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Introduction

Acetaminophen (N-acetyl-p-aminophenol (APAP)), also known as paracetamol, is the most common over-the-counter
medication taken during pregnancy to relieve fever, pain, or discomfort.' In the USA and Europe, it was estimated that
50-65% of women reported using APAP at least once during pregnancy, with about 20% taking APAP in all three
trimesters.” Despite the high prevalence of APAP intake in pregnancy, long-term safety data concerning offspring health
are limited. The exact mechanism explaining the therapeutic effects of APAP is not fully understood.” APAP may act
upon the inhibition of cyclooxygenase (COX) enzymes and prostaglandin synthesis, the endocannabinoid system, or the
serotonergic pathways in the brain, for exerting its pain-relieving and fever-reducing effects.! Recently, adverse effects of
APAP exposure on fetal development have been raised. Studies have reported that APAP and its metabolites can cross the
human placental barrier exposing the fetus during critical period of development. The APAP-induced oxidative stress is
amplified during fetal life because of the main pathways for APAP metabolism is not active in the fetus until mid-
gestation, and that sex-specific endocrine-disruptive effects of APAP are reported in animal studies.'

A growing body of epidemiological research have investigated the associations between prenatal exposure to APAP
and adverse reproductive or neurological outcomes in childhood." However, previous epidemiological studies have
predominantly relied on using self-reported data or single-biomarker measurements to characterize APAP exposure,
raising concerns over exposure misclassification.> On one hand, self-reported maternal intakes are susceptible to under-
reporting or recall bias. On the other hand, APAP metabolites have a short half-life (ie, <4 hours), thus a single biological
measurement may only reflect recent or frequent intake. To address this methodological concern and advance our
understanding of the assessment of prenatal APAP exposure, we conducted a study to compare three APAP metabolite
levels in paired maternal urine and cord blood samples, and maternal self-reported frequent APAP intake data.

Methods

We analyzed questionnaire data and biological samples collected from the Nutrition in Pregnancy (NIP) Study, a cohort
with a total of 2291 pregnant individuals recruited at 56 obstetric practices and 15 clinics in Connecticut and Western
Massachusetts between September 1996 and January 2000. Detailed cohort information has been published elsewhere.”
The only exclusion criteria of the cohort were a gestational age over 24 weeks at enrollment, maternal insulin-dependent
diabetes mellitus, inability of to speak either English or Spanish, and an intent to terminate the pregnancy. Briefly, all
participants included were interviewed at home and had urine samples collected by a trained research assistant before
25 weeks gestation (interquartile range [IQR] of enrollment 12—17 weeks). In the baseline interview, the mothers were
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asked to report all prescription and non-prescription medication intake (including APAP) and the estimated total days of
use in each of the first three months in the first trimester (T1; gestational weeks 1 to 12). If by the time of the baseline
interview, the mother had not completed the T1, the mother was asked again around gestational week 20 to report the
medication use in the months of T1. Additionally, a postpartum interview was conducted in the hospital or by telephone
within one month of delivery. In the postpartum interviews, the same information on medication intake was collected for
each of the last three months in the third trimester (T3; gestational weeks 29 to delivery). Umbilical cord blood samples
were collected at delivery by the obstetrician. Venous and arterial cord blood was drained into a tube and refrigerated
immediately. Serum was separated, spun off within 24 hours of collection, and immediately frozen and stored in a —80°C
freezer biobank managed by the Yale Center for Perinatal, Pediatric and Environmental Epidemiology. Written inform
consents were collected from all research participants at the time of enrollment. The initial data collection was approved
by the Human Investigation Committee of Yale University (protocol ID #7991). The Yale Human Research Protection
Program approved our secondary analysis project (protocol ID #2000031118). Our study complies with the Declaration
of Helsinki.

From this cohort database, we first classified mothers into three exposure groups: (1) mothers reported never using
APAP during each month in T1 and T3, (2) mothers reported using APAP frequently, defined as more than 14 days of
intake, in T1, and (3) mothers reported using APAP frequently in T3. Due to the study cost constraints, we have a priori
determined to randomly sample 10 pregnancies from each of the three exposure groups for analyses.

For the 30 selected pregnancies, we analyzed three specific APAP metabolites in the matched pairs of maternal urine
and umbilical cord serum samples retrieved from the biobank. The three APAP metabolites we measured included the
parent acetaminophen compound (APAP), acetaminophen glucuronide (APAP-gluc), and 3-(N-acetyl-I-cystein-S-yl)-
acetaminophen (APAP-cys). These APAP metabolites were selected based on findings from the Boston Birth Cohort
study that had recently reported cord biomarkers of APAP measured in the same laboratory as used in our study, with an
untargeted metabolomic analyses workflow.” The analyses were conducted by the Broad Institute Metabolite Profiling
Laboratory at the Massachusetts Institute of Technology using liquid chromatography-mass spectrometry (LC-MS)
techniques.® The urine and serum samples were gently inverted 10-20 times to disrupt concentration gradients formed
during thawing, divided into 100 pL urine or serum aliquots, and transferred into separate 2 mL cryovials. The aliquot
cryovials were labeled with a random number sequence blinded to the APAP status and sorted in random order before
being shipped overnight to the Broad Institute laboratory. LC-MS samples were prepared by protein precipitation of a
10pL sample portion with the addition of nine volumes of 74.9:24.9:0.2 v/v/v acetonitrile/methanol/formic acid contain-
ing stable isotope-labeled internal standards (valine-d8, Isotec; and phenylalanine-d8, Cambridge Isotope Laboratories).
The samples were centrifuged (10 min, 9000g, 4°C), and the supernatants injected directly onto a 150 x 2-mm Atlantis
HILIC column (Waters). The column was eluted isocratically at a flow rate of 250 pL/min with 5% mobile phase
A (10 mm ammonium formate and 0.1% formic acid in water) for 1 min followed by a linear gradient to 40% mobile
phase B (acetonitrile with 0.1% formic acid) over 10 min. MS analyses were carried out using electrospray ionization in
the positive ion mode using full scan analysis over m/z 70-800 at 120,000 resolution and 3-Hz data acquisition rate.
Additional MS settings are: ion spray voltage, 3.5 kV; capillary temperature, 350°C; probe heater temperature, 300°C;
sheath gas, 40; auxiliary gas, 10; and S-lens RF level 40.

For statistical analysis, we first compared metabolite level differences in peak intensities between the self-reported
frequent APAP use groups, and the non-user group, for each metabolite using the nonparametric Wilcoxon-
Mann—Whitney test. Next, we estimated the Spearman correlation coefficients among the three APAP metabolite levels
in maternal urine or cord serum samples. Finally, we estimated the Spearman correlation coefficients among the maternal
urinary or cord serum APAP metabolite levels with the reported cumulative days of APAP intake in T1 or T3.

Results
The median age of pregnancy was 33 years, about 80% of the participants self-reported as non-Hispanic white, and 73%
had some college or higher education (Supplementary Table 1).

The distribution of the three APAP metabolites (indicated as log-10 abundance) according to the self-reported APAP
use groups is presented in Figure 1. We found that the three APAP markers were detected in all (100%) of the 30
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Figure | Log-10 transformed abundance of APAP metabolites in maternal pregnancy urine (a) and cord serum (b) by self-reported APAP use groups. The median log-10
abundance of each APAP metabolite is noted in the figure for each APAP self-reported use group. The group differences between the frequent users and the non-users using
the non-parametric Wilcoxon-Mann-Whitney test are marked with * for a P-value <0.05, ** for a P-value <0.01, and *** for a P-value <0.001.

Abbreviations: APAP, acetaminophen; APAP-gluc, acetaminophen glucuronide; APAP-cys, 3-(N-acetyl-I-cystein-S-yl)-acetaminophen.

maternal urine samples analyzed. In contrast, only the parent APAP compound was detected in all (100%) of the 30 cord
serum samples analyzed, while APAP-cys and APAP-gluc were detected in 25 (87%) and 12 (40%) of the 30 cord sera
analyzed, respectively. Using the nonparametric Wilcoxon-Mann—Whitney test, we found that the three metabolite levels
detected in both maternal urine and cord sera samples were higher in the T3 frequent users compared with the non-users
(P<0.05) (Figure 1). In contrast, the urinary or serum APAP metabolite levels among T1 frequent users were more
similar to the levels measured in the non-user group (P>0.05).

The Spearman correlation coefficients were high when comparing the levels of the three APAP markers in maternal
urines (+=0.84-0.91, P<0.001), or the cord sera (=0.72—0.84, P<0.001) (Figure 2). However, the correlations were
moderate when comparing the level of the same type of APAP metabolites in the maternal urine with cord sera (APAP-
cys 1=0.70, P=0.065; APAP r=0.45, P=0.082; and APAP-gluc r=0.43, P=0.064).

The reported cumulative days of use of APAP in T3 were strongly correlated with cord serum APAP metabolites,
especially APAP and APAP-cys (#>0.70), and moderately with maternal mid-pregnancy urinary APAP metabolites (=
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Figure 2 Spearman correlation coefficients for APAP metabolite levels detected in maternal mid-pregnancy urinary and cord serum. The correlation coefficients are marked
with * for a P-value <0.05, ** for a P-value <0.01, and *** for a P-value <0.001.
Abbreviations: APAP, acetaminophen; APAP-gluc, acetaminophen glucuronide; APAP-cys, 3-(N-acetyl-l-cystein-S-yl)-acetaminophen.

0.57-0.69) (Supplementary Table 2). The reported cumulative days of use in T1 were only weakly correlated with either
maternal mid-pregnancy urinary or cord serum APAP metabolites (=0.18-0.34). However, the P-values for these

correlation measures were large (P>0.05) and chance errors are possible.

Discussion

In this study, we compared maternal self-reported frequent APAP intake and three specific APAP metabolites measured
in paired maternal urine and umbilical cord serum samples. We confirmed that several APAP metabolites were widely
detectable in stored human biological samples (cord blood and urine) in a biobank for more than two decades.
Furthermore, we found that the same type of APAP metabolites in maternal urine were moderately to highly correlated
with those found in the cord sera within mother-child pairs. All three urinary and cord serum APAP metabolite levels
were more strongly correlated with self-reported frequent APAP use in late pregnancy than early pregnancy intake.
Overall, our study suggests validity for collecting detailed self-reported APAP data in epidemiologic research, especially
concerning frequent intake. On the other hand, biological APAP measures also reflect frequent APAP intake close to the
time of sample collection.

This study is consistent with a pregnancy study conducted in Sweden that correlated maternally reported APAP use
with urinary APAP concentrations (n=111).” The Swedish study showed that parent APAP compound was detectable in
all maternal urine samples analyzed, even among mothers who did not report taking APAP, suggesting environmental
sources of exposure. Moreover, the study found that the reported number of pills of APAP intake was correlated with
urinary parent APAP concentrations in gestational weeks 4-19 (» = 0.29, P <0.01). However, the Swedish study did not
examine other APAP metabolites. While we could not rule out in our study that some mothers have used APAP during
the second trimester which was not adequately captured in the cohort data collection, it is unlikely that all mothers have
used acetaminophen during pregnancy. Pharmaceutical contamination including ubiquitous environmental occurrences of
acetaminophen in the food and drinking water system has been reported, with major sources from human wastes,
domestic and industrial wastewater. Furthermore, we also showed a slightly lower abundance of APAP-gluc than APAP
and APAP-cys in cord serum samples.’ Studies of therapeutic doses of APAP in adults have shown that pharmacolo-
gically inactive APAP-gluc is primarily excreted in the urine, and a smaller fraction of APAP-gluc is transported by the
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intestine into the blood. In contrast, APAP-cys adducts are the end products formed when the toxic acetaminophen
byproduct N-acetyl-p-benzoquinone imine (NAPQI) is conjugated by glutathione and then binds to cysteine. Therefore,
high APAP-cys in serum have been used as a marker to indicate APAP overdose toxicity. As expected, we found that
a spot cord-serum measure of APAP metabolites is a valid marker to indicate frequent APAP intake in late gestation, but
APAP metabolites in cord serum are less predictive of early gestational APAP intake.

In this cohort, the spot measure of maternal mid-pregnancy urinary APAP metabolites also showed a higher
agreement with self-reported frequent APAP intake in late gestation than early gestation. One plausibility is that the
participants might not have recalled their medication intake as accurately for the first few weeks of gestation, especially,
before the pregnancy was confirmed medically. Moreover, the lack of second-trimester APAP intake data may have
added variability to our results concerning APAP metabolites in mid-pregnancy urines. Thus, the collection of prenatal
APAP exposure data in epidemiological studies is recommended to start from early pregnancy whenever possible to
reduce exposure misclassification bias concerning APAP exposure in the early gestational period.

Some limitations need to be considered for the present study. First, the sample size of this study was small. Larger
studies are needed to explore whether the correlations between self-reported APAP intake and APAP metabolite levels
would vary by maternal characteristics. Our study focused on the APAP parent compound and its two main metabolites,
while several other APAP metabolites could also be studied. The study focused on frequent users and our results do not
apply to sporadic/infrequent use. Studies of shorter-term or less frequent APAP intake would likely be further challenged
by a higher degree of exposure misclassification bias. The cohort we analyzed did not collect self-reported medication
data in the second trimester, thus, we were not able to assess the cumulative use of APAP use throughout the entire
pregnancy.

Conclusions

Our findings suggest that the APAP parent compound and its two metabolites are widely detected and correlated in paired
maternal urine and umbilical cord serum among samples of never and frequent APAP users in pregnancy. One-time
measures of these APAP metabolites in either the maternal urine or the cord serum can be used to represent frequent
APAP intake close to the time of sample collection. Collecting detailed maternal-reported APAP intake data derived from
repeated maternal interviews is still an efficient and valid measure to indicate frequent APAP exposure in pregnancy, but
data collection is recommended to start from early gestation. When study resources permit, collecting repeated self-
reported intake data and validating it with biological APAP measures is recommended to improve the exposure
classification of APAP during the entire pregnancy period.

Abbreviations
APAP, acetaminophen, N-acetyl-p-aminophenol; APAP-cys, 3-(N-acetyl-l-cystein-S-yl)-acetaminophen; APAP-gluc,
acetaminophen glucuronide; NAPQI, N-acetyl-p-benzoquinone imine.
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