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Measurement of DEHP metabolites 

To measure the levels of DEHP metabolites in maternal bloods and umbilical cord bloods, the 

procedure used in a previous study13 was optimized with some modifications. In brief, 500 µL of 

serum and 100 µL of 1 M phosphoric acid were added into 15 mL of polyethylene conical tube. Ten 

µL of 13C-labeled internal standard was spiked in the tube, and then 500 µL of 1 M ammonium 

acetate (pH 7.0) and 10 µL of β-glucuronidase obtained from E. coli (K12) (Roche, Biomedical, 

Mannheim, Germany) were added, vortexed for 1 minute, incubated at 37℃ for 2 hours, and then 

sonicated for 10 minutes. Three mL of 0.1 M formic acid was added in the sonicated solution. After 

the solid phase extraction (SPE) cartridges, OasisTM HLB (Waters, Milford, MA, USA), was 

compressed with 2 to 3 psi pressure for 1 minute and conditioned with 2 mL of methanol twice and 2 

mL of distilled water twice subsequently, the samples were loaded to HLB cartridges and then 

washed with 1 mL of distilled water and 1 mL of 40 % methanol subsequently. After waste tubes 

were changed into new tubes, samples were eluted with solution with 1 mL of acetonitrile and 1 mL 

of methanol subsequently. The eluates were evaporated under nitrogen stream, reconstituted with 

100 µL of 90% methanol, and then transferred to 1.5 mL of amber vials. The levels of DEHP 

metabolites were measured using liquid chromatography – tandem mass spectrometry with an AB 

Sciex 4000 tandem mass spectrometer (Framingham, MA, USA) coupled to a Shimazu HPLC 

system (Kyoto, Japan). Separation was achieved using a Shisheido ACR C18 column (3 µm, 2.0 x 

150 mm). The mobile phase composition used in the chromatographic separation was optimized by 

binary mixtures of 0.1% acetic acid in water (solvent A) and 0.1% acetic acid in acetonitrile (solvent 

B). Gradient condition was as follow; 0.0-2.5 min, 10 % B; 2.5-3.0 min, 10-30 % B; 3.0-5.0 min, 30-

40 % B; 5.0-7.0 min, 40 % B; 7.0-11 min, 40-45 % B; 11-16 min, 45-100 % B; 16-20 min, 100 % B 

and return to 10 % in 20.1-23 min. The flow rate of the mobile phase was 0.2 mL/min. Ten μL of 

each sample was injected into the HPLC system. MEHHP (cat no. ULM-4662-1.2) and MEOHP (cat 

no. ULM-4663-1.2) for the calibration curve and 13C-labeled MEHHP (cat no. CLM-6641-1.2) and 

13C-labeled MEOHP (cat no. CLM-6640-1.2) for internal standard were purchased from Cambridge 

isotope, USA.  

To measure the levels of DEHP metabolites in maternal and newborns’ urines, the procedure 

used in a previous study14 was optimized with some modifications. In brief, 50 µL of urine was 

transferred into amber vial, and 10 µL of 13C-labeled internal standard was spiked to the urine 

sample. After 500 µL of 1 M ammonium acetate (pH 7.0) and 10 µL of β-glucuronidase obtained 

from E. coli (K12) were added to the urine sample and vortexed for 1 minute, the solution was 

incubated at 37℃ for 2 hours and then sonicated for 10 minutes. Three hundred µL of the sonicated 
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solution was diluted with 50 µL of 0.1 % acetic acid in acetonitrile (6:1 v/v %), and then the level of 

DEHP metabolites was measured using liquid chromatography – tandem mass spectrometry on the 

same procedure as in bloods.  

To measure the levels of DEHP metabolites in placenta, the procedure used in previous studies15 

16 was optimized with some modifications. In brief, one gram of placenta was placed into a 15 mL 

falcon tube and homogenized with 1 mL of distilled water. After ten µL of 2 µg/mL 13C-labeled 

internal standard was spiked and 100 µL of 1M ammonium acetate (pH 7.0) and 10 µL of β-

glucuronidase obtained from E. coli (K12) were added, the solution was incubated at 37 ℃ for 2 

hours. Incubated solution was extracted through processes for shaking with 5 mL of ethyl acetate for 

10 minutes and subsequent centrifugation at 3000 rpm for 10 min. The organic layer was transferred 

to a clean falcon tube and then the extraction process was repeated again. The transferred organic 

solution was evaporated under nitrogen stream. After the residue was dissolved in 100 µL of 90 % 

methanol in distilled water and centrifuged for 10 min at 3000 rpm, and then the level of DEHP 

metabolites was measured in supernatant for using liquid chromatography – tandem mass 

spectrometry on the same procedure as in bloods.  

As for the limit of detection (LOD) and limit of quantification (LOQ), we followed guidance of 

US FDA (1998) using standard error of the intercept of a linear equation where the magnitude of MS 

detector regressed on amount of analytes. The LODs for MEHHP and MEOHP were 0.06 ng/mL and 

0.06 ng/mL, respectively, for blood, 0.2 ng/mL and 0.1 ng/mL, respectively, for urine, and 0.06 ng/g 

and 0.04 ng/g, respectively, for placenta. The LOQs for both MEHHP and MEOHP were 0.2 ng/mL 

for blood, 0.5 ng/mL for urine, and 0.2 ng/g for placenta. For the quality assurance (QA) and quality 

control (QC), the accuracy and recovery for the measurement methods were calculated with spiked 

samples which were either pooled urine and placenta or bovine serum purchased from Sigma-

Aldrich. Detailed information for QA and QC was provided as online supplementary tables S1-S4. 

We also checked storage effect and did not find any difference of metabolite levels by storage 

duration and temperature. 

Field blanks were checked in each sample transportation steps to rule out the contamination of 

DEHP. Phthalate-free tubes or vials were used in all measurement procedures and the background 

contamination was also checked during the quantitation procedures. 
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Measurement of leptin, total cholesterol, and triglyceride 

To measure leptin levels, serum samples were dissolved at room temperature and then determined at 

450 nm using a spectrophotometer according to the procedure recommended by Leptin ELISA kit 

(ELH-Leptin-001, RayBiotech, GA, USA).17 Total cholesterol and TG concentrations were analyzed 

by enzymatic methods according to the procedures recommended by Cholesterol CHOD-PAP kit 

(COBAS, Roche Diagnostics, IN, USA) and Triglycerides GPO-PAP kit (COBAS, Roche 

Diagnostics, IN, USA). The absorbance was measured at 505 nm using a ROCHE Modular DDP 

Chemistry Analyzer (Roche Diagnostics, IN, USA). 
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Table S1 Instrumental condition of LC-MS/MS 

Parameters Condition 

Column Online HLB C18 (3μm, 2.0 X 50 mm)* 

Shiseido ACR C18 (3μm, 2.0 X 150 mm) 
Mobile phase A: 0.1% acetic acid in water 

B: 0.1% acetic acid in acetonitrile 

C: 0.1% acetic acid in 10% acetonitrile** 
Flow rate 0.2 mL/min 

Column oven temperature 30 °C 

Injection volume 10 μL 

Mode ESI / negative 

Ion source energy -4500 V 

Curtain gas 15 psi 

Gas ½ 40/60 psi 

Ion source temperature 400 °C 
* Column used in the urinary analysis process for on-line solid phase extraction 
** Mobile phase used only in the urinary analysis process 
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Table S2 Accuracy of target DEHP metabolites in bloods, urines, and placentas 

Media Metabolite 
Spiking Level Intra-day recovery  Inter-day recovery  

(ng/mL) (for 5 duplicated) (%) (for 3 days) (%) 

Blood MEHHP 2 107 100 

  20 108 103 

  80 98.5 96.8 

 MEOHP 2 112 105 

  20 109 106 

  80 97.6 95.2 

Urine MEHHP 5 102 99.0 

  50 100 99.4 

  200 103 102 

 MEOHP 5 103 101 

  50 105 104 

  200 104 102 

Placenta MEHHP 2 108 101 

  20 112 105 

  80 103 94.9 

 MEOHP 2 109 105 

  20 106 103 

  80 90.7 88.3 

Accuracy was determined as the percent difference between the mean of observed concentrations 

and the theoretical concentration, and was required to be within ±20% for the LOQ and within ±15% 

for the other concentrations. Accuracy (%) = analyte found / analyte spike * 100 

Intra-day variation was assessed by five consecutive injections of LOQ, low, medium, high 

concentration standard solution, and inter-day variation was determined by measuring the same 

standard solution on three different days. 
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Table S3 Precisions of quantification of target DEHP metabolites in bloods, urines, and placentas 

Media Metabolite 
Spiking Level Intra-day CV Inter-day CV 

(ng/mL) (for 5 duplicated) (%) (for 3 days) (%) 

Blood MEHHP 2 3.75 2.59 

  20 3.91 2.52 

  80 3.68 3.72 

 MEOHP 2 4.04 3.79 

  20 1.86 3.70 

  80 0.74 3.33 

Urine MEHHP 5 5.08 6.18 

  50 7.13 7.58 

  200 9.62 6.12 

 MEOHP 5 3.54 5.70 

  50 7.41 8.12 

  200 7.29 5.53 

Placenta MEHHP 2 4.15 3.20 

  20 3.16 4.03 

  80 3.69 2.92 

 MEOHP 2 5.01 3.28 

  20 4.05 3.91 

  80 3.93 2.83 

The coefficient of variation (CV) was the standard deviation of replicate measurements expressed as 

a percentage of the mean value, and the CV was required to not exceed 20 % for the LOQ and 15 % 

for other concentrations. CV (%) = standard deviation of observed concentrations / Mean of 

observed concentrations * 100  
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Table S4 Concentration of DEHP in hexane-cleaned Milli-Q water stored in the tubes or vials that 

were used in the present study  

Tube type Use DEHP (n=5) 

8.5 mL-SST tube Blood sampling <LOD 

1.0 mL-Screw cap tube Blood storage  <LOD 

15mL-falcon tube Blood analysis  <LOD 

50 mL-Falcon Tube Urine sampling <LOD 

1.5 mL-Cryo Tube Urine storage <LOD 

1.5mL-Glass vial Urine analysis <LOD 

50 mL-Falcon Tube Placenta sampling <LOD 

15 mL-Falcon Tube Placenta storage or analysis <LOD 

Haxane-cleaned Milli-Q water was prepared by 1 hr mechanical shaking of 400 mL Milli-Q water 

with 100 mL hexane. For sample preparation, the hexane-cleaned Milli-Q water was added in each 

type of tube and was stored in a freezer for 1 day. Frozen water samples were thawed and pretreated 

by the preparation method of each media. 
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Table S5 Ratios of DEHP metabolites in newborns’ and mothers’ samples  

*concentration of MEHHP in cord blood/concentration of MEHHP in maternal blood 

†concentration of MEHHP in newborn’ urine/concentration of MEHHP in maternal urine 

‡concentration of MEOHP in newborn’ urine/concentration of MEOHP in maternal urine 

 

 
 Ratio of target metabolite (newborn vs. mother)   Percentile  

Target metabolite n GM (GSD) Range 10th 25th 50th 75th 90th 

MEHHP in blood* 100 1.04 (0.17) 0.78 ~ 1.60 0.87 0.93 1.03 1.13 1.27 

MEHHP in urine† 62 0.48 (0.62) 0.11 ~ 5.04 0.20 0.27 0.37 0.98 1.32 

MEOHP in urine‡ 62 0.28 (0.36) 0.04 ~ 3.11 0.10 0.14 0.24 0.56 0.76 
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Table S6 Change of BMI z-scores from birth to 3 months after birth by change of DEHP metabolites 

in generalized linear model 

  95% CI  

Exposure β Lower Upper p Value 

∑DEHP in maternal blood -0.924  -3.672  1.825  0.514  

∑DEHP in maternal urine -0.200  -0.842  0.442  0.545  

∑DEHP in cord blood 0.110  -3.053  3.273  0.946  

∑DEHP in placenta 0.114  -2.197  2.424  0.924  

∑DEHP in newborn’ urine 0.882  0.587  1.176  <0.001  

The effects of common log of sum of MEHHP and MEOHP (∑DEHP) in each medium on the 

change of BMI z-score were evaluated using generalized linear model after adjustment for maternal 

age (years), maternal BMI (kg/m2), gestational period (days), cesarean section (0 – no / 1 – yes), 

delivery experience (0 – no / 1 – yes), newborn’ sex (0 – girl / 1 – boy), common log of ponderal 

index (PI, 100 g/cm3), and common log of triglyceride (TG, mg/dL). Creatinine-adjusted DEHP 

concentrations for maternal and newborn’ urines were used in the model. CI, confidence interval 


