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Abstract

Prenatal acetaminophen exposure as a risk factor for Attention Deficit Hyperactivity Disorder
(ADHD): underlying mechanisms in humans and mice
Brennan H. Baker

Despite evidence of an association between prenatal acetaminophen exposure and
attention deficit hyperactivity disorder (ADHD) in offspring, the causal role of prenatal
acetaminophen exposure in child ADHD remains unclear owing to limitations of prior studies.
Prior studies have relied on maternal self-report, failed to quantify acetaminophen dose, and
lacked mechanistic insight. Chapter 1 formally introduces this topic and provides background
information summarizing the high prevalence of ADHD, widespread use of acetaminophen
during pregnancy, and potential molecular mechanisms through which the drug may harm fetal
development.

In Chapter 2, we examined the association between prenatal acetaminophen exposure
measured in meconium and ADHD in children aged 6 to 7 years, along with the potential for
mediation by functional brain connectivity. Data came from a prospective birth cohort study
from the Centre Hospitalier Université de Sherbrooke in Sherbrooke, Québec, Canada. We
included 393 eligible children, of whom 345 had meconium samples collected at delivery and
information on ADHD diagnosis. Mothers were enrolled from September 25, 2007, to September
10, 2009, at their first prenatal care visit or delivery. Acetaminophen levels were measured in

meconium, and physician diagnosis of ADHD was determined at follow-up when children were



aged 6 to 7 years or from medical records. Additionally, when children were aged 9 to 11 years,
resting-state brain connectivity was assessed with magnetic resonance imaging, and attention
problems and hyperactivity were assessed with the Behavioral Assessment System for Children
Parent Report Scale. Associations between meconium acetaminophen levels and outcomes were
estimated with linear and logistic regressions weighted on the inverse probability of treatment to
account for potential confounders. Causal mediation analysis was used to test for mediation of
the association between prenatal acetaminophen exposure and hyperactivity by resting-state
brain connectivity. Among the 345 children included in the analysis (177 boys [51.3%]; mean
[SD] age, 6.58 [0.54] years), acetaminophen was detected in 199 meconium samples (57.7%),
and ADHD was diagnosed in 33 children (9.6%). Compared with no acetaminophen, detection of
acetaminophen in meconium was associated with increased odds of ADHD (odds ratio [OR],
2.43; 95%CI, 1.41-4.21). A dose-response association was detected; each doubling of exposure
increased the odds of ADHD by 10% (OR, 1.10; 95%CI, 1.02-1.19). Children with
acetaminophen detected in meconium showed increased negative connectivity between
frontoparietal and default mode network nodes to clusters in the sensorimotor cortices, which
mediated an indirect effect on increased child hyperactivity (14%; 95%CI, 1%-26%).

In Chapter 3, we used data from the same Canadian birth cohort to examine whether
prenatal acetaminophen exposure is associated with adverse birth outcomes and/or pregnancy
complications, and if birth outcomes may mediate the association of prenatal acetaminophen
with child ADHD. This study included 393 children for whom acetaminophen was measured in
meconium at delivery. We tested associations of prenatal acetaminophen with birthweight,
preterm birth, gestational age, small and large for gestational age, gestational diabetes,

preeclampsia, and high blood pressure. Using causal mediation analyses, we assessed whether



birth outcomes mediated the association of prenatal acetaminophen with ADHD. We imputed
missing data via multiple imputation and used inverse probability weighting to account for
confounding and selection bias. Prenatal acetaminophen exposure was associated with decreased
birthweight by 136 g (B =—136; 95% CI [-229, —43]), 20% increased weekly hazard of delivery
(hazard ratio = 1.20; 95% CI [1.00, 1.43]), and over 60% decreased odds of being born large for
gestational age (odds ratio = 0.38; 95% CI [0.20, 0.75]). Prenatal acetaminophen was not
associated with small for gestational age, preterm birth, or any pregnancy complications. Causal
mediation effects were non-significant for all birth outcomes in both unadjusted and adjusted
models, indicating no evidence that birth outcomes linked prenatal acetaminophen exposure with
child ADHD.

In Chapter 4, we examined the effects of developmental acetaminophen exposure on
mouse behavior and frontal cortex gene expression. Although prior studies have investigated
neurodevelopmental effects of prenatal acetaminophen exposure in rodents, the results of these
studies are not always in agreement. Additionally, no mouse studies of prenatal acetaminophen
exposure have investigated offspring attention deficits in behavior tasks specifically designed to
measure attention, and no prior rodent studies have utilized ‘omics’ technologies for an
untargeted exploration of potential mechanisms. We randomly assigned pregnant mice (starting
embryonic day 4-10) to receive acetaminophen (150 mg/kg/day) or vehicle control through
postnatal day 14. We employed a battery of behavior tests for 111 mouse offspring, including
pup ultrasonic vocalizations, elevated plus maze, open field test, CatWalk, pre-pulse inhibition,
and 5-choice serial reaction time task. Frontal cortex was collected at birth from 24 pups for
RNA-sequencing. Developmental acetaminophen treatment resulted in increased pup

vocalizations after separation from the litter, as well as decreased ambulation and vertical



rearings in the open field task among male but not female offspring. Acetaminophen treatment
was also associated with altered frontal cortex gene expression relating to glutathione and
cytochrome p450 metabolism, DNA damage, and the endocrine and immune systems.
Together with the multitude of other cohort studies showing adverse neurodevelopment
associated with prenatal acetaminophen exposure, this work suggests caution should be used in
administering acetaminophen during pregnancy. In humans, we found that prenatal
acetaminophen exposure was associated with child ADHD, altered resting-state brain
connectivity, and adverse birth outcomes. Furthermore, our results suggest altered brain
connectivity as a potential underlying mechanism linking prenatal acetaminophen use with child
hyperactivity. While adverse birth outcomes such as preterm birth and reduced birthweight are
known to be associated with ADHD, we found no evidence for mediation by birth outcomes of
the association between prenatal acetaminophen exposure and ADHD. In mice, we found that
developmental acetaminophen treatment resulted in elevated anxiety-like behaviors in male
offspring, as well as gene expression changes in the frontal cortex. Future studies are needed to
explore whether the altered molecular pathways revealed by RNA-sequencing directly link

acetaminophen exposure with offspring behavior changes.
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Chapter 1: Preface

Attention deficit hyperactivity disorder (ADHD) is a major public health concern. The
disorder has an estimated worldwide prevalence of 5.3% in children and 2.5% in adults,? and is
characterized by age-inappropriate levels of inattention, disorganization, hyperactivity, and
impulsivity. ADHD is often comorbid with mood, anxiety, and substance abuse disorders,*
which may lead to long-term functional impairments and reduced quality of life. For instance,
ADHD is associated with poorer long term outcomes in several domains, including addictive
behavior, academics, antisocial behavior, social function, self-esteem, occupation, driving,
services use, and obesity, and these poor outcomes can only be partially ameliorated via
treatment.® In recent decades, temporal and cultural heterogeneity in prevalence estimates have
raised concerns about inconsistent, excessive, and inaccurate diagnoses of ADHD, and about the
misuse and overprescription of pharmaceuticals used to treat the disorder.® However, meta-
regression analyses confirm that ADHD is not simply a product of competitive and capitalistic
cultures, but that different prevalence estimates across studies are mainly explained by different
methodologies, including the use of different sources of information and different diagnostic
criteria.” Owing to the high prevalence of ADHD and its associated comorbid medical problems
and impairments, primary prevention of the disorder is an eminent public health concern.

Although ADHD is highly heritable,® the recent World Federation of ADHD’s
International Consensus Statement highlights shared genetic and environmental risks for the
disorder.® Identifying preventable environmental risks could help reduce the worldwide burden
of ADHD. One possible avenue of primary prevention could target prenatal exposures that may
affect brain development, such as acetaminophen, the active ingredient in the brand name
Tylenol (also known as paracetamol). Acetaminophen is one of the most commonly used drugs

1



during pregnancy, with use reported by over 50% of pregnant women in many populations.®! It
is the only recommended over-the-counter pain reliever during gestation, as other analgesics like
ibuprofen and aspirin may cause miscarriage or birth defects.!?1® Despite acetaminophen’s
widespread use and reputation as a safe drug during pregnancy, concerns over the long-term
impacts of prenatal exposure on child health outcomes have risen over the past several
decades.”*° Recent meta-analyses of observational studies support an association of prenatal
acetaminophen with ADHD and autism spectrum disorders (ASD).**2° A full understanding of
the potential harms of acetaminophen use will help doctors better manage pain during pregnancy
in the safest way possible.

Despite studies showing associations of prenatal acetaminophen with child ADHD,*2°
the evidence remains limited by reliance on self-reported exposure. Most of the studies of
prenatal acetaminophen have measured exposure with surveys administered during and shortly
after pregnancy. Inaccurate maternal self-report in these surveys could result in misclassification
of prenatal acetaminophen exposure. Because surveys are completed before children are old
enough to be diagnosed, such misclassification is most likely nondifferential with respect to child
ADHD. When measurement error for the exposure is nondifferential with respect to the outcome,
bias toward the null typically results. Hence, the effect of prenatal acetaminophen on ADHD
could be underestimated. A recent study in the Boston Birth Cohort addressed this limitation by
showing that biomarkers of acetaminophen in cord plasma were associated with ADHD (odds
ratio [OR] for second tertile, 2.26; OR for third tertile, 2.86, compared to lowest tertile of
exposure).?! Indeed, this association was far stronger in magnitude compared to the pooled risk

ratio for ADHD of 1.34 estimated in a meta-analysis of studies relying on maternal self-report.®



However, owing to differential placental transfer across individuals, even exposure assessment in
blood or urine may result in misclassification of exposure to the fetus. Meconium, the first feces
of a mammalian infant, is another biological substrate that can be analyzed for prenatal
exposures. Chemicals in meconium accumulate throughout the last two thirds of pregnancy and
are known to have passed through the fetus and into the fetal intestinal tract.?2

Another limitation in prior work is that the mechanisms linking prenatal acetaminophen
to health outcomes remain under studied. One potential mechanism is oxidative stress. In the
brains of mice and rats, acetaminophen has been shown to induce mitochondrial dysfunction,
oxidative stress, and even cortical neuron death.?”2° The toxicity of acetaminophen is mediated
by its noxious metabolite, N-acetyl-p-benzoquinoneimine (NAPQI). Cytochrome P450 (CYP)
enzymes are responsible for the bioactivation of acetaminophen into NAPQI, 83933 which is
detoxified at therapeutic doses via conjugation to glutathione by glutathione S-transferase (GST)
enzymes. High doses of acetaminophen, however, may overload and deplete glutathione
stores, % resulting in the accumulation of NAPQI, along with exogenous xenobiotics and
endogenous sources of oxidative stress that are normally conjugated to glutathione. The resulting
overproduction of reactive oxygen and nitrogen species along with binding of NAPQI to
mitochondrial proteins disrupts complex | and Il of the electron transport chain, causing
mitochondrial oxidant stress that ultimately leads to fatal liver necrosis.>’° Even therapeutic
doses of the drug may deplete glutathione and induce oxidative stress.?84%-45 Thus, variant
polymorphisms in CYP and GST genes may alter the levels of oxidative stress produced during
acetaminophen metabolism.

Another potential mechanism is endocrine disruption.*® Acetaminophen may affect sex*”

%0 and thyroid®>2 hormone levels. Issues with hormone regulation, such as thyroid dysfunction



during pregnancy, could interfere with fetal brain development. A recent meta-analysis of 39
studies showed that maternal subclinical hypothyroidism more than doubled the odds of
intellectual disability in offspring,>® and several studies have shown that altered maternal thyroid
hormone function may increase the odds of ADHD.5*5¢

The benefits of discovering the mechanisms underlying this exposure-disease relationship
are twofold: (1) the FDA continues to recommend acetaminophen use during pregnancy, as the
organization still requires more evidence of acetaminophen’s prenatal harm. Insights into the
mechanisms though which prenatal acetaminophen impairs child neurodevelopment could aid
the FDA in future recommendations. (2) If acetaminophen must be used, an understanding of the
mechanisms through which the drug harms the developing brain will be crucial. There may be no
better alternatives for maternal pain and fever management during pregnancy.®”8 If this is the
case, then pharmaceutical interventions to combat the harm of prenatal acetaminophen while still
allowing its use will be needed. Interventions must be tested in animal models before humans, so
mechanistic discoveries in both humans and animal models are necessary. For instance, if
acetaminophen acts through oxidative stress, a future intervention study could expose an animal
model prenatally to acetaminophen co-administered with N-acetylcysteine, the antioxidant used
to treat acetaminophen overdose.*®

Mice are a common animal model in health studies, and could be a useful system for the
study of prenatal acetaminophen exposure. Mouse models are well-established in pharmaceutical
discovery and testing, and also a standard in the study of prenatal analgesic exposures, including
acetaminophen.*® Furthermore, the mechanisms mediating the toxicity of acetaminophen in
humans and mice are similar.®° Finally, mice are a long-standing model for neurodevelopmental

disorders, including ADHD.®*



In sum, the high prevalence of ADHD makes primary prevention of the disorder an
eminent public health concern. The strong associations of prenatal acetaminophen with child
ADHD reported in numerous studies, along with the fact that more than 50% of women take
acetaminophen during pregnancy in western populations, presents an incredible opportunity for
intervention. As mentioned above, human observational studies on the role of prenatal
acetaminophen in ADHD are likely limited by inaccurate self-report. Additionally, the
mechanisms linking prenatal acetaminophen exposure to child ADHD remain unknown, and
uncovering these mechanisms is an important step in determining whether the association is
causal. In this dissertation, | address these limitations by: 1) utilizing meconium as a substrate to
measure prenatal acetaminophen exposure in a human observational study, thereby removing the
possibility of inaccurate self-report; 2) exploring brain connectivity and birth outcomes as
potential mechanisms linking acetaminophen to ADHD in humans; and 3) investigating the
effects of prenatal acetaminophen on offspring behavior in a mouse model, and exploring
mechanistic pathways through RNA-sequencing of the prefrontal cortex in both exposed and

unexposed mice.
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2.1 Introduction

Acetaminophen is one of the most commonly used drugs during pregnancy, with use
reported by over half of pregnant women in some populations.'®!! It is the only recommended
over-the-counter pain reliever during gestation, as other analgesics like ibuprofen and aspirin
may cause miscarriage or birth defects.'>1® Despite acetaminophen’s widespread use and
reputation as a safe drug during pregnancy, concerns over the long-term impacts of prenatal
exposure on respiratory and neurodevelopmental outcomes have risen over the past several
decades.!’19

One major concern is that acetaminophen may impair fetal brain development, both
directly by inducing oxidative stress and apoptosis in the brain,?’-?° and indirectly via disruption
of important developmental hormones such as testosterone.??%® Indeed, recent meta-analyses of
observational studies support an association between prenatal acetaminophen and three
neurodevelopmental outcomes: attention deficit hyperactivity disorder (ADHD), autism
spectrum disorder (ASD) and hyperkinetic disorder/hyperactivity symptoms.'>2° All eight
studies in these meta-analyses, however, used maternal self-report of acetaminophen. Inaccurate
maternal self-report may introduce information bias. Genetic and environmental factors may also
affect acetaminophen metabolism, thereby altering the amount of the drug that reaches the fetus.
Differential metabolism is not accounted for when acetaminophen is measured by maternal self-
report.

Owing to limitations of prior studies, the U.S. Food and Drug Administration (FDA) and
the Society for Maternal-Fetal Medicine (SMFM) have not changed their recommendations to
reflect the potential harm of prenatal acetaminophen to neurodevelopment.®*® The SMFM cited

maternal self-report of acetaminophen, lack of quantification of acetaminophen dose, and



measurement of outcomes using questionnaires as three limitations of previous studies. A recent
study in the Boston Birth Cohort addressed these limitations by finding a positive association
between acetaminophen metabolites measured in cord plasma and physician diagnosis of
ADHD.%

Despite growing evidence of an association between prenatal acetaminophen and
increased risk for ADHD, several limitations in prior studies remain. First, the Boston Birth
Cohort study is the only one that used a direct measurement of acetaminophen.?! No single
observational study is sufficient for causal inference, and more observational studies using direct
measurements of fetal acetaminophen exposure are needed. Second, owing to the < 3 hour half-
life of acetaminophen,® a cord plasma measurement may only reflect acetaminophen use shortly
before and immediately after birth.?! A direct measurement of fetal acetaminophen exposure that
reflects longer term exposure throughout pregnancy is warranted. Third, no prior studies have
examined the potential mechanisms mediating the association of prenatal acetaminophen with
neurodevelopment, a key component for assessing the potential for causation.®” Neuroimaging
research has repeatedly documented altered connectivity in important brain networks (e.g.,
default mode, salience, frontoparietal) in individuals with ADHD,%8 yet to date no studies
have examined functional connectivity in relation to prenatal acetaminophen exposure.

In an ongoing prospective birth cohort, we addressed the first two limitations by
evaluating the association between ADHD and acetaminophen measured directly in meconium,
the first feces of newborn infants. Chemicals in meconium are known to have passed through the
fetus and into the fetal intestinal tract.?2232> Additionally, meconium measurements reflect
cumulative exposures during the last two thirds of pregnancy, as drugs and drug metabolites are

deposited in meconium during that period.?® We addressed the third limitation by conducting the



first study using neuroimaging to assess the potential mediating role of functional connectivity in

the association between prenatal acetaminophen and child hyperactivity.

2.2 Methods
Study population

This analysis was conducted in the GESTation and the Environment (GESTE) cohort in
Sherbrooke, Quebec, Canada. Women age >18 years and with no known thyroid disease enrolled
at the Research Center of the CHUS (Centre Hospitalier Universitaire de Sherbrooke) between
2007 and 2009 at their first prenatal care visit or delivery and were followed up when children
were 6-7 years old. Families are currently completing a fourth follow-up assessment (2017-2023,;
children ~9-11 years of age). As a part of this assessment, children are asked to undergo a
magnetic resonance imaging (MRI) assessment. Parents were asked to not give their children
ADHD medication on the day of the scan. On the day of the scan, parents were questioned to
confirm adherence to this instruction. The eligible study sample were 394 individuals for whom
meconium was collected at delivery. The final sample size was 345, as ADHD status was
unknown for 49 individuals due to loss to follow-up. Thus far 76 subjects have undergone
fMRIs, 48 of whom had meconium samples collected in infancy; only children with both
meconium samples and MRIs were included in MRI analyses. Parents signed informed consent
forms at each follow-up, and children provided written consent at the 9-11-year-old follow-up.
All study protocols were approved by the Institutional Review Boards of the University of

Sherbrooke, Harvard T.H. Chan School of Public Health, and Columbia University.

Exposure assessment



Meconium was collected from the diapers of newborn infants after delivery and stored at
-80 °C until analysis. Acetaminophen was extracted from < 120 mg meconium and analyzed with
ultraperformance liquid chromatography mass spectrometry following the methods described
elsewhere.”® Acetaminophen was detected in 58% of the 345 samples, with a recovery of 104%
and repeatability of £15%. The limit of detection (LOD) and limit of quantification (LOQ) were
2 ng/g and 5 ng/g respectively. Additionally, clinical files from the hospital database and medical

charts were used to determine administration of acetaminophen during labor (yes/no).

Outcome assessment

At a scheduled cohort follow-up when children were 6-7 years old, parents were asked on
a questionnaire if their child had physician-diagnosed ADHD. In total, 176 parents provided
information at the 6-7 year follow up. For those that did not complete the 6-7-year-old follow-up
visit (n=169), physician diagnosis of ADHD was obtained from reviewing medical charts from
CHUS pediatric clinics, which are available in the hospital database. Additionally, among the 48
children in the MRI analysis subsample, 46 completed the Behavioral Assessment System for
Children Parent Report Scale (BASC3-PRS) at ages 9-11 years. In the BASC3-PRS, parents
answer a range of questions concerning the behavior of their children which are combined into

various rating scales, including scales for attention problems and hyperactivity.’*

MRI assessment
At ages 9-11 years, T1-weighted structural MRI and functional images were acquired on
a Phillips Ingenia 3T whole-body scanner with a 32-channel head coil. The CONN toolbox’? was

used for preprocessing and seed-based analyses were conducted. Forty-eight subjects had both
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resting state MRI data and meconium samples collected. eMethods and eTablel provide details
on MRI acquisition, preprocessing, and head motion, as well as demographic characteristics of

the scanned children.

Covariates

Covariate data were obtained from questionnaires given during pregnancy and after
delivery. Covariates were child sex and familial income (dichotomized at the sample median),
along with maternal characteristics including age at delivery, education status
(College/University vs. no College/University), pre-pregnancy BMI, smoking during pregnancy
(yes/no), and alcohol during pregnancy (yes/no). A sensitivity analysis including ADHD of the
mother (self-reported, obtained from questionnaire) as an additional covariate was conducted,
but this variable was excluded from the final models because data were only available for 155
individuals. Controlling for maternal ADHD in this subset altered the estimate for meconium
acetaminophen by just 2%, and the shift was away from the null. Missing covariate data were

imputed with the median of continuous variables and the mode of categorical variables.

Statistical analysis

To control for potential confounders, we employed inverse probability weighting (IPW)
using propensity scores’>"® with the ‘CBPS’ R package.”’ Propensity scores (p, the likelihood of
detectable meconium acetaminophen) were estimated using logistic regression models in which
exposure (meconium acetaminophen detected vs not detected) was regressed on child sex and
maternal covariates described above. Weights were estimated as 1/p for exposed individuals, and

1/(1 — p) for unexposed individuals. Study sample weighting creates a pseudo-population
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balanced on measured baseline covariates.”"® Standardized mean differences were computed to
assess balance of covariates between the exposed and unexposed groups in both weighted and
unweighted samples (eTable 2). In a sensitivity analysis, we excluded all mothers that were
administered acetaminophen during delivery to account for potential confounding by indication
for use during labor.

To explore a potential dose response, we repeated models with continuous meconium
acetaminophen level, and with acetaminophen categorized into three levels: not detected, low (<

69.0 ng/g, the 50™ percentile of exposure), and high (> 50" percentile of exposure). Continuous

(

acetaminophen was logzn transformed, with 146 values below the LOD imputed with (L\(/)Z';) And

13 values below the LOQ imputed with %. We modeled continuous acetaminophen with both

a linear regression and a generalized additive model including a penalized spline term. A
likelihood ratio test was used to compare these linear and non-linear models.

Based on the outcome of interest, i.e., child ADHD, resting state analyses focused on
connectivity in three classical brain networks often implicated in ADHD: the default mode
(DMN), salience/cingulo-opercular and frontoparietal/central executive networks.%® Seed-based
functional connectivity analyses were restricted to regions of interest (ROIs) comprising the
aforementioned networks (from the CONN provided atlas) and compared subjects with (n = 25)
and without (n= 23) prenatal acetaminophen exposure. Analyses controlled for confounders
using propensity scores calculated specifically for the 48 subjects with MRI data. Scores
included the previously detailed variables, as well as child age at scan. Analyses were
thresholded at a voxel level p<0.001 (uncorrected) and at a cluster level p<0.05 (FDR corrected),
and eMethods provide details on ROIs and data analyses. Following connectivity analyses, we

tested associations between connections that differed between the prenatal acetaminophen-
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exposed versus unexposed children and BASC-3 hyperactivity and attention problems scores at
age 9-11 years. We performed logistic regressions on BASC-3 scores categorized as above or
below the median.

Finally, we performed causal mediation analysis examining connectivity between the
frontoparietal network and right precentral/fontal gyrus, as connectivity between these regions
was (1) significantly different between exposed and unexposed children and (2) a significant
predictor of hyperactivity. The purpose of our mediation analyses was not to investigate the total
effect of acetaminophen on hyperactivity, but rather to investigate processes potentially
underlying ADHD. Thus, we did not consider a significant total effect on hyperactivity as a
requirement to test for indirect effects. Dropping this requirement reduces type Il error associated
with the Barron and Kenny causal steps approach.’® We used the ‘mediation’ R package,”
implementing a quasi-Bayesian Monte Carlo method with 1,000 simulations, to test whether
connectivity mediated the relationship between meconium acetaminophen exposure and
hyperactivity. This method computes the average direct effect (ADE) and average causal
mediation effect (ACME), reflecting direct and indirect (i.e. mediated by connectivity) effects of
meconium acetaminophen on hyperactivity. The ‘mediation’ package uses information from two
models with: (1) connectivity as outcome and meconium acetaminophen as predictor, and (2)
hyperactivity as outcome and both connectivity and meconium acetaminophen as predictors. To
assess the potential impact of unobserved pre-treatment confounders, we introduced a sensitivity
parameter p — the correlation between the residuals of the mediator and outcome regressions. We
allowed p to vary from -0.9 to 0.9 by 0.05 increments to determine what level of confounder-
induced correlation would bias results to the null.

Statistical analyses were conducted with R version 3.5.1.8°
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2.3 Results

Among the total study sample of 345, acetaminophen was detected in the meconium of
199 individuals and ADHD was diagnosed in 33 individuals. This 10% ADHD prevalence was
comparable to the lifetime 11.3% prevalence in Quebec.?! Baseline covariates stratified by
acetaminophen detection are presented in Table 1. Standardized mean differences were < 0.1 for
all covariates after inverse probability weighting, indicating balance between the exposed and
unexposed groups (eTable 2).8?

Acetaminophen detection in meconium was associated with nearly 2.5-fold increased
odds of ADHD at 6-7 years (OR = 2.43; 95% CI [1.41, 4.21]) (Table 2) in the weighted sample
balanced on covariates. When acetaminophen exposure was categorized into three levels, low
acetaminophen exposure did not significantly modify the risk of ADHD compared to no
acetaminophen exposure (OR = 1.44; 95% CI [0.79, 2.63]). However, high levels of
acetaminophen detected in meconium increased the odds of ADHD more than 4-fold (OR =
4.10; 95% CI [2.41, 6.95]) (Table 2). When meconium acetaminophen was linearly modeled,
each doubling of exposure increased the odds of ADHD by 10% (OR = 1.10; 95% CI [1.02,
1.19]) (Table 2). Introducing a non-linear penalized spline for continuous acetaminophen did not
improve the model fit (likelihood ratio test p = 0.10, eFigurel). Results did not differ in a
sensitivity analysis excluding 44 mothers that were administered acetaminophen at delivery (OR
= 2.38; 95% CI [1.35, 4.21]).

Functional connectivity analyses revealed that, compared to the unexposed group,
children with detectable levels of acetaminophen in meconium demonstrated increased negative
connectivity between the medial prefrontal cortex gyrus (DMN network seed) and six clusters

covering regions of bilateral pre and postcentral gyri, superior parietal lobules, and
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supramarginal gyri (ts > 5.30; pstar < 0.028). Exposed children also demonstrated increased
negative connectivity between the left lateral prefrontal cortex (frontoparietal network seed) and
a cluster spanning portions of the right precentral and frontal gyrus (t = 4.62; prar = 0.018; Table
3, Figure 1). There were no differences detected using salience network seeds.

Among these brain connections associated with meconium acetaminophen, connectivity
between the frontoparietal network and right precentral/fontal gyrus was also associated with
BASC hyperactivity score (eTable 3). Consistent with the potential for mediation, meconium
acetaminophen detection was associated with decreased connectivity (Figure 2a), and children
with decreased connectivity were more hyperactive (Figure 2b). Causal mediation analysis
revealed no total or direct effect of meconium acetaminophen on hyperactivity (15% increase;
95% CI [-6%, 36%] and 1% increase; 95% CI [-200%, 26%] respectively), but a significant
indirect effect on increased hyperactivity mediated through frontoparietal network and right
precentral/fontal gyrus connectivity (14% increase; 95% CI [1%, 26%]) (Figure 2c, eTable 4). A
sensitivity analysis for pre-treatment confounders revealed that in order to bias this result to the
null, an unobserved confounder would need to induce a correlation between the residuals of the

mediator and outcome regressions of p =-0.3.

2.4 Discussion

In this prospective Eastern Canadian cohort, children exposed to acetaminophen
prenatally were at increased risk of ADHD at 6-7 years. Categorical and continuous models
suggested that higher levels of meconium acetaminophen increased the risk of child ADHD in a
linear manner. Prenatal acetaminophen exposure was also associated with increased negative

connectivity between left prefrontal cortex (frontoparietal seed) and the right precentral/frontal
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gyrus, which mediated the association of acetaminophen with hyperactivity. Several prior studies
have implicated prenatal acetaminophen exposure in the etiology of neurodevelopmental
diseases like ADHD and autism, yet none have examined brain function following
acetaminophen exposure. Further, to the best of our knowledge, our results are just the second
report of an association between child ADHD and prenatal acetaminophen measured not via
questionnaire, but in a biological sample,?! and the first study of the association between
acetaminophen measured in meconium and ADHD. A prior study in this cohort examined the
relationship between meconium acetaminophen and the Wechsler Intelligence Scale for
Children, finding no consistent associations.®

A major strength of this study was the unbiased, biological measure of fetal
acetaminophen exposure. All but one of the prior studies of the association between prenatal
acetaminophen and child ADHD have relied on questionnaires requiring mothers to recall drug
use in intervals greater than 3 months.8-%° Difficulty recalling drug use during pregnancy may
result in non-differential misclassification bias toward the null. This source of bias may explain
the smaller pooled risk ratio of 1.34 for ADHD from past cohort studies'® compared to the nearly
2.5-fold increased odds reported here. Supporting this hypothesis, the only other study not
relying on maternal self-report, which measured acetaminophen in cord plasma, reported an odds
ratio of 2.26 for the second tertile and 2.86 for the third tertile compared to the first tertile of
exposure.?! However, it is possible that results in this population, which is highly educated and
genetically homogeneous,® are not generalizable to other populations with different
characteristics.

This is the first study to examine associations of prenatal acetaminophen exposure with

functional connectivity in childhood. Alterations in connectivity between the DMN and
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frontoparietal networks to the sensorimotor cortices have been previously documented in both
children®? and adults®® with ADHD and have been linked to symptom severity. Here we offer a
putative mechanistic insight into the relationship between prenatal acetaminophen and child
ADHD. Causal mediation analysis revealed that altered frontoparietal network connectivity may
link an association of prenatal acetaminophen exposure with increased child hyperactivity at ages
9-11 years. While this result suggests that brain connectivity may also mediate an indirect effect
on ADHD, we were unable to explore this possibility, as ADHD diagnosis information was
obtained when children were 6-7 years old. Studies have previously associated altered functional
brain connectivity with environmental exposures including air pollution,® social stress,® and
prenatal Selective Serotonin Reuptake Inhibitors,® although this is the first neuroimaging study
of prenatal acetaminophen exposure. Taken together with the wide confidence interval of the
mediation analysis indirect effect and the small MRI sample size, studies in larger and more
diverse cohorts are needed to replicate these novel findings.

Confounding by unmeasured or unknown factors is always a possibility. While we did
not control for indications for acetaminophen use in this study, prior cohort studies controlling
for maternal fevers, infections, and other indications for acetaminophen use have reported lack of
confounding by these factors.?1:85-88% However, lack of confounding by indicators in prior cohort
studies does not necessarily apply to the cohort studied here. We also considered the possibility
that meconium acetaminophen concentrations were a reflection of acetaminophen administered
during labor rather than throughout pregnancy. However, excluding women that were
administered acetaminophen at delivery did not change our results. While meconium is known to
accumulate drugs and drug metabolites throughout the last two thirds of pregnancy, we did not

explicitly correlate maternal acetaminophen use with meconium acetaminophen concentrations, a
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potential limitation that should be the subject of future work. Another possibility is confounding
by unknown genetic, social, and familial factors related to acetaminophen use. This concern has
been recently addressed with negative control exposure analysis: maternal acetaminophen use
before pregnancy, after pregnancy, and partner’s acetaminophen use were not associated with
child ADHD in populations where maternal acetaminophen use during pregnancy did increase
the risk.?82° Furthermore, our study population has high genetic and sociodemographic
homogeneity.?* Hence, confounding by unknown or unmeasured factors is unlikely. Finally,
although children did not take ADHD medications on the day of the scan, we could not rule out
prior medication use.
2.5 Conclusions

By using a direct measurement of prenatal acetaminophen exposure that is unbiased by
maternal recall, our results add strong evidence in support of the assocaition between prenatal
acetaminophen and child ADHD. Taken together with the large odds ratios reported in the
Boston Birth Cohort study,?! these results suggest that prior studies may have been biased toward
the null by innacurate maternal recall. Thus, there may be an even stronger association between
prenatal acetaminophen and ADHD than previously estimated. This study additionally supports
altered resting state brain connectivity as a potential underlying mechansim linking prenatal
acetaminophen with child hyperactivity. Along with the multitude of other cohort studies
drawing similar conclusions, this work joins the Boston Birth Cohort study as the second study
addressing the FDA and SMFM’s concerns of maternal self-report and lack of quantification of
prenatal acetaminophen dose. These institutions should therefore consider reevaluating the
evidence regarding the safety of fetal acetaminophen exposure.
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2.6 Tables

Table 1: Characteristics of study population stratified by meconium acetaminophen exposure in

the GESTation and the Environment (GESTE) cohort

No acetaminophen Acetaminophen Total P
(N=146) (N=199) (N=345) value
Sex 0.68
Female 73 (50.0%) 95 (47.7%) 168
(48.7%)
Male 73 (50.0%) 104 (52.3%) 177
(51.3%)
Maternal age at delivery 0.45
Mean (SD) 29.2 (4.7) 28.8 (5.0) 29.0 (4.9)
Range 17.0-43.0 0.0-41.0 0.0-43.0
Maternal education 0.21
No College or university 70 (47.9%) 82 (41.2%) 152
(n (%)) (44.1%)
College or University 76 (52.1%) 117 (58.8%) 193
(n (%)) (55.9%)
Family income 0.72
(Canadian dollars)
N-Miss 19 16 35
< 60,000/year (n (%)) 64 (50.4%) 96 (52.5%) 160
(51.6%)
> 60,000/year (n (%)) 63 (49.6%) 87 (47.5%) 150
(48.4%)
Maternal BMI 0.10
N-Miss 10 5 15
Mean (SD) 25.2 (6.4) 26.6 (7.8) 26.0 (7.3)
Range 17.8 - 60.5 17.6 - 89.4 17.6-89.4
Smoked during 0.88
pregnancy
N-Miss 4 2 6
No smoking (n (%)) 121 (85.2%) 169 (85.8%) 290
(85.5%)
Smoking 21 (14.8%) 28 (14.2%) 49 (14.5%)
Alcohol during 0.22
pregnancy
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N-Miss 4 2 6

No alcohol (n (%)) 106 (74.6%) 158 (80.2%) 264
(77.9%)

Alcohol (n (%)) 36 (25.4%) 39 (19.8%) 75 (22.1%)

Notes: Study sample data before imputation and inverse probability weighting shown. P values
from chi-square goodness of fit tests for binary variables and two-sample t-tests for continuous
variables.
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Table 2: Associations of meconium acetaminophen with child ADHD (whole study sample, N =

345)
Outcome Odds Ratios
Meconium acetaminophen | ADH | No P P
exposure D ADHD | Crude value | Weighted?® | value
Binary
No acetaminophen 138
(n (%)) 8 (5.5 | (94.5) - - - -
25 174 2.48 2.43 [1.41,
Acetaminophen (n (%)) | (12.6) | (87.4) [1.08,5.67] |0.03 |4.21] <0.01
Categorical
No acetaminophen 138
(n (%)) 8 (5.5 | (94.5) - - - -
Low acetaminophen 97 1.60 [0.60, 1.4410.79,
(n (%)) 9(8.5) | (91.5) 4.30] 0.35 |2.63] 0.23
High acetaminophen 16 77 3.60 [1.47, 4.10 [2.41,
(n (%)) (17.2) | (82.8) 8.76] <0.01 | 6.95] <0.01
P value for trend <0.01 <0.01
Continuous
1.10[1.02, 1.10[1.02,
Log2(acetaminophen) - - 1.20] 0.02 |1.19] 0.01

4Inverse probability weighted for maternal age at birth, maternal BMI, maternal smoking and
alcohol during pregnancy, maternal education, family income, and child sex

22




Table 3. Functional Connectivity Differences between Exposed and Unexposed Groups

MNI

Cluster

Networ Seed Reqi di Hemispher ; Size p- Peak t Peak Z
K ee egion coordinates o size FDR value value
X y y (mm3)
Postcentral Gyrus, Superior
Parietal Lobule, Lateral
Occipital Cortex (superior 36 -52 58 R 1358 <0.01 5.73 4.94
division), Supramarginal
Gyrus, Angular Gyrus
Postcentral Gyrus, Superior
Parietal Lobule, Lateral
Medial Occipital Cortex (superior -38 -52 64 L 1104 <0.01 5.89 5.04
Default  Prefrontal division), Supramarginal
Mode cortex Gyrus
(1,55,-3)  Inferior and Middle Temporal
Gyrus (temporooccipital and
posterior divisions),
Cerebellum Crus 1 and 6, 60 -52 -12 R 905 <0.01 5.75 4.95
Lateral Occipital Cortex,
(inferior division), Temporal
Occipital Fusiform Cortex
Precentral Gyrus, Middleand 561, 45 R 638 <001 573 4.94
Superior Frontal Gyrus
Precentral Gyrus, Superior
and Middle Frontal Gyrus -22  -14 48 L 536 <0.01 5.48 4.77
Cerebellum 8 and 9 -28  -46  -56 L 241 0.03 5.30 4.64
Left
Lateral
Frontal  Prefrontal Superior Frontal, Middle
Parietal Cortex Frontal, and Precentral Gyrus 30 2 60 R 452 0.02 4.62 4.16
(-
43,33,28)

Notes: R = right, L = left, FDR = false discovery rate.
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2.7 Figures

Figure 1. Differences in resting state functional connectivity related to prenatal acetaminophen
exposure
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Figure 2: Causal mediation by connectivity between the frontoparietal network and right
precentral/fontal gyrus
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Figure legends

Figure 1. Differences in resting state functional connectivity related to prenatal
acetaminophen exposure

Seed-based functional connectivity contrasts detected differences in resting state connectivity
between prenatally acetaminophen exposed (n=25) and unexposed (n=23) children. Compared to
the unexposed group, prenatally acetaminophen-exposed children demonstrated increased
negative connectivity between the medial prefrontal cortex gyrus (DMN network seed) and six
clusters covering regions of bilateral pre and postcentral gyri, superior parietal lobules, and
supramarginal gyri as well as increased negative connectivity between the left lateral prefrontal
cortex (frontoparietal network seed) and a cluster spanning portions of the right precentral and
frontal gyri. Analyses were thresholded at a voxel level p < 0.001 (uncorrected) and at a cluster
level p < 0.05 (FDR corrected). Colored areas show increases in negative (blue) connectivity
between the groups. Values in top of each image indicate the brain slice being displayed.

Figure 2: Causal mediation by supramarginal gyrus-frontal cortex connectivity
Individual values (points), median, and interquartile range (boxplots) depict significant

differences in (A) connectivity between the frontoparietal network and right precentral/fontal
gyrus in children prenatally exposed versus unexposed to acetaminophen, and (B) connectivity
between the frontoparietal network and right precentral/fontal gyrus in children with above
versus below the median hyperactivity. (C) Mediation by connectivity of the relationship
between meconium acetaminophen and child hyperactivity at ages 9-11 years. Average causal
mediation effect (ACME) and average direct effect (ADE) from causal mediation analysis
shown. Connectivity expressed as a Pearson correlation between the two brain regions with

Fisher z-transformation.
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2.8 Supplement

eMethods. Detailed Methodology

eTable 1. Differences in demographic and head motion variables across exposed and unexposed
children with MRI data

eTable 2: Characteristics of study population stratified by meconium acetaminophen weighted on
measured covariates in the GESTation and the Environment (GESTE) cohort

eTable 3. Associations between resting state connectivity and hyperactivity and attention
problems

eTable 4: Causal mediation by connectivity between the frontoparietal network and right
precentral/fontal gyrus of the relationship between meconium acetaminophen and hyperactivity

eFigure 1. Non-linear association of meconium acetaminophen concentration with ADHD
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eMethods:

Participants

MRI assessments are ongoing in this sample. At the time of this publication, 76 children had
completed MRIs. Of these, 48 had meconium samples collected in infancy and are thus the sample
analyzed here. Out of the 48 participants with MRIs and meconium samples, acetaminophen was
detected in the meconium of 25 individuals. Subjects with and without prenatal acetaminophen
exposure did not significantly differ in age at the time of scan, sex, or head motion parameters

(eTable 1).

MRI Acquisition

Images were acquired on a Phillips Healthcare Ingenia 3T whole-body scanner with a 32-channel
head coil. For the T1-weighted structural scans, the imaging parameters were: T1 3D TFE
(Turbo Field Echo) pulse sequence, 8° flip angle, FOV 240mm, matrix size 240x240, slice
thickness 1mm. For resting state MRI, echoplanar images with the following parameters were
collected: (TR= 1075 ms, TE= 30 ms, 55° flip angle, single excitation per image, FOV 240mm,
matrix size 80x80, slice thickness 3 mm, 48 slices. One resting run of 575 volumes was collected

for each participant.

Resting-state Image Processing and Head Motion During Scanning
Several steps were taken to limit the influence of in-scanner head motion. First, a trained researcher
(TR) visually examined every run. For every functional run, a separate 5 volume run was collected

with reversed phase-encoded blips, resulting in a sequence of images with magnitude distortions
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in the opposite direction®. FSL’s topup? was used to estimate and correct the susceptibility-induced
off-resonance field. Images were then preprocessed using the CONN toolbox standard
preprocessing pipeline. Briefly, images were coregistered with an anatomical scan, realigned,
unwarped, normalized into standard MNI space, segmented, and smoothed using spatial
convolution (8mm full width half maximum Gaussian kennel). Outlier scans (framewise
displacement above 0.5mm or global BOLD signal changes above 3 SDs) were flagged as potential
outliers using the conservative CONN setting®. Scrubbing and temporal band-pass filtering (0.008—
0.09 Hz) was applied, the percentage of valid volumes (post-scrubbing) included in analyses did

not significantly differ between the groups.

Seed-based functional connectivity

Resting fMRI time series were correlated region of interest (ROI) by voxel for each participant.
Fisher-z transformation was applied. Whole brain connectivity maps were generated with the seed
ROIs of the Default Mode Network (4 ROIs: medial prefrontal cortex [1,55,-3], left lateral parietal
[-39,-77,33], right lateral parietal [47,-67,29], posterior cingulate gyrus [1,-61,38]),
Salience/Cingulo-Opercular (7 ROIs: Anterior cingulate cortex [0, 22, 35], left anterior insula
[—44, 13, 1], right anterior insula [47, 14, 0], left rostral prefrontal cortex [—32, 45, 27], right rostral
prefrontal cortex [32, 46, 27], left superior marginal gyrus [—60, —39, 31], and the right superior
marginal gyrus [62, —35, 32]), and FrontoParietal/Central Executive (4 ROIs; left lateral prefrontal
cortex [-43,33,28], left posterior parietal cortex [-46,-58,49], right lateral prefrontal cortex
[41,38,30], right posterior parietal cortex [52,-52,45]) derived from the CONN- provided atlas (all
of were defined from CONN's Independent Component Analyses of Human Connectome Project

dataset [derived from 497 subjects])®.
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eTable 1. Differences in demographic and head motion variables across exposed and unexposed
children with MRI data

Prenatally Test
Unexposed
Characteristic exposed Statistic p Value
(23)
(25) (df)
Sex
Male 10 14 X?1=2.09 0.15
Female 15 9
10.16
Age 10.32 (0.54) F147 =0.89 0.35
(0.68)
Mean FD pre-preprocessing  0.31(0.18) 0.45(0.32) F147=23.58 0.07
Mean post-preprocessing 0.05(0.02) 0.06(0.03) F147=2.28 0.14
Percentage valid volumes 88.6
(post scrubbing) 94.3 (9.15) (12.90) F147 =3.13 0.08
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eTable 2: Characteristics of study population stratified by meconium acetaminophen weighted on
measured covariates in the GESTation and the Environment (GESTE) cohort

Standardized

Standardized

mean mean
No difference difference
acetaminophen | Acetaminophen before after
(N=146) (N=199) weighting weighting
Sex 0.045 0.000005
Female 166 (48.2%) 166 (48.2%)
Male 179 (51.8%) 179 (51.8%)
Maternal age at 0.083 0.000001
delivery
Mean (SD) 29.1 (4.7) 29.1 (4.6)
Range 17.0-43.0 19.0-41.0
Maternal education 0.136 0.000009
No College or 154 (44.8%) 154 (44.8%)
University
College or University 191 (55.2%) 191 (55.2%)
Family income 0.011 0.000004
(Canadian dollars)
< 60,000/year 197 (57.2%) 197 (57.2%)
> 60,000/year 148 (42.8%) 148 (42.8%)
Maternal BMI 0.190 0.000025
Mean (SD) 27.0 (7.2) 27.0 (6.3)
Range 15.7 - 60.5 17.4 -89.1
Smoked during 0.009 0.000002
pregnancy
No smoking 295 (85.6%) 295 (85.6%)
Smoking 50 (14.4%) 50 (14.4%)
Alcohol during 0.122 0.000004
pregnancy
No alcohol 270 (78.3%) 270 (78.3%)
Alcohol 75 (21.7%) 75 (21.7%)
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eTable 3. Associations between resting state connectivity and hyperactivity and attention
roblems

Hyperactivity Attention problems

Odds Ratio P value | Odds Ratio P value

DMNL | 0.63[0.04,10.04] | 0.75 5.81 [0.33, 101.66] | 0.23

DMN2 | 0.44 [0.03, 6.51] 0.55 2.33[0.16,34.84] | 0.54
DMN5 | 0.24 [0.01, 8.15] 0.43 2.04[0.06, 66.87] | 0.69
FP 0.04 [0.00, 0.68] 0.03 2.14[0.15,30.11] | 0.57

Note: Odds ratios for a 1-point increase in the Fisher z-transformed Pearson correlation between
brain regions. DMN1: connectivity between the Medial Prefrontal Cortex Gyrus and regions
covering the Postcentral Gyrus, Superior Parietal Lobule, Lateral Occipital Cortex (superior
division), Supramarginal Gyrus, Angular Gyrus. DMN2: connectivity between the Medial
Prefrontal Cortex Gyrus and regions covering the Postcentral Gyrus, Superior Parietal Lobule,
Lateral Occipital Cortex (superior division), Supramarginal Gyrus. DMN5: connectivity between
the Medial Prefrontal Cortex Gyrus and regions covering the Precentral Gyrus, Superior and
Middle Frontal Gyrus. FP: connectivity between the Left Lateral Prefrontal Cortex and the

Superior Frontal, Middle Frontal and Precentral Gyrus.

32



eTable 4: Causal mediation by connectivity between the frontoparietal network and right
recentral/fontal gyrus of the relationship between meconium acetaminophen and hyperactivity

Effect Estimate [95% CI] P value
Total effect 0.1543 [-0.0589, 0.36] 0.114
Average direct effect 0.0124 [-2.008, 0.26] 0.976
Average causal mediation effect 0.1419 [0.0165, 0.27] 0.024
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eFigure 1. Non-linear association of meconium acetaminophen concentration with ADHD
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Legend: Generalized additive model for the non-linear effect of meconium acetaminophen on
ADHD (p = 0.0383). (A) Log odds of ADHD as a function of a smooth penalized spline term for
log2 transformed meconium acetaminophen concentration. (B) Predicted probability of ADHD as

a function of logz transformed meconium acetaminophen concentration.
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3.1 Introduction

Acetaminophen (also known as paracetamol) is the only analgesic recommended by
doctors for pregnant women, as prenatal exposure to other drugs commonly used to treat pain
and fever such as aspirin and non-steroidal anti-inflammatory drugs (e.g. ibuprofen,
indomethacin) have previously been associated with birth defects, premature ductus arteriosus
closure, and miscarriage.?1>97190 Accordingly, acetaminophen is the most commonly used over-
the-counter pain medication taken during pregnancy, with use reported by over half of pregnant
women in many populations.'®! During the last two decades, however, research from a
multitude of diverse birth cohort studies has revealed consistent associations of prenatal
acetaminophen exposure with adverse childhood outcomes including asthma, attention deficit
hyperactivity disorder (ADHD), and autism.!’-1° The severity of these adverse outcomes
combined with such high rates of prenatal acetaminophen exposure makes further research an
urgent public health priority. Indeed, a recent consensus statement supported by 91 scientists,
clinicians and public health professionals from across the globe calls on health professionals to
caution against the indiscriminate use of acetaminophen during pregnancy.%

One possibility is that the development of childhood disorders associated with prenatal
acetaminophen exposure may be mediated via adverse birth outcomes, such as reduced birth
weight and preterm birth. For instance, birth cohort studies have shown associations of pre-
pregnancy and prenatal acetaminophen exposure with low birthweight'®? and preterm birth??
respectively, and large meta-analyses have shown associations of low birth weight and preterm

birth with asthma, %1% ADHD,%>1% and autism.*%"1%
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The limited number of studies reporting associations of prenatal acetaminophen with birth
outcomes may be a consequence of inaccurate exposure assessment. To the best of our
knowledge, all but two cohort studies investigating the effects of prenatal acetaminophen
exposure on children’s health have relied on mothers to self-report their acetaminophen use
during pregnancy.?>1% Furthermore, the only studies to show associations of prenatal
acetaminophen with birth outcomes administered questionnaires during pregnancy and
postpartum to assess maternal acetaminophen use.'*1%? Consequently, adverse birth outcomes
could have influenced maternal responses in the postpartum interviews; when outcomes are
suboptimal, women might be more likely to recall any potential explanatory behavior.*1%112 Self-
reported exposure assessment could also result in misclassification bias towards the null.

The possibility of misclassification bias can be eliminated by measuring prenatal
acetaminophen exposure in a biological sample rather than relying on maternal self-report.
Measuring chemicals in meconium, the first feces of newborn infants, has proven to be an
effective, non-invasive method to assess cumulative prenatal exposures.’%1%%113 Chemicals in
meconium are known to have passed through the fetus and into the fetal intestinal tract,22232526
making meconium an ideal substrate for measuring in utero exposures. Furthermore, meconium
measurements reflect cumulative exposures during the 2" and 3™ trimesters of pregnancy, as
xenobiotics and their metabolites are deposited in meconium throughout that period.?223.25:26
Approximately 12% of all deliveries show evidence of meconium stained amniotic fluid,
indicating that meconium was passed in utero.** Whether meconium is passed in utero is likely
non-random: risk factors for meconium stained amniotic fluid include advanced gestational age
and prolonged labor.™® It is therefore important to account for selection bias when relying on

exposures measured in this substrate. The primary aim of this study was to evaluate the
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association of acetaminophen measured in meconium with birth outcomes and pregnancy
complications using inverse probability weighting methods to account for confounding and
selection bias. The secondary aim was to explore the hypothesis that adverse birth outcomes may

link prenatal acetaminophen with ADHD using causal mediation methods.

3.2 Methods
Cohort selection

This analysis was conducted in the GESTation and the Environment (GESTE) cohort in
Sherbrooke, Quebec, Canada. The cohort was initially designed to examine the effects of
environmental contaminants on endocrine disruption. Women age >18 years without chronic
medical conditions and with no known thyroid disease enrolled at the Research Center of the
CHUS (Centre Hospitalier Universitaire de Sherbrooke) from September 25, 2007, to September
10, 2009, at their first prenatal care visit or delivery. Recruitment at delivery excluded very
preterm births before 33 weeks completed gestation. Among the 800 women recruited, 37 were
excluded due to loss to follow up or miscarriage and 10 gave birth to twins, resulting in 773 live
births (Figure 1). All study protocols were approved by the institutional review boards of the
University of Sherbrooke and Columbia University.
Exposure

Meconium was collected from diapers of infants after delivery and stored at -80 °C until
analysis. Acetaminophen was extracted from < 120 mg meconium and analyzed with
ultraperformance liquid chromatography mass spectrometry following the methods described
elsewhere.”® Among all 773 live births, the eligible study sample was 393 individuals for whom

meconium was collected at delivery (Figure 1). Meconium was not always collected, for instance
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if the infant passed it in utero, if the diaper was thrown in the trash before the technician was able
to collect it, or if we were unable to finance technician time for collecting the sample. These
potential sources of selection bias were addressed by weighting on the inverse probability of
selection (see statistical analysis for details). Acetaminophen was measured with a recovery of
104% and repeatability of £15%. The limit of detection (LOD) and limit of quantification (LOQ)
were 2 ng/g and 5 ng/g respectively.
Outcome

Data for birthweight and gestational age were obtained from CHUS medical records.
Infants were weighed on Scale-tronix pediatrics scale 4802 by the obstetric team. Preterm birth
was defined as birth before 37 completed weeks of gestation. Small for gestational age (SGA)
and large for gestational age (LGA) were defined as birthweights below the 10" percentile and
above the 90™" percentile for gestational age, respectively. We assigned SGA and LGA categories
and computed birthweight for gestational age z-scores in accordance with the Fenton
international growth chart.!*® Data on pregnancy complications, including gestational diabetes,
preeclampsia, and high blood pressure, were obtained from CHUS medical records. Complete
birth outcome data were available for all 393 individuals with meconium collected at delivery.

Data on physician diagnosis of ADHD were obtained at a cohort follow-up when children
were 6-7 years old or from medical records. These data were available for 345 individuals among
the 393 individual study sample (Figure 1).
Statistical analysis

Covariate data were obtained from CHUS medical records and questionnaires
administered after delivery. Covariates were child sex, familial income, and maternal

characteristics including age at delivery, education status (College/University vs. no
40



College/University), pre-pregnancy BMI, smoking during pregnancy (yes/no), and alcohol
during pregnancy (yes/no).

Differences in baseline characteristics between 1) individuals with and without prenatal
acetaminophen exposure, and 2) individuals with and without meconium collected at delivery
were determined using chi-square goodness of fit tests for binary variables and two-sample t-
tests for continuous variables. Using linear regression, we estimated associations of meconium
acetaminophen detection (yes vs. no) with birthweight in grams and birthweight for gestational
age z-score. Using logistic regression, we estimated associations of meconium acetaminophen
detection with SGA, LGA, preterm birth, and maternal gestational diabetes, preeclampsia, and
high blood pressure. Using cox proportional hazards models with birth as the event and
gestational age as the time to event, we estimated the association of meconium acetaminophen
detection with the hazard for giving birth. Because birth (the event) occurred for all individuals,
increased hazards in these models indicate shorter gestational age (the time to event). Confidence
intervals for cox models were calculated with robust standard errors. Coefficients from logistic
regressions and cox models were exponentiated into odds ratios and hazard ratios respectively.
To account for missing covariate data, all models were employed on 10 datasets imputed using
the ‘MICE’ R package.'!’ Estimates and standard errors from imputed datasets were combined
using Rubin’s Rule.1!811°

In addition to unadjusted models, we report models adjusted for the covariates described
above. We controlled for covariates by inverse probability of exposure weighting (IPW) using
propensity scores.’”>"® Propensity scores (p, the likelihood of detectable meconium
acetaminophen) were estimated using logistic regression models in which exposure (meconium

acetaminophen detected vs. not detected) was regressed on the covariates described above.
41



Weights were estimated as 1/p for exposed individuals, and 1/(1 — p) for unexposed individuals.
Study sample weighting creates a pseudo-population balanced on measured baseline
covariates.”> 7

We additionally addressed potential selection bias related to meconium collection by
weighting models on both the inverse probability of exposure described above and the inverse
probability of selection. We first created weights for the probability of selection using logistic
regression models in which selection (meconium collected vs. not collected) was regressed on
the covariates described above for the entire 810 individual cohort (800 recruited women, 10 sets
of twins). Then we removed those without meconium data and created weights for the
probability of exposure as described above before fitting weighted models of the effect of
meconium acetaminophen exposure on birth outcomes. Weighting the 393 individual selected
sample on the probability of selection creates a pseudo-population that is comparable on
measured covariates to the entire 810 individual cohort.

We computed E-values to assess the potential for unmeasured confounding.?° E-values
indicate the minimum strength of association, on the risk ratio scale, of an unmeasured
confounder with both the exposure and outcome that would confound a null effect to the
observed effect estimate (i.e. completely explain the observed association between the exposure
and outcome). In calculating E-values, all effects are converted to the risk ratio scale, with
continuous outcomes dichotomized based on the exposure effect size on the outcome (Cohen’s
d). E-values were calculated for birth outcomes that were significantly associated with
meconium acetaminophen based on covariate adjusted models.

In this cohort, we have previously shown an association of prenatal acetaminophen with

increased odds for ADHD,% and associations of ADHD with adverse birth outcomes including
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preterm birth and lower birthweight.!!3 Here, we additionally assessed whether birth outcomes
mediated the relationship between prenatal acetaminophen exposure and ADHD, in separate
models for each birth outcome, using the ‘mediation’ R package,’® which implements a quasi-
Bayesian Monte Carlo method with 1,000 simulations. To test for exposure-mediator interaction,
we modeled interactions between meconium acetaminophen and birth outcomes on ADHD in
separate models for each birth outcome. Because we found no significant interaction terms, we
assumed no exposure-mediator interaction in the mediation models. We estimated the total and
direct effects of prenatal acetaminophen on ADHD, as well as the causal mediation (i.e., natural
indirect) effects through each birth outcome. We included the covariates discussed above as
terms in the mediation models to control for confounders of the exposure-mediator, exposure-
outcome, and mediator-outcome relationships. Because quasi-Bayesian confidence intervals
cannot be combined with Rubin’s Rule, we report separate covariate adjusted mediation models

for each imputed dataset. Statistical analyses were conducted with R, version 3.5.1.8°

3.3 Results

Baseline covariates stratified by meconium acetaminophen detection are presented in
Table 1. Acetaminophen was detected in the meconium of 222 individuals (56.5%) among the
total study sample of 393 (Table 1).

Accounting for all covariates, prenatal acetaminophen exposure was associated with
decreased birthweight by 136 grams (p = -136; 95% CI -229, -43) and decreased birthweight for
gestational age z-score (f =-0.17; 95% CI -0.34, 0.00) (Table 2). Consistent with these
associations with decreased birthweight, prenatal acetaminophen was also associated with over
60% decreased odds of LGA (odds ratio [OR] = 0.38; 95% CI 0.20, 0.75) (Table 2). In addition

to their decreased birthweight and lower likelihood of LGA, the mean time of gestation was on
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average 0.3 weeks shorter among individuals exposed to acetaminophen in utero compared to the
unexposed group (39.0 vs. 39.3 weeks). Accordingly, prenatal acetaminophen exposure was
associated with a 20% increased weekly hazard of delivery (hazard ratio = 1.20; 95% CI 1.00,
1.43), indicating a higher likelihood for earlier delivery and thus reduced gestational age in
exposed individuals (Table 2). Our data suggest that prenatal acetaminophen was not associated
with SGA or preterm birth (Table 2).

We conducted sensitivity analyses for selection bias and unmeasured confounding.
Mothers of children for whom meconium was collected were significantly older and more
educated (eTable 1), indicating the potential for selection bias. Controlling for selection bias by
weighting models to account for these covariate differences, however, did not appreciably impact
the estimates of the effects of meconium acetaminophen detection on any birth outcome,
suggesting minimal bias related to meconium sampling in this cohort (Table 2). Sensitivity
analyses for unmeasured confounding show that an unmeasured confounder would need to
increase the risk of both prenatal acetaminophen exposure and low birthweight by 93% in order
to explain away the association of prenatal acetaminophen with reduced birthweight (E-value =
1.93, eTable 2). E-values were greater than 1.5 for all other birth outcomes that were
significantly associated with meconium acetaminophen (eTable 2).

Meconium acetaminophen was not associated with pregnancy complications including
gestational diabetes, preeclampsia, or high blood pressure (Table 3).

In this cohort, we previously reported an association of prenatal acetaminophen exposure
with more than two-fold increased odds of child ADHD.% Consistent with prior work, we found
significant direct and total effects of meconium acetaminophen on ADHD in all mediation

models (see Table 4 for unadjusted models, see eTable 3 for adjusted models in 10 datasets
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imputed for missing covariates). Causal mediation effects, however, were non-significant for all

birth outcomes in both unadjusted and adjusted models.

3.4 Discussion
Principal findings

In this Eastern Canadian birth cohort, detection of acetaminophen in meconium was
associated with decreased birthweight, decreased gestational age, and decreased odds of LGA.
Although meconium was only collected for approximately half of our eligible births, we found
no evidence that selection bias impacted effect estimation: associations of meconium
acetaminophen with outcomes were nearly identical in both models adjusted and not adjusted for
selection bias. While adverse birth outcomes such as preterm birth and reduced birthweight are
known to be associated with ADHD, we found no evidence for mediation by birth outcomes of
the association between prenatal acetaminophen exposure and ADHD in this cohort.
Strengths of the study

Our study has several strengths. First, the high genetic and sociodemographic
homogeneity in the GESTE cohort limits the likelihood of confounding by unknown genetic or
sociodemographic factors. Second, the prospective nature of the cohort limits sources of bias
common in retrospective designs, including selection and recall bias. Third, we explicitly
controlled for known sources of confounding and selection bias. Finally, our measurement of
prenatal acetaminophen exposure in meconium eliminates the possibility of recall bias.
Limitations of the data

This study has limitations. First, while the homogeneity of the GESTE cohort may limit
confounding, it also lowers the generalizability of results. Second, this study had a relatively

small sample size of just under 400 mother child pairs. Consequently, there were few events for
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several outcomes, including early prematurity and severe preeclampsia. Third, our conclusions
regarding preterm birth may be limited by the exclusion of some extremely preterm deliveries.
Although unlikely, this could be a source of selection bias if there are different effects of prenatal
acetaminophen exposure on the risk for preterm birth before 33 weeks versus before 37 weeks.
Fourth, we lacked the information necessary to control for indications for acetaminophen use,
such as chronic pain, fever, and infections during pregnancy. However, when controlling for
indications for acetaminophen in the Danish National Birth Cohort study, Rebordosa and
colleagues still observed associations of prenatal acetaminophen with increased risk of preterm
birth.*! However, results from other cohorts may not be generalizable to this Eastern Canadian
population. Therefore, confounding by indication remains a possibility. Another possibility is
that acetaminophen was more easily detected in the meconium of smaller infants owing to less
efficient metabolism. However, acetaminophen pharmacokinetics in the fetus parallels that in the
mother, with fetal and maternal acetaminophen reaching comparable levels as early as 30
minutes after maternal administration.'?! Inverse causality is thus unlikely. Finally, we did not
ask women to self-report their use of acetaminophen during pregnancy, so we were unable to
correlate acetaminophen intake with levels of acetaminophen in meconium. Future studies are
needed to determine the dosage and timing of acetaminophen required to have detectable levels
in meconium.
Interpretation

A small number of studies have previously shown associations between maternal self-
reported acetaminophen use during pregnancy and adverse birth outcomes. In the Danish
National Birth Cohort, there was an increased risk of preterm birth among women using

acetaminophen during the third trimester of pregnancy, but there were no associations of
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acetaminophen use with miscarriage, stillbirth, low birth weight, or SGA, or with common
preterm birth complications including bronchopulmonary dysplasia, intracranial hemorrhage,
retinopathy of prematurity, perinatal infections and anemia of prematurity.** In the Ontario Birth
Study, maternal acetaminophen use in the 3 months before pregnancy was associated with low
birthweight and increased risk for SGA, but maternal acetaminophen use during pregnancy was
not.2%2 However, both of those studies were prone to substantial recall bias, as they assessed
maternal acetaminophen use via questionnaires administered during pregnancy and postpartum.
When self-report occurs in postpartum interviews, mothers of infants with adverse birth
outcomes may rack their brains for an explanation, thereby overreporting exposures.*%-12 Qur
study, on the other hand, utilized a direct measurement of prenatal acetaminophen exposure
measured in meconium that is unbiased by inaccurate recall.

While the associations of prenatal acetaminophen exposure with adverse birth outcomes
found here may be concerning, more studies in a diverse range of cohorts are needed before
suggesting a change in clinical practice. Additionally, mechanisms underlying the associations of
prenatal acetaminophen exposure with adverse birth outcomes remain unknown. Acetaminophen
may inhibit prostacyclin synthesis and thereby promote pre-eclampsia,'?? which has previously
been associated with intrauterine growth restriction and reduced gestational age.'?3
Acetaminophen exposure may also trigger the immune system and upregulate oxidative stress
response pathways'?* that may underlie adverse birth outcomes. A better understating of the
mechanisms through which prenatal acetaminophen exposure may affect birth outcomes is
needed, not only to better assess causality, but also to serve as potential targets in future

intervention studies.
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3.5 Conclusions

While this study may add evidence that support questioning the safety of acetaminophen
use during pregnancy, more work is needed to rule out confounding by indication and to assess
generalizability before a change in clinical practice is recommended. Additionally, our data do
not support adverse birth outcomes as the pathway through which acetaminophen may affect the
risk of ADHD. Thus, further work to delineate the pathophysiology of prenatal acetaminophen

and brain development is warranted.
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3.6 Tables

Table 1: Characteristics of study sample stratified by detection of acetaminophen in meconium in
the GESTation and the Environment (GESTE) cohort (n = 393

No
acetaminophen | Acetaminophen
(N=171) (N=222) Total (N=393) P value
Sex 0.968
Female 82 (48.0%) 106 (47.7%) 188 (47.8%)
Male 89 (52.0%) 116 (52.3%) 205 (52.2%)
Maternal age at 0.986
delivery (years)
Mean (SD) 28.9 (4.7) 28.9 (4.5) 28.9 (4.6)
Range 18.0 - 43.0 19.0-41.0 18.0 - 43.0
Maternal education 0.980
No College or 68 (39.8%) 88 (39.6%) 156 (39.7%)
University
College or 103 (60.2%) 134 (60.4%) 237 (60.3%)
University
Family income 0.596
(Canadian dollars)
N-Miss 21 18 39
Mean (SD) 69,874 (47,968) 67,235 68,353
(44,858) (46,153)
Range 2,600 — 500,000 | 8000 — 450,000 2,600 —
500,000
Maternal BMI (kg/m?) 0.020
N-Miss 0 1 1
Mean (SD) 24.9 (5.2) 26.2 (5.9) 25.7 (5.6)
Range 17.9-45.2 17.7 - 49.1 17.7 - 49.1
Smoked during 0.927
pregnancy
N-Miss 8 5 13
No 141 (86.5%) 187 (86.2%) 328 (86.3%)
Yes 22 (13.5%) 30 (13.8%) 52 (13.7%)
Alcohol during 0.161
pregnancy
N-Miss 8 5 13
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No

120 (73.6%)

173 (79.7%)

293 (77.1%)

Yes

43 (26.4%)

44 (20.3%)

87 (22.9%)
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Table 2: Association of meconium acetaminophen with birth outcomes (N=393)
& Coefficients from linear regression shown for birthweight and birthweight for gestational age z-

Mean or n (%) Coefficient, Hazard Ratio, or Odds Ratio ?

Acetamino | No Unadjusted | Covariate Selection bias

phen Acetaminophen adjusted P adjusted ©
Birthweight (g) -121 -136 -141

3338 3459 [-213,-28] | [-229,-43] |[-232,-49]
Birthweight for -0.13 -0.17 -0.18
gestational age [-0.3,0.04] | [-0.34, 0] [-0.35, -0.01]
z-score -0.129 0.000
Gestational age 1.23 1.2 1.21
(weeks) 39.0 39.3 [1,15]¢ [[1,1.43]¢ |[1.01,1.45]¢
Small for -0.13 -0.08 0.01
gestational age | 15 (6.8) 13 (7.6) [-0.9, 0.64] | [-0.63, 0.46] | [-0.37, 0.39]
Large for 0.43 0.38 0.36
gestational age | 7 (3.2) 12 (7.0) [0.17,1.12] | [0.2, 0.75] [0.22, 0.58]
Preterm birth 0.67 0.7 0.62

8 (3.6) 9(5.3) [0.25,1.78] | [0.35,1.41] |[0.38,1.02]

score. Odds ratios from logistic regression shown for small for gestational age (SGA), large for
gestational age (LGA), and preterm birth. Hazard ratios from cox proportional hazard models
shown for gestational age.

b Adjusted for covariates by inverse probability of exposure weighting using child sex, familial
income, and maternal age, education, BMI, smoking during pregnancy, and alcohol during
pregnancy to predict exposure.

¢ Adjusted for covariates by inverse probability of exposure weighting and for selection bias by
weighting on the inverse of the probability of selection.

d Ratio for instantaneous hazard of delivery.
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Table 3: Associations of meconium acetaminophen with pregnancy complications (N=393)

Mean or n (%) Odds Ratio
Acetaminophen | No Unadjusted | Covariate | Selection
Acetaminophen adjusted * | bias adjusted
b
Gestational | 30 (13.5) 20 (11.7) 1.18 1.05 1.02
diabetes [0.64, 2.16] | [0.69, 1.6] | [0.76, 1.37]
Preeclampsia | 3 (1.4) 2(1.2) 1.16 1.01 0.88
[0.19, 7.01] | [0.29, 3.53] | [0.36, 2.16]

High blood | 19 (8.6) 11 (6.4) 1.36 1.08 1.13
pressure [0.63,2.94] | [0.64, 1.83] | [0.77, 1.64]

8 Adjusted for covariates by inverse probability of exposure weighting using child sex, familial
income, and maternal age, education, BMI, smoking during pregnancy, and alcohol during

pregnancy to predict exposure.
b Adjusted for covariates by inverse probability of exposure weighting and for selection bias by
weighting on the inverse of the probability of selection.
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Table 4: Analysis of mediation of the association between prenatal acetaminophen and ADHD
by birth outcomes (N = 345) @

Mediator Total effect Direct effect of Average causal
on ADHD prenatal acetaminophen | mediation effect
Estimate | P value | Estimate P Estimate P value

value

Birthweight | 0.07 [0.01, | 0.028 | 0.07 [0,0.13] | 0.036 | 0.007[-0.003, | 0.188
0.14] 0.021]

Birthweight | 0.07 [0.01, | 0.024 | 0.07 [0.01, 0.032 | 0.004 [-0.003, |[0.314

for gestational | 0.13] 0.13] 0.015]

age z-score

Gestational 0.07 [0.01, | 0.032 | 0.07 [0.01, 0.036 | 0.002 [-0.005, |0.612

age 0.13] 0.13] 0.011]

Small for 0.07 [0.01, | 0.02 0.08 [0.01, 0.018 | -0.007 [-0.028, |0.354

gestational 0.13] 0.14] 0.009]

age

Large for 0.07 [0.01, | 0.028 | 0.07 [0.01, 0.028 | 0[-0.005, 0.89

gestational 0.13] 0.13] 0.006]

age

Preterm birth | 0.07 [0.01, | 0.028 | 0.07 [0.01, 0.032 | 0[-0.015, 0.818
0.13] 0.13] 0.009]

& Unadjusted models shown. See eTable 3 for adjusted models in 10 datasets imputed for missing
covariates.
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3.7 Figures

Figure 1: GESTation and the Environment (GESTE) cohort flowchart
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3.8 Supplement

eTable 1: Characteristics of study sample stratified by meconium collection in the GESTation
and the Environment (GESTE) cohort (n = 810)

Meconium No meconium p
collected (N=393) collected (N=417) Total (N=810) | value
Sex 0.429
N-Miss 0 37 37
Female 188 (47.8%) 171 (45.0%) 359 (46.4%)
Male 205 (52.2%) 209 (55.0%) 414 (53.6%)
Maternal age at 0.004
delivery
N-Miss 0 33 33
Mean (SD) 28.91 (4.56) 27.97 (4.62) 28.45 (4.61)
Range 18.00 - 43.00 18.00 - 41.00 18.00 - 43.00
Maternal education <
0.001
No College or 156 (39.7%) 227 (54.4%) 383 (47.3%)
University
College or 237 (60.3%) 190 (45.6%) 427 (52.7%)
University
Family income 0.052
(Canadian dollars)
N-Miss 39 93 132
Mean (SD) 68353.67 62420.68 (30869.48) 65518.44
(46153.47) (39675.38)
Range 2600.00 - 7000.00 - 180000.00 2600.00 -
500000.00 500000.00
Maternal BMI 0.145
N-Miss 1 7 8
Mean (SD) 25.67 (5.64) 25.06 (6.16) 25.35 (5.91)

55




Range 17.71 - 49.08 14.99 - 55.60 14.99 - 55.60
Smoked during 0.163
pregnancy

N-Miss 13 73 86

No 328 (86.3%) 284 (82.6%) 612 (84.5%)

Yes 52 (13.7%) 60 (17.4%) 112 (15.5%)
Alcohol during 0.406
pregnancy

N-Miss 13 73 86

No 293 (77.1%) 274 (79.7%) 567 (78.3%)

Yes 87 (22.9%) 70 (20.3%) 157 (21.7%)
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eTable 2: E-value sensitivity analysis for unmeasured confounding

Outcome Cohen's d cutoff for Risk ratio E-value ¢
dichotomized continuous conversion °
outcome ?

Birthweight -0.29 0.77 (0.64,0.92) | 1.93

(continuous)

Birthweight z-score -0.21 0.83(0.69,0.99) | 1.7

(continuous)

Gestational age (hazard | NA 1.12 (1.00, 1.28) | 1.52

ratio for delivery)

Large for gestational NA 0.38 (0.20, 0.75) | 4.64

age (odds ratio)

& Continuous outcomes are dichotomized based on the effect size (Cohen’s d), computed as the
linear regression estimate divided by the standard deviation of the outcome.

b All estimates are converted to risk ratios for calculation of the E-value. See VanderWeele
(2017) for details and conversion formulae.

¢ E-values indicate the minimum strength of association, on the risk ratio scale, of an unmeasured

confounder with both the exposure and outcome that would completely explain the observed
association between the exposure and outcome.
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eTable 3: Covariate adjusted analysis of mediation of the association between prenatal
acetaminophen and ADHD by birth outcomes in 10 datasets imputed for missing covariates (N =
345)

ACM | ACM Total Total Total
E E ADE | ADE | ADE | effect | effect effect
ACME | lower | upper | estim | lowe | uppe | estimat | lower upper

Mediator estimate | Cl Cl ate rCl |[rCl |e Cl Cl
- 0.06

birthweight | 0.004 0.008 | 0.019 | 9 0.009 | 0.139 | 0.072 | 0.014 0.142
- 0.07

birthweight | 0.005 0.007 | 0.020 | 1 0.011 | 0.140 | 0.074 | 0.016 0.142
- 0.07

birthweight | 0.005 0.008 | 0.020 | 1 0.011 | 0.141 | 0.074 | 0.016 0.143
- 0.07

birthweight | 0.005 0.008 | 0.020 | 1 0.010 | 0.140 | 0.073 | 0.015 0.144
- 0.07

birthweight | 0.005 0.007 1 0.021 | 0 0.010 | 0.140 | 0.073 | 0.015 0.144
- 0.06

birthweight | 0.004 0.008 | 0.020 | 9 0.007 | 0.139 | 0.071 | 0.013 0.142
- 0.06

birthweight | 0.005 0.007 |0.020 | 9 0.008 | 0.139 | 0.072 | 0.013 0.142
- 0.07

birthweight | 0.005 0.007 | 0.020 |1 0.010 | 0.140 | 0.074 | 0.015 0.144
- 0.07

birthweight | 0.005 0.008 | 0.020 | 0 0.009 | 0.139 | 0.073 | 0.014 0.143
- 0.07

birthweight | 0.005 0.007 1 0.021 | 0 0.010 | 0.140 | 0.073 | 0.015 0.144

birthweight

for

gestational - 0.07

age zscore | 0.002 0.007 1 0.014 | 0 0.011 | 0.138 | 0.071 | 0.013 0.138

birthweight

for

gestational - 0.07

age zscore | 0.003 0.006 | 0.014 | 2 0.014 | 0.141 | 0.073 | 0.015 0.141

birthweight

for

gestational - 0.07

age zscore 0.002 0.007 | 0.015 | 2 0.014 | 0.140 | 0.073 0.015 0.140

birthweight

for

gestational - 0.07

age zscore 0.003 0.007 1 0.015 |1 0.013 | 0.140 | 0.073 0.014 0.139
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birthweight
for

gestational - 0.07

age zscore 0.003 0.006 | 0.015 |1 0.012 | 0.139 | 0.073 0.014 0.139
birthweight

for

gestational - 0.06

age zscore | 0.002 0.007 | 0.014 |9 0.009 | 0.138 | 0.070 0.011 0.138
birthweight

for

gestational - 0.07

age zscore | 0.002 0.007 | 0.014 | 0 0.010 | 0.137 | 0.071 0.012 0.139
birthweight

for

gestational - 0.07

age zscore | 0.002 0.007 | 0.015 |1 0.013 | 0.139 | 0.073 0.014 0.140
birthweight

for

gestational - 0.07

age zscore | 0.002 0.007 | 0.014 | 0 0.011 | 0.139 | 0.072 0.013 0.139
birthweight

for

gestational - 0.07

age zscore | 0.003 0.007 | 0.015 |1 0.012 | 0.139 | 0.072 0.014 0.139
gestational - 0.07

age 0.001 0.006 | 0.009 |1 0.012 | 0.142 | 0.071 0.012 0.142
gestational - 0.07

age 0.001 0.006 | 0.010 | 3 0.014 | 0.142 | 0.074 | 0.014 0.144
gestational - 0.07

age 0.001 0.006 | 0.009 |3 0.014 | 0.144 | 0.073 0.014 0.144
gestational - 0.07

age 0.001 0.006 | 0.009 | 2 0.014 | 0.143 | 0.073 0.014 0.143
gestational - 0.07

age 0.001 0.006 | 0.009 | 2 0.014 | 0.144 | 0.073 0.014 0.143
gestational - 0.07

age 0.001 0.006 | 0.009 |0 0.010 | 0.142 | 0.070 0.011 0.141
gestational - 0.07

age 0.001 0.006 | 0.009 | 0 0.011 | 0.143 | 0.071 0.011 0.142
gestational - 0.07

age 0.001 0.006 | 0.009 | 2 0.014 | 0.144 | 0.073 0.014 0.144
gestational - 0.07

age 0.001 0.006 | 0.009 |1 0.012 | 0.143 | 0.072 0.012 0.143
gestational - 0.07

age 0.001 0.006 | 0.009 | 2 0.013 | 0.144 | 0.072 0.013 0.143
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small for

gestational - 0.07

age 0.000 0.008 | 0.007 | 0 0.011 | 0.137 | 0.070 0.012 0.138
small for

gestational - 0.07

age 0.000 0.007 | 0.008 | 2 0.015 | 0.140 | 0.072 0.015 0.140
small for

gestational - 0.07

age 0.000 0.007 | 0.007 | 2 0.014 | 0.139 | 0.072 0.015 0.140
small for

gestational - 0.07

age 0.000 0.008 | 0.008 |1 0.013 | 0.140 | 0.071 0.015 0.140
small for

gestational - 0.07

age 0.000 0.007 | 0.007 |1 0.014 | 0.140 | 0.071 0.013 0.140
small for

gestational - 0.06

age 0.000 0.008 | 0.007 | 9 0.009 | 0.137 | 0.069 0.011 0.137
small for

gestational - 0.07

age 0.000 0.007 | 0.008 | 0 0.011 | 0.138 | 0.070 0.012 0.138
small for

gestational - 0.07

age 0.000 0.007 | 0.007 |1 0.013 ] 0.139 | 0.071 0.014 0.138
small for

gestational - 0.07

age 0.000 0.008 | 0.007 | O 0.012 | 0.138 | 0.070 0.013 0.139
small for

gestational - 0.07

age 0.000 0.008 | 0.007 |1 0.013 | 0.139 | 0.071 0.013 0.139
large for

gestational - 0.07

age -0.002 0.019 | 0.008 | 2 0.010 | 0.146 | 0.071 0.011 0.144
large for

gestational - 0.07

age -0.001 0.018 | 0.009 |3 0.012 | 0.144 | 0.073 0.014 0.142
large for

gestational - 0.07

age -0.001 0.019 | 0.008 | 4 0.013 | 0.147 | 0.073 0.013 0.145
large for

gestational - 0.07

age -0.001 0.019 | 0.009 |3 0.012 | 0.146 | 0.072 0.013 0.143
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large for

gestational - 0.07

age 0.000 0.018 | 0.010 | 2 0.011 | 0.144 | 0.071 0.013 0.140
large for

gestational - 0.07

age -0.001 0.019 | 0.008 |1 0.008 | 0.146 | 0.070 0.010 0.144
large for

gestational - 0.07

age -0.001 0.018 | 0.008 | 2 0.009 | 0.146 | 0.071 0.010 0.144
large for

gestational - 0.07

age -0.001 0.019 | 0.009 |2 0.012 | 0.145 | 0.071 0.012 0.144
large for

gestational - 0.07

age -0.001 0.018 | 0.008 | 2 0.010 | 0.146 | 0.071 0.011 0.144
large for

gestational - 0.07

age -0.001 0.018 | 0.009 | 2 0.010 | 0.145 | 0.071 0.012 0.142
preterm - 0.07

birth -0.006 0.026 | 0.008 |7 0.017 | 0.143 | 0.073 0.013 0.141
preterm - 0.07

birth -0.006 0.027 1 0.010 | 9 0.020 | 0.146 | 0.075 0.016 0.143
preterm - 0.07

birth -0.006 0.027 1 0.009 | 9 0.020 | 0.145 | 0.075 0.015 0.143
preterm - 0.07

birth -0.005 0.025 | 0.009 | 8 0.019 | 0.144 | 0.074 | 0.015 0.142
preterm - 0.07

birth -0.006 0.026 | 0.010 | 8 0.019 | 0.145 | 0.074 | 0.015 0.143
preterm - 0.07

birth -0.006 0.026 | 0.008 | 6 0.015 | 0.143 | 0.072 0.012 0.140
preterm - 0.07

birth -0.006 0.026 | 0.009 | 7 0.017 | 0.144 | 0.073 0.013 0.141
preterm - 0.07

birth -0.005 0.026 | 0.010 | 8 0.019 | 0.144 | 0.075 0.016 0.142
preterm - 0.07

birth -0.006 0.026 | 0.008 | 7 0.018 | 0.143 | 0.073 0.013 0.141
preterm - 0.07

birth -0.006 0.026 | 0.009 | 8 0.019 | 0.144 | 0.074 | 0.015 0.142
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4.1 Introduction

Acetaminophen (N-acetyl-p-aminophenol (APAP), also known as paracetamol) is the
most common pharmaceutical ingredient in the United States: it is the active ingredient in over
600 prescription and over-the-counter drugs that treat pain, fever, cough, cold, and
allergies.'?>1%6 APAP-containing drugs are among the only analgesics not contraindicated during
pregnancy.®® Consequently, their use is reported by over half of pregnant women in many
populations.27-12°

Despite such widespread use, evidence from human observational studies suggests that
prenatal APAP exposure may be associated with attention deficit hyperactivity disorder
(ADHD),*3-142 qutism spectrum disorders (ASD),30135143 and a multitude of other behavioral
and neurodevelopmental abnormalities.*?® Although many of these observational studies
accounted for potential confounding by indications, including fever and headaches, and maternal
characteristics, including age at birth, race/ethnicity, body mass index, neuropsychiatric
conditions, and tobacco and alcohol use, unobserved and unmeasured confounding remain a
possibility. For instance, maternal polygenic risk scores for ADHD are associated with use of
APAP during late pregnancy,'** indicating a strong potential for genetic confounding, yet no
observational studies of prenatal APAP and child ADHD have explicitly accounted for genetics.
Furthermore, a sibling study to examine unmeasured familial confounding in the Norwegian
national cohort found a substantial family effect, suggesting that unmeasured familial factors,
including genetics, may partially explain the association of maternal APAP use with child
ADHD. 134

In addition to human observational studies, animal models have been employed to

investigate health risks associated with APAP exposure. Supporting the human epidemiological
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evidence, various randomized experimental studies have found adverse effects of pre- and early
postnatal APAP exposure on rodent behavior and cognition.#5-152 Although translating complex
neurodevelopmental disorders to animal behaviors can be challenging, and mechanisms may
sometimes differ between humans and animals, animal models maintain several advantages over
human studies. First, confounding is impossible in experimental studies that randomize animals
to control or treatment groups. Additionally, mechanisms are easier to explore in animals.
Treatments designed to explore specific mechanisms are more ethical and practical to implement
in animals, and target tissues, such as those in the central nervous system, can be readily
collected and studied. Finally, novel treatments to block the pathways between exposures and
diseases cannot be ethically studied in humans without first being tested in animal models.
Despite these advantages, studies of neurodevelopmental effects of prenatal APAP
exposure in animal models remain limited. Although many animal studies have uncovered
behavior and brain abnormalities following prenatal acetaminophen exposure, 4553 the results of
these studies are not always in agreement. For instance, one study found no behavioral effects of
prenatal acetaminophen exposure in mice.*®* Second, while many observational studies have
linked prenatal APAP with child ADHD in humans,'3%-142 no mouse studies of prenatal APAP
exposure have investigated offspring attention deficits in behavior tasks specifically designed to
measure attention. Finally, the mechanisms linking APAP exposure to abnormal
neurodevelopment are unclear. Rodent studies have explored APAP effects on the
cannabinoid!®1%® and prostaglandin®>® pathways, altered neurotransmission, 2157160 prain-
derived neurotrophic factor,146159.153 neyronal number in the sexually dimorphic nucleus of the
hypothalamus,**® and oxidative stress.}4¢148 However, no studies have employed ‘omics’

technologies for an untargeted exploration of potential mechanisms. Here, we address these
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limitations by 1) examining the effect of pre- and early postnatal APAP on offspring behavior,
including attention deficits in the 5-choice serial reaction time task; and 2) exploring mechanistic

pathways that may underly the effects of APAP exposure via unbiased RNA sequencing.

4.2 Methods
Mice

Timed pregnant C57BL/6J females were purchased from the Jackson Laboratory (Bar
Harbor, ME). Half were randomized to control and half to APAP treatments. Mice were ordered
and randomized at an early embryonic stage, so pregnancy was not guaranteed. We therefore
anticipated that the number of control and treatment might be uneven.

The first cohort of 12 dams were ordered at embryonic day 3 (E3) and randomized into
control and APAP treatment groups at E4. Only 1 APAP-treated and 3 control mice were
pregnant among the first cohort. Owing to this low pregnancy rate (25%), we ordered the second
cohort of 28 timed pregnant females at E7 and randomized them at E10. The second cohort had
23 (82%) pregnancies. One litter in the second cohort had only 3 pups. All other litters in the
second cohort were reduced to 4 pups per dam, with remaining offspring euthanized for tissue
collection.

Treatment

Pregnant mice were given 150 mg/kg/day APAP (rounded to the nearest gram of mouse
weight) or 0 mg APAP (control) in gelatin tablets. Gelatin tablets consisted of 14% gelatin
powder, 5% sucrose, and 0.5% fruit flavor (SodaStream™ drops) in water. Mice received one
0.5 mL tablet each day with the appropriate APAP dose or control. One day prior to the start of

treatment, all mice received a control gelatin tablet in their home cage to become habituated.
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During treatment, pregnant mice were weighed daily to determine dosage, and monitored to
ensure gelatin tablets were completely consumed (typically in under 5 minutes). The dose of
150mg/kg/day was chosen because it has previously been shown to result in the highest serum
concentrations of acetaminophen without inducing liver toxicity in mice.*61-16> We continued to
dose mice through postnatal day 14 because the peak brain growth that occurs during gestation in

humans does not occur until the postnatal period in mice.

Behavior Tasks

Mice behavioral analyses were conducted in the Columbia Mouse NeuroBehavior core.
Offspring of control and APAP treated dams from the 1% cohort (born October 9, 2020) were
tested in the open field test, elevated plus maze, and 5-choice serial reaction time task. Offspring
in the 2" cohort (born February 8, 2021) underwent the same tasks, and were additionally tested
for pup ultrasonic vocalizations, CatWalk XT (Noldus), and pre-pulse inhibition. Behavior tasks
tested 21 offspring from the 1% cohort and 90 offspring from the 2" cohort (n = 111).

Pup Ultrasonic Vocalizations (USV)

Pup ultrasonic vocalizations were measured for 6 pups per dam among 4 control and 4
treatment dams (22 female and 26 male pups) in the second cohort. In a random order, pups were
removed one at a time from the dam and placed into an insulated chamber where USVs were
recorded for 3 min by an ultrasonic microphone (Avisoft UltraSoundGate condenser microphone
capsule CM16; Avisoft Bioacoustics, Berlin, Germany). Calls were recorded in 16-bit resolution
with a sampling rate of 250 kHz by Avisoft Recorder software. Calls were manually counted

from USV spectrograms displayed in Avisoft SASLab Pro by a trained investigator blind to
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treatment status. Repeated testing occurred on postnatal days 2, 5, 8, and 11, and pup paw tattoos
were employed to track individual pups.
Open Field Test (OFT)

Mice (7 weeks old) were allowed to roam freely in a clear Plexiglas open field arena
(27.31 x27.31 x20.32 cm, Med Associates ENV-510) for 60 minutes. Activity Monitor Version
7 tracking software (Med Associates Inc.) was used in conjunction with infrared beams along the
X, Yy, and z planes of the arena to automatically measure total distance traveled (ambulatory
movement), time spent in the center versus edge zones, and the total number of rearings which
were defined as the number of times the mouse disrupted two infrared beams by standing on its
hind limbs.

Elevated Plus Maze (EPM)

Mice (6 weeks old) were evaluated in one trial in the elevated plus maze (EPM), an
apparatus with two open arms (30 cm x 5 cm) and two closed arms (30 cm x 5 cm) extending
from a central junction (5 cm x 5 cm). Mice were placed in the junction facing a closed arm and
allowed to roam the maze for five-minutes, during which the time spent in the open arms, closed
arms, and junction was recorded automatically by the MED-PC V 64 bit Software (Med
Associates). Due to equipment malfunction, data were not recorded for 7 offspring in the first
cohort. The task could not be re-run for these mice because their first trial partially habituated
them to the maze.

CatWalk

Mice (8 weeks old) were allowed to ambulate freely across the CatWalk XT apparatus

(Noldus Information Technology, Leesburg, VA), an illuminated walled glass walkway (130 cm

x 10 cm) until they completed three full crossings without stopping/hesitation. During the task,
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walking patterns were captured by a high-speed camera underneath the walkway, and CatWalk
XT software was used to automatically measure 226 parameters related to mouse gait and
locomotion.

Pre-pulse inhibition (PPI)

Each mouse (29-30 weeks old) was placed inside a plexiglass tube and subjected to a
five-minute habituation period with ambient light and a background noise of 68 dB. Following
habituation, each mouse was presented with seven trial types across six discrete blocks of trials
for a total of 42 trials of noise stimuli separated by randomly generated inter-trial intervals
ranging between 10-20 seconds. Trials were presented pseudo randomly such that each type
occurred once within each block. Mouse startle response was measured as the pressure exerted
against the tube, which was translated into a voltage. One trial measured the response to 100 ms
68 dB background noise (baseline), and another measured the response to a 40 ms 110 dB sound
burst. The remaining five trial types consisted of a 20 ms pre-pulse, followed by 100 ms
background, then a 40 ms, 110 burst. Pre-pulses were 74, 78, 82, 86, or 92 dB. PPl % inhibition
was calculated separately for each pre-pulse dB level as: (response to 110 dB alone - response to
110 dB with pre-pulse) / response to 110 dB alone. The baseline response was defined as:
(response to 110 dB alone - response to 68 dB alone) / response to 110 dB alone.
5-Choice Serial Reaction Time Task (5CSRTT)

From each cohort, 4 males and 4 females were randomly selected to participate in this
task. Testing started at 14-16 weeks of age and continued through 26-27 weeks of age. Mice
were tested in a chamber with five touch screens and a food reward tray (Campden Instruments
Ltd, Loughborough, UK), which can deliver food reward of 1:1 dilution of water to strawberry

flavored Ensure. The deployment of tasks and measurement of outcomes was managed with
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Whisker Server and ABET 11 software (Layfette Instruments, Layfette, Indiana). Before
beginning the pre-training, mice were restricted to 85% free-feeding weight and underwent one
20-minute session of habituation in the chamber with freely available reward (ABET II
habituation 2a procedure).
Pre-training

Mice were trained to initiate trials by poking their heads into the food tray, which
illuminates when the reward is delivered (initial touch procedure). Then mice were trained to
nose-poke a white square stimulus displayed on one of the five touch screens (must touch
procedure). In this task, poking the correct screen with the white square delivered 3-times the
reward. In the final habituation task, the mice must enter and exit the illuminated food tray for a
stimulus to appear on one of the five screens (must initiate procedure). The mouse must then
touch the stimulus to elicit the reward paired with the tray light and tone. For the initial touch
and must touch procedures, mice were required to complete 30 trials within 60 minutes on one
day of testing before moving on. For the must initiate procedure, mice were required to complete
30 trials within 60 minutes during two consecutive days of testing to proceed to the 5CSRTT.
5CSRTT Training

All sessions begin with 7 uL reward in the food tray and the light illuminated. When the
mouse exits the reward tray the first trial is initiated. There is a delay interval of 5 seconds before
a white square stimulus is presented on one of the five touch screens. A nose-poke of the screen
with the white square (correct response) triggers a 7 pL. food reward paired with the tray light
and tone. Upon exiting the food reward tray, the next trial begins. Selecting a touch screen
during the 5 second delay before a stimulus is presented (premature response), selecting any of

the four touchscreens that do not have the white square stimulus (incorrect response), or making
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no response at all during the stimulus duration (omission) causes a five-second time-out paired
with illumination of the entire chamber. On the first day of the 5CSRTT Procedure, the stimulus
duration was set to 32 seconds. For each mouse, the stimulus duration was halved upon
successfully completing the task. Task completion consisted of the mouse completing at least 50
trials in 60 minutes with >80% accuracy and <20% omissions on two consecutive testing days.
Mice were tested daily until they successfully completed the task with a 2-second stimulus
duration. Then mice were tested with the probes described below.
5CSRTT Probes

In the variable stimulus duration probe, mice were randomly presented stimulus durations
of 1.5, 1, 0.8, and 0.6s (5 of each in 3 blocks of 20 trials) rather than the standard 2s duration. In
the variable delay probe, mice were randomly presented delays (between initiating the trial and
the stimulus appearing on screen) of 5, 6, 7 and 8s (5 of each in each block of 20 trials) rather
than the standard 5s delay. In the distraction probe, mice experienced the standard 2s stimulus
duration procedure with the addition of a 0.5s burst of noise sounded at a pseudorandom time
during the 5s delay period.
Statistical Analysis

For all behavior tasks, summary outcome variables were modeled with fixed effects for
treatment, sex, and cohort, and random intercepts for dam. Repeated measures models
additionally included the repeated measures variable (e.g., time-bin for open field, pre-pulse dB
level for PPI, and stimulus duration for 5CSRTT) and its interaction with treatment, and random
intercepts for individual nested within dam. Treatment by sex interactions were retained in final
models when significant. We performed Bonferroni-corrected post-hoc pairwise comparisons for

treatment interactions with sex and repeated measures variables. CatWalk models additionally
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controlled for mass and average speed during the CatWalk test, and only included mice with less
than 60% speed variation. CatWalk results were similar in sensitivity analyses 1) excluding mass
and speed, and 2) not filtering for speed variation.

RNA-sequencing

In the second cohort, 24 pups (equal number per sex and treatment) among those
euthanized at birth were randomly selected. Frontal cortex was collected, and RNA extracted
with the RNeasy Kit (Qiagen, Hilden, Germany). Library preparation and RNA-sequencing
(TruSeq RNA Library Prep Kit v2 and HiSeq 4000, Illumina, San Diego, CA, USA) were
performed by Genewiz (South Plainfield, NJ, USA).

FASTQ files were preprocessed with fastp using the default settings to filter bad reads,
trim low quality bases, and cut adaptors.'®® Reads were mapped to the GRCM38(mm10) mouse
genome using BWA-MEM?®’ and assigned to exons using featureCounts'®® before performing
differential expression analysis using DESeq2.1%® Gene expression fold-changes compared APAP
treated to control offspring, accounting for sex. Normalized counts from DESeqg2 were input into
Ensemble of Gene Set Enrichment Analysis (EGSEA)'® to determine enrichment for MSigDB
hallmark gene sets’*12 and KEGG Pathways.'”® We examined the top 20 EGSEA enrichments
sorted by median ranking score, and also present enriched pathway-level information using
FDR-adjusted P-values. To investigate sex-specific effects, we repeated EGSEA analysis
stratified by sex. RNA-seq data are deposited at Gene Expression Omnibus (GEO) accession

number GSE198424.
4.3 Results

Mean [SD] mass (grams) did not differ between control (1.30 [0.095]) and APAP-treated

(1.30 [0.104]) litters at birth, nor between control (22.6 [3.15]) and APAP-treated (22.9 [3.05])
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adult mice at 8 weeks of age. Offspring sex ratios did not differ between control (37 females
[46.3%]) and APAP-treated (46 females [49.5%]) groups.

Pup vocalizations upon separation from the mother peaked on postnatal day 8 for control
and treated males and females (Figure 1). Treatment by sex by day contrasts revealed increased
calls on postnatal day 8 among offspring of dams treated with APAP during pregnancy (Figure 1,
P =0.0472).

In the open field test, control and treated females shared similar total ambulation, while
control males had higher total ambulation compared to the male offspring of APAP treated dams
(Figure 2A, sex by treatment P = 0.0281). There was also a sex by treatment interaction in the
repeated measures model (P = 0.001), and post hoc contrasts revealed elevated ambulatory
movement among control males in the first 10-minute time-bin (Figure 2B, P = 0.004).
Following this pattern, control offspring had more total rearings than those exposed prenatally to
APAP (Figure 2C, P = 0.0325), although there was no interaction with sex. Treatment by time-
bin contrasts showed the largest difference in rearings during the third time bin (Figure 2D, P =
0.0528). While control offspring spent more time in the center of the open field chamber, the
treatment term was non-significant in the overall and repeated measures models for the center
duration outcome (Figure 2E, F).

Although a small number of CatWalk parameters appeared to differ between prenatal
APAP and control mice, none survived adjustment for multiple comparisons (Figure 3, see
eTable 1 for details).

There was no difference among groups in the time mice spent in the open arms, closed
arms, or junction of the elevated plus maze, nor in the ratio of time spent in the open arms versus

the closed arms (Figure 4).
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Although the prenatal APAP group had reduced PPI at a pre-pulse of 86 dB, the main
effect of prenatal APAP was non-significant in the repeated measures model (P = 0.5247), and
no PPIs were significantly different between groups in post-hoc contrasts (Figure 5).

Control and treatment groups shared similar percent accuracy, omissions, and premature
responses during 5CSRTT training (Figure 6 A,B,C), in the variable stimulus duration probe
(Figure 6 D,E,F), the variable delay probe (Figure 6 G,H,I), and the distraction probe (Figure 6
J,K,L). Treatment and treatment by sex interactions were non-significant in all 5CSRTT models.

RNA-sequencing revealed ten differentially expressed genes in prefrontal cortex between
control and prenatal APAP-exposed pups (Table 1). Enriched pathways from EGSEA (Figure 7,
eTable 2) were related to the known metabolism of APAP by glutathione S-transferase and
cytochrome p450 enzymes (HALLMARK _XENOBIOTIC_METABOLISM, Metabolism of
xenobiotics by cytochrome P450, Drug metabolism - cytochrome P450, Glutathione
metabolism), DNA damage (HALLMARK _G2M_CHECKPOINT,
HALLMARK_DNA_REPAIR, HALLMARK_E2F_TARGETS, HALLMARK_APOPTOSIS,
Homologous recombination, Chemical carcinogenesis), the endocrine system
(HALLMARK_ESTROGEN_RESPONSE_LATE,
HALLMARK_ESTROGEN_RESPONSE_EARLY, Autoimmune thyroid disease, Steroid
hormone biosynthesis, Steroid biosynthesis), and the immune system
(HALLMARK_ALLOGRAFT_REJECTION,
HALLMARK_INTERFERON_ALPHA_RESPONSE,
HALLMARK_IL6_JAK_STAT3_SIGNALING,
HALLMARK_INTERFERON_GAMMA_RESPONSE, HALLMARK_COMPLEMENT,

HALLMARK_INFLAMMATORY_RESPONSE, HALLMARK_IL2_STATS_SIGNALING,
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Autoimmune thyroid disease, Antigen processing and presentation, Graft-versus-host disease,
Systemic lupus erythematosus).

Sex-stratified EGSEA revealed which pathways were either consistently or differentially
enriched depending on sex (Figure 7, eTable 2). Both sexes saw enrichment of pathways related
to DNA damage (HALLMARK_G2M_CHECKPOINT, HALLMARK_DNA_REPAIR,
HALLMARK _ APOPTOSIS) and immune activation
(HALLMARK_ALLOGRAFT_REJECTION,
HALLMARK_INTERFERON_ALPHA_RESPONSE,
HALLMARK_IL6_JAK_STAT3_SIGNALING,
HALLMARK_INTERFERON_GAMMA_RESPONSE, HALLMARK_COMPLEMENT).
However, developmental APAP effects on hormone regulation and APAP metabolism were sex-
specific. APAP treatment caused upregulation of the estrogen response in females but not males,
and upregulation of autoimmune thyroid disease in males but not females. In females but not
males, APAP treatment upregulated pathways related to APAP metabolism by glutathione S-
transferase and cytochrome p450 enzymes (HALLMARK_XENOBIOTIC_METABOLISM,
Drug metabolism — other enzymes, Metabolism of xenobiotics by cytochrome P450, Glutathione
metabolism).

4.4 Discussion

In this study of more than 100 mouse offspring from 27 dams, prenatal APAP treatment
was associated with increased pup vocalizations after separation from the litter, as well as
decreased ambulation and rearings in the open field task among male offspring. Prenatal APAP
treatment did not affect locomotion patterns in the CatWalk, time spent in the open versus closed

arms in the elevated plus maze, precent inhibition in PPI, or accuracy, omissions, and premature
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responses in the 5CSRTT. In addition to behavioral changes, prenatal APAP treatment was
associated with altered prefrontal cortex gene expression relating to glutathione and cytochrome
p450 metabolism, DNA damage, and the endocrine and immune systems.

Behavioral changes among male offspring in the treatment group may indicate elevated
anxiety. First, treated male offspring exhibited decreased total movement and rearings during the
open field task. Reduced exploratory behavior in the novel environment of the open field could
indicate increased anxiety when confronted with a stressful situation. Although the open field
task has certain shortcomings as a model for human anxiety disorders, the test is still sensitive to
drugs used for the clinical treatment of anxiety including benzodiazepines and 5-HT1A receptor
agonists.}’* Given the null treatment effect on the CatWalk test, altered exploratory behavior in
the open field may not be not attributable to motor deficits. Furthermore, treated male pups
exhibited increased peak ultrasonic vocalization calls after being separated from the dam and
litter. Vocalizations have commonly been used as a measure of anxiety in rodent adults and
infants.2>177 Despite concordance of anxiety-like behaviors across two tasks, we still cannot rule
out the possibility that changes in pup vocalizations were influenced by some effect of APAP
exposure on maternal responsiveness.!’®

Based on genetic animal models, our results demonstrating a lack of hyperactivity does
not preclude ADHD relevance. Complex human neurodevelopmental conditions such as ADHD
are difficult to replicate in animal models. In fact, some of the most common mouse models of
ADHD do not exhibit hyperactivity.1”® Spontaneously hypertensive rats (SHR), which were
developed by selective breeding of Wistar-Kyoto (WKY) rats,*® are less active than WKY rats
in running wheel and less active than Sprague Dawley rats in open field tests.'® Nevertheless,

SHR rats have been used as a model for ADHD because they exhibit hyperactivity, impulsivity,
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and inattentiveness in other tasks, and these ADHD-like symptoms can be attenuated with
stimulant treatment.1"®

In agreement with well-known sex differences across a wide range of
neurodevelopmental conditions, we found that APAP treatment interacted with sex in its effect
on mouse behavior. Regarding associations of prenatal and early life APAP exposure with
neurodevelopmental outcomes in humans, there are several reports of sex
interactions, 130141182183 glthough some studies explicitly testing sex interactions have found no
evidence.!8418¢ These contrasting results could result from the use of different neurobehavioral
outcome measures or the lack of generalizability across study populations. Investigators have
also uncovered sex interactions with APAP exposure in animal models. One study found more
vertical exploration in the open field in female but not male rats exposed to 350 mg/kg/day
APAP during gestation compared to controls.'*® In another study, compared to control animals,
male but not female rats exposed to 350 mg/kg/day APAP during pregnancy and lactation had
increased apomorphine-induced stereotyped behavior, while males exposed to 35 mg/kg/day
APAP displayed elevated ambulation in the open field.*4

RNA sequencing uncovered several candidate mechanisms of the prenatal toxicity of
APAP. Many of the pathways significantly enriched in the prefrontal cortex of treated offspring
have been previously studied in rodents following prenatal and early life APAP treatment. For
instance, we found pathway enrichment for DNA damage and glutathione metabolism. In
agreement with our findings, one study found that 350 mg/kg/day APAP during pregnancy and
lactation resulted in decreased hippocampal glutathione levels and striatal superoxide dismutase
activity.'*® However, another study found no changes in prefrontal cortex or hippocampus

glutathione levels following 350 mg/kg/day APAP from gestational day 6 until delivery.'*® We
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also found altered endocrine pathways between control and treated offspring, which may align
with prior work showing APAP interference with sexual development in rodents. Prenatal APAP
exposure in rodents may cause decreased anogenital distance,**87-18° decreased pelvic floor
muscle weights,*® increased nipple retention, ' increased testosterone,*®? and decreased male
and female fertility'**1% (reviewed by'%).

In addition to pathways previously studied, we uncovered pathways that, to our
knowledge, have not been studied as candidate mechanisms for the effects of prenatal APAP in
vivo. RNA-sequencing revealed an upregulation of pathways related to thyroid disease in pups
prenatally exposed to APAP. Although the effects of prenatal APAP exposure on thyroid
hormone regulation has not been previously studied, there is evidence for APAP-associated
thyroid dysregulation following adult exposure in humans'®® and rats.>! Furthermore, in humans,
maternal thyroid hormone dysregulation is associated with a wide range of child
neurodevelopmental disorders,** including ADHD.?%0-204 Thus, thyroid hormone changes might
link APAP exposure with altered neurodevelopment. Similarly, transcriptomics revealed
upregulation of immune system pathways in our treatment group compared to controls. The
immune response remains understudied in relation to prenatal APAP exposure. Maternal immune
adaptation to pregnancy involves suppressing the immune response to the fetus, which is
allogeneic to the mother. Prior work indicates that non-hepatotoxic doses of APAP may interfere
with fetal immune tolerance,?®® and a recent synthesis of emerging evidence suggests a critical
role of the immune system in normal neurodevelopment.?°® Therefore, immune system
alterations might link APAP exposure and neurodevelopment, and should be the subject of future

studies.
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Sex-stratified EGSEA revealed differential enrichment of hormone and APAP metabolic
pathways, allowing us to generate hypotheses to explain the sex-specific effects of APAP on
behavior observed here. One possibility is that developmental APAP exposure negatively
impacted thyroid hormone signaling in males but not females. In humans, thyroid dysfunction
during pregnancy is associated with child intellectual disability>® and ADHD.5*%¢ Sex-specific
effects on behavior could also be explained by differential APAP metabolism by males and
females. Females may have been better able to upregulate glutathione and cytochrome p450
metabolism and thereby efficiently detoxify APAP and avoid adverse effects on the developing
brain.

While being the first assessment of the effects of prenatal APAP exposure on gene
expression in the brain and attention in the 5CSRTT is a considerable strength of this study, the
results should be considered in the context of several limitations. First, despite strong evidence
for associations of prenatal APAP with ADHD in humans, %142 prenatal APAP was not
associated with mouse attention deficits in the 5CSRTT. In humans, not all individuals exposed
prenatally to APAP develop ADHD. It is possible that only sub-groups with genetic
predispositions or concurrent additional exposures develop ADHD following prenatal APAP
exposure. Such interactions could be tested in future mouse work by using genetic models with
altered neurodevelopment, or by exposing mice to multiple chemicals in addition to APAP. It is
also possible that ADHD is too complex a human disorder to be translated into mouse behavior.
Second, although the open field and pup ultrasonic vocalizations tests indicated elevated anxiety
in male offspring exposed developmentally to APAP, we saw no effect of APAP treatment on
another common assay for anxiety-related behavior, the elevated plus maze.?*”2% Third, gene

expression was measured in the brains of offspring euthanized at delivery, and not in the animals
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that underwent behavior testing. While this design reduced the time-lag between prenatal APAP
exposure and RNA-sequencing, it also prevented us from conducting mediation analyses to
assess whether specific pathways linked APAP exposure to altered mouse behavior.

In conclusion, 150 mg/kg/day APAP exposure during gestation and lactation was
associated with increased pup vocalizations after being separated from the dam and reduced
exploratory behavior in the open field. Exposure was also associated with gene expression
changes in offspring prefrontal cortex indicative of increased DNA damage and altered
endocrine and immune system activity. Future studies are needed to explore whether the
potential mechanisms revealed by RNA-sequencing directly link perinatal APAP exposure with

behavior changes.
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4.5 Tables

Table 1: Acetaminophen treatment over control fold change for significantly differentially

expressed genes

Gene log2(Fold | Standard | P-adj]
Symbol Change) | Error

Rad54l 0.575 0.091 0
Car3 0.373 0.077 0.009
Gm7285 | 0.453 0.093 0.009
Gm20762 | 0.442 0.093 0.009
Derl3 0.404 0.087 0.013
Pax6osl | 0.415 0.091 0.013
Plbdl 0.43 0.093 0.013
H2-Ea 0.414 0.091 0.016
H4c8 0.417 0.093 0.017
Myc 0.368 0.082 0.017
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4.6 Figures

Figure 1: Pup Ultrasonic Vocalizations (USV)
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Legend: Among 4 control and 4 treatment dams, 6 pups per dam were removed one at a time
from the dam and placed into an insulated chamber where USVs were recorded for 3 min by an
ultrasonic microphone. Mean = standard error shown for number of USVs recorded across 4
days of testing, stratified by sex owing to significant treatment by sex interaction (n = 48).
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Figure 2: Open Field Test (OFT)
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Legend: Mice were allowed to roam freely in a clear Plexiglas open field arena for 60 minutes.
Mean = standard error shown for (A, B) total distance traveled (ambulatory movement, stratified
by sex owing to significant treatment by sex interaction), (C, D) total number of rearings defined
as the number of times the mouse disrupted two infrared beams by standing on its hind limbs,
and (E, F) time spent in the center zone of the arena (n = 111).
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Figure 3: CatWalk
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Legend: Mice completed three full crossings over an illuminated walled glass walkway. CatWalk
XT software automatically measured 226 parameters related to mouse gait and locomotion via a
high-speed camera underneath the walkway. Raw (A) and FDR-adjusted (B) P-values and beta
estimates from separate linear regressions of treatment on each parameter shown. Red horizontal
line at significance threshold of P=0.05 (n = 90).
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Figure 4: Elevated plus maze (EPM)
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Legend: Mice were placed in the central junction facing a closed arm and allowed to roam the
maze for five-minutes. Individual data points and box and whiskers shown for the time spent in
(A) open arms, (B) closed arms, (C) the central junction, and (D) the ratio of time spent in the
open versus closed arms (n = 104).
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Figure 5: Pre-pulse inhibition (PPI)
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Legend: Mean + standard error shown for PPI % inhibition, calculated separately for each pre-
pulse dB level as: (response to 110 dB alone - response to 110 dB with pre-pulse) / response to
110 dB alone. The baseline response was defined as: (response to 110 dB alone - response to 68
dB alone) / response to 110 dB alone (n = 90).
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Figure 6: 5-Choice Serial Reaction Time Task (5CSRTT)
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Legend: Individual data (one point per mouse per 5CSRTT session) and box and whiskers shown
for accuracy, omission, and premature response percent during (A-C) 5CSRTT training and (D-
L) probes (n = 16 mice, see methods for details).
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Figure 7: Ensemble of Gene Set Enrichment Analysis (EGSEA)
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Legend: APAP treatment over control fold changes in top 20 enriched terms for (A) MSigDB
hallmark gene sets and (B) KEGG pathways sorted from top to bottom by EGSEA median
ranking score. Analysis repeated for all mice and stratified by sex (n = 24).
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4.7 Supplement

eTable 1: Beta estimates from linear regression of APAP versus control treatment on individual
CatWalk parameters

Estimate Standard Statistic | Outcome P value P adj
error

-0.056 0.022 -2.584 | rh_print_width ¢ | 0.011 0.695
m_mean

-0.033 0.013 -2.573 couplings_Ih_rf ¢ | 0.012 0.695
_stat r

0.525 0.215 2441 hp_min_intensity | 0.017 0.695
_mean

-0.046 0.020 -2.365 hp_print_width_c | 0.020 0.695
m_mean

2.050 0.895 2.291 couplings_Ih_rh_ | 0.024 0.695
mean

-0.068 0.030 -2.264 couplings_rh_lh_c | 0.026 0.695
_stat_r

-2.098 0.986 -2.128 couplings_rh_If_ | 0.036 0.695
mean

0.486 0.232 2.098 Ih_min_intensity | 0.039 0.695
mean

-0.032 0.015 -2.094 couplings_rh_If ¢ | 0.039 0.695
_stat r
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2.027 0.969 2.092 rf_max_contact_a | 0.039 0.695
t_percent_mean

-0.014 0.007 -2.014 If_max_contact_a | 0.047 0.695
rea_cmz2_mean

0.439 0.218 2.012 support_girdle_pe | 0.047 0.695
rcent

-1.578 0.790 -1.998 step_sequence_re | 0.049 0.695
gularity_index_pe
rcent

-0.053 0.027 -1.995 couplings_rh_rf_c | 0.049 0.695
_stat r

-0.039 0.020 -1.993 phase_dispersions | 0.050 0.695
_rf Ih c stat r

-0.053 0.027 -1.977 phase_dispersions | 0.051 0.695
_lh_rh_c stat r

-2.548 1.304 -1.953 support_diagonal_ | 0.054 0.695
percent

-0.036 0.018 -1.943 couplings_rf_Ih_c | 0.055 0.695
_stat_r

-8.696 4.668 -1.863 couplings_If rh_ | 0.066 0.760

mean
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-0.014 0.008 -1.853 [ If print_length_c | 0.067 0.760
m_mean

-0.421 0.235 -1.787 rf_stand_index_m | 0.078 0.782
ean

-0.035 0.020 -1.778 phase_dispersions | 0.079 0.782
_If Ih_c_stat r

0.341 0.194 1.757 support_lateral_pe | 0.082 0.782
rcent

-0.046 0.027 -1.719 couplings_Ih_rh_c | 0.089 0.782
_stat r

-0.020 0.012 -1.712 Ih_max_contact_a | 0.091 0.782
rea_cmz2_mean

-0.012 0.007 -1.688 fp_max_contact_a | 0.095 0.782
rea_cmz2_mean

1.126 0.674 1.670 step_sequence_rb | 0.099 0.782
_percent

-4.274 2.579 -1.657 rf_max_intensity | 0.101 0.782
mean

0.351 0.214 1.636 If_stand_index_m | 0.105 0.782
ean

-0.018 0.011 -1.629 hp_max_contact_ | 0.107 0.782

area_cmz2_mean
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0.455 0.280 1.628 rh_min_intensity | 0.107 0.782
mean

1.761 1.120 1.572 support_three_per | 0.120 0.796
cent

-0.039 0.025 -1.557 phase_dispersions | 0.123 0.796
_rf rh c stat r

-0.036 0.023 -1.539 couplings_If rh_c | 0.128 0.796
_stat r

1.245 0.809 1.538 fp_max_contact_a | 0.128 0.796
t_percent_mean

-0.012 0.008 -1.496 fp_print_length_c | 0.138 0.796
m_mean

-2.700 1.805 -1.496 fp_mean_intensity | 0.138 0.796
_of thel5most_in
tense_pixels_mea
n

-3.148 2.108 -1.494 fp_max_intensity | 0.139 0.796
_mean

0.091 0.061 1.491 print_positions_le | 0.140 0.796

ft_paws_mean_c

m
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0.143 0.097 1.475 fp_min_intensity | 0.144 0.796
mean

-3.114 2.118 -1.471 rf_mean_intensity | 0.145 0.796
_of thel5most_in
tense_pixels_mea
n

-1.064 0.729 -1.458 If_mean_intensity | 0.148 0.796
_mean

0.178 0.124 1.441 rf_min_intensity | 0.153 0.796
mean

-0.010 0.007 -1.435 If_print_area_cm2 | 0.155 0.796
_mean

-0.019 0.013 -1.416 Ih_print_area_cm | 0.160 0.798
2_mean

-0.031 0.022 -1.409 | Ih_print_width_c | 0.162 0.798
m_mean

-0.824 0.600 -1.374 couplings_rf If ¢ | 0.173 0.832
_stat_mean

-0.004 0.003 -1.351 Ih_single_stance_ | 0.180 0.847

s_mean
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-3.248

2.423

-1.340

rf_max_contact_
max_intensity _me

an

0.184

0.847

-0.825

0.621

-1.328

fp_max_contact_
mean_intensity_m

ean

0.188

0.848

-0.963

0.731

-1.317

fp_mean_intensity

_mean

0.191

0.848

-0.922

0.709

-1.301

rf_max_contact_
mean_intensity_m

ean

0.197

0.855

-2.253

1.759

-1.281

If_mean_intensity
_of thel5most_in
tense_pixels_mea

n

0.204

0.869

-0.009

0.007

-1.266

fp_print_area_cm

2_mean

0.209

0.874

-0.033

0.027

-1.241

couplings_rf rh_c

_stat_r

0.218

0.882

-2.482

2.007

-1.237

fp_max_contact_
max_intensity_me

an

0.220

0.882
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-0.016 0.013 -1.229 hp_print_area_cm | 0.223 0.882
2_mean

-0.015 0.012 -1.191 rh_max_contact a | 0.237 0.908
rea_cmz2_mean

-0.734 0.628 -1.170 If_ max_contact_ | 0.245 0.908
mean_intensity_m
ean

-0.028 0.024 -1.162 phase_dispersions | 0.248 0.908
_If rh_c stat r

0.029 0.025 1.156 bos_hind_paws_ | 0.251 0.908
mean_cm

-5.274 4.635 -1.138 phase_dispersions | 0.258 0.908
_If rh_c_stat_mea
n

0.915 0.806 1.135 phase_dispersions | 0.260 0.908
_If_rf_mean

0.717 0.633 1.134 other_statistics_n | 0.260 0.908
umber_of_steps

-2.112 1.867 -1.131 step_sequence_aa | 0.261 0.908
_percent

-3.730 3.392 -1.099 hp_mean_intensit | 0.275 0.926

y_of thelbmost i
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ntense_pixels_me

an

-1.398 1.288 -1.086 couplings_rh_rf_ | 0.280 0.926
mean

-0.009 0.008 -1.083 rf_max_contact_a | 0.282 0.926
rea_cmz2_mean

-0.022 0.021 -1.061 couplings_If Ih_c | 0.292 0.926
_stat r

-4.280 4.109 -1.042 hp_max_contact_ | 0.301 0.926
max_intensity _me
an

0.751 0.727 1.032 phase_dispersions | 0.305 0.926
_lh_rh_c_stat me
an

-4.162 4.058 -1.025 hp_max_intensity | 0.308 0.926
_mean

-0.860 0.838 -1.025 rf_mean_intensity | 0.308 0.926
_mean

-3.661 3.639 -1.006 Ih_mean_intensity | 0.317 0.926

_of thel5most_in
tense_pixels_mea

n
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-0.078 0.077 -1.004 [ Ih_stride_length c | 0.318 0.926
m_mean

-4.490 4.494 -0.999 Ih_max_intensity | 0.321 0.926
mean

-1.764 1.785 -0.988 rh_max_intensity | 0.326 0.926
_at_percent_mean

-4.427 4.505 -0.983 Ih_max_contact | 0.329 0.926
max_intensity _me
an

-3.480 3.586 -0.971 rh_mean_intensity | 0.335 0.926
_of thel5most_in
tense_pixels_mea
n

0.069 0.071 0.963 support_zero_perc | 0.338 0.926
ent

-1.147 1.193 -0.961 phase_dispersions | 0.339 0.926
_lh_rh_mean

-0.002 0.002 -0.941 hp_single_stance_ | 0.350 0.926
S_mean

-0.018 0.019 -0.936 couplings_Ih_If ¢ | 0.352 0.926

_stat_r
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-1.173 1.264 -0.928 hp_max_intensity | 0.356 0.926
_at_percent_mean

-0.752 0.812 -0.926 Ih_duty_cycle_per | 0.357 0.926
cent_mean

-1.943 2.101 -0.925 If_max_intensity | 0.358 0.926
mean

-3.107 3.385 -0.918 other_statistics_m | 0.361 0.926
aximum_variation
_percent

0.002 0.002 0.918 fp_swing_s_mean | 0.361 0.926

-1.723 1.901 -0.906 rh_body speed v | 0.367 0.926
ariation_percent_
mean

-0.008 0.009 -0.903 rf_print_area_cm2 | 0.369 0.926
_mean

-3.135 3.524 -0.890 run_maximum_va | 0.376 0.933
riation_percent

-0.778 0.885 -0.879 couplings_rh_lh_c | 0.382 0.933
_stat_mean

0.002 0.003 0.869 If swing_s mean | 0.387 0.933

0.906 1.050 0.863 If swing_speed ¢ | 0.391 0.933

m_s_mean
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-0.004

0.004

-0.860

If_initial_dual_sta

nce_s_mean

0.392

0.933

0.665

0.787

0.844

couplings_Ih_rh_c

_stat_mean

0.401

0.935

-3.666

4.398

-0.834

rh_max_contact_
max_intensity _me

an

0.407

0.935

0.057

0.070

0.818

print_positions_ri
ght_paws_mean_c

m

0.416

0.935

-4.411

5.458

-0.808

couplings_rf_Ih_

mean

0.421

0.935

-1.663

2.064

-0.805

If_max_contact_
max_intensity_me

an

0.423

0.935

-3.385

4.247

-0.797

rh_max_intensity

_mean

0.428

0.935

-0.989

1.262

-0.784

couplings_Ih_rf_

mean

0.435

0.935

0.725

0.927

0.782

couplings_Ih_If

mean

0.436

0.935
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-0.450 0.580 -0.775 If duty cycle per | 0.441 0.935
cent_mean

0.886 1.147 0.772 run_average_spee | 0.442 0.935
d cm_s

-0.011 0.014 -0.771 rh_print_area_cm | 0.443 0.935
2_mean

-0.008 0.011 -0.765 rf_print_length_c | 0.446 0.935
m_mean

-0.005 0.007 -0.756 Ih_stand_s mean | 0.452 0.935

-0.746 0.993 -0.751 rh_mean_intensity | 0.455 0.935
_mean

-0.013 0.017 -0.751 hp_print_length_c | 0.455 0.935
m_mean

3.221 4.440 0.726 couplings_Ih_rf ¢ | 0.470 0.942
_stat_mean

-0.054 0.076 -0.711 hp_stride_length_ | 0.479 0.942
cm_mean

-0.654 0.947 -0.691 hp_mean_intensit | 0.492 0.942
y_mean

-3.357 4.904 -0.685 couplings_If rh_c | 0.495 0.942

_stat_mean
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-0.002 0.003 -0.671 | fp_initial_dual_st | 0.504 0.942
ance_s_mean

0.293 0.440 0.666 support_single_pe | 0.507 0.942
rcent

0.954 1.439 0.663 rh_max_contact_a | 0.509 0.942
t_percent_mean

0.528 0.800 0.660 couplings_rf rh_c | 0.511 0.942
_stat_mean

-3.239 4.919 -0.658 couplings_rh_If ¢ | 0.512 0.942
_stat_mean

-0.500 0.768 -0.651 couplings_Ih_If ¢ | 0.517 0.942
_stat_mean

-0.459 0.705 -0.651 hp_duty cycle pe | 0.517 0.942
rcent_mean

-0.004 0.006 -0.648 hp_stand_s_mean | 0.519 0.942

0.076 0.117 0.647 If_min_intensity_ | 0.519 0.942
mean

-0.897 1.405 -0.638 Ih_max_contact_a | 0.525 0.942
t_percent_mean

-0.159 0.254 -0.626 other_statistics_av | 0.533 0.942

erage_speed_cm_

S
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0.002 0.004 0.619 rf_swing_s mean | 0.538 0.942

0.048 0.078 0.614 If_stride_length_c | 0.541 0.942
m_mean

0.499 0.831 0.600 couplings_rf_If_ m | 0.550 0.942
ean

-0.011 0.018 -0.598 Ih_print_length_c | 0.551 0.942
m_mean

0.003 0.006 0.588 rh_terminal_dual | 0.558 0.942
stance_s_mean

-0.011 0.018 -0.588 rh_print_length_c | 0.558 0.942
m_mean

0.212 0.363 0.583 Ih_stand_index_m | 0.561 0.942
ean

-0.536 0.931 -0.576 phase_dispersions | 0.566 0.942
_If_Ih_mean

-0.005 0.008 -0.575 If step_cycle.s | 0.567 0.942
mean

-0.592 1.042 -0.568 Ih_mean_intensity | 0.571 0.942
_mean

-0.003 0.005 -0.568 fp_stand_s mean | 0.572 0.942

0.002 0.003 0.563 hp_initial_dual_st | 0.575 0.942

ance_s_mean
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-0.269 0.488 -0.552 fp_duty cycle_pe | 0.583 0.942
rcent_mean

0.314 0.574 0.547 phase_dispersions | 0.586 0.942
_If_rf _c_stat mea
n

-0.489 0.901 -0.543 rh_max_contact | 0.588 0.942
mean_intensity_m
ean

0.402 0.744 0.541 phase_dispersions | 0.590 0.942
_rf_rh_c_stat_ me
an

2.636 4.902 0.538 phase_dispersions | 0.592 0.942
_rf_Ih_c_stat mea
n

-1.004 1.889 -0.532 hp_body speed_v | 0.596 0.943
ariation_percent_
mean

-0.155 0.298 -0.520 Ih_body_speed_c | 0.605 0.946
m_s_mean

-0.623 1.231 -0.506 Ih_swing_speed c | 0.614 0.946

m_s_mean
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-2.288 4.593 -0.498 couplings_rf Ih_c | 0.620 0.946
_stat_mean

0.494 0.996 0.496 couplings_rh_rf ¢ | 0.622 0.946
_stat_mean

0.332 0.679 0.488 phase_dispersions | 0.626 0.946
_If Ih_c_stat_ mea
n

-0.409 0.842 -0.486 hp_max_contact_ | 0.628 0.946
mean_intensity_m
ean

0.477 0.983 0.485 fp_swing_speed_c | 0.629 0.946
m_s_mean

-0.004 0.008 -0.478 If_print_width_c | 0.634 0.946
m_mean

-0.519 1.117 -0.465 phase_dispersions | 0.643 0.946
_rf_rh_mean

-0.672 1.461 -0.460 Ih_max_intensity | 0.647 0.946
at_percent_mean

-0.003 0.007 -0.457 Ih_step_cycle_s_ | 0.649 0.946
mean

0.002 0.005 0.450 rh_initial_dual_st | 0.654 0.946

ance_s_mean
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-0.365 0.813 -0.449 fp_max_intensity | 0.654 0.946
_at_percent_mean

0.441 1.009 0.437 If_max_contact_at | 0.663 0.946
_percent_mean

-0.003 0.006 -0.433 hp_step_cycle_s_ | 0.666 0.946
mean

-0.823 1.919 -0.429 If_body speed_va | 0.669 0.946
riation_percent_m
ean

0.132 0.317 0.416 mass 0.678 0.946

-0.387 0.938 -0.413 Ih_max_contact | 0.681 0.946
mean_intensity_m
ean

-0.007 0.019 -0.397 phase_dispersions | 0.692 0.946
_If rf c stat r

-0.002 0.006 -0.395 rf_stand_s mean | 0.694 0.946

-0.003 0.006 -0.392 If_stand_s_mean | 0.696 0.946

0.027 0.073 0.373 fp_stride_length_ | 0.710 0.946
cm_mean

0.001 0.003 0.370 rh_single_stance | 0.712 0.946

s_mean
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-0.002 0.005 -0.365 Ih_terminal_dual_ | 0.716 0.946
stance_s_mean

0.003 0.008 0.361 rf_step_cycle.s | 0.719 0.946
mean

0.001 0.003 0.354 rf_single_stance_s | 0.724 0.946
_mean

-0.007 0.020 -0.347 couplings_If rf ¢ | 0.729 0.946
_stat r

0.026 0.077 0.339 other_statistics_d | 0.735 0.946
uration_s

-0.385 1.137 -0.338 hp_swing_speed_ | 0.736 0.946
cm_s_mean

1.177 3.538 0.333 phase_dispersions | 0.740 0.946
_rf_Ih_mean

0.118 0.359 0.328 step_sequence_ra | 0.743 0.946
_percent

0.198 0.606 0.327 couplings_If rf ¢ | 0.744 0.946
_stat_mean

-0.363 1.170 -0.310 rf_max_intensity | 0.757 0.946
at_percent_mean

-0.001 0.004 -0.310 rf_terminal_dual | 0.758 0.946

stance_s_mean
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-0.354 1.146 -0.309 support_four_perc | 0.758 0.946
ent

0.753 2.445 0.308 step_sequence_cb | 0.759 0.946
_percent

-0.226 0.736 -0.306 couplings_If _Ih_ | 0.760 0.946
mean

-0.572 1.878 -0.305 fp_body_speed_v | 0.761 0.946
ariation_percent_
mean

0.001 0.002 0.304 fp_single_stance_ | 0.762 0.946
S_mean

-0.090 0.313 -0.288 rf_body speed ¢ | 0.774 0.946
m_s_mean

-0.006 0.020 -0.288 couplings_rf_If ¢ | 0.774 0.946
_stat_r

-0.001 0.004 -0.287 rf_initial_dual_sta | 0.775 0.946
nce_s_mean

-0.001 0.003 -0.272 fp_terminal_dual | 0.787 0.951
stance_s_mean

-0.096 0.358 -0.270 rh_stand_index_m | 0.788 0.951

ean
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0.001 0.005 0.265 Ih_initial_dual_sta | 0.791 0.951
nce_s_mean

-0.022 0.089 -0.253 run_duration_s 0.801 0.955

-0.002 0.007 -0.236 rh_stand_s mean | 0.814 0.955

0.002 0.011 0.234 rf_print_width ¢ | 0.816 0.955
m_mean

-0.426 1.937 -0.220 rf_body_speed va | 0.826 0.955
riation_percent_m
ean

-0.002 0.007 -0.219 fp_step_cycle_ s | 0.827 0.955
mean

-0.001 0.003 -0.219 rh_swing_s _mean | 0.827 0.955

-0.061 0.281 -0.216 hp_body speed ¢ | 0.830 0.955
m_s_mean

-0.037 0.176 -0.209 fp_stand_index_m | 0.835 0.955
ean

-0.002 0.008 -0.190 | fp_print_width_c | 0.850 0.955
m_mean

0.001 0.004 0.187 hp_terminal_dual | 0.852 0.955

_stance_s_mean
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-0.368 1.971 -0.187 [ Ih_body speed v | 0.852 0.955
ariation_percent_
mean

-0.185 1.004 -0.184 If_max_intensity | 0.854 0.955
at_percent_mean

-0.004 0.020 -0.183 bos_front_paws_ | 0.856 0.955
mean_cm

0.000 0.002 -0.177 hp_swing_s_mean | 0.860 0.955

0.121 0.743 0.162 couplings_If Ih_c | 0.871 0.955
_stat_mean

0.013 0.080 0.162 rf_stride_length_c | 0.872 0.955
m_mean

0.389 2.403 0.162 step_sequence_ca | 0.872 0.955
_percent

0.045 0.285 0.158 rh_body speed ¢ | 0.875 0.955
m_s_mean

-0.522 3.358 -0.156 phase_dispersions | 0.877 0.955
_If _rh_mean

0.000 0.003 0.139 Ih_swing_s mean | 0.889 0.955

0.127 0.916 0.139 couplings_rf rh_ | 0.890 0.955

mean
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-0.019 0.143 -0.133 step_sequence_nu | 0.895 0.955
mber_of patterns

0.155 1.264 0.123 rh_swing_speed_c | 0.903 0.955
m_s_mean

-0.037 0.304 -0.122 fp_body_speed_c | 0.903 0.955
m_s_mean

-0.024 0.212 -0.115 other_statistics_ca | 0.909 0.955
dence

0.011 0.095 0.113 rh_stride_length_ | 0.910 0.955
cm_mean

0.140 1.247 0.113 rf_swing_speed_c | 0.911 0.955
m_s_mean

0.034 0.312 0.110 hp_stand_index_ | 0.912 0.955
mean

0.061 0.596 0.103 couplings_If rf_ m | 0.919 0.957
ean

0.096 1.208 0.080 couplings_rh_lh_ | 0.937 0.967
mean

-0.273 3.448 -0.079 step_sequence_ab | 0.937 0.967
_percent

0.072 1.179 0.061 hp_max_contact_ | 0.952 0.977

at_percent_mean
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0.000 0.004 0.054 If_terminal_dual_ | 0.957 0.979
stance_s_mean

0.000 0.007 0.032 rh_step_cycle s | 0.975 0.985
mean

0.000 0.003 -0.030 If_single stance s | 0.976 0.985
_mean

-0.021 0.825 -0.025 rh_duty_cycle_pe | 0.980 0.985
rcent_mean

0.007 0.311 0.024 If_body speed ¢ | 0.981 0.985
m_s_mean

0.008 0.707 0.012 rf_duty cycle per | 0.990 0.990

cent_mean
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eTable 2: Top 20 APAP over control enrichments from EGSEA for all mice and stratified by sex

Gene Set Description Number | Padj | Medium | Average | Pathway | Strat
of Genes Rank log(Fold um
Score Change)
G2M_CHECK | Genes involved | 311/320 | 0.026 | 3 0.960 MutSig | All
POINT in the G2/M DB
checkpoint, as Hallmar
in progression k
through the cell
division cycle.
ALLOGRAFT | Genes up- 319/333 | 0.002 |3 0.326 MutSig | All
_REJECTION | regulated during DB
transplant Hallmar
rejection. k
INTERFERO | Genes up- 177/187 | 0.000 |7 0.314 MutSig | All
N_ALPHA R | regulated in DB
ESPONSE response to Hallmar
alpha interferon k
proteins.
IL6_JAK_STA | Genes up- 122/124 |0.019 |8 0.280 MutSig | All
T3 _SIGNALI | regulated by DB
NG IL6 Hallmar
[GenelD=3569] k
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via STAT3
[GenelD=6774]
, €.9., during

acute phase

response.
DNA_REPAI | Genesinvolved | 206/218 | 0.177 |9 0.113 MutSig | All
R in DNA repair. DB
Hallmar
k
E2F_TARGET | Genes encoding | 304/312 | 0.020 |9 0.246 MutSig | All
S cell cycle DB
related targets Hallmar
of E2F k
transcription
factors.
INTERFERO | Genes up- 317/327 | 0.000 |10 0.273 MutSig | All
N_GAMMA _ | regulated in DB
RESPONSE response to Hallmar
IFNG k

[GenelD=3458]
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XENOBIOTIC | Genes encoding | 342/349 | 0.050 | 12 0.329 MutSig | All

_METABOLI | proteins DB

SM involved in Hallmar
processing of k
drugs and other
xenobiotics.

APOPTOSIS Genes 221/224 |0.180 |13 0.217 MutSig | All
mediating DB
programmed Hallmar
cell death k
(apoptosis) by
activation of
caspases.

ESTROGEN_ | Genes defining | 323/327 | 0.180 | 14 0.279 MutSig | All

RESPONSE _L | late response to DB

ATE estrogen. Hallmar

k

COMPLEME | Genes encoding | 362/367 | 0.060 | 15 0.323 MutSig | All

NT components of DB
the complement Hallmar
system, which k
is part of the
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innate immune

system.
INFLAMMAT | Genes defining | 301/303 | 0.180 | 16 0.288 MutSig | All
ORY_RESPO | inflammatory DB
NSE response. Hallmar

k

IL2_STAT5_S | Genes up- 337/343 | 0.094 | 16 0.270 MutSig | All
IGNALING regulated by DB

STATS n Hallmar

response to 1L2 k

stimulation.
PROTEIN_SE | Genes involved | 146/146 | 0.083 | 17 -0.068 MutSig | All
CRETION in protein DB

secretion Hallmar

pathway. k
COAGULATI | Genes encoding | 222/225 | 0.012 | 18 0.446 MutSig | All
ON components of DB

blood Hallmar

coagulation k

system; also up-

regulated in

platelets.
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MYOGENESI | Genes involved | 333/335 | 0.472 | 19 0.198 MutSig | All
S in development DB
of skeletal Hallmar
muscle k
(myogenesis).
MYC_TARGE | A subgroup of | 69/71 0.180 | 21 0.111 MutSig | All
TS V2 genes regulated DB
by MYC - Hallmar
version 2 (v2). k
BILE_ACID_ | Genes involve 176/176 | 0.214 |21 0.384 MutSig | All
METABOLIS | in metabolism DB
M of bile acids and Hallmar
salts. k
ESTROGEN_ | Genes defining | 307/310 | 0.214 | 22 0.219 MutSig | All
RESPONSE_E | early response DB
ARLY to estrogen. Hallmar
k
MTORC1_SIG | Genes up- 297/310 | 0.180 | 23 0.136 MutSig | All
NALING regulated DB
through Hallmar
activation of k
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mTORC1
complex.
G2M_CHECK | Genes involved | 311/320 | 0.004 | 2 0.271 MutSig | Male
POINT in the G2/M DB
checkpoint, as Hallmar
in progression k
through the cell
division cycle.
E2F_TARGET | Genes encoding | 304/312 | 0.040 |3 0.290 MutSig | Male
S cell cycle DB
related targets Hallmar
of E2F k
transcription
factors.
MITOTIC_SPI | Genes 357/358 | 0.064 |5 0.252 MutSig | Male
NDLE important for DB
mitotic spindle Hallmar
assembly. k
APOPTOSIS Genes 221/224 |0.316 |10 0.235 MutSig | Male
mediating DB
programmed Hallmar
cell death k
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(apoptosis) by
activation of
caspases.
ALLOGRAFT | Genes up- 319/333 | 0.316 |10 0.372 MutSig | Male
_REJECTION | regulated during DB
transplant Hallmar
rejection. k
ADIPOGENE | Genes up- 300/303 | 0.314 | 12 0.163 MutSig | Male
SIS regulated during DB
adipocyte Hallmar
differentiation k
(adipogenesis).
CHOLESTER | Genes involved | 110/110 | 0.443 |13 0.187 MutSig | Male
OL_HOMEOS | in cholesterol DB
TASIS homeostasis. Hallmar
k
MYOGENESI | Genes involved | 333/335 | 0.414 |16 0.224 MutSig | Male
S in development DB
of skeletal Hallmar
muscle k
(myogenesis).
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IL6_JAK_STA | Genes up- 122/124 | 0.544 | 17 0.297 MutSig | Male
T3 SIGNALI | regulated by DB
NG IL6 Hallmar

[GenelD=3569] k

via STAT3

[GenelD=6774]

, €.9., during

acute phase

response.
PROTEIN_SE | Genes involved | 146/146 | 0.064 | 17 -0.078 MutSig | Male
CRETION in protein DB

secretion Hallmar

pathway. k
INTERFERO | Genes up- 177/187 | 0.331 |17 0.298 MutSig | Male
N_ALPHA R | regulated in DB
ESPONSE response to Hallmar

alpha interferon k

proteins.
DNA_REPAI | Genes involved | 206/218 | 0.519 |18 0.168 MutSig | Male
R in DNA repair. DB

Hallmar
k
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UV_RESPON | Genes up- 315/322 | 0.331 | 18 0.302 MutSig | Male
SE_UP regulated in DB
response to Hallmar
ultraviolet (UV) k
radiation.
INTERFERO | Genes up- 317/327 | 0.331 |19 0.290 MutSig | Male
N_GAMMA | regulated in DB
RESPONSE response to Hallmar
IFNG k
[GenelD=3458]
MYC_TARGE | A subgroup of | 69/71 0.240 |19 0.150 MutSig | Male
TS V2 genes regulated DB
by MYC - Hallmar
version 2 (v2). k
TNFA_SIGNA | Genes regulated | 321/327 | 0.583 | 22 0.268 MutSig | Male
LING_VIA_N | by NF-kB in DB
FKB response to Hallmar
TNF k
[GenelD=7124]
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HEDGEHOG_ | Genes up- 69/73 0414 | 22 0.198 MutSig | Male
SIGNALING | regulated by DB
activation of Hallmar
hedgehog k
signaling.
WNT_BETA | Genes up- 68/69 0.600 | 23 0.161 MutSig | Male
CATENIN_SI | regulated by DB
GNALING activation of Hallmar
WNT signaling k
through
accumulation of
beta catenin
CTNNB1
[GenelD=1499]
COMPLEME | Genes encoding | 362/367 | 0.536 | 23 0.299 MutSig | Male
NT components of DB
the complement Hallmar
system, which k
is part of the
innate immune
system.
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UNFOLDED_ | Genes up- 174/176 | 0.259 | 24 -0.091 MutSig | Male
PROTEIN_RE | regulated during DB
SPONSE unfolded Hallmar

protein k

response, a

cellular stress

response related

to the

endoplasmic

reticulum.
WNT_BETA | Genes up- 68/69 0.029 |5 0.215 MutSig | Fem
CATENIN_SI | regulated by DB ale
GNALING activation of Hallmar

WNT signaling k

through

accumulation of
beta catenin
CTNNB1

[GenelD=1499]
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BILE_ACID_ | Genesinvolve |176/176 |0.000 |5 0.604 MutSig | Fem
METABOLIS | in metabolism DB ale
M of bile acids and Hallmar

salts. k
IL6_JAK _STA | Genes up- 122/124 | 0.005 |7 0.372 MutSig | Fem
T3 _SIGNALI | regulated by DB ale
NG IL6 Hallmar

[GenelD=3569] k

via STAT3

[GenelD=6774]

, €.9., during

acute phase

response.
COMPLEME | Genes encoding | 362/367 | 0.024 | 11 0.447 MutSig | Fem
NT components of DB ale

the complement Hallmar

system, which k

is part of the

innate immune

system.
ADIPOGENE | Genes up- 300/303 | 0.020 | 12 0.220 MutSig | Fem
SIS regulated during DB ale
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adipocyte Hallmar

differentiation Kk

(adipogenesis).
EPITHELIAL | Genes defining | 302/304 | 0.044 | 12 0.305 MutSig | Fem
_MESENCHY | epithelial- DB ale
MAL_TRANS | mesenchymal Hallmar
ITION transition, as in k

wound healing,

fibrosis and

metastasis.
G2M_CHECK | Genes involved | 311/320 | 0.506 | 13 0.286 MutSig | Fem
POINT in the G2/M DB ale

checkpoint, as Hallmar

in progression k

through the cell

division cycle.
PEROXISOM | Genes encoding | 179/180 | 0.065 | 13 0.407 MutSig | Fem
E components of DB ale

peroxisome. Hallmar

k

DNA_REPAI | Genes involved | 206/218 | 0.506 | 14 0.141 MutSig | Fem
R in DNA repair. DB ale
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Hallmar
k
ESTROGEN_ | Genes defining | 323/327 | 0.087 | 14 0.386 MutSig | Fem
RESPONSE_L | late response to DB ale
ATE estrogen. Hallmar
k
APOPTOSIS Genes 221/224 | 0.107 | 15 0.288 MutSig | Fem
mediating DB ale
programmed Hallmar
cell death k
(apoptosis) by
activation of
caspases.
ANDROGEN_ | Genes defining | 182/186 | 0.366 | 15 0.233 MutSig | Fem
RESPONSE response to DB ale
androgens. Hallmar
k
INTERFERO | Genes up- 177/187 | 0.000 | 15 0.374 MutSig | Fem
N_ALPHA R | regulated in DB ale
ESPONSE response to Hallmar
alpha interferon k
proteins.
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ALLOGRAFT | Genes up- 319/333 | 0.000 | 16 0.392 MutSig | Fem
_REJECTION | regulated during DB ale
transplant Hallmar
rejection. k
CHOLESTER | Genes involved | 110/110 | 0.146 | 17 0.201 MutSig | Fem
OL_HOMEOS | in cholesterol DB ale
TASIS homeostasis. Hallmar
k
ESTROGEN_ | Genes defining | 307/310 | 0.506 | 17 0.305 MutSig | Fem
RESPONSE_E | early response DB ale
ARLY to estrogen. Hallmar
k
PROTEIN_SE | Genes involved | 146/146 | 0.464 | 17 -0.096 MutSig | Fem
CRETION in protein DB ale
secretion Hallmar
pathway. k
INFLAMMAT | Genes defining | 301/303 | 0.151 | 18 0.342 MutSig | Fem
ORY_RESPO | inflammatory DB ale
NSE response. Hallmar
k
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INTERFERO | Genes up- 317/327 | 0.000 | 19 0.333 MutSig | Fem
N_GAMMA | regulated in DB ale
RESPONSE response to Hallmar
IFNG k
[GenelD=3458]
XENOBIOTIC | Genes encoding | 342/349 | 0.000 | 19 0.509 MutSig | Fem
_METABOLI | proteins DB ale
SM involved in Hallmar
processing of k
drugs and other
xenobiotics.
Autoimmune | Disease 73/79 0.000 |2 0.426 KEGG | All
thyroid disease
Homologous Signaling 41/41 0.023 |3 0.960 KEGG | All
recombination
Hematopoietic | Signaling 94/94 0.003 |11 0.375 KEGG | All
cell lineage
Allograft Disease 57163 0.001 |12 0.456 KEGG | All
rejection
Chemical Disease 83/84 0.001 |14 0.587 KEGG | All
carcinogenesis

126




Metabolism of
xenobiotics by
cytochrome

P450

Metabolism

72/73

0.003

15

0.473

KEGG

All

Steroid
hormone

biosynthesis

Metabolism

90/92

0.003

16

0.624

KEGG

All

Drug
metabolism -
cytochrome

P450

Metabolism

70/71

0.002

17

0.462

KEGG

All

Steroid

biosynthesis

Metabolism

20/20

0.091

18

0.359

KEGG

All

Type | diabetes

mellitus

Disease

64/70

0.005

23

0.390

KEGG

All

Antigen
processing and

presentation

Signaling

83/90

0.003

24

0.338

KEGG

All

Graft-versus-

host disease

Disease

57/63

0.000

28

0.421

KEGG

All

Viral

myocarditis

Disease

82/88

0.035

33

0.360

KEGG

All
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Leishmaniasis | Disease 70/70 0.049 | 35 0.290 KEGG | All
Systemic lupus | Disease 144/148 | 0.041 | 35 0.323 KEGG | All
erythematosus

Cell adhesion | Signaling 166/174 | 0.046 | 37 0.355 KEGG | All
molecules

(CAMs)

Glutathione Metabolism 71/71 0.022 | 39 0.228 KEGG | All
metabolism

Staphylococcu | Disease 116/124 | 0.000 |41 0.379 KEGG | All
s aureus

infection

beta-Alanine Metabolism 32/32 0.091 | 42 0.169 KEGG | All
metabolism

Citrate cycle Metabolism 32/32 0.091 |43 -0.051 KEGG | All
(TCA cycle)

Citrate cycle Metabolism 32/32 0.000 |2 -0.077 KEGG | Male
(TCA cycle)

Ubiquitin Signaling 139/140 | 0.078 |9 -0.067 | KEGG | Male
mediated

proteolysis
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Ascorbate and

aldarate

metabolism

Metabolism

27127

0.299

12

0.272

KEGG

Male

Graft-versus-

host disease

Disease

58/65

0.084

12

0.456

KEGG

Male

Fatty acid

elongation

Metabolism

27127

0.319

13

-0.132

KEGG

Male

Oxidative
phosphorylatio

n

Metabolism

134/134

0.078

16

-0.085

KEGG

Male

DNA

replication

Signaling

35/35

0.016

16

0.186

KEGG

Male

Homologous

recombination

Signaling

41/41

0.094

16

0.259

KEGG

Male

Ubiquinone
and other
terpenoid-
quinone

biosynthesis

Metabolism

11-Nov

0.387

18

-0.182

KEGG

Male

Autoimmune

thyroid disease

Disease

71/79

0.142

19

0.476

KEGG

Male
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Allograft

rejection

Disease

56/64

0.156

21

0.478

KEGG

Male

Synthesis and
degradation of

ketone bodies

Metabolism

11-Nov

0.160

26

-0.139

KEGG

Male

Cysteine and
methionine

metabolism

Metabolism

47/48

0.174

27

-0.194

KEGG

Male

N-Glycan

biosynthesis

Metabolism

49/49

0.156

27

-0.087

KEGG

Male

Phenylalanine

metabolism

Metabolism

23/23

0.447

30

-0.310

KEGG

Male

Steroid

biosynthesis

Metabolism

19/19

0.545

32

-0.052

KEGG

Male

Glycolysis /
Gluconeogenes

is

Metabolism

66/66

0.270

34

-0.143

KEGG

Male

Valine, leucine
and isoleucine

degradation

Metabolism

56/56

0.278

35

-0.134

KEGG

Male

Fatty acid

biosynthesis

Metabolism

14/14

0.362

40

-0.206

KEGG

Male
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Type | diabetes | Disease 63/70 0.319 |41 0.403 KEGG | Male
mellitus

Ascorbate and | Metabolism 27127 0.000 |7 0.905 KEGG | Fem
aldarate ale
metabolism

Fatty acid Metabolism 49/49 0.000 | 10 0.316 KEGG Fem
degradation ale
Steroid Metabolism 19/19 0.145 | 12 0.407 KEGG | Fem
biosynthesis ale
Pentose and Metabolism 34/34 0.002 | 15 0.722 KEGG | Fem
glucuronate ale
interconversio

ns

Steroid Metabolism 86/87 0.000 | 15 1.041 KEGG | Fem
hormone ale
biosynthesis

Glycolysis / Metabolism 66/66 0.004 |23 0.332 KEGG | Fem
Gluconeogenes ale
IS

Pentose Metabolism 32/32 0.167 | 24 0.433 KEGG | Fem
phosphate ale
pathway
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Glycine, serine | Metabolism 40/40 0.012 | 25 0.428 KEGG | Fem
and threonine ale
metabolism
Drug Metabolism 51/51 0.004 | 25 0.779 KEGG | Fem
metabolism - ale
other enzymes
Tryptophan Metabolism 46/46 0.041 | 31 0.458 KEGG | Fem
metabolism ale
Porphyrinand | Metabolism 41/41 0.012 | 32 0.713 KEGG | Fem
chlorophyll ale
metabolism
Ribosome Signaling 169/177 | 0.000 | 34 0.276 KEGG | Fem
ale
Valine, leucine | Metabolism 56/56 0.018 | 35 0.189 KEGG | Fem
and isoleucine ale
degradation
Folate Metabolism 14/14 0.019 | 36 0.269 KEGG | Fem
biosynthesis ale
Arginine and Metabolism 50/50 0.020 | 37 0.266 KEGG | Fem
proline ale
metabolism
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Glutathione Metabolism 59/59 0.000 | 38 0.289 KEGG | Fem
metabolism ale
Long-term Signaling 67/67 0.020 | 38 -0.152 KEGG | Fem
potentiation ale
Starch and Metabolism 33/33 0.010 |39 0.373 KEGG | Fem
sucrose ale
metabolism

Metabolism of | Metabolism 65/65 0.000 | 41 0.681 KEGG | Fem
xenobiotics by ale
cytochrome

P450

beta-Alanine Metabolism 33/33 0.058 | 42 0.290 KEGG | Fem
metabolism ale
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Conclusion

Summary of findings

Despite dozens of observational studies over the past few decades showing consistent
associations of maternal acetaminophen use during pregnancy with child ADHD, major gaps in
the literature remain. The first gap addressed in this dissertation (Chapter 2) was the reliance on
maternal self-reported acetaminophen intake in nearly all prior studies. Here, we have shown an
association of acetaminophen detected in meconium with child ADHD, a result that is not prone
to recall bias. Only one other study, the Boston Birth Cohort, measured acetaminophen in a
biological substrate rather than relying on self-report.?! A meta-analysis of prior studies relying
on self-report found a pooled risk ratio of 1.34 for child ADHD following prenatal
acetaminophen exposure.'® Both our study and the Boston Birth Cohort found stronger
associations: odds ratios of 2.43 and 2.86 respectively. These stronger associations from studies
that directly measured acetaminophen could indicate that the effect size from prior literature is
smaller than the true effect owing to recall bias toward the null.

Another major gap in the literature is the lack of studies investigating the mechanisms
that may link prenatal acetaminophen exposure with child ADHD in humans. We found that
detection of acetaminophen in meconium was associated with altered child brain connectivity
measured via fTMRI (Chapter 2) and adverse birth outcomes (Chapter 3), including reduced
birthweight and gestational age. We explored these potential mechanisms in mediation analyses,
and found that the association of prenatal acetaminophen exposure with child ADHD was

mediated by brain connectivity but not birth outcomes.
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Although observational research has many strengths, it is difficult to infer causality in
observational studies where unmeasured confounding is unavoidable. Accordingly, we employed
a randomized experiment in mice to assess the causal role of prenatal acetaminophen exposure in
neurodevelopment (Chapter 4). Developmental acetaminophen exposure resulted in sex-specific
changes in mouse behavior, but the neurodevelopmental changes were consistent with elevated
anxiety and not ADHD-like behaviors. While some mechanisms can be explored in human
studies, it is difficult to analyze molecular mechanisms in the human brain without relying on
circulating biomarkers or postmortem tissues. In our mouse study, on the other hand, we had the
opportunity to measure frontal cortex gene expression. RNA sequencing of the mouse frontal
cortex revealed many pathways that could be targeted for future interventions, including immune
activation, metabolic pathways of oxidative stress and DNA damage, and endocrine disruption.
Limitations

A major limitation of the human observational studies presented here (Chapters 2 and 3)
was the lack of data on indications for acetaminophen use. Confounding by indication is a
critical factor preventing causal inference in the association of prenatal acetaminophen exposure
with adverse child health outcomes. Confounding occurs when a common cause of the predictor
(prenatal acetaminophen) and outcome (adverse child health outcomes) induces a non-causal
association between them. For instance, if older age: 1) causes pregnant women to take more
acetaminophen and 2) increases the risk for child ADHD, then maternal age could confound the
association of prenatal acetaminophen exposure with child ADHD. Many confounders, including
maternal characteristics like age and socioeconomic status, and maternal exposures such as
alcohol and tobacco smoke, are easily adjusted for in statistical models. Indications for a drug’s

use, on the other hand, are inexorably tied to exposure to that drug, and cannot be easily included
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in statistical models. Controlling for the indications for use can partially or completely explain
away the effect of a drug. For instance, if someone takes a drug every time they experience a
particular symptom, we cannot distinguish from the downstream effects of the drug and the
downstream effects of the symptom. Acetaminophen, on the other hand, has several indications
including pain, headaches, and fever, so indications for acetaminophen use can be included as a
model covariate. Although the human studies presented here lack these data, many prior studies
have adjusted for indications and reported minimal confounding.?!:85-88.90

An inherent limitation of all observational epidemiology studies is confounding by
unknown factors. Despite several decades of extensive observational research on prenatal
acetaminophen and child ADHD, the possibility always remains that certain confounding factors
have not been discovered and accounted for. Concerns about unknown confounding can be
addressed in several ways. First, the best way to account for confounding is with randomized
experiments. In a randomized clinical trial, confounding bias is impossible, and the only source
of bias is from random chance. Similarly, the mouse study presented here (Chapter 4) was
randomized, so confounding by unknown factors is impossible. Furthermore, experimental mice
are genetically homogeneous and experience uniform laboratory environmental conditions,
reducing the impact of random chance compared to randomized clinical trials. However, results
from mouse studies may not always be easily translated to benefit humans. Translatability is
particularly relevant for complex neurodevelopmental diseases like ADHD, which may not have
a clear analogue in mice.

Aside from alternative study designs such as randomized clinical trials, unmeasured
confounding can also be partially ameliorated within observational studies. One hypothesis is

that unmeasured familial confounding, whether genetic or environmental, may explain
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associations of prenatal acetaminophen exposure with adverse health outcomes. Such familial
confounding can be accounted for with negative control exposure (NCE) methods. An NCE is an
exposure that shares similar confounding structure with the exposure of interest but cannot have
a causal effect on the outcome. Prior studies have analyzed maternal acetaminophen use after
birth and partner’s acetaminophen use as NCEs.%?% These variables likely share familial
confounders with maternal acetaminophen use during pregnancy, yet they cannot causally affect
the developing fetus. Both studies found that only maternal acetaminophen use during pregnancy
was associated with child neurodevelopment, and that these associations were not likely
explained by unmeasured familial factors, since child neurodevelopment was not linked to
postnatal or partner’s acetaminophen use.

In addition to accounting for unmeasured confounding, there are methods for
understanding and quantifying levels of unmeasured confounding. One such method, the E-
value,*?° was employed here. E-values indicate the minimum strength of association of an
unmeasured confounder with both the exposure and outcome that would confound a null effect to
the observed effect estimate (i.e., completely explain the observed association between the
exposure and outcome). In our study, the E-value revealed that to completely explain away the
association of prenatal acetaminophen exposure and reduced birthweight, an unmeasured
confounder would need to be associated with 93% increased risk of prenatal acetaminophen
exposure and 93% increased risk for low birthweight (Chapter 3). While such strong
confounding is unlikely, a smaller E-value would signal increased probability that the association
was artificially induced by unobserved confounding, which could be addressed by gathering data
on known confounders that were never measured, or discovering new confounders.

Future directions
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In the face of new evidence for adverse neurodevelopmental outcomes associated with
prenatal acetaminophen exposure, the United States Food and Drug Administration and the
Society for Maternal-Fetal Medicine maintained that acetaminophen should be considered safe
for the treatment of pain and/or fever during pregnancy. In the years since the release of those
statements, in 2015 by the FDA?'% and 2017 by the SMFM,®* overwhelming evidence has
continued to accumulate suggesting that maternal use of acetaminophen during pregnancy puts
children at increased risk of developing ADHD, Autism Spectrum Disorders (ASD), asthma, and
reproductive disorders. A recent consensus statement supported by 91 scientists, clinicians and
public health professionals from across the globe comprehensively reviewed the literature and
summarized these clear and prevalent associations.®* The consensus statement authors did not
recommend complete contraindication of acetaminophen use during pregnancy, but rather a more
cautious approach to “minimize exposure by using the lowest effective dose for the shortest
possible time.”

One common position is that current recommendations should not change, because
pregnant women are already urged to “discuss all medicines with their health care professionals
before using them”?*? (also see statements by the American College of Obstetricians and
Gynecologists (ACOG)?!! and the Society of Obstetricians and Gynecologists of Canada
(SOGC)?*2 for similar recommendations). Yet, this expectation that all pregnant women consult
with their health care professional before taking over-the-counter drugs is far from reality.
Although pregnant women may be generally cautious when contemplating medication use during
pregnancy, pregnant women and mothers perceive minimal risk conferred by acetaminophen.?!3
Consequently, many women routinely use acetaminophen during pregnancy without informing

their physician.?** This status quo is consistent with minimal precaution regarding
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acetaminophen exposure during pregnancy, and may in part explain such astoundingly high
current levels of use, by upwards of 70% of pregnant women in many populations,10210.213
Ultimately, the position that current clinical recommendations are adequate for the safe use of
acetaminophen amounts to an affirmation that the drugs continued, unbridled use during
pregnancy is favorable for public health.

Unfortunately, much of the contemporary debate?!'2'2 considers in relative absolutes if
acetaminophen is or is not safe for use during pregnancy. A far more constructive debate and
research agenda explores not just whether acetaminophen is safe, but when during pregnancy and
for what indications the drug is recommended for use. Surveying the literature, several testable
hypotheses related to the timing and indications of use can be easily generated.

One hypothesis is that acetaminophen during pregnancy can benefit the developing fetus
when used to treat maternal fever but is harmful when used for all other indications.
Acetaminophen has several indications for use. The drug is primarily used to treat pain,
headaches, and fever. Because there is not a 100% correlation of acetaminophen use with any
singular indication, these indications can be included in statistical models, allowing us to
distinguish from the effects of the symptoms and the effects of the drug itself on child health
outcomes. While maternal pain and headaches during pregnancy are unlikely to increase the risk
for child ADHD, many studies have shown that maternal fever during pregnancy may be
associated with increased risk for child ASD and ADHD.?*>?2 One study even found that the
increased ASD risk associated with maternal fever was attenuated among mothers taking
antipyretic medications (any antipyretic, including acetaminophen).?*® Moving forward, it will be
critical for researchers to consider that if left untreated, certain indications for acetaminophen use

like maternal fevers may cause adverse child development and should be treated with the drug.
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For other indications like maternal headache, however, acetaminophen might cause more harm
than good. Headaches and pain account for upwards of 70% of the indications for acetaminophen
use during pregnancy, while only 8% of women report using acetaminophen to treat fever.'?°
Therefore, recommendations based on this hypothesis would drastically reduce the prevalence of
prenatal acetaminophen exposure. Less than 3% of pregnant women report migraines as the
reason for acetaminophen use,*?° and untreated migraines in pregnancy may be associated with
pregnancy complications and adverse birth outcomes.??? However, triptans may be a better
option for migraine relief, as they are associated with equal or better outcomes compared with
acetaminophen in the individual using them,?23 and their use during pregnancy is not associated
with child ADHD.?**

Another hypothesis is that compared with earlier gestational exposure, maternal
acetaminophen use late in pregnancy is more harmful to the developing fetus. During gestation,
brain development is most active during the 3" trimester of pregnancy. Consequently, several
studies have found stronger neurodevelopmental effects of prenatal acetaminophen exposure in
the 3" trimester compared to earlier gestational exposure.2>#% Studies have similarly shown
that associations of prenatal acetaminophen with symptoms related to asthma are stronger for
exposure later in gestation.??>22” Finally, clinical case-studies suggest that prenatal
acetaminophen exposure in the 3" trimester may lead to premature ductus arteriosus constriction
or closure,??® which can result in congestive heart failure or even intrauterine death.

Several cohort studies have already refuted the hypotheses that confounding by indication
and/or recall bias are responsible for associations of prenatal acetaminophen with child
neurodevelopment. Many more hypotheses can be generated and explored in future observational

research. Ultimately, however, medical and regulatory organizations are unlikely to change their
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position in the absence of a conclusive randomized clinical trial. Responding to the recent
consensus statement on the harms of acetaminophen use during pregnancy,®* ACOG argued that
neurodevelopmental disorders “are multifactorial and very difficult to associate with a singular
cause. The brain does not stop developing until at least 15 months of age, which leaves room for
children to be exposed to a number of factors that could potentially lead to these issues.”?!! In
fact, this is the case for almost any exposure-health outcome relationship, and the reason for the
development of epidemiological methods to control for sources of bias such as confounding. For
example, many experts agree that there is no safe level of lead exposure,??® yet the time between
birth and the end of brain development leaves room for children to be exposed to many factors
other than prenatal lead. Arguments such as this one point to the requirement imposed by many
health professionals for a randomized clinical trial to constitute definitive evidence, and a
reluctance to give any weight to observational research. Given their importance for informing
clinical practice, we should expect that a previously published randomized clinical trial has
shown definitive evidence that the most common drug used during pregnancy, acetaminophen, is
safe for fetal development. Yet prior experimental studies have only shown the safety of
developmental acetaminophen exposure for the pediatric liver, while neurodevelopment has
never been assessed.?® Furthermore, if the drug were developed under today’s regulatory
standards, acetaminophen would likely not meet safety criteria in preclinical animal studies,
precluding a phase I clinical trial.

The accumulating evidence of adverse health outcomes resulting from prenatal
acetaminophen exposure combined with continued high levels of use, by well over 50% of
pregnant women in many populations, points to the possibility of adequate clinical equipoise for

a randomized trial to occur. Designing the clinical trial will undoubtedly prove difficult. Clinical
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trial controls typically receive the current standard of care, which is acetaminophen for the
treatment of maternal pain and fevers during pregnancy. An experimental group assigned to take
placebo control to treat maternal pain and/or fever during pregnancy might be considered
unethical, although one recent trial randomly assigned preterm infants (n = 48) to either
intravenous acetaminophen or saline control groups. Advancements in future observational
studies will likely inform alternative clinical trial designs for achieving more favorable health
outcomes. For example, the control groups could be advised to take acetaminophen for pain,
fever, and headaches following the current standard of care, while the treatment group could be
advised to only take acetaminophen to treat elevated fevers.
Concluding remarks

This dissertation addressed several known gaps in prenatal acetaminophen and
neurodevelopment research. However, as discussed in this chapter, many gaps and challenges for
future research remain. Although mediating mechanisms were explored in every chapter of this
dissertation, more work is needed. The mediating brain connectivity changes uncovered in
Chapter 2 are not easily intervened upon, while the potential molecular mechanisms uncovered
through mouse frontal cortex RNA sequencing relating to DNA damage, hormone disruption,
metabolic changes, and immune activation (Chapter 4) need to be further investigated in humans.
If similar mechanisms play a role in the fetal toxicity of acetaminophen in humans, then
interventions can target those pathways in mouse studies. Ultimately, definitive evidence of
developmental harm caused by prenatal acetaminophen exposure may be lacking until a
randomized clinical trial is performed. Until such a trial is completed, however, failure to change

recommendations regarding the safety of acetaminophen use during pregnancy risks further harm
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to public health. Therefore, recommendations to minimize prenatal acetaminophen exposure by

using the lowest effect dose, and for the shortest duration possible, may be warranted.
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