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Abstract

Background: Prenatal alcohol exposure (PAE), leading to fetal alcohol spectrum disorders
(FASD), is a serious public health issue in the U.S. and globally. Diagnosis of FASD is crucial in
obtaining appropriate care but is not always possible when PAE cannot be documented.

Methods: Deciduous teeth from a child with known PAE and a child with known absence

of PAE were analyzed using liquid chromatography-isotope dilution tandem mass spectrometry
(LC-IDMS/MS) in a multiple-reaction monitoring mode for direct markers and LC-high resolution
MS in positive and negative mode with hydrophilic interaction liquid chromatography and reverse
phase chromatography, respectively, for indirect markers.

Results: Direct markers of PAE (ethyl glucuronide and ethyl sulfate) were detected in pre- and
postnatal dentine from a case tooth but not from a control tooth. Indirect biomarker analysis
indicated a dysregulation of amino acids and an increase in cholesterol sulfate in the case
compared to the control tooth.

Conclusions: This proof-of-concept study demonstrates for the first time that direct biomarkers
of prenatal alcohol exposure are detectable and measurable in deciduous teeth which begin
forming in utero and are typically naturally shed between 5 and 12 years of age. Further
examination of these novel biomarkers may allow diagnosis of FASD where documentation of
PAE is otherwise unavailable. Furthermore, because teeth grow incrementally, defined growth
zones can be sampled allowing for identification of gestational timing of PAE to help better
understand mechanisms underlying alcohol’s disruption of perinatal development.

Correspondence concerning this article should be addressed to: Annika Montag, Ph.D., Division of Dysmorphology and Teratology,
Department of Pediatrics, University of California San Diego, 9500 Gilman Drive MC 0828, La Jolla, CA 92093-0828, Phone:
858-246-1755, Fax: 858-246-1793, amontag@health.ucsd.edu.
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Introduction

Alcohol (ethanol) has been recognized as a human teratogen for nearly 50 years. Prenatal
alcohol exposure (PAE) results in diverse conditions that are collectively referred to as fetal
alcohol spectrum disorders (FASD) (Bertrand et al., 2005). FASD is the leading known
cause of developmental disabilities and represents a major, costly public health issue (S.
Popova et al., 2012; Svetlana Popova et al., 2015). A recent national prevalence study
estimated that conservatively 1 in 20, and possibly as many as 1 in 10, elementary school
aged children in the U.S. may be affected by FASD (May et al., 2018).

Accurate diagnosis is critical to obtaining effective, timely treatment and support, optimizing
the developmental trajectory of a child, and avoiding negative secondary outcomes

(A. P. Streissguth et al., 2004; Chasnoff et al., 2015). When the characteristic facial
dysmorphology of fetal alcohol syndrome (FAS) is not present, documentation of PAE

is often required for diagnosis. Children withoutthe cardinal facial features associated

with FAS represent a far greater portion of those with FASD than children with cardinal
features. Neurobehavioral deficits may be similar in severity regardless of dysmorphology
and persist throughout the life of the person with FASD (Mattson et al., 2019; Mattson

et al., 1998; Mattson et al., 2010). In addition, these children may be at higher risk for
negative secondary disabilities due to missed diagnosis and failure to access appropriate
treatment as well as lack of recognition of limitations by persons interacting with them (Ann
P Streissguth et al., 2004).

Documentation of PAE occurs primarily by maternal self-report and, less frequently, by
indirect evidence, e.g., collateral report, or court or medical records. There are situations
where neither direct nor indirect evidence is available. Where information on PAE cannot be
obtained and there is no facial dysmorphology, no FASD diagnosis can be made according
to current diagnostic criteria (Hoyme et al., 2016). Consequently, children may fail to
receive appropriate treatment and services. A sensitive, retrospective, objective marker of
PAE may allow for an FASD diagnosis in situations where it might otherwise not be
possible.

At present, it is difficult to clearly link the exact gestational timing and magnitude of PAE
with specific outcomes as reliable information on quantity and frequency of PAE is lacking.
This hampers research related to the etiology, pathology, and modifying factors of FASD,
vulnerable periods of development, and potential interventions.

In addition to the direct and indirect methods of PAE detection mentioned above, in

a minority of cases, biomarkers have been used to capture maternal exposure from a
woman’s blood, urine, hair, or nails, or from the infant’s meconium captured at birth.
Biomarkers currently in use include ethanol itself (EtOH), fatty acid ethyl esters (FAEES),
ethyl glucuronide (EtG), ethyl sulfate (EtS), and phosphatidylethanol (PEth) (Cabarcos et
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al., 2015). The amount of time following consumption of alcohol where markers may
detect the exposure varies not only by marker and the maternal matrices sampled, but by
amount consumed, genetics, and blood volume (Cabarcos et al., 2015). Markers measured
in maternal blood, plasma, and urine reflect a window of hours or days (EtOH, EtG, EtS,
FAEE) or, at best, 4-6 weeks (PEth) (Montag, 2016). To identify exposures throughout as
much of the pregnancy as possible, even the most sensitive maternal biomarkers currently
available are insufficient. Meconium and newborn hair may be able to detect heavy PAE
over the last 16 weeks of pregnancy but there are barriers to obtaining these samples
when they are available, and they are unlikely to be available at the time a child is likely
to be recognized as having neurodevelopmental deficits or otherwise having potentially
been affected by PAE. In addition to these limitations, there are less than optimal negative
predictive values (NPV) and positive predictive values (PPV) for any one or combination
of these biomarkers. As a result, none of the prenatal biomarkers presently available

are sufficiently robust to be routinely employed in clinical practice. Importantly, to date,
there has been no biomarker developed that is readily accessible, non-invasive, does not
require maternal report, and can accurately reflect PAE that occurred many years previously.
Biomarkers in deciduous teeth may be one way to approach this.

Tooth development begins in the fetus early in the second trimester. Enamel and dentine
begin to mineralize and are deposited incrementally, like growth rings in a tree (Figure

1). Circulating substances are trapped as growth layers mineralize, creating an archive

of exposures. At birth, an accentuated incremental growth layer is formed, known as the
neonatal line. This accentuated layer provides a time stamp upon which the age of other
growth layers can be determined. Unlike bone, teeth do not substantially remodel (Gulson
& Gillings, 1997) and archived chemicals are preserved with remarkable stability in the
hydroxyapatite matrix, with some proteins able to be extracted from teeth after thousands of
years (Schmidt-Schultz & Schultz, 2007). The gradual, stable deposition and growth lines
allow identification of specific prenatal and postnatal periods. Deciduous, or baby, teeth
are naturally shed by children when they are between 5 and 12 years old; an age when a
diagnosis of FASD may markedly improve a child’s developmental trajectory.

Teeth have been used for decades to measure cumulative exposure to metals such as lead,
manganese, and other heavy metals. Organic chemicals have also been measured including
antibiotics(Kanjanawattana et al., 2001; Schussl et al., 2014), recreational drugs(Pellegrini et
al., 2006; Zeren et al., 2013; Cattaneo et al., 2003), and tobacco(Pascual et al., 2003; Garcia-
Algar et al., 2003; Marchei et al., 2008) (reviewed in Andra ef a/.(Andra et al., 2015)).

One alcohol biomarker has previously been measured in dental tissue: EtG was measured

in whole pulverized permanent adult teeth and correlated with alcohol consumption derived
from the Michigan Alcohol Screening Test (MAST) (Zeren et al., 2013). We have been
developing methods that require much smaller amounts of tooth powder for organic
chemical extraction that allow us to exploit the temporal information in teeth to provide
timing of exposure markers measured (Andra, Austin, Wright, et al., 2015; Yu et al., 2021).
In the present paper, this includes measurements at a temporal resolution to separate pre-
and postnatal exposure. Our study provides the first evidence that biomarkers of alcohol
exposure can be measured in deciduous (baby) teeth reflecting prenatal exposure.
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This study utilized a case-control design. A deciduous tooth was analyzed from a child
with known PAE (case) and compared to a deciduous tooth with known absence of PAE
(unexposed control).

This study was approved by the University of California at San Diego (UCSD) Institutional
Review Board.

Sample source & Recruitment

Two children 8-10 years of age, with and without an FASD diagnosis, and their primary
guardians/parents were recruited by flyers posted on the FASD United Facebook page and
by word of mouth. The parents/guardians contacted the study, were consented by telephone
after which they were sent a packet with a parent consent form, a child assent form for
children 7 years of age or older, a small envelope for tooth submission, a small gift for the
child, and a stamped return envelope. As part of completing these forms, parents/guardians
were asked to confirm the FASD diagnosis of the child. The information and samples were
stored under unique project identification numbers with no personal identifiers. Samples
were shipped to the Icahn School of Medicine at Mount Sinai for analysis.

Biomarker methods

Analysis of direct and indirect alcohol biomarkers were carried out at the Senator Frank

R. Lautenberg Environmental Health Sciences Laboratory at the Icahn School of Medicine
at Mount Sinai. Teeth were washed and sectioned in a vertical (labio-lingual/bucco-lingual)
plane. To identify pre- and postnatal temporal developmental zones, the neonatal line was
identified (Figure 1) and using a custom-built robot (Basque Engineering + Science Inc.,
MA, USA), dentine was micro-dissected from the pre- and postnatal regions of the tooth
crown. Tooth powder mass collected ranged from 1.69 — 6.63 mg. Unlabeled ethyl-p-D-
glucuronide (EtG) (product # E-016-1mL), ethyl sulfate (EtS) (product # E-064-1mL),

and the corresponding labeled internal standard d5-EtG (isotopic purity: 98%, product

# E-063-1mL) and d5-EtS (isotopic purity: 98%, product # E-066-1mL) were obtained
from Cambridge Isotope Laboratories, Inc. (Andover, MA, USA). Organic chemicals were
extracted using a one-step liquid-liquid extraction (LLE) with dichloromethane and diethyl
ether (1:1, v/v). In brief, tooth powder aliquots were spiked with a labelled internal standards
mixture to achieve a 10 ng/mL concentration in a 500 pL LLE extractant mixture volume.
The tooth reagents mixture was sonicated for 2 hours at 25°C, extracted overnight at —20°C,
centrifuged at 14000 rpm for 15 min., and the supernatant organic phase was collected

and evaporated to dryness prior to reconstitution in 100 pL of acetonitrile and methanol
(1:1, v/v). A two-pronged approach to biomarker development was employed: targeted
analysis to detect direct biomarkers and untargeted analysis to identify indirect biomarkers.
These biomarkers in neonatal tissues have been shown to correlate with maternal reports of
alcohol consumption and measures in maternal tissues (Himes et al., 2015; Bakhireva et al.,
2014; Cabarcos et al., 2015). Our second approach was to develop an untargeted analysis
of prenatal tooth material to identify additional biomarkers of alcohol exposure. These
included indirect biomarkers of prenatal alcohol exposure that reflect biological response
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to the toxic effects of alcohol to different organ systems. A combination of biomarkers

may improve specificity and sensitivity of prenatal alcohol exposure determination (Montag,
2016; Bager et al., 2017;). For targeted analysis, extract aliquots were analyzed by liquid
chromatography-isotope dilution tandem mass spectrometry (LC-IDMS/MS) in a multiple-
reaction monitoring mode (MRM). A Shimadzu Nexera XR HPLC was used for the
chromatographic separation of EtG and EtS on a Hypersil Gold AQ, 3 um, 3.0 x 150

mm analytical column with 4.0 x 10 mm guard column (Thermo Scientific, Waltham,

MA, USA). Mobile phase A consisted of 0.1% acetic acid in water, and mobile phase B
was acetonitrile and methanol (1:1, v/v). A flow rate of 0.5 mL/min was used with the
following gradient program: 0.0-1.0 min (5% B), 3.0 min (50% B), 3.0-5.0 min (50%

B), 6.0 min (95% B), 6.0-7.0 min (95% B), 7.0-8.0 min (5% B), and 11.0 min (5%

B). The injection volume was 20 pL. A Sciex 6500 triple quadrupole mass spectrometer
equipped with electrospray ionization (ESI) source (SCIEX, Framingham, MA, USA) was
operated in negative ionization mode for the detection and quantitation of EtG and EtS.
Nitrogen was used as curtain and collision gas. Multiple-reaction monitoring mode (MRM)
was used for data acquisition of each target analyte. Most prominent ion transition was
used for quantitation and the most intense second ion transition was used for confirmation.
The MRM transitions were 221—75, 85 for EtG, 226—75, 85 for d5-EtG, 125—80, 97
for EtS and 130—80, 98 for d5-EtS. For untargeted analysis, the same extract aliquots
were analyzed by LC-high resolution MS in positive and negative mode with hydrophilic
interaction liquid chromatography (HILIC) and reverse phase chromatography, respectively.
Samples were analyzed in a randomized run order. Instrumental conditions are described

in detail elsewhere (Niedzwiecki et al., 2021). All sample analyses included calibration
standards for quantification of EtS and EtG and quality control samples (internal standards,
blanks, pooled samples, replicates, etc.). Metabolites were identified based upon in-house
database matching considering retention time, accurate mass, and MS/MS matching (when
available) with analytical standards analyzed under the same conditions, providing the
highest identification confidence level (Level 1 or 2) based on Metabolomics Standards
Initiative criteria (Sumner et al., 2007).

Test methods did not include genetic analysis.

One tooth from an individual diagnosed with FASD and one tooth collected from a control
child were analyzed for biomarkers of PAE. The case tooth had documented PAE and a
diagnosis of FAS.

The targeted approach detected fetal alcohol exposure biomarkers in the pre- (0.02 EtG,
0.007 EtS ng/mg) and post-natal dentine (0.05 EtG, 0.03 EtS ng/mg) collected from the
case tooth (Figure 2). Neither biomarker was detected in the pre- or post-natal dentine of
the control tooth. The limits of detection (LOD) were calculated as three times the standard
deviation of ten replicate analyses of matrix tooth QC pool blank spiked with 0.1 ng/mL of
EtG and EtS, and determined as 0.001 ng/mg for EtG and 0.005 ng/mg for EtS.
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For the untargeted approach, results indicated a dysregulation of amino acids in the FASD
tooth compared to the control, as well as an increase in cholesterol sulfate (Table 1).
To assure the highest confidence, analysis was limited to metabolites identified from our
in-house analytical standard library.
Discussion

The pilot work presented here demonstrates for the first time that it is possible to detect
direct and indirect biomarkers of PAE from deciduous teeth. Detection of PAE using
biomarkers in deciduous teeth will allow for diagnosis of FASD where this may otherwise
have been impossible and, consequently, support access to appropriate treatment and
interventions for affected children to optimize their developmental trajectories.

Similar to the only other study to measure direct biomarkers of alcohol exposure in dental
tissue, pulverized permanent adult teeth (Zeren et al., 2013), we report that EtG can be
measured in deciduous teeth. We also show that EtS, another direct biomarker of alcohol
exposure can be measured. Our indirect biomarker data demonstrate the ability to measure
potential tools for exploring the physiological response to alcohol exposure. Importantly, our
method has high sensitivity enabling a much smaller amount of material, as low as 1.7 mg
prenatal tooth powder, to be used compared with 50 mg powder collected from the whole
tooth. Therefore, this technique can leverage the temporal information available in teeth to
assign timing of pre- and postnatal exposure within deciduous teeth.

Measurement of exposure magnitude as well as gestational and postnatal timing of
exposures will enhance understanding of prenatal development and facilitate research into
the mechanisms of PAE developmental effects. In the present paper, we document the
presence of biomarkers in both prenatal and postnatal dentine. Postnatal alcohol exposure
generally occurs via breastfeeding but may occur by other means such as medications. It
has been associated with negative child outcomes(May et al., 2016). Because developmental
processes often occur sequentially with few opportunities to revisit processes disrupted

by exposures, the gestational timing of exposure is critical. Time-sensitive windows of
some exposures are well delineated. For example, the teratogenicity of thalidomide occurs
between 20 and 36 days after fertilization (Vargesson, 2015). Other critical periods of
development, such as those for specific neurobehavioral effects, are more difficult to study.
FASD is principally a brain-based disorder and the brain develops throughout pregnancy
and continues to develop postnatally. In the prenatal period, the second and third trimesters
are primarily devoted to brain development and growth. The disruption of development by
PAE may prove to be uniquely complex as it may occur by direct and indirect mechanisms,
at myriad timepoints during the entire pregnancy. Our technique that retains fetal exposure
timing while providing both exposure measures (Figure 1) as well as biological response
measures (Table 1) will help unravel these complex mechanisms.

Strengths of this feasibility analysis include the known PAE status of the “case” and known
lack of PAE of the “control” teeth with clear, consistent signals detected in the case tooth.
The ability to measure both direct and indirect biomarkers using the same samples is a
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strength that may contribute to a greater understanding of the interplay between exposures
and metabolic networks.

Limitations of this approach to detection of PAE is the inability to identify alcohol
exposure that occurs in the first trimester of pregnancy. While these pilot data are

limited to analysis of only two deciduous teeth, in view of the urgency of disseminating
the finding that it is possible to detect PAE in deciduous teeth, this data is submitted

for publication. The sample size is being augmented with recruitment from ongoing
studies conducted within the Collaborative Initiative on Fetal Alcohol Spectrum Disorders
(CIFASD) (www.cifasd.org) where participants have well-characterized FASD diagnoses
and neurodevelopmental outcome measures. The goal of this work will be to determine the
sensitivity and specificity of these direct and indirect biomarkers and to assess associations
among the magnitude and gestational timing of PAE with neurobehavioral deficits.

Future directions include work currently underway to further validate these novel
biomarkers, increase sensitivity to detect lower levels of PAE, associate detected exposures
with outcomes, and explore potential interactions with co-exposures. Co-exposures of
interest at this time include cannabis, tobacco, and opioids.

Novel, sensitive, quantitative, unbiased, non-invasively obtained biomarkers of PAE may be
helpful in obtaining diagnoses of FASD where otherwise not possible and in fine-tuning
clinical treatment paradigms. They may furthermore enhance understanding of FASD
through applications in research.

Conclusions

These preliminary results demonstrate the feasibility of measuring biomarkers of PAE from

naturally shed primary teeth. Direct biomarkers measured the presence and absence of PAE

in tooth samples. Indirect biomarker analysis supported dysregulation of amino acids and an
increase in cholesterol sulfate with PAE compared to the absence of PAE.
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Figure 1. Key aspects of tooth development.
Tooth mineralization begins early in the second trimester, with completion of the enamel

covered crown occurring 3—-12 months after birth, depending on the tooth type. The neonatal
line, a histological landmark visible in teeth, can be used to determine the timing of growth
layers throughout the crown (Nina Sabel et al., 2008). Reprinted with permission (Morishita
& Arora, 2017).
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Figure 2. Chromatograms of Direct Biomarkers EtG and EtSin tooth powder.
Extracted ion chromatograms from LC-IDMS/MS analysis of (A) EtG and EtS standard (0.1

ng/mL), (B) reagent blank, (C) extract fraction from prenatal dentine collected from case
tooth, and (D) extract fraction from prenatal dentine from control tooth.
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Table 1.
Untargeted analysis of Indirect Biomarkers of PAE.
Prenatal Postnatal
Compound Exact Mass (Da) (casecontrol)  (case: control)
Inosine @ 268.0808 0.515 0.560
Isoleucine ? 131.0946 2.64 3.65
Tryptophan ¢ 204.0899 8.57 5.94
Alanine ? 89.0477 1.93 2.02
Serine? 105.0426 4.36 381
Histidine ? 155.0695 5.96 8.02
Cholesterol sulfate?  466.3117 26.6 8.83

Metabolite average intensity ratio in case vs control dentine fractions in duplicate injections.

(a)HILIC positive mode,

®)

reverse phase negative mode.
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