. Results of urinary concentrations of oxidative stress biomarkers for women.

N= 69 . 8-oxoGua ! 8-oxoGuo 2 8-oxodGuo 3 3-NO, Tyr 4 5-MeCyt
ug/g Creatinine
Mean 17.84 4.46 3.89 19.73 13.79
Median 10.17 431 211 15.43 10.67
Standard deviation 21.13 2.42 431 18.05 13.53
Minimum 1.99 0.88 0.07 2.56 3.61
Maximum 111.18 10.37 17.57 117.18 95.83
5th percentile 2.79 1.13 0.22 3.61 4.08
95th percentile 62.70 9.03 13.26 55.58 34.10

1 8-oxoGua: 8-ox0-7,8-dihydroguanine; 2 8-ox0-Guo: 8-Oxo0-7,8-guanosine; 3 8-oxodGuo: 8-Ox0-7,8-dihydro-2’-
deoxyguanosine; * 3-NO, Tyr: 3-nitrotyrosine; 5 5-MeCyt: 5Smethylcytidine.

Multiple linear regressions were performed (Table S1) to evaluate possible correlations
between oxidative stress biomarkers and phthalate metabolites levels, considered as in-
dependent variables. In the male sample the greater significance was found between the
MBzP and 8-oxoGua (p = 0.011) and between MBzP and 5-MeCyt (p = 0.035). Instead, in the
female sample, a significant correlation emerged between MEP and 8-oxoGua (p = 0.019)
and between MnOP and 8-oxodGuo (p = 0.031).

A Student’s t-test was performed to highlight differences in oxidative stress biomarkers
mean values (log-transformed) depending on the percentile group (>90th or
<10th percentile). A level of significance of 0.05 was chosen and significant findings
were reported in Table 7 for the two groups.

7

Table 7. t-test in the comparison of mean values of oxidized bases (logarithmic transformed) in the
two sub-groups of high and low levels of phthalates metabolites in men and women.

Mean Values (logo) 8-oxoGua P 8-oxoGuo 4 8-oxodGuo P 3-NO, Tyr 14 5-MeCyt p
MnOP IE;%\}; igg 0.087 822 0.086 8;? 0.213 }g 0.680 11209 0.003 *
MEP If;%a }ﬁ 0.926 8% 0.421 8;2 0.289 }i? 0.542 éé? 0.012*
Men  YDEHP I]:I:)%\}; é;i’ 0.104 8?7)2 0.005 * 90435 0.007 * égg 0.000 * (1)% 0.000 *
MBzP Ig;%? 138 0.097 82? 0.044 * 83(1) 0.237 }?g 0.004 * %ég 0.102
MnBP I]:I:)%? iig 0.189 823 0.094 882 0.162 igg 0.001 * %(2)1 0.131
MnOP Ig;%\}; i%;l 0.751 8?2 0.414 8;2 0.026 * igz 0.662 (1)3; 0.038 *
wpe ML 0% 070 I3
Women Y.DEHP I]:I:)%\}; iéé 0.826 8Z§ 0.007 * 90386 0.097 égg 0.000 * g?é 0.005 *
MBzP If;%? (1)35 0.160 822 0.046 * 833 0.077 }(2)2 0.050 (1)52 0.004 *
MnBP I]:I:)%? 152 0.252 82(1) 0.001 * 832 0.208 iﬁ 0.003 * (1)5; 0.000 *

* significant value.

The results showed higher levels of oxidative stress biomarkers for higher concentra-
tion of phthalate metabolites, confirmed in both groups.

4. Discussion

The consideration of sex as a specific discriminant of possible health effects and the
subsequent definition of the gender specific medicine is an important step in the human
knowledge [25].

Gender-related biological differences might stand out in different susceptibility of
males and females to risk factors as, for instance, exposure to hazardous substances or
biological agents [26-28]. For this reason, in our study male and female data were analyzed
separately, also taking into account that phthalates are estrogen-like substances, and there-
fore, different effects on males and females were expected [29]. Moreover, the two groups
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of subjects showed significant differences in body mass index (BMI), alcohol consumption,
and working activity.

Signs of the presence of oxidative stress consist in the oxidative damage of DNA,
RNA, lipid, and protein [30] due to the increased levels of ROS, peroxides, and other
oxygen species.

Higher levels of ROS were linked to different reproductive health problems, start-
ing from a lower follicle quality [31], endometriosis [7], up to a role in infertility, with
documented negative interference in assisted reproductive techniques success [7,32]. Re-
searchers also showed that higher ROS levels were associated with the initiation of apopto-
sis in antral follicles [33].

It was suggested that the oxidative stress could be an intermediate mechanism to
obtain endocrine dysfunction due to endocrine disrupting chemicals, so that some authors
proposed to use the evaluation of ROS as a possible early marker of toxicity [34,35]. The
pathway used by endocrine disruptors to induce oxidative stress in reproductive tissue
seems to be an interference in antioxidant protective mechanism [36,37].

To go into more detail, a review was proposed by Asghari et al. [38] to understand
the biochemical mechanisms of toxicity of phthalates, in particular for reproductive or-
gans, and some evidence emerged about the involvement of generation of ROS and the
subsequent DNA damage, lipid peroxidation, and an interference with the activity of
important antioxidant enzymes. Even with some controversy, it seems that a reduction
of superoxide dismutase and an increase of catalase is commonly observed with higher
phthalate exposure; furthermore, glutathione peroxidase and glutathione S-transferase
activities are decreased. In reproductive organs these biochemical changes, linked to OS,
could lead to a reduction of spermatogenesis, dysfunction in gonocytes, and an increase of
peroxiredoxin 3 and cyclooxygenase 2 concentrations in spermatocytes.

The scientific literature includes studies on the correlation of phthalates exposure
with DNA damage, in fertile women more than in men [5,39-41], in child populations [6],
in adolescents and adults [42], in couples planning for pregnancy [5], and in pregnant
women [5,6]. In these studies, 8-oxo-dGuo was the only biomarker evaluated. In particular,
higher values of 8-oxo-dGuo were found linked to higher phthalate exposure with regard
to DEHP, DnBP, and DiBP [5,43,44]. In Table S2 some results are summarized some about
these published papers.

To understand the association between phthalates metabolites and DNA damage it
was observed that changes occurred in the metabolism of lipids, due to peroxidation, with
many differences during the pregnancy, and it was suggested that an induction of reactive
oxygen/nitrogen species (ROS/RNS), due to phthalates, could be an intermediate event in
possible adverse outcomes [45].

8-0x0-dGuo is the most used oxidative stress biomarker [39,41,46], and in numerous
surveys it is usually the only analyte determined for the purpose. Given the absence of
data about other pathways, obtainable information about the whole oxidative stress level
is limited. In the present study, we chose to also analyze an RNA oxidation biomarker, a
nitration biomarker, and a methylation biomarker, to provide a more complete overview.

Our results showed that 8-oxoGuo is the most sensible short-term biomarker of ox-
idative stress and reversible exposure to chemicals. Furthermore, the correlation with
5-MeCyt confirms the greater susceptibility of RNA [47] in which the guanine, being RNA
a single-strand macromolecule, is less protected from oxidation compared to DNA where,
the presence of the double strand can sterically shield the basis. Moreover, differently from
what happens in DNA, there are no repair mechanisms for damaged RNA.

Regarding the analytical methods, several studies used an ELISA, instead of more
sensitive and accurate methods, such as HPLC-MS/MS. The choice of the method could
bring to possible analytical bias, namely low quantification limits, low selectivity, and
interferences [46,48-51]. Therefore, we decided to use an HPLC/MS/MS procedure to
minimize the analytical error.



Toxics 2022, 10, 61

90f13

The comparison between the different groups of subjects, with “high” and “low” phtha-
lates metabolites concentrations showed relevant differences in oxidative stress biomarkers.

8-oxoGua did not show a significant increase in high phthalates exposed subjects, but
no information can be found in the literature about biomonitoring of this biomarker related
to phthalate exposure.

On the contrary, men with high values of DEHP metabolites, concentrations showed a
significant correlation with four oxidative stress biomarkers, namely 8-oxoGuo, 8-oxodGuo,
3 NO2Tyr, and 5-MeCyt; the same situation was found in women for three biomarkers,
8-oxoGuo, 3-NO2Tyr, and 5-Mecyt.

Phthalate esters are a family of chemicals whose structure only varies in the length of
their ortho-positioned hydrocarbon chain ‘arms’. Chain length varies from 1 to >10 carbons,
in linear or branched format. This different molecular structure brings different possible
toxicological profiles. DEHP in Europe is under a restriction regime, following the release of
the European Regulation (UE) 1906/2006, and since 7 July 2020, the manufacture, market, or
use of this phthalate have been banned. The decision was based on the toxicological profile
of DEHP, particularly detrimental on the reproductive sphere. Our findings confirmed that
DEHP could be considered one of the most toxic phthalates [52].

In our study, MBzP showed a significant relation with 8-oxo-Guo, both in men and
women. However, in men, it was also linked with 3-NO2Tyr, and only in women with
5-MeCyt. To the best of our knowledge, no other previously published study proposed
this type of link. MnBP in women was significantly related with 8-oxoGuo, 3-NO2Tyr, and
5-MeCyt, while in men, only with 3-NO2Tyr. As a metabolite of DnBP, a lot of evidence is
reported in the literature about its ability to harm the embryonal development, mediated
by the oxidative stress due to ROS increase [53]. In both men and women, MnOP showed
a significant correlation with 5-MeCyt. In fact, DnOP exposure, of which MnOP is the
metabolite, is related to reproductive toxicity, because of the oxidative stress caused by
the proliferation of peroxisomes, and this should explain our results on this phthalate
metabolite [54].

Lastly, MEP was well correlated in women with 8-oxoGuo, while in men the significant
correlation was with 5-MeCyt. We should here underline the fact that DEP is not subject to
any restriction, as it is not yet included in the authorization list of European Regulation
(UE) 1906/2006. It is therefore extensively present in daily products, such as creams and
makeups or personal hygiene products, even in large amounts, as shown in biological
monitoring studies [3]. This may explain why researchers find a greater presence of MEP
in the female subjects. Differences between the two groups (high and low) were more
frequently demonstrated for 5-MeCyt, followed by 8-oxoGuo and by 3-NO2Tyr. While DEP
effects are not widely studied yet in literature, some authors supported some DNA damage
impairing semen functions [55,56].

Poor correlations were observed for 8-oxodGuo; these data suggest a weak association
of phthalates levels with the DNA damage compared to damage to RNA and proteins.

The present study has limitations related to the specificities of the sampling conditions
and to its own characteristics. In detail they can be identified as:

e  The need to proceed with spot urine sampling, due to the impossibility of knowing
the exact moment of exposure to phthalates does not allow to identify the best an exact
sampling timing that allows to take into account the half-time of each compound. This
could lead to an underestimation of the exposure level;

e  The biomonitoring data collected do not properly represent the “biologically effective
dose”, which is the concentration of substance that reaches the target organ, in this
specific case the reproductive system, even if these results allow to obtain information
on exposure. Nevertheless, considering that the oxidative stress data are also deter-
mined in the urinary matrix and not in specific cells of the target organ (i.e., in seminal
liquid cells) and therefore it is an information linked with the whole organism, the
consideration of urinary levels of phthalates seems to be an appropriate choice;
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e  The metabolism of phthalates involves a series of enzymes, knowing (i.e., through
single nucleotide polymorphism analysis) the characteristics of which would help to
evaluate possible differences in metabolism speed that, in certain measure could affect
the toxic effects recorded, also with the same exposure to the toxic. This biochemical
investigation was not conducted, considering the impossibility of identifying a specific
time of exposure to the toxics for the recruited subjects, as considerations regarding
the rate of metabolism and excretion could not lead to specific observations. The lack
of such information could lead to an underestimation of the effects;

e  The small number of subjects in the two groups of population having high and low
values of exposure to phthalates represents a limitation in the extrapolation of the
data to a more general situation. Further investigation with more numerous samples
could confirm our findings with greater strength, and perhaps could support greater
differences between genders.

5. Conclusions

In our study, the urinary concentration levels of 8-oxoGuo and 3-NO,Tyr were higher
in men than in women, while the concentration levels of the other indicators did not differ
between genders. This makes it possible to highlight the different vulnerability between
men and women to the exposure to dangerous substances.

This study also highlighted the possible correlation among phthalates exposure and
oxidative stress, in an infertile population.

Our findings permit us to focus on DEHP as the most toxic phthalate, as expected, but
also underline that other phthalates are involved, in different ways, in oxidative damage.
At the same time, 8-oxoGuo emerged as the most sensitive and susceptible biomarker of
oxidative stress, for short-term exposure to chemicals, confirming an attack of ROS and RNS
on RNA. In addition, considerations about other biomarkers such as 8-oxodGuo, 5-MeCyt,
and 3-NO,Tyr must be investigated, owing to their correlation with different phthalates.

The results of biological monitoring of phthalates exposure showed statistically signif-
icant correlations with the biomarkers of oxidative stress, 8-oxoGuo, 8-oxodGuo, 3-NO, Tyr,
and 5-MeCyt, confirming that exposure to phthalates of various origins may induce ox-
idative stress, and, to some extent, it could suggest an involvement in the reproductive
system problems.
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