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Neonatal abstinence syndrome (NAS) is a constellation of signs of withdrawal occurring after birth following in utero exposure to licit or illicit opioids. Despite significant research and public health efforts, NAS remains challenging to diagnose, predict, and manage due to highly variable expression. Biomarker discovery in the field of NAS is crucial for stratifying risk, allocating resources, monitoring longitudinal outcomes, and identifying novel therapeutics. There is considerable interest in identifying important genetic and epigenetic markers of NAS severity and outcome that can guide medical decision making, research efforts, and public policy. A number of recent studies have suggested that genetic and epigenetic changes are associated with NAS severity, including evidence of neurodevelopmental instability. This review will provide an overview of the role of genetics and epigenetics in short and longer-term NAS outcomes. We will also describe novel research efforts using polygenic risk scores for NAS risk stratification and salivary gene expression to understand neurobehavioral modulation. Finally, emerging research focused on neuroinflammation from prenatal opioid exposure may elucidate novel mechanisms that could lead to development of future novel therapeutics.
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1 BACKGROUND
From 2010 to 2017, the number of pregnant women with opioid-related diagnoses [e.g., opioid use disorder (OUD)] increased from 3.5 to 8.2 per 1000 delivery hospitalizations (Hirai et al., 2021). This resulted in a concomitant increase in the number of neonates with neonatal abstinence syndrome (NAS) or neonatal opioid withdrawal syndrome (NOWS), from 4.0 to 7.3 per 1000 births1. This translated to a healthcare cost of $2.5 billion between 2004 and 2014 (Winkelman et al., 2018). Despite this substantial socioeconomic burden, there remains great variation in the diagnosis and management of NAS, highlighting an urgent need for objective and validated measures to address this challenge.
2 CURRENT PRACTICE: CLINICAL EVALUATION AND MANAGEMENT OF NAS
Multiple factors contribute to the challenge of a diagnosis and management of NAS. These include maternal characteristics (type of opioid used during pregnancy, comorbid physical/mental health conditions), neonatal characteristics (gestational age, sex), and hospital-based practice variation (e.g., location of care, breastmilk, supportive care) (Bogen et al., 2017; Minozzi et al., 2020; Jansson et al., 2017; Favara et al., 2019; Yen et al., 2021; O'Connor et al., 2017; Krans et al., 2021). Clinicians assign the diagnosis of NAS using varying criteria: 1) antenatal opioid exposure, 2) presence of any withdrawal signs following birth, and/or 3) use of pharmacotherapy (Jilani et al., 2021). In an effort to address the lack of a standardized clinical definition of NAS, the US Department of Health and Human Services convened a panel that proposed two key elements to diagnose NAS; prenatal exposure of opioids (with/without other substances) and presence of 2 of 5 most common clinical signs of NAS (high-pitched cry, poor sleep, tremors, hypertonia, gastrointestinal issues) (Jilani et al., 2022a; Jilani et al., 2022b).
3 KNOWLEDGE GAPS SURROUNDING NAS
Compounding this diagnostic challenge is lack of objective diagnostic tools. The most commonly used scoring system is the Finnegan Neonatal Abstinence Scoring System (FNASS) (Finnegan et al., 1975). Given the intricacies of the FNASS, attempts have been made to simplify the system with the introduction of multiple approaches including Eat, Sleep, Console (Gomez Pomar et al., 2017; Grossman et al., 2018; Devlin et al., 2020; Kocherlakota et al., 2020). Utilizing other systems such as the NICU Network Neurobehavioral Scale (NNNS) that incorporates neurologic and behavioral measures and signs of stress may provide improved diagnostic information (Lester et al., 2004). Despite the simplification, all scoring systems are subjective and require education/training to minimize inter-rater variability (Timpson et al., 2018; Chin Foo et al., 2021). Scoring systems are tools that may be biased by subjective factors, resulting in over- and under-medication which could actually increase long-term risks.
These scoring systems also do not account for sex of the neonates. While some studies have suggested that male sex is associated with worse NAS, others have not (Jansson et al., 2010; Unger et al., 2011; Charles et al., 2017). Sex is an important biological variable that contributes to the fundamental differences seen in many diseases and pharmacologic responses (Bartz et al., 2020; Kantarci et al., 2020; Zucker and Prendergast, 2020; Sharifi et al., 2021). An urgent need exists to incorporate sex in the evaluation and management of NAS. Based on the current one-size-fits-all model, the field needs molecular and other approaches to arrive at an objective method that considers an individual’s characteristics and enables personalized evaluation and management of NAS.
4 EMERGING BIOMARKER RESEARCH IN NAS
Researchers have examined molecular mechanisms, genetic and epigenetic alterations that may increase the risk of more severe NAS and the need for pharmacotherapy (which prolongs hospitalizations and increases costs). Several of these approaches are quite promising and have contributed to a better understanding of the pathogenesis of NAS.
4.1 Genetics in NAS
4.1.1 Single nucleotide polymorphism (SNP)
Our knowledge of genetic risk factors underlying NAS severity is in its infancy, mainly due to the difficulty of providing sufficient statistical power for genetic analyses. More is known about the genetics of OUD in adults, for which an estimated ∼60% of the population variability is attributable to genetic factors based on twin and family studies (Kendler et al., 2003; Goldman et al., 2005). Early studies of the genetics of NAS consisted primarily of candidate SNP analyses of loci identified in studies of adult opioid dependence or loci associated with opioid and stress pathways, with inconsistent results (Oei et al., 2012; Wachman et al., 2013; Wachman et al., 2015; Mactier et al., 2017; Wachman et al., 2017).
In opioid-exposed neonates, the need for pharmacotherapy was associated with SNPs in cytochrome P450 family 2 subfamily B member 6 (CYP2B6). Hypermethylation in the opioid receptor mu 1 (OPRM1) promoter was linked to worse NAS outcomes, defined by the need for ≥2 medications (Wachman et al., 2014). Another study reported that SNPs in prepronociceptin (PNOC), opioid receptor kappa 1 (OPRK1), or opioid receptor delta 1 (OPRD1) were linked to the need for ≥2 medications and longer length of hospital stay (Mactier et al., 2017). A recent review provides a comprehensive synopsis of candidate SNP studies and the loci they identified as potentially being associated with NAS severity (Wachman and Farrer, 2019). The results of the candidate SNP studies in are seen in Table 1 and provide an update on the replication status of the identified loci (discussed below). The loci include OPRM1, OPRK1, and OPRD1, the endogenous opioid peptide PNOC, the dopamine-metabolizing enzyme catechol-O-methyltransferase (COMT), and the methadone-metabolizing enzyme CYP2B6. The majority of these associations with NAS severity were point-wise significant but failed to reach experiment-wise significance when applying multiple-testing correction.
TABLE 1 | Variants with evidence of association with NAS phenotypes.
[image: Table 1]4.1.2 Genome-wide association study (GWAS)
For OUD and related phenotypes, GWAS have identified a small number of genome-wide association signals and few replicable findings (Gelernter et al., 2014; Nelson et al., 2016; Polimanti et al., 2020; Song et al., 2020; Zhou et al., 2020; Sanchez-Roige et al., 2021; Gaddis et al., 2022; Kember et al., 2022). Several recent large-scale GWAS of OUD have yielded promising loci with greater statistical support and consistency across multiple cohorts which could provide insight into the genetics of NAS (Zhou et al., 2020; Sanchez-Roige et al., 2021; Gaddis et al., 2022; Kember et al., 2022). A recent NAS GWAS allowed the development of a polygenic risk score (PRS) model that demonstrated the potential of using PRS for predicting NAS severity (Bibi et al., 2022); further model development based on larger sample sizes is needed.
The first ever GWAS examining the need for pharmacotherapy as a measure of NAS severity consisted of 476 in-utero opioid-exposed term neonates; 94 were of African ancestry (AA) and 382 European ancestry (EA) (Table 1) (Bibi et al., 2022). Although the sample was small for a GWAS due to the challenge of enrolling in-utero opioid-exposed neonates, obtaining consent, and performing genetic testing, this study did identify one genome-wide significant signal on chromosome 7 upstream of the G protein regulator and sorting nexin-13 gene (SNX13), which has been associated with heart failure, neutrophil counts, high density lipoprotein cholesterol level, apolipoprotein A1 level, and mean platelet volume (Willer et al., 2013; Li et al., 2014; Chen et al., 2020; Richardson et al., 2020; Vuckovic et al., 2020). SNX13 has not previously been associated with addiction, but the related SNX27 has been implicated in attenuating response to cocaine in mice (Munoz and Slesinger, 2014; Rifkin et al., 2018). Given the sample size, it will be important to replicate these findings in an independent dataset. The GWAS failed to replicate any of the associations identified in the candidate SNP studies (Table 1). However, in a gene-based analysis of the GWAS results, OPRD1 demonstrated some association (p = 0.014) as did PNOC (p = 0.073).
Large-scale adult GWAS of phenotypes related to opioid abuse/dependence have provided greater insight into the genetic loci affecting individual variation in responses to opioids (Table 2). These adult studies have identified 25 independent loci and it will be important to determine whether any of these loci are also associated with NAS severity. Only one locus (OPRM1) has been associated with NAS severity, but this finding was not replicated in the NAS GWAS. Of the 25 loci identified in adults, the ones with greatest association with NAS severity in the gene-based analysis performed for the GWAS study are: 1) potassium calcium-activated channel subfamily N member 1 (KCNN1) which regulates neuronal excitability and potassium ion trafficking (p = 0.00024) (Kember et al., 2022); 2) solute carrier family 2 member 9 (SLC2A9) from which is a member of the facilitative glucose transporter family (p = 0.035) (Song et al., 2020); and 3) cornichon family AMPA receptor auxiliary protein 3 (CNIH3) which has channel regulator activity in the dendritic shaft and postsynaptic membrane and has been associated with schizophrenia (p = 0.061) (Drummond et al., 2012; Nelson et al., 2016). Like KCNN1, sorting nexins related to SNX13 (e.g., SNX14, SNX27) seem to have a role in regulating neuronal excitability which may cause an attenuated response to cocaine in mice (Huang et al., 2014; Munoz and Slesinger, 2014; Rifkin et al., 2018).
TABLE 2 | Summary of genome-wide significant loci identified in studies of opioid use disorder and related phenotypes in adults.
[image: Table 2]Based on the results of our GWAS on NAS severity, we were able to develop a preliminary set of variants for calculating a PRS for predicting need for NAS treatment (Bibi et al., 2022). The PRS was developed in a training set of 290 EA neonates from the GWAS and it was confirmed to have good predictive ability in independent validation sets of 92 EA and 94 AA neonates when using effect sizes calculated in the validation sets. However, to predict need for NAS treatment in the clinical setting, it is necessary to calculate PRS using the effect sizes from previous analyses, not the neonate being assessed. In this scenario, the PRS did not effectively predict whether a neonate required NAS treatment. While these results demonstrate the potential of PRS for clinical assessment of NAS severity, larger sample sizes are needed to develop more effective PRS models.
4.1.3 Other genetic research in NAS
In a study of 67 neonates (half opioid-exposed), plasma brain-derived neurotrophic factor (BDNF) was significantly elevated in opioid-exposed neonates compared to non-exposed neonates, suggesting that plasma BDNF might correlate with NAS severity (Subedi et al., 2017). Mahnke et al. (2022) demonstrated that three extracellular microRNAs (miRNAs) in the umbilical cord plasma of opioid-exposed neonates were predictive of NAS severity. In particular, miR-128-3p, miR-30c-5p, and miR-421 predicted the need for pharmacotherapy (area under the curve/AUC of 0.85) and length of hospital stay (AUC 0.90). Adding a few more miRNAs enhanced predictive validity of both models.
Although dopamine receptor type (DRD2) is a key reward gene in OUD and has been extensively studied in adults, its role in NAS is not well elucidated. Oei et al. (2012) demonstrated that DRD2 polymorphisms were detectable in stored blood spots. Furthermore, the ins variant of the −141C Del/Ins polymorphism (located in the promoter region) was more prevalent in non-exposed compared to opioid-exposed neonates who did not require pharmacotherapy. The role of dopamine in NAS is also evident in neonatal salivary transcriptomic studies by Yen et al. (2019). Neonates with NAS have aberrant feeding behavior, especially those with more severe withdrawal. Using drops of saliva, Yen et al. demonstrated that DRD2 expression was significantly higher in opioid-exposed males than females, evidence of the sex-specific impact of prenatal opioids. Furthermore, a positive correlation was found between DRD2 expression and feeding volume suggesting that excessive and dysregulated feeding in NAS may be a compensatory mechanism responding to the abrupt end of the opioid supply at birth. The implication of this upregulated reward signaling on future reward-seeking behavior is yet unknown.
4.2 Epigenetics of NAS
Although several studies have demonstrated that genetic factors may explain the variability of expression seen in NAS, epigenetic variation in the OPRM1 gene has also been linked to NAS severity. Cytosine methylation of DNA is a known epigenetic mechanism that results in the addition of a methyl group to cytosine residues of cytosine:guanine (CpG) dinucleotides. Chronic in utero opioid exposure may increase methylation at specific CpG sites within promoter regions of a gene, potentially increasing or decreasing gene expression (Nielsen et al., 2012; Doehring et al., 2013). Wachman et al. (2014) obtained DNA from 86 neonates receiving pharmacotherapy for NAS and measured methylation levels at 16 OPRM1 CpG sites. Increased methylation was detected in multiple areas within the OPRM1 promoter, with the highest levels in neonates with the most severe NAS, consistent with gene silencing. In a follow-up study, OPRM1 methylation was measured in 68 neonates who were exposed to antenatal opioids and their mothers (Wachman et al., 2018). While higher levels at the −18, −14, and +23 CpG sites were associated with receipt of pharmacotherapy in neonates, elevations in mothers were associated with an increased length of neonatal hospital stay, confirming prior findings. In contrast, when placental methylation of the OPRM1 promoter was analyzed in opioid exposed and non-exposed placentas, no significant associations with neonatal outcome was noted (Wachman et al., 2020).
While these studies suggested that increased methylation of OPRM1 is associated with more severe NAS, Camerota et al. (2022) hypothesized that pharmacotherapy for NAS would result in decreased DNA methylation and improvements in neonatal neurobehavior. They collected DNA from 37 neonates with NAS before and after treatment and examined methylation at 4 CpG sites within the OPRM1 gene. Path analysis was used to examine associations with pharmacotherapy, DNA methylation, and NNNS summary scores. DNA methylation did decrease in 1 of 4 CpG sites and was accompanied by less excitability, hypertonia, lethargy, signs of stress and abstinence, and abnormal movement after treatment was completed. Greater decreases in DNA methylation were associated with the most significant decreases in excitability and hypertonia on the NNNS. This study is the first to suggest that pharmacologic treatment in NAS may directly influence epigenetics and neonatal neurobehavior. Further studies are needed in treated and untreated neonates in order to establish a more definitive association.
4.3 Genetic evidence of inflammation as a potential mechanism for NAS
Emerging animal data highlight the role of inflammation in potentiating the effects of opioids in drug addiction. Opioids bind with toll-like receptor type 4 (TLR4) and propagate the inflammatory cascade through the release of cytokines and chemokines which precipitate opioid tolerance and dependency (Hutchinson et al., 2012; Wang et al., 2012; Zhang et al., 2020a). There is an urgent need to better understand the impact of inflammation in NAS as it may contribute to the immediate signs of withdrawal and provide the genetic underpinning of the long-term neurodevelopmental effects of antenatal opioids.
4.3.1 Animal studies
TLR4 signaling in the mature central nervous system occurs in response to many types of opioids (e.g., methadone, morphine, buprenorphine, oxycodone) (Jacobsen et al., 2014). Opioids induce a central immune response by binding TLR4 and an accessory protein known as myeloid differentiation protein 2 (MD-2), inducing TLR4 oligomerization and nuclear factor kappa B (NFκB) activation (Wang et al., 2012). This increases the major pro-inflammatory cytokines interleukin 1-beta (IL-1β), tumor necrosis alpha (TNFα), interleukin 6 (IL-6), and monocyte chemoattractant protein-1 (MCP-1/CCL2) and C-X-C motif ligand 1 (CXCL1) (Coller and Hutchinson, 2012). Methadone induces many of these cytokines in the peripheral circulation and brain at P10, approximately human term equivalent (Jantzie et al., 2020). Opioids also activate NFκB, which promotes transcription of opioid receptors and peptides, propagating a detrimental intracellular signaling cascade (Wang et al., 2004; Chen et al., 2007; Rehni et al., 2008; Sawaya et al., 2009; Seney et al., 2021). In adults, microglia have been implicated as a driver for opioid-induced neuroplasticity, catalyzing changes in extracellular matrix, synaptic and dendritic structures, and are proposed to be a cellular bridge connecting opioids to the neural-immune system (Zhang et al., 2020b; Ryu et al., 2021; Seney et al., 2021). Opioid-induced glial activation may serve as an important mechanism underlying drug addiction by opposing opioid analgesia in the mature CNS and enhancing opioid tolerance, dependence, and reward (Hutchinson et al., 2008; Watkins et al., 2009).
Jantzie et al. (2020) demonstrated that opioid-induced brain injuries shared many features of a profound neuroinflammatory disease characterized by the white matter loss and axonal injury seen in non-opioid brain injuries (Newville et al., 2020; Vasan et al., 2021; Madurai et al., 2022). Antenatal opioids primed the immune system with baseline elevations in cytokines/chemokines as well as exaggerated inflammatory responses in peripheral blood mononuclear cells after stimulation with lipopolysaccharide. At term equivalent age, antenatal opioids increased TLR4 and myeloid differentiation primary response 88 (MyD88) mRNA in the fetal brain in conjunction with glial activation, evidenced by increased expression of ionized-calcium binding adaptor molecule 1 (Iba1) and changes in microglial morphology and activation. The peripheral inflammation, immune priming, and sustained peripheral immune reactivity (SPIHR) extended beyond the neonatal period (Jantzie et al., 2020; Newville et al., 2020). Even as markers of serum inflammation and SPIHR normalized in adulthood, opioid-induced increases in cerebral immune cell populations (neutrophils and regulatory T-cells) remained (Madurai et al., 2022). Maturing rats with prenatal opioid exposure also had reduced fractional anisotropy (FA) in major white matter tracts, as well as marked loss in cerebral microstructure and abnormalities in directional diffusion. Such robust systemic inflammatory response and immune dysfunction were accompanied by cognitive deficits well into adulthood, evidence of lasting inflammatory impact of antenatal opioids (Jantzie et al., 2020; Madurai et al., 2022).
4.3.2 Neonatal studies
While the impact of prenatal opioids on the developing brain and neurodevelopmental outcomes has been studied in neonates (Yuan et al., 2014; Monnelly et al., 2017; Oei et al., 2017; Sirnes et al., 2017; Merhar et al., 2019; Yeoh et al., 2019; Lowe et al., 2022; Radhakrishnan et al., 2022), the role of inflammation is unknown. Based on the emerging animal data demonstrating the pro-inflammatory effects of antenatal opioids on the offspring, Yen et al. (2022) conducted a novel pilot study to understand the role of inflammation in NAS. Neonatal salivary transcriptomic and brain magnetic resonance imaging (MRI) data demonstrate that opioid-exposed females, regardless of the need for pharmacotherapy, had greater expression of C-C motif chemokine ligand 2 (CCL2) and CXCL1 than males. MRI showed a higher incidence of punctate white matter hyperintensity in opioid-exposed compared to non-exposed neonates, with female predominance. Salivary transcriptomics also showed significantly higher expression of IL1β, IL6, TNFα, and IL10 in opioid-exposed neonates with white matter hyperintensity than in those without it. While this pilot study replicated the findings of punctate white matter injury by Merhar et al. (2019), salivary transcriptomic data from this study were the first to suggest the genetic mechanisms by which inflammation may underlie sex-specific white matter injury in opioid-exposed neonates. In a small subset of neonates, opioid-exposed neonates had smaller head circumference and qualitatively reduced FA in major white matter tracts compared to non-exposed neonates (Sikka et al., 2022). This novel research highlights the sex-specific and pro-inflammatory effects of antenatal opioid exposure and supports prior human and animal studies demonstrating the adverse effects of antenatal opioid exposure on brain development at both macro- and micro-structural levels (Monnelly et al., 2017; Jantzie et al., 2020). Genetic underpinning that confirms the role of inflammation in NAS may provide exciting opportunities for non-opioid replacement therapy in neonates most severely affected by the opioid epidemic. Larger sample sizes are needed to validate these findings and correlate them with changes in gene expression.
5 CONCLUSIONS/FUTURE DIRECTIONS
Technology advancement in the last decade has enabled more sophisticated and objective platforms for the diagnosis of NAS, in particular in predicting withdrawal severity and the need for pharmacotherapy. Using cord blood, serum samples, buccal swabs, and drops of saliva, the field progressed rapidly using SNPs, DNA methylation, GWAS, and PRS models that highlights genetic and epigenetic changes resulting from antenatal opioid exposure. Such advancement is key to the systematic understanding and prediction of NAS severity and the discovery of predictive biomarkers that are readily validated. Emerging animal and human data point to the crucial role of antenatal opioids on inflammatory pathways/gene expression in a sex-specific manner. This highlights the potential of non-opioid therapeutics targeting anti-inflammatory pathways. It is important to consider biological variables such as sex and carefully account and adjust for the confounding factors inherent to this type of research. There is also an urgent need to generate larger datasets that validate findings from smaller studies to arrive at robust genetic and epigenetic biomarkers that can be linked to brain structure and function in order to improve neurodevelopmental outcomes of these high-risk neonates.
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