UC Davis
UC Davis Electronic Theses and Dissertations

Title
Nutritional and Oxidative Stress Risk Factors for Fetal Alcohol Spectrum Disorder

Permalink

bttgs:ééescholarshiQ.orgéucéitemg9169g3dﬂ

ISBN
9798297647893

Author
Chima, Harpreet

Publication Date
2025-09-21

Peer reviewed|Thesis/dissertation

eScholarship.org Powered by the California Diqital Library

University of California


https://escholarship.org/uc/item/9169p3dt
https://escholarship.org
http://www.cdlib.org/

Nutritional and Oxidative Stress Risk Factors for Fetal Alcohol Spectrum Disorder
By

HARPREET CHIMA
DISSERTATION

Submitted in partial satisfaction of the requirements for the degree of
DOCTOR OF PHILOSOPHY
in
Nutritional Biology
in the
OFFICE OF GRADUATE STUDIES
of the
UNIVERSITY OF CALIFORNIA

DAVIS

Approved:

Carl L. Keen, Chair

Roberta R. Holt

Christina Chambers

Committee in Charge

2025



Acknowledgements

I am deeply grateful for the guidance of my mentors, Dr. Carl L. Keen and Dr. Jan
Uriu-Adams. I thank Carl for granting me the intellectual freedom to explore the research
paths that ultimately defined this dissertation. His patience and support for my broader
professional development were instrumental to my growth, not only as a scientist but as an
individual, and for that, I am profoundly grateful.

I am equally thankful to Jan for her dedicated mentorship, which has guided me from
my earliest days in the lab. She nurtured my initial interest in science, instilled in me
the principles of scientific rigor, and guided me through the many tribulations of assay
development and data analysis. From her, I learned the importance of accuracy, the value
of perseverance, and to never take shortcuts. More recently, her commitment to our lengthy
meetings was invaluable as I navigated complex methodological challenges and refined my
research questions.

My sincere appreciation goes to the members of the Keen Lab. I owe a special debt of
gratitude to Jodi Ensunsa, whose mentorship was indispensable for the data collection phase
of this project. Her support was a constant source of motivation during the most demanding
periods of my lab work. I also thank Anh Le, Charles Carlson, and Michael Gedestad for
their crucial training and for initiating the analyses that became a cornerstone of this work.

On a personal note, I thank my parents for their unending support and encouragement.
Finally, my heartfelt thanks to the love of my life, Joanna. Her companionship, support, and
unwavering belief in me were essential; I could not have done this without her. During the
most challenging moments of this dissertation, you were a lighthouse, guiding me through
the storm and safely back to shore.

i



Abstract

Fetal alcohol spectrum disorder is a leading preventable cause of neurodevelopmental disabil-
ity. Prenatal alcohol exposure causes these disorders, but maternal nutritional status and
oxidative stress responses can modify fetal vulnerability. Animal studies demonstrate that
alcohol induces oxidative stress and disrupts maternal micronutrient homeostasis. Human
studies linking these physiological disruptions to infant outcomes are lacking.

We analyzed alcohol consumption patterns in pregnant Ukrainian women using growth
mixture modeling to identify longitudinal alcohol trajectories. Women who maintained very
high drinking levels throughout pregnancy showed elevated oxidative stress markers, lower
plasma zinc and copper, and activation of the acute phase response. These biochemical
changes correlated with impaired infant growth and neurodevelopment.

The highest alcohol exposure group showed elevated inflammatory markers and com-
promised micronutrient status. This combination predicted poorer infant outcomes, with
effects varying by infant sex. Multivitamin/multimineral supplementation during pregnancy
partially improved maternal biochemical markers but did not prevent adverse developmental
outcomes.

Our findings provide the first human evidence suggesting that alcohol exposure, acute
phase response, and conditional nutrient deficiency may interact to magnify teratogenicity
beyond alcohol’s direct effects alone. Maternal biochemical status mediates the relation-
ship between prenatal alcohol exposure and developmental outcomes. Preventing FASD
may require comprehensive interventions that address both alcohol cessation and maternal
physiological support.
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Chapter 1

Maternal Nutrition in Relation to
Micronutrient Status, Oxidative
Stress, and Fetal Alcohol Spectrum

Disorders.

1.1 Introduction

Fetal alcohol spectrum disorder (FASD) represents one of the most common, yet preventable,
causes of neurodevelopmental disability worldwide?. While complete abstinence from al-
cohol during pregnancy is the only certain prevention strategy, alcohol-exposed pregnancies
remain a common and serious public health issue. The clinical outcomes of prenatal alcohol
exposure (PAE) are highly variable; not all exposed pregnancies result in FASD, and the
severity of effects differs significantly among affected individuals. This variability suggests
that the risk is amplified by co-occurring factors®. A critical gap in research, therefore, is
the identification of modifiable risk factors that could drive new prevention and intervention

strategies.



Among these potential factors, maternal nutritional status has emerged as a key deter-
minant of fetal vulnerability. The metabolism of ethanol generates reactive oxygen species
(ROS), inducing a state of oxidative stress that can damage the developing fetal brain?.
Concurrently, alcohol consumption can disrupt the absorption, metabolism, and transport
of essential micronutrients required for the body’s antioxidant defense systems®>°. A cen-
tral mechanism proposed to link these events is an alcohol-induced maternal acute phase
response (APR), which can trigger inflammation and lead to a conditioned deficiency of
critical nutrients, such as zinc, even with adequate dietary intake®”. While animal models
provide strong evidence for these interactions, comprehensive human studies are needed to
connect these biochemical pathways to developmental outcomes.

This dissertation, therefore, aims to test a central, twofold hypothesis. First, it posits
that the teratogenic effects of PAE are mediated by an alcohol-induced maternal APR,
which leads to oxidative stress and conditional nutrient deficiencies. Second, it investigates
whether multivitamin/multimineral (MVM) supplementation can ameliorate these maternal
biochemical disruptions and, consequently, mitigate the adverse neurodevelopmental out-
comes associated with high, sustained PAE. To explore these relationships, this work uses
detailed alcohol consumption trajectories to characterize exposure patterns, linking them to
maternal biomarkers of oxidative stress, inflammation, and micronutrient status to examine
their collective impact on infant growth and neurodevelopment.

This review establishes the foundation for this hypothesis. It begins by outlining the
current understanding of FASD diagnosis, prevalence, and public health implications. It then
examines the critical role of maternal nutrition in pregnancy, focusing on key micronutrients
whose metabolism is disrupted by alcohol. Finally, it explores the mechanisms of alcohol-
induced oxidative stress and its impact on fetal development, setting the stage for the research

presented in the subsequent chapters.



1.2 FASD Detection and Assessment

The diagnosis and understanding of FASD have evolved significantly, with recent studies pro-
viding updated guidelines and insights into the condition’s complexity. FASD encompasses
a range of disabilities associated with PAE, including fetal alcohol syndrome (FAS), Partial
Fetal Alcohol Syndrome (PFAS), Alcohol-Related Neurobehavioral Disorder (ARND), and
Alcohol-Related Birth Defects (ARBD). These categories, initially described by the Insti-
tute of Medicine in 1996, remain critical for diagnosing and understanding the spectrum of
disorders®.

The updated guidelines by Hoyme et al. (2016) emphasize a multidisciplinary approach
to diagnosing FASD, involving a team of experts in pediatrics, clinical genetics, and neu-
ropsychology®. The guidelines outline specific diagnostic criteria for each category within
FASD, focusing on facial anomalies, growth deficiencies, neurobehavioral impairments, and
documented PAE.

Recent research emphasizes the critical role of early diagnosis and intervention in man-
aging FASD. Children with FASD benefit from targeted interventions addressing execu-
tive function deficits and self-regulation challenges. The Alert Program for Self-Regulation
demonstrates effectiveness in correcting executive function disabilities?. This 12-week treat-
ment improves inhibitory control, social cognition, and behavioral regulation, with gains
maintained at 6-month follow-up. Neuroimaging evidence shows that the program increases

0

gray matter volume in frontal brain regions'®. Beyond facility-based approaches, school-

based interventions show promise. The GoFAR intervention teaches self-regulation and
adaptive strategies through computer games combined with parent training, reducing dis-

112 - Community-based programs complement these approaches by sup-

ruptive behaviors
porting families. The Families on Track intervention produces medium-to-large effects on
child emotion regulation, self-esteem, and anxiety through integrated parent consultation
and child skills groups!3!4,

Kalberg et al. (2019) observed that as early as 9 months, infants with FASD exhibited



growth restrictions, such as lower weight, and higher total dysmorphology scores, which
include distinctive physical anomalies like specific facial features'®. Assessments of develop-
mental milestones showed significant differences between children with and without FASD
from 18 to 42 months of age. Specifically, infants prenatally exposed to alcohol had more
difficulty maintaining attention, faced challenges with visual processing, and scored lower on
cognitive assessments, including the Mental Processing Index of the Kaufman Assessment
Battery for Children, Second Edition (KABC-II), an instrument that evaluates processing
and cognitive abilities.

May et al. (2022) assessed physical measurements to identify FASD in first-grade chil-
dren'. They found that growth deficiencies and characteristic facial features—such as short
palpebral fissure length, smooth philtrum, and thin vermilion border of the upper lip—were
predictive of FASD. The study supported incorporating features like ptosis, hypoplastic nails,
prognathism and altered palmar creases into dysmorphology scoring systems to differentiate
children with FASD from their typically developing peers. Although mean total dysmor-
phology scores did not differentiate between children with ARND and controls, depressed
height, weight, head circumference and prognathism did differentiate children with ARND
from controls.

The role of physical features in diagnosing FASD has been further explored by Del Campo
et al. (2024), who investigated secondary physical features in children with ARND!?. Their
findings suggest that while these features are more frequent in children with FAS, they do
not significantly differentiate those with ARND from controls. However, higher dysmorphol-
ogy scores in ARND were associated with lower cognitive abilities, indicating a correlation
between alcohol-related dysmorphology and severity of alcohol-related neurobehavioral im-
pairment. FASD has been proposed to be on a continuum of dysmorphology with maximum
expression in FAS, lower in PFAS, and lower in ARND. The May et al. (2022) and Del Campo
et al. (2024) study results did not support this proposed view, with their results suggesting

that the continuum of dysmorphology is present in those categorized with FAS and PFAS



but may not extend to those classified with ARND!6:17,
Despite advancements in diagnostic criteria, challenges remain in achieving consensus
across different diagnostic systems. Discrepancies in diagnostic categories hinder early recog-

nition and comparison of clinical studies'”.

1.3 Prevalence of FASD

FASD prevalence varies across populations and regions in part due to differences in study
methodologies and diagnostic criteria. Research using Active Case Ascertainment (ACA)
methods, including clinical outreach, recruitment, and diagnostic services in specific pop-
ulations has documented higher prevalence rates than clinic based studies or surveillance

and record reviews!'®.

A diagnostic reassessment study conducted in a clinic specializing
in the assessment and treatment of high-risk populations showed that 86.5% of children
and adolescents with FASD had either been misdiagnosed or were never diagnosed!®. Early
diagnosis correlates strongly with improved long-term outcomes for children with FASD?.

These findings underscore the significance of both improved study methodologies and early

diagnosis in the healthcare sector for children with FASD.

1.3.1 Active Case Ascertainment Studies

ACA studies for FASD require comprehensive approaches to accurately identify and diag-
nose affected individuals. Casting a wide net for potential cases, rather than focusing solely
on severe presentations or cardinal facial features, helps identify cases of PFAS and ARND
that might otherwise be missed. Comprehensive maternal risk assessment through empa-
thetic, in-person interviews provides vital contextual information for diagnosis. The timing
and framing of consent forms may also influence study participation rates, with appeals to
parents’ desire for professional insight into their child’s development potentially being more

effective than random recruitment or appeals to scientific contribution?!.



Over-reliance on the three cardinal facial features in some diagnostic guidelines over-
simplifies FASD’s complex manifestations and may lead to underdiagnosis. Children with
ARND often exhibit growth deficiencies and other minor anomalies, even without cardinal
facial features. Traits such as height, weight, head circumference, and total dysmorphol-
ogy score can differentiate children with ARND from typically-developing children. Despite
challenges in conducting ACA studies, including time constraints, budget limitations, and
logistical issues, well-established diagnostic protocols and random selection of children can
yield reliable prevalence estimates and characteristic profiles of affected individuals and their

mothers. Importantly, these estimates are often higher than previously estimated?!?2.

1.3.2 Global Estimates

Popova (2017) conducted a systematic review and meta-analysis to estimate the prevalence
of alcohol use during pregnancy and FAS globally!. The study found that approximately
10% of women worldwide consume alcohol during pregnancy, with one in every 67 of these
women delivering a child with FAS. The global prevalence of FAS was estimated to be about
15 per 10,000 people, which is comparable to the prevalence of Down syndrome in the USA.
Lange et al. (2018) expanded on these findings by estimating the global prevalence of FASD
among children and youth?. Their study reported a prevalence of 7.7 per 1,000 births, with
significant regional variations. The European Region exhibited the highest prevalence, while
the Eastern Mediterranean Region had the lowest. The study also highlighted that FASD
prevalence is substantially higher in specific populations, such as aboriginal communities and

children in foster care or children residing in orphanages.

1.3.3 National and Regional Studies

A comprehensive analysis of the prevalence of FASD within special subpopulations in Canada,
including children in foster care, correctional facilities, special education, specialized clini-

cal settings, and Aboriginal communities found rates that were 10 to 40 times higher than



those observed in the general population. The authors highlight that children in foster care
often face unfavorable circumstances such as parental substance abuse, neglect, and young
maternal age, which correlate with increased likelihood of PAE?. In a different analysis,
Popova et al. (2019)?* estimated the prevalence of FASD among Canadian elementary school
students aged 7 to 9 years in the Greater Toronto Area to be between 2% and 3%.

May et al. conducted extensive research on the prevalence of FASD across various regions
in the United States, including a Rocky Mountain city, a Midwestern city, and a southeastern
county. Their studies showed FASD prevalence rates ranging from 1.4% to 8.3%21%27. The
authors noted that these prevalence rates likely represent undercounts, as their average
consent rate was below 60%, suggesting that families with a history of heavy drinking might
have been less likely to consent to participation®!.

In an ongoing study conducted in a rural agricultural region of South Africa, May et al.
(2022) reported a total prevalence of FASD at 31%, marking it as the highest documented
prevalence globally?®. This research, part of a series of nine studies in the same region
beginning in 1997, involved a cohort of first-grade children in public schools and highlighted
the severe impact of FASD in these communities. Over the nine-year period, while the
overall FASD rate remained steady, there was a significant shift within the FASD group:
the prevalence of FAS decreased, whereas ARND increased. This change may reflect the
impact of public health interventions promoting awareness of the risks of alcohol consumption
during pregnancy. The widespread dissemination of prevention messages may have led some
pregnant women to reduce or stop heavy drinking, lowering the incidence of FAS, the most
severe form of FASD. Yet, the increase in ARND suggests that alcohol exposure during
pregnancy remains prevalent, and children diagnosed with ARND continue to face substantial

challenges.



1.4 Public Health Implications

FASD has far-reaching implications in sectors including healthcare, criminal justice, and
social services. Research indicates a strong correlation between FASD and criminal behavior,
with individuals affected by the disorder being overrepresented in correctional facilities. For
instance, a study in the United States found that 60% of adolescents and adults with FASD
had legal issues, although this trend declines in adult populations?”. In Canada, youth with
FASD are 19 times more likely to be incarcerated than their non-FASD counterparts®. The
disorder’s impact on impulse control, executive function, and social skills contributes to these
outcomes, highlighting the important role that early diagnosis and intervention can play in
reducing contact with the criminal justice system?’.

The economic burden of FASD is substantial, affecting individuals, families, and society
at large. Healthcare costs for children with FASD are significantly higher than for those with-
out the disorder, with outpatient services utilization being six times higher and emergency
room visits twice as frequent. Moreover, the financial strain extends beyond direct medical
expenses, as individuals with FASD frequently need ongoing and multidimensional services
to manage the disorder’s evolving impact3!. These services include special education, resi-
dential care, and social services. Additionally, the disorder’s impact on productivity, both
for the affected individuals and their caregivers, further exacerbates the issue®. In addition
to healthcare costs, FASD incurs significant costs in the criminal justice system.

The social stigma and intergenerational impacts of FASD further complicate the chal-
lenges faced by affected individuals and their families. FASD is deeply rooted in social issues,
with intergenerational impacts that exacerbate the adversity experienced across people’s
lifespan. Individuals with FASD often encounter high rates of co-occurring health concerns,
such as mental health problems and substance use, which are compounded by environmental
stressors and experiences of trauma. These factors contribute to a heightened vulnerability
to stress and risky behaviors, including alcohol-exposed pregnancies, which perpetuate the

cycle of FASD across generations. The complex needs associated with FASD present signifi-



cant challenges for caregivers, leading to feelings of distress, isolation, and grief. Caregivers
frequently report being under-supported and misunderstood by service providers, which adds
to their burden. As individuals with FASD transition to adulthood, the limited availabil-
ity of services necessitates that caregivers continue to play a long-standing role in assisting
and advocating for their family members, underscoring the need for comprehensive support
systems®2.

Given the profound and lasting impacts of FASD, research has increasingly focused on
identifying modifiable risk factors that influence fetal vulnerability to alcohol. While PAE
is a cause, it is clear that not all alcohol-exposed pregnancies result in FASD, suggesting
that other biological and environmental factors play a critical role. Among these, maternal
nutritional status has emerged as a key determinant of fetal outcomes. The following sections
will explore the foundational role of maternal nutrition, first by establishing the general link

between diet and pregnancy outcomes, and then by delving into the specific micronutrient

interactions that may mediate the teratogenic effects of alcohol.

1.5 The Links Between Maternal Diet and Pregnancy
Outcomes

Maternal dietary patterns during pregnancy are closely associated with pregnancy outcomes.
Poor nutritional status is linked to adverse outcomes such as low birth weight (LBW),

33,34

preterm birth, and increased risk of neonatal complications®>>*. Among the effects of ma-

ternal nutrition, this review considers its influence on risk of FASD.

1.5.1 Historical Evidence from Famine Studies

Maternal nutrition plays a pivotal role in determining pregnancy outcomes and fetal de-
velopment, impacting factors such as fetal growth, birth weight, and long-term health333°.

Historical famine studies provide compelling evidence of this. During World War II, research



conducted of famine events in Netherlands, Leningrad, and Germany highlighted the severe
consequences of maternal malnutrition due to acute food shortages. In the Dutch famine
of 1944-45, maternal caloric intake dropped as low as 590 calories per day, leading to sig-
nificant maternal weight loss and a reduction in mean birth weight by approximately 300
grams. The most pronounced effects were observed in infants conceived before the famine
but born during it, with perinatal mortality rates increasing sixfold3¢,

Similarly, the Leningrad siege from 1941 to 1943 resulted in drastic reductions in food
intake, with bread rations falling to 250 grams per day for manual workers. This led to a
decrease in mean birth weight by nearly 550 grams and a substantial increase in perinatal
mortality, with over a quarter of babies dying during the peak of famine. After the end of
World War II in Germany, although the food shortage was less severe, birth weights still
decreased by 170 to 227 grams during the worst deprivation periods. Overall, these famine
studies demonstrate that acute severe maternal malnutrition can adversely affect fetal birth

weight and increase the risk of perinatal mortality3¢.

1.5.2 Evidence from Nutrient Supplementation Trials

Balanced protein-energy supplementation during pregnancy has been demonstrated to signif-
icantly reduce the risk of LBW, small-for-gestational-age births, and stillbirth, particularly

36 Furthermore, a number of essential nutrients are critical for

in undernourished women
neurodevelopment, with an increased risk of developmental defects with reduced maternal
status. For example, periconceptional folic acid supplementation is crucial in significantly
reducing the risk of neural tube defects, underscoring the role of specific nutrients in fe-
tal development®”. The essential nutrient choline is critical for fetal brain development and
potential promoter of offspring neurodevelopmental health. Choline can be produced endoge-
nously by the liver but in insufficient quantities to meet the Dietary Recommended Intake

of 450 mg/day. Most pregnant women in the United States fail to meet the recommended

intake of 450 mg/day3®3°. Studies indicate that choline supplementation can improve cogni-
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tive functioning in animal models of Down Syndrome*’ and reduce anxiety-related behaviors
in offspring exposed to prenatal stress?'. Kable et al. (2015) observed improved encoding
and memory of environmental events in infants whose mothers received choline supplemen-

t*2. The authors cautioned

tation during pregnancy, whether the mother drank alcohol or no
that these findings should be interpreted carefully, as several study limitations and potential
confounding factors exist, including the absence of a choline-only supplementation group,
possible interactions between choline and MVM supplements, unique characteristics of the
Ukrainian sample (such as lack of folic acid food fortification and exposure to environmental
effects from Chernobyl), and limited generalizability to other populations.

Research on multiple micronutrient supplementation during pregnancy, particularly in
low- and middle-income countries, has shown promising effects on birth outcomes. Meta-
analyses indicate that such supplementation, when compared to iron-folic acid supplemen-
tation, more effectively reduces the risk of LBW and small-for-gestational-age births, while
also increasing mean birth weight? 5. However, the impact of multiple micronutrient sup-
plementation on preterm birth, stillbirth, and maternal or neonatal mortality remains in-
conclusive®6,

Despite these promising results for birth outcomes, many long-term follow-up studies
do not find additional benefits for child survival, growth, or cognitive development beyond
infancy when compared to iron and folic acid alone?”. Additionally, systematic reviews have
identified an increased risk of neonatal death with multiple micronutrient supplementation
in subgroups that began the intervention after the first or second trimester. The reasons
for these findings are not entirely clear, but they may be linked to factors such as low
maternal education, which correlates with a higher likelihood of home births, limited access
to healthcare, and reduced neonatal care-seeking behavior®?.

By prioritizing the improvement of maternal nutrition both before and during pregnancy,

maternal and infant health outcomes can be improved. This approach not only supports

optimal fetal development but also has the potential to mitigate the effects of exogenous
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toxins, such as alcohol.

1.6 Key Micronutrients: Interactions with Alcohol and
Fetal Development

Having established the broad importance of maternal nutrition, this review will now examine
specific micronutrients whose metabolism is disrupted by alcohol and are critical for neu-

rodevelopment. Deficiencies in these nutrients can exacerbate alcohol’s teratogenic effects.

1.6.1 Folate and Choline

Folate and choline are critical for neural tube closure, brain development, and gene expres-
sion regulation during pregnancy. Deficiencies in these nutrients can lead to neural tube
defects and impaired cognitive development in the fetus, underscoring their essential roles in

maternal and fetal health.

Folate and Choline and Fetal Development

Pregnant women are advised to consume between 400 and 800 ug of folate daily to support
the growth of maternal, placental, and fetal tissues. The placenta plays a crucial role in
extracting, concentrating, and transporting folic acid into fetal circulation, resulting in fetal
folate levels that are two to four times higher than maternal levels*®. Folate is essential for
cellular proliferation, neural stem cell differentiation, and growth, as well as for reducing
apoptosis-induced cell death and maintaining Deoxyribonucleic Acid (DNA) synthesis in the
fetus. A deficiency in folate during pregnancy can lead to cell abnormalities and cell death,
particularly in rapidly proliferating cells, and predispose the fetus to neural tube defects.
Animal research has demonstrated that maternal folate intake significantly impacts fetal

brain progenitor cells during late gestation. Offspring of folate-deficient mice exhibit fewer
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replicating neural progenitor cells in various brain regions and increased apoptotic cells in
the fetal septum and hippocampus®®.

Choline intake is recommended to increase from 425 mg/day in nonpregnant women to
450 mg/day during pregnancy, as it is transferred from the mother to the fetus, with concen-
trations in the amniotic fluid and fetal plasma significantly higher than in maternal blood*®.
Choline, similar to folate, is crucial for brain development, including neural tube closure,
hippocampal development, and the formation of neural pathways and gene expression in-
volved in memory processes. It is a component of sphingomyelin, which facilitates efficient
nerve signal transmission, and as a methyl donor in DNA methylation, it regulates gene
expression involved in synaptic plasticity, learning, and memory. Choline also plays a role
in homocysteine regulation, cell membrane phospholipid composition, cell signaling lipid
biosynthesis, and is a constituent of the neurotransmitter acetylcholine, which influences
various processes in the developing brain, supports hippocampal development, and regulates
multiple processes including attention, learning, and memory. Animal studies have shown
that gestational choline levels significantly affect fetal brain development, with maternal
choline deficiency leading to decreased progenitor cell proliferation and neurogenesis, and
increased apoptosis in the fetal hippocampus, while supplementation enhances hippocampal
neurogenesis*®,

Some studies have explored the combined effects of folate and choline on fetal brain devel-
opment. Craciunescu, Johnson, and Zeisel (2010) found that choline supplementation could
potentially moderate the impact of dietary folate availability on neural progenitor cells in the
fetal forebrain during late gestation*. Specifically, they reported that choline supplementa-
tion in folate-deficient mice resulted in a mitosis rate and hippocampal apoptosis rate that
were intermediate between control mice and folate-deficient mice. As both folate and choline
are methyl-donor nutrients influencing neurogenesis and apoptosis, choline supplementation
might alleviate the effects of folate deficiency on brain development, potentially through

epigenetic mechanisms such as gene methylation®®. Similarly, in mice with a mutation that
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disrupts folate metabolism, mild choline deficiency altered maternal one-carbon metabolism
(1CM) and increased the occurrence of developmental defects®. Hammoud et al. (2021) fur-
ther investigated the interaction between dietary folic acid and choline during pregnancy®’.
They found that varying levels of these nutrients in pregnant Wistar rats altered offspring
1CM and hypothalamic gene expression, leading to changes in food intake regulation and

metabolic parameters in male offspring.

Folate and Choline and Offspring Cognitive Development

Research indicates a significant relationship between maternal folate intake during pregnancy
and offspring brain development and cognition. Animal studies have shown that maternal
folate deficiency is linked to short-term memory impairment and increased anxiety-related

50,52

behavior in offspring””°. Human studies have demonstrated positive associations between

53,54 For instance,

maternal folic acid supplementation and children’s cognitive outcomes
a study by Chatzi et al. (2012) found that children of mothers who took daily folic acid
supplements of 5000 pug or more throughout pregnancy scored higher in receptive and ex-
pressive communication on the Bayley Scales of Infant Development (BSID-II) compared to
controls®.

In rodent models, increased maternal choline intake during pregnancy has been associated
with enhanced cognitive abilities in offspring®®. Cognitive benefits observed in offspring
include enhanced spatial memory, increased memory capacity, reduced proactive interference,
and heightened object exploration®” 5.

Human studies have also observed enhanced cognitive function in offspring associated
with increased maternal choline intake during pregnancy, using similar methods to those
investigating maternal folate levels. One study found that infants born to mothers supple-
mented with 930 mg of choline chloride per day exhibited improved information processing
speed, despite both groups having choline levels above the adequate intake for pregnant

women®. Another study associated prenatal choline intake with memory scores in seven-
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year-old children, but not with intelligence scores, despite the mothers’ choline intake being
below the recommended level®. Furthermore, maternal plasma choline at 16 weeks gesta-
tion was positively associated with infant cognitive development at 18 months®?. However,
a study by Signore et al. (2008) found no association between maternal gestational free and
total serum choline concentrations and children’s visuospatial processing or memory at five

years®3,

Alcohol’s Impact on Folate and Choline Metabolism

Chronic alcoholism is associated with folate deficiency, primarily due to dietary insufficiency
and disruptions in folate homeostasis. These disruptions include reduced absorption in the
small intestine, decreased hepatic uptake and storage, and increased urinary excretion of
folate®®. The primary mechanism by which ethanol induces folate deficiency is through

65 In witro studies have shown that chronic alcohol consumption

intestinal malabsorption
leads to decreased expression of the intestinal reduced folate carrier (RFC) and folic acid
transport in micropigs®®7. Similarly, chronic ethanol-fed rats exhibit reduced expression of
RFC and proton-coupled folate transporter in the intestinal mucosa, leading to decreased
folate transport across isolated intestinal membranes®®. This deregulation in the intestinal
folate uptake system likely contributes to reduced folate levels during chronic alcoholism®?.

Hepatic folate metabolism involves the transport of circulating 5-methyltetrahydrofolate
(5-MTHF) across the hepatic membrane, its binding to intracellular proteins, and the syn-
thesis of polyglutamyl folates, which are then secreted through the biliary ductules or hepatic
vein. Disruptions in this cycle can lead to folate deficiency®. Clinical studies have demon-
strated a two-fold acceleration in the development of folate deficiency with megaloblastic
anemia in patients with alcoholic liver disease (ALD) on a folate-depleted diet compared to
healthy adults on a similar diet%. This may be partly due to decreased hepatic uptake of
5-MTHF, as observed in alcohol-fed monkeys®*™.

Chronic alcoholism may also lead to increased urinary folate loss, as evidenced in ethanol-
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fed rats®*". Recent studies suggest that this increased folate excretion results from impaired
folate reabsorption in the kidneys, linked to decreased expression of key folate transporters
in renal tissue, namely the RFC and folate binding protein (FBP). The downregulation of
RFC and FBP reduces folate uptake across renal absorptive surfaces, diminishing folate
conservation and contributing to folate deficiency observed in alcoholism™.

Acute alcohol exposure impacts folate levels by affecting both serum folate levels and
tissue folate uptake. A study involving human volunteers demonstrated a decrease in serum
folate levels within eight hours of oral or intravenous ethanol administration, with levels
rapidly normalizing after cessation of alcohol exposuref6?.

While there is no evidence that alcohol directly disrupts the absorption of dietary choline,
alcohol consumption may precipitate a choline deficiency by increasing choline demand. This
reduction in choline availability can have diverse health implications, including neurological
disorders and liver disease. For a developing fetus, choline is essential as a precursor to mem-
brane components and neurotransmitters, and it plays a role in gene expression regulation
through its function as a methyl donor™.

Initially, it was postulated that alcohol indirectly impacts the liver as a complication of
malnutrition associated with chronic alcohol consumption by depriving the liver of lipotropic
substances’™. However, research from the 1940s and 1950s demonstrated that choline sup-
plementation could mitigate the fibrosis induced by alcohol consumption, suggesting that
alcohol might have a more direct effect on the liver™ 7.

Expanding on previous research that documented increases in choline oxidation by liver
mitochondria in animals fed with ethanol”™, a study examining the activity of liver choline
dehydrogenase in a rat model noted a progressive increase in activity alongside alcohol intake.
After prolonged alcohol consumption (105 days), hepatic choline dehydrogenase activity was
markedly higher compared to control rats™. This suggests that increased oxidation of choline

could account for the heightened dietary requirements and deficiencies associated with long-

term alcohol consumption.
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Recent studies suggest that alcohol-induced choline deficiency could be due to an in-
creased demand for choline in two ways. The enhanced export of hepatic lipids, generated
through the metabolism of alcohol via the formation of very low-density lipoproteins, re-

73,79

quires choline™ ™. Additionally, alcohol-induced folate deficiency may lead to a secondary

deficiency when choline is utilized to provide methyl groups for the 1CM pathway ™.

PAE: Interactions with Folate and Choline in Fetal Development

Research has examined the interactions between PAE and maternal dietary supplementation
with folate and choline, focusing on their effects on fetal brain development. For instance,
studies have shown that folic acid supplementation in pregnant rats exposed to alcohol can

80 Similarly, concurrent folic acid supple-

reduce PAE-induced neuroapoptosis in neonates
mentation in alcohol-exposed mice has been found to mitigate the effects of PAE on motor
activity and anxiety®!.

Choline supplementation has also shown promise in ameliorating the effects of PAE. In
animal studies, maternal choline status has been found to mediate the impact of alcohol

8283 In mice fed a lig-

on neurobehavioral outcomes such as deficits in working memory
uid diet containing ethanol, choline supplementation prevented DNA hypomethylation and
normalized gene expression in the neocortex®*.

Human studies have corroborated these findings, demonstrating that prenatal choline
supplementation in pregnant women consuming alcohol can improve infant development.
A trial involving pregnant women with heavy alcohol use found that choline supplementa-
tion improved infant eye blink conditioning and visual recognition memory, responses often
impaired in infants with FASD®. A later study indicated that choline supplementation mit-
igated PAE-induced reductions in infant brain volume and was associated with improved
memory>®. However, in another study, while multivitamin supplementation improved cogni-

tive outcomes in infants exposed to PAE, additional choline supplementation did not provide

further benefits®’.
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1.6.2 Vitamin A

Vitamin A plays a crucial role in various physiological processes, including immunity, neu-
rodevelopment, and embryonic development. Its significance becomes particularly evident
during pregnancy, where its deficiency can lead to adverse outcomes for both the mother

and the fetus.

Vitamin A and Pregnancy

The decline in serum retinol levels during pregnancy, especially in the third trimester, is well-
documented®®. This decline is attributed to hemodilution due to expanding blood volume

and inadequate nutritional status®’.

The decline is more pronounced in women from low
socioeconomic communities, where poor nutritional status and low dietary intake of vitamin
A contribute significantly. In deficient populations, vitamin A supplementation during preg-
nancy has been shown to increase serum retinol levels, and to reduce night blindness, nutri-
tional anemia, and maternal postpartum infections®. Furthermore, a substantial reduction

in maternal mortality has been observed following vitamin A or S-carotene supplementation

in malnourished, vitamin A-deficient women in rural Nepal®.

Vitamin A and Embryonic Development

Vitamin A is crucial for embryonic development, as demonstrated by studies on pigs and
rats born to mothers with vitamin A deficiency. In pigs, maternal vitamin A deficiency led
to a variety of defects in offspring, including blindness, cleft palate, and kidney malforma-
tions, with some sows failing to show estrous symptoms and others resorbing all fetuses®'.
Similarly, research on rats has shown that approximately 75% of offspring from vitamin A-
deficient mothers exhibited developmental anomalies, particularly in the eyes, genitourinary
tract, diaphragm, heart, and major arteries®®. The essential role of vitamin A in embryonic
development is further supported by its involvement in critical processes such as cellular

differentiation and gene transcription®.
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Vitamin A and its retinoid metabolites play a crucial role in neurodevelopmental path-
ways, influencing cognition through cellular differentiation and gene transcription during

embryogenesis, growth, and differentiation®

. It impacts the expression of homeotic (Hox)
genes essential in neural tube formation® and is vital for the functioning of the hippocam-
pus, which underlies learning and memory”. Gestational vitamin A deficiency may indi-
rectly affect offspring cognition by impairing sensorineural hearing®?. Some other studies
have shown positive associations between maternal vitamin A and offspring motor scores or
language quotients?®, while others have shown no significant impact on intellectual or motor

function of older children”?199.

Impact of Alcohol Consumption on Vitamin A Metabolism

Vitamin A deficiency is prevalent among individuals who chronically consume alcohol, as
alcohol interferes with the absorption and metabolism of vitamin A'°'. Alcoholics often
exhibit decreased plasma retinol levels and plasma retinol-binding protein concentrations,
a phenomenon first highlighted in a landmark study by Leo and Lieber (1982)'°%. This
study demonstrated a significant reduction in hepatic vitamin A content, correlating with
the severity of ALD. The study found that alcoholics with advanced liver disease, such as
hepatitis and cirrhosis, showed a marked decrease in hepatic retinoid stores, even when
plasma retinol levels appeared normal. This underscores the potential for significant hepatic
retinoid depletion in alcoholics, which may not be immediately evident through plasma
retinol measurements alone!%!,

Research involving alcohol-fed baboons and rodents has established that alcohol can
deplete hepatic retinoid stores independent of dietary vitamin A intake and absorption.
In controlled studies, chronic ethanol consumption led to a significant decrease in hepatic
vitamin A levels in baboons and rats, despite a nutritionally adequate diet. For instance,
baboons fed a diet with 50% of total energy as ethanol developed fatty liver and experienced

a 59% decrease in hepatic vitamin A levels after four months, progressing to a 95% decrease
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with fibrosis or cirrhosis after 24-84 months'®. Similarly, rats fed ethanol showed a 42%
decrease in hepatic vitamin A levels after three weeks, with continued decline up to nine
weeks, even when dietary vitamin A was increased fivefold!®®. This suggests that chronic
alcohol consumption accelerates the mobilization and catabolism of vitamin A from the liver,
leading to a progressive depletion of hepatic retinoid stores. The depletion rate of vitamin
A from endogenous hepatic storage was observed to be 2.5 times faster in ethanol-fed rats

than in controls!?3:104,

Ethanol and Fetal Development

Ethanol consumption during pregnancy has been shown to lead to both increased and de-
creased levels of retinol and retinyl palmitate in fetal tissues'®>!%, The study by Grummer
and Zachman (1990) investigated this phenomenon in pregnant rats, showed that ethanol
ingestion led to fewer fetuses per pregnancy, increased resorptions, and a higher incidence of
fetal abnormalities!®®. Their study found that ethanol exposure resulted in elevated vitamin
A concentrations in maternal lung and kidney tissues. In fetuses, free retinol levels in the
liver were higher at day 17 of gestation compared to control fetuses, but by day 21, retinyl
palmitate levels in the liver, lung, and kidney were reduced, indicating disrupted vitamin A
metabolism due to maternal ethanol consumption.

Building on these findings, Dejonge and Zachman (1995) explored the potential link
between ethanol exposure in pregnant rats, vitamin A metabolism, and cardiac defects in
fetal alcohol syndrome!®. Their research demonstrated that ethanol exposure increased fetal
retinol and retinyl palmitate levels while decreasing retinoic acid levels in fetal hearts. These
findings support the hypothesis that ethanol-induced changes in vitamin A metabolism may
contribute to the pathogenesis of FAS.

The disruption of vitamin A homeostasis has been implicated in developmental brain
anomalies, including congenital malformations such as hydrocephalus, where excess cere-

brospinal fluid builds up in the ventricles of the brain. Goez, Scott, and Hasal (2011)
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reported a case of a newborn exposed to alcohol throughout pregnancy, presenting with low

serum vitamin A and hydrocephalus!®”

. They proposed that the disruption of fetal vitamin
A homeostasis might compromise the activity of the floor plate, a structure crucial for neural
tube development. This case was the first to suggest a possible link between PAE, decreased
serum vitamin A levels, and congenital brain anomalies in humans, highlighting the need
for further research and potential vitamin A screening and supplementation for newborns of
mothers who consumed alcohol during pregnancy.

Research has also demonstrated that retinoic acid, a metabolite of vitamin A, can coun-
teract some of the harmful effects of ethanol on fetal development. Twal and Zile (1997)
found that ethanol treatment in quail embryos led to cardiovascular abnormalities similar

108

to those caused by vitamin A deficiency'”®. However, these abnormalities were prevented by

the addition of retinoic acid, suggesting a protective role.

1.6.3 Vitamin E

The Role of Vitamin E in Pregnancy and Fetal Development

Vitamin E, particularly in the form of a-tocopherol, is crucial for the health and develop-
ment of both the mother and fetus during pregnancy. It plays a significant role in fertility,

implantation, birth weight, and early neural development!?91!

. Maternal serum levels of
vitamin E increase during gestation'%’. This increase is thought to counteract the oxidative
stress associated with pregnancy, potentially reducing oxidative injury to both the mother

and fetus!'9?112

. This is particularly relevant in conditions like preeclampsia, characterized
by high blood pressure and linked to oxidative stress!.

Research using zebrafish models indicates that a-tocopherol deficiency causes develop-
mental delays and increased mortality after fertilization. Specifically, the knockdown of
a-tocopherol transfer protein (TTP) expression results in severe malformations of the head

and eyes, underscoring T'TP’s essential role in embryogenesis by facilitating the delivery of

a-tocopherol to critical sites within the developing central nervous system!!3. These find-
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ings suggest that adequate vitamin E, mediated by T'TP, is necessary for proper vertebrate

embryonic development, implying a similar requirement in humans*!*.

Vitamin E and Alcohol Consumption

Heavy alcohol consumption has been shown to significantly reduce plasma levels of a-
tocopherol as observed in a study by Bjgrneboe et al. (1987), which reported a 37% decrease

14 Gongéalez-Reimers et al.

in a-tocopherol levels among alcoholics compared to controls
(2014) further identified lower tocopherol levels in alcoholics, particularly those with cere-
bellar atrophy, suggesting a connection between vitamin E deficiency, oxidative stress, and
brain alterations!'®. Their study also found an inverse relationship between vitamin E levels
and proinflammatory cytokines, such as Interleukin-6 (IL-6), indicating that inflammation
from alcohol consumption could deplete vitamin E.

Animal studies support these findings, with research on guinea pigs by Hidiroglou and
Madere (2000) demonstrating that alcohol exposure reduces hepatic vitamin E levels when
expressed as per milligram total lipid'¢. PAE has been shown to harm fetal development,
but vitamin E may offer protective effects. Wentzel, Rydberg, and Eriksson (2006) found that
vitamin E supplementation in pregnant rats exposed to ethanol normalized fetal development

7

and reduced oxidative stress markers!'”. Similarly, Shirpoor et al. (2015) demonstrated

that vitamin E administration alongside ethanol reduced heart abnormalities and oxidative

stress in rat offspring!!s.

Sanchez-Campillo et al. (2023) found that maternal vitamin E
levels during pregnancy were associated with higher antioxidant status in both mothers and

newborns, suggesting a potential influence on newborn antioxidant status*'?.

1.6.4 Vitamin D

Recent research highlights the potential influence of maternal vitamin D status during
pregnancy on various maternal and fetal outcomes. Despite observational studies support-

ing these associations, evidence from randomized controlled trials remains inconsistent!?°.
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The most conclusive evidence supports vitamin D supplementation for preventing neonatal

hypocalcemial?!.

Vitamin D Metabolism and Pregnancy

Vitamin D metabolism undergoes significant changes during pregnancy, with circulating
levels of 1,25-dihydroxyvitamin D (1,25(OH)D) increasing substantially. During this period,
high concentrations of 1,25(OH),D indicate a decoupling of vitamin D from its traditional
role in calcium metabolism. Instead, vitamin D functions primarily as an immunomodulator
during pregnancy, promoting maternal immune tolerance to the semi-allogeneic fetus and

2 Current recommendations emphasize

supporting the developing fetal immune system?
the importance of monitoring and treating vitamin D deficiency during pregnancy, although
optimal levels remain undetermined!?. The role of vitamin D in pregnancy is crucial, as it

supports fetal growth, fetal skeletal development, and immune maturation!??.

Maternal Vitamin D and Fetal and Offspring Outcomes

Maternal vitamin D deficiency during pregnancy is linked to adverse outcomes for both the
mother and fetus. Studies have associated low maternal vitamin D status with increased
risks of preeclampsia and gestational diabetes'??. Fetal consequences include impaired lung
development, neurocognitive difficulties, and reduced bone mass'?®. Low maternal vitamin
D levels are also associated with an increased risk of small-for-gestational-age infants?.
Animal studies have shown that vitamin D deficiency can alter fetal brain development,

affecting speech and language development and dopamine synthesis'?’.

Limited evidence
suggests potential links to autism spectrum disorder, attention-deficit/hyperactivity disor-

der, and schizophrenia!?®.
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Alcohol Consumption and Vitamin D

Studies have shown that alcohol intake can alter the expression of key enzymes involved in
vitamin D metabolism, such as CYP27B1 and CYP24A1, which are essential for maintain-

129,130 © These enzymatic changes can lead to disruptions in the

ing vitamin D homeostasis
concentrations of vitamin D metabolites, potentially affecting the balance necessary for opti-
mal fetal development!??31 Recent research highlights that pregnant women who consume
alcohol have significantly lower vitamin D levels, during seasons with low sun availability
compared to low/no alcohol exposed pregnant women, increasing the risk of vitamin D de-

ficiency and potentially adverse pregnancy outcomes!®?.

1.6.5 Zinc
Effect of Pregnancy on Maternal Zinc

Pregnancy increases zinc demand to support fetal growth and development. The additional
zinc requirement during human gestation is approximately 1540 pumol, or less than 100 mg,
based on the total weight of pregnancy tissues gained and their zinc concentration. The

133 To meet these

fetus uses 57% of this additional zinc, while uterine muscle uses 24%
increased needs, the body adjusts zinc homeostasis. Pregnant women consume an average of
25-28 mg/day of zinc'3!, with little evidence of increased intake during pregnancy. Animal
studies suggest that homeostatic adjustments in zinc utilization, such as changes in intestinal

® may be the primary mechanism for meeting additional reproductive zinc

zinc absorption'?
demands. Maintaining normal maternal serum zinc concentrations is crucial for sufficient
zinc transfer to the fetus!®3.

Several conditions can interfere with zinc absorption and fetal zinc transport, poten-
tially impacting maternal and fetal health. High intake of diets rich in phytate, a potent

zinc absorption inhibitor, is common among women in developing countries and may lead

to secondary zinc deficiency. High intake of supplemental iron may compete with zinc in
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the absorption process, potentially depressing plasma zinc concentrations'®. Alcohol abuse
during pregnancy may alter zinc metabolism, potentially contributing to FASD and devel-
opmental defects. A maternal acute phase-induced response precipitated by physiological
stressors, inflammation, or toxicant exposure such as alcohol has been shown to induce sec-
ondary zinc deficiency in pregnant animals by stimulating metallothionein (MT) synthesis,
a cysteine-rich binding protein that sequesters zinc in the liver, leading to decreased plasma

zinc concentrations136.

Effect of Maternal Zinc on Fetal Development and Offspring Outcomes

Zinc plays a crucial role in fetal development due to its involvement in various biological pro-
cesses, including cellular growth, differentiation, and the development of the central nervous
system. Research has consistently demonstrated the importance of zinc in fetal development,
with significant consequences of zinc deficiency observed in both animal and human studies.

Early animal studies laid the foundation for understanding zinc’s role in development.
Todd, Elvehjem, and Hart (1933) first demonstrated the essentiality of zinc using rat models,
observing severe growth retardation in zinc-deficient rats'®”. Hurley and Swenerton (1966)
later showed that rats fed a zinc-deficient diet exhibited not only severe growth retardation
but also other deficiency symptoms, such as lack of fur growth and abnormal appearance,

which were reversed upon zinc supplementation!3

. Furthermore, female rats subjected to
mild zinc deficiency produced offspring with a wide range of congenital malformations af-
fecting multiple organ systems, including skeletal deformities and heart defects.

National surveys from 20 low- and middle-income countries report that zinc deficiency is
a widespread public health concern, with the majority of countries showing a prevalence of
low plasma zinc concentration exceeding 20% in both children and women of reproductive
age, suggesting the need for preventative zinc intervention strategies'®. This deficiency can

lead to severe consequences, including neural tube defects, growth retardation, and various

developmental issues. Even marginal zinc deficiency, which is more common, has been linked
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to neurological deficits, behavioral abnormalities, and cognitive impairments in both animal
models and human studies'*.

Some studies have reported beneficial effects of zinc supplementation during pregnancy
such as reducing the risk of preterm birth and LBW. However, evidence for other outcomes
remains mixed due to variations in duration, dose, and pregnancy state at the start of zinc

141,142

supplementation . While several research studies found no significant impact on birth

143,144

weight or other fetal growth measurements , other studies noted reduced risks of preterm

birth, stillbirth, and early neonatal morbidity 4?45,

Zinc deficiency causes broader physiological impacts, including enhancing the oxidative
damage to cellular components through ROS and chronic inflammation!4®. Zinc deficiency
impairs the function of antioxidant enzymes, such as superoxide dismutase (SOD), which

depend on zinc as a cofactor. This deficiency exacerbating the pathology of certain diseases,

such as cancer and diabetes, due to the decreased antioxidant defense status'4®.

Effect of Alcohol Consumption on Maternal Zinc

Chronic alcohol consumption significantly affects zinc metabolism, leading to zinc deficiency,
a common metabolic issue among individuals with alcohol use disorder!®®. This deficiency
results from decreased zinc intake and absorption, coupled with increased urinary excretion
of zinc!03,

Chronic ethanol ingestion impairs net zinc absorption, particularly in the rat ileum, the
most active area of zinc uptake as measured by in vivo perfusion. Antonson and Vanderhoof
(1983) conducted a study on male Sprague-Dawley rats fed a Lieber-Decarli liquid rat diet
for one month, with 36% of their total calories provided as ethanol®. Pair-fed controls
received these calories as carbohydrate. After this period, zinc absorption was examined in
duodenal and ileal segments by in vivo perfusion. The results showed a 16% reduction in

net zinc absorption in the ileum following chronic ethanol feeding. Duodenal absorption of

zinc, which was significantly less than in the ileum, remained unaffected by chronic ethanol
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ingestion. These findings indicate that chronic ethanol ingestion impairs net zinc absorption,
primarily in the ileum, potentially contributing to zinc deficiency observed after chronic
ethanol ingestion.

Moreover, zinc deficiency has been postulated to play a role in the development or pro-
gression of ALD. A study by Vatsalya et al. (2018) examined 108 very heavy drinking indi-
viduals without clinical evidence of ALD'7. The researchers found that approximately 40%
of the subjects had low serum zinc levels. This group with low zinc levels showed a higher
frequency of heavy drinking days in the past 90 days and demonstrated stronger associations
between their drinking patterns and zinc deficiency. The study also showed that individu-
als with low zinc levels had higher aspartate aminotransferase to alanine aminotransferase
(AST/ALT) ratios, a marker indicative of alcoholic liver disease, as well as lower albumin
levels and higher C-reactive protein (CRP) levels, suggesting impaired liver function and

increased inflammation.

Interaction between PAE and Zinc and Effect on Fetal Development and Out-

comes

This relationship between alcohol intake and zinc has implications for both maternal and
fetal health, as well as the potential development of FASD. Research has shown that zinc de-
ficiency is prevalent among pregnant women consuming alcohol. Flynn et al. (1981) reported
lower plasma zinc levels in pregnant women who consumed alcohol compared to control preg-

nant women 48,

They observed an inverse relationship between plasma zinc levels and the
expression of FAS, suggesting a potential link between embryonic zinc deficiency and FAS.

When ethanol is consumed, it triggers an acute phase response that results in seques-
tration of plasma zinc to the maternal liver. This sequestration is a protective mechanism
in which MT binds with zinc>'4. However, this process results in a reduction in plasma

zinc levels. This reduction in plasma zinc leads to decreased availability of zinc for placental

transport. The placenta plays a crucial role in supplying the fetus with necessary nutrients,
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including zinc. When the availability of zinc for placental transport is decreased, it can result
in fetal zinc deficiency and teratogenesis®!?.

Further evidence supports the acute phase response hypothesis and the role of zinc in
ethanol-induced fetal abnormalities. Studies using MT knockout mice have shown that
these animals do not exhibit increased fetal dysmorphology when exposed to ethanol during
organogenesis, unlike their wild-type counterparts. MT knockout mice maintained normal
plasma zinc levels and zinc transfer to the fetus after ethanol exposure'® %2, Addition-
ally, dietary zinc supplementation throughout pregnancy has been shown to protect against
ethanol-mediated developmental damage. In a study by Summers, Rofe, and Coyle (2009),
zinc-supplemented mice exposed to ethanol showed a significantly lower incidence of fetal

50

abnormalities compared to those exposed to ethanol alone! Zinc supplementation also

improved postnatal survival rates!®.

These findings underscore the protective role of zinc
against ethanol-induced fetal dysmorphology and postnatal mortality, although the exact

mechanisms—whether MT-dependent or independent—require further investigation.

1.6.6 Copper
Effect of Pregnancy on Maternal Copper

Pregnancy alters copper metabolism to meet increased demands for maternal tissue expan-
sion and fetal growth. Maternal serum copper concentrations can double during gestation,
a physiological change driven primarily by an estrogen-stimulated increase in ceruloplasmin.
This rise in protein-bound copper does not reflect an excess of bioavailable copper; rather,
it is an adaptation to facilitate transport to the developing fetus!®.

To support fetal copper accretion, which is critical for the development of the brain,
heart, and skeletal system, the Recommended Dietary Allowance (RDA) for copper increases
from 900 pg/day for non-pregnant women to 1000 pg/day during pregnancy. The Tolerable
Upper Intake Level (UL) is 10,000 pg/day. Achieving the recommended intake is vital, as

inadequate copper status during this critical period can have persistent adverse effects on
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the offspring!®3.

Effect of Maternal Copper on Fetal Development

Mice lacking specific copper transporters and chaperones, including Ctrl, Cox17, and Atox-
1, showed severe malformations and high rates of embryonic and perinatal death'® 157, The
Ctrl gene encodes a component of the copper transport machinery. Mice without Ctrl dis-
played significant growth and developmental defects, dying in utero during mid-gestation!®®.
Ctrl-/- embryos were severely underdeveloped and morphologically abnormal, indicating
that Ctrl serves as a primary pathway for copper uptake in mammalian cells!®®. Mice with
a disrupted Atoxl1 locus, which encodes a metallochaperone involved in intracellular cop-
per trafficking, struggled to survive after birth, with 45% dying before weaning. Surviving
animals exhibited stunted growth, loose skin, reduced pigmentation, and seizures due to
perinatal copper deficiency'®*. Mutations in the ATP7A gene disrupt copper metabolism in
infants, causing Menkes disease, an X-linked disorder that impairs copper transport across
cell membranes. Affected infants show low copper concentrations in brain and liver tissues,
leading to severe brain, vessel, bone, and skin abnormalities, paired with growth failure.
Infants with minimal ATP7A activity rarely survive past age three!®3.

Copper deficiency affects brain development, causing neuropathological effects across
species. Studies on guinea pigs, which undergo substantial in utero myelination, showed
high rates of ataxia and brain abnormalities in offspring when mothers consumed copper-
deficient diets'®®. Rat offspring from copper-deficient mothers exhibited hyperirritability and
convulsive seizures'™. These findings align with observations in domestic ruminants, where
enzootic ataxia, characterized by very low blood copper levels, is common!%%16t  Another
study found that copper deficiency in developing rats led to enlarged and abnormally shaped
brain mitochondria with reduced cytochrome c oxidase content, impaired oxidative capacity,
and altered energy metabolism, suggesting significant impacts on mitochondrial function and

morphology!62.
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Copper deficiency significantly impacts fetal growth and development, with decreased
organ weights observed in copper-deficient offspring. This reduction in organ weight, partic-
ularly in the fetal liver, lung, and kidney, is strongly correlated with the decrease in maternal
liver copper levels'®®. Copper deficiency may contribute to oxidative stress and reduced an-
tioxidant capacity in the fetus, as evidenced by lower catalase-like activity and reduced SOD

levels in copper-deficient fetuses'64.

Importantly, the effects of prenatal copper deficiency
can persist even with postnatal supplementation, highlighting the critical role of adequate
copper nutrition during pregnancy. For instance, offspring born to copper-deficient dams ex-
hibit long-term neurobehavioral abnormalities, such as a markedly decreased auditory startle

response, even when weaned onto a control diet!%

. Clinical studies have shown a negative
correlation between maternal serum copper levels and fetal head circumference, as well as
between cord blood copper levels and neonatal birth weight, although it remains unclear
whether high copper levels are a cause or consequence of poor fetal growth!6.

The influence of copper on vascular development is evidenced in infants with Menkes dis-
ease as well as by in vitro mouse studies. Embryos cultured in copper-deficient media display
yolk sac and vascular anomalies, characterized by persistent blood pools and hemorrhagic

167,168~ This abnormal vascula-

vessels, suggesting incomplete and immature vascularization
ture could potentially disrupt the essential nutrient supply during embryogenesis, leading to
developmental defects. Copper deficiency results in low SOD activity and increased super-
oxide anion concentrations, which can interact with nitric oxide (NO), to reduce NO levels
and impact NO-dependent vessel relaxation. The addition of NO donors reverses resulting
developmental abnormalities'®”. The influence of copper on angiogenesis, the process of new
capillary branch formation from existing blood vessels, has been demonstrated through its ef-
fects on the expression and biological activity of vascular endothelial growth factor (VEGF)

170 Advanced imaging techniques, such as X-ray fluorescence microscopy,

and angiogenin
have shown that during angiogenesis, cellular copper is redistributed from perinuclear areas

to the tips of filopodia and across the cell membrane into the extracellular space, suggesting
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a direct role for copper in regulating this process'™.

Effect of Maternal Copper on Offspring Outcomes

Research from Peru in the 1960s first characterized the clinical signs of copper deficiency in
malnourished infants recovering with milk-based formulas. Similar patterns later emerged
in premature infants, those receiving total parenteral nutrition, and infants fed special diets
or unmodified cow milk!"2.

LBW and very low birth weight (VLBW) preterm infants face high risks of copper de-
ficiency since they fail to undergo the crucial late-gestational copper accumulation in the
fetal liver that normally supplies copper during early milk feeding. VLBW infants typically
develop signs between 8-10 weeks postnatal, including poor growth, edema, and osteoporosis,
while LBW preterm infants show skeletal changes, neutropenia, anemia, and skin hypopig-
mentation. Research demonstrates that LBW infants with rapid weight gain in their first
6 months exhibited low erythrocyte CuZn superoxide dismutase (CuZnSOD) activity, sug-
gesting both its utility as a copper status indicator and increased copper depletion risks in
fast-growing LBW infants - a status that correlated with increased DNA oxidative damage!53.

Copper deficiency disrupts both cardiac function and embryonic development. In adult
hearts, copper deficiency causes hypertrophy, and fibrosis'™. The cardiac pathology stems
from reduced CuZnSOD activity, increased oxidative stress, and impaired energy metabolism

™. These changes elevate cardiac NO

through decreased cytochrome-c oxidase function!
production through increased endothelial and inducible NO synthase expression!™. MT
overexpression in the heart in transgenic mice guards against cardiac oxidative injury from
oxidative damage and slows hypertrophy progression'”™. In cardiac ultrastructure, marginal
copper deficiency causes mitochondrial abnormalities, increased lipid deposits, and basal

laminae alterations'™.
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Effect of Alcohol Consumption on Maternal Copper

A case study of a Tl-year-old man with a history of heavy alcohol consumption diagnosed
with copper deficiency marked the first report linking alcohol abuse to copper deficiency!®.
Research on ALD strengthened this connection through investigations of dietary copper’s
role in ALD pathogenesis. The research showed that both adequate and supplemental dietary
copper reduced alcohol-induced liver and intestine injury, while marginal dietary copper wors-
ened these conditions. The protective mechanisms involved copper’s regulation of intestinal
hypoxia-inducible factor 1la (HIF-1a) signaling and oxidative stress. Alcohol consumption
damaged intestinal villi, reduced HIF-1a expression, and impaired barrier function, effects

d'". Studies on rats during gestation and lactation

that copper supplementation mitigate
showed that ethanol intake reduced copper concentrations in both dam and pup livers. The
research pointed to enhanced biliary copper excretion from ethanol consumption as a poten-

tial mechanism for decreased copper status. The data aligned with observations in alcoholics

showing changes in ceruloplasmin (CP) activity®.

Interaction between PAE and Copper and Effect on Fetal Development and

Outcomes

Copper, along with nutrients like folate and zinc, is essential for the normal development
of the central nervous system (CNS). Deficiencies in these nutrients, frequently seen in in-
dividuals with alcohol use disorder, can lead to abnormal CNS development and severe

178,179

malformations These deficiencies often result from the replacement of food-derived

calories with ethanol-derived calories, leading to inadequate intake of essential nutrients!'sC.
This issue is particularly significant during pregnancy, where heavy alcohol consumption can
cause multiple nutrient deficiencies, increasing the risk of FASD. The teratogenic effects of
these deficiencies can be exacerbated by their interactions. For example, rat litters from

dams fed diets low in both zinc and folate showed a higher frequency of dysmorphogenesis

compared to those with diets deficient in only one nutrient!®!.
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A study by Lee and Cerklewski (1990) on pregnant rats fed a liquid diet with different
levels of copper and ethanol demonstrated that maternal ethanol intake reduced copper
concentrations in both maternal and pup livers, especially when dietary copper was low!52.
This effect was also observed in the copper content of the pup liver MT fraction, highlighting
the liver’s role in maintaining copper homeostasis. The study suggested that the combination
of low dietary copper, high copper demand during pregnancy and lactation, and ethanol
consumption could significantly impact both mothers and offspring.

Copper deficiency during fetal development causes structural and biochemical abnor-
malities through disrupted free radical defense, connective tissue metabolism, and energy
production. Studies link maternal alcohol consumption to reduced fetal copper levels and
decreased SOD activity. Research with transgenic mice demonstrates that increased CuZn-
SOD expression reduces developmental damage from diabetes, pointing to copper-dependent
enzymes’ protective role against oxidative stress. Women of reproductive age typically con-
sume less than the recommended 1.5-3.0 mg Cu/d, creating a baseline deficiency risk that
alcohol consumption compounds. Laboratory studies document that copper-deficient em-
bryos develop swollen hindbrains, vascular abnormalities, blood pooling, and cardinal vein
distention. These findings suggest a synergistic relationship between PAE and copper defi-

ciency in causing developmental abnormalities!™.

1.6.7 Iron

Effect of Pregnancy on Maternal Iron

Pregnancy increases iron demands for fetal and placental development!®3. These require-
ments vary across trimesters. The cessation of menstruation reduces iron needs in the first
trimester to 0.8 mg/day, below pre-pregnancy levels. However, maternal red blood cell mass
expansion, coupled with placental and fetal growth, raises iron requirements from 4-5 mg/-

4

day in the second trimester to more than 6 mg/day by the third trimester'®?. Meeting

these demands requires increased dietary iron absorption and iron store mobilization. Many
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185

women start pregnancy with insufficient iron stores™®’. Iron deficiency and iron deficiency

anemia during pregnancy correlate to maternal mortality, premature birth, LBW, and infant
neurodevelopmental impairment!®%187 leading to widespread iron supplementation recom-

mendations. Studies using stable or radioactive iron isotopes show increased nonheme iron

absorption as pregnancy progresses'®®. Heme absorption exhibits similar patterns!®’.

Research shows decreased maternal hepcidin, a peptide hormone central to iron regula-

190,191

tion, concentrations during second and third trimesters in humans and the second week

192 Lower maternal hepcidin enables increased iron circulation through

of gestation in rats
enhanced dietary absorption and store release. A study of 19 pregnant women demonstrated
an inverse correlation between third-trimester serum hepcidin and fetal transfer of dietary
nonheme and heme iron'®.

The mechanism behind pregnancy-related maternal hepcidin suppression remains un-
clear. Plasma hemodilution offers a partial explanation but cannot account for the observed
decrease magnitude, given only a 30-50% plasma volume increase'®®. This explanation fails
to address the substantial hepatic hepcidin messenger RNA suppression observed in animal

192

studies'”*. While hepcidin reaches its lowest levels in pregnant women with iron deficiency,

193,194

mothers with sufficient iron stores still show low hepcidin at delivery , suggesting active

pregnancy-related suppression.

Effect of Maternal Iron on Pregnancy Outcomes

Maternal iron deficiency during pregnancy can lead to adverse outcomes for both the mother
and the offspring. The World Health Organization recommends routine iron supplementation
for pregnant women, particularly in regions where malnutrition is prevalent, to mitigate these

195,196

risks . Maternal anemia has been linked to adverse outcomes such as LBW, preterm

birth, and decreased infant iron stores, which can impair cognitive development and growth
in children!®.

Iron supplementation reduces the incidence of maternal anemia and iron deficiency as
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well as the risk of LBW'7. Early supplementation improves maternal iron status without
increasing the risk of haemoconcentration, however, the benefits may vary depending on pre-
pregnancy iron status, with iron-deficient women experiencing most improvements'®®. While
some concerns exist about potential adverse effects of iron supplementation in iron-sufficient
individuals, the overall evidence supports its use, particularly in low-income countries with
high prevalence of iron-deficiency'®”. A study conducted in rural Nepal found that prenatal
supplementation with folic acid and iron significantly reduced the risk of obstetric compli-

cations, such as postpartum hemorrhage and puerperal sepsis!®.

Effect of Maternal Iron on Offspring Outcomes

Iron deficiency without anemia alters cognitive and behavioral performance in children.

Brain regions regulate iron concentrations based on local needs, with specific areas re-

200

quiring higher iron levels The developmental timing of iron deficiency creates distinct

01 Studies in rats show that early-life iron deficiency

regional vulnerabilities in the brain?
reduces dopamine receptor density in parts of the brain by 20-30%. Iron repletion normalizes
dopamine receptors in most brain regions, but not all, suggesting permanent alterations from

1

early deficiency?”!. Human infants with iron deficiency show increased central conduction

times in auditory processing, indicating potential hypomyelination?°2.

The evidence linking maternal iron status to offspring health is inconsistent, with some
studies finding no clear relationship between maternal iron status and developmental out-
comes?®. In one study, adequate serum ferritin and iron intake in early pregnancy correlated

204 However, a meta-analysis of

with better offspring working memory and executive function
randomized controlled trials found minimal impact of universal antenatal iron supplementa-
tion on offspring neurodevelopment. The authors suggested the benefits of supplementation

vary with population anemia prevalence, promoting targeted rather than universal supple-

mentation in regions with low anemia rates®’.
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Effect of Alcohol Consumption on Maternal Iron

Alcohol consumption exhibits complex interactions with iron metabolism. Research demon-
strates a biphasic relationship between alcohol intake and iron status. Light to moderate
alcohol consumption, defined as up to two drinks per day, can reduce iron deficiency and
iron deficiency anemia risk by 40%?2%. Heavy alcohol intake, exceeding two drinks daily,
can disrupt iron homeostasis through multiple mechanisms. Alcohol metabolism suppresses
hepatic hepcidin transcription, which increases duodenal iron transporter protein expres-
sion, specifically divalent metal transporter 1 (DMT1) and ferroportin, leading to enhanced
intestinal iron absorption?"7.

Patients with ALD display elevated serum iron indices and hepatic iron concentrations.
Iron acts synergistically with alcohol to amplify oxidative stress and lipid peroxidation in hep-
atic tissue. In Kupffer cells, increased iron content activates nuclear factor-kappa B (NF-xB)
and promotes tumor necrosis factor-alpha (TNF-a) expression, contributing to liver injury.
Iron chelation therapy mitigates these inflammatory responses, supporting iron’s pathogenic
role?®”. Antioxidant supplementation with vitamin E or N-acetylcysteine, a precursor to the
antioxidant, glutathione, blocks alcohol’s effects on hepcidin expression and subsequent iron

transport alterations?%®,

Interaction between PAE and Maternal Iron Status and Effect on Fetal and

Offspring Development and Outcomes

Maternal iron status and PAE interact to influence fetal development and can contribute to
FASD. Studies demonstrate that iron deficiency significantly interacts with alcohol exposure
to impair postnatal somatic growth, white matter formation, and associative learning beyond
the effects of either condition alone?”. Clinical research shows that infants born to mothers
who engaged in binge drinking during pregnancy face 3.6 times higher risk of iron-deficiency
anemia at 12 months compared to infants of non-binge drinking mothers?°. Heavy-drinking

mothers often develop iron deficiency during pregnancy, which is particularly concerning as
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fetuses rely on maternal iron stores for their development?!°.

In animal models, gestational iron supplementation shows specific benefits in alcohol-
exposed pregnancies. Research demonstrates that iron supplementation normalizes brain
weight reduction in alcohol-exposed male fetuses, though female litter mates do not show
the same improvement. Additionally, iron supplementation reverses alcohol-induced fetal
anemia and normalizes red blood cell numbers and hematocrit?!'!.

Socioeconomic factors influence these outcomes. Higher maternal socioeconomic status
correlates with decreased FASD severity and frequency, partly because gestational iron defi-
ciency prevalence decreases as income and education rise, reflecting increased iron supplement

use and increased diet quality?®®.

1.7 Free Radicals, Oxidative Stress, Ethanol, and Preg-

nancy

1.7.1 Free Radicals and Oxidative Stress

Free radicals exist as molecules or atoms containing an unpaired electron in a valence shell,

1212, The unpaired electron makes these

including superoxide anion and hydroxyl radica
substances highly reactive, leading to oxidation or reduction of compounds in chain reac-
tions. These reactions pair unpaired electrons with electrons from other compounds, creating
new radicals from non-radical molecules®!®. Free radicals perform vital biological functions
through phagocytosis and biochemical reactions, including hydroxylation, carboxylation,
and peroxidation. Cellular responses to reactive metabolites depend on concentration, ex-
posure time, antioxidant status, and repair systems activation. Cellular responses include
proliferation, cell cycle arrest, senescence, apoptosis, or necrosis?'3.

Oxidative stress represents an imbalance between ROS and reactive nitrogen species

(RNS) production versus antioxidant defense, also known as a cell’s redox state?'?. This
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imbalance is associated with cardiovascular diseases, neurodegenerative disorders, diabetes,
and cancer. The cellular redox state modulates signal pathways, influencing the cell’s fate
through various pathways. Modest amounts of free radicals support normal physiological
functions, making complete suppression undesirable. The distinction between physiological
and pathological effects lacks clear definition, exemplifying the complexity of free radical

biology?!3.

1.7.2 Ethanol Metabolism

The metabolism of ethanol in the human body occurs through oxidative and non-oxidative
pathways. The primary oxidative pathway takes place in hepatocyte cytosol through alcohol

dehydrogenase (ADH), a zinc metalloenzyme?!'4. ADH genes encode multiple isozymes with

distinct kinetic properties and substrate specificities, categorized into Class I, II, and III2%5.

The ADH oxidation pathway converts ethanol to acetaldehyde, reducing Nicotinamide ade-

nine dinucleotide (oxidized form) (NAD+) to Nicotinamide adenine dinucleotide (reduced

6

form) (NADH) and creating conditions that predispose cells to metabolic injury®!®. Sec-

ondary oxidative pathways include cytochrome P450 2E1 (CYP2E1) and catalase. CYP2E1,

present in endoplasmic reticulum and mitochondria, metabolizes ethanol at elevated concen-

7

trations and is increased with chronic consumption®!”. Catalase, a peroxisomal enzyme,

oxidizes ethanol using hydrogen peroxide. This pathway gains significance during fasting
and chronic alcohol use?'%. Non-oxidative metabolism of ethanol produces fatty acid ethyl
esters (FAEEs) and phosphatidylethanol?!®. These metabolites persist in serum and tissues

9

after ethanol elimination®'?. High concentrations of plasma FAEEs could be an indicator

of chronic alcohol abuse and can be used to differentiate from individuals with a history of

acute alcohol abuse??V.
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1.7.3 Role of ROS in Fetal Development and Alcohol-Induced

Damage

Reactive oxygen species regulate cell signaling. These signals direct tissue and organ for-
mation during embryonic development. ROS mediate developmental pathways, such as Wnt

signaling, determine cell polarity, fate, and embryo patterning??!.

Hydrogen peroxide acts
as a signaling molecule in growth factor pathways*?2. Blood vessel formation requires ROS
for endothelial cell differentiation, vessel sprouting, and vascular smooth muscle cell mi-

gration??3

. Through modification of cysteine residues in proteins, ROS regulate enzymatic
activities??!. This controlled production of ROS guides normal development through precise
spatial and temporal regulation.

The mitochondrial electron transport chain produces ROS in cells, including those in em-
bryonic and fetal development. During oxidative phosphorylation, Complex I and Complex
IIT release superoxide anions. The mitochondrial matrix contains manganese-SOD, which
converts superoxide to hydrogen peroxide, and glutathione peroxidase (GPx), which reduces
hydrogen peroxide to water. Oxidative stress manifests when ROS production surpasses
antioxidant capacity. Low metabolic rates in developing embryos suggest an evolutionary
mechanism protecting against ROS-induced cellular damage??*.

The physiological functions of ROS are counterbalanced by their potential for develop-
mental harm, a risk magnified in genetically or environmentally susceptible offspring. When
cells produce excess ROS or fail to remove it, oxidative stress damages lipids, proteins, and
DNA. This damage can disrupt development, causing birth defects. Genetic predisposition
amplifies ROS effects. Mutations affecting antioxidative enzymes impair ROS detoxifica-
tion, raising oxidative damage risk. Animal studies demonstrate this through genetic ROS
detoxification deficiencies. For example, glucose-6-phosphate dehydrogenase (G6PD) and
catalase-null mice show heightened sensitivity to ROS-induced birth defects??*226,

Ethanol metabolism during pregnancy creates a complex cascade of oxidative events that

significantly impact fetal development. The metabolic breakdown produces acetaldehyde and
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oxygen-derived compounds - superoxide, hydrogen peroxide, and hydroxyl radicals. These
products oxidize macromolecules, damage cell membranes, and reduce reduced glutathione
(GSH) levels, weakening cellular defenses?.

NADPH oxidases (NOXs) are a class of enzymes that generate superoxide anions. NOXs
expression spans multiple cell types, mediating immune responses and cell signaling path-
ways. NOXs activity peaks during embryonic development, generating ROS required for
developmental progression. NOXs dysregulation and overactivity can lead to excessive ROS
production, surpassing the embryo’s antioxidative capacity and resulting in oxidative stress.
Ethanol triggers NOXs activation and ROS generation??”.

The brain during development exhibits heightened susceptibility to alcohol-induced ox-
idative stress. This vulnerability stems from its oxygen metabolic rate, which surpasses all
other tissues. The brain’s composition includes high concentrations of autoxidizable neu-
rotransmitters and unsaturated fatty acids - both serving as ROS substrates. When these
components react with ROS, they produce additional reactive species (superoxides, quinones,
and semiquinones), triggering oxidative cascades. The brain’s reduced levels of antioxidant
enzymes compared to other tissues increase its vulnerability to ROS-mediated damage?.

The placenta metabolizes and eliminates ethanol and acetaldehyde through ADH and
aldehyde dehydrogenase (ALDH), reducing concentrations in maternal plasma and fetal ex-
posure, however, elimination is not immediate??”. The fetus lacks effective alcohol metabolism
mechanisms, with enzyme production increasing during development. Fetal CYP2E1 reaches
40% of adult levels in the second trimester and 80% in the third trimester. This means al-
cohol metabolism in the fetus occurs at half the rate of maternal metabolism?2®,

Animal experiments corroborate the pathogenic role of ROS. These studies measured
ethanol enhanced ROS formation with fluorescent probes and documented oxidative damage
to cellular macromolecules. Research showed protection against this damage and embry-
opathies through several approaches: vitamin E administration, iron chelator application,

upregulation of antioxidative enzymes like SOD, and polyethylene glycol (PEG)-conjugated
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catalase treatment. This research advances our understanding of ethanol’s teratogenic mech-
anisms and suggests paths toward reducing PAE impacts??>227. Animal studies demonstrated
that the application of antioxidants can rescue some phenotypes induced by ethanol toxicity.
Nanomaterial research shows potential for antioxidant therapy, though human application

requires further investigation?.

1.8 Public Health Interventions for FASD

FASD prevention campaigns face persistent challenges in reducing PAE. Public health inter-
ventions, including warning labels mandated by the Alcohol Beverage Labeling Act of 1988,
have increased public awareness but failed to modify drinking patterns among high-risk pop-
ulations. Research indicates that warning labels stimulate discussions between pregnant
women and healthcare providers, yet prove largely ineffective in changing the behavior of
heavy drinkers??®. Recent data shows that nearly 13% of pregnant women continue to con-
sume alcohol during pregnancy, despite increased public knowledge about the relationship
between drinking and birth defects?.

Motivational interviewing (MI) applies across multiple behavioral domains, showing effi-
cacy in both reducing maladaptive behaviors and promoting health changes?!. In pregnancy
intervention studies, MI paired with contraception counseling reduced alcohol-exposed preg-
nancy risk through dual behavior modification - drinking reduction and contraception use?32.
Single-session MI interventions showed less impact on alcohol-exposed pregnancy risk com-
pared to interventions with multiple sessions?*®. A systematic review of psychosocial inter-
ventions identified potential behavior change techniques driving positive outcomes, including
action planning, behavioral contracts, and self-monitoring prompts?**. Recent meta-analyses
report brief interventions increase the odds of pregnancy alcohol abstinence rates by 56%
and modestly reduce preterm birth risk, though these findings carried low certainty ratings

from the authors due to study heterogeneity and methodological limitations?®.
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Research examining FASD prevention has evaluated other intervention approaches as
well. A systematic review showed brief interventions produced stronger outcomes among spe-
cific subgroups: pregnant women with higher baseline alcohol consumption, those who par-
ticipated with partners, and individuals using multiple substances?3®. For pregnant women
using multiple substances, case management programs targeting substance use and social
support demonstrated preliminary positive results?*®. The authors identified gaps in current
intervention methods: case management and home visits lacked empirical support, while MI
studies showed minimal impact due to small sample sizes and low baseline alcohol use. Dig-
ital interventions, including text messaging and computer-based screening, showed promise
but require additional evaluation®37.

Research into nutritional supplementation for FASD prevention has yielded promising
results. A clinical trial in Ukraine demonstrated that choline supplementation combined
with prenatal multivitamins improved infant learning mechanisms and memory encoding?2.
A randomized, double-blind study in Cape Town showed that pregnant women receiving
2g daily choline supplementation had infants with enhanced eyeblink conditioning responses
and improved visual recognition memory at 12 months compared to the placebo group®.
These studies point to choline’s role in protecting fetal brain development through metabolic
pathways, specifically by preventing alcohol-related depletion of dimethylglycine during neu-
rogenesis*?.

In addition to choline, MVM supplementation has shown potential in mitigating the risks
associated with PAE and oxidative stress linked to FASD. Coles et al. (2015) found that
maternal MVM supplementation during pregnancy was associated with improved cognitive
outcomes in infants at 6 months, particularly those exposed to higher levels of alcohol®”. The
study demonstrated that infants whose mothers received MVM supplements exhibited higher
Mental Developmental Index (MDI) scores compared to those whose mothers did not receive

supplementation, suggesting a protective effect against alcohol-induced neurodevelopmental

deficits. Similarly, Avalos et al. (2011) observed that among women who did not take MVM
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supplements, low-to-moderate alcohol consumption during early pregnancy was associated
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with an increased risk of small-for-gestational-age births*>°. In contrast, women who took

MVM supplements did not show this increased risk indicating that such supplementation
may mitigate some of the adverse effects of PAE on fetal growth?3s.

The protective role of MVM supplements may be partly attributed to the reduction of
oxidative stress induced by alcohol consumption during pregnancy. Antioxidant vitamins
such as Vitamin C and E, as well as micronutrients like folic acid, have been shown to atten-
uate oxidative damage and improve fetal outcomes in animal models of FASD?3*°. Therefore,

ensuring adequate maternal intake of essential vitamins and minerals during pregnancy may

offer a valuable strategy for reducing the impact of PAE on fetal development.

1.9 Conclusion

Maternal nutrition provides a foundation for healthy fetal development, a complex biological
process that PAE can profoundly disrupt. This review delineates the relationships between
maternal dietary adequacy, alcohol consumption during gestation, the induction of oxidative
stress, and the subsequent risk of FASD. Micronutrients play fundamental roles in neurode-
velopment and alcohol use can compromise their bioavailability and action, leading to adverse
effects on the developing fetus. An imbalance in redox state, or oxidative stress, emerges as a
prominent pathway for alcohol-mediated fetal injury. Current FASD prevention approaches
demonstrate varied success. A deeper comprehension of the biochemical disturbances, in-
cluding maternal nutritional and oxidative stress biomarkers, points toward refined strategies
to mitigate risks and support improved developmental trajectories for children experiencing

PAE.
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Chapter 2

Novel y-glutamyl-cysteine Compounds
and Oxidative Damage in a Rat

Model of Marginal Zinc Deficiency.

2.1 Introduction

GSH is one of the most important antioxidants in mammalian cells. Studies have shown
that GSH is effective in helping to reduce oxidative stress in conditions such as diabetes,
obesity, liver dysfunction, and inflammation!?. Excessive oxidative stress can cause oxidative
damage leading to DNA damage, lipid peroxidation, protein damage, and can contribute to
the progression and pathology of diseases such as cancer and cardiovascular disease®. This
study investigated the extent to which oral supplementation of a glutathione precursor can
increase the oxidative defense system and reduce the damage caused by zinc deficiency-
induced ROS.

Most cells in the human body are able to synthesize GSH from glutamate, cysteine,
and glycine. In the first and rate-limiting step, y-glutamyl-cysteine (GGC) is synthesized

from L-glutamate and L-cysteine by ~y-glutamyl-cysteine synthetase (GCL). In the second
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step, glycine is conjugated to the C-terminus of GGC by GSH synthetase (GS), producing
GSH?. Intracellularly, GSH exists in both the reduced (GSH) state and the oxidized disulfide
form (oxidized glutathione (GSSG)). The ratio between GSH and GSSG is held in dynamic
balance depending on factors such as intracellular damage and intracellular demand for
oxidative defense’.

Studies determining the actual bioavailability and metabolic fate of oral supplementation
of GSH have led to mixed results. Some human studies have shown that an oral adminis-
tration of GSH for four weeks, even at high doses, did not lead to a significant change in
blood GSH levels®. Other studies, which looked at the longer term and immediate effects
of GSH supplementation, saw an 35% increase in blood GSH levels after six months of sup-
plementation and a significant increase in protein-bound GSH one to two hours after GSH
supplementation®%. Supplementation with GSH precursors, such as N-acetylcysteine (NAC)
or sodium salts of GSH, have been shown to benefit patients with diabetes™®.

The current study examines whether oxidative stress and damage induced by marginal
zinc deficiency (MZD) can be reduced by the supplementation of novel glutathione precur-
sors of GGC: GGC-Bis (GGC-Bis), GGC-Hydrochloride (GGC-HCL), and GGC-Lipoic acid
conjugate (GGC-La) in a dose-dependent manner (Table 2.1). There is no current infor-
mation regarding the effectiveness of supplementation with these novel compounds or how
effective they are compared to supplementation with glutathione itself. We hypothesize that
supplementation with these novel GGC compounds will increase glutathione levels in blood
and tissues, decrease markers of oxidative damage and increase markers of oxidative defense

capacity.
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Table 2.1: Three novel gamma-glutamylcysteine (GGC) compounds and glutathione were tested.

Compound Molecular Mole.cular
Weight Structure
Name Formula
(g/mol)
HOOC._ jn:l H.VCOOH
Glutathione C1oH17N3068 307.32 LovY
NH, w o
Ho A~ N_A
L] \.'5
GGC-Bis 016H26N401082 498.53 j ) ‘:l‘ .'50
o N
GGC-HCL CsH;5CIN, 058 286.73 Ml
NH, w ©
BeSSan
GGC-La 018H30N20683 466.64 °

2.2 Materials and Methods

2.2.1 Animals

Weanling male CD rats (N=100; Charles River, Portage, MI) were acclimated to a semi-

purified egg white-based zinc adequate Control diet (25 ng Zn/g diet; zinc adequate Control

(ZnA Control)) and water ad libitum for one week in our facility’. After this acclimation

period, rats were housed in individual stainless steel wire-bottomed cages in a room main-

tained at 22°C to 25°C with a 12-hour light:dark cycle and randomly assigned to one of ten

experimental groups (N=10/group). All animal procedures and handling were conducted in

compliance with Institutional Animal Care and Use Committee (IACUC) guidelines.
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2.2.2 Experimental Design

Rats in eight experimental groups consumed a MZD diet containing 5ng Zn/g diet and sup-
plemented with either a high dose (58.3 mg/day) or low dose (2.92mg/day) of one of three
novel GGC compounds or glutathione. The high dose was based on a 2000 mg/day of glu-
tathione human equivalent, which was previously shown to significantly increase glutathione
levels in erythrocytes®. The low dose represented a human equivalent of 500 mg/day. Calcu-
lations for rat dosages and dietary concentrations were based on a 60 kg man, using a human
to rat conversion factor of 7, and dietary intake data showing a 250 g rat eating an average
of approximately 25 g/day'?. Rats in the remaining two experimental groups were either fed
the MZD diet alone or the ZnA Control diet. All rats were fed their diets for 21 days during
which 3-day food intake data was measured and body weights were recorded every third
day. On the morning of day 22, rats were euthanized with isoflurane and blood and tissue
were collected. All tissues not used for same-day analyses were frozen in liquid nitrogen and

stored at —80°C for future analyses.

2.2.3 Liver and Erythrocyte Glutathione Assay

After euthanization, livers were rapidly removed, weighed, rinsed in MES buffer (2-(N-
morpholino)ethanesulfonic acid) and kept on ice. A 0.5g portion of liver was homogenized
in ice-cold MES buffer and deproteinized by the addition of an equal volume of metaphos-
phoric acid (MPA). Blood was collected in lithium heparinized tubes and erythrocytes were
separated from the plasma and buffy coat by centrifugation at 1000 xg for 10 min at 4°C. A
1 mL aliquot of crude erythrocytes was lysed by the addition of 4 mL of ice cold water. After
centrifugation at 10000 xg for 15min at 4°C, 2mL of the supernatant was deproteinized
by the addition of 2mL of MPA. Both liver and erythrocyte samples were then stored at
—20°C until they were analyzed using a Glutathione Assay Kit for total glutathione and
GSSG measurements. Reduced glutathione (GSH) concentrations were calculated as the

difference between total glutathione and GSSG.

67



2.2.4 Erythrocyte Hemolysis Assay

We used a modified method from Zhu et al. (2005) to assess the susceptibility of erythrocytes
to oxidant stress-induced hemolysis. Erythrocytes were separated from plasma and buffy coat
by centrifugation at 1800 xg for 15min at 4°C. The crude erythrocyte pellets were washed
with phosphate-buffered saline (PBS) and centrifuged at 1800 xg for 5min. This procedure
was repeated four times. During the last wash, erythrocytes were centrifuged at 1800 x g for
15min at 4°C. The packed erythrocytes (400 pL) were then suspended in 600 pL of PBS!.

Erythrocytes were resuspended in PBS to achieve a final hematocrit of 3%. Oxidative
stress was induced by the addition of 200 mM 2,2’-azobis(2-amidinopropane) dihydrochloride
(AAPH) to the erythrocyte sample and the tubes were incubated at 37°C. Every 7.5 min,
125 L of the samples were obtained and added to 1mL of either water (total hemolysis
control for the timepoint) or PBS. After centrifugation at 3000 xg for 5min at 4°C, the
hemoglobin concentration in the supernatants were determined by measuring the absorbance

at 540nm. The percent of hemolysis induced by AAPH was calculated by the equation:

Hpgg

% Hemolysis = { } x 100 (2.1)

‘Water

where Hpgg is the absorbance of the sample added to 1 mL of PBS and Hwater is the ab-

sorbance of the sample added to 1 mL of water (total hemolysis control).

2.2.5 Plasma TBARS Assay

Plasma TBARS were assessed as an index of lipid peroxidation as we have previously de-
scribed'?. Briefly, 100 nL of plasma was combined with 200 pL of 3 % sodium dodecyl sul-
fate, 800 pL of 0.1 mol L™ HCI, 100 uL of 10 % (wt/vol) phosphotungstic acid, and 400 pL
of 0.7% (wt/vol) 2-thiobarbituric acid (TBA), vortex-mixed, and incubated at 95°C for
30min. Samples were cooled on ice and mixed with 1mL of 1-butanol. After centrifuga-

tion (1800 g, 10 min, 4°C), 200 pL of the butanol phase was analyzed spectrofluorometrically
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(excitation; 515 nm, emission; 555 nm) using a plate reader (Cetus, Perkin-Elmer, Norwalk,

CT). TBARS was expressed as malondialdehyde (MDA) equivalents.

2.2.6 Statistical Analysis

Statistical analyses were performed using SPSS Statistics 23, SAS and Statview. One-way
analysis of variance (ANOVA) were used to determine significance of effects. Two sets of
Dunnett comparisons were performed to determine differences in the treatments groups from
either the ZnA Control or the MZD group.

Erythrocyte hemolysis data (sigmoidal over time for the kinetics assay) were floored and

capped (0,100) and logit transformed as follows:

(2.2)

1
logit(y) = log ( pet + )

100 — pct +1

The transformation allowed linearization of the sigmoidal data. Treatment data were paired
to ZnA Control data for each day, and the lines averaged over the dates. The difference in
slopes of the logit curves among the treatments was evaluated as an index of erythrocyte
hemolysis response. Erythrocyte hemolysis data were also analyzed by assessing the esti-
mated time it took to reach 50% hemolysis (time to 50% hemolysis (LT50)). A Shapiro-Wilk
test was used to determine normality. A p-value <0.05 was considered significant. Data are

presented as means(SEM).

2.3 Results

2.3.1 Body Weight and Percent Change in Body Weight

Body weight was measured every three days starting with Day 0 and ending on Day 21, the
day before rats were euthanized (Table 2.2). Body weights were similar among the groups

up to Day 15. However, by Day 18, animals on the MZD diet and most of the animals on
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the MZD + test compound diets weighed less than the ZnA Control animals; only animals
on the MZD+GGC-HCL High and MZD+GGC-La Low diets had body weights that were
not significantly different from ZnA Control rats. By Day 21, animals fed the MZD diet
were approximately 30 g lighter than ZnA Control rats. Only rats fed the MZD+GGC-La
Low diet had similar body weights as the ZnA Control on Day 21.

The percent change in body weight (relative to Day 0) was not different among the
groups until Day 9 (Table 2.3). ZnA Control animals had a higher percent change in body
weight than all other groups starting from Day 3, indicating normal growth in these animals

(Figure 2.1).
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Figure 2.1: Percent change in body weight (relative to Day 0) over 21 days.

2.3.2 Food Intake and Food Efficiency Ratio

With regard to 3-day food intake (Table 2.4), on Day 3, animals fed the MZD diet did
not differ from animals on the ZnA Control diet. However, by Day 6, MZD animals had
significantly lower 3-day food intake ((46.3 £ 1.4) g) than the ZnA Control animals ((51.5 +
1.5) g). This difference continued to increase up to Day 21, with the MZD animals consuming
16 % less diet than ZnA Control animals during the last three days of the study. At Day 21,
rats fed the MZD diets supplemented with GGC-Bis (High and Low dose), GGC-La High

dose, and GSH Low dose had significantly lower food intake compared to ZnA Control.
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Food efficiency ratio was calculated by dividing 3-day body weight gain (g) by 3-day food
intake (g) (Table 2.5). On Day 6, animals fed the MZD, MZD+GGC-Bis High, MZD+GGC-
Bis Low, MZD+GGC-HCL Low, and MZD+GSH Low diets had significantly lower food
efficiency ratios than rats fed the ZnA Control diet. However, by Day 21, only rats fed the
MZD+GGC-Bis High and MZD+GGC-Bis Low had significantly lower food efficiency ratios

compared to ZnA Control animals.

2.3.3 Tissue Weight and Relative Tissue Weight

Liver, kidney, testes, heart, and spleen weights are shown in Table 2.6. Rats fed the
MZD+GGC-Bis diets had significantly higher liver weights than ZnA Control when ex-
pressed per organ weight but not when expressed relative to body weight (Table 2.7). Livers
from the MZD+GGC-La Low and High groups had higher relative tissue weight than ZnA
Control. Rats fed the ZnA Control diet had significantly higher kidney weights than all other
groups except for MZD+GGC-HCL Low and MZD+GGC-La Low diets; however, these dif-
ferences were no longer significant when expressed relative to body weight. There were no
differences among groups with regard to testes weights; however, when expressed relative to
body weight, all groups except MZD+GGC-La Low and MZD+GSH Low had higher relative
testes weight compared to ZnA Control rats. Similar to kidney weights, ZnA Control rats
had significantly higher spleen weights than all other groups except for MZD+GGC-HCL
Low and MZD+GGC-La Low diets; these differences were no longer significant when spleen
weights were expressed relative to body weight. Heart weights were similar among the groups

whether expressed on an organ weight basis or relative to body weight.
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2.3.4 Total Glutathione, GSH, GSSG, and GSH:GSSG in Liver

and Erythrocytes

Total Glutathione, GSH, and GSH:GSSG ratios in liver and erythrocytes are shown in Ta-
ble 2.8. Although the ZnA Control and MZD groups were not significantly different, rats
fed MZD+GGC-HCL (High and Low dose) had significantly higher total liver glutathione
and liver GSH concentrations than both the ZnA Control and MZD groups. Animals fed
MZD+GGC-La High had significantly lower liver GSSG concentrations than all other groups,
and animals fed MZD+GGC-La Low had significantly lower erythrocyte GSH concentrations
than all other groups. The concentrations of total glutathione and GSSG in erythrocytes and
the GSH:GSSG ratios in the liver and erythrocytes were not significantly different among

treatment groups.

2.3.5 TBARS

The concentrations of TBARS (nM MDA) were not significantly different among treatment

groups (Table 2.9).

2.3.6 Erythrocyte Hemolysis

Looking at just the ZnA Control and MZD groups, ANOVA performed on the raw kinetic
data showed that the MZD group had a significantly higher percentage of erythrocyte hemol-
ysis compared to the ZnA Control group at 30 min (p < 0.05) (Table 2.10, Figure 2.2). Simi-
larly, when data were floored, capped and logit transformed, the estimated time to reach 50%
hemolysis (LT50) was significantly sooner for the MZD group versus the ZnA Control group
(p = 0.0366), while the difference in slopes (erythrocyte hemolysis response) was marginally
significant (p = 0.0785). However, when all of the treatment groups were included, there
were no significant differences among any of the groups when analyzed as raw data or logit

transformed data using ANOVA. Similarly, there were no differences among the groups when
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Dunnett comparisons were performed.
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Figure 2.2: Erythrocyte hemolysis kinetics (% hemolysis over time) following AAPH-induced
oxidative stress.

2.4 Discussion

This study tested whether novel y-glutamyl-cysteine (GGC) compounds could reduce ox-
idative damage from (MZD). The MZD diet successfully induced a state of oxidative stress,
demonstrated by the increased fragility of erythrocytes to an oxidative challenge. This
functional outcome occurred without corresponding changes in plasma lipid peroxidation or
baseline glutathione concentrations in the liver and erythrocytes. Supplementation with the
novel GGC compounds or glutathione did not confer significant protection against this MZD-
induced erythrocyte fragility. Certain compounds did increase glutathione concentrations in

the liver and erythrocytes, suggesting bioavailability and synthesis into glutathione.

2.4.1 Oxidative Stress Induced by Zinc Deficiency

Zinc deficiency can lead to increased levels of ROS and subsequent oxidative stress which
can damage DNA, proteins, and lipids. The source of oxidative stress from zinc deficiency
may include decreased levels of zinc-dependent antioxidants such as CuZnSOD and zine-MT,

and disrupted function and expression of the mitochondrial electron transport chain compo-
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nents. Zinc deficiency has also been associated with protein misfolding in the endoplasmic
reticulum (ER) and increased NOXs activity, both of which are associated with increased
ROS production. Zinc is also an integral component of the phospholipid bilayer of mem-
branes. When zinc is low, redox active metals, such as iron and copper, can replace zinc in
the membrane. Without redox-inactive zinc, iron and copper can catalyze the generation of
radicals and induce lipid peroxidation leading to increased cell membrane fragility!s.
Previous research has shown that zinc deficiency can affect glutathione synthesis by
modulating the enzyme involved in the first step of glutathione synthesis (GCL) at the
transcriptional and posttranslational levels!?. GCL, the catalyst for the rate limiting step in
glutathione synthesis, is regulated by transcription factors Nuclear factor erythroid 2-related
factor 2 (Nrf2), Activator Protein-1 (AP-1), and NF-kB. The combination of Nrf2’s zinc-
dependent activation, zinc deficiency-induced inhibition of NF-x£B activation, and activation
of caspase 3, a zinc enzyme that cleaves the GCL catalytic subunit, has led to zinc deficiency

being associated with GSH deficiency in various cells and tissues'3..

2.4.2 Food Intake and Body/Tissue Weights

As expected, MZD decreased food intake and body weight in our study. Suboptimal zinc
intake is particularly detrimental when instituted early in development, e.g., weanling an-
imals'4. After normalizing to body weight, only the MZD groups that were supplemented
with MZD+GGC-La (both High and Low doses), had higher liver /body weight ratios com-
pared to ZnA Control. These livers appeared to be normal on gross examination during
dissection and their increased size may be due to a compensatory response to the MZD diet

and/or the GGC-La compound.

2.4.3 TBARS

In some but not all studies, zinc deficiency increases lipid peroxidation as assessed by TBARS

measurement'®. In an ethanol-exposed piglet model, chronic oxidative stress alters the
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polyunsaturated profiles, e.g., reduces polyunsaturated fatty acid (PUFA) synthesis which
can result in lower TBARS as there are fewer PUFAs to peroxidize over time!6. It is possible
that the zinc deficiency regimen employed in this study also changed PUFA profiles such

that the lipid peroxidizability index was lower in MZD compared to ZnA Control.

2.4.4 Liver and Erythrocyte Glutathione

As previously mentioned, zinc deficiency can have a negative effect on the tissue levels of
glutathione. Studies looking at the effects of severe zinc deficiency (1ng Zn/g diet) on
glutathione levels reported significant decreases in the concentrations of glutathione in the
liver, kidney, and plasma!™!8. Because zinc may affect glutathione levels by modulating GCL,
the rate-limiting enzyme in GGC synthesis, supplementation with novel GGC compounds
could bypass zinc deficiency’s effects and increase glutathione levels.

We did not observe any significant differences in total glutathione, GSSG, or GSH levels in
either the liver nor erythrocytes between the ZnA Control and MZD groups. Although both
MZD+GGC-HCL High and Low dose groups had significantly higher liver total glutathione
and GSH concentrations compared to ZnA Control, they did not differ from MZD animals.
The MZD+GGC-La Low dose group had the highest erythrocyte concentration of total
glutathione; however, it was not statistically significant (p = 0.0812). Interestingly, the
same group also had significantly higher erythrocyte GSH concentrations than both the ZnA
Control and MZD groups. This may help explain, in part, the fact that the MZD+GGC-La

group had kinetic curves most similar to ZnA Control in the erythrocyte hemolysis assay.

2.4.5 Erythrocyte Hemolysis

Numerous reports show that oxidative stress conditions such as diabetes and alcohol exposure
increase oxidative damage to circulating erythrocytes and result in an increased fragility
of the erythrocyte membrane. In our study, MZD for three weeks resulted in a significant

increase in erythrocyte hemolysis compared to ZnA Control when erythrocytes were exposed
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to an oxidative stress condition in witro. This increased susceptibility to oxidative stress
is a functional endpoint and indicates that the marginal zinc deficiency was effective in
inducing an oxidative stress condition. The differences between the MZD and ZnA Control
erythrocyte hemolysis was observed with raw data, transformed data, and LT50 data when
the ZnA Control and MZD groups were compared directly, but not when compared with all
10 treatment groups. There were no statistically significant effects of any of the GGC test
compounds or glutathione supplement on reducing oxidative stress; however, MZD+GGC-La
groups had hemolysis kinetic curves most similar to the ZnA Control.

Erythrocytes have several membrane defense systems to protect themselves from oxida-
tive damage and hemolysis, including intracellular SOD, GSH, GPx, and catalase. Scav-
engers which are lipid-soluble, such as a-tocopherol, play a vital role by scavenging radicals
within the lipid region of the membrane'®. However, while water-soluble antioxidants such
as Vitamin C and glutathione may act as a first defense when radicals are generated in the
plasma, they are less effective at scavenging radicals within the membranes. Vitamin C has

previously been shown to be less effective at preventing erythrocyte hemolysis®°.

Because
erythrocytes are washed with PBS before incubation with the oxidant generator in wvitro,
any antioxidant defense which could potentially be provided by circulating GSH or GGC in
the plasma would not be present. It is possible that if the erythrocytes had been incubated

with plasma from each of the treated animals, there may have been additional protection

from oxidative stress-induced hemolysis.

2.4.6 Role of Sulfur Amino Acids in Mitigating Oxidative Stress

Zinc deficiency leads to increased erythrocyte fragility in part due to increased lipid per-
oxidation by redox active metals bound to the erythrocyte membrane. Interestingly, the
amount of sulfur amino acids in the diet can impact oxidative stress. Sulfur amino acids,
like GSH, can act as free radical quenchers. By absorbing a free radical hit, the sulfhydryl

group is oxidized and in the process, can protect macromolecules from oxidative damage.
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In a study by Li et al. (2002), protein malnourished CD-1 mice fed cysteine supplemented
diets restored their GSH levels and redox status (GSH:GSSG) in liver tissue?!. A study by
O'Dell et al. (1987) showed that supplementation of a 20 % soy protein diet with a 0.9%
methionine, giving it a sulfur amino acid level comparable to a 20 % egg white diet, reduced
the osmotic fragility of erythrocyte membranes induced by incubation in a hypotonic solu-
tion of animals fed a zinc deficient diet (< 1pg Zn/g)*2. While O’Dell’s study did not test
whether the same effect could be seen with erythrocyte hemolysis induced with a free radical
generator, it is possible that the sulfur-containing amino acids in our study diet ameliorated

some of the oxidative stress caused by MZD.

2.5 Conclusion

MZD reduced body weight and food intake, indicating a metabolic effect of suboptimal zinc
status. Data from this study also showed significant differences between ZnA Control and
MZD animals in the erythrocyte hemolysis assay, an important functional endpoint. We did
not observe differences between MZD and ZnA Control with regard to lipid peroxidation
measurements or GSH:GSSG ratios, which give an indication of the cellular redox state.
Our aim was to produce an oxidative stress condition that was measurable but not so severe
that it would be overwhelming. In our pilot studies, we evaluated the effects of severe
zinc deficiency (SZD) (1pg Zn/g diet), MZD (5pg Zn/g diet), and a zinc adequate (ZnA)
diet (25 g Zn/g diet) in weanling animals. By Day 21, animals fed the SZD diet had 50 %
reductions in body weights and markedly depressed food intake compared to rats fed the ZnA
diet. Because of this, we determined that the negative effects of SZD were too deleterious
to be appropriate to test the effectiveness of a dietary antioxidant.

In a second pilot study, we observed significant differences between ZnA Control and MZD
erythrocyte hemolysis rates after animals were fed their respective diets for 21 days (but not

for 14 days). Therefore, we hypothesized that significant differences in other oxidative stress
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and damage indices (TBARS and GSH:GSSG) would be observed as well. It is possible that
greater oxidative stress and damage would occur had the study been extended for a longer
period of time.

In conclusion, supplementation with three novel GGC compounds or glutathione did
not significantly improve zinc deficiency-induced reductions in oxidative stress and damage
as assessed by the erythrocyte hemolysis assay. In the future, we suggest feeding animals
test diets for more than 21 days, observing plasma GSH levels, incubating erythrocytes in
plasma during the erythrocyte hemolysis assay, and analyzing TBARS in testes, a tissue

that is particularly susceptible to zinc deficiency-induced oxidative stress.
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Table 2.2: Body weight (grams) of rats over 21 days across different dietary groups.

Body Weight (g)

Diet Day 0 Day 3 Day 6 Day 9 Day 12 Day 15 Day 18 Day 21
ZnA Control 98.9+3.7 123.6+43 1509=£54 176.4+£6.3 201.5£7.3 226.5+£8.0 253.2+£9.8 281.1+10.9%
MZD+GGC-Bis High  100.2+3.2 124.14+3.5 143.1+39 160945.1 178.3+52 19414+6.2 212.9+6.6" 228.0 4 7.3P
MZD+GGC-Bis Low 100.9+2.7 1254425 146.8+2.5 166.24+3.3 185.7+3.0 202.6+4.2 220.1 £4.9>° 234.04 5.2>4
MZD+GGC-HCL High 103.6+£1.8 126.8+2.3 1504+29 170.6+3.4 191.6+3.2 21244+3.3 237.3+£4.2%¢ 259.2+4.1°¢
MZD+GGC-HCL Low 104.7+1.8 128.54+2.5 150.6 3.4 171.04+4.2 190.5+4.4 209.84+5.7 231.4+7.4"> 2539+ 7.7
MZD+GGC-La High 98.74+3.8 121.844.5 1454+4.2 168.04+4.5 188.0+4.4 2075452 224.7+4.9P° 2451 +4.8>
MZD+GGC-La Low 1014 +3.8 123.9+£4.0 14754+5.1 1622+£82 190.0+7.4 214.14+9.0 237.6+£10.2%¢ 262.1 £ 10.8¢
MZD+GSH High 101.3+3.4 123.84+4.3 145.6+4.6 1653459 185.7+6.9 2049474 228.0+8.8%° 25244 10.3¢
MZD+GSH Low 101.1+3.5 124.6+3.7 1445+3.3 165.2+3.6 186.3+3.9 206.1+4.2 226.3+5.0P° 251.5+5.6
MZD 101.9+3.5 126.0+3.8 147.3+4.5 170.7+4.8 186.8+5.2 206.6+5.6 227.9+7.2"¢ 247.8 +6.9P°
ANOVA P-value 0.9621 0.9789 0.9107 0.6021 0.2900 0.0645 0.0204 0.0006

Values are presented as mean + SEM. Within a column, values not sharing a common

superscript letter (a, b, ¢, d) are significantly different (p < 0.05).
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Table 2.3: Percent change in body weight relative to Day 0 (%).

% Change in Body Weight

Diet Day 3 Day 6 Day 9 Day 12 Day 15 Day 18 Day 21
ZnA Control 252+1.9 53.0+3.4 79.2+52* 1048+6.5* 130.5+7.6* 157.4+8.6* 185.8410.0?
MZD+GGC-Bis High  24.14+0.9 43.2+1.9 60.8+20P° 784+3.0> 9414+33> 1128+22> 127.9+3.5P
MZD+GGC-Bis Low  24.64+1.3 46.1+3.1 65.7+4.9> 85.3+5.9> 102.2+7.3" 119.8+8.9P° 134.0 £ 10.5"°
MZD+GGC-HCL High 22.5+0.7 453+1.3 64.8+1.8"° 8514 1.8>° 105.3+2.5P° 129.24+2.8° 150.44 2.3%d
MZD+GGC-HCL Low 22.840.8 43.8+1.5 63.3+2.4 81.9+2.1" 100.1+2.3>¢ 120.743.7°¢ 142.2 4 4.4Pcd
MZD+GGC-La High  23.64+2.1 481431 71.244.2% 92.0+52° 1123+£7.5° 1302487 151.249.4%
MZD+GGC-La Low 225+1.0 45.74+1.4 603+£59> 87.54+2.8> 111.14+2.7¢ 134.1+3.1° 158.6+ 3.84
MZD+GSH High 22.140.7 43.9+1.5 63.1+£1.7°° 83.1+26P° 102.2+3.3>¢ 125.144.5"° 14894 5.2¢4
MZD+GSH Low 2364+ 1.1 43.7+29 64.3+£32P° 85.4+4.3P° 105.2+£4.7°° 125.14+4.6" 150.1 4 4.9
MZD 238+ 1.1 449423 68.1+3.1" 84.0+3.5" 103.5+3.4>¢ 124.1+3.3>¢ 144.1 4+ 4.4bd
ANOVA P-value 0.7734 0.1417 0.0250 0.0021 0.0003 <0.0001 <0.0001

Values are presented as mean + SEM. Within a column, values not sharing a common

superscript letter (a, b, ¢, d) are significantly different (p < 0.05).
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Table 2.4: 3-Day food intake (grams).

3-Day Food Intake (g)

Diet Day 3 Day 6 Day 9 Day 12 Day 15 Day 18 Day 21

ZnA Control 43.441.0*° 51.5+15* 568422 588423 62.7+22* 663+£25* 67.9+25"
MZD+GGC-Bis High 4254+ 1.1*> 452+14> 484+16 51.04+20 51.0£23> 53.9+1.5> 534426
MZD+GGC-Bis Low 427408 46.14+1.3" 50.14+1.7 549419 537434 556+£34> 50.8+3.4°
MZD+GGC-HCL High 46.04+ 1.1 494415 51.0+1.1 57.5+17 585+1.8° 64.54+1.7% 63.540.9%
MZD+GGC-HCL Low  46.9+1.0° 494416 504+16 54.64+22 552428 59.7+£24P 62.141.9%
MZD+GGC-La High 41.3+£1.0* 464+£1.1° 512412 53.7+14 546+£22° 555+£14> 58441.3
MZD+GGC-La Low 41.840.7* 475416 498422 542421 59.0+£2.6* 62.0+2.12¢ 63.342.2%
MZD+GSH High 421412 46241.0" 496421 544422 55.7+1.8>* 58541.9"4 61.54 2.7
MZD+GSH Low 41.940.9* 44.8+13> 491416 525+1.5 54.0+1.1> 56.74+1.7°¢ 60.3+2.1°
MZD 425+ 1.1 46.3+1.4> 509412 51.84+19 54.8+0.8> 56.0+24 5714230
ANOVA P-value 0.0009 0.0145 0.0706 0.1561 0.0305 0.0006 <0.0001

Values are presented as mean + SEM. Within a column, values not sharing a common

superscript letter (a, b, ¢, d) are significantly different (p < 0.05).
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Table 2.5: Food efficiency ratio (3-Day Body weight gain / 3-Day Food Intake).

Food Efficiency Ratio

Diet Day 3 Day 6 Day 9 Day 12 Day 15 Day 18 Day 21
ZnA Control 0.57+0.03 053£0.02* 0.454+0.03 0.42+0.03 0.40=£0.01* 0.40=£0.03 0.41+0.01*
MZD+GGC-Bis High ~ 0.56 £0.01  0.42+0.03> 0.374£0.02 0.344+0.02 0.3040.02>¢ 0.35+£0.04 0.28 +0.03"
MZD+GGC-Bis Low 0.58 £0.02 0.46 +0.02°¢  0.38+£0.02 0.354+0.03 0.3040.03*° 0.32+£0.02 0.26 4 0.04"
MZD+GGC-HCL High 0.514£0.01 0.48 +£0.022d  0.404+0.02 0.364+0.02 0.3640.02*¢ 0.38 £0.02 0.35 £ 0.02%¢
MZD+GGC-HCL Low 0.51£0.02 0.4540.02>¢ 0.414+0.03 0.36+0.02 0.3440.02* 0.36 £0.02 0.36 & 0.03*
MZD+GGC-La High 0.56 £0.04 0.514+0.022¢  04440.02 0.374+0.02 0.34£0.04* 0.31+£0.01 0.35 £ 0.03*
MZD+GGC-La Low 0.544+0.01 0.4940.022¢ 0.294+0.12 0.50+£0.11 0.40£0.02* 0.384+0.02 0.39 £ 0.02*
MZD+GSH High 0.53 £0.02 0.47 £0.022P4 0.394+0.03 0.374+0.01 0.34£0.02¢ 0.39£0.02 0.39 +0.02*
MZD+GSH Low 0.56 £0.02 0.4440.03> 0424+£0.03 0404+0.02 0.37£0.02¢ 0.35+£0.03 0.4140.03*
MZD 0.57£0.02 0.4540.03>*¢  0464+0.02 0.314+0.03 0.36£0.03* 0.38 £0.03 0.35 £ 0.022¢
ANOVA P-value 0.2356 0.0187 0.3107 0.1232 0.0493 0.1865 0.0006

Values are presented as mean + SEM. Within a column, values not sharing a common

superscript letter (a, b, ¢, d) are significantly different (p < 0.05).
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Table 2.6: Tissue weights (grams) at Day 21.

Diet Liver Kidney Testes Heart Spleen
ZnA Control 11.66 £0.93¢ 2.2440.10* 2.574+0.05 0.93+£0.05 0.7540.04
MZD+GGC-Bis High 9.00 +0.39"° 1.794+0.08> 257+0.11 0.864+0.04  0.55+0.03"¢
MZD+GGC-Bis Low 9.37 +0.52"°41.84 £ 0.07>¢ 2.56+0.04 0.874+0.05 0.54£0.03"
MZD+GGC-HCL High  10.79 4 0.32%% 2.01 £0.04>% 2.744+0.13  0.91+£0.03  0.63 & 0.02>4
MZD+GGC-HCL Low  10.86 4 0.44* 2.05+0.09%¢ 2.6340.08 0.90+0.03  0.67 & 0.04>4
MZD+GGC-La High 10.67 4+ 0.40>1 1.98 £0.04>4 2.644+0.07 0.854£0.02  0.63 & 0.04"
MZD+GGC-La Low 12.30 £ 0.67°  2.09+0.07>9 2.5240.06 0.92+0.03  0.65 4 0.03%4
MZD+GSH High 10.62 £ 0.42>4 2.0040.09>¢ 2.61+£0.10 0.90+0.04  0.65 % 0.06>%°
MZD+GSH Low 10.66 4+ 0.29% 1.93 £0.03>4 2.564+0.05 0.88+£0.03  0.56 & 0.02"°¢
MZD 10.25 4 0.37*¢ 1.99 £0.08>4 2.66 £0.09 0.87+£0.02  0.57 £ 0.03><*
ANOVA P-Value 0.0008 0.0037 0.8256 0.8542 0.0007

* Values are presented as mean & SEM.

a.b.¢.de Within a column, values not sharing a common superscript letter are significantly different (p < 0.05).
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Table 2.7: Relative tissue weight (Tissue g / Body Weight g) at Day 21.

Diet

Liver

Kidney

Testes Heart

Spleen

ZnA Control
MZD+GGC-Bis High
MZD+GGC-Bis Low
MZD+GGC-HCL High
MZD+GGC-HCL Low
MZD+GGC-La High
MZD+GGC-La Low
MZD+GSH High
MZD+GSH Low

MZD

0.0417 £ 0.0029*
0.0394 £ 0.0006*
0.0398 £ 0.0014*
0.0416 £ 0.0009*¢
0.0427 £ 0.0008*¢
0.0435 4 0.0012>¢
0.0467 + 0.0007°
0.0422 £ 0.0008*¢
0.0424 + 0.0007*¢
0.0414 £ 0.0009*¢

0.0080 £ 0.0001
0.0079 £ 0.0002
0.0079 £ 0.0002
0.0078 £ 0.0002
0.0081 £ 0.0002
0.0081 £ 0.0002
0.0080 = 0.0002
0.0080 £ 0.0002
0.0077 £ 0.0002
0.0080 = 0.0002

0.0093 £ 0.0004*  0.0033 £ 0.0002

0.0113 4+ 0.0004®>  0.0038 + 0.0001
0.0110 + 0.0004>¢ 0.0037 + 0.0001
0.0106 + 0.0005><90.0035 + 0.0001
0.0104 + 0.0003P<40.0035 4+ 0.0001
0.0108 4 0.0003P>¢ 0.0035 + 0.0001
0.0097 4+ 0.0003=9  0.0035 + 0.0001
0.0104 + 0.0004><90.0036 4+ 0.0001
0.0103 4 0.0003%¢  0.0035

0.0107 £ 0.0002%¢  0.0035 4 0.0001

0.0027 £ 0.0001
0.0024 £ 0.0001
0.0023 £ 0.0001
0.0024 £ 0.0001
0.0026 £ 0.0001
0.0025 £ 0.0001
0.0025 £ 0.0001
0.0026 £ 0.0002
0.0023 £ 0.0001
0.0023 £ 0.0001

ANOVA P-Value

0.0097

0.9258

0.0071 0.1343

0.1294

* Values are presented as mean + SEM.

a:b,¢,d Within a column, values not sharing a common superscript letter are significantly different (p < 0.05).



Table 2.8: Liver and Erythrocyte Glutathione Concentrations (pM).

Total GSH:GSSG

Diet Glutathione GSSG GSH Ratio
Liver
ZnA Control 4.96 4+ 0.33P¢d (.80 + 0.042 4.15+ 0.32&b 5.24 4+ 0.44
MZD+GGC-Bis High 5.37 4 0.26&P¢de .74 + 0.052 4.64 + 0.242bc 6.45 + 0.42
MZD+GGC-Bis Low 5.42+0.17@P¢  (0.76 +0.03? 4.66 £ 0.192¢ 6.27 + 0.42
MZD+GGC-HCL High 5.86 +0.17° 0.86 + 0.042 5.00 + 0.16¢ 5.93 +0.29
MZD+GGC-HCL Low 5.91 + 0.20° 0.85 + 0.042 5.06 + 0.19¢ 6.06 + 0.33
MZD+GGC-La High 4.53 4+ 0.50%4 0.58 4 0.09P 3.95 4 0.43%P 7734+ 1.17
MZD+GGC-La Low 5.18 £ 0.35%P.cde .77 4+ 0.052 4.41 + 0.312bc 5.71 4+ 0.20
MZD+GSH High 5.50 + 0.262%¢ 0.83 + 0.042 4.66 + 0.242¢ 5.67 +0.32
MZD+GSH Low 4.64 4 0.28P4 0.78 £ 0.06* 3.87 + 0.26 5.17 +0.41
MZD 5.13 + 0.36&Pede (.73 4+ 0.072 4.40 £ 0.312bc 6.41 4+ 0.62
ANOVA P-Value 0.0230 0.0170 0.0327 0.0589
Erythrocyte

ZnA Control 0.68 + 0.04 0.08 + 0.02 0.60 + 0.03? 10.47 + 1.95
MZD+GGC-Bis High 0.63 +0.03 0.04 £ 0.01 0.59 + 0.022 24.03 + 6.06
MZD+GGC-Bis Low 0.63 +0.03 0.05 + 0.01 0.57 + 0.03? 18.56 + 5.12
MZD+GGC-HCL High 0.69 £ 0.05 0.06 £+ 0.01 0.64 + 0.04P 11.61 +1.23
MZD+GGC-HCL Low 0.66 + 0.03 0.07 £ 0.01 0.59 + 0.03? 10.03 4+ 1.41
MZD+GGC-La High 0.63 + 0.06 0.07 £0.01 0.57 + 0.062 8.09 + 1.08
MZD+GGC-La Low 0.80 £ 0.05 0.07 +0.01 0.73 +0.04 11.13 4+ 0.86
MZD+GSH High 0.64 + 0.04 0.05 + 0.01 0.59 + 0.03? 15.44 + 3.55
MZD+GSH Low 0.70 + 0.04 0.05 + 0.01 0.65 + 0.03%P 20.71 + 7.49
MZD 0.66 + 0.03 0.05 + 0.01 0.62 + 0.03? 15.71 + 3.61
ANOVA P-Value 0.0812 0.0947 0.0386 0.0928

* Values are presented as mean + SEM.
a:b.c;die Within a column and tissue type, values not sharing a common superscript letter are significantly

different (p < 0.05).
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Table 2.9: Plasma TBARS concentrations,
expressed as malondialdehyde (MDA)
equivalents.

Diet MDA (uM)

ZnA Control 0.935 £ 0.046
MZD+GGC-Bis High 0.888 £+ 0.040
MZD+GGC-Bis Low 0.915 £ 0.046
MZD+GGC-HCL High 0.911 £+ 0.038
MZD+GGC-HCL Low 0.861 4 0.026
MZD+GGC-La High 0.831 £ 0.038
MZD+GGC-La Low 0.825 4+ 0.034

MZD+GSH High 0.861 & 0.035
MZD+GSH Low 0.817 4 0.030
MZD 0.896 4= 0.064
ANOVA P-Value 0.4402

" Values are presented as mean 4+ SEM.
There were no significant differences
among groups.
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Table 2.10: Erythrocyte Hemolysis Assay (% hemolysis over time).

% Hemolysis

Diet 0 Min 7.5 Min 15 Min 22.5 Min 30 Min 37.5 Min 45 Min 52.5 Min 60 Min
ZnA Control 44409 56+14 7.1+1.1 1274+ 3.2 335+ 9.2°64.3+14.6 81.8+52 925+ 6.7 98.6+8.1
MZD+GGC-Bis High 4.2+1.2 89+4.1 1734+6.6 34.0+ 9.7 55.0£11.1 84.9+ 8.1 955+3.7 926+ 4.8 99.3+6.3
MZD+GGC-Bis Low  52+1.1 44+15 52415 195+ 6.3 629+11.8 792+ 2.5 97.14+3.7 1043+ 3.7 101.5+4.9
MZD+GGC-HCL High 3.7+13 45+14 65+24 135+ 52 40.7+£10.3 78.8+13.1 8.4+49 93.1+ 4.7 103.6 £5.2
MZD+GGC-HCL Low 3.3+13 2.7+13 10.24+44 11.8+ 5.9 329+10.6 684+13.9 91.3+4.0 91.74+ 3.1 94.1+3.3
MZD+GGC-La High 44+14 50+£14 80426 27.1+ 89 489+12.3 55.8+18.4 8.0+6.8 821+ 3.7 96.2+6.8
MZD+GGC-La Low 32412 58£13 122+74 21.0+ 99 342+12.1 51.8+ 82 77.7+6.2 824+ 9.0 91.4+5.7
MZD+GSH High 6.1+15 41+£14 50+19 108+ 3.7 36.3+10.3 58.1£21.5 80.4+£10.7 89.4+13.5 1129+6.4
MZD+GSH Low 36+1.1 43+£14 38+25 155+ 45 450x11.6 77.0£ 7.3 90.2+4.2 90.1+ 2.5 104.8 8.7
MZD 38+1.6 41+1.2 92+3.2 256+11.0 65.2+ 84" 844+ 55 93.1+41 944+ 4.1 101.9+3.0
ANOVA P-value 0.8605 0.6455 0.4044 0.3434 0.2671 0.5189 0.2224 0.5410 0.4100

Values are presented as mean + SEM.

“When comparing only the ZnA Control and MZD groups, a significant difference was observed at this time point (p < 0.05).
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Chapter 3

Maternal Biochemical Profiles Across
Prenatal Alcohol Exposure
Trajectories: The Modifying Action of
Multivitamin /Multimineral

Supplementation.

3.1 Introduction

3.1.1 Prevalence

FASD is a leading preventable cause of global neurodevelopmental disability. Prevalence
estimates vary by region and study design. Systematic reviews report FAS affects approxi-
mately 15 per 10,000 people, and FASD affects roughly 7.7 per 1,000 births'?. Examinations
of high-risk populations show rates 10 to 40 times higher than in the general population?.
A rural South African study found prevalence up to 31%*. Clinical reassessment studies re-

port significant misdiagnosis rates, hindering early intervention®%. The public health burden
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of FASD includes increased use of outpatient and emergency services and greater expendi-
tures in social, educational, and judicial systems”®. This burden demonstrates the need for

prevention strategies and early diagnostic measures.

3.1.2 Oxidative Stress

Experimental models demonstrated PAE disrupts the body’s reduction/oxidation (redox)
balance and impairs nutrient homeostasis. The oxidative metabolism of ethanol by enzymes
such as ADH and CYP2E1 generates an overproduction of ROS, including superoxide, hy-

drogen peroxide, and hydroxyl radicals®©.

Excess ROS induce oxidative stress, causing
damage to lipids, proteins, and DNA in maternal and fetal tissues'’"'2. Ethanol metabolism
also depletes critical antioxidants, such as GSH, and compromises the activity of defense en-
zymes like SOD'?13, This redox imbalance is compounded by ethanol’s interference with the

14-20

absorption and utilization of critical micronutrients. It impairs zinc homeostasis , alters

21-25 26-29

copper status , and disrupts iron metabolism These nutrient-specific disruptions
compromise oxidative defense systems. The combination of oxidative stress and nutrient-
mediated effects contributes to FASD manifestation by altering cell signaling and impairing
organogenesis?13.

The fetal system’s immaturity magnifies its susceptibility to ethanol-induced oxidative
injury. Fetal CYP2EL1 activity, for example, is substantially lower than adult levels, approxi-
mately 40% by the second trimester’. This reduced capacity to metabolize ethanol prolongs
fetal exposure to ethanol and its metabolites. The developing brain is especially suscepti-
ble to such oxidative damage. Its high oxygen consumption rate, abundant peroxidizable

unsaturated fatty acids, and comparatively low antioxidant reserves make it particularly

vulnerable to the peroxidation cascades PAE-induced ROS initiate!?3!,
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3.1.3 Nutrition Depletion

Zinc is necessary for cellular growth, differentiation, and central nervous system development,
supporting processes such as nucleic acid metabolism and cell signaling'*. Alcohol consump-
tion during pregnancy can trigger an APR, prompting maternal hepatic MT synthesis, a
protein sequestering zinc in the liver'*. This sequestration reduces maternal plasma zinc
available for placental transport. Lower maternal and fetal zinc levels have been observed
in pregnancies involving alcohol use!S. Fetal zinc deficiency is associated with increased risk
for developmental abnormalities'#16.

Copper is a necessary cofactor for many enzymes active in energy metabolism, oxidative

24,32 Alcohol con-

injury protection, vascular development, and nervous system formation
sumption during pregnancy can lower maternal copper concentrations®*23. Increased biliary
copper excretion in response to alcohol exposure contributes to this reduction?. Compro-
mised maternal copper status can disrupt fetal vascular development and reduce copper
dependent antioxidant enzyme activity, such as CuZnSOD. These disturbances are linked to
abnormal central nervous system formation and fetal structural defects?*.

PAE affects iron metabolism, a nutrient important for fetal growth and neurodevelop-
ment. Heavy alcohol intake can suppress hepatic hepcidin transcription. Hepcidin sup-
pression elevates intestinal iron transporter protein expression and increases maternal iron

33, Maternal iron dysregulation can elevate maternal liver oxidative stress and

absorption
modify fetal iron availability. PAE is linked to a higher incidence of infant iron deficiency,
particularly following maternal binge drinking®®. The development of infant iron deficiency
under these conditions, where maternal iron absorption may be elevated, is mediated by an
APR, which increases ferritin and decreases serum iron. This reduction in circulating iron

limits fetal availability?":2®.
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3.1.4 Nutrient Based Mitigation

Animal studies indicate maternal nutritional interventions may counter some adverse PAE
effects. Rodent studies demonstrated antioxidant supplementation reduced ethanol-initiated
oxidative stress. Pretreatment with vitamin E, or antioxidants like vitamin C, diminished
lipid peroxidation markers and oxidative DNA damage in fetal brain tissue. These inter-
ventions lessened apoptosis and supported neuronal survival'®3*. Prenatal N-acetylcysteine,
a glutathione precursor, decreased ROS generation and rebalanced the intracellular redox
state in ethanol-exposed embryos3!.

Multivitamin interventions with antioxidant micronutrients showed benefits in animal
models. Prenatal multivitamin and mineral supplementation, designed to restore antioxidant
levels and critical trace elements, improved fetal growth and lessened ethanol-induced mineral

1432 Gestational iron supplementation in ethanol-exposed rodents

homeostasis disruptions
reversed fetal anemia and partially normalized brain weight deficits®.

Zebrafish models offered additional evidence. Supplementation with retinoic acid, an ac-
tive vitamin A metabolite, rescued ethanol induced morphological defects during gastrulation

and somitogenesis. This finding indicates nutrient based strategies may correct disrupted

developmental signaling3’.

3.1.5 Alcohol Trajectories

Many PAE studies used dichotomous measures, classifying women as “drinkers” or “non-drinkers.”
These classifications omit detailed variations in alcohol consumption quantity, frequency, and
timing. These details are important for understanding the biological impact of exposure and
for investigating dose response relationships, which may be non-linear3®,

Alcohol trajectory modeling offers a more detailed method, grouping women into dis-

37, These techniques retain specific alcohol intake

tinct longitudinal consumption patterns
information across gestational periods. This approach reduces misclassification common in

dichotomous categorizations. Researchers can then examine the developmental course of
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drinking behavior across relevant timeframes. The resulting trajectory groups improve com-
parability across studies and may reveal insights into PAE effects not apparent from binary

classification3638.

3.1.6 Knowledge Gaps and Study Rationale

Maternal alcohol consumption disrupts maternal redox balance and nutrient homeosta-
sis, processes affecting healthy fetal neurodevelopment. Prior investigations documented
ethanol’s role in generating ROS and diminishing levels of key antioxidants and trace el-
ements. Experimental evidence from animal models linked these physiological insults to
morphological and neurobehavioral fetal deficits and suggest that nutrient-based interven-
tions might counteract some adverse effects.

A knowledge gap persists. Direct human evidence lacks clarification on how MVM sup-
plementation, diverse maternal alcohol consumption patterns, and maternal biochemical
markers of oxidative stress, antioxidant defense, and nutrient status interact during preg-
nancy to impact fetal outcomes. Current human research seldom integrates longitudinal
exposure data with the evaluation of nutritional interventions and their impacts on fetal
development.

This study addresses this deficit. Growth mixture modeling identifies distinct maternal
alcohol intake trajectories throughout gestation. This allows for an examination of whether
MVM supplementation during pregnancy associates with improved maternal biochemical
profiles, including antioxidant defense activities and micronutrient levels, across alcohol ex-
posure groups. Furthermore, this study investigates the effects of MVM supplementation
on infant growth characteristics and neurodevelopmental outcomes in relation to maternal
alcohol consumption patterns. This investigation clarifies the interplay between prenatal al-
cohol exposure dynamics, nutritional support, maternal physiological responses, and infant

development within a human cohort.
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3.2 DMaterials and Methods

3.2.1 Study Design and Participants

Data originated from a prospective cohort study within the Collaborative Initiative on Fetal
Alcohol Spectrum Disorders (CIFASD), funded by the National Institute on Alcohol Abuse
and Alcoholism. The parent study occurred from April 2008 to August 2012 at two prenatal
care facilities in Western Ukraine: the Rivne Regional Medical Diagnostic Center and the
Khmelnytsky Perinatal Center. These sites participated in OMNI-Net, a network for birth
defects prevention. CIFASD aimed to characterize FASD, develop improved diagnostic and
prevention strategies, and investigate maternal nutrition as a modifying factor. Details of
the methods and scope of CIFASD studies have been described elsewhere3*4°. Institutional
review boards at the University of California San Diego and Lviv Medical University in
Ukraine approved the study protocol. All participants gave written informed consent before
enrollment.

Pregnant women attending routine prenatal visits were screened for alcohol consumption.
Women entered an alcohol exposed (AE) group if reporting consumption, during the month
near conception or the most recent pregnancy month, meeting one of the following criteria:
weekly binge-drinking episodes (four to five or more standard alcoholic drinks per occasion),
five or more episodes of three to four standard drinks, or ten or more episodes of one to two
standard drinks. Following recruitment of an AE participant, the next woman presenting
who met criteria for low or no alcohol exposure entered a comparison group. Comparison
group criteria required consuming fewer than two drinks per occasion, two or fewer drinks
per week near conception, and no alcohol consumption during the most recent pregnancy
month.

Participants from both exposure groups were randomly allocated to one of three inter-
vention arms. The first arm received standard prenatal care; prenatal vitamins were recom-

mended but not supplied by the study. The second arm received a daily MVM supplement
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(Theravit®). The third arm received the daily MVM supplement and an additional 750 mg
of supplemental choline. The MVM and choline supplements were supplied free of charge;

compliance was measured by self-report.

Screening for Risky Drinking

The TWEAK questionnaire screened participants for risky drinking behavior!. Points were
assigned based on participant responses: two points for Tolerance (consuming six or more
drinks before adverse effects), two points if others expressed Worry about the participant’s
drinking, one point for needing an FEye-opener (morning drink), one point for Amnesia
(memory loss after drinking), and one point for stating a desire to Kut down (cut down)
drinking*?4%. The maximum TWEAK score is seven points. A score of two or more points
defined a positive screen for risky alcohol consumption. A positive screen determined par-

ticipant eligibility for the alcohol-exposed recruitment group in the parent study.

3.2.2 Data Collection and Measures
Maternal Interviews and Visit Schedule

Data acquisition consisted of maternal interviews and biological sampling at enrollment and
a follow-up visit near 32 weeks gestation. Interviews recorded demographics, pre-pregnancy
body mass index (BMI), socioeconomic status (SES) (Hollingshead ratings), health behaviors
like tobacco use, existing supplement use, and pregnancy characteristics. Maternal blood
samples were obtained at enrollment and the third-trimester visit for biomarker analysis.
We categorized gestational timing using the method of Sowell et al. (2018)**. This method
separated visits into early/mid pregnancy (< 26 weeks) or late pregnancy (> 26 weeks). If
both visits for a participant occurred within the early/mid pregnancy window, we excluded

the second visit to prevent data duplication.
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Alcohol Consumption Assessment

Maternal alcohol consumption was quantified using a timeline follow-back (TLFB) method*
for women reporting any lifetime drinking. This method recorded day-by-day alcohol intake
(type, quantity, frequency) for a typical week near conception and for the two weeks pre-
ceding the enrollment interview. At the follow-up visit, women reported changes in alcohol
consumption. If consumption changed, a TLFB for the previous seven days was completed.
Alcohol quantities were converted to absolute ounces of alcohol (0zAA) per day; one standard
drink equaled 0.5 0zAA. Standardized screening tools for risky drinking, like the TWEAK*!,

were administered.

Variable Construction

Maternal Smoking Classification We created a composite measure from self-reported
smoking status and daily consumption data. This measure encompassed individuals who

reported no smoking or who provided daily smoking counts.

Maternal Supplement Use Classification Supplement names reported by participants
were examined, with misspellings corrected and minor spelling variations standardized. A
list of unique supplement names was then compiled, and each supplement’s composition was
reviewed. Supplements were categorized as single-nutrient, dual-nutrient, or multivitamin.
Participant use was recategorized under these classifications. Individuals were considered
MVM users if they took a multinutrient supplement, or any combination of three or more
single-nutrient items, or a mixture of single-nutrient and dual-nutrient products. They were
considered non-MVM users if they had only one or two single-nutrient items, a single dual-

nutrient product, or did not take any nutrient supplements.

Maternal Vitamin Use Grouping Participants were assigned to one of three maternal

vitamin use groups: (1) No MVM Use (No MVM), individuals reporting no or inconsistent
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MVM use (< 3 times weekly); (2) MVM Since Enrollment (MVM SE), individuals initiating
consistent MVM use at enrollment; and (3) MVM Prior to Enrollment (MVM PE), individ-
uals maintaining consistent MVM use initiated pre-enrollment. The MVM SE and MVM

PE groups were further stratified by choline supplementation initiated at enrollment.

Maternal Biological Analyses

Blood Sample Collection and Plasma Preparation From each participant, a 25 mL
blood sample was collected into tubes containing either heparin or ethylenediaminetetraacetic
acid (EDTA) after enrollment and again at approximately 32 weeks of gestation. Each sample
was centrifuged at 1500 x g for 10 minutes at 4 °C. The resulting plasma was aliquoted into

tubes and frozen at —80 °C pending shipment to the United States for analysis.

Hemoglobin (Hb) Hemoglobin (Hb) concentrations were determined using a cyanmethemoglobin-
based method. Red blood cell hemolysates, prepared by lysing erythrocytes with deionized
water and subsequently stored at —80°C, were thawed and diluted 1:30 (v/v) with deionized
water. For the assay, 10 uL of this diluted hemolysate was combined with 190 pL of Drabkin’s
reagent in microplate wells. Drabkin’s reagent (Sigma D5941, St. Louis, MO, USA) was
prepared by reconstituting reagent powder in 1000 mL deionized water with 0.5 mL of 30 %
Brij 35 solution; the reagent was stored at room temperature in a foil-covered bottle. This
reagent oxidized hemoglobin to methemoglobin using alkaline potassium ferricyanide; the
methemoglobin then reacted with potassium cyanide to form stable cyanmethemoglobin.
After a minimum 15min incubation at room temperature, the absorbance of cyanmethe-
moglobin was measured at 540 nm. Hemoglobin concentrations were quantified against a

standard curve prepared from cyanmethemoglobin standards.

Erythrocyte Superoxide Dismutase (SOD) Erythrocyte SOD activity was determined
spectrophotometrically through the inhibition of pyrogallol autooxidation. The assay mea-

sured SOD catalyzed dismutation of superoxide radicals, which competed with superoxide-
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46 The pyrogallol autooxidation rate was monitored by

mediated pyrogallol autooxidation
the absorbance increase at 420 nm in a basic buffer. One unit of SOD activity represented
the amount of enzyme in the hemolysate that inhibited the pyrogallol autooxidation rate by

50%. SOD activity was expressed as Units/g Hb.

Erythrocyte Glutathione Peroxidase (GPx) Erythrocyte GPx activity was quantified
in red blood cell hemolysates. The assay employed a coupled enzymatic reaction*”*®. This
reaction linked the GPx-catalyzed reduction of a hydroperoxide substrate, with GSH as
the electron donor, to nicotinamide adenine dinucleotide phosphate (NADPH) oxidation
by exogenous glutathione reductase (GRed). The decrease in NADPH concentration was
monitored spectrophotometrically by the absorbance change at 340 nm over time. GPx

activity was expressed as pmol NADPH ox/min/g Hb.

Erythrocyte Glutathione Reductase (GRed) GRed activity was determined using a

4950 " The assay quan-

kinetic spectrophotometric assay adapted from established protocols
tified the NADPH oxidation rate by monitoring absorbance decrease at 340 nm. GRed
catalyzed this reaction, utilizing NADPH as an electron donor to reduce GSSG. Erythrocyte
hemolysates were combined with a reaction buffer containing GSSG, and NADPH addi-

tion initiated the reaction. Enzyme activity was calculated from the absorbance change of

NADPH. GRed activity was expressed as pmol NADPH ox/min/g Hb.

Plasma Thiobarbituric Acid Reactive Substances (TBARS) Lipid peroxidation
was assessed by quantifying plasma TBARS. The assay involved reacting MDA and other
aldehydic lipid peroxidation products with TBA. This reaction, performed under acidic con-

t°1. Upon blood collection, plasma samples were

ditions and heat, yields a fluorescent adduc
treated with butylated hydroxytoluene (BHT) to prevent in vitro oxidation. On the day
of the assay, the reaction mixture contained 3% sodium dodecyl sulfate and 10% phos-

photungstic acid, which precipitated interfering macromolecules®®53. The fluorescent TBA
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MDA adduct was extracted into 1-butanol. Its intensity was measured fluorometrically
at an excitation wavelength of 515 nm and an emission wavelength of 555 nm. TBARS
concentrations were determined by comparison to a standard curve generated from 1,1,3,3-

tetraethoxypropane, an MDA precursor. The results are expressed as pM MDA.

Plasma Total Radical-Trapping Antioxidant Parameter (TRAP) Plasma total
radical trapping antioxidant potential (TRAP) was determined by a chemiluminescence

955 The assay quantified the capacity of plasma antioxidants to inhibit lu-

based assay
minol’s oxidative degradation. Luminol degradation generated a chemiluminescent signal
and was initiated by a constant flux of peroxyl radicals released from the thermal decom-
position of 2,2’-azo-bis(2-amidinopropane) (ABAP). The TRAP value was determined from
the lag phase duration before a chemiluminescence increase after adding diluted plasma to
the ABAP and luminol reaction mixture. This lag phase duration was directly proportional
to the total radical trapping capacity of the plasma antioxidants. Results were calibrated

against a known concentration of 6-hydroxy-2,5,7,8-tetramethylchroman-2-carboxylic acid

(Trolox). Data are expressed as pM Trolox equivalents.

Plasma Zinc, Iron, and Copper Plasma concentrations of zinc, iron, and copper were
determined by Inductively Coupled Plasma Optical Emission Spectrometry (ICP-OES).
Plasma aliquots were combined with Ultrex nitric acid. Incubated samples were centrifuged
to pellet precipitated material. The supernatant was decanted and analyzed for mineral
content using a Thermos Scientific iCAP 6300 Duo View ICP-OES Spectrometer. Data are

expressed as j1g mineral/mL plasma.

Plasma Ceruloplasmin (CP) Plasma CP oxidase activity was quantified by a kinetic
spectrophotometric assay®®. The assay measured the CP-catalyzed oxidation rate of o-
dianisidine dihydrochloride, which produced a yellow-brown reaction product. The enzy-

matic reaction was stopped at two time points by adding sulfuric acid. This addition formed
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a stable purple-red chromophore. The final product’s absorbance was measured at 540 nm.
CP activity was calculated from the absorbance change between the two time points per

minute of incubation and expressed as Units/L.

Plasma High-Sensitivity C-Reactive Protein (hsCRP) Plasma high sensitivity C-
reactive protein (hsCRP) concentrations were quantified with a solid-phase, chemilumines-
cent immunometric assay (IMMULITE®/IMMULITE® 1000 High Sensitivity CRP, Siemens
Medical Solutions USA, Inc., Malvern, PA, USA) on an IMMULITE 1000 analyzer. For the
assay, prediluted samples and a reagent mixture were incubated with an anti-ligand coated
bead. During this incubation, sample hsCRP formed an antibody sandwich complex with
bead-bound and reagent antibodies. Unbound components were removed by a centrifugal
wash. A chemiluminescent substrate was added to the bead. The analyzer measured the

light emission, proportional to the quantity of bound enzyme. Data are expressed as mg/L.

Plasma Ferritin Plasma ferritin concentrations were quantified using a solid-phase, two-
site chemiluminescent immunometric assay (IMMULITE® /IMMULITE® 1000 Ferritin, Siemens
Medical Solutions USA, Inc., Malvern, PA, USA) with an IMMULITE 1000 analyzer. This
assay utilized a bead coated with monoclonal murine anti-ferritin antibody and an alkaline
phosphatase-conjugated polyclonal goat anti-ferritin antibody reagent. During a 30-minute
incubation, plasma ferritin formed an antibody-sandwich complex with these bead-bound
and enzyme conjugated antibodies. Unbound components were removed by centrifugal
washes. A chemiluminescent substrate was then introduced, and the analyzer measured the
resultant signal, which was proportional to the ferritin concentration. Data are expressed as

ng/mL plasma.

Plasma Soluble Transferrin Receptor (sTfR) Plasma soluble transferrin receptor
(TfR) concentration measurements were performed using a commercial quantitative sand-

wich enzyme immunoassay (Quantikine IVD® Human sTfR Immunoassay, R&D Systems,
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Inc., Minneapolis, MN, USA). In this assay, a monoclonal antibody precoated onto mi-
croplate wells bound TfR present in plasma samples or standards. After a wash step, an
enzyme linked polyclonal antibody specific for TfR was added, forming an antibody-antigen-
antibody sandwich. A second wash removed unbound enzyme-linked antibody. A substrate
solution was then added to the wells, and color developed proportionally to the amount of
TfR bound in the initial step. The reaction was terminated, and the optical density was
measured spectrophotometrically. TfR concentrations were determined by comparison to a

standard curve generated from known concentrations and expressed as nmol/L.

Infant Outcome Assessment

Anthropometric Measures at Birth Information on infant growth was obtained from
medical records after birth. Infant outcomes included infant birthweight (grams), length

(cm), head circumference (cm), and gestational age at birth (weeks).

Neurodevelopmental Assessment Infant neurodevelopment was evaluated at approxi-
mately 6 and 12 months postpartum using the BSID-II, Second Edition®”. Trained psychol-
ogists, blinded to maternal alcohol exposure and intervention group status, administered
the assessments. Primary outcomes from the BSID-II were the MDI and the Psychomotor
Development Index (PDI). Both indices yielded standardized scores (population mean=100,
SD=15). Scores were age-corrected for infants born before 37 weeks’ gestation. The MDI
assessed early cognitive and language abilities, including knowledge, problem-solving, and
memory. The PDI evaluated motor skills such as body control and the coordination of large

and fine muscle movements.
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3.2.3 Data Pre-processing
Data Imputation

A nonparametric algorithm, missForest, (version 1.5)% in R version 4.4.2%% based on ran-
dom forests was used to address missing covariate data. Biomarker data and alcohol intake
were not imputed. This algorithm accommodates mixed-type data, drawing on all available
measures to improve imputation accuracy, and provides an error estimate for each imputed
value.

A comprehensive dataset of covariates and analytes was used, with the imputation run
for 500 trees and 100 iterations. The missing values involved marijuana use (7 missing,
1%), maternal education (3 missing, <1%), socioeconomic status (4 missing, 1%), smoking
amount in pregnancy (3 missing, <1%), pre-pregnancy BMI (10 missing, 2%), pregnancy
planning (5 missing, 1%), electricity availability at home (4 missing, 1%), phone availability
at home (4 missing, 1%), presence of an indoor toilet (4 missing, 1%), paternal age (5 missing,
1%), total number of pregnancies (1 missing, 0%), and residential crowding (5 missing, 1%).

Mean squared errors for these measures were: marijuana use: 0.022, maternal education:
3.708, socioeconomic status: 94.79, smoking amount in pregnancy: 9.509, pre-pregnancy
BMI: 11.134, pregnancy planning: 0.373, electricity availability: 0.013, phone availabil-
ity: 0.162, indoor toilet: 0.134, paternal age: 24.327, total pregnancies: 1.482, residential
crowding: 0.161. The low values for marijuana use, pregnancy planning, electricity avail-
ability, phone availability, indoor toilet, and residential crowding indicate good imputation
performance. Higher values for socioeconomic status (94.79), paternal age (24.327), and pre-
pregnancy BMI (11.134) show greater variability in their imputation. Even so, the resulting
imputations remained within the original data ranges and were near the mean and median

of non-missing observations.
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Outlier Detection and Winsorizing

Outliers across covariates and biomarkers were visualized through Q—Q plots and histograms.
Suspect values were assessed using Rosner’s test, which identifies up to k£ candidate outliers
in data assumed to be normally distributed. The test iteratively removes the most extreme
values and recalculates the mean and standard deviation. Observations flagged as outliers
were winsorized by substituting the next highest or lowest non-outlier value. We conducted

Rosner’s test in R with the EnvStats package (version 3.0.0)%.

Alcohol Intake Outliers Rosner’s test (a = 0.05) was applied to daily alcohol consump-
tion measured at conception, enrollment, and a follow-up pregnancy visit. Three significant
outliers were identified at conception (6.80, 5.31, 5.15 ounces of alcohol per day). Their
test statistics (R = 7.14, 5.85, 5.98) exceeded a critical threshold of approximately 3.76.
One significant outlier (10.328 ounces of alcohol per day) was found at enrollment (R =
14.03). Three outliers (3.32, 2.74, 2.22 ounces of alcohol per day) appeared at follow-up (R
= 5.59, 5.01, 4.31), exceeding a critical threshold near 3.56. These outliers were winsorized
by substituting them with the next highest non-outlier values (4.295 for conception, 3.32 for

enrollment, 1.707 for follow-up) to aid model convergence.

Biomarker Outliers Rosner’s test (« = 0.05) was also applied to second-visit data on
TBARS and plasma iron. One significant outlier (4.321 nM MDA) was detected in TBARS
(R = 7.175, critical threshold 3.842). One significant outlier (22.561 ng/mL) was detected
for plasma iron (R = 19.314). Each was replaced with the next highest non-outlier value

(2.860 ptM MDA for TBARS, 3.220 ng/mL for plasma iron).
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3.2.4 Statistical Analysis
Alcohol Intake Trajectory Analysis

Construction of Gestational Timeline for Alcohol Intake Three measures of daily
alcohol consumption were recorded for each participant: at conception, at pregnancy recog-
nition, and at a follow-up visit (approximately 32 weeks’ gestation). Each recorded value was
expressed in ounces of absolute alcohol per day. The reported consumption at conception
was assigned from week 0 until the week preceding pregnancy recognition. The consumption
level at pregnancy recognition was applied from that week until the follow-up visit at approx-
imately 32 weeks’ gestation. The follow-up visit measurement was applied from that visit
through delivery. This process created a continuous series of weekly alcohol intake values,

forming an individual consumption trajectory for each participant.

Inclusion Criteria and Data Sufficiency for Trajectory Modeling Participants with
twin pregnancies were excluded from the analysis. The availability of time-point data to con-
struct gestational drinking trajectories was reviewed. Three segments for trajectory construc-
tion were defined: conception to the week of pregnancy recognition; the week of pregnancy
recognition to the follow-up visit; and the follow-up visit to birth. Each participant required
data for at least two adjacent time points to form a segment. Twelve participants lacked

sufficient data to establish any segments and were excluded from trajectory modeling.

Trajectory Modeling Approach and Data Aggregation Weekly measurements pre-
sented statistical modeling limitations from minimal variability and potential collinearity
in later gestation. These factors compromised model convergence and accuracy. Initial at-
tempts using only three data points (conception, recognition, follow-up) or the complete
weekly record did not succeed. Alternative models, such as two-part growth models (model-
ing drinking probability and consumption levels separately) and censored models (treating

zero consumption as below a detection threshold), were unsuitable. Both approaches en-
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countered convergence issues. These convergence problems persisted when participants with
no consumption were included and when they were excluded.

To manage these modeling difficulties, weekly data were aggregated into monthly av-
erages. This aggregation reduced data dimensionality and lowered collinearity. A growth
mixture model (GMM) then identified distinct alcohol consumption trajectories from the ag-
gregated data for individuals reporting any alcohol intake. Individuals reporting no alcohol
consumption were excluded from the trajectory modeling as this group formed an a priori

defined subset, not a latent class.

Growth Mixture Model (GMM) Specification Mplus (version 8.11)%" estimated a
GMM to identify latent classes of similar alcohol-consumption trajectories. Two growth fac-
tors, an intercept and a slope, defined these classes. The model included seven measurement
points (conception, and months 1, 2, 3, 4, 7, and 10) to reduce collinearity and stabilize
estimation. Within each latent class, the model permitted intercept and slope to vary; these
variances captured individual deviations from the mean trajectory in starting levels and rates
of change. This flexibility reflected realistic variation in human behavior. The analysis fixed
the covariance between intercept and slope at zero, so an individual’s initial consumption
level did not predict the rate of change. This restriction aided convergence and aligned
with analysis aims. Removing the covariance term reduced parameters for estimation and
supported model estimation with missing information from these repeated measures. Each
class represented a distinct pattern of alcohol use across pregnancy. The Mplus syntax is in

Supplemental Code Listing A.1.

Analysis of Baseline Characteristics

To illustrate the consumption patterns defining each class, mean (£SD) monthly winsorized
alcohol intake (0zAA/day) was calculated for each trajectory group across gestation.

Baseline maternal demographic and clinical characteristics were compared across alcohol
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trajectory groups. These characteristics included gestational age at enrollment, maternal
age, gestational week at pregnancy recognition, pre-pregnancy BMI, total smoking during
pregnancy, gravidity (total number of pregnancies), TWEAK score, maternal education
(years), and past marijuana use. For continuous maternal variables, ANOVA tested for
overall group differences, followed by pairwise comparisons of estimated marginal means with
Benjamini-Hochberg (BH) adjustment for multiple comparisons. For the categorical variable
of past marijuana use, logistic regression assessed group differences, with subsequent pairwise
comparisons of estimated marginal proportions also adjusted using the BH procedure.
Infant characteristics at birth and neurodevelopmental outcomes were compared across
the maternal alcohol consumption trajectory groups. Differences in these continuous infant
variables across the five maternal alcohol trajectory groups were evaluated using ANOVA,
followed by pairwise comparisons of estimated marginal means with BH adjustment for

multiple comparisons.

Analysis of Maternal Biomarkers

A generalized linear mixed model (GLMM) modeled repeated biomarker measurements from
early/mid and late gestation. This statistical approach used random effects to manage cor-
related observations from the same individuals and address nested measurements within
subjects. The model structure combined these random effects with fixed effects (e.g., sup-
plementation status, alcohol exposure pattern). The analysis used all available data, without
requiring imputation. Models were estimated in R using glmmTMB (version 1.1.10)%2.
Preliminary analyses indicated that the additional choline supplementation, provided to
a subset of participants receiving MVM, did not alter maternal biomarker outcomes beyond
the effects of MVM supplementation alone. For this reason, maternal vitamin use groups
were defined based on MVM intake (categorized as No MVM, MVM SE, or MVM PE),
combining participants irrespective of choline co-intervention for the analyses presented.

Fixed effects in the GLMM comprised alcohol trajectory group, MVM use, gestational age
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at measurement, pre-pregnancy BMI, interview location, marijuana use during pregnancy,
maternal age, maternal education, SES, total smoking during pregnancy, and total number
of pregnancies. The model included an interaction term between alcohol trajectory group
and nutrient supplementation. Random-effects structures, incorporating random intercepts
and slopes for gestational age grouped by mother, captured individual differences.

The analysis examined main effects of trajectory group and nutrient supplementation.
Significant interactions between these factors obscured independent interpretation of their
main effects. Estimated marginal means were calculated to clarify these joint effects. These
means illustrated the joint influences of nutrient supplementation and exposure group on

biomarker outcomes.

Analysis of Infant Outcomes

To investigate the potential modifying effect of maternal MVM supplementation on the
association between PAE trajectories and infant outcomes, a series of generalized linear
model (GLM) statistics were fitted using the glmmTMB package in R (version 1.1.10). Separate
models were constructed for each infant outcome: birthweight, length, head circumference,
and MDI and PDI scores at 6 and 12 months.

For each outcome, models included main effects for alcohol trajectory group and MVM
supplementation status, as well as their interaction term. Covariates included maternal
age, SES, total smoking during pregnancy, and gestational age at enrollment. For mod-
els demonstrating significant main effects or interactions, post-hoc analyses of estimated
marginal means were conducted with BH adjustment for multiple comparisons to examine
differences between alcohol trajectory groups overall and within each MVM supplementation
status, as well as differences between MVM supplementation statuses within each alcohol
trajectory group.

To account for multiple comparisons, we applied the Benjamini-Hochberg procedure to

control the False Discovery Rate (FDR)%. This method, which adjusts p-values based on
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their rank, was selected over the Bonferroni correction to mitigate the increased risk of Type
IT errors associated with the Bonferroni approach and to avoid overcorrecting non-significant
results®®. Both uncorrected p-values and FDR-adjusted g-values are presented. Results were

considered statistically significant at an FDR-adjusted g-value of < 0.05.

3.3 Results

3.3.1 Prenatal Alcohol Trajectory Groups

Models with two to six classes were compared to determine the best fit. Selection criteria
included the akaike information criterion (AIC), bayesian information criterion (BIC), par-
simony, entropy, and alignment with theoretical expectations. Participants were assigned to
trajectory subgroups based on their highest posterior probability of membership.

The four- and five-class solutions performed better than models with fewer or more classes
(Table 3.1). The five-class solution had the lowest adjusted BIC (886.341). Its improvement
over the four-class solution (adjusted BIC = 948.980) was modest considering parsimony.
The change in BIC was -88.347 for the four-class model and -62.639 for the five-class model,
suggesting limited incremental benefit from an additional class. A six-class model yielded
the highest entropy (0.810), indicating a slight gain in classification accuracy, but its overall
fit improved minimally over the four-class model (entropy = 0.786).

A four-class solution was selected. This solution balanced AIC, BIC, and changes in BIC,
and aligned with trajectories from previous studies of this population®”8. Individual prena-
tal alcohol consumption trajectories (Figure 3.1) and latent class averages (Figure 3.2) were
classified as Abstained (Abstain), Low Sustained (Low), Moderate-to-Discontinued/Low
Sustained (ModDisc), High-to-Moderate Sustained (HighMod), and Very High Sustained
(VHigh).

The identified trajectories correspond well with those reported by Bandoli et al. (2019)

in a similar cohort. Both analyses identified a very high sustained trajectory that remained
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Table 3.1: Fit statistics for two to six latent class growth mixture models of pregnancy alcohol
trajectories

Log-likelihood AIC BIC Entropy  ABIC

k

2 -504.927 1039.854 1097.200  0.809  -667.131
3 -460.433 960.867 1037.327  0.754 -59.873
4 -401.702 853.404  948.980 0.786 -88.347
5
6

-355.825 771.649  886.341 0.792 -62.639
-346.264 762.527  896.334 0.810 9.993

Columns display the number of classes (k), AIC, BIC, entropy, and the change in BIC (ABIC) relative to
the model with one fewer class.

elevated above all other groups throughout gestation. Each study found two trajectories
characterized by moderate-to-high intake that gradually reduced during pregnancy, and one
trajectory with consistent, sustained alcohol consumption. The overall patterns were com-
parable while the average daily alcohol intake (0zAA/day) for corresponding trajectories

differed slightly between the two studies.

Low ModDisc HighMod VHigh

1T T T T T T T T 1T T T T T T T T 1T T T T T T T T I A O O
4l | | ‘

Average ozA A per day

N N §
0 TS S—— — I Y S5 S S s s s

012345678 910 012345678 910 0123 45678 910 012 3 456 78 910

Gestation (months)

Figure 3.1: Prenatal alcohol consumption patterns for the four identified latent classes. Each
panel displays individual participant trajectories (black lines) and the mean trajectory (color
line) for a specific class in ounces of absolute alcohol (0zAA) per day across gestation.

3.3.2 Maternal and Infant Characteristics

Table 3.2 details maternal characteristics across prenatal alcohol exposure trajectory groups.

Participants in the HighMod trajectory enrolled later in gestation than the Abstain group.
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Figure 3.2: Mean prenatal alcohol consumption trajectories (ounces of absolute alcohol
lozAA]/day) for the four identified latent classes and the Abstained group.

The gestational week at pregnancy recognition progressively increased with higher alcohol
consumption trajectories; the VHigh group recognized pregnancy latest, differing from the
Abstain, Low, and ModDisc groups. The VHigh group reported higher gravidity than the
Abstain and ModDisc groups. Maternal education years decreased with increasing alcohol
exposure; the Abstain group reported more education years than all other groups, and the
HighMod and VHigh groups reported the fewest. The HighMod group reported a higher
proportion of maternal marijuana use than the Abstain group. Daily cigarette consumption
and TWEAK scores increased progressively across trajectories from Abstain to VHigh. For

TWEAK scores, all groups differed from one another with the Abstain group having the
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Table 3.2: Maternal and Infant Characteristics by Prenatal Alcohol Exposure Trajectory Group

Abstain Low ModDisc HighMod VHigh
Characteristic (N=328) (N=70) (N=99) (N=128) (N=40) p-value
Maternal age (years) 26.2 (4.60) 26.0 (5.77)  25.8 (5.67)  25.8 (5.88)  27.7 (6.13)  0.360
Gestational week at enrollment 17.2 (5.85)* 18.3 (5.62)** 18.9 (6.53)*> 20.3 (7.57)> 19.2 (7.21)** <0.001
Gestational week at pregnancy recognition 5.06 (2.67)* 5.75 (3.68)*" 6.73 (4.74)®  6.74 (3.87)>  8.45 (5.06)° <0.001
Gestational age at birth (weeks) 39.3 (2.98)  39.2 (2.75)  38.8 (3.11) 38.7 (3.41) 39.0 (1.95) 0.402
Gravidity (mumber of other pregnancies)  2.05 (1.38)* 2.31 (1.60)® 1.94 (1.40)* 2.24 (1.79)*> 2.80 (1.70)>  0.019
Maternal prepregnancy BMI 22.0(3.72) 226 (4.22) 220 (3.74)  225(3.62) 223(3.50) 0.511
Maternal education (years) 14.6 (2.22)* 131 (2.60)*° 13.3 (2.43)° 122 (245)7  12.2 (2.56))  <0.001
Maternal marijuana usage, n (%) 1(0.3)? 1 (1.4)%0 3 (3.0) 9 (7.0)° 1(2.5)% 0.001
Cigarettes smoked per day (n) 0.18 (1.36)* 0.83 (2.21)** 1.17 (4.03)®  2.37 (4.82)°  2.58 (3.90)° <0.001
TWEAK score 0.05 (0.38) 1.21 (1.28)> 173 (1.28)°  2.30 (149)¢  2.87 (2.02)° <0.001
Infant birthweight (g) 3357 (556)* 3277 (542)" 3182 (616)> 3128 (608)° 3015 (521)°  <0.001
Infant length (cm) 51.7 (2.99) 51.6 (2.89)  50.9 (3.71) 50.8 (3.40) 50.5 (3.19)  0.018
Infant head circumference (cm) 34.4 (2.05)° 342 (L56)™ 34.0 (2.03)™ 33.8 (1.95)° 33.6 (L.98)™  0.009
6 months Bayley MDI score 905 (7.02)* 89.7 (6.85)* 90.9 (10.1)* 884 (9.78)* 80 (12.9)>  <0.001
12 months Bayley MDI score 91.5 (10.6)* 86.8 (12.2)> 89.6 (12.8)*> 88.3 (12.8)** 80.8 (15.1)> <0.001
6 months Bayley PDI score 80.5 (10.2)* 86.6 (11.8)* 90.3 (13.7)*  88.7 (121)*  79.7 (14.2)>  <0.001
12 months Bayley PDI score 99.8 (11.8)* 94.5 (14.5)° 96.7 (1L.9)™ 965 (15.3)* 89.3 (16.4)> <0.001

Values are presented as mean (standard deviation) for continuous variables or n (%) for categorical
variables. Overall p-values assess differences across groups using ANOVA for continuous variables and
logistic regression for categorical variables. Within a row, values not sharing a common superscript letter
are statistically different (p < 0.05) based on pairwise comparisons with BH adjustment.

lowest and the VHigh group having the highest TWEAK score. Maternal age, BMI prior
to pregnancy, and gestational age at birth did not differ significantly among the trajectory

groups.

3.3.3 Maternal Markers of Oxidative Stress and Antioxidant De-

fense

Indicators of Oxidative Damage and Global Antioxidant Capacity

TBARS (Thiobarbituric Acid Reactive Substances) TBARS levels showed a quadratic
relationship with alcohol trajectory categories (5 = 0.126; SE = 0.034; p < 0.001). Partici-
pants in the MVM SE group ( = —-0.076; SE = 0.023; p < 0.001) and the MVM PE group
(8 = —-0.106; SE = 0.026; p < 0.0001) had lower TBARS levels than participants in the No
MVM group.

Within the Abstain group, participants in the No MVM group (1.498 + 0.051 pM MDA)
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had higher TBARS levels compared with participants in the MVM SE group (1.334 + 0.048
nM MDA; p < 0.001; g = 0.001) or the MVM PE group (1.285 + 0.044 pM MDA; p < 0.0001;
q < 0.0001) (Figure 3.3). A comparable pattern occurred in the VHigh group: participants
in the No MVM group (1.615 £+ 0.082 pM MDA) had higher TBARS levels than those in
the MVM SE group (1.348 £ 0.081 pM MDA; p = 0.025; q = 0.163); this difference was not
significant after correction.

Among participants in the No MVM group, the VHigh subgroup exhibited higher TBARS
(1.615 £ 0.082 pM MDA) than the Low subgroup (1.409 £+ 0.062 utM MDA; p = 0.014; q
= 0.106), the ModDisc subgroup (1.352 £+ 0.059 pM MDA; p = 0.001; q = 0.021), and the
HighMod subgroup (1.420 + 0.054 pM MDA; p = 0.012; q = 0.106) (Figure 3.4). Only the
comparison with the ModDisc group remained significant after post-hoc adjustment.

MVM supplementation attenuated these differences. For participants in the MVM SE
group, those in the VHigh group had TBARS levels comparable to other alcohol trajectory
groups. Among participants in the MVM PE group, those in the VHigh group showed higher
TBARS levels only when compared to individuals in the ModDisc group (1.457 + 0.120 vs.
1.225 £+ 0.058 pM MDA; p = 0.044, q = 0.250); this difference was not significant after BH

correction.

TRAP (Total Radical-Trapping Antioxidant Parameter) Longitudinal analysis of
TRAP varied by the linear (5 = 0.067; SE = 0.034; p = 0.047) and cubic (8 = —0.062; SE
= 0.031; p = 0.044) polynomial contrasts of Alcohol Trajectory. No main effects emerged
for MVM SE or MVM PE. TRAP values were log-transformed for modeling, then back-
transformed to obtain the adjusted means.

Among No MVM participants, the Low group displayed lower TRAP levels relative to
other trajectory groups; these comparisons were not significant after adjustment (Figure
3.5). Among MVM PE participants, the VHigh group (160.453 + 1.082 pM) had elevated
TRAP levels compared to the Abstain group (136.721 £+ 1.032 pM; p = 0.0385; q = 0.288)
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Figure 3.3: Forest plot of adjusted mean plasma TBARS (uM MDA) levels with 95% con-
fidence intervals. Values are displayed across maternal alcohol consumption trajectories
(Abstain; Low; ModDisc; HighMod; VHigh) within each MVM supplementation group (No
MVM; MVM SE; MVM PE). Estimates are from a GLMM.

and the ModDisc group (134.879 + 1.044 pM; p = 0.0370; q = 0.288).

Enzymatic Antioxidant System Components

SOD (Superoxide Dismutase) SOD activity did not differ among the Alcohol Trajec-
tory groups. Participants in the MVM SE group (8 = 31.722; SE = 13.723; p = 0.021) and
the MVM PE group (8 = 48.200; SE = 15.776; p = 0.002) exhibited higher SOD activity
compared to the No MVM group.

Within the VHigh alcohol trajectory group, participants in the No MVM group (832.897
+ 31.488 U/g Hb) showed lower SOD activity compared to those in the MVM SE group
(941.190 + 35.577 U/g Hb; p = 0.031; q = 0.232) and the MVM PE group (1024.551 +
49.498 U/g Hb; p = 0.001; q = 0.044) (Figure 3.6). The difference in SOD activity between
the No MVM and MVM SE subgroups within the VHigh trajectory lost significance after
adjustment. In alcohol trajectory groups other than VHigh, SOD activity did not differ

among the three MVM supplementation statuses.
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Figure 3.4: Forest plot of adjusted mean plasma TBARS (uM MDA) levels with 95% con-
fidence intervals. Values are displayed across MVM supplementation groups (No MVM;
MVM SE; MVM PE) within each maternal alcohol consumption trajectory (Abstain; Low;
ModDisc; HighMod; VHigh). Estimates are from a GLMM.

Among participants in the MVM SE group, those in the VHigh alcohol trajectory exhib-
ited significantly higher SOD activity than participants in the HighMod trajectory (864.709
+ 23.006 U/g Hb; p = 0.041; q=0.265); this difference was no longer significant after ad-
justment (Figure 3.7). A similar pattern was observed in the MVM PE group. Within the
MVM PE group, participants in the VHigh trajectory demonstrated higher SOD activity
compared to those in the Abstain (880.398 + 19.439 U/g Hb; p = 0.003; q = 0.044), Low
(874.094 + 32.148 U/g Hb; p = 0.006; q = 0.060), ModDisc (883.225 + 26.489 U/g Hb; p =
0.007; ¢ = 0.060), and HighMod (864.728 + 26.029 U/g Hb; p = 0.003; q = 0.044) alcohol

trajectory groups.

GRed (Glutathione Reductase) GRed levels varied by the quadratic term of Alcohol
Trajectory (6 = -0.093; SE = 0.041; p = 0.025). GRed levels were higher in the MVM SE
group (8 = 0.070; SE = 0.027; p = 0.009) and the MVM PE group (5 = 0.132; SE = 0.031;
p < 0.0001) compared to the No MVM group. No significant interactions between Alcohol

Trajectory and MVM status were observed.
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Figure 3.5: Forest plot of adjusted mean plasma TRAP (uM) levels with 95% confidence
intervals. Values are displayed across MVM supplementation groups within each maternal
alcohol consumption trajectory. Estimates are from a GLMM.

Comparisons among the three supplementation groups showed that GRed levels were
higher in both the MVM SE group (0.852 + 0.029 pmol NADPH /min/g Hb; p = 0.023; ¢
= 0.152) and the MVM PE group (0.852 + 0.029 pmol NADPH /min/g Hb; p < 0.0001;
q = 0.001) than in the No MVM group (0.794 £+ 0.026 pmol NADPH /min/g Hb) (Figure
3.8). This pattern remained consistent across Alcohol Trajectory groups. Since no significant

interaction emerged, differences were not separately tested for each trajectory group.

GPx (Glutathione Peroxidase) GPx activity did not differ across the Alcohol Trajec-

tories. MVM SE and MVM PE showed no association with GPx activity. Data not shown.

3.3.4 Maternal Markers of Acute Phase Response and Nutrient
Homeostasis
Inflammation and Acute Phase Protein Indicators

hsCRP (High-Sensitivity C-Reactive Protein) Log-transformed hsCRP levels varied

across alcohol trajectory groups, exhibiting a quadratic pattern (5 = 0.218; SE = 0.075; p
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Figure 3.6: Forest plot of adjusted mean erythrocyte SOD (U/g Hb) levels with 95% confi-
dence intervals. Values are displayed across maternal alcohol consumption trajectories within
each MVM supplementation group. Estimates are from a GLMM.

= 0.004). MVM PE had a borderline association with lower hsCRP levels than participants
in the No MVM group (5 = -0.117; SE = 0.069; p = 0.090). All hsCRP values were log-
transformed for modeling, then back-transformed to obtain adjusted means.

Within the No MVM group, the Abstain group had higher hsCRP levels (3.958 + 1.109
mg/L) than the Low group (3.144 + 1.120 mg/L; p = 0.041; q = 0.265) (Figure 3.9). The
VHigh group exhibited elevated hsCRP (4.651 4+ 1.192 mg/L) relative to the Low group (p
= 0.020; q = 0.178) and the HighMod group (3.284 + 1.107 mg/L; p = 0.027; q = 0.200).
These differences were not significant after multiple comparison correction.

Participants in the VHigh trajectory within the MVM PE group had lower hsCRP levels
(2.004 £+ 1.194 mg/L) than participants in the Abstain group (3.748 + 1.104 mg/L; p =
0.011; q = 0.164), the Low group (4.140 4+ 1.183 mg/L; p = 0.008; q = 0.164), and the
ModDisc group (3.674 + 1.141 mg/L; p = 0.017; q = 0.178) (Figure 3.10). These contrasts
were not significant after adjustment.

Within the VHigh group, MVM PE was associated with lower hsCRP than the No MVM
group (2.004 vs. 4.651 mg/L; p = 0.008; q = 0.164) (Figure 3.10). MVM SE was associated
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Figure 3.7: Forest plot of adjusted mean erythrocyte SOD (U/g Hb) levels with 95% con-
fidence intervals. Values are displayed across MVM supplementation groups within each
maternal alcohol consumption trajectory. Estimates are from a GLMM.

with a lesser reduction (2.910 + 1.192 vs. 4.651 mg/L; p = 0.057; q = 0.265), which was

not statistically significant.

CP (Ceruloplasmin) CP levels did not differ across Alcohol Trajectories or MVM sup-

plementation groups. Data not shown.

Plasma Trace Mineral Levels

Zinc Plasma zinc levels varied according to linear (§ = —0.130; SE = 0.033; p < 0.0001)
and quadratic (8 = —0.161; SE = 0.031; p < 0.0001) polynomial contrasts for the alcohol
trajectory classification. Participants in the MVM SE group had higher zinc levels than the
No MVM group (5 = 0.102; SE = 0.019; p < 0.0001). Elevated zinc levels were observed in
the MVM PE group (5 = 0.063; SE = 0.024; p = 0.009) compared to the No MVM group.

Within the No MVM group, the VHigh trajectory (0.468 + 0.023 ng/mlL) exhibited lower
zine levels compared with the Abstain (0.563 + 0.015 pg/mL; p < 0.0001; q = 0.001), Low
(0.608 £ 0.021 pg/mL; p < 0.0001; q < 0.0001), ModDisc (0.597 % 0.020 ig/mL; p < 0.0001;
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Figure 3.8: Forest plot of adjusted mean erythrocyte GRed (pmol NADPH /min/g Hb) levels
with 95% confidence intervals. Values are displayed across maternal alcohol consumption
trajectories within each MVM supplementation group. Estimates are from a GLMM.

q < 0.0001), and HighMod (0.584 + 0.018 pg/mL; p < 0.0001; q < 0.001) trajectories (Figure
3.11). This pattern was not observed among nutrient supplemented participants.

Within the Abstain trajectory, participants in the No MVM group (0.563 + 0.015 pg/mL)
had lower zinc levels than those in the MVM SE group (0.632 + 0.017 pg/mL; p < 0.0001;
q < 0.0001) or the MVM PE group (0.617 + 0.016 pg/mL; p < 0.0001; q < 0.001) (Figure
3.12).

In the HighMod trajectory, participants in the No MVM group (0.584 + 0.018 pg/mL)
had lower zinc levels than participants in the MVM SE group (0.636 + 0.019 pg/mL; p =
0.030; g = 0.149) (Figure 3.12). Within the VHigh trajectory, participants in the No MVM
group (0.468 + 0.023 pg/mL) had lower zinc levels than those in the MVM SE group (0.600
+ 0.029 pg/mL; p < 0.001; g = 0.002); this latter comparison retained significance after

multiple-comparison adjustment.

Copper Plasma copper levels exhibited a linear (8 = —0.096; SE = 0.033; p = 0.004) and

quadratic (5 = -0.075; SE = 0.033; p = 0.022) relationship with alcohol trajectory patterns.
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Figure 3.9: Forest plot of adjusted mean plasma hsCRP (mg/L) levels with 95% confidence
intervals. Values are displayed across MVM supplementation groups within each maternal
alcohol consumption trajectory. Estimates are from a GLMM.

Participants in the MVM SE group demonstrated elevated copper levels compared to No
MVM participants (8 = 0.079; SE = 0.021; p < 0.001). MVM PE participants displayed a
non-significant trend toward higher copper (5 = 0.049; SE = 0.025; p = 0.051).

Within the Abstain group, MVM SE participants (1.776 + 0.057 pg/mL) had higher
copper levels than their No MVM counterparts (1.627 4+ 0.050 pg/mL; p = 0.002; q =
0.036) (Figure 3.13). MVM PE participants (1.743 4+ 0.053 pg/mL) exhibited a comparable
elevation over No MVM participants (p = 0.012; q = 0.078); this difference was no longer
significant after multiple-test adjustment.

Comparable findings were observed in the HighMod group (Figure 3.13). MVM SE par-
ticipants (1.766 + 0.063 pg/mL; p = 0.001; ¢ = 0.036) and MVM PE participants (1.784 +
0.073 pg/mL; p = 0.006; ¢ = 0.075) both had higher copper levels than No MVM individ-
uals (1.548 £+ 0.054 pg/mL). VHigh participants in the MVM SE group showed a marginal
elevation over their No MVM counterparts (1.708 + 0.095 vs 1.458 + 0.073 pg/mL; p =
0.051; g = 0.164).

Among No MVM participants, the VHigh group exhibited lower copper than Abstain
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Figure 3.10: Forest plot of adjusted mean plasma hsCRP (mg/L) levels with 95% confidence
intervals. Values are displayed across maternal alcohol consumption trajectories within each
MVM supplementation group. Estimates are from a GLMM.

participants (1.458 £+ 0.073 vs 1.627 + 0.050 pg/mL; p = 0.022; q = 0.099), the Low group
(1.682 £ 0.067 ng/mL; p = 0.009; q = 0.078), and the ModDisc group (1.692 + 0.067 pg/mL;
p = 0.007; q = 0.075) (Figure 3.14). A comparable pattern was observed in the MVM PE
group, where the VHigh group (1.432 + 0.117 pg/mL) had lower copper levels than the
Abstain group (1.743 4+ 0.053 pg/mL; p = 0.015; q = 0.082), the Low group (1.762 + 0.088
ng/mL; p = 0.021; q = 0.099), the ModDisc group (1.704 + 0.071 pg/mL; p = 0.042; q =
0.156), and the HighMod group (1.784 + 0.073 pg/mL; p = 0.012; ¢ = 0.078), with marginal

significance after adjustment.

Iron Plasma iron levels differed significantly across alcohol trajectory groups, following a
quadratic association (f = —0.126; SE = 0.054; p = 0.020). Participants in the MVM SE
group showed a trend of higher iron levels than individuals in the No MVM group; this trend
was not statistically significant (8 = 0.061; SE = 0.037; p = 0.097).

In the No MVM group, participants in the Abstain group had lower iron levels (0.768
+ 0.041 pg/mL) than those in the ModDisc group (0.871 + 0.059 pg/mlL; p = 0.041; q =
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Figure 3.11: Forest plot of adjusted mean plasma zinc (ng/mL) levels with 95% confidence
intervals. Values are displayed across MVM supplementation groups within each maternal
alcohol consumption trajectory. Estimates are from a GLMM.

0.578), however, this difference was not present after correction for multiple comparisons
(Figure 3.14). Plasma iron concentrations did not differ significantly among other trajectory

groups.

Iron Status Indicators

Ferritin Plasma ferritin levels displayed a linear association with alcohol trajectory (8
= 0.096; SE = 0.034; p = 0.006). Neither the MVM SE group nor the MVM PE group
demonstrated significant effects. Plasma ferritin values were log-transformed for modeling
and back-transformed for the adjusted means.

In the No MVM group, the Abstain group (18.323 + 1.101 ng/mL) showed lower ferritin
compared to the ModDisc (25.711 £ 1.145 ng/mL; p = 0.005; q = 0.074), HighMod (25.573
+ 1.127 ng/mL; p = 0.002; q = 0.045), and VHigh (25.163 £ 1.180 ng/mL; p = 0.035; q =
0.169) groups (Figure 3.16). The difference with the HighMod group remained significant
after multiple-comparison correction. The Low group (19.041 £+ 1.137 ng/mL) exhibited
lower ferritin levels than the ModDisc group (p = 0.048; ¢ = 0.195) and the HighMod group
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Figure 3.12: Forest plot of adjusted mean plasma zinc (ng/mL) levels with 95% confidence
intervals. Values are displayed across maternal alcohol consumption trajectories within each
MVM supplementation group. Estimates are from a GLMM.

(p = 0.036; q = 0.169) before adjustment for multiple measures.

A comparable pattern appeared in the MVM SE group. Here, the Abstain group (19.021
+ 1.108 ng/mL) was statistically lower than the HighMod group (27.726 + 1.134 ng/mL; p
= 0.001, q = 0.045) (Figure 3.16). Differences were found between the Abstain group and
both the ModDisc group (24.593 + 1.144 ng/mL; p = 0.036, ¢ = 0.169) and the VHigh
group (29.197 + 1.215 ng/mL; p = 0.022, ¢ = 0.169), though neither contrast persisted
after correction. The Low group (17.954 £+ 1.171 ng/mL) had lower ferritin levels than the
HighMod group (p = 0.012, q = 0.137) and the VHigh group (p = 0.031, q = 0.169) before

correction. These patterns were not observed in the MVM PE group.

TfR (Transferrin Receptor) Plasma TfR values did not vary across the Alcohol Trajec-
tory categories. Participants in the MVM SE or MVM PE groups showed TfR values similar

to those in the No MVM group.
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Figure 3.13: Forest plot of adjusted mean plasma copper (pg/mL) levels with 95% confidence
intervals. Values are displayed across maternal alcohol consumption trajectories within each
MVM supplementation group. Estimates are from a GLMM.

3.3.5 Impact of Alcohol Trajectories and MVM on Infant Out-

comes
Physical Growth Parameters

GLM examined the impact of alcohol trajectories and maternal MVM use on infant physical
growth and neurodevelopmental scores. For infant birth weight and length, models showed

no significant main effects for alcohol trajectory or MVM status.

Infant Head Circumference A negative linear association occurred between alcohol
trajectory group and infant head circumference (6 = -0.646; SE = 0.309; p = 0.037); head
circumference was smaller with higher alcohol exposure trajectories. An interaction between
alcohol trajectory and MVM status for infant head circumference was not detected.
Pairwise comparisons of estimated marginal means for alcohol trajectory groups identified
group differences. Infants in the VHigh group had a smaller head circumference (33.700 +
0.277 cm) than infants in the Abstain group (34.500 £ 0.093 cm; p = 0.004, g = 0.035) (Figure
3.17). The VHigh group (33.700 4+ 0.277 cm) also had a smaller head circumference than
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Figure 3.14: Forest plot of adjusted mean plasma copper (pg/mL) levels with 95% confidence
intervals. Values are displayed across MVM supplementation groups within each maternal
alcohol consumption trajectory. Estimates are from a GLMM.

the Low group (34.300 £+ 0.194 cm; p = 0.047, ¢ = 0.116) and the ModDisc group (34.300
+ 0.165 cm; p = 0.040, ¢ = 0.116); these differences did not persist after BH adjustment.
Infants in the HighMod group (34.000 £ 0.162 cm) had a smaller head circumference than
those in the Abstain group (34.500 + 0.093 cm; p = 0.014, q = 0.070); this difference was

marginal after BH adjustment.

Bayley MDI at 6 Months Analysis of 6-month MDI scores showed a linear association
with alcohol trajectory group (8 = -3.248; SE = 1.487; p = 0.029). There was no association
with MVM status.

Post-hoc analysis of the overall alcohol trajectory effect, averaging across MVM sup-
plementation statuses, indicated that infants in the VHigh group (83.5 £+ 1.430) had lower
6-month MDI scores compared to infants in the Abstain group (90.7 + 0.474; p < 0.0001; ¢
< 0.0001), the Low group (89.9 + 1.090; p = 0.0004; q = 0.0009), the ModDisc group (92.1
+ 0.938; p < 0.0001; q < 0.0001), and the HighMod group (90.0 + 0.950; p = 0.0001; q =

0.0004) (Figure 3.18).
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Figure 3.15: Forest plot of adjusted mean plasma iron (ng/mL) levels with 95% confidence
intervals. Values are displayed across MVM supplementation groups within each maternal
alcohol consumption trajectory. Estimates are from a GLMM.

In the Abstain group, infants whose mothers initiated MVM SE (91.9 + 0.851) had
higher 6-month MDI scores than those in the No MVM group (89.8 + 0.697; p = 0.048), a
difference not present after BH adjustment (q = 0.143) (Figure 3.19). In the ModDisc group,
infants whose mothers initiated MVM SE (94.1 4+ 1.740) showed higher 6-month MDI scores
compared to the No MVM group (89.4 + 1.480; p = 0.038), though this comparison was not
significant after BH adjustment (q = 0.113).

Within the No MVM group, 6-month MDI scores for infants in the VHigh group (85.9 +
2.040) trended lower than scores for infants in the Abstain group (89.8 + 0.697; p = 0.063)
and were lower than scores for the Low group (91.1 £+ 1.530; p = 0.040) (Figure 3.19). After
BH adjustment, neither difference was significant.

Within the MVM SE group, infants in the VHigh group (80.5 + 2.810) had lower 6-
month MDI scores compared to infants in the Abstain group (91.9 4+ 0.851; p < 0.001; ¢
= 0.001), the Low group (90.1 £+ 2.130; p = 0.006, q = 0.014), the ModDisc group (94.1
+ 1.740; p < 0.001; q < 0.001), and the HighMod group (89.6 + 1.660; p = 0.005; q =

0.014) (Figure 3.19). These differences remained significant after adjustment. In contrast,
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Figure 3.16: Forest plot of adjusted mean plasma ferritin (ng/mL) levels with 95% confidence
intervals. Values are displayed across MVM supplementation groups within each maternal
alcohol consumption trajectory. Estimates are from a GLMM.

while the ModDisc group was also marginally higher than the HighMod group (p = 0.057; q
= 0.114), this difference did not remain significant after adjustment. Within the MVM PE
group, infants in the VHigh group (84.2 + 2.440) had lower 6-month MDI scores compared
to infants in the Abstain group (90.4 £+ 0.790; p = 0.015; q = 0.050), the ModDisc group
(92.8 £+ 1.680; p = 0.004; q = 0.037), and the HighMod group (91.7 + 1.830; p = 0.014; q
= 0.050).

Bayley PDI at 6 Months Analysis of 6-month PDI scores using the GLM indicated a
main effect for the cubic component of the alcohol trajectory group (5 = -6.184; SE = 2.240;
= 0.006). No main effect for MVM supplementation status occurred.

Post-hoc analysis of the overall alcohol trajectory effect, averaging across MVM supple-
mentation statuses, showed infants in the VHigh group had lower 6-month PDI scores (79.9
+ 2.140) compared to infants in the Abstain group (89.2 + 0.774; p < 0.001; q = 0.0003),
the Low group (87.7 + 1.830; p = 0.0055; q = 0.0138), the ModDisc group (90.6 + 1.400;
p < 0.0001; q = 0.0003), and the HighMod group (89.3 + 1.410; p = 0.0002; q = 0.0007)
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Figure 3.17: Forest plot shows adjusted mean head circumference size (cm), averaged across
MVM supplementation status, with 95% confidence intervals for each alcohol trajectory.
Estimates derive from a GLM.

(Figure 3.18). All these differences remained after BH adjustment.

Comparisons of MVM supplementation status within each alcohol trajectory group indi-
cated that in the ModDisc group, infants whose mothers initiated MVM SE (94.0 + 2.480)
had higher 6-month PDI scores than those in the No MVM group (86.7 & 2.400; p = 0.0365;
q = 0.1094); this difference did not persist after BH adjustment (Figure 3.20). No other
differences in PDI scores based on MVM status occurred within the other alcohol trajectory
groups.

Within the No MVM group, infants in the HighMod group (91.5 4+ 2.080) had higher
6-month PDI scores than those in the Low group (84.6 + 2.460; p = 0.0306; q = 0.1528)
(Figure 3.20). Infants in the VHigh group (83.0 £ 2.900) had lower scores than those in
the HighMod group (p = 0.0174; q = 0.1528). A trend for lower scores was present for the
VHigh group compared to the Abstain group (88.7 + 1.190; p = 0.0707; q = 0.2356). These
differences failed to reach significance after BH adjustment.

Within the MVM SE group, infants in the VHigh group (76.4 £+ 3.770) had lower 6-
month PDI scores compared to infants in the Abstain group (90.7 £ 1.440; p = 0.0005; q =
0.0024), the Low group (89.7 + 3.580; p = 0.0107; q = 0.0355), the ModDisc group (94.0
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Figure 3.18: Forest plot shows adjusted mean MDI and PDI scores at 6 months (6Mo)
and 12 months (12Mo), averaged across MVM supplementation status, with 95% confidence
intervals for each alcohol trajectory. Estimates derive from a GLM.

+ 2.480; p < 0.0001; q = 0.0010), and the HighMod group (86.9 + 2.250; p = 0.0163; q
= 0.0409) (Figure 3.20). All these comparisons remained after BH adjustment. Infants in
the ModDisc group had higher scores than those in the HighMod group (p = 0.0329; q =
0.0658); this difference was not present after BH adjustment.

Within the MVM PE group, infants in the VHigh group (80.2 + 4.270) had lower 6-
month PDI scores compared to those in the ModDisc group (91.1 + 2.450; p = 0.0289; ¢
= 0.2574) (Figure 3.20). Trends for lower scores in the VHigh group were present when
compared to the Abstain group (88.2 + 1.260; p = 0.0772; q = 0.2574) and the HighMod
group (89.6 + 2.730; p = 0.0643; q = 0.2574). Following BH adjustment, these differences

within the MVM PE group were no longer significant.

Bayley MDI at 12 Months Analysis of 12-month MDI scores showed a linear association
with alcohol trajectory group (5 = -4.684; SE = 2.211; p = 0.034). No main effect for MVM
supplementation status was observed, and no interaction between alcohol trajectory group

and MVM supplementation status was detected.
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Figure 3.19: Forest plot shows adjusted mean MDI scores at 6 months with 95% confidence
intervals for each alcohol trajectory. Estimates derive from a GLM.

Post-hoc analysis of the overall alcohol trajectory effect, averaging across MVM sup-
plementation statuses, showed that infants in the VHigh group (81.5 + 2.410) had lower
12-month MDI scores compared to infants in the Abstain group (90.5 £+ 0.774; p = 0.0005;
q = 0.0046), the ModDisc group (90.1 + 1.420; p = 0.0019; q = 0.0064), and the HighMod
group (90.4 + 1.350; p = 0.0010; q = 0.0049) (Figure 3.18). The difference between the
VHigh group and the Low group (87.1 £+ 1.790; p = 0.0608; q = 0.1520) did not persist after

BH adjustment.

Bayley PDI at 12 Months For 12-month PDI scores, the GLM analysis indicated no
main effect for alcohol trajectory group. A main effect for MVM supplementation status was
found, where infants whose mothers were in the MVM SE group had lower scores compared
to infants whose mothers were in the No MVM group (8 = -3.901; SE = 1.825; p = 0.033).

Post-hoc analysis of the overall MVM supplementation effect showed that infants in the
MVM SE group (93.6 + 1.47) had lower 12-month PDI scores than infants in the No MVM
group (97.5 + 1.12; p = 0.033); this difference was not significant after BH adjustment (q =

0.098) (Figure 3.21).
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Figure 3.20: Forest plot shows adjusted mean PDI scores at 6 months with 95% confidence
intervals for each alcohol trajectory. Estimates derive from a GLM.

Exploring comparisons of MVM supplementation status within each alcohol trajectory
group showed that in the VHigh alcohol trajectory group, infants whose mothers were in the
MVM SE group (82.1 + 4.75) had lower 12-month PDI scores compared to infants whose
mothers were in the No MVM group (95.2 4 3.09; p = 0.0201); this difference was marginal
after BH adjustment (q = 0.0603) (Figure 3.21). No other significant differences in 12-month
PDI scores based on MVM status were observed within the other alcohol trajectory groups.

Among participants in the No MVM group, 12-month PDI scores did not differ signifi-
cantly across alcohol trajectory groups.

Among participants in the MVM SE group, infants in the VHigh group (82.1 + 4.75)
had lower 12-month PDI scores compared to infants in the Abstain group (97.1 + 1.49; p
= 0.0027; q = 0.0136), the ModDisc group (99.5 + 2.76; p = 0.0013; q = 0.0131), and the
HighMod group (96.7 4+ 2.53; p = 0.0061; q = 0.0202) (Figure 3.21). A trend towards lower
scores was observed for the VHigh group compared to the Low group (92.8 + 3.70; p =
0.0763; q = 0.1908), which did not persist after BH adjustment.

Among participants in the MVM PE group, infants in the VHigh group (89.8 + 4.78)

had lower 12-month PDI scores compared to infants in the Abstain group (99.7 + 1.34; p =
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0.0480; q = 0.2399) and the HighMod group (102.2 + 2.96; p = 0.0293; q = 0.2399); these

differences did not remain significant after BH adjustment (Figure 3.21).
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Figure 3.21: Forest plot shows adjusted mean PDI scores at 12 months with 95% confidence
intervals for each alcohol trajectory. Estimates derive from a GLM.

3.4 Discussion

This investigation characterized distinct prenatal alcohol consumption trajectories and found
these patterns correlated with unique maternal biochemical profiles. Trajectories involving
higher alcohol intake frequently showed greater physiological disruption, including mark-
ers of oxidative stress, inflammation, and altered nutrient status. MVM supplementation

attenuated some of these alcohol-related biochemical alterations.

3.4.1 Prenatal Alcohol Exposure, Oxidative Stress, and the Modu-

latory Role of Multivitamin/Multimineral Supplementation

A primary mechanism by which PAE is thought to exert its damaging effects is the induction

of oxidative stress. Oxidative stress is a state characterized by an imbalance between ROS

132



production and the body’s ability to detoxify these reactive intermediates or repair the

resulting damage®.

TBARS: A Marker of Lipid Peroxidation

Our study found that women with VHigh alcohol intake during pregnancy exhibited signifi-
cantly elevated TBARS levels, reflecting increased oxidative lipid damage compared to other
alcohol intake trajectories. This observation aligns with previous human studies demon-
strating that chronic alcohol consumption heightens markers of lipid peroxidation, including
(MDA) and lipid hydroperoxides®®57. A dose-response relationship, where oxidative damage
is substantially higher among individuals with greater alcohol consumption, is also docu-

mented in human populations®.

Antioxidant Defense System Response to PAE

The body employs a complex antioxidant defense system to counteract ROS. This system
includes enzymatic components such as SOD, GRed, and GPx, alongside non-enzymatic
antioxidants whose collective capacity can be assessed by measures like TRAP%.

SOD is a principal enzymatic antioxidant that converts superoxide radicals into hydrogen

peroxide, a molecule subsequently detoxified by enzymes like GPx"%"

. In our study, the
VHigh alcohol intake category within the No MVM group exhibited the lowest average
erythrocyte SOD activity, though differences between alcohol trajectory groups did not reach
statistical significance. This observation aligns with previous research reporting decreased
erythrocyte SOD activity in individuals with alcohol dependence and in animal models of
alcohol exposure™. Alcohol consumption can reduce levels of zinc, an important cofactor for
SOD, and ethanol metabolites may directly inactivate SOD enzymes, potentially explaining
such decreases™.

GRed maintains cellular redox balance by catalyzing the reduction of GSSG to its ac-

72

tive form, GSH, using NADPH as an electron donor’*. Our analyses showed a quadratic
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association between increased alcohol intake and decreased GRed activity. Participants with
VHigh alcohol consumption showed numerically lower, though not statistically significant,
GRed activity across all MVM supplementation categories compared with the Abstain group.
A clear gradient was not apparent across other alcohol trajectory groups. These findings are
consistent with a varied body of literature, where alcohol exposure has been found to either
upregulate™ or downregulate GRed activity ™.

Erythrocyte GPx contributes to cellular antioxidant defense by catalyzing the reduction
of hydrogen peroxide and lipid hydroperoxides to water and their corresponding alcohols,
utilizing GSH as a substrate™. In our study, GPx activity did not differ significantly across
alcohol trajectory groups or MVM statuses. The literature concerning erythrocyte GPx ac-
tivity in the context of alcohol consumption presents mixed findings. One human study re-
ported downregulated GPx activity among alcohol consumers’”. Conversely, a meta-analysis
found decreased erythrocyte GPx activity in patients with alcohol dependence but also noted
that overall changes in GPx activity might be nuanced, potentially varying by tissue type
or sex, or influenced by factors such as acetaldehyde-mediated inhibition™.

The TRAP assay evaluates the overall antioxidant capacity of plasma, reflecting the
synergistic effects of multiple antioxidant components™. Key contributors to plasma TRAP
include urate, plasma proteins, ascorbate, and vitamin E™. Our study found that TRAP
levels increased in a manner described by linear and cubic relationships with the alcohol
intake trajectories.

The Nrf2 pathway, a primary regulator of the antioxidant defense system orchestrating
the transcription of enzymes including SOD and GPx%%%!  offers a plausible mechanistic
framework for interpreting some of our observations, particularly within the VHigh group.
Research indicates that the Nrf2—antioxidant response element (ARE) pathway can exhibit
a J-shaped dose-response, with robust protective activation at higher levels of oxidative
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stress®. Furthermore, repeated xenobiotic exposures, while potentially dampening initial

Nrf2 accumulation, may lead to enhanced induction of downstream targets, suggesting that
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cells can become primed for a more vigorous antioxidant response upon subsequent chal-
lenges®. It is conceivable that under conditions of VHigh alcohol intake, persistent oxidative

stress could similarly prime elements of the antioxidant defense system.

MVM Supplementation and Mitigation of Oxidative Stress

The data indicated MVM supplementation played a modulatory role in PAE-induced ox-
idative stress. The study showed that MVM supplementation, initiated either at or prior
to enrollment, attenuated oxidative lipid damage, reflected by lower TBARS, in the VHigh
group. This observation corresponds with experimental animal models where antioxidant
supplementation, such as with quercetin, reduced TBARS levels in ethanol-exposed rats.
Quercetin, a natural antioxidant, was shown to decrease plasma TBARS and protein car-
bonyls, and increase GSH levels, providing protection against ethanol-induced oxidative
damage®?.

Previous research indicates supplementation can restore erythrocyte SOD activity®%:%;
for instance, glycine supplementation restored SOD activity in rats with alcohol-induced liver
injury®, and various antioxidants restored SOD activity in patients with alcoholic cirrhosis®®.
In our subjects, the VHigh group receiving MVM supplementation showed increased SOD
activity relative to their unsupplemented counterparts; participants in the MVM PE sub-
group demonstrated higher SOD activity than participants in other alcohol intake groups.
A comparable trend was observed among those who started MVM at enrollment. This
restoration may relate in part to improved status of zinc and copper, cofactors for SOD®7,
which alcohol consumption can deplete, thereby compromising enzymatic oxidative defense
systems. The potential priming of the Nrf2 pathway in the VHigh group, coupled with the
provision of necessary cofactors and antioxidants from MVM, might explain the heightened
SOD and TRAP activity observed in supplemented high-exposure individuals.

MVM supplementation was associated with higher GRed activity across all alcohol in-

take groups. The group with supplementation initiated before enrollment demonstrated the
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greatest increase in enzyme activity compared to the unsupplemented group. This obser-
vation may relate to erythrocyte GRed dependency on flavin adenine dinucleotide (FAD),

a cofactor derived from riboflavin®. Erythrocyte GRed activity is used as a biomarker

8889 "and riboflavin deficits often manifest as reduced GRed

of riboflavin nutritional status
activity®. Women during pregnancy are at heightened risk of riboflavin deficiency”. The
observed enhancement in GRed activity with longer-term MVM supplementation may reflect
improved B vitamin status, a conclusion supported by studies showing that multivitamin
interventions bolster B vitamin levels in women??.

Despite selenium being a catalytic cofactor of GPx and its inclusion in MVM supple-
ments, our results did not show any modulation of GPx by either alcohol exposure patterns
or MVM supplementation, contrasting with studies showing selenium supplementation can
increase GPx activity in plasma and erythrocytes®%4. Similarly, MVM supplementation did
not significantly alter TRAP levels overall, although within the MVM PE group, participants
in the VHigh alcohol group exhibited elevated TRAP levels. An animal study established
that ethanol ingestion perturbs the plasma antioxidant system in a dose- and time-dependent
manner; specifically, antioxidant markers were observed to increase within 2—4 hours follow-
ing ethanol exposure before subsequently dissipating®. This temporal pattern suggests that

ethanol consumption may transiently boost antioxidant activity which may not have been

fully captured in our study design.

3.4.2 Prenatal Alcohol Exposure, Inflammation, the Acute Phase

Response, and Nutrient Homeostasis

Beyond directly impacting redox balance, PAE can initiate systemic inflammatory responses,
including the APR, which may exacerbate nutrient dysregulation and contribute to adverse
developmental outcomes.

A central hypothesis posits that PAE induces a conditional nutrient deficiency, reducing

fetal nutrient availability even if a mother has adequate nutrient intake!*. A key mechanism
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involves an alcohol-triggered APR, characterized by cytokine-mediated upregulation of hep-
atic MT synthesis!®1%%_ Increased MT expression sequesters zinc in maternal liver tissue,
diminishing placental zinc transfer during critical developmental windows'9"%. Rodent
studies confirm that an alcohol-induced APR correlates with reduced fetal zinc uptake and
increased teratogenicity; zinc supplementation can ameliorate these effects!*%. MT knock-
out models further support this by abolishing alcohol-related zinc dysregulation and fetal
deficits!?.

96

APR activation also alters maternal iron and copper homeostasis®™. Plasma iron con-

centrations often decline due to hepcidin-mediated sequestration, a hormone regulating iron

00

flow into plasmal Conversely, CP-driven elevations in plasma copper can occur; CP, a

copper-binding acute phase protein, also functions as a free radical scavenger, potentially

mitigating oxidative tissue injury!?%192,

hsCRP: A Marker of Systemic Inflammation

hsCRP, a sensitive marker of systemic inflammation, mediates the APR!%3. Our observation
that hsCRP elevation corresponded with higher alcohol intake aligns with alcohol’s capacity

to trigger inflammation, a process potentially mediated by oxidative stress'4.

Unsupple-
mented participants in the VHigh alcohol trajectory exhibited significantly higher hsCRP
than lower-exposure groups; this finding is congruent with prior reports that chronic alcohol
provokes an APR!93:104,

Importantly, MVM supplementation appeared to mitigate this effect. Among VHigh
participants initiating MVM at enrollment, hsCRP levels became comparable to those in
lower-exposure trajectories. For pre-enrollment MVM users in the VHigh group, hsCRP
levels were lower than those of abstainers. This reduction may reflect an overcompensation of
antioxidant defenses. Elevated SOD and TRAP activity in supplemented high-intake groups,
as discussed earlier, likely attenuated oxidative stress, which could indirectly suppress APR

activation, even with continued alcohol exposure!®.
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Impact on Essential Minerals: Zinc and Copper

Zinc supports fetal neurodevelopment; deficiencies, even marginal ones, can affect neuroge-
nesis and neuronal apoptosis, leading to adverse outcomes'®. Our findings indicated that
unsupplemented participants in the VHigh alcohol trajectory exhibited lower plasma zinc
levels than other groups. This observation is consistent with prior work establishing that
alcohol disrupts zinc homeostasis by reducing intestinal absorption'® and potentially in-
creasing excretion, partly because key enzymes in alcohol metabolism, such as ADH, are
zinc-dependent metalloenzymes!®®,

Copper is vital for neurodevelopment, and its deficiency, reported among heavy alcohol
consumers, may contribute to alcohol-related central nervous system abnormalities'®”. Our
study identified an inverse quadratic association between PAE trajectories and maternal
plasma copper concentrations, most apparent among unsupplemented participants. The
VHigh alcohol trajectory group displayed lower copper levels compared to low or moderate-
exposure groups. This pattern parallels findings from rodent studies where maternal ethanol
intake, particularly with low dietary copper, led to hepatic copper depletion in both dams
and pups, potentially through mechanisms such as enhanced biliary excretion?325.

MVM supplementation showed a capacity to affect these mineral balances. Initiating
MVM supplementation at enrollment (MVM SE) appeared to counteract alcohol-related
zinc deficits in both the HighMod and VHigh groups. Supplementation prior to enrollment
(MVM PE) showed a comparable, though not statistically distinct, effect. These results are

consonant with animal models where zinc supplementation during ethanol exposure reduced

108 09

teratogenicity and improved fetal viability'%®, restored aspects of immune function!®?, and
inhibited alcohol-induced apoptosis, possibly by mitigating oxidative stress'!’. For copper,
initiating MVM supplementation at enrollment also appeared to lessen alcohol-related cop-
per depletion. The VHigh and HighMod groups using MVM from enrollment maintained
copper levels comparable to lower-exposure trajectories. This observation is supported by

evidence that dietary copper supplementation can mitigate alcohol-induced oxidative stress,

138



potentially by protecting gut barrier integrity??. Pre-enrollment MVM use improved copper
status in the HighMod group. The VHigh subgroup with pre-enrollment MVM use, how-
ever, retained lower copper concentrations relative to other supplemented trajectories. This
persistent decrease might reflect limitations of the supplementation classification or other

unclarified underlying mechanisms.

Iron Homeostasis: A Complex Interaction

Our study observed decreasing plasma iron concentrations with higher alcohol intake, al-
though differences between trajectory groups and supplementation statuses were not statis-
tically significant. This finding may reflect alcohol’s biphasic effects on iron metabolism?®.
Moderate alcohol intake can reduce iron deficiency risk in non-pregnant populations, partly
by suppressing hepcidin and thereby augmenting intestinal iron absorption!'!!. Conversely,
heavy, sustained alcohol consumption, such as that seen in our VHigh trajectory, may disrupt
iron homeostasis. For instance, alcohol-induced oxidative stress can downregulate hepcidin
expression, potentially leading to increased intestinal iron absorption and altered iron stor-
age®®. Clinically, maternal binge drinking is associated with a tripled risk of infant iron
deficiency anemia, possibly through impaired fetal iron accumulation®®. Developmental iron
deficiency, even without anemia, adversely affects neurobehavioral outcomes, linked to vul-
nerabilities in specific brain regions and impaired myelination!?!3, Rodent models indicate
that iron repletion or maternal supplementation can partially ameliorate some effects of iron
deficiency or PAE on fetal growth and neurochemistry'!4%  Our findings suggest MVM
supplementation during pregnancy did not directly modulate maternal iron status as mea-
sured by plasma iron. Alcohol’s threshold-dependent effects on absorption pathways may
obscure more subtle nutrient interactions. We also did not find that MVM supplementation
affected plasma TfR values, another indicator of iron status.

However, ferritin levels increased linearly with alcohol intake severity; participants in

ModDisc, HighMod, and VHigh trajectories exhibited elevated concentrations compared
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to the Abstain and Low groups in both unsupplemented and MVM SE cohorts. These
observations align with studies connecting elevated serum ferritin in alcohol consumers with
hepatocellular injury rather than primarily with systemic iron overload!'®!7. Alcohol itself
may also induce ferritin synthesis''®. Ferritin’s role as an acute phase reactant, where stimuli
such as cytokines increase its synthesis or secretion, presents another mechanism for its
elevation!!?.

MVM supplementation initiated prior to enrollment attenuated alcohol trajectory-associated
differences in ferritin. This suggests that ongoing micronutrient support may reduce alcohol-
related hepatic damage. Antioxidants in MVMs, such as vitamins C and E, may mitigate
oxidative stress from ethanol metabolism, potentially limiting hepatocellular injury and sub-

120,121

sequent ferritin leakage into circulation . Specifically, antioxidants have been shown to

counteract alcohol’s impact on hepatic hepcidin expression by reducing oxidative stress'?°.

3.4.3 Impact of Prenatal Alcohol Exposure Trajectories and MVM

Supplementation on Infant Outcomes

The preceding discussion detailed the relationship between patterns of prenatal alcohol con-
sumption and maternal biochemical profiles, and the modulatory effects of MVM supple-
mentation on some of these maternal markers. This section evaluates the impact of these
PAE trajectories and maternal MVM use on infant physical growth and neurodevelopment.

This study investigated associations between these longitudinally defined PAE patterns,
maternal MVM supplementation, and infant outcomes, such as physical growth at birth and
neurodevelopment at 6 and 12 months. A key finding was a dose-dependent negative associa-
tion between higher PAE trajectories and several adverse infant outcomes, especially reduced
head circumference and lower neurodevelopmental scores. Maternal MVM supplementation
conferred some benefits to maternal biochemical markers, as previously discussed. Nutri-
ent supplementation did not provide extensive protective effects against these PAE-induced

impairments in infant physical growth or neurodevelopment.
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Physical Growth Parameters

Infant birthweight and length at birth were not significantly associated with maternal alcohol
trajectory group or MVM supplementation status. This outcome differs from some reports
where heavy PAE is linked to reduced birthweight or length, which are recognized features in
FASD diagnostic criteria'?>7124. Bandoli et al. (2019), employing trajectory modeling within
a similar CIFASD cohort, reported associations between the highest alcohol consumption
trajectory and reduced birthweight and length percentiles?”.

Our study found a negative linear association between higher PAE trajectories and
smaller infant head circumference at birth, aligning with established consequences of PAE!23:124,
Reduced head circumference is a key diagnostic criterion for FAS and reflects impaired brain
growth!??2. The developing brain is particularly vulnerable to ethanol’s teratogenic effects,
which can interfere with cell proliferation, migration, and differentiation. This finding for
head circumference contrasts with the study by Bandoli et al. (2019), which did not detect a
significant association between their PAE trajectories and head circumference after adjust-
ments3”. In the current investigation, maternal MVM supplementation did not modify the
association between PAE trajectory and infant head circumference. This lack of modification
by MVM is of interest, as other research indicates that different nutritional factors, such as
maternal gestational weight gain or specific dietary components like choline and iron, can

alter the impact of PAE on infant head circumference!?3.

Neurodevelopmental Scores

Higher PAE trajectories consistently predicted adverse infant neurodevelopment. A linear
negative association appeared between alcohol trajectory group and MDI scores at both 6
and 12 months (Figure 3.18). Infants in the VHigh group demonstrated the lowest MDI
scores compared to all other trajectory groups at 6 months, and relative to the Abstain,
ModDisc, and HighMod groups at 12 months. These outcomes align with extensive research

documenting the neurotoxic effects of alcohol on the developing brain, which can lead to cog-
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nitive and learning disabilities characteristic of FASD?2. The MDI assesses early cognitive
and language abilities, domains previously shown to be vulnerable to PAE37125,

For 6-month PDI scores, which evaluate motor skills, infants in the VHigh trajectory
group had substantially lower scores than infants in all other trajectory groups (Figure 3.18).
This finding suggests that early motor development is also susceptible to dose-dependent
effects of PAE.

Maternal MVM supplementation did not demonstrate a clear, overarching protective
effect against these neurodevelopmental consequences of PAE. No main effect of MVM status
occurred for 6-month or 12-month MDI scores, nor for 6-month PDI scores. Some isolated
within-group comparisons hinted at potential slight benefits of MVM SE for 6-month MDI
scores in the Abstain group and the ModDisc group (Figure 3.19) before BH correction.
Many women in the ModDisc group reduced their alcohol intake after pregnancy recognition.
This observation, coupled with the findings from Bandoli et al. (2019) in a similar cohort
suggesting that prolonged exposure, even at modest amounts, can be detrimental, points

37 If maternal behavior changes

to a potential nuanced role for nutrient supplementation
to reduce or cease alcohol consumption, MVM supplementation initiated around pregnancy
recognition, as in the MVM SE group, might offer some support against the effects of earlier
gestational exposure. This aligns with the call from Bandoli et al. (2019) for interventions
even after the first trimester3”. Coles et al. (2015) also reported a protective effect of MVM
on cognitive scores in this Ukrainian cohort!?®. For infants in the VHigh trajectory in the
current study, MDI and PDI scores at 6 months remained significantly lower than other
trajectory groups, irrespective of maternal MVM supplementation (Figures 3.19, 3.20). This
pattern suggests either the level or length of nutritional support from the MVM used in this
study may be insufficient to counteract the severe neurodevelopmental impact of very high,
sustained PAE or that nutritional supplementation may not be a viable intervention for this

high alcohol-exposed group.

The results for 12-month PDI scores presented a more intricate pattern. No main effect
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for alcohol trajectory group was detected. An unexpected main effect for MVM supple-
mentation status emerged, where infants whose mothers were in the MVM SE group had
lower 12-month PDI scores compared to infants whose mothers were in the No MVM group;
this overall effect did not persist after BH adjustment. Examination within alcohol trajec-
tory groups (Figure 3.21) showed this negative association was particularly apparent in the
VHigh alcohol trajectory group, where MVM SE was linked to lower 12-month PDI scores
compared to No MVM. Within both the MVM SE and MVM PE groups, infants from the
VHigh trajectory had lower 12-month PDI scores than those from several lower exposure
trajectories. This counterintuitive result for MVM SE and 12-month PDI requires cautious
interpretation. It could represent an anomalous finding, reflect unmeasured confounding fac-
tors, or indicate complex interactions between specific nutrients, high alcohol exposure, and
particular developmental pathways not yet fully understood. The finding underscores that
MVM supplementation, as provided, did not confer a benefit for 12-month motor outcomes,
particularly with very high PAE. The complexity of nutrient interactions and their impact on
development, especially in unique populations such as the Ukrainian cohort studied (which,
for example, does not have folic acid enrichment in food products), has been noted previ-

126,127

ously . Moreover, early infant assessments like the BSID-II may not capture the full

spectrum of PAE effects!?21%5,

3.4.4 Strengths and Limitations

This investigation has several strengths. The application of GMM to delineate longitudinal
PAE trajectories provided a more detailed understanding of exposure patterns compared to
binary alcohol use classifications. The study associated these PAE trajectories with a panel
of maternal biochemical markers, including those for oxidative stress, antioxidant defense,
and micronutrient status. This investigation linked these detailed PAE patterns directly
to maternal nutritional physiology, a novel aspect. This approach expands on prior work

within the CIFASD cohort that used trajectory modeling for PAE but focused mainly on
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infant outcomes without the same characterization of maternal biochemical status®’.

The examination of MVM supplementation effects across a spectrum of prenatal alcohol
consumption, including a comparison group of women who abstained, is another strength.
This design permitted assessment of MVM impact on maternal biochemical profiles and
infant development across varying PAE levels. Previous studies from this cohort investigated

1257127 The current work advances this by examining the

micronutrient supplementation
interaction between longitudinally defined PAE, maternal biochemical responses, and MVM
intervention. Analyzing repeated maternal biomarker measurements with GLMMs facilitated
the inclusion of participants with varying numbers of study visits. This statistical approach
maximized data use and appropriately accounted for within-subject correlations. Alcohol
reporting in the Ukrainian research setting may be less subject to stigma than in other
regions, potentially benefiting reporting accuracy.

Several limitations merit consideration. Results may have limited generalizability. The
Western Ukrainian cohort has distinct characteristics, such as no folic acid food fortification,
potential Chernobyl impacts!?6127. These factors could influence baseline nutritional status
and MVM supplementation responsiveness. The observed effects may not apply directly to
populations with different diets, genetics, or healthcare contexts'?>12%. The sample, primarily
a high-risk population for PAE, may affect the identified consumption trajectories compared
to lower-risk or general population samples®”.

Maternal self-report of alcohol consumption, despite standardized TLFB methodology,
is a potential bias source. Systematic underreporting or recall inaccuracies linked to trajec-
tory group membership could influence estimated associations®”. Residual confounding from
unmeasured variables (e.g., detailed maternal diet beyond supplements, paternal factors, ge-
netic polymorphisms influencing alcohol or nutrient metabolism, environmental exposures)
remains possible, despite statistical control of many potential confounders3™!?®. The lack of

126

detailed dietary intake data™*® complicates assessing how pre-existing dietary patterns might

have interacted with the MVM intervention.
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The MVM intervention design, where a subset received choline, was simplified for the ma-
ternal biomarker analyses presented, as choline showed no additional effect on these specific
outcomes. This simplification means the unique contribution of choline, or its interactions

with MVM components for other outcomes, was not fully elucidated here!26:127

. Selecting

the four-class GMM solution involved statistical fit indices and theoretical considerations,

but determining the optimal number of latent trajectories inherently includes subjectivity.
The BSID-II scales, administered early in development, may not capture the full spec-

37,128 Some

trum or long-term manifestations of PAE-related neurodevelopmental effects
cognitive domains, such as verbal function, were not assessed in this cohort due to the
research setting!?®. Nutrient metabolism complexity and interactions suggest a standard
MVM formulation might not be universally optimal across different PAE levels or for all in-
dividuals'?®. The unexpected finding of lower 12-month PDI scores in the MVM SE group,
particularly within the VHigh PAE trajectory, illustrates this complexity. Caution is needed
when drawing definitive conclusions about MVM efficacy for all outcomes, especially with
very high alcohol exposure. Future investigations could explore these relationships in di-

verse populations, incorporate more detailed dietary assessments, and conduct longer-term

follow-up of developmental outcomes.

3.5 Conclusion

This investigation identified distinct prenatal alcohol consumption trajectories associated
with altered maternal oxidative stress, antioxidant defense, inflammation, and nutrient sta-
tus. MVM supplementation during pregnancy ameliorated some maternal biochemical dis-
ruptions, particularly in women with higher alcohol intake. Yet higher PAE trajectories were
consistently associated with adverse infant outcomes, including reduced head circumference
and poorer neurodevelopmental performance. Detailed trajectory modeling indicates that

the MVM nutritional support provided in this study can modulate maternal physiological
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responses to alcohol but may not be sufficient to counteract the detrimental effects of PAE on
the developing fetus. Abstinence from alcohol during pregnancy remains the most effective
approach to prevent alcohol-related fetal harm; future research should explore more targeted

or comprehensive intervention strategies for mitigating risks in exposed pregnancies.
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Chapter 4

Maternal Acute Phase Response to
Prenatal Alcohol Exposure:
Associations with Nutrient
Dysregulation, Infant Sex, and

Developmental Outcomes.

4.1 Introduction

4.1.1 Background on FASD and PAE

PAE is a significant preventable cause of neurodevelopmental disabilities, known as FASD!.
Lemoine first characterized these conditions in 19682. Jones and Smith, in 1973, coined the
term FAS?. Global prevalence estimates indicate FASD affects approximately 7.7 per 1,000
individuals?. In the United States, estimated prevalence among school-aged children ranges
from 1.4% to 8.4%°8. Higher rates occur in specific high-risk populations®. Alcohol acts

as a teratogen, crossing the placenta to disrupt fetal development, particularly impacting
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the vulnerable CNS!* 4. FASD manifestation and severity relate to the dose, pattern, and
timing of alcohol exposure. Genetic predispositions and maternal physiological factors can
modulate these outcomes® ¥, Maternal nutritional status and oxidative stress levels further

19-21

modify fetal susceptibility to alcohol-induced damage Understanding these complex

interactions is critical for mitigating FASD risk.

4.1.2 Role of Maternal Nutrition and Oxidative Stress

Suboptimal maternal nutrition can worsen alcohol’s teratogenic effects, increasing FASD
risk beyond the independent contributions of PAE or nutrient deficiency alone!®. Oxidative
stress, an imbalance favoring ROS production over antioxidant defenses, appears central
to PAE-induced fetal damage®*?!. Alcohol metabolism generates ROS, potentially over-
whelming endogenous antioxidants and damaging developing tissues, particularly the fetal
brain??;?!. Deficiencies in nutrients, such as zinc or copper required for antioxidant en-
zymes like CuZnSOD, compromise these defenses'®. PAE can induce secondary nutritional
deficits. The alcohol-triggered APR involves inflammation-mediated hepatic zinc sequestra-
tion. This process reduces zinc availability for the fetus'®?324. Animal studies demonstrated
that marginal zinc status exacerbated alcohol’s teratogenic effects, while zinc supplementa-

tion offered protection®26,

4.1.3 Challenges in PAE Research and Alcohol Trajectory Analy-
sis

Investigating these nutrition and PAE interactions in humans faces difficulties related to

the diverse patterns of alcohol consumption during pregnancy. Binary classifications like

drinker versus non-drinker obscure critical details of quantity, frequency, and timing. Previ-

ous research indicated that analyzing longitudinal alcohol consumption trajectories predicted

differential risks for adverse child outcomes more effectively than static categories?”2®. Yet, a
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gap remains in understanding how these dynamic patterns of PAE interact with the mother’s

changing nutritional status throughout gestation to influence fetal development.

4.1.4 Study Rationale and Objectives

Our prior work integrated detailed alcohol trajectory modeling with maternal biomarker mea-
surements (Chapter 3). Those analyses demonstrated that distinct maternal biochemical
profiles, reflecting oxidative stress, antioxidant capacity, nutrient status, and inflammation,
were associated with different gestational alcohol intake trajectories. Women following pat-
terns of higher sustained drinking showed greater physiological and nutritional disruption.
This suggests that the specific pattern of PAE, not just the presence or absence of drinking,
interacts with the maternal biochemical environment. This study extends that work by ex-
amining associations between distinct maternal alcohol consumption trajectories, concurrent
maternal biomarkers of nutritional and oxidative stress status during pregnancy, and result-
ing infant anthropometric and neurodevelopmental outcomes. The objective is to determine
how the interplay between specific PAE patterns and maternal physiological state relates to

infant outcomes.

4.2 Materials and Methods

4.2.1 Study Design and Participant Recruitment

Data originated from a prospective cohort study within the CIFASD, funded by the National
Institute on Alcohol Abuse and Alcoholism, conducted from April 2008 to August 2012 at
two prenatal care facilities in Western Ukraine: the Rivne Regional Medical Diagnostic Cen-
ter and the Khmelnytsky Perinatal Center. These sites participated in OMNI-Net, a network
for birth defects prevention. The CIFASD parent study aimed to characterize FASD, de-
velop improved diagnostic and prevention strategies, and investigate maternal nutrition as

a modifying factor; detailed methods and scope of CIFASD studies appear elsewhere?:30,
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Institutional review boards at the University of California San Diego and Lviv Medical Uni-
versity in Ukraine approved the study protocol. All participants provided written informed
consent before enrollment. Pregnant women attending routine prenatal visits at these centers
were screened for alcohol consumption. Women entered an AE group if they reported alcohol
consumption during the month near conception or the most recent pregnancy month meeting
one of the following criteria: weekly binge-drinking episodes (four to five or more standard
alcoholic drinks per occasion), five or more episodes of three to four standard drinks, or ten
or more episodes of one to two standard drinks. Upon recruitment of an AE participant,
the subsequent woman meeting criteria for low or no alcohol exposure (consuming fewer
than two drinks per occasion, two or fewer drinks per week near conception, and no alcohol

consumption during the most recent pregnancy month) entered a comparison group.

Sociodemographic, Lifestyle, and Clinical Data Collection

Data acquisition consisted of maternal interviews and biological sampling at enrollment
and a follow-up visit near 32 weeks gestation. Interviews recorded demographics, BMI
prior to pregnancy, SES (Hollingshead ratings), health behaviors like tobacco use, existing
supplement use, and pregnancy characteristics. Maternal blood samples were obtained at

enrollment and the third-trimester visit for biomarker analysis.

Gestational Visit Scheduling and Data Handling

We categorized gestational timing for maternal interviews using the method of Sowell et al.
(2018); this method separated visits into early /mid pregnancy (< 26 weeks) or late preg-
nancy (> 26 weeks)3!. If a participant attended two visits within the early/mid pregnancy

period, we excluded the second visit to prevent data duplication.
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Assessment of Prenatal Alcohol Exposure

Alcohol Consumption Quantification We quantified maternal alcohol consumption
using a TLFB method3? for women reporting any lifetime drinking. The TLFB captured
day-by-day alcohol intake (type, quantity, frequency) for a typical week near conception, for
the two weeks preceding enrollment, and changes reported at a follow-up visit (approximately
32 weeks’ gestation), with quantities converted to absolute ounces of alcohol (0zAA) per day

(one standard drink equaled 0.5 0zAA).

Latent Class Trajectory Modeling To construct individual consumption trajectories,
we assigned the reported consumption at conception from week 0 until the week preceding
pregnancy recognition, applied the consumption level at pregnancy recognition from that
week until the follow-up visit, and used the follow-up visit measurement from that point
through delivery, creating a continuous series of weekly alcohol intake values. Details re-
garding inclusion criteria, such as the exclusion of twin pregnancies and participants with
insufficient data for trajectory construction, are described previously (Chapter 3). For mod-
eling, we aggregated weekly data into monthly averages to reduce data dimensionality and
collinearity. We then used Mplus (version 8.11)%% to estimate a GMM identifying latent
classes of similar alcohol consumption trajectories among individuals reporting any alcohol
intake; women reporting no alcohol consumption formed an a priori defined subset and were
excluded from this modeling. The GMM defined classes with two growth factors (intercept
and slope) across seven measurement points (conception, and months 1, 2, 3, 4, 7, and 10).
Within each class, the model permitted intercept and slope to vary, capturing individual
deviations. We fixed the covariance between intercept and slope at zero, meaning an indi-
vidual’s initial consumption level did not predict the rate of change, a restriction that aided
convergence and model estimation with missing information. The Mplus syntax appears in
Supplemental Code Listing A.1. A four-class solution was selected based on its balance of

AIC, BIC, and its alignment with trajectories from previous studies of this population?”-2®
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(Figure 4.1). The four latent class prenatal alcohol consumption trajectories and the ab-
stained group were: Abstain (N=328), Low (N=70), ModDisc (N=99), HighMod (N=128),
and VHigh (N=40).
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Figure 4.1: Mean prenatal alcohol consumption trajectories (ounces of absolute alcohol
[ozAA]/day) for the four identified latent classes and the Abstained group.

Maternal Biomarker Assays

Specifics for these maternal biological analyses were described previously (Chapter 3). Ery-

throcyte SOD activity was determined spectrophotometrically by its inhibition of pyrogallol

4

autooxidation®*. Erythrocyte GPx activity was quantified using a coupled enzymatic re-

35,36

action monitoring NADPH oxidation®>°°. Erythrocyte GRed activity was measured via a
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kinetic spectrophotometric assay observing NADPH oxidation during GSSG reduction®"3.

Plasma TBARS were quantified fluorometrically after reaction of plasma components with

39-41

TBA and subsequent extraction . Plasma TRAP was assessed with a chemiluminescence-

based assay measuring the lag phase of luminol degradation initiated by ABAP, with cali-

bration against Trolox*?43

. Plasma zinc, iron, and copper concentrations were determined
using [CP-OES. Plasma CP oxidase activity was quantified by a kinetic spectrophotometric
assay measuring o-dianisidine dihydrochloride oxidation**. A solid-phase chemiluminescent
immunometric assay quantified plasma hsCRP concentrations, and a solid-phase, two-site
chemiluminescent immunometric assay quantified plasma ferritin; both assays utilized an IM-

MULITE analyzer. Plasma TfR concentrations were measured with a quantitative sandwich

enzyme immunoassay.

4.2.2 Infant Outcome Assessment

Infant anthropometric measures at birth (birthweight in grams, length in cm, head cir-
cumference in cm, gestational age at birth in weeks) were obtained from medical records.
Neurodevelopment was evaluated at approximately 6 and 12 months postpartum. Trained
psychologists, blinded to maternal alcohol exposure and intervention group status, admin-
istered the BSID-II, Second Edition?. This assessment provided standardized scores (pop-
ulation mean=100, SD=15), age-corrected for infants born before 37 weeks gestation, for
the MDI and the PDI. The MDI assessed early cognitive and language abilities, including
knowledge, problem-solving, and memory. The PDI evaluated motor skills, such as body

control and the coordination of large and fine muscle movements.
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4.2.3 Data Management and Pre-processing
Covariate Definition and Imputation

We created a composite classification for maternal smoking from self-reported smoking status
and reported daily smoking counts. This classification identified individuals who reported
no smoking and quantified daily smoking for those who smoked.

Missing covariate data were imputed using the missForest nonparametric algorithm
)16

247 a method that accommodates mixed-type data and

(version 1.5)* in R version 4.4.
utilizes all available measures; biomarker data and alcohol intake were not imputed. The
specifics of the twelve imputed covariates, each with 1-2% missing data (including pre-
pregnancy BMI), alongside their individual mean squared error estimates from the impu-
tation procedure (500 trees, 100 iterations), are detailed in Chapter 3; the resulting im-

putations remained within original data ranges and were near the mean and median of

non-missing observations.

Outlier Identification and Winsorization

Outliers across covariates and biomarkers were identified visually (Q—Q plots, histograms)
and with Rosner’s test in R using the EnvStats package (version 3.0.0)%8; identified outliers
were winsorized by substituting the next highest or lowest non-outlier value. This approach
was applied to daily alcohol consumption data (at conception, enrollment, and a follow-up
pregnancy visit) and to second-visit data for TBARS and plasma iron. Chapter 3 provides
detailed descriptions of these outliers, their test statistics, and replacement values; three
alcohol outliers at conception, one at enrollment, and three at follow-up, plus one outlier for

TBARS and one for plasma iron, were winsorized to aid model convergence.
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4.2.4 Statistical Analysis
Alcohol Trajectories, Infant Sex, and Infant Outcomes
Alcohol Trajectories, Infant Sex, and Maternal Biomarker Status

We examined associations of maternal alcohol consumption trajectories and infant sex with
maternal biomarkers at two pregnancy periods (early/mid and late pregnancy), including
TBARS, erythrocyte GPx, erythrocyte GRed, erythrocyte SOD, TRAP, hsCRP, CP, cop-
per, zing, iron, ferritin, and TfR. A series of GLMs modeled each maternal biomarker as
an outcome for each pregnancy period, with models including maternal alcohol consump-
tion trajectory, infant sex, and an interaction term between alcohol trajectory and infant
sex. All models were adjusted for covariates: gestational age at the visit, pre-pregnancy
BMI, interview location, marijuana use during pregnancy, maternal age at enrollment, ma-
ternal years of education, Hollingshead SES, total smoking during pregnancy, and gravidity.
We fitted models using the glmmTMB package (version 1.1.10)% in R (version 4.4.2)17. Pair-
wise comparisons evaluated differences in maternal biomarker levels across alcohol trajectory
groups stratified by infant sex, and differences between sexes within each alcohol trajectory
group. P-values from these multiple comparisons were adjusted using the BH procedure,

and statistical significance was set at an adjusted p-value < 0.05.

Maternal Physiological Status and Infant Outcomes

To investigate the relationships between maternal physiological status during pregnancy and
infant outcomes, a series of GLMs was constructed. These models examined associations of
maternal biomarkers, measured separately during early /mid-pregnancy and late pregnancy,
with infant anthropometric measures at birth and neurodevelopmental scores (MDI and
PDI from the BSID-II, Second Edition) at 6 and 12 months postpartum. For each mater-
nal biomarker and child outcome pair, the GLM included the specific maternal biomarker,

alcohol consumption trajectory, and infant sex as primary predictors. Each model incorpo-
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rated a three-way interaction term (maternal biomarker * alcohol consumption trajectory
* infant sex) to assess differential effects. Models adjusted for maternal age at enrollment,
Hollingshead SES, and total smoking during pregnancy. We fitted models using the glmmTMB
package (version 1.1.10)% in R (version 4.4.2)%7. Post-hoc analyses of models examined the
slope of the maternal biomarker’s association with the outcome by: 1) comparing slopes
between infant sexes within each maternal alcohol consumption trajectory group; 2) com-
paring slopes between maternal alcohol consumption trajectory groups within each infant
sex. P-values for multiple comparisons in post-hoc analyses were adjusted using the BH
procedure.

To account for multiple comparisons, we applied the Benjamini-Hochberg procedure to
control the FDR®’. This method, which adjusts p-values based on their rank, was selected
over the Bonferroni correction to mitigate the increased risk of Type II errors associated

with the Bonferroni approach and to avoid overcorrecting non-significant results®’. Both

uncorrected p-values and FDR-adjusted g-values are presented.

4.3 Results

4.3.1 Alcohol Trajectories, Infant Sex, and Infant Outcomes

We used GLMs to assess associations of maternal alcohol consumption trajectories and infant
sex with infant developmental outcomes. Each model evaluated main effects of alcohol
trajectory, infant sex, and their interaction on infant anthropometric measures at birth
(birthweight, length, head circumference) and neurodevelopmental scores (MDI and PDI)
at 6 and 12 months. Analyses adjusted for maternal age at enrollment, SES, total smoking
during pregnancy, gestational age at birth, and maternal MVM supplementation status.
The alcohol trajectory-infant sex interaction was statistically significant (p < 0.05) for
birthweight, infant length at birth, head circumference at birth, 6-month MDI, 6-month PDI,

12-month MDI, and 12-month PDI. Post-hoc analyses for these outcomes showed differential
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effects of alcohol exposure patterns between male and female infants.

4.3.2 Alcohol Trajectories, Infant Sex, and Maternal Biomarker

Status

GLMs assessed interactions between maternal alcohol consumption trajectories and infant
sex on maternal biomarker levels. These models evaluated if the relationship between alcohol
exposure patterns and maternal biochemical status differed for mothers carrying male versus
female fetuses. Results for biomarkers that showed a significant interaction effect, alongside

iron, are included below.

Maternal Erythrocyte GPx Activity

An examination of maternal erythrocyte GPx activity showed that its association with ma-
ternal alcohol consumption trajectory differed by infant sex. This sex-specific pattern in the
relationship between alcohol trajectory and GPx levels appeared during early /mid pregnancy
(8 = 0.136; SE = 0.052; p = 0.008). The pattern continued into late pregnancy (5 = 0.208;
SE = 0.047; p < 0.001).

Sex Differences in Maternal Erythrocyte GPx Activity Maternal erythrocyte GPx
activity differed between mothers carrying male versus female fetuses within certain alcohol
consumption trajectory groups (Table 4.1).

During early/mid pregnancy, mothers carrying male fetuses in the VHigh alcohol con-
sumption trajectory group had lower GPx levels compared to mothers carrying female fetuses
in the same trajectory group (p = 0.026) (Table 4.1). Other trajectory groups did not show
sex-specific differences in GPx levels at this time point. During late pregnancy, mothers
carrying male fetuses had lower GPx levels than those carrying female fetuses within the

Abstain (p = 0.034), HighMod (p < 0.001), and VHigh (p = 0.002) trajectory groups.
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Maternal Erythrocyte GPx Activity Across Alcohol Trajectories Stratified by
Infant Sex For mothers carrying male fetuses during early/mid pregnancy, those in the
VHigh trajectory group showed lower GPx levels compared to those in the Abstain group (p
= 0.002; q = 0.007), the Low group (p < 0.001; q = 0.004), and the ModDisc group (p <
0.001; q = 0.004) (Table 4.1). The GPx levels in the VHigh group were lower than in the
HighMod group (p = 0.024; q = 0.060).

During late pregnancy, among mothers carrying male fetuses, those in the HighMod
trajectory group had lower GPx levels than those in the Abstain group (p < 0.001; q =
0.006) and the Low group (p = 0.009; q = 0.047). Their GPx levels were lower compared to
the ModDisc group (p = 0.021; g = 0.061).

For mothers carrying female fetuses, differences in GPx levels across alcohol consump-
tion trajectory groups during early /mid pregnancy were not found after BH adjustment for
multiple comparisons. During late pregnancy, among mothers carrying female fetuses, those
in the VHigh trajectory group had higher GPx levels compared to those in the Abstain
group (p = 0.008; q = 0.076) and the Low group (p = 0.046; ¢ = 0.114). After BH adjust-
ment, these differences were not statistically significant. Other comparisons across trajectory
groups for mothers carrying female fetuses at this time point showed no differences after BH

adjustment.

Table 4.1: Maternal Erythrocyte Glutathione Peroxidase (GPx) Activity by Prenatal
Alcohol Exposure Trajectory, Pregnancy Timing, and Infant Sex

Prenatal Alcohol Exposure Trajectory
Timing Sex Abstain Low ModDisc HighMod VHigh

Early/Mid Male  15.65 (0.03)* 16.35 (0.05)* 16.22 (0.04)* 15.14 (0.04)*" 13.27 (0.06)>1
Female 15.53 (0.03)* 15.11 (0.05)* 15.21 (0.04)* 15.49 (0.04)* 15.53 (0.06)2
Late Male 16.54 (0.03)*" 16.52 (0.04)* 16.14 (0.04)2> 14.68 (0.04)PT 14.76 (0.05)2P
Female 15.76 (0.03)2T 16.00 (0.05)* 15.91 (0.04)* 16.90 (0.03)*" 17.94 (0.05)2f

Values are mean (SE) U/g Hb.
2> Within each row, means not sharing a common letter differ significantly (BH-adjusted p < 0.05).
t Significant sex difference within trajectory group and timing (p < 0.05).
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Maternal Plasma Copper

The analysis of maternal plasma copper levels showed differing patterns of association with
maternal alcohol consumption trajectory and infant sex at distinct stages of pregnancy. Dur-
ing early/mid pregnancy, the interaction between maternal alcohol consumption trajectory
and infant sex on maternal plasma copper levels was marginal (5 = -0.139; SE = 0.077; p
= 0.073). In late pregnancy, a significant interaction was noted between alcohol trajectory

and infant sex (8 = -0.189; SE = 0.091; p = 0.038).

Sex Differences in Maternal Plasma Copper During early/mid and late pregnancy,
sex differences in maternal plasma copper levels within any of the alcohol trajectory groups

were not observed after BH adjustment (Table 4.2).

Maternal Plasma Copper Across Alcohol Trajectories Stratified by Infant Sex
For mothers carrying male fetuses, differences in plasma copper levels across the alcohol
consumption trajectory groups during either early/mid pregnancy or late pregnancy were
not observed after BH adjustment (Table 4.2).

For mothers carrying female fetuses during early/mid pregnancy, those in the VHigh
trajectory group had lower copper levels compared to those in the Abstain group (p < 0.001;
q = 0.003), the Low group (p = 0.011; q = 0.028), the ModDisc group (p < 0.001; q = 0.003),
and the HighMod group (p = 0.003; q = 0.008) (Table 4.2). These differences remained
after BH adjustment.

During late pregnancy, among mothers carrying female fetuses, those in the VHigh tra-
jectory group exhibited lower copper levels compared to those in the Abstain group (p =
0.001; q = 0.009), the ModDisc group (p = 0.003; q = 0.009), and the HighMod group (p
= 0.003; q = 0.009) (Table 4.2). Lower copper in the VHigh group compared to the Low
group was also observed (p = 0.030; q = 0.074); this comparison was marginal after BH

adjustment.
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Table 4.2: Maternal Plasma Copper Levels by Prenatal Alcohol Exposure Trajec-
tory, Pregnancy Timing, and Infant Sex

Prenatal Alcohol Exposure Trajectory
Timing Sex Abstain Low ModDisc HighMod VHigh

Early/Mid Male  1.65 (0.05)* 1.61 (0.06)* 1.61 (0.06)* 1.58 (0.06)* 1.50 (0.09)
Female 1.68 (0.05)* 1.62 (0.07)* 1.71 (0.06)* 1.66 (0.06)* 1.36 (0.09)"
Late Male  1.85 (0.06)* 1.86 (0.09)* 1.83 (0.08)* 1.73 (0.07)> 1.70 (0.11)2
Female 1.88 (0.06)* 1.80 (0.09)*" 1.87 (0.08)* 1.87 (0.07)* 1.53 (0.11)P

Values are mean (SE) mg/L.

2> Within each row, means not sharing a common letter differ significantly (BH-adjusted p <
0.05).

T Significant sex difference within trajectory group and timing (p < 0.05).

Maternal Plasma Zinc

Analysis of maternal zinc levels showed differing associations with maternal alcohol con-
sumption trajectory and infant sex across pregnancy stages. During early /mid pregnancy,
interaction effects between maternal alcohol consumption trajectory and infant sex on ma-
ternal zinc levels were not found (8 = -0.011; SE = 0.036; p = 0.764). In late pregnancy,
an interaction appeared for alcohol trajectory and infant sex (5 = -0.079; SE = 0.028; p =
0.004). These observations indicated that the pattern of association between alcohol con-
sumption trajectories and maternal zinc levels in late pregnancy differed for mothers carrying

male versus female fetuses.

Sex Differences in Maternal Plasma Zinc Maternal zinc levels between mothers carry-
ing male versus female fetuses were examined within alcohol consumption trajectory groups.
During early/mid pregnancy, sex differences in maternal zinc levels within any of the alcohol
trajectory groups were not observed after BH adjustment.

During late pregnancy, mothers carrying male fetuses in the VHigh alcohol consumption
trajectory group had higher zinc levels compared to mothers carrying female fetuses in the
same trajectory group (p = 0.013) (Table 4.3). Other trajectory groups did not show

sex-specific differences in zinc levels at this time point.
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Maternal Zinc Across Alcohol Trajectories Stratified by Infant Sex Maternal
zinc levels across different alcohol consumption trajectories were examined separately for
each infant sex during late pregnancy.

During late pregnancy, among mothers carrying female fetuses, those in the VHigh tra-
jectory group showed lower zinc levels compared to those in the Abstain group (p < 0.001; q
= 0.002), the Low group (p = 0.001; q = 0.003), the ModDisc group (p < 0.001; q < 0.001),
and the HighMod group (p < 0.001; q < 0.001) (Table 4.3). These differences remained
after BH adjustment. Among mothers carrying male fetuses, differences in plasma zinc levels

across the alcohol consumption trajectory groups were not observed after BH adjustment.

Table 4.3: Maternal zinc Levels by Prenatal Alcohol Exposure Trajectory, Preg-
nancy Timing, and Infant Sex

Prenatal Alcohol Exposure Trajectory
Timing Sex Abstain Low ModDisc HighMod VHigh

Early/Mid Male  0.63 (0.02)* 0.64 (0.02) 0.64 (0.02)* 0.64 (0.02)* 0.56 (0.03)
Female 0.65 (0.02)* 0.64 (0.02)* 0.65 (0.02)* 0.64 (0.02)* 0.56 (0.04)
Late Male  0.57 (0.02)* 0.56 (0.02)* 0.57 (0.02)* 0.57 (0.02)* 0.55 (0.03)>f
Female 0.55 (0.02)* 0.56 (0.03)* 0.59 (0.02)* 0.59 (0.02)* 0.45 (0.03)™1

Values are mean (SE) mg/L.

ab Within each row, means not sharing a common letter differ significantly (BH-adjusted p <
0.05).

T Significant sex difference within trajectory group and timing (p < 0.05).

Maternal Plasma Iron

Analysis of maternal plasma iron levels showed minimal interaction effects between maternal
alcohol consumption trajectory and infant sex during early/mid pregnancy or late pregnancy
(Table 4.4). This indicated the relationship between maternal alcohol consumption patterns

and maternal iron levels did not differ for mothers carrying male versus female fetuses.

171



Table 4.4: Maternal Plasma Iron Levels by Prenatal Alcohol Exposure Trajectory,
Pregnancy Timing, and Infant Sex

Prenatal Alcohol Exposure Trajectory
Timing Sex Abstain Low ModDisc HighMod VHigh

Early/Mid  Male 0.86 (0.05)* 0.87 (0.08)> 1.04 (0.06)2> 0.96 (0.07)2> 0.94 (0.10)2P
Female 0.90 (0.05) 0.99 (0.07) 0.97 (0.07) 0.99 (0.06) 1.05 (0 12)

Late Male  0.74 (0.07) 0.77 (0.09) 0.80 (0.09) 0.79 (0.07) 0.82 (0.11)
Female 0.72 (0.07) 0.75 (0.10) 0.75 (0.09) 0.80 (0.08) 0.64 (0.12)

Values are mean (SE) mg/L.
2> Within each row, means not sharing a common letter differ significantly (BH-adjusted p <
0.05).

4.3.3 Interactive Effects of Maternal Biomarkers, Prenatal Alco-
hol Exposure Trajectories, and Infant Sex on Infant Out-

comes
Erythrocyte Antioxidant Enzymes (GPx and SOD)

Late Pregnancy Erythrocyte GPx Activity and 6-Month MDI Scores Analysis
of the relationship between maternal erythrocyte GPx activity and infant MDI scores at
6 months showed significant sex differences within alcohol trajectory groups and distinct
patterns across drinking profiles when stratified by infant sex.

Significant sex differences emerged within specific alcohol trajectory groups. In the Low
group, male infants (8 = -0.625; SE = 0.419) showed a substantially more negative GPx-MDI
relationship than female infants (8 = 0.712; SE = 0.459; p = 0.032) (Figure 4.2). This sex
divergence was also observed in the VHigh group, where male infants exhibited a negative as-
sociation (5 = -2.672; SE = 0.506) while female infants demonstrated a positive relationship
(8 = 1.546; SE = 0.584; p < 0.001).

When comparing trajectory groups within males, the VHigh group demonstrated a signif-
icantly more negative GPx-MDI relationship than all other drinking patterns. The GPx-MDI

relationship in the VHigh group (f = -2.672; SE = 0.506) was more negative than in the
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Abstain (8 = -0.300; SE = 0.201; p < 0.001; q < 0.001), Low (5 = -0.625; SE = 0.419; p =
0.002; q = 0.005), ModDisc (8 = 0.058; SE = 0.419; p < 0.001; q < 0.001), and HighMod
groups (5 = -0.172; SE = 0.359; p < 0.001; q < 0.001) (Figure 4.2). All these differences
remained significant after adjustment for multiple comparisons.

For female infants, the pattern was reversed. VHigh group (f = 1.546; SE = 0.584)
showed a significantly more positive GPx-MDI relationship than both the Abstain (8 =
-0.059; SE = 0.219; p = 0.010; q = 0.039) and HighMod groups (8 = -0.790; SE = 0.404;
p = 0.001; g = 0.010), with both comparisons remaining significant after correction (Figure
4.2). HighMod group (8 = -0.790; SE = 0.404) exhibited a more negative relationship than
both the Low (8 = 0.712; SE = 0.459; p = 0.014; q = 0.039) and ModDisc groups (5 =
0.527; SE = 0.364; p = 0.016; q = 0.039).

Late Pregnancy Erythrocyte GPx Activity and 12-Month MDI Scores Analy-
sis of the relationship between maternal GPx and infant mental development at 12 months
showed significant interactions with both infant sex and maternal alcohol consumption pat-
terns.

Sex-specific associations varied across alcohol trajectory groups. In the Abstain group,
male infants (8 = —0.572; SE = 0.349) showed a significantly more negative GPx-MDI
relationship compared to female infants (8 = 0.676; SE = 0.368; p = 0.014) (Figure 4.3).
This sex difference was even more pronounced in the VHigh group, where males demonstrated
a strong negative association (5 = —1.989; SE = 0.730) while females exhibited a positive
relationship (8 = 1.458; SE = 0.953; p = 0.004).

Among male infants, the VHigh group (5 = -1.989; SE = 0.730) displayed a more negative
GPx-MDI relationship than both the ModDisc group (8 = 0.241; SE = 0.687; p = 0.026; q =
0.132) and the HighMod group (5 = 0.242; SE = 0.520; p = 0.012; q = 0.121) (Figure 4.3).

These differences did not maintain significance after adjustment for multiple comparisons.
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Association between maternal RBC GPx and Infant 6-Month MDI Score
By Alcohol Consumption Pattern and Infant Sex
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Figure 4.2: Association between maternal RBC GPx and infant 6-month MDI score by
alcohol consumption pattern and infant sex

Late Pregnancy Erythrocyte GPx Activity and Infant Head Circumference at
Birth Comparisons of the associations between maternal GPx and infant head circumfer-
ence showed no significant sex differences within any of the alcohol trajectory groups, though
a trend toward a sex difference was noted in the VHigh group (8 = —0.325; SE = 0.171; p
= 0.057) (Figure 4.4).

Among female infants, the VHigh trajectory group demonstrated a significantly stronger
positive association between maternal GPx and infant head circumference (8 = 0.386; SE =
0.119) compared to the Abstain group (5 = 0.052; SE = 0.048; p = 0.009; q = 0.030), the
Low group (5 = —0.070; SE = 0.112; p = 0.005; q = 0.030), and the HighMod group (5 =
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Association between maternal RBC GPx and Infant 12-Month MDI Score
By Alcohol Consumption Pattern and Infant Sex
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Figure 4.3: Association between maternal RBC GPx and infant 12-month MDI score by
alcohol consumption pattern and infant sex

0.011; SE = 0.078; p = 0.008; q = 0.030) (Figure 4.4). A similar pattern was observed in
comparison with the ModDisc group (8 = 0.074; SE = 0.077; p = 0.028; q = 0.069), though
this difference did not remain significant after adjustment for multiple comparisons.

For male infants, no significant differences in the GPx-head circumference relationship

were observed across alcohol trajectory groups.

Early /Mid Pregnancy Erythrocyte SOD Activity and 6-Month PDI Scores Anal-
ysis of the relationship between maternal erythrocyte SOD and infant PDI scores at 6 months

showed sex differences in the VHigh alcohol trajectory group, with female infants (8 =
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Association between maternal RBC GPx and Infant Head Circumference
By Alcohol Consumption Pattern and Infant Sex

0.8T :
T 06] —
=i
=
: 0.4 : I
: -
2
© 0.2 . :
=
g ® -
m } } [ ]
D 0| ]
i(.:;/ o
2 —02] : L]
Q
7
—0.4 | ]
|

| | | |
Abstain Low ModDisc HighMod VeryHigh

Maternal Alcohol Consumption Pattern

Infant Sex —e-Male —e— Female

Figure 4.4: Association between maternal RBC GPx and infant head circumference by
alcohol consumption pattern and infant sex

—0.058; SE = 0.027) demonstrating a more negative association between maternal SOD and
PDI scores compared to male infants (8 = 0.014; SE = 0.022; p = 0.038) (Figure 4.5).
Within male and female infants, the relationship between maternal SOD and 6-month PDI

scores did not differ significantly across alcohol trajectory groups.

Plasma Markers of Oxidative Stress and Antioxidant Capacity (TRAP and
TBARS)

Late Pregnancy Plasma TRAP and 6-Month MDI Scores Analysis of maternal

TRAP levels in relation to infant mental development at 6 months showed a notable sex-
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Association between maternal RBC SOD and Infant 6-Month PDI Score
By Alcohol Consumption Pattern and Infant Sex
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Figure 4.5: Association between maternal RBC SOD and infant 6-month PDI score by
alcohol consumption pattern and infant sex

specific pattern in the HighMod alcohol group where male infants (8 = —20.920; SE = 7.100)
exhibited a significantly more negative association between maternal TRAP and infant MDI
scores at 6 months compared to female infants (§ = —0.770; SE = 6.250; p = 0.033) (Figure
4.6).

When examining differences across alcohol trajectory groups within each sex, male infants
in the HighMod group (6 = —20.920; SE = 7.100) showed a substantially more negative
relationship between maternal TRAP and 6 month MDI score compared to males in the
Abstain group (8 = —-1.150; SE = 2.540; p = 0.009; q = 0.090), though this difference

only approached statistical significance after adjustment for multiple comparisons (Figure
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4.6). Male infants in the HighMod group also demonstrated a more negative TRAP-MDI
association than those in the VHigh group (8 = —1.010; SE = 6.240; p = 0.035; q = 0.174),
but this comparison did not retain significance after correction.

Among female infants, no significant differences across alcohol trajectory groups was

observed.

Association between maternal TRAP and Infant 6-Month MDI Score
By Alcohol Consumption Pattern and Infant Sex

20 |- T 8

o
Z o) 1
= } ¢ )
=
A
<
S : | SR (R
o
o)
Q
0 1

—40 |- B

\

| | | |
Abstain Low ModDisc HighMod  VHigh

Maternal Alcohol Consumption Pattern

Infant Sex —eMale —e—Female

Figure 4.6: Association between maternal TRAP and infant 6-month MDI score by alcohol
consumption pattern and infant sex

Early /Mid Pregnancy Plasma TBARS and 6-Month MDI Scores Analysis of
maternal TBARS levels in relation to 6-month MDI score showed distinct patterns across

infant sex and maternal alcohol trajectory groups. Sex differences emerged in the relationship
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between maternal TBARS and 6-month MDI score within the ModDisc group (8 = 16.589;
SE = 6.366; p = 0.009), the HighMod group (f = —10.678; SE = 5.348; p = 0.046), and the
VHigh group (5 = 10.445; SE = 4.566; p = 0.022) (Figure 4.7).

Among male infants, those whose mothers followed the ModDisc trajectory exhibited a
positive association between maternal TBARS and 6-month MDI scores (f = 16.724; SE
= 5.660) (Figure 4.7). This relationship differed significantly from that observed in males
from the Abstain group (5 = —2.202; SE = 1.580; p = 0.001; q = 0.006), the Low group (3
= -0.459; SE = 4.700; p = 0.019; q = 0.048), the HighMod group (8 = —11.275; SE = 4.010;
p < 0.001; q < 0.001), and the VHigh group (8 = 2.160; SE = 3.810; p = 0.033; q = 0.059).
The comparison with the VHigh group remained marginally significant after correction for
multiple comparisons.

Male infants from the HighMod group showed a negative relationship between maternal
TBARS and 6-month MDI score (5 = —-11.275; SE = 4.010) that differed from the Abstain
group (5 = —2.202; SE = 1.580; p = 0.035; q = 0.059), though this difference was marginally
significant after adjustment (Figure 4.7). The relationship in this group also differed sig-
nificantly from that observed in the VHigh group (5 = 2.160; SE = 3.810; p = 0.016; q =
0.048).

Among female infants, no alcohol trajectory contrasts remained significant after adjusting

for multiple comparisons.

Early/Mid Pregnancy Plasma TBARS and 6-Month PDI Scores Analysis of ma-
ternal TBARS levels showed significant associations with child developmental outcomes that
varied by both infant sex and maternal alcohol consumption patterns.

Within the ModDisc alcohol trajectory group, male infants exhibited a markedly different
relationship between maternal TBARS levels and 6-Month PDI compared to female infants
(8 =33.377; SE = 11.261; p = 0.003) (Figure 4.8). Male infants showed a positive association

(8 = 36.420; SE = 10.200) while female infants demonstrated a negligible relationship (§ =
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Association between maternal TBARS and Infant 6-Month MDI Score
By Alcohol Consumption Pattern and Infant Sex
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Figure 4.7: Association between maternal TBARS and infant 6-month MDI score by alcohol
consumption pattern and infant sex

3.040; SE = 4.750).

Among male infants, maternal TBARS levels in the Low group demonstrated a strong
positive association with 6-Month PDI (8 = 24.880; SE = 8.790), which differed significantly
from the relationship observed in the Abstain group (5 = —5.340; SE = 2.600; p = 0.001; ¢
= 0.002) (Figure 4.8). This pattern persisted when comparing the Low group to both the
HighMod group (8 = —7.940; SE = 6.800; p = 0.003; q = 0.006) and the VHigh group (5 =
—7.080; SE = 6.740; p = 0.004; q = 0.006).

The ModDisc group of male infants displayed the strongest positive association between

maternal TBARS and 6-Month PDI (5 = 36.420; SE = 10.200) (Figure 4.8). This rela-
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tionship differed significantly from the patterns observed in the Abstain group (8 = —5.340;
SE = 2.600; p < 0.001; q < 0.001), the HighMod group (5 = -7.940; SE = 6.800; p <
0.001; g = 0.001), and the VHigh group (8 = —7.080; SE = 6.740; p < 0.001; ¢ = 0.001). In
contrast, female infants showed less pronounced differences across alcohol trajectory groups.
The Low group (5 = 14.080; SE = 7.490) had a stronger positive association between ma-
ternal TBARS and 6-Month PDI than both the Abstain group (8 = —4.900; SE = 2.650; p
= 0.017; q = 0.084) and the VHigh group (8 = —6.560; SE = 4.010; p = 0.015; q = 0.084).
These differences did not maintain statistical significance after adjustment for multiple com-

parisons.

Association between maternal TBARS and Infant 6-Month PDI Score
By Alcohol Consumption Pattern and Infant Sex
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Figure 4.8: Association between maternal TBARS and infant 6-month PDI score by alcohol
consumption pattern and infant sex
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Markers of Inflammation and Related Micronutrients (hsCRP, CP, and Copper)

Early/Mid Pregnancy hsCRP and 12-Month MDI Scores Analysis of maternal
high-sensitivity CRP in relation to infant MDI scores at 12 months showed no significant
differences between male and female infants across all alcohol trajectory groups.

Among male infants, those born to mothers in the VHigh alcohol consumption group
demonstrated a significant negative association between maternal hsCRP and 12-month
MDI scores (f = -9.846; SE = 3.920) compared to all other trajectory groups (Figure 4.9).
This negative relationship was significantly different from the positive associations observed
in the ModDisc group (8 = 5.194; SE = 3.720; p = 0.006; q = 0.028) and the HighMod
group (5 = 4.591; SE = 3.130; p = 0.004; q = 0.028), with both comparisons remaining
significant after adjustment for multiple comparisons. The VHigh group also showed more
negative hsCRP-MDI relationships than the Abstain group (8 = -1.117; SE = 1.390; p =
0.036; ¢ = 0.109) and the Low group (5 = 1.913; SE = 4.290; p = 0.044; q = 0.109), though
these differences did not retain significance after correction.

In contrast, female infants showed no significant differences in hsCRP-MDI relationships

across alcohol trajectory groups.

Early /Mid Pregnancy hsCRP and Infant Head Circumference at Birth Analysis
of the relationship between maternal hsCRP and infant head circumference showed signifi-
cant sex differences across alcohol consumption trajectories.

Within the Low trajectory, male infants (5 = -1.005; SE = 0.397) showed a significantly
more negative relationship between maternal hsCRP levels and head circumference compared
to female infants (5 = 0.081; SE = 0.331; p = 0.036) (Figure 4.10). This pattern was more
pronounced in the VHigh trajectory, where male infants exhibited a negative association (3
= -0.829; SE = 0.406) while female infants demonstrated a positive association (5 = 1.414;

SE = 0.577; p = 0.001).
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Association between maternal hsCRP and Infant 12-Month MDI Score
By Alcohol Consumption Pattern and Infant Sex
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Figure 4.9: Association between maternal hsCRP and infant 12-month MDI score by alcohol
consumption pattern and infant sex

Early /Mid Pregnancy Ceruloplasmin (CP) activity and Infant Head Circumfer-
ence at Birth CP activity was related to infant head circumference in a pattern that
varied by alcohol trajectory group and infant sex. In the VHigh trajectory group, females (3
= 0.016; SE = 0.006) showed a significant positive relationship between maternal CP and
head circumference, while males (f = -0.010; SE = 0.004) exhibited a significant negative
association (f difference = -0.026; SE = 0.008; p = 0.001) (Figure 4.11).

Among female infants, those in the VHigh group demonstrated a significantly more pos-
itive CP-head circumference relationship than those in the ModDisc group (8 = -0.005; SE

= 0.004; g difference = -0.021; SE = 0.007; p = 0.004; q = 0.043), with this difference main-
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Association between maternal hsCRP and Infant Head Circumference
By Alcohol Consumption Pattern and Infant Sex
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Figure 4.10: Association between maternal hsCRP and infant head circumference by alcohol
consumption pattern and infant sex

taining significance after adjustment for multiple comparisons( Figure 4.11). VHigh group
also showed marginally more positive relationships compared to the Abstain (5 = 0.001; SE
= 0.002; § difference = -0.014; SE = 0.007; p = 0.030; q = 0.080), Low (5 = -0.001; SE =
0.004; g difference = -0.017; SE = 0.007; p = 0.021; q = 0.080), and HighMod groups (5 =
-0.001; SE = 0.005; g difference = -0.017; SE = 0.008; p = 0.032; ¢ = 0.080), though these
comparisons did not remain significant after adjustment.

For male infants, those in the VHigh group (8 = -0.010; SE = 0.004) had a significantly
more negative CP-head circumference relationship than the Abstain group (5 = 0.003; SE =
0.002; § difference = 0.013; SE = 0.005; p = 0.005; q = 0.046), with this contrast remaining
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significant after correction (Figure 4.11). Male infants in the Low (8 = -0.006; SE = 0.004)
and ModDisc groups (5 = -0.008; SE = 0.005) also exhibited more negative relationships
compared to the Abstain group (/5 differences = 0.010; SE = 0.005; p = 0.050; q = 0.165;
and ( difference = 0.011; SE = 0.005; p = 0.028; q = 0.139, respectively), though these

differences did not maintain significance after adjustment.

Association between maternal CP Activity and Infant Head Circumference
By Alcohol Consumption Pattern and Infant Sex
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Figure 4.11: Association between maternal CP activity and infant head circumference by
alcohol consumption pattern and infant sex

Early /Mid Pregnancy Plasma Copper and Infant Head Circumference at Birth
Analysis of the relationship between maternal plasma copper levels and infant birth head

circumference showed a sex-specific pattern across alcohol consumption trajectories.
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Within the VHigh alcohol trajectory group, male infants showed substantially smaller
head circumferences in relation to maternal plasma copper levels compared to female infants
(8 = —4.254; SE = 1.447; p = 0.003) (Figure 4.12).

Males in the VHigh group demonstrated reduced head circumference measurements com-
pared to males in the Abstain group (8 = 3.678; SE = 1.345; p = 0.006; q = 0.062) (Figure
4.12). Similar patterns emerged when comparing the VHigh group to both the ModDisc
group (f = 3.533; SE = 1.481; p = 0.017; ¢ = 0.085) and the HighMod group (5 = 3.245;
SE = 1.534; p = 0.034; q = 0.115). These differences approached but did not maintain
statistical significance after adjustment for multiple comparisons.

Female infants exhibited no significant differences in the relationship between maternal

plasma copper levels and head circumference across alcohol trajectory groups.

Early/Mid Pregnancy Plasma Copper and Infant Length at Birth Maternal
plasma copper concentrations exhibited varied associations with infant birth length across
alcohol trajectory groups, with differences noted between male and female infants (Figure
4.13). Analysis showed a significant sex difference within the VHigh alcohol trajectory group
(8 = —6.012; SE = 2.325; p = 0.010). In this group, male infants showed a strong negative
association between maternal plasma copper and birth length (5 = —6.108; SE = 2.050),
while female infants demonstrated a negligible relationship (5 = —0.096; SE = 1.120).

Male infants born to mothers in the VHigh alcohol consumption group displayed a
markedly negative relationship compared to those in the Abstain group (8 = 6.524; SE
= 2.109; p = 0.002; q = 0.020), the Low group (8 = 6.761; SE = 2.705; p = 0.012; g
= 0.047), and the HighMod group (8 = 6.025; SE = 2.454; p = 0.014; q = 0.047) (Figure
4.13). These differences remained significant after adjustment for multiple comparisons. The
contrast between the VHigh and ModDisc groups (f = 4.677; SE = 2.299; p = 0.042; q =
0.105) did not maintain significance after correction.

Female infants exhibited no significant differences in the relationship between maternal
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Association between maternal plasma Copper and Infant Head Circumferen
By Alcohol Consumption Pattern and Infant Sex
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Figure 4.12: Association between maternal plasma copper and infant head circumference by
alcohol consumption pattern and infant sex

plasma copper levels and length across alcohol trajectory groups.

Late Pregnancy Plasma Copper and 6-Month MDI Scores Analysis of associations
between maternal plasma copper levels and infant MDI at 6 months showed distinct patterns
across alcohol trajectory groups that varied by infant sex.

Sex comparisons showed that the relationship between maternal plasma copper and MDI
scores differed significantly between male and female infants in two alcohol trajectory groups.
In the Low group, female infants displayed a negative association (5 = —6.963; SE = 4.430)

compared to the positive association observed in males (8 = 5.550; SE = 3.950; p = 0.035)
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Association between maternal plasma Copper and Infant Length
By Alcohol Consumption Pattern and Infant Sex
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Figure 4.13: Association between maternal plasma copper and infant length by alcohol
consumption pattern and infant sex

(Figure 4.14). This pattern was amplified in the VHigh group, where females exhibited
a strong negative association (f = -23.089; SE = 6.290) while males showed a positive
association (8 = 9.358; SE = 10.200; p = 0.006).

Among female infants, the VHigh group demonstrated a negative association (5 =
—23.089; SE = 6.290), which differed significantly from the Abstain group (5 = 1.197; SE =
1.440; p < 0.001; g = 0.002) (Figure 4.14). This negative association in the VHigh group
also differed from the Low group (8 = —6.963; SE = 4.430; p = 0.036; q = 0.091), though
this comparison missed significance after multiple comparison adjustment. The VHigh group

showed a significantly stronger negative association compared to both the ModDisc group
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(6 = 1.921; SE = 4.730; p = 0.002; q = 0.007) and the HighMod group (5 = —1.864; SE =
3.350; p = 0.002; q = 0.007).
In contrast, male infants demonstrated no significant differences in the association be-

tween maternal plasma copper and MDI scores across alcohol trajectory groups.

Association between maternal plasma Copper and Infant 6-Month MDI Scc
By Alcohol Consumption Pattern and Infant Sex
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Figure 4.14: Association between maternal plasma copper and infant 6-month MDI score by
alcohol consumption pattern and infant sex

Late Pregnancy Plasma Copper and 12-Month MDI Scores Analysis of the asso-
ciation between maternal plasma copper levels and infant MDI score at 12 months showed

a significant sex-specific pattern within alcohol trajectory groups.

In the VHigh alcohol trajectory group, female infants (5 = —-19.960; SE = 8.220) exhibited
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a strong negative relationship between maternal plasma copper and mental development,
while male infants showed a positive relationship (8 = 12.840; SE = 6.730), resulting in a
significant sex difference (g difference = 32.808; SE = 10.706; p = 0.002) (Figure 4.15).

Among female infants, the VHigh group demonstrated a considerably more negative
copper-MDI relationship compared to other trajectory groups (Figure 4.15). This negative
association in the VHigh group differed from the positive relationships observed in the Ab-
stain group (5 = 2.000; SE = 2.590; p = 0.011; q = 0.055), the HighMod group (8 = 6.350;
SE = 5.280; p = 0.007; q = 0.055), and the ModDisc group (5 = 7.210; SE = 8.240; p =
0.020; q = 0.066). These contrasts were marginally significant after multiple comparison
adjustment.

Male infants showed no significant differences in the copper-MDI relationship across

alcohol trajectory groups.

Late Pregnancy Plasma Copper and 12-Month PDI Scores Analysis of the rela-
tionship between maternal plasma copper levels and PDI at 12 months showed a significant
sex difference within the VHigh alcohol trajectory group. Male infants displayed a posi-
tive association (5 = 6.535; SE = 7.350) while female infants exhibited a strong negative
relationship (f = -22.212; SE = 8.970; p = 0.014) (Figure 4.16).

Female infants in the VHigh group showed a significantly more negative copper-PDI
relationship than females in the ModDisc group (5 = 14.110; SE = 8.990; p = 0.004; q =
0.044) and the HighMod group (5 = 3.651; SE = 5.760; p = 0.015; q = 0.075) (Figure 4.16).
A similar pattern emerged when comparing the VHigh group to the Abstain group (8 = -
3.111; SE = 2.830; p = 0.042; q = 0.141), though this difference did not retain significance
after multiple comparison adjustment. This pattern was not observed across males across

their alcohol trajectory groups.
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Association between maternal plasma Copper and Infant 12-Month MDI Sc
By Alcohol Consumption Pattern and Infant Sex
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Figure 4.15: Association between maternal plasma copper and infant 12-month MDI score
by alcohol consumption pattern and infant sex

4.4 Discussion

Results from Chapter 3 showed alcohol-induced alterations in maternal redox balance, APR,
and nutrient homeostasis. The current work investigated connections between these mater-
nal biochemical changes and infant development outcomes. We explored whether maternal
biochemical and nutrient status, influenced by PAE, predicts infant growth and neurodevel-
opment, accounting for infant sex.

Our analysis identified three-way interactions among maternal biomarkers, alcohol ex-

posure patterns, and infant sex. These interactions show that the relationship between
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Association between maternal plasma Copper and Infant 12-Month PDI Sc
By Alcohol Consumption Pattern and Infant Sex
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Figure 4.16: Association between maternal plasma copper and infant 12-month PDI score
by alcohol consumption pattern and infant sex

maternal biochemical markers and child outcomes depends on the pattern and amount of
PAE, and on infant sex. Many of the biomarkers we examined showed sex-differentiated
responses. Within identical alcohol exposure groups, male and female infants exhibited dis-
tinct, sometimes divergent, associations between maternal biochemistry and developmental
outcomes. This sex-differentiated pattern appeared for numerous biomarkers, including CP,
hsCRP, and plasma copper.

The VHigh alcohol trajectory group presented biomarker-outcome connections distinct
from other alcohol exposure patterns. This observation suggests a threshold effect where

sustained high alcohol exposure disrupts normal physiological relationships. These findings
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are consistent with observations in Chapter 3, which reported that this highest alcohol
exposure group showed alterations in oxidative stress markers, inflammation indicators, and
micronutrient status.

The timing of biomarker measurement was an important factor. Associations between
maternal biochemistry and child outcomes varied with the timing of measurements during
pregnancy. Maternal oxidative stress, inflammation, and nutrient dysregulation, influenced
by alcohol consumption patterns throughout pregnancy, created distinct developmental en-
vironments. These environments affected male and female fetal and infant development
differently. Maternal biochemical status seems to function as a mediating pathway between
PAE and developmental outcomes. This pathway could offer intervention targets beyond

alcohol abstinence.

4.4.1 Infant Outcomes and Prenatal Alcohol Exposure Trajecto-
ries

Infants born to mothers with a VHigh alcohol consumption trajectory exhibited poorer neu-
rodevelopmental outcomes compared to infants in lower alcohol exposure groups, particularly
the Abstain group. The VHigh group demonstrated lower MDI and PDI scores at both 6
and 12 months. Regarding birth outcomes, a trend towards lower birth weight was observed
in the VHigh group relative to the Abstain group. Infant birth length showed a marginal
association with alcohol trajectory group; pairwise comparisons did not achieve statistical
significance, yet the VHigh group presented the smallest adjusted mean length. These find-
ings are consistent with established teratogenic effects of PAE, which include impaired fetal
growth and CNS disruption'®!2. The pattern of poorer outcomes in the VHigh group points
to a dose- and pattern-dependent effect of PAE. Sustained high levels of alcohol exposure

2728 Research em-

appear linked to the greatest risk for adverse developmental outcomes
ploying similar longitudinal trajectory modeling of maternal drinking patterns within the

same CIFASD cohort also found that a high, sustained PAE trajectory was associated with
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deficits in infant weight and length at birth, and in psychomotor and mental performance
at 6 to 12 months of age®”.

Maternal alcohol trajectory and infant sex interacted to influence certain outcomes. The
observed deficits in neurodevelopmental scores (MDI and PDI at both 6 and 12 months)
and the reduction in infant head circumference associated with the VHigh trajectory were
predominantly evident in female infants. The trend for lower birth weight in the VHigh
group compared to the Abstain group approached marginal significance only among females.
Male infants in this study did not exhibit differences in these neurodevelopmental scores or
birth weight across alcohol trajectory groups. Previous studies have reported sex-specific
vulnerabilities to PAE. For example, Coles et al. (2015), in a study involving a partially
overlapping CIFASD sample, found that higher periconceptual alcohol exposure more nega-
tively affected MDI scores in male infants at 6 months®?. That study also noted that MVM

supplementation had a protective effect on MDI scores®2.

4.4.2 Maternal Acute Phase Response

The current study’s observations point to a connection between PAE, maternal nutritional
status, the APR, and infant development. These results are consistent with the perspective
advanced by Keen et al. (2010), which posits that suboptimal maternal nutrition can intensify
the teratogenicity of PAE, extending beyond the direct effects of nutrient deficiency or PAE
alone!®. A poor diet establishes a maternal-fetal environment where exposures, such as
alcohol, exert magnified detrimental effects.

PAE can induce this suboptimal nutritional state partly through the APR. Stressors,
including toxicants like alcohol, trigger an APR that involves pro-inflammatory cytokines
such as TNF-a!'. A notable outcome of this response is the stimulation of hepatic MT
synthesis?*. MT binds zinc, sequestering it in the maternal liver. This sequestration process

can lead to maternal hypozincemia and diminish zinc transfer to the conceptus®. Experi-

mental data corroborate this mechanism. Various toxicants, alcohol among them, induced
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APR-linked reductions in fetal zinc uptake?*. Administration of TNF-« replicated this effect,
increasing maternal liver M'T and zinc concentrations while concurrently decreasing plasma
and embryonic zinc levels?®. The teratogenicity of alcohol appeared reduced in MT-knockout
mice, which are presumed to maintain more effective zinc transfer?®. Furthermore, the ter-
atogenicity of TNF-«a is worsened by low maternal dietary zinc and lessened by supplemental
zinc, demonstrating a direct interaction between APR inducing stress and maternal zinc sta-
tus?®. Embryo culture studies confirmed that serum from TNF-« treated animals impaired
development; adding zinc to the culture medium rescued this impairment?’.

Analysis of maternal zinc status in the current study is consistent with these APR related
mechanisms. Women who followed a VHigh drinking trajectory exhibited lower plasma
zinc concentrations compared to abstainers. Zinc deficiency impairs development through
multiple pathways, including abnormal nucleic acid metabolism, reduced protein synthesis,
altered cell signaling, and increased apoptosis among others'®3. Zinc deficiency also inhibits

54,55

neuronal cell proliferation and reduces neural progenitor cell proliferation°*°° and it triggers

54,56

apoptosis Zinc supports antioxidant defense via CuZnSOD and by inhibiting redox-

1957~ Taken together, research shows that diminished maternal zinc

active metal reactions
availability can heighten fetal susceptibility to PAE-induced oxidative stress and disrupt
developmental signaling®.

Maternal plasma copper levels were lower, or showed a downward trend, in the VHigh
group compared to abstainers. A typical APR includes hypercupremia, driven by CP pro-
duction®. The lower plasma copper observed in the high exposure group in this study could
reflect distinct chronic alcohol effects. Chronic alcohol ingestion in miniature pigs produced
significantly lower plasma copper concentrations compared to controls®. This finding from
an animal model indicates that long-term alcohol exposure can alter copper homeostasis, po-
tentially counteracting or modifying an APR driven increase in plasma copper. Copper is a

requisite for development, serving as a cofactor for enzymes involved in energy metabolism,

connective tissue formation, and antioxidant defense (CuZnSOD)%-%2. Copper deficiency
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161,63

is teratogenic, affecting the CNS and growt , and can induce oxidative stress, leading

64 Lower copper status represents an additional

to protein nitration in developing tissues
compromising nutritional factor for fetuses in the VHigh group.

The negative associations observed between these maternal biomarkers and infant out-
comes, particularly within the VHigh group, could represent the amplified teratogenicity
described by Keen and colleagues'®. Adverse outcomes might not originate from direct PAE
toxicity or a single nutrient deficit alone. Instead, they could arise from PAE occurring
within a suboptimal nutritional milieu. This milieu is characterized by reduced zinc and
copper availability, potentially aggravated by a sustained APR, rendering the fetus more
vulnerable. This interpretation is consistent with animal research that shows compromised
maternal nutrition worsens the effects of PAE, and that the teratogenicity of APR inducing
agents is amplified by marginal zinc diets?®. The co-occurrence in this analysis of negative
associations for APR markers (hsCRP, CP) and copper with adverse infant outcomes in
specific VHigh subgroups offers support for this view in human studies.

Among male infants born to mothers in the VHigh group, early/mid pregnancy findings
showed maternal CP negatively associated with head circumference, hsCRP negatively asso-
ciated with 12-month MDI, and copper negatively associated with both head circumference
and length. This pattern points to an interaction between the APR, compromised copper
status, and poorer growth and development, occurring with lower maternal zinc. For female
infants in the VHigh group during early /mid pregnancy, a different pattern was observed:
maternal CP showed a positive association with head circumference, without corresponding
negative associations for copper. This positive CP association might reflect an antioxidant
function, differing from the pattern seen in males or later in females, suggesting a chronic
APR was not present in these females at this earlier stage. Later in pregnancy, another
pattern emerged among female infants in the VHigh group where maternal hsCRP was neg-
atively associated with infant length, and copper was negatively associated with MDI/PDI,

indicating a potential APR influence at that later time point in pregnancy.
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These sex- and timing-specific results indicate that within the context of VHigh PAE,
a combination of heightened inflammation, shown by hsCRP/CP, and compromised copper
status, alongside lower zinc, is associated with poorer infant growth and neurodevelopment.
This pattern supports the hypothesis that the detrimental effects of PAE are magnified
within a compromised maternal physiological state characterized by both nutritional and

inflammatory markers'?.

4.4.3 Maternal Antioxidant Activity: Sex-Specific Associations

with Infant Outcomes Under PAE

The analysis identified sex-specific associations between maternal late pregnancy erythrocyte
GPx activity and infant outcomes in the VHigh alcohol trajectory group.

For male infants from the VHigh group, higher maternal erythrocyte GPx activity cor-
related negatively with 6-month MDI scores. A similar negative correlation with 12-month
MDI scores did not achieve statistical significance after adjustment for multiple comparisons.
These results suggest that elevated maternal GPx late in gestation with VHigh PAE does
not correspond to improved cognitive outcomes for male offspring. Increased GPx activity
might represent a response to severe oxidative stress, potentially indicating an overwhelmed
maternal antioxidant system.

For female infants in the VHigh group, higher maternal GPx activity demonstrated a
positive association with 6-month MDI scores and a positive trend appeared for 12-month
MDI scores. Elevated late pregnancy maternal GPx activity further correlated with larger
infant birth head circumference in this female subgroup. These relationships suggest higher
maternal GPx activity relates to better 6-month cognitive development and growth in female
offspring experiencing VHigh PAE. This finding points to a potential protective factor or a
more resilient maternal antioxidant response with high PAE.

These sex-specific GPx relationships are consistent with the observation from late preg-

nancy erythrocyte GPx activity which was significantly higher in mothers carrying female
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fetuses compared to male fetuses within the VHigh group. This baseline difference in mater-
nal GPx activity between mothers of male and female infants in the highest alcohol exposure
group may contribute to the divergent outcome associations. Such a difference potentially
reflects underlying sex distinctions in antioxidant defenses or responses to sustained high
levels of PAE.

Erythrocyte GPx, a selenium-dependent enzyme, neutralizes hydrogen peroxide. Its ac-
tion is downstream of SOD, an enzyme that converts superoxide anions to hydrogen peroxide.
GRed completes this antioxidant detoxification pathway by recycling the glutathione cofactor
GPx requires. The distinct roles within this pathway offer an explanation for GPx activ-
ity, which represents the final hydrogen peroxide neutralization, correlating with outcomes,
whereas SOD activity does not show a consistent correlation. Maternal late-pregnancy SOD
activity was higher in the VHigh group carrying females compared to other exposure groups,
including abstainers. This difference was marginal, losing statistical significance after ad-
justment for multiple comparisons. The absence of a strong outcome correlation for SOD is
potentially attributable to its production of hydrogen peroxide, an intermediate ROS. This
contrasts with GPx, which performs the final detoxification.

Interpreting maternal antioxidant status in the context of PAE presents complexities,
evident in findings for plasma TRAP. Higher maternal TRAP levels during late gestation
in the VHigh PAE group correlated negatively with 6-month PDI scores in female infants.
This observation suggests that under conditions of very high PAE, elevated maternal TRAP
(a measure of combined plasma antioxidant potential®®) reflects a response to severe ox-
idative stress, not effective neuroprotection. This interpretation aligns with observations
of increased TRAP accompanying oxidative stress from tobacco smoke®. Systemic TRAP
perhaps does not represent defenses critical for organ protection, as these defenses are poten-
tially intracellular or localized%”. The negative TRAP-PDI correlation in females from the
VHigh group, when contrasted with the potentially protective role of erythrocyte GPx in the

same subgroup, indicates that different antioxidant markers can capture distinct maternal
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physiological responses to PAE and can have differing impacts on the offspring.

4.4.4 Maternal Lipid Peroxidation and Infant Neurodevelopment

Analysis of maternal TBARS during early to mid-pregnancy showed sex-specific correlations
with infant neurodevelopment at six months. In male infants, higher maternal TBARS levels
correlated with improved MDI and PDI scores when PAE occurred in the Low or ModDisc
trajectory groups. TBARS are conventionally understood as markers of lipid peroxidation
and oxidative damage. The positive correlations observed in specific male infant groups could
indicate that if these lipid peroxidation products signify damage, such damage is primarily
maternal and not fetal.

The interpretation of maternal TBARS appears to differ by the level of PAE. With low
to moderate PAE, TBARS may reflect adaptive maternal lipid metabolism rather than di-
rect oxidative damage, explaining the positive neurodevelopmental correlations in males.
Studies by Zidenberg-Cherr et al. gave a nuanced interpretation. In pigs fed ethanol chron-
ically, hepatic lipid peroxidation assessed by TBARS was lower or not elevated compared
to controls, despite antioxidant depletion. They hypothesized this resulted from chronic
alcohol exposure having already peroxidized membrane polyunsaturated fatty acids before
TBARS measurement. The depletion of highly unsaturated fatty acids, primary substrates
for lipid peroxidation reactions, meant fewer substrates remained for further peroxidation.
Such changes could render TBARS as inaccurate markers of peroxidative damage®"%,

At higher PAE levels, alcohol’s direct toxicity and increased ROS likely overwhelm any
such adaptive responses. TBARS would then signify direct oxidative damage. The absence
of these TBARS outcome correlations in female infants indicates sex specific differences in
maternal or fetal responses to PAE induced alterations in lipid metabolism or oxidative

stress.
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4.4.5 Sex-Specific Associations Between Maternal Biomarkers and

Infant Outcomes

This study observed interactions among maternal alcohol consumption trajectory, infant
sex, and maternal biomarkers in predicting infant neurodevelopmental and anthropometric
outcomes. The VHigh alcohol trajectory correlated with poorer neurodevelopment, lower
birthweight, and smaller head circumference compared to abstainers; these effects were most
apparent in female infants. Male infants exhibited fewer pronounced differences across alco-
hol trajectory groups for these outcomes. This observation concurs with human population
studies indicating females may experience more severe neurobehavioral effects or dysmorphia
after heavy PAE; reduced viability in heavily exposed males could contribute to this pattern

19970 Other research, often from clinical samples or animal models, suggests males

as wel
experience greater neurodevelopmental impairment”®™. The findings present a complex pic-
ture where alcohol intake trajectory effects appeared stronger in females, yet associations
between specific maternal physiological markers and infant outcomes were distinctly sex-
dependent within the highest exposure VHigh group.

Fetal biological sex shapes the maternal physiological environment during pregnancy.
Studies indicate fetal sex influences maternal immune profiles, including circulating cytokine

0.2 PAE also alters these maternal systems’™ 727, The

levels and microRNA expression
sex-specific biomarker-outcome associations observed in our study may reflect the inter-
play between PAE-induced changes previously observed (Chapter 3) and this sex-influenced
maternal milieu. For instance, Salem et al. (2020) reported that PAE-associated changes in
maternal miRNA correlation networks were more pronounced or occurred earlier in pregnan-

. Our findings, such as the differing associations of maternal

cies carrying female fetuses
hsCRP, copper, or GPx with infant outcomes contingent on infant sex within the VHigh
group, may stem from these underlying sex differences in maternal systemic responses to

PAE.

Placental function offers another explanatory dimension. The placenta exhibits sex spe-
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cific gene expression and adapts differently to prenatal stressors based on fetal sex™ ™. The
Trivers-Willard hypothesis posits that female placentas may prioritize adaptation under ad-
verse conditions, while male placentas might prioritize growth. This distinction could lead to
different vulnerabilities and compensatory responses when faced with PAE induced oxidative
stress or changes in nutrient status’ ™. Such differential placental strategies could mediate
the sex-specific relationships we observed between maternal nutritional status or oxidative
stress markers and fetal growth or neurodevelopment.

Distinct hormonal environments of male and female pregnancies may also contribute to
these findings. Male fetuses produce testosterone, creating a different endocrine context

77,78

compared to female fetuses’” . PAE affects gonadal hormones and subsequent neurodevel-

80,81

opment in a sex dependent manner®”°". These hormonal differences could modulate mater-

nal or placental responses to PAE. Androgens can influence pathways related to oxidative

82.83 and inflammation, including the acute phase response’’. This interaction offers a

stress
potential mechanism for the observed sex differences in how markers like hsCRP, CP, or an-
tioxidant enzymes relate to infant outcomes following high PAE. For instance, the opposing
associations of late-pregnancy maternal GPx activity with infant MDI scores in the VHigh
group might reflect sex-specific differences in the maternal antioxidant system’s capacity or
response under sustained alcohol-induced stress, possibly influenced by the hormonal milieu.

These results collectively indicate PAE does not exert uniform effects. Infant sex modifies
its consequences, potentially through complex interactions involving sex specific maternal
physiological responses, placental adaptations, and hormonal factors. Understanding these
sex dependent pathways is important. Future research should continue to explore these
mechanisms, perhaps incorporating direct measures of hormones or more detailed immune

profiling. Recognizing sex as a key biological variable aids in accurately assessing risk and

developing appropriately targeted interventions for FASD.
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4.4.6 Maternal Iron: Lack of Associations with Outcomes

Animal models indicated PAE disrupts iron homeostasis. Rodent studies demonstrated PAE
led to fetal anemia and functional iron deficiency, even with apparently adequate maternal

84°86 " This disruption often involved altered iron metabolism, characterized by

dietary iron
increased maternal and fetal hepcidin expression and sequestration of iron in the maternal
liver, which reduced its availability to the fetus®®. Maternal iron deficiency exacerbated the
adverse effects of PAE on fetal growth and neurodevelopment®®87. Gestational iron supple-
mentation in some animal models mitigated certain PAE-induced deficits, like fetal anemia
and, in some instances, partially normalized brain weight®. A recent report by Hasken et
al. (2024) found maternal ferritin was inversely associated with infant head circumference
centile among AE infants®®.

Our analysis of infant data did not identify significant interactions involving maternal iron
status markers. Maternal plasma iron, ferritin, and TR levels did not show significant three-

way interactions or significant two-way interactions with any measured infant anthropometric

or neurodevelopmental outcomes.

4.4.7 Strengths and Limitations

Using GMM to describe longitudinal PAE trajectories provided a detailed picture of exposure
patterns, an improvement over binary classifications of alcohol use. The study linked these
PAE trajectories with numerous maternal biochemical markers, indicating oxidative stress,
antioxidant defense, and micronutrient status. This work extended prior research (Chapter
3) through a direct assessment of associations among these detailed PAE patterns, the asso-
ciated maternal physiological state, and infant developmental outcomes, considering infant
sex as a moderating factor. Collecting data in the Ukrainian research setting, a location
where alcohol reporting may face less stigma compared to some other regions, potentially
improved the accuracy of reported consumption.

Some limitations merit discussion. The findings may have restricted generalizability. The
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Western Ukrainian cohort possesses specific attributes, such as the absence of folic acid food

89,90

fortification® ™", which could affect baseline nutritional status. The observed relationships

might not directly apply to populations with different dietary habits, genetic backgrounds,

52,91

or healthcare systems®*”". The sample, consisting mainly of individuals at increased risk for

PAE, potentially influenced the identified consumption trajectories relative to lower-risk or

27 Maternal self-report of alcohol consumption, acquired using

general population samples
a standardized TLFB method, introduces a potential source of bias. Systematic underre-
porting or recall inaccuracies, if connected to trajectory group membership, could alter the

estimated associations?’.

Residual confounding from unmeasured variables, such as com-
prehensive maternal diet beyond supplement use, paternal characteristics, genetic variants
impacting alcohol or nutrient metabolism, and other environmental exposures, remains pos-
sible, even with statistical adjustment for many potential confounders®”?'. The lack of
detailed dietary intake information® complicates assessing how pre-existing dietary patterns
might have shaped the maternal biochemical environment.

The BSID-II scales, administered early in life, might not detect the full spectrum or
long-term manifestations of PAE associated neurodevelopmental outcomes?”?'. The intri-
cate nature of nutrient metabolism and interactions indicates the interplay between PAE,
maternal physiology, and infant sex is complex. Prudence is necessary when drawing firm

conclusions about specific biomarker-outcome connections, especially with considerable al-

cohol exposure.

4.5 Conclusion

Distinct maternal PAE trajectories, maternal biochemical status, and infant sex complexly
interact, affecting infant anthropometric and neurodevelopmental outcomes. The specific
pattern of maternal alcohol consumption during pregnancy, not just the presence of alcohol

exposure, acts as a critical determinant. This study presents human evidence of an alcohol-
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induced APR, apparent in the VHigh exposure group, that associates with adverse infant
outcomes. This observation supports Keen et al’s hypothesis of PAE-induced conditional
nutrient deficiency and magnified teratogenicity.

A combination of maternal APR markers (hsCRP, CP) with associated micronutrient
dysregulation, including lower copper and lower zinc in the VHigh group, correlates with
negative infant growth and neurodevelopment. As an example, for male infants in the
VHigh alcohol trajectory, mothers with higher CP and hsCRP in early to mid-pregnancy,
combined with lower plasma copper, was associated with poorer head circumference, length,
and cognitive score. This pattern of altered maternal physiology points to a detrimental
maternal environment where PAE’s effects are amplified. Different outcomes appear when
elevations in an isolated APR marker occurs. The positive association between early/mid-
pregnancy maternal CP and head circumference in female infants from the VHigh alcohol
group was surprising. It is possible that in these mothers, a distinct, less severe, or transient
compensatory maternal response occurred, unlike the sustained detrimental impact observed
when a broader network of APR disturbance occurs.

Infant sex modulated the correlation between these maternal physiological states, in-
cluding the APR, to developmental consequences. Alterations in maternal systems under
sustained high alcohol exposure associated with different, sometimes opposing, infant out-
comes for males and females. To illustrate, maternal erythrocyte GPx activity during late
pregnancy in the VHigh group correlated with infant neurodevelopment divergently for male
and female infants. These sex differentiated responses highlight the necessity of infant sex as
a biological variable in FASD research, especially when interpreting maternal physiological
responses like the APR.

These results support nuanced risk assessment for PAE-related harm. This assessment
extends beyond simple alcohol use classifications, incorporating alcohol exposure patterns
and the mediating roles of maternal physiology, including the APR, and infant sex. The

maternal biochemical environment, especially the inflammatory and nutrient-related aspects
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of the APR, is potentially modifiable. This environment could represent a point for in-
terventions to mitigate some adverse PAE consequences. Future research should delineate
the mechanisms of the PAE-induced APR and its sex specific fetal impacts. Investigations
require direct assessments of placental function, maternal and fetal hormonal profiles, and
detailed immune system responses across varied PAE patterns. Examining these interactions
in diverse populations is important for clarifying the generalizability of these findings and

for developing more targeted, effective prevention and intervention strategies for FASD.
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Chapter 5

Conclusion

The developmental harm from PAE is not uniform; it is dictated by the specific pattern of
consumption, which creates a distinct maternal biochemical environment that is further mod-
ulated by infant sex. This dissertation moves beyond the simple classifications of 'drinker’
versus ‘non-drinker’ by applying growth mixture modeling to identify these distinct longi-
tudinal consumption patterns. By linking these data-driven trajectories to a comprehensive
panel of maternal biochemical markers and subsequent infant outcomes, this work provides
direct human evidence for the complex interplay between behavior, biology, and develop-
mental vulnerability. The findings demonstrate that the pattern of drinking, not merely its
presence, is a critical determinant of risk, enhancing the framework for understanding and
potentially mitigating the impact of FASD.

The central finding is that a pattern of very high, sustained drinking throughout preg-
nancy creates a uniquely detrimental maternal environment. Women in this highest-exposure
group exhibited physiological disruptions consistent with an alcohol-induced APR, including
heightened inflammation, elevated oxidative stress, and depleted plasma zinc and copper.
This maternal biochemical signature links a specific, high-risk drinking behavior to biological
pathways that impair fetal development.

MVM supplementation during pregnancy partially mitigated these maternal disruptions.
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Supplementation improved maternal antioxidant defenses and micronutrient status, even
among the heaviest drinkers, suggesting nutritional support can bolster maternal physio-
logical resilience against alcohol exposure. This maternal benefit did not translate into
meaningful protection for the infant at the highest exposure levels. Infants born to mothers
with a very high, sustained drinking trajectory had poorer outcomes, such as smaller head
circumference and lower neurodevelopmental scores, regardless of maternal MVM use. A
standard MVM supplement, beneficial for the mother, is insufficient to neutralize the severe
neurodevelopmental consequences of very high PAE.

This research also highlights that infant sex is not a passive variable but an active modu-
lator of risk. The findings suggest a bidirectional relationship, where male and female fetuses
not only respond differently to the maternal environment created by PAE but may also influ-
ence that maternal physiological state itself. This was most apparent in the divergent, and
sometimes opposing, associations between maternal biomarkers and infant outcomes. For
example, in the highest-risk group, elevated maternal antioxidant activity correlated with
better neurodevelopmental scores in females but poorer scores in males. These sex-specific
dynamics are a critical factor for refining risk assessment and designing future research.

These findings have major implications for public health strategy and scientific inquiry.
The results support moving beyond a uniform approach to PAE. Interventions must pri-
oritize identifying and supporting women with very high, sustained drinking patterns, an
extreme-risk group for whom standard nutritional advice is inadequate. These women re-
quire comprehensive strategies combining intensive alcohol cessation support with targeted
interventions to address maternal inflammation and nutrient dysregulation.

This work generates hypotheses for future research. Its limitations, including variability
in self-reported alcohol intake and non-standardized MVM supplementation, show the need
for more rigorous study designs. Future studies should use frequent biological monitoring
to validate alcohol consumption and standardized nutritional interventions with controlled

timing and composition. Such work could test if targeted, high-dose supplementation of
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specific nutrients like zinc offers greater fetal protection than a general MVM. Research
must continue to explore the biological mechanisms of sex-specific vulnerability, such as
placental adaptations and hormonal responses, to develop precise, sex-aware interventions.
This dissertation clarifies the pathway from specific PAE patterns to adverse infant out-
comes. [t demonstrates that maternal physiological state mediates alcohol’s teratogenicity
and that infant sex shapes the consequences. By identifying the highest-risk exposure pat-
terns and revealing the limits of current nutritional support, this research builds a foundation

for developing more effective, targeted strategies to prevent FASD.
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1 MODEL:

2 %O0VERALLY,

3 i s | month01@0 month02@1 month03@2 month04@3 month05@04 month08@7

month11@10;

month08@0;

5 %ALCINTAKE#1Y,

6 i s;

7 s WITH i@O;

8 %HALCINTAKE#2Y,

9 i s;

10 s WITH i@O0;

11 %ALCINTAKE#3Y

12 i s;

13 s WITH ie@O0;

14 %HALCINTAKE#49,

15 i s;

16 s WITH i@O;

Listing A.1: Mplus Syntax for a GMM of Alcohol Consumption Trajectories
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