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Abstract 17 

Exposure to endocrine disrupting chemicals is suggested to be responsible for the development or 18 

progression of uterine fibroids. However, little is known about risks related to emerging chemicals, such 19 

as organophosphate esters (OPEs) and alternative plasticizers (APs). A case-control study was 20 

conducted to investigate whether exposures to OPEs, APs, and phthalates, were associated with uterine 21 

fibroids in women of reproductive age. For this purpose, the cases (n = 32) and the matching controls 22 

(n = 79) were chosen based on the results of gynecologic ultrasonography among premenopausal adult 23 

women in Korea and measured for metabolites of several OPEs, APs, and major phthalates. Logistic 24 

regression models were employed to assess the associations between chemical exposure and disease 25 

status. Factor analysis was conducted for multiple chemical exposure assessments as a secondary 26 

analysis. Among OPE metabolites, diphenyl phosphate (DPHP), 2-ethylhexyl phenyl phosphate 27 

(EHPHP), and 1-hydroxy-2-propyl bis(1-chloro-2-propyl) phosphate (BCIPHIPP) were detected in >80% 28 

of the subjects. Among APs, metabolites of di-isononyl phthalate (DINP) and di(2-propylheptyl) 29 

phthalate (DPrHpP) were detected in >75% of the urine samples. The odds ratios (ORs) of uterine 30 

fibroids were significantly higher among the women with higher exposures to tris(1,3-dichloro-2-propyl) 31 

phosphate (TDCIPP) and tris(2-butoxyethyl) phosphate (TBOEP), di(2-ethylhexyl) terephthalate 32 

(DEHTP), DPrHpP, and di-(iso-nonyl)-cyclohexane-1,2-dicarboxylate (DINCH). In addition, urinary 33 

concentrations of mono(2-ethyl-5-oxohexyl) phthalate (MEOHP), a sum of five di(2-ethylhexyl) 34 

phthalate metabolites (∑5DEHP), and mono(4-methyl-7-hydroxyoctyl) phthalate (OH-MINP) were 35 

significantly higher in the cases. In factor analysis, a factor heavily loaded with DPrHpP and DEHP 36 

was significantly associated with uterine fibroids, supporting the observation from the single chemical 37 

regression model. We found for the first time that several metabolites of OPEs and APs are associated 38 

with increased risks of uterine fibroids among pre-menopausal women. Further epidemiological and 39 

mechanistic studies are warranted to validate the associations observed in the present study. 40 

Keywords: Organophosphate esters,alternative plasticizers, phthalates, fibroids, pre-menopausal 41 

women   42 
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1. Introduction 43 

Uterine fibroids or leiomyomas are benign tumors common among women with prevalence up to 44 

68.6% depending on the population and method of diagnosis (Stewart et al., 2017). While most patients 45 

with uterine fibroids have no symptoms, some may experience heavy menstrual bleeding or pain, pelvic 46 

pressure or pain, dysuria, and sterility or subfertility (Parker, 2007). The personal and societal economic 47 

burden is huge, with an additional annual cost estimated at $15,952 per patient worldwide, and at an 48 

estimated annual cost of up to $34.4 billion in the United States (Cardozo et al., 2012; Soliman et al., 49 

2015). Uterine fibroids can also cause impairment of health-related quality of life, and productivity, 50 

according to a study on women living in Western Europe (Downes et al., 2010). The etiology of uterine 51 

fibroids is unknown, but several important factors have been suggested to be responsible for initiating 52 

or promoting this disease; these include hormones (estradiol and progesterone), growth factors, and 53 

regulatory changes of hormonal receptors, as well as demographic and physiological risk factors such 54 

as age, family history, weight, and parity (Flake et al., 2003; Parker, 2007). 55 

Several chemicals have been reported to be associated with presence of uterine fibroids in 56 

epidemiological studies, which include di(2-ethylhexyl) phthalate (DEHP) metabolites (Fu et al., 2017; 57 

Huang et al., 2010; Kim et al., 2016; Sun et al., 2016) and environmental phenols, such as bisphenol A 58 

and nonylphenol (Shen et al., 2016). Exposure to persistent organic pollutants (POPs), such as p,p′-59 

dichlorodiphenyl-dichloroethylene (p,p’-DDE) and polychlorinated biphenyls (PCBs), has also been 60 

suggested for potential association with uterine fibroids (Lambertino et al., 2011; Trabert et al., 2015). 61 

Endocrine-disruption which affects sex hormone balances is suspected as an underlying mechanism for 62 

these chemicals (Lan et al., 2017; Lee et al., 2019; Ptak et al., 2006).  63 

Phthalates have been used in many applications, like food packaging, cosmetics, paintings, medical 64 

devices, and building materials. The use of phthalates, such as DEHP, benzyl butyl phthalate (BBzP), 65 

or dibutyl phthalate, has been regulated worldwide due to their potential adverse health effects (CPSIA, 66 

2008; European Union, 2005; KATS, 2010). Subsequently, alternative chemicals have been introduced 67 

in increasing amounts into the market to replace the regulated phthalates (Bui et al., 2016; Stapleton et 68 
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al., 2012). Organophosphate esters (OPEs) which have been used as flame retardants or lubricants, are 69 

also one category of these alternative plasticizers (van der Veen and de Boer, 2012). In addition, 70 

phthalates have been replaced by several other alternative plasticizers (APs), such as 1,2-cyclohexane 71 

dicarboxylic acid, diisononyl ester (DINCH), and di-2-ethylhexyl terephthalate (DEHTP). Compared 72 

to conventional phthalates, much less information about the potential health consequences is currently 73 

available for these substituting chemicals. So far, there has been no study reporting the associations of 74 

these alternative plasticizers with uterine fibroids (Du et al., 2019; Engel et al., 2018; Kambia et al., 75 

2019). 76 

In this study, we investigated the association between several emerging chemicals that are used in 77 

growing amounts and uterine fibroids. For this purpose, we designed a case-control study among 78 

Korean women of reproductive age and assessed the associations of urinary metabolites of OPEs, APs, 79 

and phthalates with uterine fibroids. The results of this study will help identify the health hazards of 80 

new consumer chemicals emerging in the daily lives and facilitate further experimental and 81 

epidemiological studies on potential risk factors of uterine fibroids. 82 

 83 

2. Materials and methods 84 

2.1 Study population and sample collection  85 

Adult Korean women before menopause (n = 516, 20–49 years of age) were recruited during 2015–86 

2016 from medical institutes located in Seoul, Ansan, Incheon, and Jeju of Korea. Participants visited 87 

a public health center for a general health check, or the obstetrics and gynecology clinics of the 88 

university hospitals for routine gynecology checkup. In addition, a subset of the participants (n =70) 89 

was randomly chosen from Children's Health and Environmental Chemicals of Korea (CHECK) cohort. 90 

Among the women initially recruited, those with current pregnancy (n=38) were excluded. The 91 

participants were asked to fast for more than 8 hr, before they came for health examinations and urine 92 

sample collection. The urine samples were stored at -20°C immediately after the collection. The frozen 93 
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urine samples were subsequently, within several days following collection, transferred to Seoul 94 

National University and stored at -40°C until chemical analysis. The participants had undergone 95 

gynecologic ultrasonography for the diagnosis of gynecologic diseases including uterine fibroids and 96 

adenomyosis. Among the participating women, 95 cases of uterine fibroids were initially identified. In 97 

the present study, those of ‘severe’ degree of fibroids were defined as the case, in order to make a clearer 98 

contrast with the control. The severity of uterine fibroids is often determined with the number and size 99 

of the fibroids or symptoms (Ciavattini et al., 2015; Taran et al., 2010). Concurrent occurrence of 100 

adenomosis was also considered because adenomyosis contributes to symptomatology in women with 101 

leiomyomas (Brucker et al., 2014; Taran et al., 2010). Therefore, a total of 40 cases were chosen based 102 

on the following criteria: the size of uterine fibroids (>4 cm), the number of fibroids (>2), or concurrent 103 

diagnosis of adenomyosis. As the control, women of the same age without the disease were randomly 104 

chosen with 1:2 (case:control) ratio. Among the cases and controls initially chosen, those with no or 105 

insufficient amount of the samples for chemical analysis were excluded, and hence a total of 32 cases 106 

and 79 controls were finally included in this study. Demographic data were obtained using a 107 

questionnaire. Urinary cotinine was measured by Immulite 2000 Nicotine Metabolite kit (Siemens 108 

Healthcare Diagnostics, USA). The present study was approved by the Institutional Review Board of 109 

Seoul National University (IRB No. 1509/001-011). 110 

 111 

2.2 Measurement of urinary OPEs and plasticizers  112 

Metabolites of twelve OPEs, thirteen APs, and fifteen phthalates were analyzed in the urine of the 113 

participants. The OPE metabolites included: 4-hydroxyphenyl phenyl phosphate (4-HO-DPHP), 114 

diphenyl phosphate (DPHP), 2-ethyl-5-hydroxyhexyl diphenyl phosphate (5-HO-MEHTP), 2-115 

ethylhexyl phenyl phosphate (EHPHP), 1-hydroxy-2-propyl bis(1-chloro-2-propyl) phosphate 116 

(BCIPHIPP), bis(1-chloro-2-propyl) phosphate (BCIPP), tris(chloroethyl) phosphate (TCEP), bis(2-117 

butoxyethyl) phosphate (BBOEP), 2-hydroxyethyl bis(2-butoxyethyl) phosphate (BBOEHEP), bis(2-118 

butoxyethyl) 3′-hydroxy-2-butoxyethyl phosphate (3-HO-TBOEP), bis(1,3-dichloro-2-propyl) 119 
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phosphate (BDCIPP), and di-n-butyl phosphate (DNBP);the AP metabolites included: mono(4-methyl-120 

7-hydroxyoctyl) phthalate (OH-MINP), mono(4-methyl-7-carboxyheptyl) phthalate (cxMINP), 121 

mono(2-ethyl-5-hydroxyhexyl) terephthalate (OH-MEHTP), mono(2-ethylhexyl) terephthalate 122 

(MEHTP), mono(2-ethyl-5-hydroxyhexyl) adipate (OH-MEHA), mono(2-ethyl-5-oxohexyl) 123 

adipate(oxoMEHA), mono(2-ethylhexyl) adipate (MEHA), mono(2-propyl-6-carboxyhexyl) phthalate 124 

(cxMPrHpP), mono(2-propyl-6-hydroxyheptyl) phthalate (OH-MPrHpP), mono(2-propyl-6-oxoheptyl) 125 

phthalate (oxoMPrHpP), cyclohexane-1,2-dicarboxylic mono carboxyisooctyl ester (cxMINCH), 126 

cyclohexane-1,2-dicarboxylic mono hydroxyisononyl ester (OH-MINCH), and cyclohexane-1,2-127 

dicarboxylic mono isononyl ester (MINCH); and the phthalate metabolites included: monomethyl 128 

phthalate (MMP), monoethyl phthalate (MEP), mono-isopropyl phthalate (MiPP), mono-2-isobutyl 129 

phthalate (MiBP), mono-n-butyl phthalate (MBP), mono-n-pentyl phthalate (MPeP), monobenzyl 130 

phthalate (MBzP), monocyclohexyl phthalate (MCHP), monohexyl phthalate (MHxP), mono(2-ethy  131 

l-5-oxohexyl) phthalate (MEOHP), mono(2-ethyl-5-hydroxyhexyl) phthalate (MEHHP), mono(2-132 

ethyl-5-carboxypentyl) phthalate (MECPP), mono-[(2-carboxymethyl)hexyl] phthalate (MCMHP), 133 

mono(2-ethylhexyl) phthalate (MEHP), and mono(3-carboxypropyl) phthalate (MCPP) (Table S1).  134 

Urinary metabolites of OPEs were measured following the method described by Bastiaensen et al. 135 

(Bastiaensen et al., 2018). OPE metabolites were extracted using solid-phase extraction (SPE) after 136 

enzymatic deconjugation with ß-glucuronidase. Instrumental analysis was conducted on an Agilent 137 

1290 Infinity liquid chromatography system coupled with an Agilent 6460 Triple Quadrupole mass 138 

spectrometer (MS) (Santa Clara, CA, USA) (Table S2). 139 

AP metabolites were measured following Been et al. (2019) with a slight modification (Been et al., 140 

2019). Briefly, 1.0 mL of urine samples were spiked with a mixture of internal standards and then 141 

extracted by Oasis MAX SPE after enzymatic deconjugation with ß-glucuronidase. Target analytes were 142 

separated by reversed-phase HPLC and quantified by electrospray ionization tandem MS (Agilent 1290 143 

Infinity coupled to 6460 electrosprays Triple Quadrupole, Agilent Technologies) (Table S2). 144 
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For phthalate metabolites, the sample was prepared following a method described elsewhere (Guo 145 

et al., 2011). In brief, 0.5 mL of urine was spiked with a mixture of internal standards and buffered with 146 

ammonium acetate including β-glucuronidase. Phthalate metabolites were extracted using an SPE setup. 147 

For the chromatographic separation and quantification of target analytes, an Agilent 1260 Series high-148 

performance liquid chromatography (HPLC) system (Agilent Technologies) and an API 4000 149 

electrospray triple quadrupole MS (ESI–MS/MS; AB Sciex, Framingham, MA, USA) were used (Table 150 

S2). Additional procedural parameters and quality control information are shown in Table S3.  151 

Urinary chemical concentrations were adjusted by specific gravity (SG) to correct for urine dilutions, 152 

using the following equation. The SG was determined on the URISYS 2400 Cassette (Roche). 153 

SG-adjusted concentration = (chemical concentration) × [(SGmedian− 1)/(SG − 1)] where the median 154 

value of the specific gravity (SGmedian) of all samples was 1.016. 155 

 156 

2.3 Statistical analysis  157 

For chemicals with a detection frequency of 75% or more, the non-detected was substituted with a 158 

limit of quantification (LOQ) divided by the square root of 2 before statistical analysis (Hornungm, 159 

1990; Kim et al., 2015). For the comparison of demographic factors between the case and the control, 160 

the Wilcoxon signed-rank test was performed for continuous variables such as age and body mass index 161 

(BMI), considering their non-parametric distribution. For categorical variables such as income and 162 

alcohol consumption, the chi-squared test or Fisher’s exact test (for categorical variables with an 163 

expected frequency of less than 5 such as parity, and urinary cotinine) were conducted (Table 1). 164 

Correlations among the metabolite concentrations (SG-adjusted) were determined by Spearman’s 165 

correlation coefficients (Figure S1). For comparison of the metabolite concentrations between the case 166 

and the control groups, general linear regression models were constructed (analysis of covariance, 167 

ANCOVA) with covariates of age, BMI (continuously), income (categorically: low-middle for <4 168 

million KRW a month; middle-high, for ≥4 million and <8 million KRW; and very high for ≥8 million 169 
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KRW), parity (categorically: 0, 1, ≥2), urinary cotinine (categorically: <10 and ≥10 ng/ml), and alcohol 170 

consumption (categorically: yes and no), based on previous reports (Kobrosly et al., 2012; Pavone et 171 

al., 2018). Due to the skewness of distribution, measured chemical concentrations were log-transformed. 172 

For logistic regression analysis for association between chemical exposure and uterine fibroids, 173 

some independent variables were transformed into categorical variables depending on the frequency of 174 

detection. The chemicals which were detected in ≥75% of the samples were transformed into quartile 175 

variables. The chemicals which were detected in ≥50% and < 75% were transformed into tertiles, in 176 

which 0 was assigned for the samples not detected or below the LOQ, 1 was assigned for the samples 177 

with concentrations up to the median, and 2 for those with concentrations above the median. The 178 

chemicals which were detected in ≥25% and < 50% of the samples, were transformed into dichotomous 179 

variables, in which 0 was assigned for the samples < LOQ, and 1 for the samples detected. Odds ratios 180 

(ORs) of uterine fibroids were derived using logistic regression after adjusting for the same covariates as 181 

mentioned above. Covariates were chosen based on the previous studies that reported for association with 182 

uterine fibroids (Flake et al., 2003; Parker, 2007). Statistical significance was determined at p=0.05.  183 

To further address concerns related to multiple chemical exposures, factor analysis with varimax 184 

rotation was conducted without constraints on the total number of the factors. Urinary chemicals with 185 

a detection frequency of 50% or more were included in the factor analysis. Before the analysis, the non-186 

detected was substituted with an LOQ divided by the square root of 2 (Hornungm and Reed, 1990). The 187 

optimum number of the factors was determined by the eigenvalue, Scree plots, and proportion criterion. 188 

The loading on the factor with a factor loading >0.5 was considered significant. The factor scores 189 

derived from the factor analysis were categorized into tertiles, with the lowest tertile considered as the 190 

reference group. The associations between the factors and uterine fibroids were assessed by logistic 191 

regression analysis after adjusting covariates. All factors that were determined by the factor analysis 192 

were simultaneously included in a multiple chemical exposure model. Statistical analyses were 193 

conducted using SAS 9.4 (SAS Institute Inc., Cary, NC, USA). 194 
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 195 

3. Results 196 

3.1 Study population 197 

The average age of participants was 38 years (mean 38.2 ± 5.3 years for the cases, mean 37.8 ± 5.1 198 

years for the controls). The average BMIs of the case and the control groups were 22.7±2.7 and 22.8±4.0 199 

kg/m2, respectively (Table 1). Age, income, urinary cotinine, alcohol consumption, and BMI were not 200 

different between the case and the control groups.The only exception was parity which was lower in 201 

the case group (Table 1). Several characteristics of the participants, such as age, income, parity, urinary 202 

cotinine, alcohol consumption, and BMI, were included for case-control comparisons and logistic 203 

regression analyses as covariates.   204 

 205 

3.2 Chemical exposure 206 

Among twelve target OPE metabolites, DPHP, EHPHP, and BCIPHIPP were detected in over 80% 207 

of the urine samples (Table 2). Other metabolites, such as BBOEHEP, BDCIPP, DNBP, and BBOEP, 208 

were detected in < 70%. EHPHP was detected at the highest concentrations (median 1.01 ng/ml) in the 209 

control group (Table 2). Among APs, metabolites of DINP and DPrHpP were detected in > 90% and > 210 

75% of the urine samples, respectively. Median concentrations of cxMINP and cxMPrHpP in the 211 

control group were 2.57 ng/ml, and 0.66 ng/ml, respectively. Metabolites of DINCH, DEHA, and 212 

DEHTP were detected in fewer urine samples, < 68%, < 53%, and < 40%, respectively. Among 213 

measured phthalates, metabolites of DMP, DEP, DiBP, DBP, BBzP, and DEHP were detected in > 90% 214 

of urine samples. Among the phthalate metabolites, MECPP showed the highest median concentrations 215 

of 11.61 ng/ml. Significant positive correlations were observed between cxMINP and cxMPrHpP, and 216 

MBP and MEHHP, based on Spearman’s correlation analysis (Figure S1). 217 

 218 

3.3 Association of urinary metabolite concentrations with uterine fibroids 219 
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General linear regression after the adjustment of covariates showed that urinary concentrations of 220 

MEOHP, the sum of five DEHP metabolites (∑5DEHP, nmol/L), and OH-MINP were significantly 221 

higher in the urine of the cases than in the controls (Table 2). Other chemicals did not show any 222 

statistical differences between the two groups.  223 

When the samples were dichotomously grouped based on the detection status (non-detected versus 224 

detected), BDCIPP, BBOEP, and BBOEHEP showed positive associations with uterine fibroids 225 

(adjusted OR 5.51 with 95% CI: 1.93, 15.76 for BDCIPP; adjusted OR 2.81 with 95% CI: 1.01, 7.83 226 

for BBOEP; and adjusted OR 2.94 with 95% CI: 1.05, 8.24 for BBOEHEP) (Figure 1a, Table S5). 227 

Among those who were positive for BDCIPP, 21 out of 48, or 43.8% women were identified to have 228 

uterine fibroids, while only 11 out of 63 women had uterine fibroids among those who were not detected 229 

for BDCIPP. Among AP metabolites, those positive for OH-MEHTP, OH-MPrHpP, and OH-MINCH, 230 

showed significantly higher ORs of the uterine fibroids (Figure 1b, Table S5). For urinary OH-MPrHpP, 231 

15 out of 35 (42.9 % of women) showed uterine fibroids among those in the highest tertile, while only 232 

8 cases were identified out of 41 women, among those who were not detected (below LOQ). For OH-233 

MINCH, uterine fibroids were shown in 46.9% of women (15 out of 32) among those detected, while 234 

only 21.5% of the case were identified among those below LOQ. Among the phthalate metabolites, 235 

women with the highest quartiles of DEHP metabolites, (e.g., MEOHP, MEHHP, MECPP, and 236 

∑5DEHP metabolites), showed significantly elevated ORs than the women in the lowest quartile 237 

(Figure 1c). In addition, urinary concentrations of MBzP were significantly associated with increased 238 

ORs of uterine fibroids (Q2 vs. Q1: 4.82 with 95% CI, 1.09–21.27) (Figure 1c, Table S4).  239 

According to the factor analysis, four significant factors were identified which accounted for 61.8%, 240 

26.3%, 7.7%, and 5.1% of the total variance, respectively (Table S6). Factor 1 was characterized by the 241 

high loading of the metabolites of DEHP, DBP, and BBzP. Factor 2 was heavily loaded with metabolites 242 

of DPrHpP and DEHP.Factor 3 was loaded with the metabolites of DINP. Factor 4 had a high loading 243 

of metabolites of TPHP and DMP. In the multiple chemical exposure model, factor 2 was significantly 244 

associated with increased OR of uterine fibroids (tertile 1 vs tertile 3: 4.60 with 95% CI, 1.10 – 19.20) 245 
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(Table 3).   246 

 247 

4. Discussion 248 

In the present study, metabolites of major OPEs, phthalates, and APs were detected in the urine of 249 

Korean women of reproductive age. Among them, exposure to TDCIPP, TBOEP, BBzP, DEHP, 250 

DEHTP, and DPrHpP were significantly associated with uterine fibroids. While the association of 251 

uterine fibroids with DEHP metabolites has been reported previously, the associations of OPEs and APs 252 

are first reported in a population study. Underlying mechanisms of these observations warrant further 253 

investigation, even though estrogenic mode of action may partly explain the observed association of 254 

these chemicals.  255 

Frequent detection of DPHP, EHPHP, and BCIPHIPP in the urine shows that premenopausal women 256 

of Korea were widely exposed to OPEs such as TPHP, EHDPHP, and TCIPP. The SG-adjusted median 257 

concentration of DPHP measured in the present female population (0.28 ng/ml) was lower than those 258 

of the US adults participating in the National Health and Nutrition Examination Survey (NHANES 259 

2013-2014) (n = 1672; median 0.72 ng/ml, unadjusted) (Boyle et al., 2019), but higher than that reported 260 

in Chinese adults in Shanghai (n = 132; median 0.07 ng/ml, SG-adjusted) (Sun et al., 2018). Among the 261 

measured OPE metabolites in the present population, EHPHP showed the highest median concentration 262 

(1.01 ng/ml, SG-adjusted). The SG-adjusted median concentration of BCIPHIPP was 0.42 ng/ml in the 263 

control, which was lower than that of Belgian adults (n = 14, 3.93 ng/ml unadjusted) and the US 264 

(California) mothers (n = 28, 2.4 ng/ml SG-adjusted) (Bastiaensen et al., 2018; Butt et al., 2016). The 265 

detection frequency of BBOEHEP was <60% in the present Korean population, while BBOEHEP, 266 

BCIPHIPP, TCEP, and DPHP were most frequently detected in the urine samples of Japanese children 267 

(Bastiaensen et al., 2019) suggesting that usage pattern of these chemicals may vary by country and by 268 

population. 269 

The exposure profiles of APs observed in the present population were different from those reported 270 
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in other countries even though population characteristics are different. The present Korean women are 271 

more frequently exposed to DINCH and DPrHpP than to DEHTP. Among the control group, cxMINCH 272 

was detected in 68.4% of the population with a median concentration of 0.45 ng/ml (SG-adjusted). 273 

DINCH appears to be introduced to Korean market since 2003, according to the registration number of 274 

DINCH in Korea (2003-3-2499). The detection level of cxMINCH was higher than that reported for 275 

Norwegian adults (age 20-66; 16 males and 45 females living in Oslo) with a geometric mean of 0.23 276 

ng/ml (unadjusted) (Giovanoulis et al., 2016) and the general German young adult population (age range: 277 

20-30; n = 60 recruited in 2012) with an unadjusted median of 0.17 ng/ml (Schütze et al., 2014). 278 

However, among the US general population participating in different cycles of NHANES (n = 5171), 279 

the detection frequency of OH-MINCH was low at 27.4% (Chen et al., 2019).   280 

DPrHpP metabolites were detected in over 70% of the Korean women’s urine samples. Among the 281 

present population, oxoMPrHpP was detected in 71.9% (case) and 62% (control) of the urine samples, 282 

while in the general German population (age range: 20-30; n = 60 recruited in 2012), the detection 283 

frequency of oxoMPrHpP was 21.7% (LOQ of 0.25 ng/ml) (Schütze et al., 2015). In contrast, OH-284 

MEHTP, a metabolite of DEHTP, was detected only in 29.1% of the control urine samples of the present 285 

population, but among the US general population participating in NHANES 2015-2015 (n = 2970), this 286 

DEHTP metabolite was detected in 96% of the samples (Silva et al., 2019). Considering the different 287 

exposure profile by country, and the increasing use and exposure to APs such as DINCH, DPHP, and 288 

DEHTP worldwide (Schütze et al., 2015; Silva et al., 2013; Silva et al., 2017), continuous surveillance 289 

of APs in human urine samples is warranted.  290 

Our observation suggests that several OPEs are associated with uterine fibroids. While the low 291 

detection frequency of most OPEs did not allow logistic regression analysis, the analytical results based 292 

on detection categories for BDCIPP, BBOEP, and BBOEHEP show clear and significant associations 293 

of these chemicals with higher ORs for uterine fibroids. In human populations, an association between 294 

OPE exposure and uterine fibroids has never been reported. The modes of action of OPEs in the 295 

development of uterine fibroids are not well understood, however, one possible explanation can be 296 
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found from the endocrine disruption potential of OPEs. Uterine fibroids are considered to be estrogen-297 

sensitive and it is well documented that sex regulating hormones, such as estrogen and progesterone, 298 

promote the growth of uterine fibroids (Flake et al., 2003; Parker, 2007). Estrogenicity of several OPEs 299 

has been documented in both in vitro and in vivo studies. TDCIPP and TBOEP could influence the 300 

synthesis and metabolism of estradiol and TDCIPP could behave as an estrogen receptor agonist (Liu 301 

et al., 2012; Zhang et al., 2014). In humans, its association with sex hormone regulation or other 302 

reproductive health outcomes has been suggested. TDCIPP concentrations in house dust were 303 

associated with a prolactin increase in male adults (Meeker and Stapleton, 2010). Prolactin is a 304 

reproductive hormone that was suggested as an adjuvant biomarker in uterine fibroids (Baban, 2009; 305 

Levy et al., 2013). 306 

Significantly high ORs observed for OH-MEHTP and OH-MINCH could be partially supported by 307 

the estrogenic effects of DINCH and DEHTP reported in vitro. DINCH showed a stimulatory effect on 308 

steroid production in vitro (Boisvert et al., 2016). DINCH metabolites activate nuclear receptors, 309 

estrogen receptors (α and β), androgen receptors, and peroxisome proliferator-activated receptors (α 310 

and γ), suggesting weak estrogenic effects related with lipid and glucose metabolisms in reporter gene 311 

assays (Engel et al., 2018). OH-MEHTP, a DEHTP metabolite, has an agonistic effect on estrogen 312 

receptors and also increases steroid hormone synthesis in vitro (Kambia et al., 2019). While further 313 

confirmation in other populations and the experimental studies are warranted, these observations 314 

suggest these APs may not be safer substitutes for DEHP, at least in terms of the risk of uterine fibroids. 315 

For DPrHpP, neither experimental nor epidemiological reports supporting our observation are available. 316 

Considering that the exposure to DPrHpP appears to increase over time in the general population 317 

(Schütze et al., 2015), studies are warranted to investigate an effect of this compound on development 318 

of uterine fibroids. 319 

The significant associations of DEHP metabolites with uterine fibroids have been previously reported 320 

from several populations (Fu et al., 2017; Huang et al., 2010; Kim et al., 2016; Sun et al., 2016). In 321 

contrast, null associations of urinary DEHP metabolites with fibroids are also available, in women who 322 
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underwent laparoscopy recruited from clinical centers of the US and with self-reported history of the 323 

disease (Pollack et al., 2015; Weuve et al., 2010). Several in vitro studies show that DEHP could enhance 324 

proliferative activity in myometrial and leiomyoma cells (Kim, 2018; Kim et al., 2017). In addition, 325 

exposure to DEHP was reported to be positively associated with increased uterine volume in 326 

premenopausal women (Zota et al., 2019). However, the mechanisms of action of DEHP underlying 327 

pathogenesis of uterine fibroids are not fully understood, therefore, further mechanistic studies are 328 

necessary to explain the associations. 329 

Among measured phthalates, urinary MBzP concentrations showed a significant association with 330 

uterine fibroids, but without a dose dependent pattern (Figure 1, Table S4). This observation is 331 

discrepant with several previous studies that have reported null associations (Huang et al., 2010; Kim 332 

et al., 2016; Pollack et al., 2015). One possible explanation for the significant association of MBzP may 333 

be found from shared exposure sources of BBzP and DEHP, which is supported by moderate 334 

correlations between urinary metabolites of DEHP and BBzP in the present population (Figure S1). 335 

Both phthalates were widely used in flooring or wall coverings in houses (Jeon et al., 2016; Just et al., 336 

2015; Shinohara and Uchino, 2020; Shu et al., 2019). Whether the observed association of MBzP 337 

represents a real cause of fibroids or simply reflects the effects of DEHP coexposed is subject to further 338 

investigation in other populations. 339 

In the multiple chemical model following the factor analysis, factor 2 which is heavily loaded with 340 

metabolites of DPrHpP and DEHP showed a significant association with fibroids (OR of 4.60 with 95% 341 

CI of 1.10, 19.20; Table 3). This observation is comparable to those observed in the single exposure 342 

model, which showed significant positive associations (Figure 1). In summary, the positive associations 343 

of DPrHpP and DEHP with uterine fibroids in the single and multiple chemical models suggest the 344 

potential involvement of phthalates in the etiology of uterine fibroids. Due to less frequent detection of 345 

the target chemicals, however, most of the alternative plasticizers and OPEs could not be included in 346 

the factor analysis, and therefore could not be tested. 347 

Considering several suggested theories of the development ofuterine fibroids, a few hypotheses can 348 
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be proposed as possible underlying mechanisms. One hypothesis is the regulation of ovarian hormones 349 

such as estrogen and progesterone, both of which have been recognized as promoters of uterine fibroids. 350 

The effects of endocrine-disrupting chemicals such as phthalates on sex hormonal change are well 351 

understood (Lee et al., 2019; Sohn et al., 2016). Another hypothesis is the mediation of nuclear receptors 352 

such as estrogen receptors,which is an important signaling process in differentiation and regulating cell 353 

proliferation in uterine myometrium cells (Bakas et al., 2008; Luo et al., 2014). In fact, chemicals like 354 

TDCIPP, BBzP, and DINCH have been suggested as weak agonists of the estrogen receptor (Engel et 355 

al., 2018; Mankidy et al., 2013; Zhang et al., 2014). Finally, the exposure to endocrine-disrupting 356 

chemicals during developmental stages may induce genetic and epigenetic regulatory changes in stem 357 

cells which lead to uterine fibroids (Katz et al., 2016). 358 

There are several limitations to the present study. First, the limited sample size may lead to 359 

insufficient statistical power. Second, biological half-lives of most OPEs, phthalates, and APs are less 360 

than 24 hours (Koch et al., 2004; 2013; Wang et al., 2020). Therefore, spot urine measurement may not 361 

represent longer term exposure profile of the target chemicals. Third, observations from the cross-362 

sectional case and control design cannot explain causality. Because the timing of the diagnosis of uterine 363 

fibroids and measurement of urinary chemicals were similar, reasonable inference of causation and 364 

contribution of chemical exposure to uterine fibroids cannot be made. Finally, the participating women 365 

had fasted for > 8 hr before the urine collection. Because of the short half-lives of target chemicals, the 366 

concentrations of metabolites measured in the urine of the participating women may be lower than those 367 

expected in normal situations. Therefore, direct comparison of the measured levels with those reported 368 

in other population may underestimate the exposure among the present population. Considering these 369 

limitations, interpretation of the association observed in the present study warrants cautions because 370 

chance findings cannot be ruled out. Despite these shortcomings, we found that, for the first time, 371 

several new consumer chemicals including OPEs (TDCIPP and TBOEP) and APs (DEHTP, DPrHpP, 372 

and DINCH) are associated with uterine fibroids among women of reproductive age. Our observations 373 

could be supported partly by several previous experimental and epidemiological studies that reported 374 

sex hormones related effects of the target chemicals. Further experimental mechanistic studies and 375 
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epidemiological studies focusing on uterine fibroids are warranted to confirm the present observation. 376 
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Table 1. Characteristics of the participating women 575 
 576 

Characteristics Case Control Total P value 

Total 32 (28. 8) 79 (71.2) 111 (100.0)  

Age (year) (mean±SD) 38.3±5.3 37.8±5.1 37.9±5.1 0.516 
 20-29 3 (9.4) 7 (8.9) 10 (9.0)  
 30-39 14(43.8) 36 (45.6) 50 (45.0)  
 40-49 15 (46.9) 36 (45.6) 51 (45.9)  

Income (monthly)    0.106 
 Low-Middle (< 4 million KRWa) 10 (31.3) 25 (31.6) 35 (31.5)  

 Middle-High (≥4 and < 8 million 
KRW) 8 (25.0) 34 (43.0) 42 (37.8)  

 > Very high (≥8 million KRW) 14 (43.8) 20 (25.3) 34 (30.6)  

Parity    0.036* 
 0 11 (34.4) 10 (12.7) 21 (18.9)  
 1 4 (12.5) 14 (17.7) 18 (16.2)  
 ≥ 2 16 (50.0) 54 (68.4) 70 (63.1)  
 No response 1 (3.1) 1 (1.3) 2 (1.8)  

Urinary cotinine (ng/mL)    0.754 

 < 10 29 (90.6) 69 (87.3) 98 (88.3)  
 > 10 3 (9.4) 10 (12.7) 13 (11.7)  

Alcohol consumption    0.817 
 Yes 21 (65.6) 50 (63.3) 71(64.0)  
 No 11 (34.4) 29 (36.7) 40 (36.0)  

Body mass index (kg/m2) (mean±SD) 22.7±2.7 22.8±4.0 22.8±3.7 0.445 

 < 18.5 (underweight) 0 (0.0) 5 (6.3) 5 (4.5)  

 18.5-24.9 (normal weight) 23 (71.9) 46 (58.2) 69 (62.2)  

 25-29.9 (pre-obesity) 5 (15.6) 10 (12.7) 15 (13.5)  
 ≥ 30 (obesity) 4 (12.5) 18 (22.8) 22 (19.8)  
a)KRW: Korean Won 
Values are number of women and those in parentheses are percent, unless otherwise noted. 

Statistical analysis was conducted by the Wilcoxon signed-rank test for continuous variables, age, and 
BMI; chi-squared tests for categorical variables, income, and alcohol consumption; Fisher’s exact test 
for categorical variables with expected frequency < 5, parity, and urinary cotinine (* indicates statistical 
significance, p < 0.05). 
  577 
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Table 2. Concentrations of urinary OPEs and plasticizer metabolites (SG-adjusted, ng/ml) in the case 578 
and control groups 579 

Parent 
compound 

Target 
compound 

Total 
(n=111) 

Case 
(n = 32) 

Control 
(n = 79) P value 

(case-control) Median DF 
(%) Median (25th, 75th) DF 

(%) Median (25th, 75th) 
OPEs        
TPHP 4-HO-DPHP <LOQ 21.9 <LOQ 24.1 <LOQ - 

 DPHP 0.28 81.3 0.30 (0.20, 0.46) 82.3 0.27 (0.17, 0.41) 0.400 
EHDPHP 5-HO-EHDPHP <LOQ 25.0 <LOQ (<LOQ, 0.05) 13.9 <LOQ - 

 EHPHP 1.01 93.8 1.02 (0.69, 1.56) 97.5 1.01 (0.54, 1.40) 0.624 
TCIPP BCIPHIPP 0.41 84.4 0.35 (0.19, 1.02) 87.3 0.42 (0.23, 0.75) 0.239 

 BCIPP <LOQ 6.3 <LOQ 2.5 <LOQ - 
TCEP TCEP <LOQ 9.4 <LOQ 3.8 <LOQ - 

TBOEP BBOEP <LOQ 43.8 <LOQ (<LOQ, 0.56) 22.8 <LOQ - 
 BBOEHEP <LOQ 59.4 0.12 (<LOQ, 0.30) 40.5 <LOQ (<LOQ, 0.21) - 
 3-HO-TBOEP <LOQ 9.4 <LOQ 26.6 <LOQ - 

TDCIPP BDCIPP <LOQ 65.6 0.42 (<LOQ, 0.79) 34.2 <LOQ (<LOQ, 0.16) - 
TNBP DNBP <LOQ 18.8 <LOQ 36.7 <LOQ (<LOQ, 0.17) - 

APs       
DINP OH-MINP 1.68 93.8 2.05 (1.12, 3.80) 91.1 1.37 (0.83, 2.39) 0.042 

 cxMINP 2.48 78.1 2.34 (1.51, 4.65) 78.5 2.57 (1.52, 3.50) 0.727 
DEHTP OH-MEHTP <LOQ 40.6 <LOQ (<LOQ, 0.33) 29.1 <LOQ (<LOQ, 0.21) - 

 MEHTP <LOQ 0.0 <LOQ 0.0 <LOQ - 
DEHA OH-MEHA <LOQ 53.1 0.17 (<LOQ, 0.55) 29.1 <LOQ (<LOQ, 0.19) - 

 oxoMEHA <LOQ 46.9 <LOQ (<LOQ, 0.55) 48.1 <LOQ (<LOQ, 0.60) - 
 MEHA <LOQ 0.0 <LOQ 0.0 <LOQ - 

DPrHpP cxMPrHpP 0.62 75.0 0.57 (0.43, 0.86) 79.7 0.66 (0.37, 0.98) 0.977 
 OH-MPrHpP 0.31 75.0 0.46 (0.41, 0.75) 58.2 0.26 (<LOQ, 0.50) - 
 oxoMPrHpP 0.28 71.9 0.30 (<LOQ, 0.77) 62.0 0.26 (<LOQ, 0.50) - 

DINCH cxMINCH 0.33 50.0 0.09 (<LOQ, 0.44) 68.4 0.45 (<LOQ, 0.98) - 
 OH-MINCH <LOQ 46.9 <LOQ (<LOQ, 0.54) 21.5 <LOQ - 
 MINCH <LOQ 3.1 <LOQ 1.3 <LOQ - 

Phthalates       
DMP MMP 1.85 96.9 2.43 (1.18, 3.96) 91.1 1.78 (0.99, 2.53) 0.101 
DEP MEP 5.11 100 3.67 (2.40, 8.49) 98.7 5.36 (3.10, 12.72) 0.436 
DiPP MiPP <LOQ 21.9 <LOQ 13.9 <LOQ - 
DiBP MiBP 2.68 100 2.81 (1.18, 5.16) 93.7 2.54 (1.22, 4.15) 0.426 
DBP MBP 5.88 100 6.73 (4.46, 12.61) 100 5.60 (3.66, 8.29) 0.161 
DPeP MPeP <LOQ 9.4 <LOQ 10.1 <LOQ - 
BBzP MBzP 0.65 100 0.66 (0.44, 1.15) 100 0.65 (0.41, 1.26) 0.934 
DCHP MCHP <LOQ 3.1 <LOQ 3.8 <LOQ - 
DHxP MHxP <LOQ 12.5 <LOQ 32.9 <LOQ - 
DEHP MEOHP 1.45 100 1.73 (1.09, 2.57) 87.3 1.23 (0.72, 2.26) 0.032 

 MEHHP 2.85 100 3.21 (2.21, 4.02) 98.7 2.59 (1.55, 4.25) 0.155 
 MECPP 11.61 100 14.33 (9.99, 23.50) 100 11.67 (7.42, 18.06) 0.050 
 MCMHP 4.13 100 4.95 (3.36, 7.27) 100 4.04 (2.38, 6.07) 0.245 
 MEHP <LOQ 50.0 0.09 (<LOQ, 3.55) 44.3 <LOQ (<LOQ, 1.18) - 
 ∑5DEHPa) 76.40 100 87.11 (66.74, 133.73) 100 71.36 (45.48, 97.18) 0.023 

DnOP MCPP <LOQ 46.9 <LOQ (<LOQ, 0.75) 44.3 <LOQ (<LOQ, 0.50) - 
a) unit: nM(nmol/L) 580 
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Statistical analyses were conducted when detection frequencies were ≥75%. Boldface p-values 581 

indicate statistically significant differences between cases and controls (p <0.05). Urinary metabolites 582 
concentrations were log-transformed for statistical analysis. Adjusted for age, income, parity, urinary 583 
cotinine, alcohol consumption, and BMI. 584 
OPEs: phosphorus flame retardants, APs: alternative plasticizers, SG: specific gravity, DF: detection 585 
frequency, BMI: body mass index  586 

 587 
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 588 
 589 
Figure 1. Associations ofchemical exposure and uterine fibroids. The figure shows adjustedOdds ratios 590 

(ORs) (a) urinary OPEs, (b) APs, and (c) phthalates concentrations (DF ≥75%: quartile group 591 

comparison (Q), 50%≤DF<75%: tertile group comparison (T), two detected groups and not detected, 592 

25%≤DF<50%: dichotomy group comparison (D), detected or not). The ORs were estimated for the 1st 593 

quartile, 1sttertile, or 1st dichotomized (less than LOQ) as a reference. The target population number was 594 
111 (case = 32). Adjusted for age, income, parity, urinary cotinine, alcohol consumption, and BMI.A 595 
solid circle indicates statistical significance (p < 0.05), while an open circle indicates reference or no 596 
significance.  597 
OPEs: organophosphate esters, APs: alternative plasticizers, DF: detection frequency, LOQ: limit of 598 
quantification, BMI: body mass index  599 

  600 
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Table 3. Odds ratios (ORs) for the association between uterine fibroids and tertiles of factor scores (n 601 
= 111) in the multiple chemical exposure model. 602 

 ORs (95% CI) 

Factor1- DEHP, DBP and BBzP  
Tertile 1 reference 
Tertile 2 2.03 (0.54, 7.65) 
Tertile 3 2.71 (0.73, 10.12) 

Factor2- DPrHpP and DEHP  
Tertile 1 reference 
Tertile 2 3.62 (0.87, 15.10) 
Tertile 3 4.60 (1.10, 19.20) 

Factor3- DINP  
Tertile 1 reference 
Tertile 2 1.83 (0.53, 6.38) 
Tertile 3 1.07 (0.31, 3.65) 

Factor4- TPHP and DMP  
Tertile 1 reference 
Tertile 2 1.56 (0.40, 6.00) 
Tertile 3 2.39 (0.70, 8.20) 

Factor analysis was conducted with 18 metabolites in the urine which were detected in ≥ 50% of samples. 603 
Boldface numbers indicate statistically significant ORs (p <0.05).  604 
The factor scores were categorized into tertiles, with the lowest tertile considered as the reference 605 
group.All factors were included in a logistic regression model.ORs were adjusted for age, income, parity, 606 
urinary cotinine, alcohol consumption, and BMI. 607 
  608 
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Highlights 609 

 Urinary BDCIPP, BBOEP, and BBOEHEP were associated with increased risk of fibroids.  610 

 DEHTP, DPrHpP, and DINCH metabolites showed higher odds of uterine fibroids.  611 

 Among phthalates, BBzP and DEHP metabolites were associated with fibroids. 612 


