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ABSTRACT

This dissertation utilizes a mouse model to investigate how paternal alcohol consumption
affects in vitro fertilization (IVVF) success, assisted reproductive technology (ART) fetoplacental
development, the transcriptional profiles of sperm and epididymis, the male microbiome-
metabolome, and the female response to seminal fluid. Previous alcohol research concentrates on
the maternal influence during gestation. Males provide half of the genetic material and should be
considered for their contributions to pregnancy and offspring development. Our earlier studies
revealed that preconception paternal alcohol alters fetoplacental growth and F1 offspring
metabolism. These experiments support our hypothesis that the epigenetic memory of alcohol is
retained by sperm and is inherited by offspring via biological mechanisms, such as RNA and
histones.

Expanding on this, we employed a clinically relevant mouse model of voluntary paternal
alcohol consumption. We observe preconception paternal alcohol exposure decreases IVF
embryo survival and pregnancy success rates in a dose-dependent manner. By analyzing
embryonic RNA profiles, we find that preconception paternal alcohol exposure disrupts placental
gene expression and modifies mitochondrial function and oxidative phosphorylation.
Histologically, we identify lasting impacts on late-term placental organization. Using RNA
analyses and mitochondrial DNA counts, we establish paternal cessation of ethanol exposure for
one month provides limited epigenetic recovery. We then focus on bioinformatic analyses of
alcohol, with or without saccharin, exposed male gastrointestinal microbiomes and blood
metabolite concentrations where we show altered microbial populations and increased acetic acid

levels in EtOH combined with saccharin. Lastly, using RNA sequencing, we characterize



changes in gene expression of the female tract after alcohol-exposed seminal plasma
insemination. These studies highlight the necessity to change reproductive health messaging for
family planning and stress the hazards of parental alcohol use.

Discoveries from our lab elucidate combined extrinsic factors that are inherited by
offspring. These studies contribute to the developmental toxicology field by examining the
influence of paternal alcohol consumption on multiple facets of reproduction. Future
explorations concentrating on alcohol-exposed sperm mitochondrial function can use similar
methods to assess contributions to the sperm epigenome. This effort will assist in discerning the
mechanism(s) by which alcohol modifies spermatozoa and transmits adverse health conditions

intergenerationally and, possibly, transgenerationally.
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1. INTRODUCTION

Alcohol is an infamous toxicant and teratogen that is socially accepted and consumed
daily over a significant portion of the world (Mahnke et al., 2019). With extensive research,
maternal consumption of alcohol and its negative effects on the fetus during development is
well-documented. The health issues that can arise from gestational EtOH consumption are
known as fetal alcohol spectrum disorders (FASDs), which are a group of conditions that occur
in mammals that are exposed to alcohol before birth. Under the umbrella of FASDs, there are
wide array of abnormalities from intellectual to physical complications, and it is difficult for
physicians to identify because an FASD diagnosis necessitates multiple assessments and
evaluations performed by an interdisciplinary team (Cook et al., 2016). Despite women’s role in
contributing to FASDs, research continues to verify that men consume more alcohol and engage
in binge drinking more frequently than women (Wilsnack et al., 2018). Furthermore, fathers are
often ignored for their influence on offspring because they do not physically participate in the act
of gestation.

More recently, there is growing evidence revealing that male preconception alcohol
exposure is linked to alterations to spermatozoa, which can induce a range of complications for
their offspring. These investigations challenge the common belief that the solitary role of
spermatozoa is to transfer genetic information to the conceptus (Soubry, 2018b; Hart and Tadros,
2019). Various internal and external factors can modify a father's fecundity, as well as the health
and development of his progeny (Homan et al., 2007; Kusuyama et al., 2020). The main external
elements that affect fertility are lifestyle choices, occupational pollutants, and environmental

contaminants (Hart and Tadros, 2019; Kumar, 2009; Nicolau et al., 2014, Mews et al., 2019;
1



Billah et al., 2022). Being that spermatogenesis is a cycle of continuous gamete turnover, sperm
cells are highly susceptible to external factors, and these influences have the capacity to cause
short and long-term development and health issues for future young (Sanchez et al., 2018; Guo et
al., 2021; Yin etal., 2021). Intrinsically, spermatic mutations can occur during one or both
meiotic cell divisions; conversely, epigenetic modifications from extrinsic factors present an
added opportunity for transmutation (Sanchez et al., 2018; Guo et al., 2021; Yin et al., 2021).
Still, the role of paternal epigenetic programming in the development of offspring disease is not
well established, and it is difficult to determine the basic mechanism(s) that induce undesirable
health outcomes in offspring.

The term epigenetics describes a relatively new area of study and is defined as the
inheritance of gene expression based on components other than DNA (Deichmann, 2016;
Lempiéinen and Garcia, 2023). Specifically, epigenetic marks involve various mechanisms such
as small alterations to noncoding RNAs, DNA methylation, and chromatin reorganization of
DNA binding proteins, such as histones, that have the capability to revise gene expression
without changing the DNA sequence (Chastain and Sarkar, 2017). These epigenetic adaptations
control gene expression and how cells interpret signals from the outside environment and within
the body, affecting processes such as differentiation and cell growth (Lempiéinen and Garcia,
2023). Alterations in gametes due to epigenetic modifications are the primary external factors
that can be passed on to descendants and program intergenerational and/or transgenerational
effects (Grover and Jenkins, 2020). Thus, Paternal Origins of Health and Disease (POHaD) was
established (Soubry, 2018a). Nonetheless, the mechanisms by which epigenetic memories of
parental (or paternal) environmental exposures transmit to future generations remain poorly

defined.



Over the last four decades, epidemiological research has shown that preconception male
EtOH exposure can harm sperm and induce to the development of FASDs in progeny. Exposure
to alcohol alters the epigenetics of male gametes and can have acute or prolonged negative
effects on the health of their future heirs (Chastain and Sarkar, 2017). Human research studies
have revealed that men with alcohol use disorder (AUD), or alcoholism, fathered children that
experienced reduced growth, impaired neuronal system function, hormonal imbalances, and
behavioral problems (Cicero, 1994; Luan et al., 2022). Furthermore, clinical reports have linked
paternal alcohol intake, before conception, to congenital heart diseases in both developing and
mature progeny (Zhang et al., 2020). These human accounts have bolstered the role of alcohol in
influencing the Paternal Origins of Health and Disease (POHaD), but there are several factors
that limit the effectiveness of these investigations. For instance, the amount of alcohol consumed
by alcoholic men on a daily basis varied, the sample sizes were small, and the symptoms and
physical characteristics of children born to fathers with AUD were diverse. Therefore, future
alcohol POHaD research requires better controlled models.

The use of animal model research has also confirmed that alcohol-exposed sires can
cause deleterious consequences for the next generation, including restricted fetal and postnatal
growth, disruptions in placental histoarchitecture, craniofacial defects, increased psychosocial
abnormalities, and metabolic programming alterations (Bedi et al., 2019; Chang et al., 2017,
Thomas et al., 2021; Kim et al., 2014; Finegersh et al., 2014; Finegersh et al., 2015; Chang et al.,
2019a; Chang et al., 2019b; Thomas et al., 2022; Thomas et al., 2023).

These reports challenge established paradigm that maternal drinking during pregnancy is
the singular origin of alcohol-induced etiologies. Therefore, it is crucial for successive research

to uncover and understand how alcohol and other toxic substances prompt gametic epigenetic
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changes that are inherited by subsequent generations. To provide society with accurate
information, alcohol warning messaging should emphasize the consequences of EtOH intake for
both parents, rather than solely concentrating on maternal consumption. This means that each
parent should be extremely careful with their alcohol use before conception to minimize the risk
of birth defects. Such knowledge will empower both men and women of reproductive age to
make informed decisions when considering having children and creating a prepregnancy plan.

In this dissertation, | focus on determining the impact of chronic preconception paternal
alcohol exposures on ART fetoplacental development, alcohol cessation effects on male
reproductive physiology, alcohol use on male gut health, and reproductive signaling mechanisms
in both sexes. Through these studies, we intend to help uncover the mechanisms by which
alcohol modifies spermatozoa and can lead to negative health consequences for future
generations. To accomplish this, we examine fundamental epigenetic mechanisms that are
related to modified transcriptomic profiles in IVF generated embryos sired by alcohol-exposed
males, alcohol-treated male reproductive tract tissue and spermatozoa, and conduct some
preliminary studies in the female reproductive tract post-coitus examining differences between
copulation with control and alcohol-exposed males.

Within Chapter 2, | evaluate the impact of preconception paternal alcohol exposure on
IVF generated embryo total RNA profiles and fetoplacental measurements. Our laboratory’s
earlier studies have consistently found that a physiologically relevant, C57BL/6J strain, mouse
model of paternal alcohol consumption programmed an increase in placental weights and
decrease placental efficiency in male offspring at gestational day 16.5 (GD 16.5) (Chang et al.,
2019a; Bedi et al., 2019; Thomas et al., 2021; Thomas et al., 2022). Moreover, there are sex

specific modifications in the histoarchitecture of the placenta when the sire chronically
4



consumed alcohol and placental disparities at gestational day 16.5 (GD 16.5) (Thomas et al.,
2022). Using IVF techniques to generate progeny, we observed no decrease in alcohol-sired male
offspring placental weights, but placental efficiency remained significantly lower (Roach et al.,
2023). Recipient dams were terminated at GD 16.5, and placental histology also revealed
extensive alterations in placental layer organization and ratios and were more severe for male
offspring.

Further, research described in Chapter 2 demonstrates that preconception paternal alcohol
exposure affects IVF embryo development rates and pregnancy outcomes. Using a natural
mating paradigm, our previous works found no effect of alcohol on litter sizes (Chang et al.,
2017; Bedi et al., 2019; Thomas et al., 2022). However, we observe substantially smaller IVF
litter sizes from alcohol-treated sperm in a dose-dependent manner. Other mouse models report a
cumulative effect of ARTs on fetoplacental growth and other epigenetic concerns (de Waal et al.,
2015). At this juncture, we explore the factor of male alcohol consumption since previous studies
over the effects of alcohol on IVF have only concentrated on female alcohol consumption
(Homan et al., 2007; Rossi et al., 2011; Nicolau et al., 2014; Wdowiak et al., 2014; Hornstein,
2016). This is the first study that targets and categorizes these perturbations in the milieu of
paternal alcohol exposure and will provide future preclinical and clinical studies a foundation to
continue evaluating the role of paternal lifestyle choices in the programming of alcohol related
deficits in progeny. Moreover, these investigations will aid in prompting change in reproductive
health messaging to include men and warn them of the potential risks of alcohol consumption on
their children.

In Chapter 3, I apply our previous knowledge of alcohol-induced shifts to sperm

chromatin and noncoding RNA profiles (Bedi et al., 2019; Bedi et al., 2022). Here, we begin to
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uncover how alcohol cessation affects the mitochondrial DNA copy number (mtDNcn) and
transcriptional profiles of the caput portion of the epididymis in relationship to mature sperm-
borne small noncoding RNAs. We show alterations to noncoding RNAs remain dysregulated
after 28 days of alcohol cessation, which is one week less than a full round of spermatogenesis in
mice (Griswold, 2016) but almost three times the amount of time required for mouse sperm to
transit the epididymis. To achieve this, we use next generation sequencing (NGS) on epididymal
tissues. This investigation confirms that paternal environmental exposures have lasting impacts
on the male reproductive tract and sperm epigenome before total reproductive restoration is
accomplished.

Evidence has shown that RNA transfer to maturing sperm occurs through the
transmission from soma-to-germline communication in the epididymal tract (Sharma et al., 2018;
Sharma, 2019; Paul et al., 2021; Conine et al., 2018; Conine and Rando, 2022). As sperm
undergo post-testicular maturation, specialized epithelial cells in the epididymis transmit
significant amounts of small noncoding RNA (sncRNA) to the sperm through extracelluar
vesicles called epididymosomes (Sullivan, 2015; Sharma et al., 2018; Kuo et al., 2016; Ren, X et
al., 2017; James et al., 2020). This cellular communication from each section of the epididymis
to developing sperm cells is crucial for successful fertilization, implantation, embryo, and fetal
development (Sharma et al., 2018; Conine et al., 2018; Conine and Rando 2022). However,
many of the functions of these sSncRNAs remain unclear. Several studies have indicated that
modifications to sncRNAs drive the epigenetic inheritance of undesirable health outcomes, such
as oxidative stress on sperm transfer RNA (tRNA) and ribosomal RNA (rRNA) induce anxiety
and depression in F1 offspring (Ren, L et al., 2022). In our study, we extract RNA from the

sperm of sires that were exposed to alcohol and then experienced alcohol cessation for four
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weeks, then subject sncRNAs to deep-sequencing. Next, we compare the resulting mapped reads
to established records of tRFs, tRNAs, piRNAs, and microRNAs to evaluate the SncRNA
makeup in reaction to alcohol cessation. We demonstrate that alcohol cessation for 28 days did
not induce a full recovery of altered sncRNA populations relating to alcohol exposure. Also, we
determine that mitochondrial DNA copy number (mtDNcn) is substantively elevated in the cauda
and corpus epididymal regions, trended upward in the liver, but no alterations of mtDNAcn were
found in the testes after discontinued EtOH consumption.

In Chapter 4, | observe the alcohol-exposed male gastrointestinal environment in the
context of microbiome modifications and downstream affects to the metabolome. Previous
studies have determined that alcohol or nonnutritive artificial sweeteners (NAS) can wreak havoc
on the gut causing dysbiosis, oxidative injury, and metabolic derangements (Engen et al., 2015;
Suez et al., 2014; Perez et al., 2020). Change to the microbiome directly impacts levels of
circulating metabolites that could alter sperm during spermatogenesis. Here, we present that
EtOH and NAS, together and separately, alter intestinal microbial communities and the
concentrations of short-chain fatty acids (SCFAs). We use fecal DNA whole-genome shotgun
sequencing and informatic analysis to identify any altered microbiota taxonomic ranks, and we
employ gas chromatography and mass spectrometry (GCMS) to detect blood serum metabolite
levels. Based on our findings, this work calls for deeper investigation into the role of the
microbiome-metabolome axis on the male reproductive tract. Our effort alludes to how the
beginning of the complex shaping of alcohol-exposed sperm could be obtained. Future
investigations will concentrate on whether the altered levels of metabolites are crossing the

blood-testis barrier and programming the epigenetic memory of developing spermatozoa.



Lastly, in the final chapter, | describe a preliminary study examining the response of the
female reproductive tract to alcohol-treated seminal fluid. Using vasectomized alcohol-treated
males, we mate them to naive females and use next generation sequencing (NGS) on post-coitus
oviducts where we identify differential gene expression. We then use ingenuity pathway analysis
(IPA) and detect disturbed gene regulatory networks in neuron, estrogen, and immune signaling
pathways. This study is a continuation of the influences that alcohol has downstream, before

fertilization, that may also control the transmission of adverse phenotypes in offspring.



2. PRECONCEPTION PATERNAL ALCOHOL EXPOSURE DECREASES IVF

EMBRYO SURVIVAL AND PREGNANCY SUCCESS RATES IN A MOUSE MODEL!

2.1 Introduction

IVF is a medical technique where spermatozoa fertilize oocytes outside the body,
generating embryos that are subsequently transferred into the female reproductive tract and
carried to term (Serafini, 2001). Couples experiencing infertility who desire a biological family
turn toward IVF when they have failed to conceive naturally (Bavister, 2002; Johnson, 2019).
After almost half a century of research and advancement, over 9 million infants have been
conceived via IVF, and today, ARTs account for 2% of all infants born in the USA (Carson and
Kallen, 2021).

To date, most investigations into pregnancy loss and poor IVF success rates have focused
on the influence of maternal stressors and periconceptional health (Homan et al., 2007; Rossi et
al., 2011; Nicolau et al., 2014; Wdowiak et al., 2014; Hornstein, 2016). However, a recent wave
of research demonstrates that a wide range of stressors and toxicants alters the sperm-inherited
developmental program, negatively affecting offspring fetoplacental growth and long-term health
(Fleming et al., 2018). Unfortunately, despite the demonstrated importance of the sperm
epigenome to offspring development, studies examining IVF outcomes seldom consider paternal

exposures or explore dimensions of male fertility beyond sperm morphology and motility.

! Reprinted with permission from “Preconception paternal alcohol exposure decreases IVF embryo survival and
pregnancy success rates in a mouse model.” by Roach AN, Zimmel KN, Thomas KN, Basel A, Bhadsavle SS,
Golding MC, 2023. Molecular Human Reproduction, 29 (2), https://doi.org/10.1093/molehr/gaad002, Copyright
[2023] by Alexis Roach via Open Access CC BY-NC Oxford University Press.
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In the USA, alcohol use is widespread (Esser et al., 2014; Mahnke et al., 2019), with
annual sales reaching 252 billion US dollars in 2019 alone (Castaldelli-Maia et al., 2021). It is
well established that men drink more than women, and significantly, 72% of men consume
alcohol on a weekly basis (Naimi et al., 2003; White et al., 2006; Kanny et al., 2018). However,
despite the emerging importance of paternal alcohol use to child health and development, very
few studies consider the impact of male alcohol use on reproductive function, while the small
number of studies that do are confounded and often contradictory. For example, some studies
using animal models suggest chronic moderate-level (Anderson et al., 1980; Salonen et al., 1992)
and supraphysiological alcohol exposures induce lower fecundity, decrease in gonad function
and alter semen parameters (Akingbemi et al., 1997; Emanuele et al., 2001; Lee et al.,

2010; Sanchez et al., 2018). In contrast, studies examining limited binge-like exposures suggest
no impacts (Bedi et al., 2019). Clinical studies also provide conflicting data on the impacts of
alcohol intake on hormone production, sperm count and morphology, and overall fertility
(Gumis et al., 1998; Muthusami and Chinnaswamy, 2005; Jensen et al., 2014; Condorelli et al.,
2015; Van Heertum and Rossi, 2017). Therefore, the effects of alcohol use on male reproductive
physiology remain unclear. Nevertheless, alcohol is associated with intranuclear changes in
mature spermatozoa, resulting in irregular chromatin condensation (Sanchez et al., 2018) as well
as modifications to the sperm epigenome (Rompala et al., 2018; Bedi et al., 2019, 2022).

Unfortunately, most human studies examining interactions between alcohol use and IVF
either neglect the male’s drinking habits and exclusively focus on female drinking (Rossi et al.,
2013; Wdowiak et al., 2014; Dodge et al., 2017; Lyngsg et al., 2019) or are significantly
confounded by multiple lifestyle factors (Nicolau et al., 2014; Hornstein, 2016). Only two

studies have examined the effects of both maternal and paternal alcohol use on IVF outcomes. A
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5-year IVF and gamete intrafallopian transfer (GIFT) study in California found decreased
chances of achieving a live birth and increased risks of miscarriage when the father consumed
alcohol. Notably, alcohol intake did not significantly affect sperm concentration, motility or
morphology (Klonoff-Cohen et al., 2003). In contrast, a 10-year IVF analysis in Boston revealed
no statistically significant association between live births and male drinking (Rossi et al., 2011).
Unlike the California report, the Boston study identified significantly lower sperm counts and
irregular morphologies in semen samples from men who drank but only those who drank wine
(Rossi et al., 2011). However, these limited studies were too underpowered to reliably detect an
impact of paternal alcohol use and are significantly confounded by differing genetics,
environmental exposures and often unknown causes of infertility. Therefore, the influence of
paternal alcohol use on IVF outcomes remains poorly described (Nicolau et al., 2014; Hornstein,
2016).

In clinical studies, IVF babies are predisposed to preterm birth, lower birth weights and
increased rates of congenital disabilities (Chang et al., 2020). In support of these clinical
observations, several preclinical studies have revealed that ovarian stimulation, IVF and embryo
culture lead to placental defects, including placentomegaly, reduced placental efficiency,
modified histoarchitecture and altered metabolic function (Collier et al., 2009; Delle Piane et al.,
2010; Bloise et al., 2012; de Waal et al., 2015; Tan et al., 2016; Dong et al., 2021; Bai et al.,
2022). Notably, the IVF-associated changes in placental growth correlate with disruptions in
imprinted gene expression, suggesting that epigenetic mechanisms potentially contribute to these
pathological outcomes (Mann et al., 2004; de Waal et al., 2015).

Our previous studies using a C57BL/6J mouse model reveal that preconception paternal

alcohol exposures transmit an intergenerational stressor that also negatively affects placental
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growth, efficiency, histology, and metabolism (Bedi et al., 2019; Chang et al., 2019a and

2019b; Thomas et al., 2021, 2022). Specifically, paternal alcohol use correlates with sex-specific,
dose-dependent changes in placental histoarchitecture and alterations in the control of imprinted
gene expression (Thomas et al., 2021, 2022). Based on these shared phenotypic outcomes, we
hypothesized that alcohol-induced changes in the paternal epigenetic program would exacerbate
the placental growth phenotypes induced by IVF, resulting in increased rates of congenital
disabilities and pregnancy loss. Using a physiologically relevant mouse model of chronic alcohol
exposure, we found that male alcohol use negatively impacts IVF embryo development and
pregnancy success rates. Critically, our data reveal that evaluating male exposure history and
lifestyle choices is essential to optimizing the chances of achieving a healthy pregnancy and that

male alcohol use may be a crucial, unrecognized factor affecting I\VF outcomes.

2.2 Materials and Methods
2.2.1 Ethics Statement

We conducted all experiments under AUP 2017-0308, approved by the Texas A&M
University IACUC. All experiments were performed following IACUC guidelines and

regulations. Here, we report our data per ARRIVE guidelines.

2.2.2 Animal Husbandry and Preconception Paternal Alcohol Exposures

In our studies, we used C57BL/6J strain (RRID:IMSR_JAX:000664) mice, which we
obtained and housed in the Texas A&M Institute for Genomic Medicine, fed a standard diet
(catalog # 2019, Teklad Diets, Madison, WI, USA), and maintained on a reverse 12-h light/dark

cycle. To reduce stress, a known confounder modulating paternal epigenetic inheritance (Chan et
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al., 2018), we subjected males to minimal handling and provided them with additional cage
enrichments, including shelter tubes (catalog # K3322, Bio-Serv, Flemington, NJ, USA).

Before initiating the Ethanol (EtOH) and Control preconception treatments, we
acclimated male mice to individual housing conditions for 1 week. We then randomly assigned
sexually mature, postnatal day 90 male mice to one of three treatment groups (n = 8). Using a
prolonged version of the Drinking in the Dark model of voluntary alcohol consumption
(Rhodes et al., 2005), we exposed males to the Control or EtOH treatments for 4 h per day,
beginning 3 h after the initiation of the dark cycle. Using methods described previously (Thomas
etal., 2022), we replaced the home cage water bottle with a bottle containing either: 0%
(Control), 6% (6% EtOH) or 10% (10% EtOH) w/v ethanol (catalog # E7023; Millipore-Sigma,
St. Louis, MO, USA). We simultaneously exchanged the water bottles of Control and EtOH-
exposed males to ensure identical handling and stressors. We recorded the weekly weight of each
male (g) and the amount of fluid consumed (g) and then calculated weekly fluid consumption
and average daily EtOH dose as described previously (Thomas et al., 2022).

During the mating phase, we bred exposed males to naive postnatal day 90 C57BL/6J
females. We synchronized the female reproductive cycles using the Whitten method (Whitten et
al., 1968), then placed the female in the male’s home cage immediately after the male’s daily
exposure window. After 18 h, we recorded the presence of a vaginal plug and returned females to

their original cages.

2.2.3 IVF and Embryo Culture
The process used for IVF and embryo culture is described in Figure 2.1 A. After 10

weeks of exposure, we sacrificed exposed males using CO asphyxiation followed by cervical
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dislocation, then extracted mature caudal sperm, which we cryopreserved using CARD
MEDIUM (catalog # KYD-003-EX, Cosmo Bio USA, Carlsbad, CA, USA) and methods
described by Nakagata (2011). We visually confirmed sperm motility, then transferred frozen
sperm to liquid nitrogen for long-term storage. We then superovulated 3- to 5-week-old
C57BL/6]J female mice using timed intraperitoneal injections of 6.25 IU PMSG (catalog # HOR-
272, Prospec Bio, East Brunswick, NJ, USA), followed 48 h later by 6.25 IU HCG (catalog #
C1063, Millipore-Sigma, St. Louis, MO, USA). We then sacrificed the superovulated females
and isolated cumulus—oocyte complexes, which we placed in prewarmed CARD MEDIUM.
Next, we thawed sperm straws in a 37°C water bath, then added 10 pl of sperm to 90 pl of
FERTIUP preincubation medium (catalog # KYD-002-05-EX, Cosmo Bio USA, Carlsbad, CA,
USA) in a 37 °C incubator (5% CO2 in air). We placed cumulus—oocyte complexes in 90 ul of
CARD MEDIUM. After 35 min of capacitation in FERTIUP, we added 10 pl of sperm for a total

culture volume of 100 pl, then incubated sperm and cumulus—oocyte complexes for 4 h.
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Figure 2.1. A mouse model to determine the impact of chronic paternal alcohol use on IVF-embryo
development and pregnancy success rates. (A) Experimental paradigm used to investigate the impact of
chronic paternal EtOH exposure on IVF offspring growth and survival. Comparison of sire (B) average
weekly fluid consumption and (C) average daily dose of ethanol between treatment groups (n= 8). (D)
Comparison of average weekly weight gain between treatment groups (n = 8). We compared treatments
using either a one-way or two-way ANOVA. Error bars represent the standard error of the mean,

*P <0.05, ****P <0.0001.

We counted one-cell stage embryos after 3—5 h of culture, then collected two-cell
embryos after 1.5 days of culture, which we transferred (maximum of 8—14 two-cell embryos per
dam) into 10- to 12-week-old pseudopregnant recipient C57BL/6J females (see below). Finally,
we cultured the remaining embryos for a total of 60 h, collected morula-stage embryos, then
snap-froze pools of 10—15 morulae in 350 pl of RLT lysis buffer (catalog # 74136, Qiagen,

Germantown, MD, USA) containing 1% 2-mercaptoethanol (catalog # M6250, Millipore-Sigma,
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St. Louis, MO, USA). We then sent samples to Quick Biology (Pasadena, CA, USA) for mMRNA
isolation and deep sequencing.

We bred 10- to 12-week-old recipient C57BL/6J females to vasectomized C57BL/6J
males and selected pseudopregnant dams based on the presence of a copulation plug. After
anesthetizing the recipient dams, we opened the abdominal cavity under a dissection
stereomicroscope, created an incision in the oviduct, then inserted a glass capillary containing
the two-cell embryos and expelled the embryos toward the ampulla. Finally, we pushed the
ovary, oviduct and uterine horn back into the abdomen, closed the wound using wound clips,
then kept the mice warm on a 37°C warming pad until the animal recovered from the effects of

anesthesia.

2.2.4 Fetal Dissection and Tissue Collection

We co-housed recipient dams and provided them with additional nesting materials and
cage enrichment, including igloo huts (catalog # K3570, Bio-Serv). The two-cell embryos were
transferred after 1.5 days of culture. We then sacrificed recipient dams 15 days later,
corresponding to embryonic day 16.5, using CO2 asphyxiation followed by cervical dislocation.
Subsequently, we dissected the female reproductive tract and recorded fetoplacental measures.
We either fixed tissue samples in 10% neutral buffered formalin (catalog # 16004-128, VWR,

Radnor, PA, USA) or snap-froze the tissues on dry ice and stored them at —80°C.

2.2.5 Fetal Sex Determination
We isolated genomic DNA from the fetal tail using the HotSHOT method (Truett et al.,
2000) and then determined fetal sex using a PCR-based assay described previously (Thomas et

al., 2021).
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2.2.6 Placental RNA Isolation and RT-gPCR Gene Expression

We isolated RNA from gestational day 16.5 placentae using the Qiagen RNeasy Plus
Mini Kit (catalog # 74136, Qiagen). We then seeded ~1 pg of RNA into a reverse transcription
reaction using the High-Capacity cDNA Reverse Transcription Kit (catalog # 4368814, Thermo-
Fisher, Waltham, MA, USA). Using published methods and primer sequences (Thomas et al.,
2021, 2022), we determined the relative levels of candidate gene transcripts using the
AzuraView GreenFast qPCR Blue Mix LR kit (Cat No. AZ-2320: Azura Genomics, Raynham,

MA, USA). We describe the data normalization and handling procedures below.

2.2.7 Analysis of Placental Histology

To increase tissue contrast, we treated tissue samples with phosphotungstic acid
(Lesciotto et al., 2020) and then processed samples for imaging using MicroComputed
tomography (microCT), using methods described previously (Thomas et al., 2021, 2022).
Briefly, we incubated half placentae in 5% (w/v) phosphotungstic acid dissolved in 90%
methanol for 4 h and then held samples in 90% methanol overnight. We then incubated samples
in progressive reductions of methanol (80%, 70%, 50%) each for 1 day, then moved placentae
into PBS with 0.01% sodium azide for long-term storage. Finally, we embedded placentae in a
50/50 mixture of polyester and paraffin wax to prevent tissue desiccation, then imaged samples
on a SCANCO vivaCT 40 (SCANCO Medical AG Brdttisellen, Switzerland) using a 55 kVp
voltage X-ray tube and 29 pA exposure. The resulting microCT image voxel size was 0.0105
mm3, with a resolution of 95.2381 pixels/mm. After scanning, we used the open-source medical
image analysis software Horos (Version 3.3.6; Nibble Co LLC, Annapolis, MD,

USA; https://horosproject.org/) to measure placental features.
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To contrast placental glycogen levels between treatments, we processed and sectioned
paraffin-embedded placental samples as described previously (Thomas et al., 2022), then stained
the slides using a Periodic Acid Schiff (PAS) Stain Kit (Mucin Stain) (catalog # ab150680,
Abcam, Boston, MA, USA) following the manufacturer’s provided protocol. We imaged
samples using the VS120 Virtual Slide Microscope (Olympus, Waltham, MA, USA) and
analyzed the images with the included desktop software, OlyVIA (Version 2.8, Olympus Soft
Imaging Solutions GmbH, Muenster, Germany). Using Photoshop (Version 21.0.1, Adobe, San
Jose, CA, USA) and ImageJ (Version 1.53f51, Wayne Rasband and contributors, National
Institutes of Health, USA), we calculated the PAS-stained area of the decidua and junctional

zones, then normalized this value to the area of the decidua and junctional zone.

2.2.8 Informatic Analysis

We used the open-source, web-based Galaxy server (Afgan et al., 2018)
(https://usegalaxy.org/) to process and analyze our data files. First, we used MultiQC (Ewels et
al., 2016) to perform quality control on the raw paired-end, total RNA sequence files and then
trimmed the sequences of Illumina adapters using Trimmomatic (Bolger et al., 2014). Next, we
used RNA STAR (Dobin et al., 2013) to map the reads to the Mus musculus reference genome
(UCSC version GRCm39/mm39). We then used featureCounts (Liao et al., 2014) with a
minimum mapping quality per read of 10 to determine read abundance for all genes, followed by
annotation versus M27 GTF (GENCODE, 2020). Finally, we analyzed the generated
featureCounts files using the DESeq2 (Love et al., 2014) function with default parameters to
generate the PCA plots and the Volcano Plot function to produce graphical representations of the

(log2FC, g-value <0.05) gene expression levels for the top 25 significant genes. Next, we
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exported the differentially expressed genes (DEGS) (log2FC, unadjusted P-value < 0.05) into the
Ingenuity Pathway Analysis software package and conducted gene enrichment analysis
(Jiménez-Marin et al., 2009; Kramer et al., 2014).

We generated heatmaps for DEGs using the ‘pheatmap’ (Kolde, 2012) package on R
version 4.2.1 (R Core Team, 2022) We transformed the raw counts using variance stabilized
transformation (VST) in DESeqg2 (Love et al., 2014) and used the VST counts to plot the
heatmap. We calculated z-scores using the scale = ‘row’ function. We used Venny 2.1 (Oliveros,

2007-2015) to generate Venn diagrams comparing DEGs between treatments.

2.2.9 Data Management

The data generated in this study were managed using a detailed data management plan
that prioritizes safe and efficient data handling. For long-term storage, retrieval and preservation,
we have stored all data on Google Drive. The sequence files generated from this project can be

obtained in the GEO database under accession number GSE214726.

2.2.10 Statistical Analysis

We initially collected physiological measures for each exposed male, embryo or fetus by
hand and then transcribed these data into Google Sheets or Microsoft Excel, where we collated
the data. We then transferred the physiological and molecular data into the statistical analysis
program GraphPad Prism 9 (RRID: SCR_002798; GraphPad Software, Inc., La Jolla, CA, USA),
set the statistical significance at alpha =0.05, used the ROUT test (Q = 1%) to identify outliers,
and then verified the normality of the datasets using the Shapiro—Wilk test. If data passed
normality (alpha =0.05), we employed either a One-way or Two-way ANOVA or an unpaired,

parametric (two-tailed) t-test. If the data failed the test for normality or we observed unequal
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variance (Brown Forsythe test), we ran a Kruskal-Wallis test followed by Dunn’s multiple
comparisons test or a non-parametric Mann—Whitney test.

For measures of fetoplacental growth, we determined the male and female average for
each litter and used this value as the individual statistical unit. As we observed differences in
litter size (Fig. 2.2B), which can exert stage-specific impacts on fetal weight (Ishikawa et al.,
2006), we also compared the collective measures of individual fetuses and reported the analysis
of both datasets. To calculate placental efficiency (Hayward et al., 2016), we divided fetal weight
by placental weight. For offspring organ weights and the analysis of placental histology, we
randomly selected male and female offspring from each litter and used measures of these
samples as the statistical unit. For RT-qPCR analysis of gene expression, we imported the
replicate cycle threshold (Ct) values for each transcript into Excel, then normalized expression to
the geometric mean of two validated reference genes, including transcripts encoding
Phosphoglycerate kinase 1 (Pgk1) and 3-monooxygenase/tryptophan 5-monooxygenase
activation protein zeta (Ywhaz). We then used the —AACT method (Schmittgen and Livak, 2008)
to calculate the relative fold change for each biological replicate. Data presented are mean +
standard error of the mean. For each figure presented, we provide detailed descriptions of each

statistical test in Supplemental Table 1 in Appendix A.
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Figure 2.2. Chronic paternal alcohol exposure impedes IVF embryo survival and decreases pregnancy
success rates. Chronic male alcohol exposure reduces (A) the percentage of two-cell stage embryos per
transfer surviving to gestational day 16.5 and (B) the number of live offspring or litter size at gestational
day 16.5. We arcsine transformed the percentage of surviving two-cell embryos and used a one-way
ANOVA to compare treatments on each litter. (C) Paternal alcohol use reduces IVF pregnancy success
rates. We used a chi-squared test to identify differences in pregnancy success rates between treatments
(P=10.0448, n =18 Control, n=27 6% EtOH, n=38 10% EtOH litters). Error bars represent the standard
error of the mean, *P <0.05, **P <0.01.

2.3 Results

2.3.1 A Physiologically Relevant Mouse Model to Examine the Impacts of Chronic
Preconception Paternal Alcohol Use on IVF Outcomes

To understand the impact of preconception paternal alcohol use on IVF outcomes, we
employed an established mouse model of voluntary alcohol exposure that mimics chronic binge
drinking (Boehm et al., 2008), isolated sperm from exposed males, then used these samples in an
established IVF protocol (Nakagata, 2011) (Fig. 2.1A). Using a physiologically relevant,
prolonged version of the limited access Drinking in the Dark model, we exposed postnatal day
90, C57BL/6J male mice to 6% and 10% (w/v) ethanol (EtOH) treatments. We have previously
found that these treatments exert dose-dependent effects on offspring placental growth and

histology, with the 6% treatment increasing litter average placental weights while the 10%
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treatment (2.1-4.86 g/kg) was associated with placental growth restriction (Thomas et al., 2022).
We exposed Control males to water alone and ensured identical handling by concurrently
switching between two identical water bottles. We maintained treatments for 6 weeks, then bred
exposed males to naive C57BL/6J dams during a 3-week mating phase while maintaining the
preconception treatments. We did not observe any differences in fluid consumption between the
Control and EtOH treatment groups (Fig. 2.1B). During the 3-week breeding phase, a subset of
the exposed males produced litters (Supplemental Table 2 in Appendix A). After resting for 1
week, we sacrificed exposed males at 10 weeks of total exposure, then collected and
cryopreserved the sperm (Nakagata, 2011). Males in the 6% EtOH treatment group received an
average daily dose of 1.7 g/kg, while males in the 10% EtOH treatment group received an
average daily dose of 2.2 g/kg (Fig. 2.1C). Consistent with our previous studies using this model,
plasma alcohol concentrations averaged ~100 and ~115 mg/dl for the 6% EtOH and 10% EtOH
treatment groups, respectively (data not shown). We did not observe any difference in weekly

weight gain between treatment groups (Fig. 2.1D).

2.3.2 Preconception Paternal Alcohol Use Reduces IVF Embryo Survival and Pregnancy
Success Rates

Using sperm isolated from treated males, we employed an established I'VF protocol
(Nakagata, 2011) to generate preimplantation embryos. Despite the potential for stressors
associated with superovulation and in vitro embryo culture to obscure paternal epigenetic effects
on offspring development, we found that, compared with Control IVF offspring, embryos
generated using alcohol-exposed sperm exhibited decreased development rates and survival. For

example, compared to sperm isolated from Control males, we observed a dose-dependent
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(P>0.0134) decrease in fertilization rates, as measured by the generation of one-cell zygotes
after 36 h of culture (Table 1). However, we did not observe any significant differences in the
number of one-cell transitioning to two-cell stage embryos (Table 2). We transferred two-cell
stage embryos into naive recipient dams and examined pregnancy rates at gestational day 16.5, a
developmental phase where we have previously characterized alcohol-induced alterations to
fetoplacental growth and patterning (Bedi et al., 2019; Thomas et al., 2021, 2022). Preconception
paternal EtOH exposure significantly decreased both the number of surviving offspring from
each embryo transfer (Fig. 2.2A) and the total number of two-cell embryos surviving to
gestational day (GD)16.5 (Table 3), with the 6% EtOH treatment group exhibiting a 24% decline
and the 10% EtOH treatment group displaying a 32% reduction in total embryo survival,
compared to sperm derived from males in the Control treatment. In contrast to our previous
studies, which did not identify any impacts on litter size (Chang et al., 2017, 2019b; Bedi et al.,
2019; Thomas et al., 2021, 2022), both the 6% EtOH and 10% EtOH IVF treatment groups
exhibited reductions in the number of live offspring (Fig. 2.2B). Finally, we observed a
significant (Chi-square analysis, P = 0.0448) reduction in our pregnancy success rates, with the
6% EtOH treatment displaying a 20% decline, while pregnancy rates from the 10% EtOH
treatment were half those of the Control treatment (Fig. 2.2C). For the full dataset, please see
Supplemental Table 3 in Appendix A. These results demonstrate that chronic preconception male

alcohol use significantly decreases IVF embryo survival and pregnancy success rates.
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Table 1
Fertilization success rates.

Sire treatment # oocytes # oocytes to one-cells % success
Control 967 515 53.25%

6% EtOH 1296 589 45.44%*
10% EtOH 1837 707 38.48%p****#

Number of one-cell embryos after 4 h culture. Comparisons to Control. * P <0.05, **** P <0.0001;
comparing 6% EtOH to 10% EtOH. *P <0.05.

Table 2

Developmental progression of one-cell embryos to the two-cell stage.
Sire treatment # one-cells # one-cells to two-cells % success
Control 515 441 85.63%
6% EtOH 589 506 85.90%
10% EtOH 707 625 88.40%

Table 3

Embryo success rate.
Sire # two-cells # GD 16.5 live
treatment transferred offspring % success
Control 197 90 45.69%
6% EtOH 301 66 21.93%****
10% EtOH 414 57 13.77%****#

Total number of two-cell embryos transferred compared to the number of live offspring at gestational day

16.5. Comparisons to Control.**** P <0.0001; comparing 6% EtOH to 10% EtOH. * P <0.05.
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2.3.3 Paternal Alcohol Exposures Disrupt Embryonic Gene Expression Patterns

To better understand the molecular basis of the reduced IVF success rates, we used deep
sequencing to contrast the embryonic transcriptome between the three treatment groups. Previous
studies demonstrate that IVF procedures alter the allocation of cells between the embryonic and
extraembryonic lineages, disrupting the earliest phases of placental development initiated at the
blastocyst stage (Bai et al., 2022). We suspected that alcohol might exacerbate these molecular
changes and wanted to determine their developmental origins. Therefore, we focused our
analyses on the morula stage, which precedes differentiation into the founding lineages. To this
end, we pooled 10-15 morulae per male, isolated RNA, sequenced the generated cDNA libraries
(n =3 per treatment), and compared gene expression patterns using DESeq2. After adjusting for
false discovery (log2-fold change, g-value < 0.05), our analysis identified a small number of
DEGs between treatment groups (16 Control vs 6% EtOH, 35 Control vs 10% EtOH, and 30 6%
EtOH vs 10% EtOH). Of note, when comparing the 10% EtOH treatment to Controls, we
identified increased enrichment of transcripts encoding genes functioning as critical regulators of
trophectoderm stem cell growth and placental patterning, including Fibroblast growth factor 4
(Fgf4), epidermal growth factor receptor (Egfr) and Marvel domain containing 1 (Marveldl)
(Tanaka et al., 1998; Chen et al., 2016, 2018) (Supplemental Table 4 in Appendix A). These
observations suggest that preconception paternal alcohol exposures may disrupt critical pathways
regulating placental development.

To further understand the impacts of paternal drinking on embryonic development, we
relaxed the stringency of our informatic analysis to include genes with an unadjusted P-value of
<0.05 and used this list to conduct Ingenuity Pathway Analysis (Jiménez-Marin et al., 2009).

Using these criteria, we found a wide variation in embryonic gene expression patterns, with
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largely distinct sets of genes and genetic pathways emerging across comparisons between the
Control—6% EtOH, Control—10% EtOH, and 6% EtOH—10% EtOH treatments (Fig. 2.3A-H).
Importantly, in our comparisons of morulae derived from the 6% EtOH and 10% EtOH treatment
groups, we identified alterations in genetic pathways associated with mitochondrial dysfunction,
oxidative phosphorylation and Sirtuin signaling (Fig. 2.31). We have previously identified
disruptions in these same pathways in the gestational day 16.5 placentae of naturally conceived

offspring sired by alcohol-exposed males (Thomas et al., 2021, 2022).
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Figure 2.3. Chronic paternal alcohol exposures induce changes in morula-stage embryonic gene
expression patterns. Analysis of differential patterns of embryonic gene expression between Control and
6% EtOH morulae: (A) heatmap comparing gene expression patterns, (B) volcano plot contrasting down-
and upregulated differentially expressed genes and (C) ingenuity pathway analysis of differentially
expressed genes. Comparison of embryonic gene expression patterns between Control and 10% EtOH
morulae: (D) Heatmap comparing gene expression patterns, (E) volcano plot contrasting down- and
upregulated differentially expressed genes and (F) ingenuity pathway analysis of differentially expressed
genes. Venn diagrams comparing the number of overlapping (G) upregulated and (H) downregulated
differentially expressed genes between treatment groups. Baseline comparisons were made to the Control
treatment. (I) Ingenuity pathway analysis comparing differentially expressed genes identified between the
6% EtOH and 10% EtOH treatment groups. C1, C2, and C3 reference Control samples 1 through 3, while
E1, E2, and E3 reference EtOH samples 1 through 3. (For the analysis presented above, we selected
differentially expressed genes exhibiting a log2-fold change and unadjusted P-value of <0.05, n=3 pools
of 10-15 morulae per treatment.)



2.3.4 Preconception Paternal Alcohol Exposure Alters the Growth and Development of
IVF Offspring

We next examined the impact of paternal alcohol exposure on IVF fetal offspring growth
and development at gestational day 16.5. Despite observing smaller litter sizes (6% EtOH P-
value =0.0265, 10% EtOH P-value = 0.0039), we did not observe any significant impacts of
paternal EtOH exposure on gestational sac weights or fetal weights (Fig. 2.4A and B). However,
we did observe reductions in fetal crown-rump lengths for the male offspring of alcohol-exposed
sires (Fig. 2.4C). However, we only observed these differences when comparing individual
offspring, not litter averages. Next, we compared offspring normalized organ weights to
determine whether paternal EtOH could induce programmed changes in organogenesis. We did
not observe any differences in normalized brain weights (Fig. 2.4D). However, male IVF
offspring from the 10% EtOH group displayed reduced heart weights (Fig. 2.4E). Interestingly,
male and female offspring generated using sperm from alcohol-exposed sires displayed reduced
thymic weights (Fig. 2.4F). The 6% EtOH and 10% EtOH treatment groups both displayed
reduced thymic weights in males, while in the female offspring, only the 10% EtOH treatment
group was significantly different. These observations indicate that paternal alcohol use programs

dose and sex-specific changes in IVF offspring growth and organogenesis.
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Figure 2.4. Chronic paternal ethanol exposure alters I\VF-embryo growth and organ development.
Comparison of gestational day 16.5 (A) gestational sac weights, (B) fetal weights, and (C) crown-rump
lengths between treatment groups (n=45 Control, 31 6% EtOH, 26 10% EtOH male offspring; n=44
Control, 23 6% EtOH, 16 10% EtOH female offspring). Comparison of body weight-normalized (D)
brain weights, (E) heart weights and (F) thymus weights between IVF offspring generated using sperm
derived from Control and EtOH-exposed males. We randomly selected approximately two male and two
female offspring from each litter to examine organ weights (n =23 Control, 17 6% EtOH, 13 10% EtOH
male offspring; 20 Control, 13 6% EtOH, 7-11 10% EtOH female offspring). We used a two-way
ANOVA to contrast differences between sex and treatment or Kruskal-Wallis test, depending on the
normality of the data. Sex differences are indicated above the figures, while treatment effects are
demarcated directly above the bar graphs. Error bars represent the standard error of the mean, *P <0.05,
**P <0.01, ¥***P <0.001, ****P <(.0001.

2.3.5 Paternal Ethanol Exposure Modifies the Histological Organization of 1 VF-Offspring
Placentae

Given the identified up-regulation of genes controlling trophoblast differentiation and
placental patterning, we next examined the gestational day 16.5 placenta. In contrast to our
previous studies examining naturally conceived offspring (Bedi et al., 2019; Thomas et al.,
2021, 2022), we did not observe any influence of paternal alcohol exposure on placental weights

and only modest effects on placental diameter and placental efficiency (Fig. 2.5A—C). Notably,
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we did not observe any differences when comparing litter averages, only when comparing
individual offspring. Previous studies demonstrate that IVF procedures induce changes in
placental histoarchitecture (Collier et al., 2009; Delle Piane et al., 2010; Bloise et al., 2012; de
Waal et al., 2015; Tan et al., 2016; Dong et al., 2021; Bai et al., 2022). Similarly, we have found
that chronic paternal EtOH exposures program male-specific changes in the histological
organization of the placenta (Thomas et al., 2021, 2022). Therefore, we stained male and female
placentae from each treatment group with phosphotungstic acid to enhance tissue contrast and
then used microCT imaging to quantify the volumes of the different placental layers (Lesciotto et

al., 2020).
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Figure 2.5. Preconception paternal alcohol exposure alters IVF-embryo placental development.
Comparison of (A) placental weight, (B) placental diameter and (C) placental efficiency between IVF
offspring generated using sperm derived from Control and EtOH-exposed males (n= 45 Control, 31 6%
EtOH, 26 10% EtOH male offspring; n=44 Control 23, 6% EtOH 16, 10% EtOH female offspring).
Using microCT, we measured the proportional volume of each placental layer and used a two-way
ANOVA to compare measures between male and female offspring across treatment groups. Volumes for
the (D) chorion, (E) decidua, (F) junctional zone and (G) labyrinth are expressed as a ratio of the total
placental volume. We randomly selected placentae from each litter to examine histological changes
(n=32 Control, 23 6% EtOH, 23 10% EtOH males; 23 Control, 16 6% EtOH, 13 10% EtOH females).
Ratios comparing the proportional volumes of the (H) junctional zone to decidua and (I) labyrinth to
junctional zone between male and female offspring across treatment groups. (J) Quantification of
placental glycogen content in male offspring. PAS-stained area normalized to the decidua and junctional
zone area, compared between treatment groups (n =11 Control, 8 6% EtOH and 8 10% EtOH). Sex
differences are indicated above the figures, while treatment effects are demarcated directly above the bar
graphs. Error bars represent the standard error of the mean, *P < 0.05, **P <0.01, ***P <0.001,

***¥P <0.0001.
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In contrast to our previous studies examining placentae derived from EtOH-exposed
sires, we did not observe any differences in the proportional volumes of the chorion or the
labyrinth layers (Fig. 2.5D and G). We did, however, observe increases in the maternal decidua
and decreases in the fetal junctional zone (Fig. 2.5E and F). Unexpectedly, compared to our
previous studies, which identified male-specific changes in placental histology, we observed
histological changes in the decidua and junctional zone, as well as proportional changes in the
labyrinth junctional zone, in both sexes (Fig. 2.5H and 1). Finally, reductions in the junctional
zone may be due to decreased phosphotungstic acid staining arising from increased glycogen
content. Further, IVF procedures are known to increase the glycogen content of the placenta
(Dong et al., 2021). Therefore, we utilized PAS-stained tissue sections to quantify placental
glycogen levels in male placentae. These analyses identified a significant increase (P <0.05) in
glycogen levels in placentae isolated from male offspring in the 10% EtOH treatment group but
not in the 6% EtOH treatment (Fig. 2.5J). We did not observe any differences in the number of
glycogen islands in the labyrinth layer between treatment groups (data not shown). Our
morphometric and histological data reveal that the IVF offspring of EtOH-exposed sires display
histological changes in placental patterning and increases in placental glycogen beyond those
induced by IVF procedures (Dong et al., 2021) and that, unlike natural matings, female IVF

offspring also display EtOH-induced changes.

2.3.6 Chronic Male Alcohol Exposure Disrupts IVF-Embryo Placental Gene Expression
Our comparisons of embryonic gene expression patterns between morulae derived from
the 6% EtOH and 10% EtOH treatment groups identified alterations in genetic pathways

associated with mitochondrial dysfunction, oxidative phosphorylation and sirtuin signaling.
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Given our previous identification of these gene sets and altered imprinted gene expression in
placentae derived from alcohol-exposed males using natural matings (Thomas et al.,

2021, 2022), we assayed Control and 10% EtOH placentae to determine if this same
transcriptional signature presents in IVF embryos. RT-gPCR analysis confirmed the disruption of
multiple imprinted genes and genes involved in the identified pathways in placentae derived
from IVF offspring (Fig. 2.6). These data reveal the persistence of an alcohol-induced
transcriptional signature in placentae derived from IVF offspring generated using alcohol-

exposed sperm.
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Figure 2.6. IVF placentae derived from alcohol-exposed males exhibit transcriptional changes in select
imprinted and mitochondrial genes. (A) Analysis of imprinted gene expression in the placentae of the
male offspring of Control and 10% EtOH-exposed sires. Comparison of mitochondrial-encoded
transcripts in placentae of (B) male and (C) female IVF offspring derived from Control and 10% EtOH
treated males. We analyzed gene expression using RT-gPCR. Gene expression was normalized to
transcripts encoding Pgk1 and Ywhaz; (n=S8). For analysis, we used an unpaired, parametric (two-tailed)
t-test or a Mann—Whitney test (unpaired, non-parametric t-test) if the data failed the test for normality.
Error bars represent the standard error of the mean, *P < (.05, **P < 0.01.

24 Discussion
Emerging biomedical and clinical evidence convincingly demonstrates that epigenetic
factors carried in sperm significantly influence the health of future generations (Lane et al.,

2014; Fleming et al., 2018). However, across the spectrum of male reproductive biology, there is

a foundational lack of knowledge concerning the impacts of epigenetic processes on sperm
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production and their heritable influences on embryonic development. This knowledge gap
impedes our ability to recognize the importance of paternal health in the development of birth
defects and disease, as well as larger aspects of male infertility. Consequently, through their
maternal-centric focus, the medical community perpetuates the stigma that birth defects are
exclusively the woman’s fault and create an imbalance in clinical practice that forces females to
bear the burden of male infertility (Barratt et al., 2018). This inequity is especially evident in
fertility clinics where the perception that IVF success rates are the exclusive consequence of
maternal health and lifestyle while, in contrast, men are given a ‘free pass’, and paternal
periconceptional health and lifestyle choices are neither scrutinized nor recorded.

Using a physiologically relevant mouse model of chronic ethanol exposure, our study
demonstrates that paternal alcohol use significantly reduces IVF embryo survival and pregnancy
success rates. Furthermore, these adverse outcomes are associated with alterations in embryonic
gene expression and downstream placental dysfunction, suggesting an epigenetic memory of
preconception alcohol use transmits through sperm, disrupting the formation and function of the
placenta. Given the higher prevalence of preterm birth, lower birth weights and congenital
disabilities in IVF children (Chang et al., 2020) and that chronic male alcohol use is widespread
(Naimi et al., 2003), we must investigate the impacts alcohol-induced alterations in sperm
epigenetic programming have on IVF embryo growth and development. Further, given the
established influences of poor placentation on infant health and adult onset of disease (Burton et
al., 2016), a better understanding of the impacts paternal alcohol use has on placental biology
may help explain why the life expectancy of people with fetal alcohol syndrome is 34 years, less

than half of the broader population (Thanh and Jonsson, 2016).
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Our studies utilized C57BI6/J mice, which, although an established model for studying
the teratogenic effects of alcohol (Petrelli et al., 2018), are an inbred strain exhibiting
comparatively poor fecundity (Rennie et al., 2012). Using this genetic background,
preconception paternal alcohol exposures reduced embryo development rates to the point that
obtaining the requisite number of litters required for our analysis necessitated conducting 1.5% to
2x the number of embryo transfers (Fig. 2.2C). Although mouse models do not strictly translate
to humans (mice metabolize alcohol 5.5 times faster than men and, therefore, require higher
doses to feel the effects (Jeanblanc et al., 2019)), the average daily dose observed in the 6%
treatment group (1.7 g EtOH/kg of body weight) is roughly equivalent to a 75 kg man drinking
two and a quarter beers per hour for 4 h (total of 9), while the 10% treatment (2.2 EtOH/kg body
weight) is equivalent to a 75 kg man consuming 12 beers in 4 h, both of which are exposure
levels commonly observed among US males (Naimi et al., 2003; White et al.,, 2006; Kanny et
al., 2018). Therefore, if these data translate to humans, our research suggests that preconception
paternal alcohol use may be an unappreciated yet easily modified factor that significantly
impedes IVF success rates, increasing patient financial burden and emotional stress.

The junctional zone, located between the maternal decidua and the fetal labyrinth layer,
functions as the endocrine component of the murine placenta, releasing a diverse suite of
hormones, cytokines and growth factors, but also serves as the primary energy reserve via the
storage of glycogen (Woods et al., 2018). Previous studies have confirmed that the proportional
size of the junctional zone significantly affects fetal growth. For example, gene loss-of-function
and overexpression mouse models reveal that reductions, expansion or mislocalization of
junctional zone glycogen cells correlate with fetal growth restriction (Li and Behringer,

1998; Rampon et al., 2008; Esquiliano et al., 2009; Tunster et al., 2016a,b). Additionally,
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experiments comparing offspring derived using in vitro embryo culture to naturally conceived
offspring or maternal hypoxia reveal a late-term enlargement of the junctional zone and
reductions in fetal weights (de Waal et al., 2015; Higgins et al., 2016; Vrooman et al.,

2020, 2022). In contrast, reductions in the junctional zone arise in mouse models of maternal
nutrient restriction (Coan et al., 2010; Sferruzzi-Perri et al., 2011).

Here, we provide new data describing the impact of preconception paternal EtOH
exposures on IVF placental morphology and fetal growth. IVF offspring of alcohol-exposed sires
exhibited a decrease in the junctional zone and the proportional relationship to the decidua (Fig.
2.5F and H). Therefore, the histological changes we observe in the offspring of alcohol-exposed
sires contrast with the changes normally induced by IVF and more closely resemble the relative
changes induced by starvation or hypoxia. However, we did not observe any changes in fetal
weights between treatments, possibly due to the reductions in litter size. These results suggest
that the volume of the junctional zone and glycogen cell quantities are modified when the sire
regularly consumes alcohol before an IVF procedure. However, whether this altered phenotype
results from placental dysfunction or as a compensatory modification is unknown and remains to
be elucidated.

Although compelling, there are several limitations to our study. First, we and others have
observed alcohol-induced alterations in sperm non-coding RNAs and post-translational histone
modifications but not DNA methylation (Chang et al., 2017; Rompala et al., 2018; Bedi et al.,
2019, 2022). However, the current study does not reveal which epigenetic factors carried in
sperm are responsible for transmitting the observed phenotypes. Further, we do not know
whether factors transported in the seminal plasma of alcohol-exposed males may also influence

pregnancy outcomes (Bromfield et al., 2014). Consequently, we do not know which phases of
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sperm production or maturation are impacted by alcohol and, therefore, cannot make informed
recommendations as to the duration of time that may be required for the epigenetic impacts of
alcohol to dissipate. Second, the processes of superovulation and in vitro embryo culture are
known to disrupt maternal epigenetic factors regulating development and alter placental
histoarchitecture (Collier et al., 2009; Delle Piane et al., 2010; Bloise et al., 2012; de Waal et al.,
2015; Tan et al., 2016; Dong et al., 2021; Bai et al., 2022). Therefore, we do not know how much
of the phenotypic changes or alterations in embryonic gene expression are directly attributable to
paternal alcohol exposures versus a combinatorial interaction with ARTs. Third, because our IVF
protocol prioritized the transfer of two-cell embryos, we only examined embryonic development
to this stage and harvested the remaining morulae for transcriptomic analysis. Therefore, our
embryological analysis does not address the observed pregnancy loss after the two-cell stage, nor
do our experiments faithfully mimic human IVF studies, which focus on blastocyst stage
outcomes. We require additional studies to determine how paternal alcohol use impacts
blastocyst cell lineage specification, development rates and quality, and to determine how this
may impact post-implantation survival. Fourth, we selected the 6% EtOH and 10% EtOH
treatments as the average daily dose for these treatments (1.7 g/kg for 6% EtOH and 2.2 g/kg for
10% EtOH) spanned the previously described moderate and heavy drinker threshold; moderate
daily doses (1.14-2.0 g/kg/day) were associated with increases in litter average placental weights
while heavy drinking (2.1-4.86 g/kg/day) associated with placental growth restriction (Thomas
etal., 2022). In our experiments, both treatments inhibited IVF success rates and altered
placental histology, while neither treatment impacted litter average placental weights. Further,
although we observed some overlap in altered embryonic gene expression between the 6% EtOH

and 10% EtOH treatments (Fig. 2.3G and H), it was minimal, suggesting different doses exert
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distinct impacts on the embryonic transcriptional program. A further limitation of this study was
that we pooled morulae and could not separate male and female embryos. Thus, the
transcriptional differences we describe may be confounded by an unequal representation of male
and female embryos across treatments, although we did not observe any changes at GD16.5.
Future studies will examine the time required for alcohol-induced changes in the sperm-inherited
developmental program to dissipate and which epigenetic signals may drive the inheritance of
these phenotypes and will employ single-cell sequencing approaches to more rigorously examine
embryonic gene expression patterns.

The planning status of a pregnancy has a substantial impact on maternal behavior, which
in turn, has a positive influence on infant health at birth (Institute of Medicine (US) Committee
on Unintended Pregnancy, 1995; Kost et al., 1998; Mohllajee et al., 2007). Accordingly,
maternal education on topics like the benefits of folic acid intake has helped significantly
increase children’s health (Prevention and Health, 2000). However, in the USA, 70% of men
drink, and 40% engage in repetitive patterns of binge drinking (Naimi et al., 2003; White et al.,
2006; Kanny et al., 2018). Although half of pregnancies are unplanned (Henshaw, 1998), many
male partners are heavily engaged in family planning, particularly with couples struggling with
infertility (Kost et al., 1998; Mohllajee et al., 2007). Our work, combined with other published
studies (Klonoff-Cohen et al., 2003; Rompala and Homanics, 2019), indicates that we need to
expand health messaging around prepregnancy planning to include the father and change IVF

clinical practice to emphasize the dangers of periconceptional alcohol use by both parents.

39



3. ALTERATIONS IN SPERM RNAS PERSIST AFTER ALCOHOL CESSATION AND

CORRELATE WITH EPIDIDYMAL MITOCHONDRIAL DYSFUNCTION

3.1 Introduction

Preconception exposures are an emerging area of interest in our efforts to understand the
developmental origins of birth defects, disease, and neurological dysfunction (Fleming et al.,
2018; Rompala and Homanics, 2019). Although researchers have long recognized the
importance of preconception maternal health in pregnancy and child developmental outcomes,
paternal exposures have only recently emerged as significant modifiers of placental function and
offspring development (Bhadsavle and Golding, 2022; Lismer and Kimmins, 2023). Indeed,
researchers now recognize that sperm contain a vast suite of epigenetic information (Le Blévec et
al., 2020; Lee and Conine, 2022) and that a wide range of different stressors, including
nutritional deficiencies or excess, inflammation, drugs of abuse, environmental toxicants, and
psychological trauma, each modifies the sperm-inherited epigenome, with adverse impacts on
offspring health (Braun et al., 2017; Donkin and Barrés, 2018; Soubry, 2018; Rompala and
Homanics, 2019; Senaldi and Smith-Raska, 2020; Jawaid et al., 2021; Yin et al., 2022).
Nevertheless, although we now recognize these influences, the biochemical mechanisms by
which the epigenetic memories of paternal experiences and stressors influence fertility and
transmit to offspring remain almost completely undefined.

One of the key outstanding questions in the field of paternal epigenetic inheritance
concerns the resilience of the male reproductive tract and the germline's capacity to recover and
correct sperm-inherited epigenetic errors after stressor withdrawal. Previous studies demonstrate

that while some stressors exert transient impacts on overall male fertility, others permanently
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affect sperm production and fecundity. For example, male exposures to anabolic steroids, heat
stress, and COVID-19 infection each induce transient reductions in fertility that reverse after
approximately one spermatogenic cycle (El Osta et al., 2016; Hamilton et al., 2016; Alves et al.,
2021; Shcherbitskaia et al., 2022). Similarly, cessation from smoking and chronic alcohol use
also associate with improvements in fertility, although the duration of recovery may extend
across multiple spermatogenic cycles, depending on the severity of drug use (Vicari et al., 2002;
Sermondade et al., 2010; Sansone et al., 2018; Tang et al., 2019; Kulaksiz et al., 2022). In
contrast, infertility induced by male chemotherapy and radiotherapy treatments may persist for
several years or be permanent (Meistrich, 2013; Okada and Fujisawa, 2019). However, although
stressor or toxicant withdrawal generally associates with improvements in macro measures of
male fertility, whether these exposures induce lasting changes to the sperm-inherited
developmental program or if exposure-induced epigenetic errors self-correct after cessation
remains unknown.

In the United States, 70% of men drink, and 40% engage in repetitive binge drinking
(Naimi et al., 2003; White et al., 2006; Kanny et al., 2018). Moreover, men are likelier than
women to engage in risky alcohol use patterns and less likely to modify their preconception
behaviors when considering fatherhood (Esser et al., 2014). Clinical studies provide conflicting
data on the impacts of alcohol intake on male fertility, with some studies suggesting modest
declines while others report no observable effects (Pajarinen et al.,1996; Giimiis et al.,1998;
Muthusami and Chinnaswamy, 2005; Jensen et al., 2014; Condorelli et al., 2015; Van Heertum
and Rossi, 2017). Nonetheless, clinical studies examining high-level, chronic exposures
demonstrate adverse impacts on overall health, increases in systemic oxidative stress, and

decreases in fertility (Finelli et al., 2021). Notably, a small number of studies suggest that the
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varied effects of alcohol on fertility across human populations may link to genetic differences in
the capacity to mitigate oxidative stress, specifically polymorphisms in Glutathione S-transferase
(Pajarinen et al., 1996; Finelli et al., 2021). However, even in cases of heavy chronic alcohol use
disorder, patients demonstrate improvements in overall fertility after withdrawal (Vicari et al.,
2002; Sermondade et al., 2010).

Using a mouse model, our group has demonstrated that chronic preconception paternal
alcohol exposures induce dose-dependent changes in placental patterning, defects in craniofacial
development, and long-term effects on glucose homeostasis (Chang et al., 2017; Chang et al.,
2019a; Bedi et al., 2019; Chang et al., 2019b; Thomas et al., 2021; Bedi et al., 2022; Thomas et
al., 2022; Roach et al., 2023; Thomas et al., 2023). In these previous studies, we did not observe
any differences in sperm count, morphology, or offspring litter size (Chang et al., 2017; Chang et
al., 2019a; Bedi et al., 2019; Thomas et al., 2021; Thomas et al., 2022; Thomas et al., 2023).
However, using an in vitro fertilization system to model the impacts of paternal alcohol use on
early embryonic development, we observed that chronic ethanol exposures reduce embryo
development and pregnancy success rates in a dose-dependent manner (Roach et al., 2023).
These intergenerational effects on fertility and offspring development correlate with alcohol-
induced alterations in sperm-inherited noncoding RNAs and histone structure but do not
associate with any significant changes in DNA methylation (Chang et al., 2017; Bedi et al.,
2019; Bedi et al., 2022). Significantly, the Homanics group has also identified alcohol-induced
changes in sperm noncoding RNAs using a vapor chamber exposure model, reinforcing the
assertion that paternal ethanol exposures affect sperm small noncoding RNA abundance
(Rompala et al., 2018). These reports join a growing body of clinical and preclinical studies

indicating paternal alcohol use induces heritable epigenetic changes in offspring phenotypes that
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correlate with fetal alcohol spectrum disorder (FASD) behavioral, neurological, and structural
defects (Rompala and Homanics, 2019; Little and Sing,1987; Zuccolo et al., 2016; Xia et al.
2018; Peng et al., 2019; Zhang et al., 2020; Zhou et al., 2021; Montagnoli et al., 2021). However,
whether, like clinical studies examining measures of overall fertility, alcohol withdrawal
ameliorates the observed epigenetic changes in sperm is not known.

Two previous reports, including work from our group, identified alcohol-induced changes
in sperm noncoding RNAs (Bedi et al., 2019; Rompala et al., 2018). Herein, we examined the
impacts of cessation from chronic alcohol exposure on sperm small noncoding RNA abundance.
The trafficking of sperm noncoding RNAs primarily occurs during epididymal transit
(Montagnoli et al., 2021); in mice, this transit occurs across a ten-day period(Adler, 1996).
However, previous studies examining mouse models of binge drinking demonstrate that the
negative impacts of alcohol withdrawal, including anxiety- and depressive-like disturbances and
molecular alterations in neurological activity, last for at least three weeks (Lee et al., 2015;
Tonetto et al., 2023). Therefore, we hypothesized that alcohol cessation for one month would
allow for the normalization of EtOH-induced changes in the sperm noncoding RNA profile.
Instead, our analyses reveal that chronic alcohol exposures induce a molecular signature of
mitochondrial dysfunction. Notably, even after one month of abstinence, elements of this
signature remain in the corpus segment of the epididymis, and significant differences in the
sperm noncoding RNA profile remain. These data suggest that, like neurological models
examining alcohol withdrawal, the male reproductive tract and sperm-inherited epigenetic

program continue to exhibit evidence of alcohol-induced disturbance after toxicant removal.
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3.2  Materials and Methods
3.2.1 Animal Studies and Ethanol Exposures

We designed our study following ARRIVE guidelines and conducted all experiments
following IACUC regulations, with prior approval by the Texas A&M University IACUC, under
protocol number 2020-0211. We utilized male C57BL/6J strain mice
(RRID:IMSR_JAX:000664), which we derived from a breeder nucleus and housed in the Texas
A&M Institute for Genomic Medicine. We maintained males on a standard chow diet (catalog #
2019; Teklad Diets, Madison, W1, USA) with free water access and a reverse 12-hour light/dark
cycle (lights off at 8:30 AM). As in our previous studies, we added shelter tubes (catalog #
K3322; Bio-Serv, Flemington, NJ, United States) and additional nestlets to minimize animal
stress and enhance cage enrichment.

Beginning on postnatal day 90, we individually caged males and initiated the control and
ethanol (EtOH) treatments using a prolonged version of the Drinking in the Dark model (Boehm
et al., 2008). Using published methods (Thomas et al., 2022; Roach et al., 2023), we exposed
males to control (water alone), 6% or 10% (w/v) EtOH (catalog # E7023; Millipore-Sigma, St.
Louis, MO, USA) treatments, with exposures beginning one hour after the beginning of the
active (dark) cycle and lasting for four hours. To ensure identical handling, we simultaneously
exchanged water bottles across the control and EtOH treatments. Each week, during the regular
cage change, we recorded the weight of each mouse (kg) and the total weekly fluid consumption
(9), then calculated their weekly fluid consumption as g of fluid consumed/kg body weight. To
analyze tissues and sperm derived from active drinkers, we sacrificed cohort one (n=8 per
treatment) after ten weeks of constant EtOH exposure using CO2 asphyxiation followed by

cervical dislocation. For cohort two, we ceased the control and EtOH treatments and left the
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mice undisturbed for an additional four weeks before sacrifice using CO2 asphyxiation and
cervical dislocation, followed by tissue collection of the epididymal caput, corpus, and cauda
with 1cm of vas deferens and sperm isolation. We refer to this latter group as the EtOH-

Cessation treatment.

3.2.2 Isolation of Mouse Sperm

After sacrifice, we surgically isolated the male reproductive tract and separately placed
the left and right cauda, with approximately 1 cm of the vas deferens, into one well of a 12-well
plate containing 1 mL of warmed (37°C) phosphate-buffered saline (PBS). We extruded sperm
from the vas deferens using dissection forceps and made four to five small incisions into the
caudal epididymis to allow sperm to swim out. We incubated plates at 37°C for 30 minutes, then
pelleted the sperm using centrifugation (3000 g for 5 min). Next, we washed sperm samples in
PBS, pelleted the samples again, incubated sperm in somatic cell lysis buffer (SCLB: 0.1% SDS,
0.5% Triton X-100) on ice for 30 minutes, pelleted samples by centrifugation (3000 g for 5 min
at 4°C) and conducted a second wash in SCLB. Next, we diluted a 10 pL aliquot 1:50 in distilled
water (diH20) confirmed sample purity by microscopy, and determined sperm concentration
using a Neubauer chamber slide. Lastly, we centrifuged isolated sperm at 3000 G-force at 4°C

for 5 min, washed samples in PBS, snap-froze the sperm pellets, and stored them at -80°C.

3.2.3 Nucleic Acid Isolation - Tissues
We isolated DNA from tissue samples using the DNeasy Blood and Tissue kit (catalog #
69506; Qiagen, Germantown, MD, USA) and RNA using the RNeasy Plus mini kit (catalog #

74136; Qiagen, Germantown, MD, USA), following the manufacturer-recommended protocol.
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3.2.4 RNA Isolation - Sperm Small RNAs

We isolated sperm RNAs following the Mansuy lab protocol (Roszkowski and Mansuy,
2021) with modest modifications. After thawing the sperm pellet on ice for 15 min, we
resuspended the pellet in 100 pl of Buffer RLT (catalog # 74136; Qiagen, Germantown, MD,
USA) fortified with 100 mM of 2-mercaptoethanol (catalog # M3148; Millipore-Sigma, St.
Louis, MO, USA). After verifying the complete resuspension of the sperm cells, we added 900
ul of Trizol (catalog # 15596018; Thermo-Fisher, Waltham, MA, USA) fortified with 200mM
Tris (2-carboxyethyl) phosphine hydrochloride (TCEP) (catalog # C4706; Millipore-Sigma, St.
Louis, MO, USA) and vigorously vortexed samples until we could no longer visualize cellular
clumps. We then added 200 ul of chloroform-isoamyl alcohol (catalog # 25666; Millipore-
Sigma, St. Louis, MO, USA) to the samples, repeatedly mixed by inversion for 30 sec, followed
by a rest at room temperature for three minutes. We then centrifuged the samples at 12000 G-
force for 15 min at 4°C, then carefully removed the aqueous phase to a fresh RNase-free tube.
Next, we added 10 ul of glycogen (catalog # R0551; Thermo-Fisher, Waltham, MA, USA) to the
isolated aqueous phase and mixed the samples using inversion. We added one volume of 2-
propanol (catalog # 19616; Millipore-Sigma, St. Louis, MO, USA), incubated the tubes for ten
minutes at room temperature, then centrifuged the samples at 12000 G-force for 15 min at 4°C to
precipitate the RNA and then discarded the supernatant. We washed precipitated RNA pellets
with 75% ethanol twice, centrifuging after each wash at 12000 G-force for five minutes at 4°C.
After the final wash, we air-dried the pellet and resuspended samples in 50 pl of RNase-free

water. To improve the purity of isolated RNA and perform DNAse digestion, we used the Zymo
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RNA Clean and Concentrator Kit (catalog # R1013; Zymo Research, Irvine, CA, USA),

following the manufacturer-recommended protocol.

3.2.5 Informatic Analysis Epididymal Tissues

We isolated total RNA from the caput portion of the epididymis and sent samples to
Quick Biology (Pasadena, California, USA) for deep sequencing. We used the open-source, web-
based Galaxy server (Afgan et al., 2018) (usegalaxy.org) to process and analyze our data files.
We used MultiQC (Ewels et al., 2016) to perform the initial quality control analysis of the raw
paired-end, total RNA sequence files and then used Trimmomatic (Bolger et al., 2014) to remove
the lllumina sequencing adapters. We used RNA STAR (Dobin et al., 2013) to map the reads to
the Mus musculus reference genome (UCSC version GRCm39/mm39) and featureCounts (Liao
et al., 2014) to determine the read abundance for all genes, followed by annotation versus M27
GTF (GENCODE, 2020). Next, we analyzed the generated featureCounts files and used DESeq?2
(Love et al., 2014) to generate the PCA plots and the VVolcano Plot function to produce graphical
representations of the (log2FC, g-value <0.05) gene expression levels. Finally, we exported
differentially expressed genes (log2FC, unadjusted p-value <0.05) into the Ingenuity Pathway
Analysis software package and conducted pathway enrichment analysis (Jiménez-Marin et al.,

2009; Kramer et al., 2014).

3.2.6 Informatic Analysis Sperm RNAs
We sent sperm small RNA samples to Quick Biology (Pasadena, California, USA) for
deep sequencing analysis. Small RNA libraries were constructed using the Qiaseq miRNA

library kit (catalog # 331502; Qiagen, Germantown, MD, USA) and sequenced to a depth of
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approximately 15 million raw reads per sample. We trimmed the raw fastq files using
Trimmomatic (Bolger et al., 2014) to remove the Qiagen small RNA adapters and the TESmall
package (O’Neill et al., 2018) to map and count small RNA reads. We exported files generated
by TESmall into R (version 4.2.1) and performed differential gene expression analysis using the
DESeq2 (Love et al., 2014) package. Finally, we used GraphPad Prism 9 to generate the volcano

plots.

3.2.7 Sperm Histone Acid Extraction

We acid-extracted histones following a previously described protocol (Luense et al.,
2016). Briefly, we thawed sperm for 1 hour on ice, then resuspended the sperm pellets in 100 pl
of Nuclei Isolation Buffer-250 (N1B-250) with 0.3% NP-40 (10% NP-40, catalog # 85124;
Thermo-Fisher, Waltham, MA, USA). We mixed samples by gentle pipetting and incubated
them on ice for 5 minutes, then centrifuged samples at 600 G-force at 4°C for five minutes. We
repeated this process three times, then resuspended the pellet in 50 pl of 0.4 M sulfuric acid
(H2S04) and let the samples incubate on ice for 3 hours. After cold incubation, we centrifuged
the samples at 14000 rpm for 5 minutes at 4°C, then precipitated the samples with 25%
trichloroacetic acid (TCA). We let the mixture precipitate in a 4°C fridge for 36-48 hours without
disturbing the samples. Following the precipitation step, we centrifuged the samples for 5
minutes at 4°C at 14000 rpm, discarded the supernatant, then resuspended the pellet in 50 pl of
100% ice-cold acetone. We centrifuged the samples at 14000 rpm at 4°C and repeated the
acetone wash three more times. After the final wash, we allowed the pellets to air dry overnight

and resuspended the pellets in 20 ul of diH20.
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3.2.8 Western Blotting

We isolated and homogenized tissue protein extracts in a Tris lysis buffer including 50
mM Tris, 1 mM EGTA, 150 mM NacCl, 1% Triton X-100, 1% p-mercaptoethanol, 50 mM NaF,
1 mM Na3VO4; at pH 7.5. We diluted samples in 2x Laemmli buffer and loaded ~20 pg of
protein on 15% sodium dodecyl sulfate—polyacrylamide gels, then transferred the separated
proteins onto PVDF membranes using a wet transfer system. We separated acid-extracted
histones on 15% sodium dodecyl sulfate—polyacrylamide gels and transferred proteins to PVDF
membranes. The primary antibodies used in this study were as follows: anti-H3K4me3 (catalog #
ab8580; RRID: AB_306649; Abcam, Cambridge, MA, USA) and antiH3 (catalog # ab1791,
RRID: AB_302613; Abcam). Finally, we visualized blots using secondary antibodies conjugated
to horseradish peroxidase (catalog # sc-2004; RRID: AB_631746; Santa Cruz Biotechnology,
Santa Cruz, CA, USA) and an enhanced chemiluminescence detection system (LI1-COR, Lincoln,

Nebraska USA).

3.2.9 Quantitative PCR Analysis

We seeded ~1 pg of RNA into a reverse transcription reaction using the High-Capacity
cDNA Reverse Transcription Kit (catalog # 4368814; Thermo-Fisher, Waltham, MA, USA) and
determined the relative levels of candidate gene transcripts using the AzuraView GreenFast
gPCR Blue Mix LR kit (catalog # AZ-2320; Azura Genomics, Raynham, MA, USA). We
measured mitochondrial DNA copy number using primer sequences described previously (West
etal., 2015) and the AzuraView GreenFast g°PCR Blue Mix LR kit. We measured the
mitochondrial D-loop region [D-Loop2 Fwd CCCTTCCCCATTTGGTCT D-Loop2 Rev

TGGTTTCACGGAGGATGG; D-Loop3 Fwd TCCTCCGTGAAACCAACAA; D-Loop3 Rev
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AGCGAGAAGAGGGGCATT] and normalized measures of mtDNA to genomic DNA by
measuring the abundance of the nuclear Tert gene, encoding the catalytic subunit of the
telomerase complex [Tert Fwd CTAGCTCATGTGTCAAGACCCTCTT,; Tert Rev
GCCAGCACGTTTCTCTCGTT]. We describe the data normalization and handling procedures

below.

3.2.10 Data Management

We managed the data generated in this study using a detailed data management plan that
prioritizes safe and efficient data handling. We have stored all data on Google Drive for long-
term storage, retrieval, and preservation. We have archived the sequencing files generated from

this project in the GEO database under accession number GSE234535 and GSE234834.

3.2.11 Statistical Analysis

We initially collected alcohol consumption data and physiological measures for each exposed
male by hand and then transcribed these data into Google Sheets or Microsoft Excel, where we
collated the data. For gPCR analysis of mitochondrial copy number, we imported the replicate
cycle threshold (Ct) values for the DLoop region into Excel, then normalized measures to the
nuclear Tert gene. We then transferred the physiological and molecular data into the statistical
analysis program GraphPad Prism 9 (RRID: SCR_002798; GraphPad Software, Inc., La Jolla,
CA, USA), set the statistical significance at alpha = 0.05, used the ROUT test (Q = 1%) to
identify outliers, and then verified the normality of the datasets using the Shapiro—Wilk test. If
data passed normality (alpha =0.05), we employed either a One-way or Two-way ANOVA or an

unpaired, parametric (two-tailed) t-test. If the data failed the test for normality or we observed
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unequal variance (Brown Forsythe test), we ran a Kruskal-Wallis test followed by Dunn’s

multiple comparisons test or a non-parametric Mann—\Whitney test.

3.3 Results

3.3.1 A Clinically Relevant Mouse Model to Determine the Capacity of the Sperm
Epigenome to Recover One Month After the Cessation of Alcohol Exposures

Here, we set out to determine if measures of the sperm-inherited epigenetic program
revert to match the control treatment after withdrawing the ethanol-exposed animals from their
daily alcohol treatments. To this end, we utilized our limited access model to expose adult
C57BL/6J males to alcohol for ten consecutive weeks, encompassing approximately two murine
spermatogenic cycles (Alder, 1996). We exposed males to three treatments, consisting of 6% and
10% ethanol (vol/vol EtOH) exposure groups, while we exposed the control group to water
alone. After ten weeks, we sacrificed a cohort of exposed males (n=8), which we labeled active
drinkers, and collected tissues and sperm. We then stopped the EtOH and Control treatments and
left the second cohort of males undisturbed for four weeks, then sacrificed the males and
collected tissues and sperm. We refer to this second cohort as EtOH-Cessation males (Fig. 3.1A).
We did not observe any differences in the body weights of exposed males across the treatment
course (Fig. 3.1B). Although we observed instances of treatment-specific differences in sire
weekly fluid consumption across the ten-week treatment (Fig. 3.1C), we did not observe any
differences in the average daily EtOH dose between the 6% and 10% EtOH treatments (Fig.

3.1D).
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Figure 3.1. A mouse model to determine the capacity of the sperm epigenome to recover one month after
the cessation of alcohol exposures. A) Experimental design: We exposed C57BL6/J males to 6% and 10%
alcohol for ten weeks, then collected tissues from a cohort of active drinkers (Cohort 1). We then ceased
the alcohol exposures, allowed males to recover for four weeks, collected tissues and sperm (Cohort 2),
then used RNA-sequencing to compare RNA profiles between treatments. Comparison of male B)
average weekly weight gain between treatment groups, C) average weekly fluid consumption, and D)
average daily dose of ethanol between treatment groups (n =8). We compared treatments using either a

one-way or two-way ANOVA. Error bars represent the standard error of the mean, *P <0.05, **P < 0.01,
**HEP <0.0001.

3.3.2 Chronic Alcohol Exposure Induces Altered Gene Expression Patterns in the Caput
Section of the Epididymis

Our group and others have reported differences in the small RNA content of sperm
induced by chronic alcohol exposure (Rompala et al., 2018; Bedi et al., 2019). To further
understand the physiological basis of these changes, we isolated RNA from the caput epididymis
of active drinkers and EtOH-Cessation males across the three treatment groups and conducted

deep sequencing analysis of the transcriptome (n=3). Principal component analysis revealed a
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clear clustering of each treatment group within the cohort of active drinkers (Fig. 3.2A). In
contrast, samples derived from EtOH-Cessation males displayed a wide dispersion with no overt
clustering of treatment groups (Fig. 3.2A). Using DESeq2 (Love et al., 2014), we identified the
differentially expressed genes (log2FC, g-value <0.05) between treatment groups within each
cohort. We observed a dose-dependent increase in the number of differentially expressed genes
in active drinkers, with 329 differentially expressed genes in comparisons of Controls to the 6%
treatment group and 1423 in comparisons of Control males to the 10% treatment (Fig. 3.2B-C).
Pathway analysis of differentially expressed genes (log2FC, p-value <0.05) in the 10% treatment
identified alterations in processes linked to mitochondrial dysfunction, oxidative
phosphorylation, the generalized stress response (EIF2 signaling), DNA methylation, protein
ubiquitination, and Sirtuin signaling (Fig. 3.2D). Finally, we did not observe any significant
(log2FC, g-value <0.05) differentially expressed genes in comparisons between the 6% and 10%
treatment groups (data not shown).

In contrast to our analyses of active drinkers, our comparisons of EtOH-Cessation males
identified minimal to no differentially expressed genes. For example, in comparisons between
the Control and 6% treatments, we only identified three differentially expressed genes (WAP
Four-Disulfide Core Domain 13 (Wfdc13) and Defensin Beta 123 and 128 (Defb23, Defb28)),
while we did not identify any significant differentially expressed genes between the Control and
10% treatments (data not shown). These observations suggest that epididymides of active
drinkers exhibit alterations in processes related to mitochondrial dysfunction, oxidative
phosphorylation, and the generalized stress response and that these differences revert after the
cessation of alcohol use. Notably, we previously identified differential expression of genetic

pathways regulating oxidative phosphorylation, mitochondrial function, and Sirtuin signaling in
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the early embryo and placentae of offspring derived from alcohol-exposed males (Thomas et al.,

2021; Roach et al., 2023), suggesting this transcriptional signature may transmit to the early

offspring through sperm.
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Figure 3.2. Chronic alcohol exposure induces altered gene expression patterns in the caput section of the
epididymis. A) Principal Component Analysis of gene expression between the caput epididymis isolated
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EtOH-Cessation Males). Volcano plot contrasting down- and upregulated differentially expressed genes
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value <0.05). D) Ingenuity Pathway Analysis of differentially expressed genes identified in the 10%
EtOH treatment group (log2FC, p-value <0.05). n = 3 males per treatment for each cohort.
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3.3.3 Chronic Alcohol Exposure Induces Lasting Changes in Mitochondrial DNA Copy
Number Within the Epididymis

Alterations in the architecture, function, and number of mitochondria are one of the main
hallmarks of alcohol-related liver disease (Nassir and Ibdah, 2014). Recent studies demonstrate
that in the liver, alcohol exposure modulates mitochondrial DNA copy number (mtDNcn) and
transcription, potentially driving the sequela of this disorder (Zhou et al., 2019). However, no
studies have determined whether alcohol adversely impacts mitochondrial function in other
organ systems, including the male reproductive tract. The extrachromosomal mitochondrial
genome encodes 37 critical bioenergetic genes, is present in hundreds of copies per cell, and
changes in mitochondrial DNA abundance serve as a proxy measure for disease-associated
mitochondrial dysfunction (Wallace, 2018). Therefore, using previously described methods
(Bedi et al., 2019), we assayed mtDNAcn in the male reproductive tracts of Active Drinkers and
Cessation males.

Previous studies demonstrate differential expression of several mitochondrial genes
across the three macro sections of the epididymis, with the corpus segment exhibiting the highest
mitochondrial content (Shi et al., 2021). Consistent with these studies, we identified a significant
increase in mtDNAcn across the corpus and cauda sections compared to the caput (Fig. 3.3A).
We next compared the liver, testes, and the three sections of the epididymis isolated from
Control and active drinkers for alterations in mtDNAcn. As the 10% treatment exhibited the
greatest number of differentially expressed genes, we focused our analyses on these tissues.
Consistent with studies examining alcohol-related liver disease (Zhou et al., 2019), our analyses
identified alterations in hepatic mtDNAcn (Fig. 3.3B). In contrast, we did not observe any

changes in mtDNACcn in the testes (Fig. 3.3C). Comparisons of mtDNAcn across the epididymis
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identified segment-specific changes, with the caput and cauda each exhibiting alcohol-induced
increases in mtDNAcn while the corpus segment exhibited a significant decline (Fig. 3.3D-F).
Notably, when we examined epididymal segments isolated from EtOH-Cessation males, we did
not identify any differences in mtDNAcn in the liver (data not shown). However, we identified
persistent mtDNAcn changes in the corpus segment across both the 6% and 10% EtOH
treatments, while in contrast, we did not identify any significant differences in the caput or cauda
segments (Fig. 3.3G-I). These observations reveal that chronic alcohol exposure induces
alterations in mtDNAcn in the liver and epididymis, but not the testis, and that aspects of this

signature persist one month after alcohol cessation.
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Figure 3.3. Chronic alcohol exposure induces lasting changes in mitochondrial DNA copy number within
the epididymis. A) Quantitative PCR analysis of mitochondrial DNA copy number (mtDNAcn) across the
caput, corpus, and cauda sections of the epididymis isolated from Control males (n=8). For ease of
comparison, we normalized gPCR ratios to the caput section. Comparison of mtDNAcn in the B) liver
and C) testis isolated from Control and 10% EtOH males in the cohort of active drinkers (Cohort 1; n=8).
Alcohol-induced alterations in mtDNAcn across the D) caput, E) corpus, and F) cauda sections of the
epididymis isolated from actively drinking Control and 10% EtOH males (Cohort 1; n=8). Segment-
specific differences in mtDNAcn across the G) caput, H) corpus, and 1) cauda sections of the epididymis
four weeks after the cessation of alcohol (Cohort 2; n=8). We compared the impacts of alcohol treatments
on mtDNAcn using Kruskall-Wallis analysis followed by an Uncorrected Dunn's test, a student's t-test, or
a Mann-Whitney test, depending on the normality of the dataset. Error bars represent the standard error of
the mean, *P <0.05, **P < 0.01, ***P < 0.001.

3.3.4 Analysis of Mitochondrial Copy Number in Alcohol-Exposed Sperm

In clinical studies examining I\VVF success rates, increases in sperm mtDNAcn correlate
with lower odds of oocyte fertilization and reduced rates of high-quality Day 3 and transfer
quality Day 5 embryos (Wu et al., 2019). Previously, we observed dose-dependent reductions in
IVF embryo survival and pregnancy success rates, with the pregnancy success rate of the 10%
EtOH treatment falling to half those of Controls (Roach et al., 2023). Therefore, we isolated
mitochondrial DNA from a selection of the cryopreserved sperm samples we used in these
previous experiments and compared mtDNAcn between the Control and 6% treatments.
Consistent with clinical observations, we also identified a significant increase in mtDNAcn in
cryopreserved samples derived from the 6% treatment group compared to the Controls (Fig.
3.4A). As the 10% treatment group required twice the number of IVF transfers, we did not have
enough remaining cryopreserved samples to reliably assay mtDNAcn using this treatment cohort.
However, when we compared mtDNAcn between the Control and 10% treatment using fresh
sperm samples, we observed a significant increase in mtDNAcn in alcohol-exposed sperm (Fig.

3.4B). These observations indicate that similar to clinical studies examining IVF patients, the
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alcohol-induced reductions in IVF outcomes we previously reported correlate with increased

sperm mtDNAcn.
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Figure 3.4. Analysis of mitochondrial copy number in alcohol-exposed sperm. A) Quantitative PCR
analysis of mitochondrial DNA copy number (mtDNAcn) in cryopreserved sperm used in our previously
published IVF experiments (Roach et al., 2023) (n=6). Analysis of mtDNAcn in fresh sperm isolated
from Control and 10% EtOH-treated actively drinking males (Cohort 1; n=8). We used a student’s t-test
to compare treatments. Error bars represent the standard error of the mean, *P <0.05, **P < 0.1
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3.3.5 Sperm Isolated from Alcohol-Exposed EtOH-Cessation Males Retain a Distinct
Small RNA Signature

We next determined if the cessation of alcohol exposure would rescue ethanol-induced
changes in the small RNA content of sperm (Rompala et al., 2018; Bedi et al., 2019). Previously,
we found that preconception paternal alcohol exposures induce dose-dependent changes in
offspring fetoplacental growth (Thomas et al., 2022). To avoid the confounding influences of
varying exposure levels, we selected Cessation males experiencing a similar average daily EtOH
dose. The median daily EtOH dose for Cessation alcohol-exposed males across both the 6% and
10% treatment groups was 1.34 g/kg. Therefore, we isolated sperm small RNAs from alcohol-
exposed males with an average daily dose around this population median (n=4; 1.04, 1.32, 1.34,
and 1.35g/kg) and conducted deep-sequencing analysis. We sequenced sperm small RNAs to a
depth of approximately 15 million raw reads per sample and obtained read lengths ranging from
16 to 40 nucleotides in length. Like previous examinations of the small RNA profiles of mouse
sperm, we found that most small RNA reads mapped to transfer RNA-derived sequences (~40%
tRNA or structural RNASs) and Piwi-interacting RNAs (~20% piRNAS) (Fig. 3.5A). Notably, we
identified significant differences in the percentages of small RNAs mapping to microRNAS
(miRNASs) and exonic regions, with Cessation-EtOH males exhibiting proportionally fewer
miRNAs than Cessation-Controls and a greater percentage of exonic-derived fragments (Fig.
3.5B-D).

Principal component analysis of miRNA, piRNA, and tRNA-derived sequences did not
identify clustering between Cessation Control and EtOH-exposed males (miRNA data shown in
Fig. 3.5E). However, we did observe modest clustering of exonic- and transposable element

(TE)-derived sequences (Fig. 3.5F-G). Analysis of small RNA reads using DESeq2 (log2FC, g-
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value <0.05) identified multiple differentially enriched miRNA, tRNA-derived and exonic
sequences (Fig. 3.5H-J). Finally, we identified one differentially enriched transposable element
(LINE:L1:L1IME3A_sense_TE). Significantly, many differentially enriched miRNAs and tRNA-
derived sequences associate with oxidative and cellular stress responses (Go et al., 2016; Liu et
al., 2022; Watanabe et al., 2013; Schwenzer et al., 2019; Giorgi et al., 2011), similar to the
genetic pathways identified in our transcriptomic analysis of the epididymis above (Fig. 3. 2D).
These data reveal that sperm from EtOH-Cessation males retain a distinct small RNA signature

compared to unexposed Cessation-Controls.
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Figure 3.5. Sperm isolated from alcohol-exposed EtOH-Cessation males retain a distinct small RNA
signature. Comparison of total small RNA species in sperm isolated from A) Control and B) EtOH-
exposed males in the EtOH-Cessation cohort after four-weeks abstinence from alcohol (n=4). Differential
enrichment of sequenced C) microRNAs (miRNAs) and D) exonic sequences between EtOH-Cessation
Control and alcohol-exposed males (n=4). Principal Component Analysis comparing enrichment of sperm
E) miRNA, F) exonic, and G) transposable element (TE)-derived sequences between EtOH-Cessation
Control and alcohol-exposed males (n=4). Volcano plot comparing differentially enriched H) miRNA, 1)
tRNA-derived sequences and J) exonic sequences between Control and EtOH-exposed males after four
weeks of abstinence from alcohol (log2FC, g-value <0.05; n=4). We used a student’s t-test to compare the
percentages of miRNA and exonic-derived sequences between treatments. Error bars represent the
standard error of the mean, *P < (.05, **P < 0.01.
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3.4 Discussion

Chronic preconception male alcohol exposures alter the sperm-inherited developmental
program and transmit an epigenetic memory to offspring, negatively impacting fetoplacental
growth and inducing FASD-like phenotypes (Rompala and Homanics, 2019). Previous studies
by our group and the Homanics lab have identified alcohol-induced changes in sperm noncoding
RNAs (Bedi et al., 2019, Rompala et al. 2018), which we can correlate with transcriptional
alterations in the genetic pathways regulating oxidative phosphorylation, mitochondrial function,
and Sirtuin signaling in the early embryo and placentae (Thomas et al., 2021; Roach et al., 2023).
As the trafficking of sperm noncoding RNAs primarily occur during epididymal transit (Sharma
etal., 2018), which lasts approximately 7 to 10 days (Alder, 1996) in mice, we hypothesized that
alcohol cessation for one month would allow for the normalization of this EtOH-induced
epigenetic change. However, after one month of abstinence, we still identified alcohol-induced
changes in sperm small RNAs and evidence of altered mitochondrial biology in the corpus
segment of the epididymis. These observations suggest that some aspects of alcohol-induced
mitochondrial dysfunction remain and that significant differences in the noncoding RNA
signature of sperm persist during alcohol withdrawal.

Previous studies examining alcoholic liver disease induced by chronic EtOH exposures
identified mitochondrial fragmentation, defective mitophagy, decreased abundance of cellular
antioxidants, and a significant increase in mitochondrial reactive oxygen species (ROS) (Zhou et
al., 2019). Consistent with these observations, in active drinkers, we identified a transcriptional
signature of mitochondrial dysfunction in the caput segment of the epididymis and evidence of
altered mtDNAcn across all segments of the epididymis but, notably, not in the testis. Previous

studies describe segment-specific differences in epididymal mitochondrial content, with the
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corpus displaying significantly higher levels than the caput and cauda portions (Shi et al. 2021).
Our gPCR-based measures of mtDNAcn agree with these previous observations and confirm that
the corpus and cauda sections contain a greater mtDNA enrichment than the caput. Further, our
data demonstrate that chronic alcohol exposure induces segment-specific changes across the
epididymis, some of which persist even one month after removing the toxicant. We speculate
that mitochondrial differences across the epididymal epithelium enable this organ to sense the
surrounding environment, including cellular metabolic and redox states, then communicate this
information to spermatozoa in the form of noncoding RNAs.

In support of this assertion, our previous studies examining the miRNA content of sperm
isolated from active drinkers identified an increased abundance of microRNA miR-30a and
decreased miR142. miR-30a enhances activation of the master transcriptional regulator
controlling the cellular antioxidant response, Nuclear Factor Erythroid 2-Related Factor 2 (Nrf2),
by inhibiting its negative regulator Keapl (Lv et al., 2021). In contrast, miR-142 is a direct
suppressor of NRF2 (Wang et al., 2017). Therefore, the balance we previously identified in
active drinkers favors miRNA-mediated activation of NRF2-driven genetic pathways responding
to oxidative stress. Here, we identified differentially enriched miRNAs and tRNA-derived
sequences in EtOH-Cessation males that also link with oxidative and cellular stress responses
(Goetal., 2016; Liu et al., 2022; Watanabe et al., 2013; Schwenzer et al., 2019; Giorgi et al.,
2011). Most notably, we identified a ~100-fold increase in mir-196a, an NRF2-controlled
mIiRNA (Liu et al., 2022) that enhances the expression of antioxidant proteins, like heme
oxygenase 1, by inhibiting their negative regulators (Go et al., 2016). Significantly, although not
a top candidate, Rompala et al. also identified increased enrichment of this miRNA in sperm

using a vapor chamber exposure model (supplemental information of reference (Rompala et al.,
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2018)). Finally, presumed tRNA fragments, including tRNAMet identified here and tRNAGIu
detected by the Homanics group (Rompala et al., 2018), selectively accumulate in the nucleus as
part of the generalized stress response induced by mitochondrial dysfunction (Schwenzer et al.,
2019). From these data, we postulate that alcohol-induced changes in epidydimal ROS lead to
NRF2 activation and the packaging of miRNAs in sperm that reinforce the cellular antioxidant
response. However, further experimentation is required to validate this assertion and to
determine how this epigenetic memory impacts mitochondrial function in the developing
offspring.

Although compelling, there are several limitations to this study. First, we did not generate
offspring using the cessation males. Therefore, we do not know if the sperm noncoding RNA
signature we identified correlates with changes in offspring fetoplacental growth or if the
resulting offspring would develop normally. However, as significant differences in the ncRNA
signature of EtOH-Cessation sperm and epididymal mtDNAcnh remained, we speculate that
abstinence for one month is insufficient for the epigenetic memory of paternal alcohol exposure
to abate, likely due to the ongoing stress associated with alcohol withdrawal (Lee et al., 2015;
Tonetto et al., 2023). Furthermore, we acknowledge that our analysis does not distinguish
between changes in sperm ncRNAs that are causal drivers of altered epigenetic programming in
the next generation versus abnormalities that are merely additional symptoms of alcohol-induced
stress. However, while the individual miRNAs vary between studies, the potential interactions
with NRF2 remained consistent. We also acknowledge that our analyses do not identify specific
epididymal cell types impacted by alcohol or discern differences in the caput, corpus, or cauda
sub-segments. Finally, we note that mtDNAcn is a widely used but crude proxy for

mitochondrial function. However, the alignment of our data with clinical studies examining the
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correlations between reduced fertility and alterations mtDNAcn is compelling. Future studies
will explore mitochondrial dynamics in the male reproductive tract and sperm of alcohol-
exposed males and their offspring.

Obstetricians do not routinely consider paternal influences on child health, and all alcohol
messaging targets women. Therefore, there is a critical need to expand alcohol messaging to
include men and educate both prospective parents on the reproductive dangers of alcohol use.
Central to this effort, researchers must identify the length of time required for the paternal
epigenome to recover from toxicant exposures so that patients may know how long in advance of
trying to conceive they need to begin abstaining from alcohol. Our data suggest that the
epididymis retains an alcohol-induced signature of mitochondrial dysfunction one month after
cessation, indicating a more extended recovery period is required after toxicant removal.
Furthermore, our observations suggest that NRF2-related miRNAs, particularly mir-196a, and
increases in sperm mtDNAcn may serve as viable biomarkers of paternal alcohol use and adverse

alterations in the sperm-inherited epigenetic program.
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4. ROLE OF ALCOHOL AND ARTIFICAL SWEETENER CONSUMPTION ON MALE

MOUSE MICROBIOME AND METABOLOME

4.1 Introduction

Lifestyle habits and environmental exposures directly affect an individual’s overall health
and wellbeing. Alcohol consumption among males is deemed acceptable by society, and its
intake continues to grow in the United States. The Alcohol Research Group reported that 72% of
men consume some amount of alcohol on a weekly basis (Greenfield et al., 2023). However,
research has consistently verified that chronic alcohol consumption can result in gut dysbiosis,
oxidative stress, increased permeability of the intestinal barrier, gastrointestinal tract (GIT)
inflammation, alcoholic liver disease, and other pathogenic complications (Engen et al., 2015;
Bishehsari et al., 2017; Keshavarzian et al., 2009; Banan et al., 2000; Perez et al., 2020).
Secondly, nonnutritive artificial sweeteners (NAS) are among the most-used food and drink
additives (Gardner et al., 2012). NAS are also often added to human alcoholic beverages and
used in animal research to increase palatability and encourage consumption while keeping
caloric content low (Roberts et al., 1999; Ruiz-Ojeda et al., 2019). Although NAS are perceived
as beneficial and generally safe, supporting scientific evidence of NAS altering gut microbiota,
increasing intestinal permeability, oxidative stress, inflammation, glucose intolerance, and
obesity remains controversial (Suez et al., 2014; Bian et al., 2017; Pearlman et al., 2017; Ruiz-
Ojeda et al., 2019; Shil et al., 2020; Hasan et al., 2023). These previous works have shown that
chronic alcohol or NAS intake can cause a myriad of deleterious effects on the symbiotic
relationship between the microbiome and the host. Nonetheless, the role of artificially sweetened

alcohol on intestinal microbiota and metabolites remains almost completely undescribed.
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To date, there is a single study describing the dual interaction of ethanol and the
sweetener, saccharin, on the pregnant and nonpregnant female mouse microbiome (Labrecque et
al., 2015). Here, they found Clostridium in EtOH and NAS treated pregnant mice was
significantly reduced, Helicobacter levels rose in nonpregnant mice in response to EtOH and
NAS consumption, and EtOH and NAS produced contrasting levels of Eubacterium with
elevated abundance in pregnant mice but reduced its abundance in non-pregnant mice
(Labrecque et al., 2015). This examination only focused on the microbial communities and did
not measure fecal or blood serum metabolites. Analyzing circulating metabolites is considered a
direct reflection of the host-microbiota relationship (Krautkramer et al., 2021). An investigation
on NAS, specifically saccharin’s, influence on the microbiome and SCFA in mice showed
distinct alterations to microbiota composition and function with a significant increase in the
abundance of Bacteroides and decrease in Clostridiales and Lactobacillis rerteri abundance,
which induced glucose intolerance metabolic syndrome (Suez et al., 2014). Also, they found
substantial increased levels of acetate and propionate SCFAs in NAS-treated fecal samples (Suez
etal., 2014), but blood serum SCFA concentrations were not measured. In context of only
alcohol consumption, there is debate/conflicting evidence that microbial populations can process
alcohol into metabolites. Earlier studies claim that intestinal microbes can metabolize alcohol
into the highly reactive metabolite acetaldehyde, resulting in higher intestinal permeability and
liver damage (Zhong and Zhou, 2014; Chen et al., 2015; Hamarneh et al., 2017; Nieminen and
Salaspuro, 2018). A more recent publication by the Zengler lab showed that mouse cecal
microbiota do not directly metabolize alcohol ex vivo and proposed that EtOH alterations to the

microbiome are the consequence of increased acetate concentrations (Martino et al., 2022);
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theorized as the “acetate switch” (Wolfe, 2005). Further research is warranted to confirm or
refute these findings on microbiota function and SCFA production during chronic ethanol intake.

Due to both alcohol and NAS being consumed regularly and in conjunction by men, the
indirect effect of alcohol and NAS consumption after interacting with the microbiome on the
reproductive tract and gametes remains completely undefined. It is crucial to discover the role
microbiota and their subsequent metabolites, from lifestyle exposures, on epigenetic
modifications within spermatozoa that could be transmitted to offspring and result in onset of
disease.

This study was designed to identify changes in microbial populations and SCFA profile
alterations in the blood serum of males consuming varying doses of EtOH with or without NAS.
To accomplish this, we utilized a C57BL/6J strain mouse model that mirrors binge-like drinking
behaviors in humans and compared fecal microbiota diversity measures and blood serum SCFA
concentrations from Control and treated mice. Based on previous publications, we hypothesized
that voluntary male alcohol or artificial sweetener exposure would induce a shift in abundance
and family composition of microbiota, and therefore, an alteration in circulating SCFA
concentrations. Moreover, we theorize that the alteration in SCFA concentrations can modify
epigenetic programming in spermatozoa, downstream. We used deep shotgun sequencing and
analysis of alpha and beta diversity of microbial communities and gas chromatography-mass
spectrometry (GCMS) of blood serum metabolites between two timepoints. Our studies reveal
that EtOH, in combination with the NAS saccharin (Sweet’N Low®, SNL), exhibit a dual
interaction/double toxicant effect. To our knowledge, this is the first study to explore the impact
of artificially sweetened alcoholic beverages on the male intestinal microbiome and metabolite

production in humans or animal models. By studying alterations in the microbiome-gut axis, this
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could provide a mechanistic explanation of how epigenetic changes in sperm are induced. This
study explores a dose of ethanol effect and double toxicant effect including ethanol and
saccharin. This will allow us to deduce if the concentration of alcohol plays a role in the gut of

males for future studies.

4.2 Materials and Methods

4.2.1 Animal Studies and Ethanol Exposures

All experiments were completed following IACUC guidelines and regulations, and the
study design was approved by the Texas A&M University IACUC, under protocol number AUP:
IACUC 2017-0308, Reference Number: 096737. We utilized C57BL/6J strain male mice
(RRID:IMSR_JAX:000664), which were generated from a breeder nucleus and housed and
maintained in the Texas A&M Institute for Genomic Medicine. We sustained males on an ad
libitum standard chow diet (catalog # 2019, Teklad Diets, Madison, WI, USA) with free water
access on a reverse 12-hour light/dark cycle (lights off at 8:30 AM). We added shelter tubes
(catalog # K3322, Bio-Serv, Flemington, NJ, United States) to reduce animal stress and improve

cage enrichment.

Commencing on postnatal day 90, we individually caged males for acclimatization and
randomly assigned them to one of 6 treatment groups. We initiated the control, ethanol (EtOH)
and Sweet’N Low® (SNL) treatments using an extended version of the Drinking in the Dark
(DID) model on postnatal day 104 (Thiele and Navarro, 2014). Using our published methods, we
exposed males (n=8 per treatment) to control (water alone), 3%, 6%, 10% (w/v) EtOH (catalog #

E7023, Millipore-Sigma, St. Louis, MO, USA), 0.066% Sweet’N Low® (w/v) (Cumberland
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Packing Corp, Brooklyn, NY), or 0.066% Sweet’N Low® plus 10% EtOH treatments. The
treatment exposures began one hour after the beginning of the dark (active) cycle and lasted for 4
hours, daily, for 7 weeks. We concurrently exchanged water bottles across the control, EtOH,
and SNL treatments to ensure identical handling. During the regular cage change each week, we
recorded the weight of each mouse (g) and the total weekly fluid consumption (g), then

calculated their weekly fluid consumption as g of fluid consumption/kg body weight.

4.2.2 Fecal Sample Collection, Extraction, and Sequencing

After one week of acclimation (PND 97), we sterilized the procedure room workbench
with Ready-To-Use Peroxigard (catalog # PRTU242105, Cincinnati Lab Supply Inc., 11385
Sebring Dr. Cincinnati, OH, USA) and placed the males into a tube rodent holder (catalog #
464010000, Bel-Art Products, Pequannock, NJ, USA). Before male mice were given treatment,
we collected 250mg of whole fecal boluses into sterile 1.7 mL microcentrifuge tubes (catalog #
87003-294, VWR, Radnor, PA, USA), snap-froze them on dry ice, and stored them in -80 °C
before DNA extraction. We deemed this time point as “Week 0 of treatment fecal samples. We
then repeated this collection step at the end of 6th week of treatment after the 4-hour exposure
period and refer to it as “Week 6” of treatment. Both time points of fecal samples remained
frozen and shipped to Diversigen (600 County Rd D, West, Suite 8, New Brighton, MN
55112) for DNA extraction, whole-genome shotgun sequencing using llumina 2x150 paired-end
reads with a mean read depth of at least 2 million sequences per sample. At least 90% of samples
achieved 800,000 reads (40% of specification), excluding samples failing prior QC and whole-

genome shotgun sequencing, using lllumina 2x 150 paired-end reads with a mean read depth of
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at least 2 million sequences per sample.

4.2.3 Fecal Microbiota Informatic Analysis

We used metagenome shotgun sequencing to characterize the microbial community
composition from the fecal sample. The subsequent raw sequencing data was quality filtered
(with trim_galore) to remove adapter contamination and subjected to taxonomic classification
using MetaPhlAn v3.0 (Truong et al., 2015). MetaPhlAn utilizes a database of unique clade-
specific marker genes, facilitating high-resolution taxonomic profiling down to the species level.
The output of MetaPhlAn was a table listing the relative abundances of microbial taxa across the
samples.

The resulting abundance table was then imported into the R package Phyloseq
(McMurdie & Holmes, 2013), a tool designed for the import, storage, analysis, and graphical
display of microbiome census data. Alpha diversity indices, which measure the diversity within
individual samples, was computed using the estimate_richness function. Comparisons of alpha
diversity between treatment groups was performed using non-parametric Kruskal-Wallis tests.
Principal component analysis (PCA) was used to assess community dissimilarity based on Bray-
Curtis distances visually. PERMANOVA tests, implemented through the adonis function of the
vegan package (Oksanen et al., 2019), were used to evaluate the differences in microbial
community composition between pairs of treatment groups. All statistical analyses were
performed in R v4.0 (R Core Team, 2020), and p-values less than 0.05 were considered

significant.

72



4.2.4 Blood Sample Collection and Plasma Extraction

At the end of the 4th and 7th week of treatment, we sterilized the procedure room
workbench with peroxigaurd and used the tube rodent holder for the mice at the end of the 4-
hour treatment window. We sterilized their tail with 70% EtOH solution (catalog # MDS098017,
Medline, Three Lakes Drive Northfield, IL, USA), allowed the tail to dry, made a Imm incision
at the tail tip with a sterile single edge razor blade (catalog # 55411-05, VWR, Radnor, PA,
USA), and collected 400 ul of blood into an EDTA (catalog # 6381-92-6, VWR, Radnor, PA,
USA), coated 0.5 mL microcentrifuge tubes (catalog # 76004-088, VWR, Radnor, PA, USA)
The blood samples remained at room temperature until we centrifuged them at 2000 G-force for
15 minutes. Next, we pipetted the blood serum (~100 ul) into a new 0.5 mL tube and stored them

at -80 °C until metabolite extraction.

4.25 Blood Plasma Metabolite Extraction

We followed the Texas A&M University Integrated Metabolomics Analysis Core
(TAMU IMAC) SCFA extraction protocol. 50 pl blood serum into extraction tubes. Fecal
Extraction Protocol for SCFA Targeted Analysis on TSQ EVO 8000, TAMU IMAC, Protocol

(Texas A&M University, College Station, TX, USA).

4.2.6 Statistical Analysis

We collected and recorded physiological measures for each male, by hand, and then
copied and pooled these data into Microsoft Excel or Google Sheets. After metabolite extraction,
TAMU IMAC ran GCMS on the extracted samples and generated result files of the

concentrations (uM) circulating metabolites in each male. We used the post-blank subtraction
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concentration (uM) results for acetic, butyric, and propionic acids in each male to run statistical
analyses. Then we transferred the molecular and physiological data into GraphPad Prism 9
(RRID: SCR_002798; GraphPad Software, Inc., La Jolla, CA, USA) for statistical analysis, and
we set the statistical significance at a = 0.05, used the ROUT test (Q = 1%) to identify any
outlier. We then confirmed the normality of the datasets with a Shapiro—Wilk test. If the data
passed normality (oo = 0.05), we applied a One-way or Two-way ANOVA or an unpaired,
parametric (two-tailed) t-test. If the data failed the test for normality or if there was unequal
variance (Brown Forsythe test), we proceeded with a Kruskal-Wallis test, followed by a Dunn’s

multiple comparisons test.

4.3 Results

4.3.1 A Physiologically Relevant Mouse Model to Examine the Influence of Chronic
Alcohol and Saccharin Consumption on Intestinal Microbiota and Metabolome

To identify the impact of male alcohol use on the gut microbiome and metabolome, we
applied a proven mouse model of voluntary alcohol exposure that promotes daily alcohol
consumption, with or without saccharin, and imitates binge drinking (Allen et al., 2003; Boehm
et al., 2008). We then collected fecal boluses and blood from treated males and extracted and
analyzed fecal DNA and blood plasma SCFA from the samples through whole-genome shotgun
sequencing and GCMS (Fig. 4.1A). We utilized a limited-access model known as Drinking in the
Dark (DID) and subjected postnatal day 104, C57BL/6J male mice to 3%, 6%, and 10% (w/v)
ethanol (EtOH), 0.066% Sweet’N Low® (w/v), or 0.066% Sweet’N Low® and 10% EtOH

treatments. We treated Control males with plain water and provided identical handling by
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simultaneously exchanging between two water bags. We continued the treatment period for 8
weeks, while collecting fecal samples before treatment (Week 0) and after 6 weeks of treatment
(Week 6) and blood samples at the end of treatment weeks 4 and 7. We did not observe any
significant changes in body weight between the groups during treatment (Fig. 4.1B), which is
consistent with our prior works employing EtOH consumption, without or with SNL (Chang et
al., 2017; Bedi et al., 2019; Thomas et al., 2022; Roach at el., 2023). Males in the 3% EtOH
group consumed an average daily dose of 0.69 g/kg, the 6% EtOH group received an average
daily dose of 1.29 g/kg, the mice in the 10% EtOH treatment group consumed an average daily

dose of 1.78 g/kg, and the SNL 10% EtOH males received 3.2 g/kg (Fig. 4.1C).
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Figure 4.1. A physiologically relevant mouse model to examine the influence of chronic alcohol and
saccharin consumption on intestinal microbiota and metabolome. (A) Experimental schematic used to
inspect the influence of male chronic EtOH and saccharin exposure on gut microbiota and metabolome.
Comparison of (B) average weekly body weights and (C) average daily dose of EtOH between treatment
groups (n =38). We analyzed treatment data by using a one-way or two-way ANOVA. Error bars
correspond to the standard deviation of the mean, *P < 0.05, **P <0.01, ****P <(.0001.

4.3.2 Broad Variations in Fecal Microbial Communities at the Family Level Before
Treatment

Before the males started treatment, we collected fecal samples at Week 0 to identify
changes in microbiota after 6 weeks of exposure. Overall, the 48 fecal samples yielded 1104
operational taxonomic units (OTUs) (Fig. 4.2). Based on the relative abundance, the top 3
families were Erysipelotrichaceae (18.259%, Phylum Firmicutes), Muribaculaceae (16.246%,

Phylum Bacteroidetes), and Bifidobacteriaceae (13.659%, Phylum Actinobacteria). To date,
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there have been few metagenomic sequencing of animals prior to treatment (Bull-Otterson et al.,

2013). We suggest that this practice should be standardized to give a baseline of conventional

rodent models and the ability to visualize change in the microbiome over the course of treatment.
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Figure 4.2. Broad variations at Week 0, before treatment, fecal microbiota communities at the family
level. Taxonomy chart of relative abundance of OTUs at the family level observed for each fecal sample
(n = 8 per treatment) using Phyloseq. Vertical black line divides samples by treatment group.

4.3.3 Change in Fecal Microbiota Communities at the Family Level After 6 Weeks of
Treatment

After six weeks of treatment, we collected stool samples at timepoint Week 6 to
determine changes in microbial communities from Week 0. Again, the 48 fecal samples returned
with 1104 OTUs (Fig. 4.3). The top 3 families based on relative abundance remained the same
across all treatments at Week 6. The family Erysipelotrichaceae (18.954%, Phylum Firmicutes)
saw a minute increase, while Muribaculaceae (10.196%, Phylum Bacteroidetes) levels decreased
by 6% total composition, and the Bifidobacteriaceae family (9.699%, Phylum Actinobacteria)
was reduced by ~4%.

When sorting microbial families by treatment, we observe Control males had the least
amount of change with an 0.18% increase in Erysipelotrichaceae, and 7.284% decrease in
Bifidobacteriaceae, and 2.518% decrease in Muribaculaceae. This is likely due to time and fecal-
oral transmission of microbes from females placed in the cages for mating to produce offspring
for a separate study. Males in the 10% EtOH group presented with a 2.096% elevation in
Erysipelotrichaceae and a 5.755% , 6.629% decline in Bifidobacteriaceae and Muribaculaceae,
respectively. The 3% EtOH group experienced a reduction in Erysipelotrichaceae by 9.696%,
Muribaculaceae by 1.683%, and Bifidobacteriaceae by 12.693%. 6% EtOH males underwent a
decline in Muribaculaceae by 5.747%, Bifidobacteriaceae by 7.635%, and Erysipelotrichaceae
by 12.738%. In the SNL, 10% EtOH group, we detected a rise in Erysipelotrichaceae by 4.015%

increase, loss of Muribaculaceae by 3.906%, while Bifidobacteriaceae populations fell from
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8.215% to undetectable representation. Lastly, the SNL water group exhibited a 9.647% and
3.26% uptick in Erysipelotrichaceae and Bifidobacteriaceae, and a diminution in Muribaculaceae
by 19.336% (Fig. 4.3). These results indicate that alcohol alone causes a decrease in these
specific microbial families, and that the addition of saccharin to alcohol increases
Erysipelotrichaceae. This also suggests that SNL alone causes growth in the Bifidobacteriaceae
taxa, meaning that alcohol and saccharin rodent models are not indicative of the community

alterations caused by alcohol alone.
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Figure 4.3. Changes in fecal microbiota communities at the family level after 6 weeks of treatment.
Taxonomy chart of relative abundance of OTUs of families observed for each fecal sample (n = 8 per
treatment) using Phyloseq. Vertical black line divides samples by treatment group.

4.3.4 Chronic Alcohol and Saccharin Exposure Alters Beta Diversity

To further understand alcohol and saccharin’s impact on intestinal microbiota, we
conducted a principal component analysis (PCA) using the Bray-Curtis Dissimilarity Matrix to
measure beta diversity between fecal samples (n=8 per treatment). The PCA revealed a tight
clustering of the Control samples, whereas the 3% EtOH samples displayed high variability and
overlapped with all treatment samples (Figure 4.3). In contrast, samples derived from the SNL
only males exhibited distinct clustering from the Controls, while the SNL, 10% EtOH group
clustered with the EtOH groups and SNL only treatment. These variabilities were not
unexpected, given the total number of families represented across all samples and the shared

toxicants between treatments.
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Figure 4.4. Chronic alcohol and saccharin exposure alters beta diversity. Principal Component Analysis
(PCA), using Bray-Curtis distances to assess community dissimilarity visually, comparing fecal samples
after 6 weeks of exposure.

4.3.5 General Variances in Alpha Diversity Indices Before Exposure

Based on the fecal samples we collected at Week 0, we compared the richness and
diversity of microbial species using Observed, Choal, and ACE estimators (Fig. 4.5). The
Observed alpha diversity index displays the number of observed OTUs. A higher Chaol value
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suggests a larger number of low abundance taxonomic groups (Chao, 1984; Montgomery-Smith
and Schmidt, 2010). The ACE index is an indicator of species richness, or the total number of
species in a sample, that is sensitive to rare OTUs. The higher the value, the higher the diversity

in that sample.
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Figure 4.5. General variances in alpha diversity indices before exposure. Left to right: Observed, Choal,
ACE indices. Violin plots depicting range and distribution of samples within each treatment for each
index. Alpha diversity indices. Alpha diversity indices, which measure the diversity within individual
samples, was computed using the estimate_richness function. Comparisons of alpha diversity between
treatment groups was performed using non-parametric Kruskal-Wallis tests.

4.3.6 Chronic Alcohol and Saccharin Consumption Transforms Gut Microbial Richness
To visualize the change in microbial richness, we compared the fecal samples
metagenome sequencing data at Week 6 using Observed, Choal, and ACE estimators (Fig. 4.6).

When comparing Fig. 4.5 to Fig 4.6, we observe a common pattern between all three indices

83



showing a decrease in range for all treatments except SNL, 10% EtOH, which indicates an
increase in rare and abundant species. Therefore, studies using EtOH and SNL together greatly

affect species richness and abundance.
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Figure 4.6. Chronic alcohol and saccharin consumption transforms gut microbial richness. Left to right:
Observed, Choal, ACE indices. Violin plots depicting range and distribution of samples within each
treatment for each index. Alpha diversity indices. Alpha diversity indices, which measure the diversity
within individual samples, was computed using the estimate_richness function. Comparisons of alpha
diversity between treatment groups was performed using non-parametric Kruskal-Wallis tests.

4.3.7 Alcohol and Saccharin Exposure Elevates Acetate Short-Chain Fatty Acid

Concentrations

Using blood plasma collected from treated males at the end of Week 4 and 7, we set out

to determine extracted SCFAs to determine circulating metabolite concentrations using GCMS

84



(Fig. 4.7). We focused our analysis on the top three SCFAs, which include acetate, butyrate, and
propionate. We then determined that the higher concentrations of EtOH groups had a tighter
clustering using beta diversity measures, therefore we removed 3% EtOH blood plasma from the
analysis. After 4 weeks of voluntary consumption, both the SNL, 10% EtOH plasma contained
significantly higher levels of acetic acid than all other treatments (Fig. 4.7A). Additionally, the
SNL only plasma showed significant increases in acetic acid when compared to the Control and
10% EtOH group (Fig. 4.7A). Butyric acid concentrations were significantly higher in the 10%
EtOH group (Fig. 4.7B). Plasma collected at the conclusion of 7 weeks of treatment revealed the
SNL, 10% EtOH males had substantial levels of acetic acid (Fig. 4.7D). After 7 weeks, butyric
acid levels indicated no differences between treatment groups (Fig. 4.7E). Finally, there was no
significant change in propionic acid levels at either plasma collection timepoint (Fig. 4.7C and
F). Several studies report increases in acetate in mice and humans when using alcohol or
saccharin treatments separately (Suez et al., 2014; Martino et al., 2022; Sarkola et al., 2002).
Therefore, acetate is the main metabolite after saccharin or alcohol metabolism. Our data
suggests that combined SNL and alcohol increases acetate levels greater than either treatment
alone. These increased acetate levels may contribute to other downstream systems, including

impacts on the reproductive tract and germline.
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Figure 4.7. Alcohol and saccharin exposure significantly elevates acetate short-chain fatty acid
concentrations. After 4 weeks of exposure, (A) Acetic acid, (B) Butyric acid, and (C) Propionic acid
concentrations. After 7 weeks of consumption, (D) Acetic acid, (D) Butyric acid, and (E) Propionic acid
concentrations (n=6-14 per treatment group). We analyzed treatment data by using a one-way ANOVA.
Error bars correspond to the standard deviation of the mean, *P <0.05, **P <0.01, ***P <0.001,

*xHEP <0.0001.
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4.4 Discussion and Conclusions

Over the course of this experiment, we showed that the microbiota identified before
treatment (Week 0) were separately altered by EtOH alone, SNL alone, and EtOH and SNL in
combination. The greatest modifications to the microbial communities were found in the EtOH
and SNL treatment. NAS are often used in animal research to increase palatability and encourage
consumption while keeping caloric content low (Roberts et al., 1999; Allan et al., 2003; Ruiz-
Ojeda et al., 2019). However, our data reveal that alcohol and saccharin exhibit a cumulative
interaction and complicate deciphering the changes in microbiota and acetic acid levels due to
alcohol exposure alone. This result was unanticipated, given that many animal model alcohol
studies and humans ingest alcohol and artificial sweeteners together (Roberts et al., 1999; Allan
et al., 2003; Patten et al., 2014; Chang et al., 2017, Chang et al., 2019a, Chang et al., 2019b; Bedi
atal., 2019; Ruiz-Ojeda et al., 2019; Chang et al., 2021). These findings suggest that both
alcohol and NAS elicit more alterations than once perceived.

From a clinically translational standpoint, rodent animal models are highly sought after
and widely utilized due to their high replacement rates and reproducibility. Here, we used male
C57BL/6J mice, which are bred for addictive behaviors and their propensity to consume high
levels of EtOH (Rhodes et al., 2005; Thiele and Navarro, 2014). These traits have made
C57BL/6Js one of the most commonly used strains for toxicological and pharmacological
research. We employed the DID method on the mice to mimic binge-like drinking behaviors that
are similar to male human alcohol consumption patterns (Boehm et al., 2008). The average daily
dose recorded for the 6% EtOH group (1.29 g EtOH/kg of body weight) can be converted to a 75

kg man drinking roughly seven beers or standard alcoholic beverages in 4 hours. When we apply
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the same calculation for the average daily dose for the 10% treatment (1.78 g EtOH/kg of body
weight) and SNL 10% EtOH males (2.13 g EtOH/kg of body weight), the number of standard
drinks increases to nine and a half and 12, respectively. These translations meet the criteria for
male binge drinking characterized by the National Institute on Alcohol Abuse and Alcoholism as
five alcoholic drinks in 2-3 hours or less (NIAAA, 2023), which suggests that we attained a
physiologically relevant model.

As for Sweet’N Low® consumption, the FDA determined the acceptable daily intake of
pure saccharin for humans to be 15 mg/kg of body weight/day (USFDA, 2023), and one packet
of SNL contains 36 mg of true saccharin. Therefore, a 75 kg man could safely consume 1,125
mg of pure saccharin per day or thirty-one and a quarter packet of SNL. Using the same
acceptable daily intake for the mice in our study, the maximum safe amount of pure saccharin a
27 g mouse can ingest is 0.405 mg daily. Previous works administered high, toxic concentrations
of pure saccharin to establish its role in gut permeability and metabolic syndromes, where the
rodent model consumed 6.3 g saccharin/kg of body weight (Suez et al., 2014). Such extreme
concentrations of saccharin in mice revealed increased acetate levels, altered gut microbiota, and
drove the development of glucose intolerance. Our lab initially used SNL to establish drinking
patterns in our alcohol-exposed mice with low concentrations of pure saccharin. The SNL only
group consumed less than 0.135 mg of true saccharin each day, which is only one third of the
FDA recommendation conversion. Even so, this extremely small quantity of pure saccharin was
associated with altered intestinal microbiota composition and a notable reduction in the
Muribaculaceae family, known to produce butyrate and predicted to metabolize carbohydrates

into propionate (Smith et al., 2019; Wang et al., 2020; Smith et al., 2021). The low
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concentrations of both butyric and propionic acid could be due to the 20% decrease in
Muribaculaceae family abundance.

The relative abundance data depicted the same top 3 families of microbiota inhabiting the
gut before and after voluntary alcohol and/or SNL consumption. Erysipelotrichaceae,
Muribaculaceae, and Bifidobacteriaceae made up roughly 40% of the GIT microbiota
compositions. This suggests microbial members of these families would be the cause for the
alterations in SCFAs we see after 4 and 7 weeks of treatment. Erysipelotrichaceae tend to favor
breaking down foodstuffs into butyrate (Pozuelo et al., 2015), while Bifidobacteriaceae produce
acetate from carbohydrates and is undergoing further investigation by the Zengler lab (Martino et
al., 2022). However, the SCFA concentrations we observed do not support this. This could be
due to the voluntary drinking model where an animal drank more or less on a given day before
blood collection, or it may be a result of a batch effect during GCMS.

On the phylum level, the top 3 phyla represented include Bacteroidetes, Firmicutes, and
Actinobacteria. The SNL only males displayed an increase in Actinobacteria while all other
treatments decreased in Actinobacteria richness. Firmicutes abundance were always
downregulated in the EtOH treatments, whereas Controls, SNL alone, and SNL-10% EtOH
groups saw an increase in Firmicutes. All EtOH in water groups decreased in Firmicutes, which
was the same result to the Firmicute phyla in a study conducted by Yan and colleagues where
they administered alcohol via oral gavage for 3 weeks (Yan et al., 2011). However, toxicant
administration through gavage has proven to induce stress on the animal, and increased levels of
corticosterone can also modify gut microbial composition (Brown et al., 2000; Walker et al.,
2012; Geng et al., 2019). Furthermore, all SNL treated groups saw an increase in Firmicutes,

unlike Suez et al. Their study showed decreased Firmicutes, but it was completed ex vivo.
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Lastly, there was no pattern detected in Bacteroidetes. These data indicate that time (age) and
dietary habits have the propensity to alter microbial communities at the family level.

In this study, | showed that alcohol and NAS have a dual interaction on the microbiome-
metabolome axis. This suggests that animal model studies examining EtOH effects on the
microbiome-metabolome axis do not faithfully approximate the alpha and beta diversity of fecal
samples and SCFA concentrations reliably. Therefore, studies on the effects of EtOH on the gut
microbiome and other physiology measures must be EtOH in water treatment only for accurate
results. While the effects of alcohol or NAS on mammalian microbiomes have been reported
hitherto, our research has provided evidence that EtOH in combination with NAS for rodent
models causes its own alterations to the microbiome and circulating SCFAs. One of the
consequences of our findings is that EtOH and NAS are not suitable or reliable for the effects of
only alcohol on fecal samples or circulating SCFA. Finally, more uniform applications should be
ascertained to continue to enhance and advance microbiome-metabolite studies.

A limiting factor in this study is that we held a mating paradigm for studies, and fecal-
oral transmission contributed to the change in microbial communities from females being placed
into treated male cages.

Our results data supports that the well-established Sweet’N Low® and EtOH drinking
model modifies the gut bacterial profile of male mice, and that this interactive-toxicant effect
continues to affect downstream metabolite concentrations. Subsequent studies are warranted to
confirm our findings and to determine the influence of alcohol, with or without NAS, on the
male intestinal microbiota populations and reproductive tract. The reproductive tract is a
downstream system that is affected by the compounds metabolized by the digestive system. By

studying alterations in the microbiome-metabolome axis, we will be able to correlate and
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validate changes in the metabolome of the of the males exposed to alcohol. This could provide a

mechanistic explanation of how epigenetic changes in sperm are induced.
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5. CONCLUSIONS AND FUTURE DIRECTIONS

The research in this dissertation aimed to evaluate the function of paternal preconception and
conception environments for embryo and fetal development. As indicated in Chapter 1, the
damaging effects of alcohol consumption on fetal programming have exclusively focused on
maternal contributions. As of late, investigations of the second half of the reproductive equation,
paternal alcohol exposure, has become more of an imperative for fetal and offspring health
predictions (Baber and Koren 2015; Easey et al. 2019; Watkins et al. 2020). Many groups have
contributed to the literature in this field through mammalian model research, specifically rodents,
and describe multiple biological mechanisms that may assist in understanding how lifestyle
choices and environmental exposures create epigenetic retention in gametes and are passed down
to progeny. Even though there is no agreement on an exact mechanism, recent evidence suggests
the mode(s) of epigenetic inheritance are facilitated by alterations to the components of
chromatin, DNA, and sncRNAs in sperm could play a role.

Throughout our research, we utilized a mouse strain with the predisposition for addiction
habits. Male C57BL/6Js (Thiele and Navarro, 2014), voluntarily consume a range of EtOH
concentrations for 4 hours per day during the beginning of the dark cycle (their active cycle). We
employed this model to simulate binge drinking behaviors in humans. This technique is used to
shorten the window of exposure to avoid the adverse effects of constant alcohol consumption
including dehydration, alcohol poisoning, cirrhosis of the liver, and excess caloric intake. This
time of active drinking provides for sire daily dose averages ranging from 1.7-2.2 g EtOH/kg
body weight, which imitates the alcohol consumption routines of alcoholics and young adults

who binge drink (Greenfield et al., 2023; NIAAA, 2023). To ensure that alcohol-impacted sperm
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were produced, we established the male mice on the drinking regimen for 70 days, which
encompasses 2 spermatogenic cycles, before collecting mature caudal sperm for IVF procedures
or employing alcohol cessation. During gestation, products of conception were terminated to
measure the effects of sire EtOH consumption on IVF fetoplacental growth/parameters.

In our IVF experiment, we observed no difference in fetal growth across treatment or sex at
GD 16.5 while we saw a significant fetal weight decrease for male offspring naturally sired by
males, regardless of treatment, in our previous examination (Thomas et al., 2022; Roach et al.,
2023). By using embryonic transcription analyses, we were able to determine paternal alcohol
influenced IVF disturbs embryonic gene expression for implantation and modeling, and
regulatory network pathways for some imprinted genes, oxidative phosphorylation, and
mitochondrial function. We also witnessed immense change in the histological organization of
placentae of IVF EtOH sired offspring when we compare them to naturally-mated derived
placentae. The inverse relationship between these placental parameters suggests that ARTs are
yet another facet driving placental adaptation/compensation during ex vivo development and that
paternal EtOH exposures to sperm causes alternate ART outcomes.

Another integral biological process associated with epigenetic inheritance in sperm includes
altered sncRNAs and histones after EtOH cessation for one month. In Chapter 3, we present
confirmation that sperm sncRNAs and male tissue mtDNAcn remain affected, but the degree of
change is less than those of active chronic EtOH consumption. Therefore, more time is necessary
to induce full reproductive restoration.

Furthermore, we discussed the effects of EtOH and NAS consumption on male microbiome
and SCFA in Chapter 4. When used in conjunction, EtOH and NAS significantly alter intestinal

microbiota relative abundance, richness, and diversity, as well as acetate production and
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circulation. This discovery will be used in future studies to determine if the increased level of
acetate and other metabolites are crossing the blood-testis barrier and causing the epigenetic
alterations to developing spermatozoa that we see in mature sperm.

Lastly, we conducted a preliminary study of the female reproductive tract response to
alcohol-exposed seminal fluid. Multiple studies have demonstrated that when seminal plasma is
deposited into a female’s reproductive tract, her immune responses and other signaling pathways
are affected to promote preparation for pregnancy (Robertson, 2006; Schjenken and Robertson
2015; Bromfield, 2016; Schjenken and Robertson, 2020; Schjenken et al., 2021). Our hypothesis
for this investigation was that the memory of alcohol exposure is only transmitted through
sperm, and that seminal plasma from alcohol-exposed males will not have an impact on the
female reproductive tract. Here, we investigate how the female reproductive tract responds to
alcohol-exposed seminal fluid and identify any signaling pathways that may affect embryo and
fetal development.

The fluid that accompanies sperm is known as seminal fluid or seminal plasma. Seminal
plasma makes up 95-98% of semen while spermatozoa make up the remainder of semen (Vitku
etal., 2017). Seminal fluid contains high levels of fructose, which provides mature sperm with
energy to swim up the female reproductive tract (Bromfield, 2014). Recent research has shown
that seminal fluid has its own distinct microbiome, different from that found in the
gastrointestinal tract, and it can be influenced by diet (Javurek et al., 2016; Javurek et al., 2017).
Seminal fluid has been found to have a positive impact on the health of offspring by introducing
compounds into the female reproductive tract and regulating the uterine environment before
pregnancy by triggering pro-inflammatory reactions that prevent the female tract from rejecting a

potential pregnancy (Bromfield, 2014). In rodent models, the absence of seminal fluid during
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insemination has led to pregnancy complications and offspring with metabolic issues, obesity,
and hypertension later in life (Bromfield et al., 2014) These findings suggest that seminal fluid
plays a crucial role in conception, pregnancy, and the health of offspring. So far, studies on
epigenetic programming in mice have only looked at non-coding RNA and chromatin structure
in sperm, without examining how alcohol exposure may affect seminal fluid.

Following insemination, components in seminal fluid and sperm themselves trigger an
immune response in the female reproductive system through inflammatory and cytokine
responses to prepare for pregnancy (Schjenken and Robertson, 2020; Sharkey et al., 2007;
Johansson et al., 2004; Schuberth et al., 2008; Rametse et al., 2018; Robertson, et al., 2006;
Schjenken et al., 2015; Robertson et al., 2002). Additionally, elements in the female tract can
impact how semen programs the development of a fetus (Bromfield et al., 2014).

To investigate this, we used male mice that underwent vasectomies and were then exposed to
ethanol, at varying concentrations (0% or 6% (w/v)), for 6 weeks. After the 4-hour drinking
window, naive, nulligravida females were placed into male cages to generate pseudopregnancies
(Fig. 5.1). Upon observation of the presence of a copulatory plug, we sacrificed the female mice
at GD 0.5, using CO; asphyxiation followed by cervical dislocation, and collected their
reproductive tracts. Next, we separated the oviducts from the tracts and isolated RNA for
transcriptomic analysis. We compared the changes in gene expression in the post-coitus oviducts
between experimental groups to determine if ethanol-exposed semen has a different impact on

female reproductive tract RNA profiles.

95



PND 110
Vasectomized C57BL/6J _
Mate Every Other Male Reproductive  oviduct Total RNA  RNA Sequncing &
Day Extraction Analysis
6 Weeks of | 10 Weeks of | | |
Treatment Treatment & Mating | | |
Female \ - d
Reproductive Tract ol ) I @ |
Collection GD 0.5 e el =t 24 ) ‘
f B \_,/ L

W’)

Figure 5.1. Experimental design of EtOH-treated seminal fluid influence on inseminated female
reproductive tracts.

Here, | observed that alcohol-exposed seminal fluid does, in fact, alter the gene
expression of female tract in preparation for pregnancy (Fig. 5.2). Using DEseq2 and IPA, we
identified genes that are involved in decidualization, immune response, oocyte maturation, and
sperm guidance are the most affected after alcohol-influenced seminal fluid contact. This
indicates that because the female’s response has been modified, the fertilization, implantation,
and development of the embryo is also altered. This also supports the literature that diet
alteration changes seminal fluid and its influence on the female tract (Javurek et al., 2017).
Finally, some future directions that will complete this study are to extract, sequence, and analyze
the uteri of the females that were inseminated for differentially expressed genes, and conduct

proteomic analysis of the seminal vesicles of alcohol-exposed males.
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Figure 5.2. EtOH-influenced seminal plasma affects the transcriptional profiles of the oviduct. Principal
component analysis of inseminated oviduct RNA sequencing using DESeq?2.

Overall, these works suggest that paternal environmental factors and lifestyle choices are
retained in the sperm epigenome and play a significant role in the epigenetic inheritance of
offspring health and development. Here, we are aiding in filling the knowledge gap how the
epigenetic memory of alcohol exposure of the male reproductive tract and germline are
transmitted to descendants, contrary to the common assumption that only maternal drinking leads
to alcohol induced etiologies. Using NGS on the complex sperm internal components and
embryos, we provide proof that connects the effects of paternal EtOH intake to internal
alterations that persist in male reproductive tract, germline, and resulting embryos and placentae.

These discoveries also highlight the necessity for more holistic approaches for comprehending
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the impact of paternal alcohol exposure on offspring. Furthermore, these examinations and
analyses will assist the physiology and toxicology fields understand the influence of toxicants
and teratogens on fetal growth and offspring health and development from the paternal
standpoint of contribution and change the way people perceive drinking alcohol during their

reproductive years.
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APPENDIX

Supplemental Table 1. Detailed descriptions of the statistical testing underlying each figure.

Statistical Test

Figure 1: Experimental design for paternal alcohol exposure and embryo generation
B. Sire fluid consumption by Two-way ANOVA contrasting n =8 Control, 8 6% None
treatment week * treatment and time, multiple EtOH, 8 10% EtOH
C. Sire body weight change by comparisons using uncorrected
treatment week ** Fisher’'s LSD.
D. Sire daily dose consumption One-way ANOVA, multiple n =8 Control, 8 6% 1 Control
comparisons using Tukey's test EtOH, 8 10% EtOH 2 6%
EtOH
(bottle
leak)
Figure 2, Table 1A-C: Embryo survival
Chi-square analysis followed by L
Table 1 Fisher's Exact test for individual | Numbers provided in None
comparisons. tables.
) Arc sign transformation of .
A. Percent embryo survival to percentages, Kruskal-Wallis n=18 CDIIU‘D], r;=2? 6% | None
{;DL;I'?.S ) followed by Dunn’s test. EtOH, n=38 10% EtOH
. Litter size .
One-way ANOVA, multiple
comparisons using Tukey's test
C. Pregnancy Success Rate Chi-square analysis followed by | n= I8 Control, n=27 6% | None
(recipients at GD 16.5) Fisher's Exact test for individual | EtOH, n=38 10% EtOH
comparisons.
Figure 4. Fetal measures
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Supplemental Table 1. Continued

Graph Statistical Test Sample Size Outliers
A-G. Gestational sac weight, fetal | Two-way ANOVA to contrast A-C n=45 Control, 31 | None
weight, crown-rump length, differences between sex and the 6% EtOH, 26 10%
normalized brain weight, preconception treatment groups, | EtOH male offspring;
normalized heart weight, and multiple comparisons using n=44 Control 23 6%
normalized thymus weight Uncorrected Fisher's LSD or EtOH 16 10% EtOH
Kruskal-Wallis followed by female offspring).
Dunn’s test. D-F n=23 Control, 17
6% EtOH, and 13 10%
EtOH male offspring;
20 Control, 13 6%
EtOH, and 7-11 10%
EtOH female offspring
Figure 5. Placental physiological measures
Placental weight, placental Two-way ANOVA to contrast A-C n=45 Control, 31 None

diameter, placental efficiency,
volume of the chorion, decidua,
junctional zone and labyrinth,
Junctional zone: decidua ratio,
labyrinth: junctional zone ratio,
and glycogen content

difTerences between sex and the
preconception treatment groups,
multiple comparisons using
Uncorrected Fisher's LSD.

For analysis of placental
glycogen, we used a One-way
ANOWVA with multiple
comparisons using Uncorrected
Fisher's LSD.

6% EtOH 26 10% E1OH
male offspring; n=44
Control 23 6% EtOH 16
10% EtOH female
offspring

D-I n=32 Control, 23
6% EtOH, and 23 10%
EtOH male offspring;
23 Control, 16 6%
EtOH, and 13 10%
EtOH female offspring
J n=11 Control, 8 6%
EtOH, and 8 10%
EtOH; male offspring
only
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Supplemental Table 1. Continued

Figure 6. Placental RT-qPCR analysis of gene expression

MALES

Gene Analysis Control 10%
Ethanol

Mit-Nd3 # Y values analyzed 8 7
Outliers 2 0

Mt-Cytb # Y values analvzed 8 7
Outliers 1 0

Mt-Col # Y values analyzed 8 7
Outliers | 0

Mt-Nd | #Y values analyzed 3 7
Outliers 2 0

Atpse # Y values analyzed 8 7
Outliers 1 0

Atp5Smf # Y values analyzed 8 7
Outliers 1 0

Atpsl # Y values analyzed 8 7
Outliers 0 0

FEMATES

Gene Analvsis Control 10%o
Ethanol

Mit-Nd5 # Y values analyzed 8 8
Outliers 0 0

Mit-Cytb # Y values analyzed 8 8
Qutliers 1 0

Mit-Col # Y values analyzed 8 8
Outliers 0 0

Mt-Ndl # Y values analyzed 8 8
Outliers 1 0

Atp5e #Y wvalues analyzed 8 8
Qutliers 0 0

Atpsl # Y values analyzed 8 8
Outliers 1 1

*During week eight, we noted that males in the 6% EtOH treatment group drank more than those in the
10% EtOH treatment group, neither however, were different from the Controls.

**During week seven, males in the 6% EtOH treatment group gained more weight than those in the 10%
EtOH treatment. However, the weight gain observed in both EtOH groups was not significantly different
from the Control treatment.
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Supplementary Table 2. Sire age at collection and number of IVF natural litters.

Sire Information
Treatment Sire ID Age at Collection # IVF # Natural
(Week) Litters Litters
Control C9 20.86 3 1
C11 20.86 2 1
C26 22.00 3 0
Cc27 22.00 2 0
CM1 22.57 0 1
CM2 22.57 0 2
CM12 23.71 1 1
CM14 23.71 1 1
6% EtOH M4 21.71 1 1
M7 21.00 3 2
M8 20.86 1 2
M215 22.57 1 1
M216 22.14 1 0
M217 22.14 1 0
M2110 22.71 1 0
M2111 22.71 0 0
10% EtOH EM1 22.71 1 1
EM2 22.71 1 1
EM11 22.57 1 0
EM12 22.57 1 0
EM14 22.14 0 0
EM15 22.14 1 0
EM26 22.71 1 0
EM29 22.71 2 0
Total 29 15
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Supplementary Table 3. Comprehensive embryo transfer log of sire matched 2-cell embryo
survival rate to GD 16.5 per recipient.

Sire # 2-cells GD 16.5 Litter %

Treatment | Recipient | Transferred Size Success
C11 1 10 0 0%
C11 2 10 0 0%
CM14 3 8 0 0%
CM12 4 12 0 0%
CM12 5 13 0 0%
C26 6 11 1 9%
C27 7 10 4 40%
C26 8 11 5 45%
C11 9 10 6 60%
C26 10 11 6 55%
C9 11 12 6 50%
Cl11 12 10 7 70%
C27 13 10 7 70%
C9 14 12 8 67%
C9 15 12 9 75%
CM12 16 12 9 75%
C26 17 12 11 02%
CM14 18 11 11 100%
M4 1 10 0 0%
M4 2 9 0 0%
M215 3 11 0 0%
M216 4 13 0 0%
M216 5 14 0 0%
M2110 6 13 0 0%
M2110 7 12 0 0%
M2111 8 11 0 0%
M2111 9 11 0 0%
MZ2111 10 11 0 0%
M217 11 12 0 0%
M217 12 12 0 0%
M8 13 9 0 0%
MS 14 11 1 9%
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Supplementary Table 3. Continued

M2111 15 10 2 20%
M8 16 11 2 18%
M8 17 11 3 27%
M4 18 10 3 30%
M217 19 12 4 33%
M2110 20 13 4 31%
M8 21 9 5 56%
M7 22 10 5 50%
M215 23 11 6 55%
M7 24 11 7 64%
M4 25 11 7 64%
M7 26 10 7 70%
M216 27 13 10 T7%
EM1 1 12 0 0%
EM?2 2 10 0 0%
EMI11 3 13 0 0%
EMI11 4 12 0 0%
EM12 5 10 0 0%
EM14 6 12 0 0%
EM14 7 12 0 0%
EM14 8 12 0 0%
EM14 9 8 0 0%
EM14 10 8 0 0%
EMI15 11 10 0 0%
EMI15 12 10 0 0%
EM26 13 10 0 0%
EM26 14 10 0 0%
EM26 15 10 0 0%
EM26 16 10 0 0%
EM26 17 13 0 0%
EM29 18 11 0 0%
EM29 19 11 0 0%
EM26 20 12 0 0%
EM26 21 12 0 0%
EM26 22 12 0 0%
EM26 23 12 0 0%
EM14 24 11 0 0%
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Supplementary Table 3. Continued

EM12 33 11 4 36%
EM?2 34 10 5 50%
EM26 35 13 5 338%
EM1 36 12 6 50%
EM11 37 13 7 54%
EM29 38 10 7 T0%
EM15 25 10 1 10%
EM15 26 10 2 20%
EM15 27 10 3 30%
EM12 28 10 3 30%
EM2 29 10 3 30%
EM1 30 12 3 25%
EM29 il 11 4 36%
EM15 32 9 4 44%
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Supplementary Table 4. Differentially Expressed Genes identified in pairwise comparisons
between treatment groups.

Morulae differentially expressed genes log2-fold change, g-value < 0.05

Treatment

Number of

Comparison

DEGs

Gene Names

Control vs. 6% EtOH

16

5033406009Rik, ARL5C,
C160rf96, CELSR1, Gm43005,
Gm43913, GPA33, HERPUD1,
INKAL, JDP2, KCNH7,
MARVELD1, MTHFSD,
PRAF2, SLC28A1, Ubaly

Control vs. 10% EtOH

35

5033406009Rik, AC154176.2,
ADSS1, ARHGAP28, BRDT,
Clorf21, CD1D, Ces2g,
D7Bwg0826e, DLL1, EGFR,
FAM221A, FGF4, FXYD5,
GLRX, GLRX2, Gm19554,
GPA33, GSDMA, Gsta4,
KLHL14, LCORL, Magea3
family, MLKL, MORC1,
PIERCEL1, PRKCE, RAC3,
RPGRIP1L, SEPTINSG,
SERPINB6, SHROOM?2,
SLC9A3R1, SNN, Ubaly

6% EtOH vs. 10%
EtOH

30

BPNT1, BTD, C160rf96,
CACNBI1, CCDC61, CELSR1,
D7Bwg0826e, DDX25,
FAM227A, FLT1, Gm16536,
Gm20712, Gm3325/Zfp808,
Gm37219, Gm43913,
Gm4557/Gm6882, Gm9742,
GSDMA, KCNH7, KCNKA4,
KMT2A, Lipo2 family,
MAP3K11, MBD2, MIDEAS,
MYBL1, NUP210L, PLAGI,

RTN2, TRIM2
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