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a Jožef Stefan Institute, Department of Environmental Sciences, Ljubljana, Slovenia 
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A B S T R A C T   

Single nucleotide polymorphisms (SNPs) of cytochrome P450 (CYPs) and UDP-glucuronosyltransferase (UGTs) 
genes have been proposed to influence phthalates and 1,2-cyclo-hexanedicarboxylic acid diisononyl ester 
(DINCH) biotransformation but have not been investigated on a populational level. 

We investigated the role of SNPs in CYP2C9, CYP2C19, CYP2D6, UGT2B15, and UGT1A7 genes in the 
biotransformation of phthalates (DEHP, DEP, DiBP, DnBP, BBzP, DiNP, DidP) and DINCH by determining their 
urine metabolites. 

From the Slovenian study population of 274 men and 289 lactating primiparous women we obtained data on 
phthalate and DINCH urine metabolite levels (MEHP, 5OH-MEHP, 5oxo-MEHP, 5cx-MEPP, MEP, MiBP, MnBP, 
MBzP, cx-MINP, OH-MiDP, MCHP, MnPeP, MnOP, 5OH-MINCH, 5oxo-MINCH), SNP genotypes (rs1057910 =
CYP2C9*3, rs1799853 = CYP2C9*2, rs4244285 = CYP2C19*2, rs12248560 = CYP2C19*17, rs3892097 =
CYP2D6*4, rs1902023 = UGT2B15*2, and rs11692021 = UGT1A7*3) and questionnaires. Associations of SNPs 
with levels of metabolites and their ratios were assessed by multiple linear regression and ordinary logistic 
regression analyses. 

Significant associations were observed for CYP2C9*2, CYP2C9*3, CYP2C19*17, and UGT1A7*3 SNPs. The 
most pronounced was the influence of CYP2C9*2 and *3 on the reduced DEHP biotransformation, with lower 
levels of metabolites and their ratios in men and women. In contrast, carriers of CYP2C19*17 showed higher 
urine levels of DEHP metabolites in both genders, and in women also in higher DiNP, DiDP, and DINCH 
metabolite levels. The presence of UGT1A7*3 was associated with increased metabolite levels of DINCH in men 
and of DiBP and DBzP in women. Statistical models explained up to 27% of variability in metabolite levels or 
their ratios. 

Our observations confirm the effect of CYP2C9*2 and *3 SNPs towards reduced DEHP biotransformation. We 
show that CYP2C9*2, CYP2C9*3, CYP2C19*17, and UGT1A7*3 SNPs might represent biomarkers of suscepti
bility or resilience in phthalates and DINCH exposure that have been so far unrecognised.   

1. Introduction 

Phthalates (PHs) are diesters of phthalic acid commonly classified as 
high molecular weight (HMW: 7–13 carbon atoms) or low molecular 
weight (LMW: 3–6 carbon atoms) PHs. HMW PHs are primarily used in 
plastics, while LMW PHs are additives in solvents and personal care 
products from where they migrate into the environment (Wittassek 
et al., 2011; Berger et al., 2019; Wang et al., 2019). The general popu
lation is frequently exposed via ingestion, inhalation, and dermal 

absorption (Benjamin et al., 2017; Wang et al., 2019). Exposure to PHs 
has been associated with various health issues, (Benjamin et al., 2017; 
Wang et al., 2019; Giuliani et al., 2020), therefore, the presumably less 
toxic substitute plasticizer 1,2-cyclo-hexanedicarboxylic acid diisononyl 
ester (Hexamoll® DINCH) has been introduced (Bui et al., 2016; Wang 
et al., 2019). DINCH and PHs are listed as a priority substance group 
within the pan-European HBM4EU project (Schoeters and Lange, 2020). 

In the human body, PHs and DINCH undergo compound-dependent 
biotransformation in the liver and partly in the gut. Firstly, they are 
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hydrolysed by esterase or lipases into the corresponding monoesters 
(phase I biotransformation) followed by oxidation of the monoester side 
chain by the cytochrome P450 enzymes (CYPs; phase I biotransforma
tion) resulting into secondary metabolites – mainly with hydroxy, oxo, 
and carboxy functional groups. Most of the metabolites further undergo 
conjugation (phase II biotransformation), which is catalysed mainly by 
UDP-glucuronyl transferases (UGTs), forming hydrophilic conjugates 
that are easily excreted in within 48 h in urine (major pathway) or faeces 
(minor pathway) (Frederiksen et al., 2007; Benjamin et al., 2017; Lyche, 
2017; Domínguez-Romero and Scheringer, 2019). 

Accordingly, exposure to PHs and DINCH is assessed by the mea
surement of the primary and secondary metabolites in the urine; mostly 
without distinguishing between conjugated and non-conjugated forms. 
The patterns of urine metabolites show inter-individual variability, 
which can be attributed to the exposure as well as to differences in 
physiology; the latter influencing enzyme activity and, consequently, 
biotransformation capacity (Frederiksen et al., 2007; Yaghjyan et al., 
2016; ATSDR, 2019; Domínguez-Romero and Scheringer, 2019). 
Important contributors to the inter-individual variability might also be 
single nucleotide polymorphisms (SNPs) in genes coding for the main 
metabolizing enzymes, such as CYPs and UGTs (Choi et al., 2012, 2013; 
Stein et al., 2013; Ito et al., 2014; Yaghjyan et al., 2016; Hanioka et al., 
2017; ATSDR, 2019). This can consequently result in higher suscepti
bility towards the toxic effects of PHs and DINCH on human health. 
However, information on specific genes or enzyme isoforms involved in 
PH or DINCH biotransformation is scarce. The most extensively studied 
is the biotransformation of HMW diethylhexyl phthalate (DEHP) in 
animals and humans (ATSDR, 2019); as shown in Fig. 1. 

Choi et al. (2012) assessed DEHP biotransformation by subcellular 
fractions of various human tissues and human CYPs. They identified 
CYP2C9, CYP2C19, CYP2D6, CYP3A4, CYP3A5, and CYP3A7 as the 
major CYP isoforms producing hydroxy, oxo, and carboxy secondary 
metabolites (5OH-MEHP, 5oxo-MEHP, and 5cx-MEPP, respectively). 
Moreover, the in vitro assessed effect of different CYP2C9 enzyme sub- 
isoforms defined by the SNPs rs1799853 (CYP2C9*2) and rs1057910 
(CYP2C9*3) indicated reduced enzyme activity (Choi et al., 2012, 
2013). Also, the rs743572 polymorphism in CYP17A1 has been sug
gested to influence the effect of PHs exposure (DEP, DEHP, DnBP) on the 
development of leiomyoma (Huang et al., 2014). Although, in CYP2C19 
several functional SNPs have been reported – with rs4244285 
(CYP2C19*2) and rs12248560 (CYP2C19*17) being the most common 

among Caucasians (Rosemary and Adithan, 2007; Hirota et al., 2013; 
Hiratsuka, 2016) – none have been yet investigated in the relation to 
PHs or DINCH biotransformation. Furthermore, around 85% of the 
applied DEHP dose is excreted in urine in the form of glucuronidated 
metabolites (Koch et al., 2006; Frederiksen et al., 2007; ATSDR, 2019). 
According to an in vitro study by Hanioka et al. (2017), the main UGT 
enzyme isoforms involved in MEHP glucuronidation in isolated human 
liver and intestine microsomes were UGT2B7, UGT1A9, and UGT1A7. 
Although, various SNPs resulting in induction or suppression of various 
UGT enzymes have been determined (Guillemette, 2003; UGT Nomen
clature Commitee, 2005; Hanioka et al., 2017), their association with 
biotransformation and negative health effects of PHs or DINCH have 
been poorly investigated. The assessment of rs4148323 (UGT1A1*6), 
rs7439366 (UGT2B7*2), and rs1902023 (UGT2B15*2) polymorphisms 
has revealed a significant association of the latter two with total serum 
PHs (undefined) levels in patients with polycystic ovary syndrome (Luo 
et al., 2020). 

The investigation of CYP and UGT polymorphisms’ influence on 
urine levels of PHs or DINCH metabolites on a population level has been 
proposed (Choi et al., 2012; Ito et al., 2014; Yaghjyan et al., 2016; 
Hanioka et al., 2017) but, to our knowledge never performed. Therefore, 
the purpose of the present study was to test the possible role of selected 
SNPs in three CYP (CYP2C9, CYP2C19, CYP2D6) and two UGT 
(UGT2B15, and UGT1A7) genes in the biotransformation of PHs (DEHP, 
DEP, DiBP, DnBP, BBzP, DiNP, and DiDP) and DINCH in the Slovenian 
population of men and lactating women. 

2. Material and methods 

2.1. Study population 

In this study, a subset of unrelated subjects was selected from a wider 
Slovenian Human Biomonitoring programme carried out between 2008 
and 2014. In the original programme, 1084 participants – consisting of 
men and lactating primiparous women – were recruited from across 
Slovenia, with the aim to estimate trace elements’ levels and persistent 
organic pollutants in a childbearing population and to estimate babies’ 
exposure via maternal milk. Due to the existence of archived samples, 
levels of PHs and DINCH metabolites in urine were obtained in 
2019–2020 for 603 participants, and Runkel et al. (2022) describe their 
exposure assessment in detail. Among these, genetic material was 

Fig. 1. Biotransformation of DEHP (adapted with permission from Koch et al., 2005). Highlighted are the major metabolites, which are determined in the pre
sent study. 
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obtained for 572 participants (298 lactating primiparous women and 274 
men), who’s data was used in order to test the present study’s aim. 

Stajnko et al. (2017) and Snoj Tratnik et al. (2019) describe the 
detailed recruitment and sampling procedures. Briefly, all participants 
provided a random spot urine sample and a sample of whole blood, and 
they completed questionnaires covering their general characteristics, 
socio-economic status, life-style, and dietary habits. The samples were 
aliquoted and stored at − 20 ◦C prior to analyses. All participants signed 
an informed consent form, and the study protocol was approved by the 
Republic of Slovenia National Medical Ethics Committee, with numbers 
of accordance 42/12/07, 53/07/09 and 70/02/11. To be able to use 
biobanked samples, we obtained additional ethical approval (number of 
accordance 0120-431/2018/4), and all participants provided informed 
written consent. 

2.2. Analyses of PHs and DINCH metabolites 

The spot urine samples were sent to the VITO NV laboratory in 
Belgium for analysis of 13 PHs primary and secondary metabolites 
(MEP, MBzP, MiBP, MnBP, MCHP, MnPeP, MEHP, 5OH-MEHP, 5oxo- 
MEHP, 5cx-MEPP, MnOP, cx-MiNP, and OH-MiDP) and 2 secondary 
metabolites of DINCH (OH-MINCH and oxo-MINCH) (Table 1). The C or 
D labelled standards of phthalate or DINCH metabolites were supplied 
by Cambridge Isotope Laboratories (Andover, USA). VITO has proved its 
excellence by successfully participating in the ICI-EQUAS rounds (inter- 
laboratory comparison investigation) organised within the European 
project HBM4EU (Elbers and Mol, 2019). The laboratory measured the 
total content (conjugated and free form) of urinary PH and DINCH 
metabolites. 

A brief description of the measurement process is as follows. First, 
β-glucuronidase in an ammonium acetate buffer solution was added to 1 
mL of each sample and analysed using ultra-high-performance liquid 
chromatography-tandem mass spectrometry (UHPLC-MS/MS) after 

direct injection. Separation was achieved on an Acquity UPLC BEH 
PHENYL 1.7 µm, 2.1 × 100 mm column with mobile phase A: water +
0.1% acetic acid and B: acetonitrile (ACN) + 0.1% acetic acid and a total 
run time of 8 min. The analysis was performed in negative ionization 
mode with MRM detection. Contamination control was assured via the 
inclusion of procedural blanks and parallels as well as spiked quality 
control samples in water and urine. One independent quality control 
sample (G-EQUAS) was included to assure the repeatability and repro
ducibility of the results. Only linear weighted (1/X) calibration curves 
with squared regression coefficients >0.995 and residuals <10% were 
accepted. The inter-day repeatability for all metabolites was <10%. A 
deviation of 20% in recovery of quality control samples was considered 
acceptable and was obtained for all analytes. The method trueness was 
assessed via spiking experiments to overcome the lack of certified 
reference materials. The relative recovery (%) calculated as the ratio 
between experimentally observed concentrations and nominal concen
trations was taken as an approximation of trueness and ranged between 
80% and 120%. 

The obtained LOQs were as follows: 0.1 ng/mL for 5oxo-MEHP, 5OH- 
MEHP, 5cx-MEPP, cx-MiNP, MnOP, MnPeP, OH-MiDP, OH-MINCH, and 
oxo-MINCH; 0.2 ng/mL for MBzP and MCHP; 0.5 ng/mL for MEP, MiBP, 
and MnBP; and 0.8 ng/mL for MEHP. 

All results were adjusted to specific gravity (SG) to overcome the 
effects of urinary dilution. SG was measured on a PAL-10 S refractom
eter, closely following the method for SG correction described by 
Suwazono et al. (2005). 

2.3. Analyses of selenium in blood 

Aliquot of venous blood (0.3 mL) was analysed for selenium (Se) by 
Octopole Reaction System (ORS) Inductively Coupled Plasma Mass 
Spectrometry (ICP-MS; 7500ce, Agilent Technologies) equipped with an 
ASX-510 autosampler (Cetac). The LOD was 8 ng/g. The procedure was 

Table 1 
Primary and secondary metabolites of PHs and DINCH measured in the present study.     

Metabolites measured in the present study: 

Parent compound LMW HMW Primary metabolite Secondary metabolites 

DEHP 
Di(2-ethylhexyl) phthalate  

X MEHP 
Mono(2-ethylhexyl) phthalate 

5OH-MEHP (MEHHPa) 
Mono(2-ethyl-5-hydroxyhexyl) phthalate  
5oxo-MEHP (MEOHPa) 
Mono(2-ethyl-5-oxyhexyl) phthalate 
5cx-MEPP (MECPPa) 
Mono(2-ehtyl-5carboxypentyl) phthalate 

DEP 
Di-ethyl phthalate 

X  MEP 
Mono-ethyl phthalate  

DiBP 
Di-isobutyl phthalate 

X  MiBP 
mono-isobutyl phthalate  

DnBP 
Di-n-butyl phthalate 

X  MnBP 
mono-n-butyl phthalate  

BBzP 
Benzyl butyl phthalate 

X  MBzP 
Mono-benzyl phthalate  

DiNP 
Diisononyl phthalate  

X  cx-MiNP 
Monocarboxy-isononyl phthalate 

DiDP 
Diisodecyl phthalate  

X  OH-MiDP 
Monohydroxy-isodecyl phthalate 

DCHP 
Dicyclohexyl phthalate 

X  MCHP* 
Mono-cyclohexyl phthalate  

DnPeP 
Di-n-pentyl phthalate 

X  MnPeP* 
Mono-n-pentyl phthalate  

DnOP 
Di-n-octyl phthalate  

X MnOP* 
Mono-n-octyl phthalate  

DINCH 
Di-(isononyl)-cyclohexane-1,2-dicarboxylate  

X  OH-MINCH (MHNCHa) 
Cyclohexane-1,2-dicarboxylic acid-mono (hydroxyl-isononyl)  
oxo-MINCH (MONCHa) 
Cyclohexane-1,2-dicarboxylic acid-mono (oxo-isononyl)  

* Could not be detected in >95% of samples and were as such excluded from the statistical analysis in the present study; LMW: low molecular weight compound, 
HMW: high molecular weight compound. 

a Alternative commonly used metabolite nomenclature. 
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previously described by (Miklavčič et al., 2013). 

2.4. Genotyping of selected SNPs 

2.4.1. SNP nomenclature and selection 
Within clinical studies, where CYPs and UGTs are mostly studied, the 

most widely adopted SNP nomenclature is the “star” (*) nomenclature, 
with *1 mainly defining reference or wild-type (fully functional) allele, 
while further numbers (e.g. *2, *3, *4, …) correspond to variant alleles 
of different SNPs (https://www.pharmvar.org/; https://www.pharma 
cogenomics.pha.ulaval.ca/ugt-alleles-nomenclature). To be consistent 
and transparent with the current literature, in this manuscript, we 
follow the recommendations by Kalman et al. (2016) and in case of each 
tested SNP reported both rs ID from dbSNP and its corresponding * allele 
nomenclature, as presented in Table 2 (e.g. CYP2C9 SNP rs1057910: A 
> C allele change, resulting genotypes AA, AC, and CC; corresponding * 
nomenclature is *1 > *3 and *1/*1, *1/*3, and *3/*3). 

Specific genes and corresponding SNPs were selected based on the 
following criteria:  

(i) literature data on specific genes predominantly involved in the 
biotransformation of PHs – mainly DEHP – (Choi et al., 2012; 
Hanioka et al., 2017), and the reported functional influence of 
SNP on enzyme activity (Guillemette, 2003; UGT Nomenclature 
Commitee, 2005; Di et al., 2009; Hanioka et al., 2011; Choi et al., 
2012, 2013; Cao et al., 2019; PharmVar: Pharmacogene Variation 
Consortium, 2021);  

(ii) reported SNP’s minor allele frequency (MAF) of ≥7% for the 
European population;  

(iii) the availability of pre-designed hydrolysis probe assays (htt 
ps://www.thermofisher.com/order/genome-database/). 

Seven functional SNPs: rs1799853 (CYP2C9*2), rs1057910 
(CYP2C9*3), rs4244285 (CYP2C19*2), rs12248560 (CYP2C19*17), 
rs38920979 (CYP2D6*4), rs1902023 (UGT2B15*2), and rs11692021 
(UGT1A7*3) were selected. Their general information is presented in 
Table 2. 

2.4.2. DNA isolation and genotyping 
Genomic DNA was isolated from archived venous whole blood (0.5 

mL) using the FlexiGene® DNA kit (Qiagen, Germany) following the 
manufacturer’s instructions. The quality and quantity of DNA were 
evaluated by UV–VIS spectrophotometer NanoDrop 2000c (Thermo
Fisher Scientific, USA). DNA isolates were stored at − 80 ◦C prior to 
genotyping. 

Selected SNPs were genotyped using pre-designed TaqMan SNP 
Genotyping Assays (Applied Biosystems, USA; Table 2). The 5 µL reac
tion consisted of 2.5 µL of FastStart Essential DNA Probes Master (Roche, 

Germany), 1.875 µL of ultrapure nuclease-free water (Life Technologies, 
USA), 0.125 µL of 44X TaqMan probe/primer mix, and 0.5 µL of genomic 
DNA. LightCycler® 480 Instrument II and LightCycler480® Software 
version 1.5.1 (Roche, Germany) were used for the amplification and 
fluorescence detection. PCR cycling included the following steps: pre- 
PCR step (1 cycle: 50 ◦C for 2 min), activation step (1 cycle: 95 ◦C for 
10 min), annealing and amplification step (50 cycles: 95 ◦C for 15 s and 
61 ◦C for 1 min), and post-PCR step (1 cycle: 40 ◦C for 30 s). For each 
SNP, a subset of randomly selected samples was repeated as a control 
(~30%). 

2.5. Statistical analyses 

All statistical analyses were performed separately for the groups of 
men and lactating women, due to significant physiological differences 
between men and women that are intensified by the temporary physi
ological state (i.e. lactation) of the participating women (Waxman and 
Holloway, 2009; Moya et al., 2014). Descriptive statistics were used to 
assess general characteristics of the study population (age, BMI, edu
cation and smoking), levels of metabolites in urine (exposure bio
markers), and genotype and allele frequency distribution of SNPs. The 
descriptive statistics of metabolite levels are presented unadjusted and 
with SG adjusted data, while all further statistics were performed using 
only SG adjusted data. 

To assess the efficiency of DEHP and DINCH oxidative biotransfor
mation, the following metabolite ratios were calculated: 5OH-MEHP/ 
MEHP, 5oxo-MEHP/MEHP, 5cx-MEPP/MEHP, and 5oxo-MEHP/5OH- 
MEHP for DEHP and oxo-MINCH/OH-MINCH for DINCH. 

Statistical differences between groups were assessed using the Mann- 
Whitney U test, the Kruskal Wallis test with Dunn post hoc test, or 
Pearson’s chi-squared test. The associations of seven SNPs with PHs and 
DINCH urine metabolite levels and their ratios were tested by multiple 
linear regression analyses (MLR) with levels of metabolites or ratio 
values as the dependent variable and SNPs as the independent variable. 
Each association of SNP with urinary metabolite level and ratio was 
tested in a separate model with adjustments for age, BMI, education, 
year of sampling, blood selenium, and smoking. The latter was, due to 
there being only one female smoker, tested in men only. The con
founders were chosen based on their previously reported association 
with PHs or DINCH biotransformation, their influences on enzyme ac
tivity and their general physiological relevance (Bui et al., 2016; 
Yaghjyan et al., 2016; Klomp et al., 2020; Runkel et al., 2020). Selenium 
in whole blood was added as a rough estimate of selenium nutritional 
status, which can influence cytochrome P450 enzyme’s activity (Burk, 
1983; Jiang et al., 2020) and possibly, consequently, the biotransfor
mation of PHs and DINCH. Moreover, in the case of DEHP metabolites, 
the models were additionally adjusted by the 5cx-MEPP/5OH-MEHP 
ratio as a rough approximation of the time between DEHP exposure 

Table 2 
Information on studied SNPs.  

Gene dbSNP ID Variant allele 
nomenclaturea 

Chr/ 
location 

nt 
change 

Amino acid 
change 

MAF 
EU 

TaqMan assay ID Reported effect on enzyme 
activityb 

CYP2C9 rs1057910 CYP2C9*3 10/exon A > C Ile > Leu 7 C__27104892_10 C or *3: reduced 
rs1799853 CYP2C9*2 10/exon C > T Arg > Cys 12 C__25625805_10 T or *2: reduced 

CYP2C19 rs4244285 CYP2C19*2 10/exon G > A Pro > Pro 15 C__25986767_70 A or *2: reduced 
rs12248560 CYP2C19*17 10/ 

promoter 
C > T  22 C____469857_10 T or *17: increased 

CYP2D6 rs3892097 CYP2D6*4 22/intron C > T  19 C__27102431_D0 T or *4: reduced 
UGT2B15 rs1902023 UGT2B15*2 4/exon T > G Asp > Tyr 52 C__27028164_10 A or *2: inconsistent 
UGT1A7 rs11692021 UGT1A7*3 2/exon T > C Trp > Arg 36 C____287260_10 C or *3: reduced 

Chr: chromosome; nt: nucleotide, MAF EU: minor allele frequency in populations with European ancestry (NCBI, 2021). 
a “star” (*) nomenclature for the variant alleles based on the nomenclature consortium (https://www.pharmvar.org/, https://www.pharmacogenomics.pha.ulaval. 

ca/ugt-alleles-nomenclature). 
b Based on the measured enzyme activity in various in vitro and pharmacogenomical studies (https://www.pharmvar.org/, https://www.pharmacogenomics.pha. 

ulaval.ca/ugt-alleles-nomenclature; Guillemette et al., 2000). 
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and urine spot sampling. This is based on the longer estimated elimi
nation half-life of 5cx-MEPP (12–15 h) compared with 5OH-MEHP 
(~10 h) (Lorber et al., 2011; Meeker et al., 2012). As hypothesized by 
Lorber et al. (2011) “initially after exposure, the ratio of 5cx-MEPP to 
5OH-MEHP in a spot urine sample is <1.0, but after 10 h or so, this ratio 
exceeds 1.0”. Furthermore, to assess the MLR performance, diagnostic 
analyses were carried out to test for linearity, normality, homoscedas
ticity and multicollinearity. 

The available personalized questionnaire data unfortunately do not 
include information on possible exposure, such as the use of personal 
care products or food packaging within the last days prior to sampling. 
This might, however, influence the assessment of the SNPs role in PHs or 
DINCH biotransformation. Therefore, to test for possible influences of 
such un-identified individual exposure sources (i.e. outliers), beside the 
Cook’s distance test in MLR, the models described above were addi
tionally tested with ordinal logistic regression analyses (OLR).For this 
purpose, the levels of each metabolite or their ratios were split into 
quartiles (1st: ≤25th perc.; 2nd: >25th perc. and ≤50th perc.; 3rd: 
>50th perc. and ≤75th perc.; and 4th: >75th perc.), and then used as 
categorical dependent variables. With this approach – commonly used in 
the epidemiological studies – we believe that the effect of outliers on the 
tested associations is reduced. 

In the case of CYP enzymes – mainly responsible for reactions 
resulting in secondary metabolites – the corresponding SNPs were tested 
for associations with urine levels and/or ratios of secondary metabolites 
of DEHP, DiNP, DiDP, and DINCH. SNPs in UGTs were tested for asso
ciations with urine levels of all metabolites. Moreover, due to the suf
ficient number of subjects in certain SNP groups, namely, rs1902023 
(UGT2B15*2), rs11692021 (UGT1A7*3), and rs12248560 
(CYP2C19*17), analyses were performed based on allele (e.g. *2(*1/ 
*2+*2/*2) vs *1/*1) and genotype stratification (e.g. *2/*2 vs. *1/*2 
vs. *1/*1), while in the case of other SNPs, we used only stratification by 
alleles. 

The level of statistical significance (p-value) was set to ≤0.05. Values 
below the LOQ were substituted with a value of LOQ/2, and when 
appropriate, non-normally distributed data was log transformed to 
approximate normal distribution. Statistical analyses and visualisations 
of the results were carried out in statistical software R version 3.6.0 with 
RStudio version 1.2.1335 using the packages ggplot2 (Wicklam, 2016), 
stargazer (Hlavac, 2018), stats (R Core Team, 2019), and MASS (Ven
ables and Ripley, 2002) and in OriginPro® version 2020b (OriginLab 
Corporation, USA). 

3. Results and discussion 

To date, the literature widely focusses on the effect of CYP and UGT 
SNPs on the biotransformation of pharmaceuticals, while studies on PHs 
and DINCH mostly investigate distribution, levels of exposure and its 
health outcomes. Their gene-environment interaction on a populational 
level has previously been pointed out, but no studies examining this 
issue exist to date. Therefore, in the present study, SNPs in the genes of 
CYP2C9, CYP2C19, CYP2D6, UGT2B15, and UGT1A7 were tested for 
possible associations with PHs and DINCH metabolite levels and their 
ratios. For six tested SNP variant alleles, it was reported that they have 
an inhibitory effect, and for one (rs12248560 or CYP2C19*17), a stim
ulating effect on enzyme activity (Table 2). Here we observe similar 
trends regarding their impact on metabolite levels and/or ratios. 

3.1. Study population and biomarkers of exposure and biotransformation 

The participants’ samples were obtained between 2008 and 2014, 
with the highest acquisition in the years 2012 and 2013 (71% and 61% 
for women and men, respectively). Thus, all subjects were recruited 
prior to the EU-wide restriction of DiBP, DEHP, BBzP, and DMP in 2015 
(Tranfo et al., 2018). The general characteristics of the studied men and 
lactating women are presented in Table 3. Among the women and men, 

with average ages of 29 and 31, respectively, we noticed that 54% and 
38% of women and men, respectively, hold at least a university degree. 
As such, the education level of the present population is skewed towards 
higher levels compared to the average education level of the Slovenian 
population (SURS, 2017). 

Concentration levels of metabolites of seven phthalates (DEHP, DEP, 
DiBP, DnBP, BBzP, DiNP, DiDP) and DINCH are presented in Table 4, 
while primary metabolites of DCHP, DnPeP, and DnOP could not be 
detected in >95% of samples and were thus excluded from the statistical 
analysis. The numbers of samples < LOQ ranged between 0% and 21% 
and between 0% and 38% for all other metabolites in men and women, 
respectively. In both men and women, the highest concentrations found 
were for MEP, followed by MiBP, MnBP, 5cx-MEPP, 5OH-MEHP, and 
5oxo-MEHP, whereas the lowest concentrations were obtained for oxo- 
MINCH, followed by OH-MiDP and OH-MINCH. Despite different time 
frames of sampling, similar trends have been observed in other studies 
(Wang et al., 2019). Women had significantly lower concentrations of all 
metabolites compared with men (p < 0.001). This trend was not 
generally observed in our study from 2011, in which non-lactating 
women (n = 155) and men (n = 177) of similar ages from Slovenian 
urban and rural areas, with similar exposure levels among men and 
higher among women, were involved (Runkel et al., 2020). Therefore, 
the observed sex differences in the present study could be at least 
partially related to the generally upregulated drug biotransformation in 
women during pregnancy, which remains elevated after birth, or to the 
altered life style during lactation (Meeker et al., 2012; Moya et al., 2014; 
Zhao et al., 2018; Domínguez-Romero and Scheringer, 2019). This 
observation can be further supported by the DEHP metabolite ratios 
(5OH-MEHP/MEHP, 5oxo-MEHP/MEHP, 5cx-MEPP/MEHP, and 5oxo- 
MEHP/5OH-MEHP), which were significantly higher in women than 
in men (Table 4), indicating a higher DEHP biotransformation efficiency 
in women (if biotransformation is not concentration dependent). 

The ratios’ ranking order of 5cx-MEPP/MEHP > 5OH-MEHP/MEHP 
> 5oxo-MEHP/MEHP is the same in men and women. This aligns with 
the literature stating that the majority of MEHP is further metabolized to 
secondary metabolites (Frederiksen et al., 2007). The lower ratio be
tween the oxo and hydroxy (oxo/OH) metabolites of DEHP and DINCH 
indicates a higher proportion of the OH metabolite as compared with 
oxo, which agrees with the current state of knowledge (Bolt et al., 2004; 
Koch et al., 2005, 2017; Völkel et al., 2016; Schütze et al., 2017). 

Table 3 
General characteristics of the studied population.   

Lactating women Men 

N (%) 289 (51) 274 (49) 
Age (years) 29 ± 4 31 ± 6 
Weight (kg) 65 ± 11 84 ± 13 
Height (cm) 168 ± 6 180 ± 7 
BMI (kg/m2) 23 ± 4 26 ± 4 
Current smokers (N (%)) 1 (0.3) 13 (2)  

Education (N (%)) 
<University 129 (46) 162 (61) 
≥University 153 (54) 102 (38)  

Year of sampling N 
2008 10 10 
2009 41 22 
2010 10 16 
2011 13 6 
2012 140 87 
2013 65 79 
2014 8 49  

Selenium in blood (ng/g) 96 (54–176) 117 (77–226) 

Age, weight, height, and BMI are presented as arithmetic mean ± SD, and Se
lenium in blood as GM (min–max) 
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Table 4 
Descriptive statistics of primary and/or secondary PHs and DINCH metabolite levels in urine and their ratios in lactating women and men.a   

LACTATING WOMEN MEN p-Value* 

% <LOQ N GM Min P25 P50 P75 Max % <LOQ N GM Min P25 P50 P75 Max 

Parent compound Metabolite levels Unadjusted data (µg/L) 

DEHP MEHP 24.6 289  1.67  0.40  0.81  1.89  3.40 35.1  4.4 274  3.96  0.40  2.23  4.18 6.93 127  <0.001  
5OH-MEHP 0.3 289  4.95  0.05  2.21  5.25  10.3 77.1  0.0 270  8.18  0.48  4.29  8.63 15.3 161  <0.001  
5oxo-MEHP 0.7 289  3.32  0.05  1.54  3.61  6.99 66.7  0.8 266  4.66  0.05  2.62  4.99 8.67 101  <0.001  
5cx-MEPP 0.7 289  6.62  0.05  3.20  6.89  13.6 152  0.0 271  8.40  0.78  4.57  8.91 15.4 134  0.006 

DEP MEP 0.4 273  24.2  0.25  10.68  21.4  52.7 2354  0.4 226  54.1  0.25  17.2  48.7 159 4926  <0.001 
DiBP MiBP 1.7 288  16.7  0.25  8.08  17.6  35.8 524  1.1 268  23.3  0.25  11.8  25.1 47.1 371  <0.001 
DnBP MnBP 0.0 289  9.69  0.69  4.50  10.7  20.3 200  0.8 259  14.2  0.25  8.07  14.8 27.0 345  <0.001 
BBzP MBzP 11.8 288  1.89  0.10  0.97  2.23  4.96 109  4.0 274  3.18  0.10  1.63  3.28 6.27 317  <0.001 
DiNP cx-MiNP 0.7 289  1.71  0.05  0.89  1.70  3.28 105  0.0 273  2.65  0.20  1.61  2.65 4.38 107  <0.001 
DiDP OH-MiDP 22.8 289  0.32  0.05  0.17  0.37  0.70 107  7.3 274  0.73  0.05  0.41  0.73 1.45 33.9  <0.001 
DINCH OH-MINCH 21.1 289  0.56  0.05  0.19  0.47  1.51 220  9.6 271  0.97  0.05  0.34  0.83 2.27 268  <0.001  

oxo-MINCH 37.8 289  0.27  0.05  0.05  0.24  0.77 93.0  21.0 272  0.49  0.05  0.20  0.46 1.19 87.3  <0.001    

SG adjusted data (µg/L SG) 

DEHP MEHP  287  1.95  0.25  1.16  2.01  3.20 33.0  271  4.45  0.50  2.87  4.50 7.57 87.8  <0.001  
5OH-MEHP  287  5.79  0.20  3.42  5.46  9.02 50.7  267  9.22  0.85  5.88  8.88 14.4 118  <0.001  
5oxo-MEHP  287  3.87  0.20  2.27  3.75  6.22 34.8  263  5.29  0.08  3.57  5.37 8.48 73.5  <0.001  
5cx-MEPP  287  7.71  0.12  4.68  7.00  12.2 96.1  269  9.44  1.46  5.69  9.41 14.5 115  <0.001 

DEP MEP  271  29.5  1.00  13.9  27.7  55.7 1046  224  65.3  1.25  22.3  55.9 161 5185  <0.001 
DiBP MiBP  286  19.7  0.33  12.3  19.6  32.4 262  265  26.2  0.42  15.5  25.8 42.7 374  <0.001 
DnBP MnBP  287  11.4  1.04  6.89  11.2  18.1 104  256  16.3  0.42  10.0  15.1 26.9 276  <0.001 
BBzP MBzP  286  2.21  0.09  1.44  2.65  4.28 65.4  271  3.57  0.10  2.17  3.78 6.09 264  <0.001 
DiNP cx-MiNP  287  1.99  0.15  1.22  1.87  2.79 43.6  270  3.00  0.54  1.74  2.90 4.57 97.1  <0.001 
DiDP OH-MiDP  287  0.37  0.04  0.20  0.37  0.64 71.2  271  0.83  0.04  0.48  0.79 1.39 86.0  <0.001 
DINCH OH-MINCH  287  0.66  0.04  0.20  0.50  1.25 292  268  1.12  0.04  0.49  0.91 2.16 244  <0.001  

oxo-MINCH  287  0.32  0.03  0.10  0.23  0.64 83.2  269  0.57  0.04  0.25  0.49 1.02 79.4  <0.001   

Ratios 

DEHP 5OH-MEHP/MEHP  289  2.95  0.13  1.98  2.97  4.62 21.3  270  2.09  0.28  1.40  2.07 3.00 21.2  <0.001  
5oxo-MEHP/MEHP  289  1.98  0.13  1.30  1.97  3.12 15.6  266  1.20  0.13  0.83  1.20 1.73 13.1  <0.001  
5cx-MEPP/MEHP  289  3.94  0.13  2.49  4.01  6.18 33.4  271  2.14  0.29  1.29  2.23 3.21 21.2  <0.001  
5oxo-MEHP/5OH-MEHP  289  0.67  0.09  0.61  0.67  0.74 1.00  264  0.58  0.10  0.53  0.59 0.66 0.85  <0.001  
5cx-MEPP/5OH-MEHP  289  1.34  0.06  1.13  1.37  1.63 12.2  267  1.03  0.22  0.83  1.02 1.27 2.55  <0.001 

DINCH oxo-MINCH/OH-MINCH  289  0.49  0.09  0.36  0.49  0.81 4.02  270  0.50  0.14  0.40  0.51 0.66 3.50  0.649  

* Difference between men and lactating women tested by Mann-Whitney U test. 
a The exposure data (metabolites levels) for the wider set of participants (including those without available genetic material; n = 304 women and 299 men) is presented by Runkel et al. (2022). 
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3.2. Allele frequencies of the studied SNPs in the Slovenian population 

Table 5 presents the distribution of genotypes and alleles for all 
selected SNPs of the whole study population and separately for men and 
lactating women. Each SNP was successfully genotyped in at least 95.6% 
of the study population and was in accordance with the Hardy-Weinberg 
equilibrium. The minor allele frequencies (MAF) were between 8% and 
50% (for rs1057910 (CYP2C9*3) and rs1902023 (UGT2B15*2), 
respectively) and were, in the case of each SNP, similar to those reported 
for populations with European ancestry (Table 2). Moreover, there were 
no significant differences in the MAFs of SNPs between men and women. 

3.3. SNPs influence on metabolite levels and biotransformation 

The estimation coefficients for specific SNP genotypes and/or alleles 
from MLR analyses (confirmed also in OLR) are summarised in Fig. 2 
(CYPs) and Fig. 3 (UGTs). In general, associations with p-values ≤0.05 
or ≤0.1 – based on both MLR and OLR – are discussed. The supplements 
present additional summary statistics (Supplementary material: sub
group comparisons for urine levels (Tables SP1–SP5) and for metabolite 
ratios (Tables SP6 and SP7), and results of the regression models 
(Tables SP8–SP10)). 

3.3.1. Cytochrome P450 enzymes – CYPs 
An in vitro study on human and rat tissues identified isoforms ranked 

as CYP2C9 > CYP2C19 > CYP2D6 as the most efficient among the six 
major isoforms mainly responsible for the production of DEHP second
ary metabolites (Choi et al., 2012). CYP2C9, CYP2C19, and CYP2D6 are 
highly polymorphic with several functional SNPs, resulting in enzyme 
isoforms with decreased or increased activity when compared with their 
respective wild-type enzymes (Pelkonen et al., 2008; Hiratsuka, 2016; 
PharmVar: Pharmacogene Variation Consortium, 2021). 

3.3.1.1. CYP2C9 SNPs: rs1799853 (CYP2C9*2), rs1057910 
(CYP2C*3). In the present study, the results indicated a reduced 
oxidative biotransformation of DEHP in both lactating women and, even 
more evidently, in men carriers of the variant alleles of both SNPs 
(Fig. 2; Tables SP1, SP6, and SP8). 

The presence of the rs1799853 (CYP2C9*2) variant allele was 
associated with lower urine levels of all three DEHP secondary metab
olites in men, and in a lower 5cx-MEPP/MEHP ratio in men and women. 
Differences between variant allele carriers and non-carriers were as 
follows: 5OH-MEHP (P50: 7.35 vs. 8.99 µg/L SG; coef:-0.26), 5oxo- 
MEHP (P50: 4.20 vs 5.65 µg/L SG; coef:-0.28), and 5cx-MEPP (P50: 
7.07 vs 10.3 µg/L SG; coef:-0.35) in men, and 5cx-MEPP/MEHP in men 
(P50: 1.73 vs 3.57, coef: − 0.24) and in women (coef: − 0.23; P50: 3.57 
vs. 4.15). 

Similarly, the presence of the rs1057910 (CYP2C9*3) variant 
allele resulted in three lower DEHP metabolite ratios in male carriers 
and in lower levels of 5cx-MEPP and 5cx-MEPP/MEHP ratios in female 
carriers. Results for carriers versus non-carriers were as follows: 5oxo- 
MEHP/MEHP (P50: 1.04 vs. 1.24; coef: − 0.19), 5cx-MEPP/MEHP 
(P50: 1.46 vs. 2.33; coef: − 0.38) and 5oxo-MEHP/5OH-MEHP (P50: 
0.45 vs. 0.61; coef: − 0.13) in men, and 5cx-MEPP (P50: 6.18 vs 7.38 µg/ 
L SG; coef: − 0.16) and 5cx-MEPP/MEHP (P50: 3.22 vs 6.18; coef: 
− 0.46) in women. 

Our results are aligned with in vitro studies by Choi et al. (2012, 2013), 
that report negative effects of these variant alleles on the catalytic activity 
of the enzyme, resulting in a lower production of DEHP-derived secondary 
metabolites. Moreover, the presumed negative impact of both SNPs was 
most noticeable on the production of 5cx-MEPP in both men and women 
(Fig. 2). Similar observations were also reported by Choi et al. (2012, 
2013), who found that rs1057910 (CYP2C9*3) resulted in minor pro
duction of OH- and oxo-MEHP and a complete loss of 5cx-MEPP forma
tion. Additionally, 5cx-MEPP also shows higher binding affinity compared 
with other metabolites (Choi et al., 2013), which could highlight the in
fluence of genetic variations on its production. 

Table 5 
Genotype and allele frequencies of studied SNPs (N (%)).  

Gene SNP ID Genotype All Lactating women Men HWE 
p-value 

% of genotyped individuals 

CYP2C9 rs1057910 
or 
CYP2C9*3 

AA or *1/*1 578 (85) 253 (88) 225 (83) 0.859 99.6 
AC or *1/*3 80 (14) 35 (12) 45 (17) 
CC or *3/* 3 3 (0.5) 1 (0.4) 2 (0.7) 

MAF % 8 6 9 
rs1799853 
or 
CYP2C9*2 

CC or *1/*1 433 (77) 225 (78) 208 (77) 0.100 99.5 
CT or *1/*2 114 (21) 57 (20) 57 (21) 
TT or *2/*2 13 (2) 7 (2) 6 (2) 

MAF % 13 12 13  

CYP2C19 rs4244285 
or 
CYP2C19*2 

GG or *1/*1 436 (78) 227 (79) 209 (77) 0.525 99.5 
GA or *1/*2 118 (21) 59 (20) 59 (22) 
AA or *2/*2 6 (1) 3 (1) 3 (1) 

MAF % 12 11 12 
rs12248560 or 
CYP2C19*17 

CC or *1/*1 297 (54) 149 (53) 148 (55) 0.188 97.9 
CT or *1/*17 204 (37) 106 (38) 98 (36) 
TT or *17/*17 50 (9) 26 (9) 24 (9) 

MAF % 28 28 27  

CYP2D6 rs3892097 
or 
CYP2D6*4 

CC or *1/*1 374 (70) 195 (71) 179 (68)   
CT or *1/*4 146 (27) 70 (26) 76 (29)   
TT or *4/*4 18 (3) 9 (3) 9 (3) 0.223 99.1 

MAF % 17 16 18    

UGT2B15 rs1902023 
or 
UGT2B15*2 

CC or *1/*1 139 (25) 74 (26) 65 (24) 0.997 99.6 
CA or *1/*2 280 (50) 147 (51) 133 (49) 
AA or *2/*2 142 (25) 66 (23) 76 (28) 

MAF % 50 49 52  

UGT1A7 rs11692021 or 
UGT1A7*3 

TT or *1/*1 193 (35) 100 (35) 93 (34)  
TC or *1/*3 282 (51) 150 (52) 132 (49)  
CC or *3/*3 83 (15) 38 (13) 45 (17) 0.997 99.6 

MAF % 40 39 41  

HWE: Hardy-Weinberg Equilibrium; MAF: minor allele frequency. 
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Fig. 2. Associations with p-values ≤0.05 or ≤0.1 for rs1799853 (CYP2C9*2), rs1057910 (CYP2C9*3), and rs12248560 (CYP2C19*17) SNPs with DEHP, DiDP, DiNP, 
and/or DINCH metabolite levels and/or ratios in men (left; blue) and lactating women (right; red). Presented are estimation coefficients of MLR analyses with a 95% 
confidence interval for heterozygote + variant homozygote, for heterozygote, and/or for homozygous variant when compared with homozygous wild-type (*1/*1); 
(***p < 0.01, **p < 0.05, *p < 0.1). 
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The association (linkage disequilibrium) between the variant alleles 
of rs1799853 (CYP2C9*2) and rs1057910 (CYP2C9*3) is very low. In 
our study population, only nine individuals (four women and five men) 
were identified as carriers of both variant alleles. However, as expected, 
those individuals show an even greater reduction in DEHP biotransfor
mation, with the production of 5cx-MEPP being lower for 50% or more 
compared with wild-type carriers, as presented in Fig. 4. Furthermore, 
comparing both variant alleles, generally a slightly higher impact on 
DEHP biotransformation was observed in the case of rs1057910 
(CYPC9*3) then rs1799853 (CYP2C9*2) (Fig. 2, Table SP1, SP6, and 
SP8), most evidently based on the 5cx-MEPP/MEHP ratio (Fig. 4). This 
could be explained by the rs1057910 (CYPC9*3) location that affects the 
catalytic unit of the enzyme influencing substrate recognition, which 
could lead to a higher reduction in activity than the rs1799853 
(CYP2C9*2) variant allele (Rosemary and Adithan, 2007; Wang et al., 
2009; Hirota et al., 2013). 

Altogether, individuals with the presence of at least one of the dis
cussed variant alleles – and especially those with the presence of both – 
might be more susceptible to the toxic effects of DEHP due to the 
reduced biotransformation of bioactive primary metabolite MEHP into 
less toxic secondary metabolites with better water solubility and faster 
excretion (Fig. 1) (Frederiksen et al., 2007; Yaghjyan et al., 2016). 

Moreover, % of MEHP (calculated based on the sum of all measured 
DEHP metabolites) – which is considered a possible indicator of sus
ceptibility to PH exposure (Meeker et al., 2012) – was significantly 
higher for variant allele carriers (in the case of both SNPs) than for non- 
carriers (P50 MEHP% in carriers was for ~14% higher than in non- 
carriers; coef.: 0.11–0.22; data not presented). 

For the other two HMW PHs evaluated in the present study – which 
also undergo oxidative biotransformation (DiNP and DiDP) –, we did not 
observe any associations of either variant allele with urine levels of their 
corresponding secondary metabolites (cx-MiNP and OH-MiDP, respec
tively). On the contrary, for DINCH, we observed a slight, although 
significant, reduction in the oxo-MINCH/OH-MINCH ratio in men for 
rs1057910 (CYP2C9*3) variant allele carriers compared with non- 
carriers (P50: 0.40 versus 0.5; coef: − 0.24) (Fig. 2, Tables SP6 and 
SP9). As seen in the case of DEHP, the effect of variant alleles can be 
reflected by metabolite ratios and/or urinary levels; however, in our 
opinion, ratios better reflect biotransformation or enzyme activity than 
urinary levels alone do. From this viewpoint, examining additional 
primary or secondary metabolites of DiNP, DiDP, DiBP, DnBP, and 
DINCH, allowing for the assessment of their respective ratios, could 
improve the assessment of CYP2C9 SNPs with those chemicals. 

Fig. 3. Associations with p-values ≤0.05 or ≤0.1 for rs11692021 (UGT1A7*3) with DiBP, BBzP, or DINCH metabolite levels in men (left; blue) and lactating women 
(right; red). Presented are estimation coefficients of MLR analyses with a 95% confidence interval for homozygous variant compared with homozygous wild-type (*1/ 
*1); (***p < 0.01, **p < 0.05, *p < 0.1). 

Fig. 4. 5cx-MEPP/MEHP ratio in men (left; blue) and women (right; red) based on the combination of the presence or absence of rs1799853 (CYP2C9*2) and/or 
rs1057910 (CYP2C9*3) variant alleles (***p < 0.01; **p < 0.05; *1/*1 represents wild-type genotype). 
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3.3.1.2. CYP2C19 SNPs: rs4244285 (CYP2C19*2), rs12248560 
(CYP2C19*17). The rs4244285 (CYP2C19*2) variant allele results in 
an aberrant splicing site and, consequently, an altered mRNA reading 
frame, leading to reduced metabolic activity (Hirota et al., 2013). 
However, in the present study, we did not observe any significant as
sociations of the SNP with PHs or DINCH metabolite urine levels or their 
ratios in men or women (Tables SP3, SP6 and SP8). To eliminate possible 
confounding by the influence of CYP2C9 SNP variant alleles, the asso
ciations of rs4244285 (CYP2C19*2) were investigated only in wild-type 
homozygotes for both CYP2C9 SNPs (n = 166 men and 193 women). 
However, results did not yield any significant associations (data not 
presented). 

By contrast, the rs12248560 (CYP2C19*17) variant allele, located 
in the promotor region, leads to induced enzyme expression and, pre
sumably, enhanced activity (Rosemary & Adithan 2007; Hirota et al., 
2013). Indeed, in the present study, its presence was associated with 
higher levels of HMW PH and DINCH secondary metabolites in urine 
(Fig. 2 and Tables SP2 and SP8). Among men, carriers of at least one 
variant allele had significantly higher urine levels of all three DEHP sec
ondary metabolites. Among women, the trends were similar but signifi
cant only in the case of variant allele homozygotes (CYPC2C19*17/*17). 

The differences between male variant allele carriers and non-carriers 
were as follows: 5OH-MEHP (P50: 9.02 vs 8.84 µg/L SG; coef: 0.30), 
5oxo-MEHP (P50: 5.88 vs. 4.91 µg/L SG; coef: 0.31), and 5cx-MEPP 
(P50: 10.4 vs. 8.42 µg/L SG; coef: 0.30); for variant homozygotes 
(C19*17/*17) the differences were even higher (coef: 0.40–0.46). 

The differences between female variant homozygous carriers and 
wild-type carriers were as follows: 5OH-MEHP (P50: 6.63 vs 5.35 µg/L 
SG; coef: 0.36), 5oxo-MEHP (P50: 4.77 vs. 3.53 µg/L SG; coef: 0.35), and 
5cx-MEPP (P50: 9.23 vs 6.67 µg/L SG; coef: 0.36). Furthermore, 
C19*17/*17 women also had significantly higher levels of oxo-MINCH 
(P50: 0.45 vs. 0.20 µg/L SG; coef: 0.60), however, model performance 
did not pass the diagnostic analyses (Table SP8). 

With respect to other PHs, the presence of the rs12248560 
(CYP2C19*17) variant allele among women was significantly associated 
with slightly higher levels of cx-MiNP (P50: 1.97 vs. 1.65 µg/L SG; coef: 
0.23) and OH-MiDP (P50: 0.40 vs. 0.32 µg/L SG; coef: 0.27). 

Unlike CYP2C9, in the case of CYP2C19 no significant or consistent 
influence of the SNP on metabolite ratios was observed (Table SP8). 
Similarly, the CYP2C19*17 allele was previously associated with faster 
clearance of certain drugs (e.g. escitalopram, sertraline) from patients’ 
serum but did not show a significant effect on pharmacokinetic pa
rameters when compared with the wild-type enzyme (Li-Wan-Po et al., 
2010; Hirota et al., 2013). Therefore, for a better interpretation of the 
role of CYP2C19*17 in PHs and DINCH biotransformation, further 
studies are needed. 

3.3.1.3. CYP2D6 SNP: rs39892097 (CYP2D6*4). Finally, in the case of 
CYP2D6, its most common SNP in Caucasians is rs3892097 
(CYP2D6*4). The presence of its variant allele was previously reported 
to result in reduced enzyme activity or, in the case of homozygous 
carriers, in an inactive enzyme (Ingelman-Sundberg, 2005; He et al., 
2015). 

The presence of the rs3892097 (CYP2D6*4) variant allele in the 
present study showed a tendency towards lower urine levels of PHs and 
DINCH metabolites and some of their ratios compared with wild-type 
carriers, but none of the associations were significant (Table SP3, SP6, 
and SP8). However, when considering only homozygous variant allele 
carriers (CYP2D6*4/*4), men indeed expressed significantly lower urine 
levels of all measured DEHP, DiNP and DiDP secondary metabolites 
compared with CYP2D6*1/*4 and CYP2D6*1/*1 carriers, while among 
women, such associations were not observed (data not shown). The low 
number of homozygous variant allele carriers (CYP2D6*4 /*4; 9 men 
and 9 women; Table 5) did not present sufficient statistical power to test 
associations in models; therefore, such associations should be further 

studied on a larger population size. Nevertheless, our observed results 
are in line with the statement by He et al. (2015) that homozygous 
variant allele carriers are most commonly associated with the phenotype 
of poor metabolizers. 

3.3.2. UDP-glucuronosyl transferases – UGTs 
According to previous studies, that have measured free and conju

gated forms of PHs and DINCH primary and secondary metabolites in 
human urine, the majority of metabolites studied in the present work 
(Table 1) are excreted predominantly in glucuronidated form (>70%); 
only MEP and cx-MINP metabolites of DEP and DiNP, respectively, are 
excreted mainly in free form (Silva et al., 2003, 2013; Frederiksen et al., 
2007; Seckin et al., 2009; Saravanabhavan and Murray, 2012). 

3.3.2.1. UGT2B15 SNP: rs1902023 (UGT2B15*2). In the present study, 
we did not observe any significant associations between the SNP 
rs1902023 (UGT2B15*2) variant allele and urine levels or ratios of pH 
and DINCH metabolites, regardless of sex (Tables SP4, SP7, and SP9). 
For DEHP such results are in line with the in vitro study reporting 
negligible activity of the UGT2B15 recombinant enzyme in the glucur
onidation of MEHP (Hanioka et al., 2017). Moreover, the influence of 
rs1902023 on its enzyme activity has been reported inconsistently; it has 
been associated with with a higher clearance of total (undefined) PHs in 
the serum of homozygous variant allele carriers (Luo et al., 2020) and by 
contrast, with decreased glucuronidation capacity for some anxiolytic 
pharmaceuticals (e.g. oxazepam, lorazepam) in kidney cells (HK293) 
(Guillemette, 2003; Clarke and Jones, 2009) and bisphenol A (Hanioka 
et al., 2011). 

3.3.2.2. UGT1A7 SNP: rs11692921 (UGT1A7*3). UGT1A7 is an 
extrahepatic enzyme expressed mainly in the small intestines (also in 
oesophagus, stomach, lungs and pancreas), and its common SNP 
rs11692021 (UGT1A7*3) was reported to lead to reduced activity 
(Guillemette et al., 2000; Miners et al., 2002; Guillemette, 2003; Clarke 
and Jones, 2009). However, in the present study, carriers of the 
rs11692021 CYP1A7*3 variant allele showed a tendency towards higher 
excretion of all DEHP metabolites when compared with wild-type car
riers (Table SP5), but no associations were statistically significant 
(Table SP9). Moreover, homozygous variant allele carriers (UGT1A7*3/ 
*3) compared to wild-type carriers show significantly higher urine levels 
of MBzP (P50: 3.87 vs 2.26 µg/L SG; coef: 0.37) and MiBP (P50: 28.8 vs. 
16.3 µg/L SG; coef: 0.38) among women, and among men higher urine 
levels of OH-MINCH (P50: 1.14 vs. 0.88 µg/L SG; coef: 0.63) (Fig. 3, 
Tables SP5 and SP9). 

Interpreting the observed higher levels of metabolites in the urine of 
individuals with expected reduced UGT1A7 activity is challenging, but it 
could be related to either interaction with other undefined UGTs or their 
induced activity in the liver; glucuronidation can be compensated across 
UGT isoforms (Gao et al., 2021). For instance, UGT2B7 and UGT1A9 
enzymes in the liver have shown the highest activity towards MEHP 
glucuronidation (Hanioka et al., 2016). However, their polymorphisms 
rs7439366 (UGT2B7*2) and rs72551330 (UGT1A9*3), respectively, 
unfortunately were not investigated in the present study due to their low 
occurrence in European populations or the unavailability of TaqMan 
genotyping assays (ThermoFisher Scientific, 2021). The role of their 
polymorphisms in PHs and DINCH biotransformation should be inves
tigated in the future using a larger population size and alternative 
genotyping methods. 

3.4. Evaluation of statistical models, predictors and study limitations 

In the present study, predictors used in multiple linear regression 
models explained 1–27% variability of pH and DINCH metabolite levels 
in urine or their ratios – the highest for DEHP secondary metabolites 
levels (5OH-MEHP, 5oxo-MEHP, and 5cx-MEHP) – and only 2–11% 
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variability of DEHP and DINCH metabolite ratios (Table SP10). Among 
the predictors used, a significant influence was observed for year of 
sampling, age, current smoking in men, and, in the case of DEHP me
tabolites, the 5cx-MEPP/5OH-MEHP ratio (Table SP10). The model re
sults suggest that urinary PHs metabolite concentrations decreased 
significantly over the sampling period from 2008 to 2014. As studies 
observed these compounds to be stable in urine at − 70 ◦C for several 
years (Silva et al., 2008; Samandar et al., 2009), these trends can be 
attributed rather to the general utilization patterns of PHs in the Euro
pean market(Tranfo et al., 2018; Wang et al., 2019) than to compound 
degradation. The obtained results for age and BMI are inconsistent, 
which agrees with the literature, in which to date, the effect of neither 
could be determined with certainty (Goodman et al., 2014; Chiang et al., 
2016; Koch et al., 2017). The negative associations of current smoking 
among men with urinary metabolite levels (mainly DEHP-derived) is in 
need of re-evaluation on a population with a larger number of active 
smokers. The inclusion of 5cx-MEPP/5OH-MEHP as a model predictor 
indicated its potential to approximate for the time of DEHP exposure. 
According to the hypothesis by Lorber et al. (2011) the ratios in the 
present study with geometric means ≥1 in women and men (Table 4), 
indicate that exposure in general occurred 10 h or more before the spot 
urine sampling. However, one should keep in mind that this ratio might 
also be influenced by the differences in metabolism (Meeker et al., 
2012), therefore, its use should be confirmed in future studies including 
also data on DEHP exposure. Selenium in blood was positively associ
ated with DINCH metabolite levels in women, while no significant in
fluence was observed for PH metabolite levels in either men or women; 
the observed selenium levels in our study population are within the 
reference range for adult populations (58–243 ng/mL) (Roberts et al., 
2012). 

Low coverage of the variability in the models could be explained by 
the missing information on individual’s exposure (e.g. usage of personal 
care products or food packaging within the last days prior to sampling) 
as well as introduced uncertainty by the use of random spot urine 
samples, both of which represent a limitation of the present study. 
Therefore, in future studies, first morning urine samples should be ob
tained to limit the variation in time between exposure and measurement 
(Bastiaensen et al., 2020). As the number of measurable PH and DINCH 
primary and secondary metabolites in urine is continuously increasing 
(Schütze et al., 2017; Wang et al., 2019), more of them should be 
included in our future studies to more adequately estimate the influence 
of studied SNPs on PHs and DINCH biotransformation. Furthermore, 
especially in the case of UGT SNPs, the information on percentage of 
glucuronide-conjugated versus un-conjugated (free) forms of metabo
lites would be of great importance, as it would give more relevant 
insight into the biotransformation II pathway. 

4. Conclusions 

The present study investigated, for the first time, the possible influ
ence of SNPs in CYP2C9, CYP2C19, CYP2D6, UGT2B15 and UGT1A7 
genes on the biotransformation of phthalates and DINCH using human 
biomonitoring data on men and lactating women. 

Our results confirm the previously only in vitro observed influence of 
rs1799853 (CYP2C9*2) and rs1057910 (CYP2C9*3) on the reduced 
biotransformation of DEHP and suggest a negative influence of rs1057910 
(CYP2C9*3) on DINCH biotransformation. The latter was observed only in 
men. Moreover, rs12248560 (CYP2C19*17) was associated with a higher 
excretion of secondary metabolites of DEHP (men and women), DiNP and 
DiDP (women), while the rs11692021 (UGT1A7*2) resulted in higher 
urine levels of BBzP, DiBP (women) and DINCH metabolites (men). 

Although most of the variance in phthalates and DINCH metabolites 
urinary levels and ratios remains unexplained, we demonstrate that the 
above-mentioned SNPs could represent important biomarkers of sus
ceptibility to phthalates and DINCH exposure that have been so far 
unrecognised. 

As genes studied in the present study were selected based on the 
DEHP biotransformation, in future, more attention should be directed 
into the identification of possible specific CYP and UGT isoforms and 
their SNPs, which are the most active in the biotransformation of DINCH 
and other phthalates. 
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