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Abstract

Prenatal opioid exposure is associated with significantly adverse medical, developmental, and
behavioral outcomes in offspring, though the underlying mechanisms driving these impairments
are still unclear. Accumulating evidence implicates gut microbial dysbiosis as a potential
modulator of these adverse effects. However, how opioid exposure during pregnancy alters the
maternal and neonatal microbiome remain to be elucidated. Here, we utilize a murine model of
brief hydromorphone exposure during pregnancy (gestation day 11-13; i.p.; 10mg/kg) to examine
its impact on the maternal and neonatal microbiome. Fecal samples were collected at various
timepoints in dams (4 days post hydromorphone exposure, birth, and weaning) and offspring (2,
3, and 5 weeks) to interrogate longitudinal changes in the microbiome. Stomach contents at 2
weeks were also collected as a surrogate for breastmilk and microbial analysis was performed
using 16S rRNA sequencing. Alongside alterations in the maternal gut microbial composition,
offspring gut microbiota exhibited distinct communities at 2 and 3 weeks. Furthermore, functional
profiling of microbial communities revealed significant differences in microbial community-level
phenotypes gram-negative, gram-positive, and potentially pathogenic in maternal and/or neonatal
hydromorphone exposed groups compared with controls. We also observed differences in stomach
microbiota in opioid-exposed vs non-exposed offspring, which suggests breast milk may also play
a role in shaping the development of the neonatal gut microbiota. Together, we provide evidence
of maternal and neonatal microbial dysbiosis provoked even with brief hydromorphone exposure
during pregnancy.
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Introduction

Paralleling the opioid epidemic, there has been a concomitant rise in neonates prenatally
exposed to opioids. As of 2019, estimates stand at up to 6.6% of women reporting
prescription opioid use during pregnancy (Ko et al. 2020). Opioids (such as hydromorphone,
morphine, and oxycodone) and medications used to manage opioid use disorder (such as
buprenorphine and methadone) cross the placenta, subjecting offspring to the adverse effects
of prenatal opioid exposure (POE). For instance, neonatal opioid withdrawal syndrome
(NOWS), which affects 21-94% of neonates exposed to opioids, is characterized by
profound neonatal neurobehavioral dysregulation (Ross et al. 2015; McQueen and Murphy-
Oikonen 2016). Additionally, growing evidence suggests that POE has detrimental effects on
offspring that extend past the neonatal period with some evidence of behavioral disorders
and motor and cognitive deficits in adolescence and early adulthood, though research in

this field is lacking (Ornoy et al. 2001; Hunt et al. 2008; McQueen and Murphy-Oikonen
2016; Nygaard et al. 2017; Abu and Roy 2021). In particular, there is an urgent need to
investigate potential mechanisms driving adverse effects of POE, alongside developmental
consequences.

The microbiome has emerged as a key player in modulating health and disease, particularly
in pregnancy. Maternal exposures to antibiotics (Gonzalez-Perez et al. 2016), high fat diet
(Xie et al. 2018), infection (Nyangahu and Jaspan 2019), metabolic and gastrointestinal
diseases (Wang et al. 2018b; Torres et al. 2020), and various environmental exposures
(Zhang et al. 2020) are associated with intestinal dysbiosis during pregnancy. Accumulating
evidence has implicated maternal microbial dysbiosis in promoting atopic, gastrointestinal,
immunological and neuropsychiatric dysfunction in offspring, potentially through the
development of neonatal intestinal dysbiosis (McKeever et al. 2002; Bruce-Keller et al.
2017; Schulfer et al. 2018; Xie et al. 2018; JaSarevi¢ and Bale 2019).

There is compelling evidence that maternal exposure to opioids during pregnancy may
cause maternal and neonatal intestinal dysbiosis. We have previously shown that opioid
exposure causes microbial dyshiosis in adult mice (Meng et al. 2013; Banerjee et al.

2016; Wang et al. 2018a; Zhang et al. 2019). Importantly, this highlights the fact that
women of reproductive age taking opioids may have dysbiotic gut microbiomes, which they
may maintain throughout pregnancy, though this has never been shown. Here we explore
how maternal opioid exposure during pregnancy impacts the maternal and neonatal gut
microbiome using a model of brief hydromorphone exposure.
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Methods

Experimental design:

All experimental procedures were performed according to the guidelines of the Institutional
Animal Care and Use Committee at University of Miami, Miller School of Medicine.
Female 10-12-week C57 BL/6 mice were mated by housing two females and an adult

male per cage. Following confirmation of a copulation plug (gestation day 0 (GO0) of
pregnancy), males were removed. Dams received an intraperitoneal injection of either saline
or hydromorphone (10mg/kg, once daily) from G11-G13. This period overlaps with the
beginning of gastrointestinal development in the growing fetus and supports investigations
of brief opioid exposure during sensitive periods of time in pregnancy. The dose was chosen
to balance viability of pups with an abuse model of brief opioid exposure. To determine
longitudinal changes in the maternal gut microbiome following brief opioid exposure, large
intestine (L1) samples were collected from dams at G17 (4 days post last hydromorphone/
saline injection), birth and weaning. To assess alterations in the neonatal microbiome,

pups were sacrificed 2 (pre-weaning), 3 (weaning), or 5 (post-weaning) weeks after birth.
Large intestinal samples (collected at all time points) and stomach contents (collected in
offspring at 2 weeks) as a proxy for breastmilk were subjected to microbiome analysis. Male
and female offspring were included in analysis, but this study was not powered to detect
sex-based differences.

16S rRNA gene sequencing:

DNA was isolated using DNeasy 96 PowerSoil Pro QlAcube HT Kit with QlAcube

HT liquid-handling machine (Qiagen, Maryland, USA). Sequencing was performed

by the University of Minnesota Genomics Center. The hypervariable regions V4

region of 16S rRNA gene was PCR amplified using the forward primer 515F
(GTGCCAFCMGCCGCGGTAA), reverse primer 806R (GGACTACHVGGGTWTCTAAT).
The amplicons were sequenced with the Illumina MiSeq v.3 platform, generating 300-bp
paired-end reads.

Bioinformatic analysis:

Demultiplexed raw sequence reads were filtered and clustered into amplicon sequence
variants (ASVs) with the DADAZ2 package (Callahan et al. 2016). QIIME2 (Bolyen et al.
2019) pipeline was used for diversity analyses and taxonomic assignment. LDA Effect

Size (LEfSe) (Segata et al. 2011) was used to detect differentially enriched taxa across
groups. The threshold on the logarithmic LDA score for discriminative features was set to 2.
BugBase (Ward et al. 2017) software was used to predict high-level microbial phenotypes.
MicrobiomeAnalyst (Chong et al. 2020) was used for graphic visualization. SourceTracker
(Knights et al. 2011) was used to predict the source of microbial communities of the large
intestine of 2-week-old offspring from known (offspring stomach contents or maternal gut
samples at weaning) and unknown environments.
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Statistical analysis:

Kruskal-Wallis test was used to detect if a diversity differed across treatments.
Permutational multivariate analysis of variance (PERMANOVA) was used to detect if
diversity differed across treatments.

Results

Impact of POE on gut and stomach microbiota diversity

After quality control of raw sequencing, 1252 unique ASVs were identified among all
samples (Supplemental Table S1). Prenatal opioid exposure (POE) did not change a
diversity in terms of richness (measured by Faith’s Phylogenetic Diversity) or evenness
(measured by Pielou’s Evenness) during the first 3 weeks of life in offspring LI samples
(Fig 1A). However, POE offspring displayed higher richness than controls at 5 weeks, g
=0.038 (Fig 1A). No effect on a diversity was observed in dams 4 days post (4dp) last
hydromorphone/saline treatment (G17), at birth, or at weaning (Fig 1A). Weighted UniFrac
was used to calculate distance for B diversity and principal-coordinate analysis (PCoA) plots
was used for visualization of principal-coordinate analysis (PCoA) plots (Fig 1B-D). Brief
hydromorphone treatment during pregnancy had a significant impact on p diversity in both
the maternal and offspring microbiome. Microbial composition of fecal samples from POE
mothers was significantly different from control mothers 4dp last hydromorphone/saline
treatment (q < 0.01) and at parturition (q = 0.014) (Fig 1D). However, there was no
significant difference between POE and control dams at the time of weaning (q = 0.2) (Fig
1D). Among the fecal samples from offspring, the microbial composition in POE offspring
was significantly different from controls at 2 weeks (q = 0.01) and 3 weeks (g< 0.001) (Fig
1B). However, at 5 weeks, the difference was no longer significant (q= 0.059), though to
some extent, distinct clustering was observed (Fig 1B). Stomach samples were also collected
from 2-week-old offspring as a surrogate for the maternal breast milk microbiome. Similar
to fecal samples, there was no change in a. diversity between the POE and control stomach
microbiomes (Fig 1A). Notably, in terms of B diversity, stomach samples from POE mice
were significantly different from control mice (g = 0.02) (Fig 1C).

Impact of POE on gut and stomach microbiota composition

LEfSe was used to identify differentially enriched microbial taxa from the phylum to the
genus level in hydromorphone-exposed and unexposed mice (Fig 2).

Four days post last hydromorphone (HYD)/saline treatment, bacteria from phyla
Bacteoidetes and Proteobacteria, and genera Bacteroides (from phylum Bacteoidetes) and
Sutterella (from phylum Proteobacteria), were more abundant in fecal samples from HYD-
treated dams (Fig 2A). Bacteria from phylum Firmicutes, genera Adlercreutzia (from
phylum Actinobacteria), and genera Anaerostipes (from phylum Firmicutes) were more
abundant from control dams (Fig 2A).

At the time of birth, bacteria from phyla Bacteoidetes and Proteobacteria, and genera
Bacteroides (from phylum Bacteoidetes) and Turicibacter (from phylum Firmicutes), were
more enriched in fecal samples from HY D-treated mothers (Fig 2A). Bacteria from phylum
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Firmicutes and genera Allobaculum (from phylum Firmicutes) and Roseburia (from phylum
Firmicutes), were more enriched from control mothers (Fig 2A).

At the time of weaning, bacteria from phylum Verrucomicrobia, and genera Clostridium
(from phylum Firmicutes) and Akkermansia (from phylum Verrucomicrobia) were more
prevalent in fecal samples from HY D-treated mothers (Fig 2A). Bacteria from phylum
Firmicutes and genera Osciflospira (from phylum Firmicutes) and Roseburia (from phylum
Firmicutes), were more prevalent from control mothers (Fig 2A).

At two weeks, bacteria from phylum Firmicutes and genera Lactobacillus, Ruminococcus
and Allobaculum (all genera from phylum Firmicutes), were more prevalent in fecal samples
from POE offspring (Fig 2B). Bacteria from phyla Verrucomicrobiaand Tenericutes,

and genera Akkermansia (from phylum Verrucomicrobia), Clostridium (from phylum
Firmicutes), and Bifidobacterium (from phylum Actinobacteria), were more prevalent from
control offspring (Fig 2B).

At three weeks, bacteria from genera 7uricibacter (from phylum Firmicutes), Bacteroides
(from phylum Bacteoidetes), Bifidobacterium (from phylum Actinobacteria), Allobaculum
(from phylum Firmicutes) and Dehalobacterium (from phylum Firmicutes) were

more abundant in fecal samples from POE offspring (Fig 2B). Bacteria from

phyla Verrucomicrobia and Proteobacteria, and genera Akkermansia (from phylum
Verrucomicrobia), Coprobacillus (from phylum Firmicutes), Dorea (from phylum
Firmicutes) and Adlercreutzia (from phylum Actinobacteria), were more abundant from
control offspring (Fig 2B).

At five weeks, bacteria from genera Ruminococcus (from phylum Firmicutes) were more
abundant in fecal samples from POE offspring (Fig 2B). Bacteria from genera Lactobacillus
(from phylum Firmicutes) and Staphylococcus (from phylum Firmicutes) were more
enriched from control offspring (Fig 2B).

Bacteria from genera Staphylococcus (from phylum Firmicutes) and Lactobacillus (from
phylum Firmicutes) were more prevalent in stomach samples from POE offspring (Fig
2C). Genera Akkermansia (from phylum Verrucomicrobia), Clostridium (from phylum
Firmicutes) and an unknown genus from family S24-7 (from phylum Bacteoidetes) were
more prevalent in stomach samples from control offspring (Fig 2C).

To study the contribution of the maternal gut and breast milk microbiome on the gut
microbiome in offspring, we utilized Sourcetracker to estimate the proportion of microbes
contributed from known sources (maternal LI samples at weaning, offspring stomach
contents at 2 weeks) and unknown sources (Fig 1E). The analysis of the gut microbiome
from two-week old control pups showed that the maternal microbiome contributed 4.2 £
0.8% to the pup gut microbiome, while stomach samples contributed 43 + 5.9% (Fig 1E).
The percentage contribution of the POE maternal microbiome to pups was 3.6 + 1.1% while
the contribution of stomach samples to pups is 41.2 + 8.6 % (Fig 1E).
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Impact of POE on gut and stomach microbiota function

Using BugBase, high level potential phenotypes (gram-negative, gram-positive, and
potentially pathogenic) were predicted among opioid exposed and unexposed groups (Fig
3).

Four days post last HY D/saline treatment, gram-negative bacteria were significantly higher
(p < 0.01) and gram-positive bacteria were significantly lower (p < 0.01) in samples from
POE dams compared with control dams sampled (Fig 3A/B). Notably, there were more
potentially pathogenic bacteria in POE dams at this timepoint (Fig 3C).

At the time of birth, there was no significant difference in gram-positive or gram-negative
bacterial abundance (Fig 3A/B). However, there were more potentially pathogenic bacteria
in the POE group (p < 0.01) (Fig 3C).

At the time of weaning, similar to that observed 4dp HYD treatment, gram-negative bacteria
in POE maternal samples were significantly higher (p < 0.01), while gram-positive bacteria
were significantly lower (p < 0.01) (Fig 3A/B). However, at this timepoint, there was no
significance in pathogenic bacteria (p=0.2) (Fig 3C).

In 2-week-old offspring, gram-negative bacteria were significantly lower in LI and stomach
samples from POE offspring than in control (p < 0.01) (Fig 3B). On the contrary, gram-
positive bacteria were significantly higher (p < 0.01) in this group (Fig 3A). However,

there was no difference (p > 0.1) in potentially pathogenic bacteria between control and
POE 2-week-old offspring samples (Fig 3C). Additionally, there was no difference (p >

0.3) in gram-positive, gram-negative, or potentially pathogenic bacteria in 3-week or 5-week
control and POE offspring sampled (Fig 3).

Discussion

Here, we show that brief hydromorphone exposure during pregnancy is sufficient to induce
longitudinal changes in both the maternal and neonatal gut microbiota, with perturbations
also observed in the stomach contents (as a proxy for breastmilk). We further show that
the proportion of gram negative, gram positive, and potentially pathogenic phenotypes
was significantly altered in hydromorphone-exposed dams, with gram positive species
significantly increased and gram-negative species significantly decreased in 2-week-old
offspring.

Our results further show that opioid exposure in dams does not have an impact on a
diversity in terms of richness or evenness. Previous studies have shown no change or
decreased a diversity with opioid treatment (Banerjee et al. 2016; Lee et al. 2018; Wang et
al. 2018a); however, these studies were not conducted during pregnancy, and also utilized
different paradigms of acute and chronic opioid exposure. Recently, using a ~60-day chronic
methadone treatment, it was shown that prenatal and early postnatal opioid exposure resulted
in increased a diversity in dams and offspring at weaning (Grecco et al. 2021). However, in
our studies of brief opioid exposure, in offspring, POE did not affect a diversity during the
first 3 weeks of life but did result in higher richness than controls at 5 weeks (g = 0.038).
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The B and LEfSe analysis in our study did reveal significant differences in bacterial clades
from phylum to species level between groups. Bacteria from phylum Bacteroidetes and
Proteobacteria, genus Bacteroides were consistently enriched in maternal LI samples post
HYD treatment to birth. The microbiome continued to change during weaning, whereby
bacteria from phylum Verrucomicrobia, genera Clostridium (from phylum Firmicutes), and
Akkermansia (from phylum Verrucomicrobia) were more prevalent. Consistently, one study
found that Akkermansia was enriched in methadone-exposed dams at weaning (Grecco

et al. 2021); however, in this study Lachnospiracea NK4A136 was more profoundly
enriched in both dams and offspring at weaning, which we did not find at this timepoint
(Grecco et al. 2021). Rather, while we show differential abundance of Lachnospiraceain
2-week-old POE offspring, this was not statistically significant at 3 or 5 weeks, per our
LEfSe analyses. Indeed, multiple reports have shown that morphine has a direct impact

on the gut microbiome composition at various levels in mice models (Banerjee et al.

2016; Lee et al. 2018; Sindberg et al. 2019; Zhang et al. 2019). For instance, consistent
with our study, Sharma ef al., 2020 reported Proteobacteriaand Verrucomicrobia were
more abundant in hydromorphone treated adulted male mice. However, we also discovered
Firmicutes were less abundant in HYD treated mothers, whereas Sharma et al., 2020

did not find significant differences. Differences in reported gut microbial composition

post hydromorphone exposure may be due to variation in sampling times, length/duration
of opioid exposure, the use of males/females and the presence/absence of pregnancy.
Furthermore, our sampling periods in mothers (e.g., 4dp last hydromorphone injection

at G17) most likely resembles a gut microbiome during hydromorphone withdrawal, as
dysbiosis induced by morphine treatment may occur as rapidly as 24 hours (Wang et al.
2018a). Additionally, our experimental regimen of hydromorphone injections may have
subjected dams to withdrawal between injections, which may reflect in their microbiomes.
Future studies may limit opioid withdrawal during pregnancy or probe earlier sampling
timepoints. Nonetheless, to date, there have been no reported studies documenting how long
dysbiosis can persist after discontinuation of opioids, which we have examined here with our
longitudinal analyses.

In our studies, we also found significant differences in gut and stomach microbial
composition in POE offspring. Bacteria from genera Ruminococcus (from phylum
Firmicutes) and Allobaculum (from phylum Firmicutes) were overrepresented in POE pup
gut microbiota at 2 and 3 weeks. At five weeks, Ruminococcus was still enriched even
post-weaning. Interestingly, Staphylococcusand Lactobacilluswere also enriched in both
stomach and gut microbiota samples at 2 weeks. We further utilized the SourceTracker
algorithm to probe contributions from 2-week-old stomach contents (as a surrogate of
breastmilk) to offspring’s L1 gut microbiota and found up to a 50% contribution. This

is in agreement with LEfSe analysis, which found that Staphylococcusand Lactobacillus
(both from phylum Firmicutes) were enriched in both stomach and gut microbiota samples
at 2 weeks. Besides the contribution from breastmilk, around 45% of the taxa present

in the offspring gut microbiota were from unknown sources, which indicate that other
microbial sources such as the vagina, skin, oral or environmental microbiota may contribute
to the development of the neonatal gut microbiota. For instance, Nyangahu et al., 2018
reported less than a 5% contribution from breastmilk and maternal gut combined compared
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with a 95% contribution from unknown sources (Nyangahu et al. 2018). These observed
differences may be due to variations in animal strains, housing, or weaning conditions
between studies. While mechanisms whereby maternal hydromorphone exposure contribute
to changes in the neonatal microbiome are unknown, several theories have been posited

and remain to be investigated. For instance, opioid exposure may alter the maternal gut
metabolome, and these metabolites may indirectly influence the neonatal microbiome in
utero at the maternal-fetal interface or postnatally through sources such as breastmilk via
the enteromammary pathway (Nyangahu and Jaspan 2019). In line, in our model of brief
hydromorphone exposure, changes in microbial composition of stomach contents likely
represent an indirect effect of maternal hydromorphone exposure on breastmilk microbial
composition; given the 2.3-hour termination elimination half-life of hydromorphone,
hydromorphone and its metabolites (e.g., hydromorphone-3-glucuronide) are unlikely to be
found in maternal circulation at birth and transmitted to offspring via breastmilk. Still, direct
mechanisms by which in utero opioid exposure affect the fetus or maternal gut translocation
to the placenta remain to be examined. Future studies that include cross-fostering or litter
swapping to discern postnatal from prenatal influences will also be required to provide
mechanistic insights.

At the microbial community level, the proportion of gram-positive, gram-negative, and
potentially pathogenic bacteria were altered with hydromorphone exposure. A significant
increase in gram-negative bacteria and a significant decrease in gram-positive bacteria
were observed in dams 4dp last hydromorphone treatment and at weaning. Recent reports
have correlated enrichment of gram-negative and potentially pathogenic to the increased
abundance of Bacteroidetes, which we also observed (Han et al. 2019). Notably, this trend
was inverted in the fecal and stomach samples of two-week-old POE offspring, which

had significantly decreased gram-negative bacteria and increased gram-positive bacteria.
Potentially pathogenic bacteria were elevated 4dp last hydromorphone treatment and birth
in HYD-treated dams but were not significantly different at weaning or in offspring at
any timepoint. Even though there was numerical decrease in the percentage of potential
pathogens in POE-offspring compared to control-POE, the pairwise comparison failed to
yield a significant result (p = 0.155) (Sup. Fig. 4). Why opposite trends in abundance of
gram-negative and gram-positive bacteria exist in HYD treated dams and 2-week-old POE
offspring remains to be investigated.

This work is the first to look at longitudinal changes in microbial diversity, composition,

and function in dams and offspring after hydromorphone exposure and opens avenues

for much needed work in this field. While there is no evidence for a causal relationship
between brief hydromorphone exposure and intestinal flora imbalance in dams and neonates,
our work provides a compelling association and is in line with several studies showing

that maternal dysbiosis during pregnancy is associated with dysbiosis in offspring. This
investigation did not look at microbial contributions from the genital tract and the breastmilk
microbiome directly, which will be necessary to elucidate important contributions to the
development of the neonatal gut microbiome. Sex-specific effects also need to be clarified.
Future studies can also determine how the metabolome is impacted by brief hydromorphone
exposure and the consequences of these changes in mothers and offspring. Importantly,
further work will be required to determine how gut microbial dysbiosis contributes to known
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neurodevelopmental effects of prenatal opioid exposure, and how the gut microbiome in
pre-exposed offspring responds to subsequent opioid challenges.
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at 5 weeks (q = 0.038). Principal coordinates analysis (PCoA) plot of weighted UniFrac
distances (metric of B -diversity) in (B) offspring LI, (C) offspring stomach, and (D)
maternal LI samples. (E) Sourcetracker estimates of the proportion of microbes in offspring
stool identical to maternal stool or offspring stomach (surrogate for breastmilk). Error

bars represent standard error of the mean (SEM). P>0.05 for all groups. CTRL, control;
4dp, 4 days post last hydromorphone or saline exposure (gestation day 17); Bir, birth;
wean, weaning; Off, offspring; Sto, stomach; LI, large intestine; POE, prenatal opioid
(hydromorphone) exposure.
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LEfSe (Linear Discriminant Analysis Effect Size) analysis of bacterial taxa among samples.
Empty label names indicate unidentified taxa. (A) Top discriminative bacteria taxa between
stool sample from hydromorphone exposed or control dams at the following timepoints: 4
days post last hydromorphone/saline exposure (gestation day 17), birth or weaning. (B) Top
discriminative bacterial taxa between stool sample from prenatal hydromorphone exposed or
control offspring at the following timepoints: 2, 3, 5 weeks. (C) Top discriminative bacterial
taxa between stomach sample from prenatal hydromorphone exposed or control offspring at
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2 weeks. CTRL, control; 4dp, 4 days post last hydromorphone or saline exposure (gestation

day 17); Bir, birth; wean, weaning; Off, offspring; Sto, stomach; LI, large intestine; POE,
prenatal opioid (hydromorphone) exposure.
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Figure 3.
High-level phenotypic analysis predicted by BugBase software. Statistical analysis of

predicted phenotypes displayed in Supplemental Figures 2-4. (A) predicted relative
abundance of Gram-positive bacteria. P < 0.05 between POEMom_4dp_LI vs control,
POEMom_wean_LlI vs control, and POEOff_2wk_Sto vs. control, POEOff_2wk_LI vs
control. (B) predicted relative abundance of Gram-negative bacteria. P < 0.05 between
POEMom_4dp_L1I vs control, POEMom_wean_L 1 vs control, and POEOff_2wk_Sto vs.
control, POEOff 2wk L1 vs control. (C) predicted relative abundance of potentially
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pathogenic bacteria. P < 0.05 between POEMom_4dp_LI vs control, POEMom_bir_LI vs
control. CTRL, control; 4dp, 4 days post last hydromorphone or saline exposure (gestation
day 17); Bir, birth; wean, weaning; Off, offspring; Sto, stomach; LI, large intestine; POE,
prenatal opioid (hydromorphone) exposure.
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