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Abstract

Purpose: Opioids and alcohol impact critical serotonin (5-HT) function in the developing
placenta and fetus through the actions of immune proinflammatory factors. Yet, possible
convergent effects of opioids and alcohol on human placental toll-like receptor 4 (TLR4)
activation and subsequent 5-HT homeostasis remain entirely unknown. The purpose of this study
was to examine the effect of prenatal exposure to opioids with or without prenatal alcohol
exposure (PAE) on the expression of key placental immune and serotonin signaling factors in
human placental tissue obtained from a well-characterized prospective cohort.

Methods: Data were collected from a subset of participants enrolled in the prospective pre-birth
Ethanol, Neurodevelopment, Infant, and Child Health (ENRICH-1) cohort. Women were recruited
and classified into four study groups: 1) PAE (n = 20); 2) those taking medications for opioid use
disorder (MOUD; n = 28), 3) concurrent PAE and MOUD (n = 20); and 4) controls (HC; n=20)
based on prospective, repeated self-report, and biomarker analysis. Placenta samples underwent
tissue processing to identify mRNA for TLR4, nucleotide-binding oligomerization domain
(NOD)-like receptor protein 3 (NLRP3), interleukin-1p (IL-1B), tumor necrosis factor-a (TNF-
a), serotonin transporter (SERT), tryptophan hydroxylase (TPH1), indoleamine 2,3-Dioxygenase
1 (IDO) as well as protein concentrations of TLR4, IL-1B, TNF-a, SERT. To consider the
association between study group and mRNA/protein expression of our targets, multivariable
regression models were developed with inclusion of a priori selected covariates.

Results: There was a significant negative association between PAE and SERT mRNA (B =
-0.01; p<.01) and a positive association with TPH1 mRNA expression (f = 0.78; p<.05). In
addition, there was a negative association between MOUD and TNF-a protein expression (B =
-0.12; p< .05).
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Conclusions: This study provides the first evidence that PAE may inhibit SERT expression
while simultaneously promoting increased TPH1 protein expression in human placenta. This may
result in increased 5-HT in fetal circulation known to affect neurodevelopment. Our data suggest
that opioids and alcohol may disturb the bidirectional, dynamic interaction between the placental
immune and serotonin system. Given the implication for brain development and health across the
life-span further investigation of these critical mechanisms in well-defined cohorts is required.
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medications for opioid use disorder (MOUD); prenatal alcohol exposure (PAE); placenta; immune;
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1. Introduction

Extensive evidence supports the adverse effects of opioid use during pregnancy on the health
of women and infants (Piske et al., 2021; Tobon et al., 2019). The long-term consequences
associated with the /in utero exposure to medications for opioid use disorder [(MOUD), i.e.,
buprenorphine or methadone] remain uncertain given the influence of possible confounding
factors, although some adverse effects have been reported (Bakhireva et al., 2019; Labella et
al., 2021). Furthermore, 48% of pregnant women who reported nonmedical use of opioids

in the past 30 days also reported concurrent alcohol use (Kozhimannil et al., 2017). /n

utero alcohol exposure is associated with a continuum of disabilities including structural,
neurocognitive, and behavioral deficits collectively known as fetal alcohol spectrum disorder
(FASD) (Wozniak et al., 2019). These adverse outcomes, may be mediated, in part, by
impaired placental function. Specifically, prenatal opioid and alcohol exposures may perturb
the bidirectional, dynamic interaction between the placental immune and serotonin system.

The placenta is a critical organ that facilitates the exchange of gases, nutrients, waste, and
hormones between the mother and the developing fetus (Burton & Fowden, 2015). At the
maternal-fetal interface, placental cells are bathed by maternal blood thereby allowing for
direct transfer of maternal substances to the fetus (Burton & Fowden, 2015). Furthermore,
teratogens such as alcohol and possibly opioids (Conradt et al., 2018), may exert indirect
fetal effects via altered placental function. Critically, the placenta modulates fetal brain
development through adaptive responses to changes in the maternal milieu (Nugent & Bale,
2015; St-Pierre et al., 2015), and such changes in placental function have been associated
with altered infant neurobehavioral development (Green et al., 2015; Marsit et al., 2012).
However, the impact that opioids and alcohol exert on placental function is relatively
unknown.

Clinical evidence suggests that alcohol, and more recently opioids, directly impact fetal
central nervous system (CNS) development (Radhakrishnan et al., 2021; Wozniak et al.,
2019) Emerging clinical (Bodnar et al., 2020) and preclinical studies (Bodnar et al., 2016;
Noor & Milligan, 2018; Sanchez et al., 2017) suggest /n utero alcohol and/or opioid
exposure alters neurological and neuroimmune function across life. Preclinical studies
demonstrate that opioids, including buprenorphine and methadone, and alcohol activate the
innate immune pattern recognition receptor (PRR), toll-like receptor 4 (TLR4), triggering

Exp Neurol. Author manuscript; available in PMC 2023 July 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Ruyak et al.

Page 3

the production of downstream proinflammatory factors thereby offering a framework to
examine the consequences of these teratogens (Hutchinson et al., 2010; Pascual et al., 2017).
It has been hypothesized that production of such immune factors, including those produced
by placental cells (Edlow et al., 2019), may subsequently result in abnormal development of
fetal microglia (Bilbo et al., 2018). Microglia are the brain’s resident immune cells and play
a key role in healthy brain development and maintenance. In addition, because microglia
are believed to be long-lived cells, Bilbo and colleagues (2018) postulate that changes in

the structure or function of these cells have the potential to significantly alter neuroimmune
function and behavior across the life span. While this work is predominantly preclinical, it
provides compelling reasons for translation to clinical research with human populations.

Consequences of TLR4 activation, and the resultant proinflammatory factors, have recently
been extended to include perturbing the expression and action of rate limiting transporters
and enzymes of the serotonin (5-hydroxytryptamine; 5-HT) system (Williams et al., 2017).
Serotonin derived from the placenta is the dominant source to the fetus during early brain
development linking placental function to fetal neural development (Bonnin et al., 2011;
Velasquez et al., 2013; Wu et al., 2016). The placenta synthesizes de novo 5-HT from
maternal I-tryptophan via enzymatic activity of tryptophan hydroxylase (TPH1). Under
normal physiological conditions, the idoleamine 2,3-dioxygenase (IDO) pathway competes
with the metabolic pathway of tryptophan modulating 5-HT availability. Preclinical data
provide evidence that inflammatory factors from immune TLR3 stimulation alter expression
of placental TPH1 leading to changes in 5-HT homeostasis and ultimately disruption

in neurodevelopment (Goeden et al., 2016). Furthermore, intrauterine inflammation from
TLR4 activation by lipopolysaccharide (endotoxin) administration resulted in upregulation
of IDO in rabbit placenta and fetal brain resulting in an abnormal shift of tryptophan
metabolism in the brain (Williams et al., 2017).

Additionally, human placenta maintains 5-HT homeostasis through modulation of the uptake
and metabolism of 5-HT from both maternal and fetal circulation. The organic cation
transporter 3 (OCT3) is emerging as a possible player in removal of 5-HT from fetal
circulation at term, while the 5-HT transporter (SERT) extracts 5-HT from the maternal
circulation (Karahoda et al., 2020b). Once transported inside trophoblast cells, 5-HT is

then subsequently degraded to an inactive metabolite by monoamine oxidase A (MAO-A)
(Karahoda et al., 2020a). Preclinical models showed that TLR4 activation downregulates
SERT activity and expression in human intestinal epithelial cells (Layunta et al., 2018;
Mendoza et al., 2009). This suggests the possibility that opioids and alcohol may negatively
affect critical 5-HT function in the developing placenta and fetus through the actions of
proinflammatory immune signaling molecules.

In light of this background, we examined the effect of MOUD and PAE, both separately
and in combination, on the expression of key placental immune factors indicative of TLR4
activation in addition to key 5-HT signaling factors in human placental tissue obtained
from a well-characterized prospective cohort. We hypothesized that prenatal MOUD and/or
alcohol use would engage the TLR4 pathway resulting in dysregulated immune cytokine
expression and placental 5-HT system function. As both MOUD and PAE alone activate
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TLR4, we further hypothesized that this relationship would be magnified in placental tissue
exposed to both substances.

2. Materials and Methods
2.1 Description of the parent ENRICH cohort

2.2 MOUD,

To accomplish our goal, we leveraged previously collected data and biological specimens
from the well-characterized University of New Mexico (UNM) cohort, the Ethanol,
Neurodevelopment, Infant, and Child Health (ENRICH-1) study. The ENRICH-1 protocol,
and additional placenta analyses, have been approved by the UNM Human Research
Protection Program, (UNM HRRC #12-390 and #19-222); all participants gave informed
consent inclusive of placental tissue analysis. The ENRICH study methodology has been
extensively described elsewhere (Bakhireva et al., 2015). Briefly, participants were recruited
from UNM affiliated prenatal care clinics, including general obstetric clinics and a specialty
clinic that provides prenatal and postpartum care to women with substance use disorders.
Eligibility criteria for the parent cohort were: 1) at least 18 years old, 2) singleton pregnancy,
3) residing and planning to stay in the Albuquerque metropolitan area for two years, 4)
ability to give informed consent in English. The following exclusion criteria were applied:

1) fetal diagnosis of structural anomaly; 2) greater than one urine drug test or more than
monthly frequency (per self-report) use of cocaine, methamphetamines, or MDMA during
the first trimester and no use in the second or third trimesters (ascertained via positive study
urine drug screen, self-report, and/or medical record review). Women were recruited into
four mutually exclusive groups 1) prenatal alcohol exposure (PAE), 2) receiving medications
for opioid use disorder [(MOUD) buprenorphine and/or methadone] no alcohol use in
pregnancy, 3) PAE and MOUD, and 4) no prenatal substance use (HC).

Alcohol, and covariate measures

Eligibility for the alcohol-exposed groups (PAE, MOUD + PAE) included: 1) self-report of
> 3 drinks/week or > 2 binge drinking episodes (defined as = 4 drinks/occasion) during the
month around the last menstrual period (LMP); 2) alcohol use after the periconceptional
period ascertained by prospective, repeated Timeline Follow-Back (TLFB) interviews and/or
positive ethanol biomarkers. Participants in the opioid exposed groups (MOUD, MOUD +
PAE) were required to be currently receiving MOUD with or without additional opioid use.
Participants in the HC group were lifetime non-users of illicit drugs and tobacco, reported
no alcohol use in pregnancy (confirmed by biomarkers), and no more than minimal alcohol
use during the periconceptional period (< 2 standard drinks/week on average and no binge
drinking episodes.

Alcohol, MOUD, and other substance use exposures in pregnancy were prospectively and
repeatedly assessed by self-report (TLFB interviews) and medical record review occurring
at baseline, throughout pregnancy, and at the time of delivery to confirm ongoing group
eligibility. Self-report of alcohol, MOUD, other substance use exposure was confirmed

by biomarker analysis at enrollment and time of delivery. Frequency and quantity of
alcohol use was converted to absolute alcohol per day (AA/day) (Jacobson et al., 2002).
Maternal serum, whole blood, and urine were collected at enroliment and at the time of
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delivery and analyzed at the U. S. Drug Testing Laboratory (Des Plaines, IL). Maternal
blood biomarkers included phosphatidylethanol (PEth), gamma-glutamyltranspeptidase
(GGT), and carbohydrate-deficient transferrin (% dCDT). Urine biomarkers included
ethylglucuronide (UEtG), ethylsulfate (UEtS), urine drug screen (UDS)-7 (amphetamines,
barbiturates, benzodiazepines, cocaine, opiates, PCP, cannabinoids/THC), and nicotine
metabolites. Finally, alcohol exposure was confirmed by PEth in dried blood spots collected
from the newborn during a routine medical screening.

2.3 Selection of subjects for placental study

The ENRICH-1 is a prospective cohort with four study visits: prenatal (Visit [V] 1),
delivery/hospital stay (\VV2), 6-month infant evaluation (V3), and 20-month infant evaluation
(V4). For the purposes of this study, data from V1 and V2 were used. Additional eligibility
criteria for this study included banked placenta samples. Placenta samples were collected
from more than 80% of participants who delivered. From these samples, we randomly
selected 28 subjects in the MOUD group (to have equal representation of participants treated
with methadone and buprenorphine), and 20 per group in 3 remaining groups resulting in a
total sample size of 88.

2.4 Tissue collection for RNA and protein analysis

Placenta were collected immediately following delivery and placenta tissue samples were
generally dissected within 2 hours. After removing the decidua basalis membrane, small
samples one-half inch in diameter were taken from the maternal side of the placenta
avoiding major vessels. Samples were rinsed in saline and blotted to remove excess blood
and fluid. Samples were then placed in polypropylene tubes, frozen with liquid nitrogen, and
stored in air-tight containers at —80 °C until analysis (Holbrook et al., 2019).

2.5 Total RNA isolation

Total RNA was extracted from placental tissue using methods previously described (Noor
etal., 2019; Vanderwall et al., 2018) with minor modifications described here. Extraction
was performed using the RNeasy Mini Kit (Qiagen; Cat #217004) per manufacturer’s
instructions except where noted. Homogenization was performed using a cordless

motor pestle system (VWR; cordless pestle motor: Cat#47747-370; 1.5 mL microtubes:
Cat#47747-362; 1.5 mL pestle: Cat#47747-358; and 1.5 pestle and microtube combo:
Cat#47747-366). Placenta tissue was transferred to microtubes prior to homogenization.
Subsequently, 200 ul of Qiazol Lysis Reagen (Qiazol; Qiagen; Cat#79306) was added to the
tube containing the tissue and the placenta tissue was chopped quickly using scissors for 1
minute. Placenta tissue was then homogenized with the motorized pestle for 1 minute.

Minor changes were incorporated for mMRNA extraction using the RNeasy kit as follows.

An initial homogenization in 200 pl of Qiazol occurred. The final volume was increased to
700 pl of Qiazol following homogenization. Samples were vortexed and incubated at room
temperature (RT) for 7 minutes, followed by the addition of 140 pl of chloroform (Sigma-
Aldrich; Cat#C2432). Samples were vigorously shaken by hand for 15s, incubated at RT for
4 minutes, hand-shaken vigorously for 10s, and then centrifuged in 4° C 12,000x g for 15
minutes. The aqueous layer was extracted and placed into a clean RNase/DNase/Protease
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free 1.5 ml tube and 1.5 x aqueous layer (450 ul) of 100% Ethanol (VWR, Cat#71006-012)
was added to the tube, repeatedly pipetted 6 X to mix, moved to collection columns, and
centrifuged in ~20° C at 9,000 x g for 30s.

This was followed by a wash of 700 pL of RWT (provided with Qiagen kit) and centrifuged
(~20 °C at 9,000 x g, 30 s), washed 2 x with 500 uL RPE (provided with Qiagen Kit)

and centrifuged (~20 °C at 9,000 x g, 30 s) after each, and washed 2 x with 500 uL 80%
EtOH (100% EtOH diluted with sterile RNase/DNase/Protease free water; Sigma-Aldrich;
Cat#W4502), and centrifuged (~20 °C at 9,000 x g, 2 min) after each. Caps were cut

from columns and samples were dried by centrifugation (~20 °C at 20,627 x g, 12 min),
and placed into RNA collection tubes with 30 pL sterile water (provided with Qiagen Kit)
added directly to the column filter, and centrifuged (~20 °C at 20,627 x g, 1 min). The
concentration and quality of the total RNA was assessed by NanoDrop (Thermo Scientific,
MA, USA).

2.6 mRNA analysis by quantitative real-time PCR

Total RNA samples were diluted to a standardized RNA concentration of 190-210 ng/pl.
Total RNA (1.2 pg) was used to synthesize cDNA. For reverse transcription (CDNA),
SuperScript™ IV VILO™ cDNA Synthesis Kit (Invitrogen) was used per manufacturer’s
instructions. Levels of MRNA transcripts were measured and analyzed, as previously
described (Mellios et al., 2014; Vanderwall et al., 2018). The following dilution factor was
applied to cDNA samples for assessment of transcripts of interest in given placenta tissue
1:2.5. The 1:200 dilutions of cDNA were used for assessment of the normalizer transcripts
(18s RNA) for each of the tissue samples. Levels of gene expression of key downstream
inflammatory factors indicative of TLR4 ligation, includingTLR4, NLRP3, IL-1f, TNF-a,
as well as gene expression of the key transporter SERT, and rate limiting enzymes of the
5-HT pathway, TPH1, and IDO1 mRNAs, as well as the normalizer 18s rRNA (Rn18s),
were assayed in triplicate via quantitative real-time PCR (qRT-PCR) with Tagman Gene
Expression Assays (cat# 4351370, ThermoFisher Scientific). In cases of triplicates with
standard deviation of more than 0.1, the average value of the two closest replicates was
retained. All selected gene expression assays were identified by the manufacturer to be

the “best coverage” assays, unless otherwise noted, and designed to exclude detection

of genomic DNA. mRNA levels were analyzed with the formula: C=2"CTnormalizen

2" CTtarget, as previously described (Livak & Schmittgen, 2001; Mellios et al., 2014).

2.7 Determination of placental protein

Frozen placenta samples were homogenized in Pierce IP Lysis buffer with protease inhibitor
(Thermo Cat#87788) while on ice in the following manner. 200 ul of lysis buffer with
protease inhibitor was added to the tube containing the tissue and the placenta tissue was
chopped quickly using scissors for 1 minute. Placenta tissue was then homogenized with the
motorized pestle for 1 minute. The final volume was increased to 1000 ul of lysis buffer
with protease inhibitor following homogenization. Samples were vortexed and affixed to

a rotator at 5° C. This was repeated every 20 minutes for a total of 60 minutes. Samples
were subsequently sonicated in a water bath sonicator for 10 minutes, in ice-cold water.
Tissue samples were then centrifuged at 14,000 x g for 15 minutes to pellet cellular debris.
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Cellular lysates (supernatant) were collected in a new set of tubes and stored at — 80° C
avoiding freeze/thaw cycles. Total protein concentrations were measured by Quickstart™
Bradford Protein Assay Kit (Biorad, CA, USA) according to manufacturer instructions. All
total protein samples were then standardized to 1.2 mg/ml, saved in separate aliquots and
stored at —80° C avoiding freeze/thaw cycles.

Upon activation, TLR4 will produce changes in a number of factors. The targets selected
are the ones most well-known. Target protein levels were measured using commercially
available ELISA kits for detecting human TLR4, IL-1B, TNF-a, and SERT (R&D Systems;
Minneapolis, USA and Novus Biologicals, CO, USA). Standards and each experimental
sample were run in duplicate on the 96-well ELISA plate. Equal volumes (75 ul or 50 ul)
of standardized total protein aliquots were used in ELISA plate wells. All experiments and
data analysis were performed according to manufacturer instructions. Average intra-assay
coefficient of variation was 10% and inter-assay coefficient of variation was 9.8%.

2.8 Statistical analyses

We are aware of only one prior human study (Holbrook et al, 2019) which compared
placenta proinflammatory proteins among PAE and non-PAE subjects. Means and standard
deviations (SD) presented for IL-1p and TNF-a were used to conduct power calculations.
Using the large effect size (Cohen’s d=0.82) reported for TNF-a, 19 subjects per group
would be needed to achieve 80% power using a t-test for differences between two
independent means with an alpha level of 0.05. However, a much smaller difference reported
for IL-1p (Cohen’s d=0.39) would require 82 subjects per group. The sample size of 88
subjects available for the present analysis was expected to detect moderate-to-large effect
size.

Descriptive statistics of means and SD were calculated for all interval-level variables

and frequencies and percentages were calculated for categorical variables. Maternal socio-
demographic and medical characteristics were compared across the four groups, using
univariate measures appropriate to level of measurement, Chi-square test or Fisher’s exact
test for categorical variables and one-way analysis of variance (ANOVA) or Kruskal-Wallis
test for continuous variables. Raw data for mMRNA and protein values are presented as mean
+/- SD.

Associations between maternal primary exposures of interest (MOUD and PAE) and
placental biomarkers (MRNA and protein expression) were examined using ANOVA
followed by multivariable regression analysis. Main effects (MOUD and PAE as well as
MOUD-by-PAE interaction) were included in the models along with covariates known to be
associated with key dependent variables. A priori chosen covariates included maternal pre-
pregnancy body mass index (BMI), maternal age, prenatal tobacco use, maternal perceived
stress (PSS) at delivery, maternal viral hepatitis C infection, infant birth weight, type of
delivery (vaginal vs. cesarean section), infant sex, gestational age at birth, and selective
serotonin reuptake inhibitor (SSRI) exposure. Normality was examined with QQ-plots,
Breusch-Pagan test and Shapiro-Wilk test. After careful examination of mRNA and protein
model residual plots, Box-Cox procedures were performed on all variables. Values for
mRNA and protein were natural log transformed with the exception of SERT mRNA,
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which required a square root transformation. Akaike’s Information Criteria (AIC), Bayesian
Information Criteria (BIC), and adjusted R? with backward and forward selection were used
to identify the most parsimonious reduced model. One outlier (Cook’s d = 0.22) for NLRP3
mMRNA was excluded from multivariable analysis. All analyses were performed in £.
3. Results

3.1 Socio-demographic and clinical characteristics

Participant socio-demographic and clinical characteristics by study group are shown in
Table 1. The majority of participants identified as White (90%) and of Hispanic, Latino,

or Spanish (68%) descent. Study groups did not significantly differ by maternal age, race

or ethnicity, BMI, and type of delivery (p> 0.05). Significant differences in marital status,
education level, employment status, insurance status, and perceived stress were noted among
groups. No significant differences were observed in medical characteristics among the study
groups except hepatitis C that was prevalent among patients in the MOUD (35.7%) and
MOUD + PAE (35%) groups. Infants in both MOUD groups had lower birth weight, while
there was no significant difference in the incidence of preterm birth among groups. There
was a high prevalence of respiratory distress and neonatal infection requiring treatment in
infants classified into the exposure groups.

Patterns of maternal substance use are presented in Table 2. In the MOUD group, 50% of
patients were on methadone and 50% on buprenorphine, while in the MOUD + PAE group
a higher proportion of patients were on buprenorphine (60%). Marijuana use was highly
prevalent in the exposed groups (28.7% in the MOUD group, 60% in the MOUD + PAE
group, and 50% in the PAE group). Tobacco use was also prevalent in both MOUD groups
(55% in the MOUD + PAE group and 39.3% in the MOUD group). Alcohol use in the
periconceptional period was high in the MOUD + PAE group (4.39 AA/day) and in the PAE
group (0.82 AA/day) but the use substantially decreased in pregnancy (to 1.46 AA/day and
0.28 AA/day in the in MOUD + PAE and PAE groups, respectively). Per study eligibility
criteria, alcohol use in the MOUD and Control groups was minimal in periconceptional
period and 0 AA/day during pregnancy.

3.2 Maternal substance exposure alters placental mMRNA expression

Raw mRNA expression data (prior to logit transformation) for all targets are presented in
Figure 1. ANOVA showed a significant difference in NLRP3 mRNA expression among
groups (p=0.038). In addition, there was a significant difference in SERT mRNA
expression among groups (p = 0.023).

3.2.1 Effect of maternal MOUD and PAE on mRNA expression of placental
immune factors indicative of TLR4 ligation—Results of the final multivariable
regression models are shown in Table 3. Regression analysis demonstrated a trend for a
positive association between PAE group and NLRP3 mRNA (B = 0.41; p<0.1)and a
negative association with the MOUD + PAE group (B = —-0.54; p < 0.1). Additionally, there
was a trend for a negative association between PAE and IL-1p mRNA (B = -0.34; p<0.1),
and TNF-a mRNA (p = —0.32; p< 0.1). Interestingly, there was a significant interaction
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between the study group and infant birthweight with respect to placental TNF-a. mMRNA
expression (B = —0.0004; p < .05). The final model for IL-1p containing the study groups,
infant birth weight, and the mode of delivery was statistically significant (p < 0.05) and
explained 12% variance in the IL-1p expression.

3.2.3 Effect of maternal MOUD and PAE on mRNA expression of key
placental 5-HT signaling factors—Maternal substance use also had an effect on factors
in the serotonin system. The R2 for the final SERT mRNA model containing study groups,
maternal age, infant sex, and hepatitis infection was 0.24 (p < .01) which suggests this
model explains 24% of variance in SERT mRNA. Importantly, there was a significant and
independent effect of alcohol on SERT mRNA (p = -0.01; p < .01) when all other factors
were held constant. In addition, PAE had a large significant and independent effect on TPH1
mRNA expression (B = 0.78; p< .05).

3.3 Maternal substance exposure alters placental protein expression

Raw data for all proteins (prior to logit transformation) are presented in Figure 2. Final
multivariable regression models are shown in Table 4. There was a significant negative
association between MOUD and TNF-a protein expression (B = —0.12; p< .05). The
multivariable models with the study groups and covariates were significant for TNF-a (R?
=0.12; p<0.05) and IL-1B (R? = 0.15; p < 0.05). When all factors were held constant, a
significant group by infant sex interaction as well as group by birthweight interaction with
respect to IL-1p protein expression (p = -0.26; p< 0 .01) were observed. Final models for
TLR4 and SERT were not significant across exposure groups.

3.4 Effect of covariates on placental genes

Several a priori chosen covariates were also noted to have significant associations with
placental biomarkers (Table 3; Table 4). As noted above, mode of delivery (p = -0.70; p

< .05) was significantly associated with IL-18 mRNA while infant male sex ( = —0.29;

p <.01) was significantly associated with IL-1f protein expression. Infant birthweight (B
=-0.0004; p< .05) was also significantly associated placental TNF-a. mMRNA expression.
Maternal age (p = 0.001; p < .05) and maternal viral hepatitis C (B = —0.02; p< .01) were
statistically significantly associated with SERT mRNA. Similarly, maternal viral hepatitis C
(p = 0.68; p<.05) was significantly associated with TPH1 mRNA. Overall, these covariates
did not greatly influence the outcomes as indicated by the changes from A% to adjusted A2
(Table 3; Table 4).

4. Discussion

To our knowledge, this is the first report to demonstrate a significant and negative
association between PAE and placental SERT mRNA as well as a significant positive
association between PAE and TPH1 mRNA expression. We also found a significant effect of
MOUD on placental TNF-a protein expression. Additionally, results indicate that PAE may
exert an inhibitory effect on the expression of TNF-a mRNA and IL-1p mRNA in human
placental tissue. Other findings include a significant negative association between infant
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male sex and placental IL-1p protein expression as well as infant birthweight and placental
IL-1pB expression.

4.1 Placental serotonin

A number of transporters, receptors, and rate-limiting enzymes tightly regulate 5-

HT, a crucial placental neurotransmitter. It is reported to play a crucial role in

fetal neurodevelopment including neuronal cell division, differentiation, migration, and
synaptogenesis, as well as development and organization of neurons in the sensory cortex
(Garbarino et al., 2019). The serotonin transporter (SERT) is responsible for the high-
affinity uptake of 5-HT from maternal circulation into cells where it is degraded to an
inactive metabolite by MAO-A thereby contributing to 5-HT homeostasis within the system
(Karahoda et al., 2020b). To our knowledge, these findings are the first report of a significant
and independent association between PAE and decreased SERT mRNA expression in human
placental tissue.

Clinical studies provide evidence of the importance of placental serotonergic signaling in
fetal neurodevelopment. In human placental tissue, increased methylation of the gene that
encodes the G-coupled, 5-hydroxytryptamine (serotonin) receptor 2A (HTR2A) has been
associated with infant alteration in motor control, specifically poorer quality of movement,
in neonates (Paquette et al., 2013). Higher placental levels of SERT mRNA were associated
with maternal report of increased infant regulatory behavioral challenges (Réikkdnen et

al., 2015). Similarly, alteration of 5-HT signaling through maternal use of SSRIs, which
block the uptake of 5-HT into cells (Ornoy & Koren, 2019), has been associated with neuro-
structural and -behavioral effects that may be long-lasting (Rotem-Kohavi & Oberlander,
2017). These include microstructural brain changes visible with magnetic resonance imaging
in exposed neonates (Jha et al., 2016), increased risk of Postnatal Adaption Syndrome
(Levinson-Castiel et al., 2006), alterations in pain and stress response during the first two
months of life (Oberlander et al., 2002, 2005), and speech and language disorders (Brown et
al., 2016). These effects also appear to be long-lasting as evidenced by report of increased
rates of depression in SSRI exposed adolescents (Malm et al., 2016). These findings are
consistent with preclinical studies in which excess 5-HT during CNS development was
correlated with changes in cortical interneuron migration (Riccio et al., 2009) and decreased
serotonergic axon growth (Goeden et al., 2016) in mice. Furthermore, PAE was associated
with inhibition of 5-HT neurons which persisted into the young adulthood (Sari & Zhou,
2004). Together, these clinical and preclinical studies demonstrate perturbation of the
delicate 5-HT balance during pregnancy may mediate the development of critical brain
structures leading to alterations in neurobehavior that may persist in to later life.

Under normal conditions, human placenta regulates the uptake and metabolism of 5-HT
from both maternal and fetal circulation via rate limiting transporters and enzymes working
in concert. Novel preclinical evidence demonstrates a potential role for OCT3 in the
extraction of 5-HT from fetal circulation while SERT extracts 5-HT from the maternal
circulation. This suggests at term gestation, OCT3 to a greater role, and SERT possibly

to a lesser role, protect the fetus from elevated levels of 5-HT through uptake from the

fetal and maternal circulation into trophoblast cells where it is subsequently degraded thus
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ensuring minimal exposure of the fetus to maternal 5-HT (Karahoda et al., 2020b). In fact,
at term, protein levels of SERT and MAO-A are upregulated thus increasing the capacity

of the placenta to clear circulating 5-HT (Karahoda et al., 2020a). Serotonin homeostasis

in the maternal-placental-fetal axis is tightly regulated and any disturbances in the system
may have the potential to disrupt neural programming. Importantly, our results suggest that
alcohol may inhibit this important protective mechanism by impairing placental clearance of
5-HT through downregulation of SERT mRNA in the placenta and thus possibly influencing
fetal neurodevelopment.

The current report also demonstrates for the first time that PAE was associated with a
significant increase in TPH1 mRNA expression in human placental tissue. While there are
no clinical studies related to this phenomenon, preclinical evidence demonstrated that early
in gestation, the fetus is dependent upon the conversion of maternal tryptophan to 5-HT via
TPH1 activity (Bonnin & Levitt, 2011). However, from mid-gestation onward, the fetus is
able to independently synthesize 5-HT from maternal tryptophan, and diminished placental
TPH1 activity is thought to be a compensatory response (Karahoda et al., 2020b; Sano et al.,
2016). Preclinical evidence has demonstrated that consequences associated with increased
TPH1 gene expression in mouse placenta include increased 5-HT concentration in the fetal
brain as well as alterations in 5-HT neurons (Goeden et al., 2016). Therefore, it would seem
reasonable that increased TPH1 mRNA in human placenta may also lead to increased 5-HT
in fetal circulation creating a further risk for fetal dysregulated neurodevelopment.

Taken together, our data suggest alcohol has an effect on serotonin pathways in the

placenta, during late gestational stages (and possibly earlier), including SERT and the

TPH1 enzymatic pathway. The combination of decreased SERT mRNA and increased TPH1
mRNA expression in the placenta may result in increased circulating 5-HT levels in the
maternal-placental-fetal axis that affect downstream fetal neurodevelopmental processes.
This may ultimately contribute to the phenotype associated with prenatal alcohol exposure
and FASD. As this is the first report of such an effect, further interrogation of the multiple
factors in this pathway are warranted.

4.2 Placental TLR4 pathway

Abundant TLR4 expression is present in placental trophoblasts cells (Hauguel-de Mouzon
& Guerre-Millo, 2006; Holmlund et al., 2002; Kumazaki et al., 2004). Evidence from
preclinical studies reveal that upon ligand binding, TLR4 initiates the sequential activation
of several intracellular signaling molecules including nuclear factor-kappa B (NF-xB)
inducing mRNA transcription of potent proinflammatory cytokines, such as tumor necrosis
factor (TNF)-a and interleukin (IL)-1p. However, mature IL-1p production from its
precursor pro-1L-1p requires downstream NLRP3 and Caspase-1 activation (Eidson et al.,
2017; Jacobsen et al., 2014; Lacagnina et al., 2018). The ability of human trophoblast cells
to secrete IL-1p through the NLRP3 inflammasome has been confirmed (Tamura et al.,
2017).

Our results show novel expression patterns of TLR4 downstream proinflammatory cytokines
in human placental tissue. The current paradigm surrounding the immunological stages of
pregnancy posits three distinct stages. The first trimester is associated with inflammation,
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the second trimester involves a switch to an anti-inflammatory state that is required for
growth, and during the third trimester there is a reversal to the requisite pro-inflammatory
state needed for initiation of labor (Mor et al., 2017). Challenges to this immune
environment may lead to adverse outcomes for the mother and the developing fetus.

Our findings indicated that PAE was associated with a positive trend in NLRP3 mRNA
expression. Furthermore, our data indicated that both PAE and MOUD may inhibit MRNA
transcripts of proinflammatory cytokines downstream of TLR4 and NLRP3. Specifically, we
found PAE was associated with decreased TNF-a and IL-1p mRNA expression and MOUD
was independently and significantly associated with decreased TNF-a protein expression in
human placenta. There are relatively few studies examining the effect of PAE on human
placenta (Holbrook et al., 2019). While mRNA production for IL-1p must occur prior to the
action of NLRP3, which then converts pro-IL-1p to mature IL-1, little is known about what
stimulates NLRP3 mRNA production and how that stimulation may feedback onto NF-xB,
which is the transcription factor responsible for mMRNA IL-1p and TNFa.

Our findings that alcohol use during pregnancy decreased IL-1p and TNFa mRNA levels
while elevations in NLRP3 mRNA were observed, suggests that other factors not yet
understood are influencing the mRNA regulation and maturation of these cytokines. One
possibility might include the complex interplay among maternal characteristics including
psychosocial stress and resilience factors, such as socioeconomic status or social support.
These factors are known to influence stress biology (Monk et al., 2019; Verner et al.,

2021), including stress factors such as glucocorticoids, which have been shown to alter
proinflammatory cytokine production (Xu et al., 2005). Given this, initial analyses were
adjusted for a priori covariates (i.e., maternal pre-pregnancy BMI, maternal age, prenatal
tobacco use, maternal perceived stress, maternal viral hepatitis C infection, infant birth
weight, type of delivery, infant sex, gestational age at birth, SSRI exposure). Additionally,
given that the R&D ELISA detects both immature pro-IL-1p and mature, releasable IL-1p, it
is possible that the predicted elevations in IL-1p protein release were masked by inclusion of
pro-IL-1p quantification.

Clinical studies examining the effect of MOUD on the innate immune response are more
abundant. Data from these studies demonstrated methadone therapy was associated with
inconsistent effects on proinflammatory cytokines including no effect of methadone therapy
on plasma TNF-a levels in individuals with OUD (Lu et al., 2019) and significantly lower
levels of plasma TNF-a levels in individuals with OUD two weeks after start of therapy
compared to pre-therapy (Salarian et al., 2018). Interestingly, buprenorphine inhibited levels
of TNF-a mRNA and protein in macrophages isolated from human umbilical cord blood
(Sun et al., 2017). This finding is particularly relevant because while human cord blood

and placenta are different tissues they are both fetal in nature. Therefore, prenatal MOUD
may have a similar effect on TNF-a in human placental tissue. This is consistent with our
novel finding that MOUD was independently and significantly associated with decreased
TNF-a protein expression in human placenta. Preclinical data support opioids, including
buprenorphine and methadone (Hutchinson et al., 2010a; Hutchinson et al., 2010b), bind
TLR4 on cell lines transfected with human TLR4. Separate lines of evidence suggest that
opioids, such as morphine, induce the production of downstream proinflammatory factors
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including IL-1p and TNF-a from CNS glia (Ellis et al., 2016; Grace et al., 2016). However,
the effect of opioids on immune signaling in placental cells has not been characterized.
Given our findings, it is possible that factors not yet explored, such as non-coding
microRNAs (miRNAS) or other epigenetic factors could play an important role. The placenta
has been shown to express miRNAs, which are critical posttranscriptional regulators of

gene expression (Tsamou et al., 2021). Of note, mMiRNAs have been shown to target the
TLR4 signaling response and regulate TLR-induced cytokines (He et al. 2014; O’Neill et al.,
2011). This represents an important avenue of investigation for future studies.

4.3 Intersection of placental serotonin and TLR4 pathway

The alterations in placental cytokine milieu noted above may also influence the tightly
controlled fetal serotonin system. When activated by an opioid, TLR4 initiates activation of
NF-xB with subsequent expression of downstream NLRP3 and pro-inflammatory cytokines
(Eidson et al., 2017; Jacobsen et al., 2014; Lacagnina et al., 2018; Mulla et al., 2009;

Trotta et al., 2014). Similarly, chronic alcohol use enhances TLR4-mediated immune
activation (Crews et al., 2013). Moreover, both opioids (Zhang et al., 2020) and alcohol

can induce endogenous immune molecules (ie., High mobility group box 1 [HMGB1]) with
the capacity to activate TLR4 and induce a positive feed-forward loop of TLR4-NLRP3-
mediated immune actions (Coleman et al., 2018).

These TLR4 downstream immune factors are known to influence transporters and enzymes
that regulate 5-HT homeostasis. For example, in cell culture and mouse synaptosomes,
treatment with I11-1p and TNF-a resulted in increased 5-HT uptake (Zhu et al., 2006). In
contrast to this, exposure of the human enterocyte cell line Caco-2 to the TLR4 ligand LPS
resulted in inhibition of SERT dependent 5-HT uptake (Mendoza et al., 2009). Notably,

in human placental choriocarcinoma cells, IL-1f has been shown to upregulate SERT

gene expression (Kekuda et al., 2000). These disparate findings across models highlight
the limitations of translation of findings from /n vitro cell cultures and animal models
(Rothbauer et al., 2017) to humans. Thus, further robust exploration of these pathways

in human placental tissues is needed. In addition, further studies are needed that examine
the implications of dysregulation in the placental 5-HT pathway for neurodevelopmental
processes in children.

When examining our findings in the context of this work it is also important to consider the
dynamic balance between pro- and anti-inflammatory cytokines. The inflammatory response
is regulated by the production of ant-inflammatory cytokines (Petrovsky, 2001) that, in
preclinical studies, have been shown to decrease SERT activity (Baganz & Blakely, 2013).
Thus, given our results show a possible decrease in the placental proinflammatory cytokines
IL-1B and TNF-a, there may be an associated increase in anti-inflammatory cytokines, such
as IL-10, that are contributing to our finding of decreased expression of SERT mRNA.
Therefore, in future studies, we will interrogate this dynamic relationship in placental tissue
in order to further inform our understanding of the regulatory crosstalk between immune
factors and 5-HT signaling in human placenta. Furthermore, as discussed above, miRNAs
are small non-coding RNAs that target expression of proteins affecting the magnitude of the
response (O’Neill et al., 2011). Novel evidence form a mouse model suggests that miRNAs
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are important regulators of gene expression in the placenta (Strawn et al., 2021) thus
representing another important avenue of investigation. Finally, emerging clinical evidence
revealed maternal serum C-reactive protein concentrations were associated with expression
of genes involved in placental 5-HT function (Karahoda et al., 2021) suggesting a possible
role for maternal inflammatory factors in placental 5-HT homeostasis.

Although the long-term effects of prenatal exposure to methadone or buprenorphine remain
in question, emerging evidence suggests an association with adverse outcomes including
microstructural changes in white matter at birth of infants prenatally exposed to methadone
(Monnelly et al., 2018) and decreased volumes of basal ganglia, thalamus, and cerebellar
white matter in opioid exposed (including MOUD) school age children compared to
unexposed children (Sirnes et al., 2017). These findings are in line with a recent systematic
review and meta-analysis that reported prenatal opioid exposure (including methadone and
buprenorphine) was negatively associated with cognitive development in children age 0 to
6 years and physical development from age 6 months into adolescence (Yeoh et al., 2019).
And, while the immediate and long-lasting effects of PAE have long been appreciated, the
underlying mechanisms remain unclear (Lees et al., 2020). Furthermore, polysubstance
use is common in women receiving treatment for OUD (Bakhireva et al., 2018), yet

there are few investigations of the effects of the co-exposure of MOUD and alcohol on

the developing fetus and newborn. Therefore, future studies are needed to examine the
complex interplay among prenatal substance exposure, placenta/fetal programming factors,
and NOWS severity. Although mechanistic underpinnings remain in question, our novel
findings represent a pathway through which prenatal exposure to MOUD and alcohol may
dysregulate the fetal serotonin system and program fetal neurodevelopment.

4.4 Interaction between infant characteristics and placental immune factors

While not our primary outcome of interest, our data showed male sex was significantly
associated with decreased expression of IL-1p protein in human placenta relative to females
when other factors were held constant. It is becoming increasingly apparent that males

and females adapt differently to /n utero stressors. Trophoblast cells, one of the main
components of the placenta, arise from the outer layer of the blastocyst and differentiate into
villous and extravillous trophoblastic cells (Staud & Karahoda, 2018). As the predominant
tissue specific cell of the placenta, the trophaoblast, arises from the embryo and shares the
biological sex of the embryo. This likely accounts for sex as a biological difference in
placental function and therefore infant outcomes (Di Renzo et al., 2015; Rosenfeld, 2015).
According to the viability-vulnerability theory, male fetuses and infants experience greater
morbidity and mortality compared to females when exposed to early adversity in utero
(Sandman et al., 2013). Females are believed to have greater adaptive abilities and exhibit
more subtle effects such as increased risk for anxiety and affective disorders (Sandman et
al., 2013). While speculative, these differences may lie in differential immune responses

in male versus female placenta. Considering the potential influence of such differences on
developmental trajectories, future consideration of sex-dependent differences is necessary to
inform future treatment guidelines for pregnant women and exposed infants.
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4.5 Limitations and implications for future research

As with all research, we acknowledge potential limitations to our work. First, human clinical
research is inherently complex with noted difficulties in parsing out potential confounding
factors. The data used in this study are from a well-characterized prospective cohort, with
information about prenatal exposures via repeated assessment including both self-report
and biomarkers. Thus, a broad range of maternal and perinatal factors were assessed and
factors known to be associated with immune activation and serotonin system function were
controlled for in statistical analysis. However, the literature remains unclear for the effect of
certain co-exposures, such as cannabis use, on immune function during human pregnancy
(Dong et al., 2019). In addition, current evidence supports that risky alcohol consumption
among women of higher socioeconomic status might be more prevalent (McKetta & Keys,
2020). While our findings are in line with these data, we acknowledge the effect of potential
residual socio-economic confounders. Therefore, these represent important considerations
for future research.

Second, we acknowledge that given the available sample size of 88 for this analysis,

the study was powered to detect only moderate-to-large effect sizes. The limited sample
size also did not allow for stratification by the type of maternal MOUD. Given that,
buprenorphine is a partial p-opioid receptor agonist and x-opioid receptor antagonist while
methadone is a full p-opioid receptor agonist (Tran et al., 2017), the effect of these
medications on proinflammatory and anti-inflammatory factors, both individually and in
networks, may vary and require further investigation. Similarly, while our report identified
important sex differences in the effects of alcohol and opioids on placenta targets, these
associations should be examined in larger studies.

While we demonstrated that PAE is associated with alterations in the placental 5-HT system,
this system involves complex interactions among rate limiting transporters and enzymes.
Late in gestation, the serotonin system is thought to provide protection for the fetus from
excess 5-HT (Karahoda et al., 2020b). Therefore, other transporters and enzymes involved in
the uptake and degradation of 5-HT are of particular interest. While SERT is located in the
apical, maternal facing, membrane of the placenta (Prasad et al., 1996), OCT3 is abundant
in the basal membrane (Sata et al., 2005). Importantly, 5-HT is a demonstrated substrate

of OCT3 (Koepsell et al., 2007). Karhoda et al. (2020b) provided the first evidence that
placental OCT3 may play a potential role in the reuptake of 5-HT from fetal circulation.

As both SERT and OCT3 are affected by maternal exposures, continued examination of
alterations in these protective mechanisms is warranted to inform potential targets for
preventive treatments.

It is important to note that a better understanding of the response of these key placental
immune factors and factors in the 5-HT system to MOUD and/or alcohol may also inform
clinical practice. For example, in response to these substances, endogenous molecules
known as damage-associated molecular patterns (DAMPS) may be released and initiate

a sterile inflammatory response including activation of inflammatory signaling pathways.
Specifically, DAMPs act as ligands to TLR4, ultimately resulting in production of
proinflammatory factors (Fleshner et al., 2016). Emerging preclinical evidence suggests
that blockade of TLR4 signaling may mitigate the subsequent downstream cascade of
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inflammatory factors representing a novel therapeutic target (Robertson et al., 2018).

For example, while (=)-naloxone is a widely-known mu-opioid receptor antagonist, its
enantiomer, (+)-naloxone has more recently been discovered to specifically block TLR4
signaling thus preventing the release of downstream inflammatory molecules in mouse
placental tissue (Chin et al., 2019). Thus, a robust understanding of these pathways in human
placenta tissue may offer the potential to inform evidence-based prevention and treatment
approaches for pregnant women living with substance use disorders.

5. Conclusions

To our knowledge, our study provides the first evidence that PAE may inhibit the
important protective mechanism the serotonin transporter performs in human placenta
while simultaneously promoting increased TPH1 protein expression. Together, this
may result in increased 5-HT in fetal circulation, which may significantly influence
fetal neurodevelopment. Furthermore, it appears that MOUD and alcohol disturb the
bidirectional, dynamic interaction between the placental immune and serotonin system.
Given the implication for preventative and therapeutic targets for exposed mothers and
infants, further investigation of these critical mechanisms in well-defined cohorts of
maternal-infant dyads has significant implications for improving perinatal outcomes.
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Highlights:

PAE may inhibit the important protective mechanism of the serotonin
transporter while simultaneously promoting increased TPH1 protein
expression in human placenta.

Prenatal opioid and alcohol exposures may affect expression of cytokines in
human placenta.

Prenatal opioid and alcohol exposures may perturb the bidirectional, dynamic
interaction between the placental immune and serotonin system.
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Figure 2.
Effect of prenatal MOUD and Alcohol use on human placental protein expression. Raw data,

prior to logit transformation, are presented as mean + SD. Preliminary ANOVA analyses
revealed no significant differences among groups
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Table 1.
Maternal and infant characteristics by group
Variable Controls MOUD MOUD + PAE PAE
(n=20) (n=28) (n=20) (n=20) p

Maternal characteristics

Mean (SD) Mean (SD) Mean (SD) Mean (SD)

Maternal age (years) 26.6 (4.0) 27.3 (4.8) 274 (5.7) 28.5(5.0) 0 741
Perceived Stress Score 10.5 (6.0) 15.5(7.0) 15.7 (5.2) 16.3 (6.3) 0 0211
Gestational age at recruitment 25.8 (9.4) 22.1(7.0) 229 (7.2) 23.6 (7.5) 0 521
n (%) n (%) n (%) n (%)
Ethnicity (Hispanic/Latina) 14 (70.0%) 19 (67.9%) 16 (80.0%) 11 (55.0%) 0 402
Race: 0 323
White 19 (95.0%) 26 (92.9%) 19 (95.0%) 16 (80.0%)
Black or African American 1 (5.0%) 0 (0.0%) 0 (0.0%) 1 (5.0%)
American Indian or other 0 (0.0%) 2 (7.1%) 1(5.0%) 3 (15.0%)
Marital status: <0 0013
Single/ separated/ divorced 3(15.0%) 10 (35.7%) 6 (30.0%) 0 (0.0%)
Married/ cohabitating 17 (85.0%) 18 (64.3%) 14 (70.0%) 20 (100.0%)
Education level: <0 0013
High school or less 7 (35.0%) 16 (57.1%) 12 (60.0%) 4 (20.0%)
Some college or vocational 13 (65.0%) 11 (39.3%) 6 (30.0%) 6 (30.0%)
College degree or higher 0 (0.0%) 1(3.6%) 2 (10.0%) 10 (50.0%)
Currently employed: 12 (60.0%) 13 (46.4%) 6 (30.0%) 17 (85.0%) 0 0033
Health insurance: <0 0012
Self-purchased/other/none 1(5.0%) 0 (0.0%) 0 (0.0%) 1(5.0%)
Employer-based insurance 8 (40.0%) 1(3.6%) 1 (5.0%) 9 (45.0%)
Medicaid 11 (55.0%) 27 (96.4%) 19 (95.0%) 10 (50.0%)
Maternal body mass index: 0 213
<30 13 (65.0%) 24 (85.7%) 19 (95.0%) 17 (85.0%)
=30 3(15.0%) 3(10.7%) 0 (0.0%) 2 (10.0%)
>35 4 (20.0%) 1(3.6%) 1 (5.0%) 1 (5.0%)
Type of Delivery: 0 623
Vaginal 19 (95.0%) 25 (89.3%) 17 (85.0%) 19 (95.0%)
Cesarean section 1 (5.0%) 3(10.7%) 3(15.0%) 1 (5.0%)
Co-morbidities:
Hepatitis C 0 (0.0%) 10 (35.7%) 7 (35.0%) 0 (0.0%) < 00013
Hypertensive disorders 1 (5.0%) 8 (28.6%) 2 (10.0%) 3(15.0%) 0 153
Gestational diabetes 1 (5.0%) 0 (0.0%) 0 (0.0%) 0 (0.0%) 0 623
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Variable Controls MOUD MOUD + PAE PAE

(n=20) (n=28) (n=20) (n=20) p

Infant Characteristics

Mean (SD) Mean (SD) Mean (SD) Mean (SD)
Gestational age at birth (weeks) 38.8(1.6) 38.1(1.5) 38.5(1.6) 39.314)
Birthweight (grams) 3448.2 (636.9) 2856.6 (403.9) 2927.1(522.9) 3240.3 (504.9) <0 0011

n (%) n (%) n (%) n (%)
Infant sex: male 11 (55.0%) 15 (53.6%) 9 (45.0%) 12 (60.0%) 0 822
APGAR score at 1 min <7 2 (10.0%) 2 (7.1%) 3 (15.0%) 4 (20.0%) 0 623
APGAR score at 5 min <7 0 (0.0%) 3(10.71%) 0 (0.0%) 1 (5.0%) 0 623
Respiratory distress 0 (0.0%) 8 (28.6%) 6 (30.0%) 8 (40.0%) <0 0013
NOWS - 13 (46.4%) 5 (25%) - < 00013
Neonatal infection requiring treatment 1 (5.0%) 9 (32.1%) 3 (15.0%) 5 (25.0%) 0 113
Preterm delivery (<37 weeks) 2 (10.0%) 3(10.7%) 2 (10.0%) 2 (10.0%) 1 003

Jbased on Kruskal-Wallis test;
2 .
based on Chi-square test;

3 .
based on Fisher’s exact test;

MOUD - medications for opioid use disorder; PAE — prenatal alcohol exposure; NOWS — neonatal opioid withdraw syndrome
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Table 2.
Alcohol and substance use co-exposures by group
Controls MOUD MOUD + PAE PAE p
(n=20) (n=28) (n=20) (n=20)
n (%) n (%) n (%) n (%)

MOUD

Methadone only - 14 (50.0%) 6 (30.0%) -- < 00013

Buprenorphine only - 14 (50.0%) 12 (60.0%) - < 00013
Other opioids

Heroin 0 (0.0%) 9 (32.1%) 9 (45.0%) 0 (0.0%) < 00013

Misuse/use of prescription opioids 2 *(10_0%) 3 (10.7%) 9 (45.0%) 2(10.0%) _0133
Marijuana 0 (0.0%) 8 (28.7%) 12 (60.0%) 10(50.0%)  _ 00013
Benzodiazepines 0 (0.0%) 4 (14.3%) 7 (35.0%) 0 (0.0%) 00113
Sedatives 0 (0.0%) 1 (3.57%) 1 (5.00%) 1 (5.0%) 1 003
SSRI
Tobacco 0(0.0%)  11(39.3%) 11 (55.0%) 0 (0.0%) < 00013
Alcohol Mean (SD) Mean (SD) Mean (SD) Mean (SD)

AA/day around LMP (+2weeks) 0.01 (0.0) 0.0 (0.0) 4.39 (7.1) 0.82(0.7) < 00011

AAJ/day 30 days prior to enrollment 0.0 (0.0) 0.0 (0.0) 0.001 (0.0) 0.015(0.02) < 00011

AAl/day 30 days prior to delivery 0.0 (0.0) 0.0 (0.0) 0.0 (0.0) 0.012(0.02) 00011

AAJ/day across periconceptional period and pregnancy 0.0 (0.0) 0.0 (0.0) 1.46 (2.3) 0.28 (0.23) < 00011

'Zbased on Kruskal-Wallis test,
2 .
based on Chi-square test,

3 .
based on Fisher’s exact test;

MOUD, medications for opioid use disorder; PAE — prenatal alcohol exposure; AA, absolute ounces of alcohol (1 standard drink equals
approximately 0.5 AA); LMP, last menstrual period disorder; SSRI, selective serotonin reuptake inhibitor;

*
short-term use of opioid analgesics as prescribed
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Multiple regression analysis of placental protein expression of key immune and serotonin signaling factors
with select covariates

Predictors Placental protein biomarkers
TLR4 IL-18 TNF-a SERT
(9502 I (9502 lo])) (9502 lo])) (9502 lo]))
MOUD -0.02 0.14 0127 -0.24
(~0.09, 0.05) (-0.08, 0.37) (-0.21, -0.02) (~0.60, 0.11)
PAE 0.02 0.04 -0.04 0.08
(~0.05, 0.08) (-0.15, 0.23) (-0.13, 0.04) (-0.28, 0.44)
Birthweight 0.0002
(~0.0000, 0.0004)
Infant sex: male -0.05 —0.29™**
(-0.11, 0.02) (~0.48, -0.09)
PSS -0.01
(-0.03, 0.003)
Hepatitis C -0.20
(-0.46, 0.05)
Gestational age 0.03
(0.0003, 0.06)
Tobacco 0.09
(-0.02, 0.20)
Constant 132% 2.39™ 261" 623"
(1.25, 1.39) (1.71, 3.06) (153, 3.68) (5.91, 6.55)
R? 0.03 0.15 0.12 0.02
Adjusted R? -0.003 0.09 0.08 0.001

F Statistic

0.91 (df = 3; 84)

2.38™7(df = 6; 80)

2,837 (df = 4; 83)

1.03 (df = 2; 85)

Note:

*
p<0.1

*:

*
p<0.05

Hok:

*
p<0.01;

values were natural log transformed; Main effects (MOUD and PAE as well as MOUD-by-PAE interaction) as well as a priori covariates (maternal
pre-pregnancy body mass index (BMI), maternal age, prenatal tobacco use, maternal perceived stress (PSS) at delivery, maternal viral hepatisis C
infection, infant birth weight, type of delivery (vaginal vs. cesarean section), infant sex, gestational age at birth, SSRI exposure) were included in
all models. Variables included in the final models shown were selected by Akaike information criteria, Bayesian information criteria, and adjusted

R2 with backward and forward selection; MOUD — medications for opioid use disorder; PAE — prenatal alcohol exposure; PSS — Perceived Stress

Score
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