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Abstract

The Effects of Benzalkonium Chloride Disinfectants on Lipid Homeostasis and
Neurodevelopment

Josi M. Herron

Chair of Supervisory Committee:
Assistant Professor Libin Xu

Departments of Medicinal Chemistry and Environmental and Occupational Health Sciences

Developmental neurotoxicity (DNT) is one of the least tested health effects of the
more than 80,000 chemicals registered for use today. In order to more efficiently test
chemicals for DNT, more knowledge is needed on mechanisms that trigger adverse
neurodevelopmental outcomes. Lipids are critical for neurodevelopment; therefore,
disruption of lipid homeostasis by chemicals is expected to have detrimental effects on this

process. However, few have investigated this as a possible mechanism of DNT.

In preliminary studies, we demonstrated that benzalkonium chloride compounds
(BACs) alter cholesterol biosynthesis and lipid homeostasis in neuronal cells. BACs are the
most commonly used quaternary ammonium compound (QAC) disinfectants. They are
applied in food processing lines, health care facilities, residential settings, and are common
ingredients in over-the-counter cosmetics, hand sanitizers, and pharmaceutical products.
Therefore, exposure to BACs is prevalent given the diversity of applications and may occur

through dermal/eye contact, inhalation, and ingestion. Recent studies demonstrate that BAC



exposure leads to an increased incidence of neural tube defects in utero and increased
apoptosis of neural progenitor cells (NPCs). However, the effects of BACs on

neurodevelopment as a result of altered lipid homeostasis has not been investigated.

In my dissertation work, I characterized the effects of BACs on lipid homeostasis and
neurodevelopmental processes. First, I showed that BACs potently inhibit cholesterol
biosynthesis in mouse and human neuronal cells. Building on this work, I showed that BACs
can cross the blood-placental barrier and enter the developing mouse brain following in
utero exposure via maternal diet. Further transciptomic analyses of the developing brain
elucidated key signaling pathways affected by BACs, including cholesterol biosynthesis, liver
X receptor-retinoid X receptor (LXR/RXR) signaling, and glutamate receptor signaling. Mass
spectrometry analysis revealed decreases in total sterol levels and downregulation of
triglycerides and diglycerides, which were consistent with the upregulation of genes involved
in sterol biosynthesis and uptake, as well as inhibition of LXR signaling. Finally, I
investigated the effects of BACs on neurospheres, free floating structures of NPCs, which are
used as a three-dimensional (3-D) in vitro model of neurodevelopment. I found that BACs
depleted the pool of NPCs and increased apoptosis, which contributed to a reduction in
neurosphere growth. Transcriptome analysis revealed that BACs activated the integrated
stress response, a mechanism used by cells to adapt to a variety of stressors including

oxidative stress, mitochondrial dysfunction, nutrient deficiency, or hypoxia.

Altogether, the findings of this dissertation demonstrate that a class of commonly
used disinfectants alter lipid homeostasis and impact neurodevelopmental processes. These
data add to a growing body of literature reporting the adverse effects of BACs on
neurodevelopment. Importantly, this work supports a novel mechanism by which

environmental chemicals may target neurodevelopment.
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Chapter 1: Introduction

1.1 Environmental Chemicals and Neurodevelopmental Disorders

Neurodevelopment requires the careful coordination of a variety of complex processes
including cell proliferation, differentiation, migration, apoptosis, and synaptic pruning (Rice
and Barone Jr., 2000). This period of developmental plasticity is considered a window of
susceptibility, as exposure to environmental insults could interfere with developmental
processes, leading to permanent changes in brain structure and function, known as
developmental neurotoxicity (DNT). The Organisation for Economic Co-operation and
Development and United States Environmental Protection Agency have defined DNT as the
adverse effects of chemicals on the nervous system associated with exposure during
development (OECD, 2006; US EPA, 1998). The association of neurodevelopmental disorders,
including delays, deficits, and neuropsychiatric diagnoses, with exposure to environmental
chemicals is well established and exemplified by well-known developmental neurotoxicants.
These include ethanol, polychlorinated biphenyls, lead, methylmercury, organophosphate
pesticides, polybrominated diethyl ether flame retardants, and air pollution (Bennett et al.,

2016; Grandjean, Kishi, and Kogevinas, 2017).

An alarming increase in children’s neurodevelopmental disorders has raised society’s
concern about the contribution of chemical exposures (Bennett et al., 2016; Fritsche et al.,
2017; Grandjean, Kishi, and Kogevinas, 2017; Bal-Price et al., 2018). In 2006-2008, it wass
estimated that 1 in 6 children in the United States had a developmental disability, 17% more
than the decade prior (Boyle et al., 2011). A majority of these children had cognitive
disabilities, including attention deficit hyperactivity disorder, intellectual disability, autism,
and seizures (Boyle et al., 2011). Importantly, these disorders are costly and cause lifelong

disability (Grandjean and Landrigan, 2006).



Prevention of neurodevelopmental disorders caused by exposure to environmental
chemicals is impeded by gaps in testing chemicals for DNT and the amount of evidence
required for regulation (Grandjean and Landrigan, 2006). Of the more than 80,000 chemicals
registered for use in the United States, only 200 have undergone DNT testing (Smirnova et
al., 2014). To more efficiently characterize the DNT hazard posed by environment chemicals,
an emphasis has been placed on understanding mechanisms by which exposure to
environmental chemicals results in neurodevelopmental disorders (Bal-Price and Meek, 2017;

Rock and Patisaul, 2018).

1.2 Altered Lipid Homeostasis as a Mechanism of Developmental Neurotoxicity

Lipids and Neurodevelopment

The brain is one of the most lipid rich organs, second to adipose tissue, with lipids
accounting for approximately half of the brain’s dry weight (Hussain et al., 2019). The brain
rapidly builds up its lipid content during development, which is maintained throughout
adulthood (Betsholtz, 2015). The mammalian brain contains eight categories of lipids
(Adibhatla and Hatcher, 2008). Of these, sphingolipids, glycerophospholipids and cholesterol

are present in high amounts and in almost equal ratios (Korade and Kenworthy, 2008).

Sphingolipids are made from the initial synthesis of ceramide and subsequent
attachment of different head groups to ceramides to produce complex sphingolipids (Olsen
and Feergeman, 2017). Docosahexaenoic acid (DHA), a long-chain polyunsaturated fatty acid
(PUFA), is supplied to the developing brain through placental transfer during gestation and
becomes incorporated into membrane glycerophospholipids (Lauritzen et al., 2016). Peak
brain deposition of DHA coincides with rapid brain growth (Meldrum and Simmer, 2016).
Cholesterol can also be obtained from maternal circulation, however a significant amount is
synthesized by the fetus (Woollett, 2011). Moreover, after formation of the blood brain

barrier, cholesterol in the brain must be synthesized locally (Zhang and Liu, 2015). Cholesterol
2



biosynthesis is a complex process involving many intermediates but can be broadly divided
into two segments: pre-squalene and post-squalene syntheses. In pre-squalene synthesis,
isoprenoids formed from the mevalonate pathway undergo a series of condensation reactions
that leads first to squalene and then to squalene epoxide upon epoxidation. In post-squalene
synthesis, cyclization of squalene epoxide leads to the first sterol in the pathway, lanosterol,
which is diverted into one of two pathways that both progress through a series of

dehydrogenations, reductions, and demethylations (Figure 1.1) (Kelley and Herman, 2001).

Rather than being used for energy storage, brain lipids are used in a variety of
processes, which ultimately contributes to the brain’s structure and function (Betsholtz,
2015). One of the processes where lipids play a critical role is neurodevelopment. Changes
in the composition of sphingolipids has been correlated with several neurodevelopmental
milestones in the human brain, including neural tube formation, neuronal differentiation,
axonogenesis, and synaptogenesis (Olsen and Faergeman, 2017). Long chain PUFAs,
including DHA, act as precursors of signaling molecules and activators of gene transcription
factors (Lauritzen et al., 2016). DHA is essential for neurogenesis, the process by which neural
cell types are generated from neural stem cells (Coti Bertrand, O’Kusky, and Innis, 2006;
Katakura et al., 2009). Cholesterol also plays important roles in neurodevelopment - serving
an essential role in Hedgehog (Hh) signaling (Byrne et al., 2016; Cooper et al., 2003; Porter,
Young, and Beachy, 1996; Zhang et al., 2018), which is an important mediator of
neurogenesis (Komada et al., 2008); synapse formation and function (Koudinov and

Koudinova, 2001; Mauch et al., 2001); and myelination (Saher et al., 2005).

Given the importance of lipids in neurodevelopment, it is expected that alterations in
lipid homeostasis, perhaps by exposure to environmental chemicals, would impact
neurodevelopment. Effects on brain cholesterol may be especially detrimental as it must be

synthesized locally following the formation of the blood-brain barrier.



Consequences of Altered Cholesterol Biosynthesis

Alterations in cholesterol homeostasis, especially the deficiency of cholesterol and
accumulation of its precursors, contribute to a variety of malformations and disorders (Figure
1.1) (Porter and Herman, 2011). Smith-Lemli-Opitz syndrome (SLOS) is the most common
cholesterol biosynthesis disorder, with an estimated incidence of approximately 1 in 50,000
births among those of European ancestry (Tierney et al., 2006). SLOS is caused by mutations
in the gene encoding the last step of cholesterol biosynthesis, 3B-hydroxysterol-A7-reductase
(DHCR?7), resulting in reduced enzymatic activity. This defect leads to greatly elevated levels
of 7-DHC and decreased levels of cholesterol in all tissues and fluids (Korade et al., 2010).
The small molecule and known teratogen, AY9944, induces a pharmacological model of SLOS
in rats by potently inhibiting DHCR7, reproducing the above-mentioned biochemical defects
(Kolf-Clauw et al., 1996; Roux, Horvath, and Dupuis, 1979; Roux et al., 1980). Clinical
features of SLOS include effects on brain development such as microcephaly,
holoprosencephaly, and agenesis of the corpus callosum; mental retardation and
hyperactivity; growth retardation and postnatal failure to thrive; and facial and limb

malformations (Porter and Herman, 2011).

Ethanol and retinoic acid, two well-known developmental neurotoxicants, have also
been shown to alter cholesterol homeostasis in the developing brain through the upregulation
of cholesterol transporters and increased cholesterol efflux, which leads to reduced levels of
cholesterol (Chen, Costa, and Guizzetti, 2011a; Zhou et al., 2014). Interestingly, fetal alcohol
syndrome, a hallmark of gestational ethanol exposure, shares many clinical features with

SLOS (Guizzetti and Costa, 2007). Based on these findings, Guizzetti et al (2011) concluded



that chemicals capable of affecting cholesterol homeostasis should be regarded as potential

developmental neurotoxicants.
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Figure 1.1. Post-squalene cholesterol biosynthetic pathway and examples of disorders
associated with defects at specific steps.



1.3 Benzalkonium Chloride Compounds, an Emerging Class of Developmental

Neurotoxicants

In the early part of my graduate studies, we found that benzalkonium chloride
compounds (BACs) display high structural similarity to AY9944 and demonstrated that BACs
inhibit cholesterol biosynthesis in neuronal cells (Chapter 2; Herron et al., 2016) in a chain
length-dependent manner. Furthermore, in a collaborative work with a postdoctoral fellow in
the Xu Lab, Dr. Kelly Hines, we found that BACs also alter the lipidome of neuronal cells in a
chain length-dependent manner (Hines, Herron, and Xu, 2017). These findings suggest that
BACs may have adverse impacts on neurodevelopment through altered cholesterol and lipid

homeostasis, which laid the foundation for my dissertation work.

BACs belong to a larger class of disinfectants called quaternary ammonium compound
(QACs). QACs are cationic surfactants used as disinfectants in various domestic, industrial,
and medical applications (Tandukar et al., 2013). BACs are also found in over-the-counter
cosmetics, hand sanitizers, and pharmaceutical products (Kim et al., 2018). Given the
diversity of applications, exposure to BACs is prevalent and expected to occur through
dermal/eye contact, inhalation, and ingestion. However, literature on exposure levels in
humans is scarce. Contact dermatitis, asthma symptoms, eye and mucous irritation, and
injuries of the gastrointestinal tract have been reported from direct exposure to QACs

(BNOEMC, 2015).

More recent studies have reported effects on neurodevelopment associated with
exposure to BACs. Hrubec et al (2017) suggested that QACs should be considered bona fide
teratogens, based on an increased incidence of neural tube defects observed in rodents
exposed in utero to an environmentally relevant mixture of QACs that contains BACs. NTDs
are closely associated with defects in the proliferation of neural progenitor cells (NPCs), a
population of cells which have important roles in the developing brain (Hirata et al., 2001;

6



Ishibashi et al., 1995; Zhong et al., 2000). Additionally, in vitro BAC exposure decreased
proliferation and increased apoptosis and oxidative stress in cultured NPCs (Ryu et al., 2018).
However, the effects of BACs on neurodevelopment as a result of altered lipid homeostasis

has not yet been investigated.

1.4. Summary and Objectives of Dissertation Research

Exposure to environmental chemicals has been associated with increased risk for
neurodevelopmental disorders. However, there is limited knowledge on mechanisms that
trigger these adverse outcomes. To fill this gap, I proposed a novel mechanism that
environmental toxicants can affect neurodevelopment - through disruption of lipid
homeostasis, as lipids, including cholesterol, sphingolipids, and glycerophospholipids, are
essential for neurodevelopment. As mentioned above, my early structure activity studies
demonstrated that BAC disinfectants inhibit cholesterol biosynthesis and alter the lipidome of
neuronal cells. Therefore, the focus of my dissertation was to characterize the effects of BACs

on neurodevelopment as a result of altered lipid homeostasis.

The overarching hypothesis was that BACs modulate lipid homeostasis and impair
neurodevelopment. The specific aims for this dissertation were to: (1) Characterize
consequences of in utero BAC exposure on lipid homeostasis and neurodevelopment
in vivo, and (2) elucidate the effects of BACs on neurodevelopment and investigate

underlying mechanisms.

In this dissertation, Chapter 2 describes the establishment of BACs as potent inhibitors
of cholesterol biosynthesis in neuronal cell lines. Chapter 3 builds from the findings of Chapter
2 and the collaborative study with Dr. Kelly Hines (Hines et al., 2017), describing the effect
of in utero BAC exposure on lipid homeostasis and the transcriptome of the developing brain.

Chapter 4 describes the developmental neurotoxicity posed by BACs in a three-dimensional



in vitro model of neurodevelopment. Finally, Chapter 5 summarizes conclusions of these

works and provides perspectives on future directions.
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Chapter 2: Identification of Environmental Quaternary Ammonium Compounds as

Direct Inhibitors of Cholesterol Biosynthesis
2.1. Introduction

Cholesterol plays important roles in embryonic development (Porter et al., 1996),
synapse formation and function (Koudinov and Koudinova, 2001; Mauch et al., 2001), and
myelination (Saher et al., 2005). Almost all cholesterol in the brain is synthesized locally and
independently (Bjorkhem and Meaney, 2004). The Xu Lab has been interested in the
cholesterol biosynthesis disorder, Smith-Lemli-Opitz syndrome (SLOS), which is caused by
defective 3B-hydroxysterol-A7-reductase (DHCR?7) (Fitzky et al., 1998; Wassif et al., 1998;
Waterham et al., 1998). This defect leads to greatly elevated levels of cholesterol precursors,
including 7-dehydrocholesterol (7-DHC) and 8-dehydrocholesterol (8-DHC), and decreased
levels of cholesterol (Tint et al., 1994; Tint et al., 1995) (Figure 2.1A). The formation of 8-
DHC is due to the activity of 3B-hydroxysterol-A8,A7-isomerase (EBP). The SLOS phenotype
includes multiple congenital malformations, developmental delay, cognitive impairment, and
behavior problems (Bukelis et al., 2007; Nowaczyk and Irons, 2012; Porter and Herman,
2011; Sikora et al., 2006). Previous work reported that 7-DHC and 8-DHC are exceptionally
prone to peroxidation and their oxidation products, i.e., oxysterols, contribute to the

pathophysiology of SLOS (Korade et al., 2010, 2013, and 2014; Xu et al., 2012 and 2013).

Interestingly, some small molecules, such as AY9944 (a known teratogenic agent) and
BM15.766, can potently inhibit DHCR7, leading to the same biochemical defect as seen in
SLOS, i.e., increased levels of 7-DHC and decreased levels of cholesterol. Because of this,
AY9944 and BM15.766 have been used to create a pharmacological animal model of SLOS
(Fliesler et al., 2004; Kolf-Clauw et al., 1996 and 1997; Xu et al., 1995). Many other small
molecules have been reported to affect different steps of cholesterol biosynthesis. For
example, antipsychotic drugs such as haloperidol, ziprasidone, risperidone, aripiprazole, and
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trazodone were found to inhibit DHCR7 in vitro (Canfran-Duque, 2013) and in patients treated
with these medications (Hall, 2013); a breast cancer drug, tamoxifen, and an infertility drug,

clomifene, were found to inhibit EBP (Moebius, 1998).

Much work has been done by the US EPA to screen environmental molecules for their
biological activities, such as their effect on key transcription regulators (Martin et al., 2010),
various receptor signaling pathways (Sipes et al., 2013), and zebrafish development (Padilla
et al., 2012). However, none of the previous reports addressed the effect of environmental
agents on cholesterol biosynthesis, which is important to development as discussed above.
Thus, we aim to identify environmental molecules and drugs that display similar structures to
DHCR?7 inhibitors and that can inhibit cholesterol biosynthesis, potentially leading to the same

biochemical defect as observed in SLOS.

In this study, we rely on the Distributed Structure-Searchable Toxicity (DSSTox)
Database Network (Kavlock and Dix, 2010; Richard and Williams, 2002) to carry out an initial
in silico screening to identify structures similar to AY9944, one of the most potent inhibitors
of DHCR7 known to date. The reason to choose AY9944 over BM15.766 as a model inhibitor
here is because AY9944 displays almost 100 times higher potency than BM15.766 (Moebius
et al., 1998). The DSSTox was built by EPA’s National Center for Computational Toxicology in
order to facilitate structure-activity studies and enable predictive toxicology. One feature of
DSSTox is that it can calculate the similarity score (Tanimoto similarity coefficient)
(Schneider, 2000) of the molecules in the database (over 10,000 so far) to a given chemical

structure and rank these structures based on their similarity.

In this chapter, the following findings are reported: 1) identification of benzalkonium
chlorides (BACs) as a class of compounds that are highly similar structurally to AY9944 and
BAC can inhibit the Dhcr7 in both mouse and human neuroblastoma cell lines; 2) structure-
activity studies suggest that the potency of BACs as Dhcr7 inhibitors decrease with the length
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of the hydrocarbon chain: C10 > C12 >> C14 > C16; 3) cholesterol biosynthesis-related
genes were upregulated and a cholesterol efflux gene was downregulated in the cells upon

exposure to BACs; and 4) 7-DHC-derived oxysterols were observed in cells exposed to BACs.
2.2. Results

In silico screening of environmental and pharmaceutical small molecules for potential

DHCR7 inhibitors using DSSTox and identification of BACs as DHCR?7 inhibitors in cells

Using the DSSTox Database Network as described above, we found that there are six
classes of molecules that show > 45% of structural similarity to AY9944 (Figure 2.1B),
including the antiseptic benzalkonium chloride compounds (BACs), the recreational drug
phencyclidine (PCP), the anesthetic drug ketamine, mucus expectorant bromhexine, and the
industrial chemical benzyltriethylammonium chloride (BTEC). Among them, BAC displays the

highest similarity to AY9944 at 72.9%.

Neuro2a cells, a mouse neuroblastoma cell line, were chosen to test the effect of each
compound or compound mixture (BAC) on cholesterol biosynthesis because these cells
express high levels of Dhcr7 and Dhcr7-knockdown Neuro2a cells have been demonstrated to
be a useful model for studying SLOS (Korade et al., 2009; Korade et al., 2010; Xu et al.,
2011a). Briefly, Neuro2a cells were exposed to each compound at 100 nM, lipids were
extracted, and sterols were analyzed by GC-MS. We found that BAC is indeed a potent
inhibitor of Dhcr7, leading to significant accumulation of 7-DHC and 7-dehydrodesmosterol
(7-DHD) at 100 nM (Figure 2.1C and Figure S.1A). Importantly, BAC as a mixture is only
slightly less potent than the positive control, AY9944. We note that in control Neuro2a cells,
the baseline levels of desmosterol is high, possible due to intrinsic low expression or activity
of 3B-hydroxysterol-A%4-reductase (Dhcr24). As a result of this, the level of 7-DHD also

increased when Dhcr7 was inhibited (Figure S.1A). In a subsequent experiment, we found
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that BAC mix can inhibit Dhcr7 even at 1 nM, as indicated by the formation of 7-

dehydrodesmosterol (Figure S.1B).

We then carried out similar experiments using a human neuroblastoma cell line, SK-
N-SH. We found that the BAC mixture can also inhibit DHCR7 effectively at 100 nM (Figure
2.1D). Interestingly, bromhexine displayed high potency in inhibiting DHCR7, a drastic
increase from its potency in Neuro2a cells, which suggests that there may be some structural
differences in the human DHCR7 enzyme from its mouse equivalent. We also note that BAC

mixture did not affect the level 8-DHC as much as AY9944 did.
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Figure 2.1. (A) The enzymatic step, DHCR7, affected in Smith-Lemli-Opitz syndrome; (B)
Structures of the known cholesterol biosynthesis inhibitor and similar environmental agents
(similarity score to AY9944 obtained from DSSTox are shown underneath each structure); (C)
Effect of the compounds similar to AY9944 on cholesterol biosynthesis in Neuro2a cells and
(D) in human SK-N-SH cells after incubation in lipid-free medium for 48 hrs, shown as the
ratios of the cholesterol precursors to cholesterol. *, p < 0.05; **, p < 0.005; ***, p <
0.0005; n = 3; all statistical analyses are relative to Control using Student’s t-test.
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Structure-activity studies of individual BACs as inhibitors of Dhcr7

BACs are a class of quaternary ammonium compounds (QACs) that differ by the length
of the alkyl side-chain. In this study, we chose the most common components of BACs, i.e.,
those with an alkyl chain of C10, C12, C14 or C16. We first examined the cytotoxicity of
individual BACs on the Neuro2a cells using MTS assay after 24 or 48 hrs of treatment. Cell
viability results after 48 hrs are shown in Figure 2.2A, which suggests that BAC-C16 is the
most toxic component, followed by C14, C12 and C10, with IC50 values of 0.5 pM, 2.5 uM, 5
MM, and >10 pM, respectively. A similar trend in cytotoxicity was observed after 24 hr of
treatment as shown in Figure S.2. The SK-N-SH cells displayed similar vulnerability to BAC

using the same cytotoxicity test (Figure 2.2B).
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Figure 2.2. Cytotoxicity of individual BACs on (A) Neuro2a cells and (B)SK-N-SH cells after
48 hrs of treatment. *, p < 0.05; **, p < 0.005; ***, p < 0.0005; n = 3; all statistical
analyses are relative to Control using Student'’s t-test.

As the main mechanism of action of BACs against microbes is through disruption of
the lipid membrane (Gilbert and Moore, 2005; McDonnell and Russell, 1999), quantification
of the incorporation of individual BACs to the cells would reflect such action. Thus, we
developed a fast and sensitive analytical method using isotope-dilution UPLC-MS/MS.

Deuterated (d7)-standards of BAC-C10, C12, C14, and C16 were synthesized following known

chemistry (see Materials and Methods). After testing two different UPLC columns (reverse
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phase C8 and C18), we established an UPLC-MS/MS method that allows complete analysis of
all four BACs within three minutes (Figure S.3). After incubating the Neuro2a cells in the
presence of individual BAC, BAC was extracted by Folch solution in the presence of the

deuterated standards and was analyzed by UPLC-MS/MS.

As shown in the Figure 2.3A, the incorporation levels increase with the chain length
of the BAC (C10 << C12 < C14 < (C16), which appears to reflect their cLogP values of 2.1,
3.2, 4.2 and 5.3, respectively. Accordingly, the levels of individual BACs in the corresponding
media decrease with the chain length (Figure 2.3B). Thus, the cytotoxicity of each BAC is
consistent with its level of incorporation into the cells. To examine whether membrane-
breakage contributed to the cytotoxicity, we carried out cell permeability test using a
membrane integrity assay based on the release of lactate dehydrogenaseand found that no
BAC led to cell leakage at 1 pM or lower (Figure 2.4), which suggests that at 100 nM, the

effect of BAC was not caused by the breakage of the cell membrane.
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Figure 2.3. Levels of BACs (A) incorporated into Neuro2a cells and (B) in the media after
being exposed to the respective compounds at 100 nM for 48 hrs. BACs were analyzed by
UPLC-MS/MS as described in Materials and Methods. Experiment conducted by co-author
Rohini Narayanaswamy.
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Figure 2.4. Cell membrane permeability test using CytoTox-ONE™ Homogeneous Membrane
Integrity Assay (which measures the release of lactate dehydrogenase) indicates that no BAC
leads to membrane leakage at 1 pM or lower, while BAC-C12, C14 and C16 led to membrane
leakage at 5 and 10 puM. BAC-C10 did not lead to leakage at any concentration. Higher
fluorescence intensity indicates more leakage.

To understand the structural features of BACs that are responsible for their potency
as Dhcr7 inhibitor, Neuro2a cells were exposed to individual BACs at the non-cytotoxic
concentration (100 nM), and the sterol profiles were analyzed by GC-MS (Figure 2.5). We
found that both BAC-C10 and BAC-C12 inhibit Dhcr7 potently, leading to much elevated levels
of 7-DHC and 7-DHD, while C14 and C16 are not very good inhibitors, suggesting that the
proper length of the side chain plays a critical role for binding to the active site of Dhcr7. This
result suggests that BAC-C10 is a much more potent inhibitor of Dhcr7 than it appears to be
as it was incorporated at a much lower level than other BACs (Figure 2.3). We also observed
that BAC-C10 and C12 are also inhibitors of EBP as indicated by the formation of zymosterol
and zymostenol, although at much lower potency. Interestingly, although BAC-C14 and C16
did not inhibit any steps of the cholesterol biosynthesis examined here, they both led to

significantly lower levels of desmosterol while they did not affect the total levels of cholesterol

(Figure 2.5I).
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To confirm the effect of BACs on the total cholesterol homeostasis, gene expression
analysis was carried out on related genes by qPCR, including Srebf2, Hmgcr, Ebp, and Dhcr7.
We found that all BACs led to significant upregulation of the genes that are related to
cholesterol biosynthesis (Figure 2.6A) and downregulation of Abcal, the gene that is
responsible for cholesterol efflux (Figure 2.6B). All these observed gene expression changes
suggest feedback response to the inhibition of the cholesterol biosynthesis by BAC. It is worth
noting that although BAC-C14 and C16 did not show high potency in inhibiting cholesterol
biosynthesis, they behaved similarly to C10 and C12 on the regulation of the cholesterol
homeostasis-related genes. This observation suggests that BAC-C14 and C16 could interact
with other proteins that regulate cholesterol biosynthesis and remain to be identified. The
decreased levels of desmosterol in response to BAC-C14 and C16 treatment (without any

precursors being accumulated) also provided support to this notion.

7-DHC-derived oxysterols are formed in BAC-treated cells

Because of the high reactivity of 7-DHC toward free radical peroxidation (Xu et al.,
2009; 2010), one would expect the formation of 7-DHC-derived oxysterols in BAC-treated
cells. Thus, lipids were extracted from the cells that were treated with individual BAC for two
days, and the 7-DHC oxysterol biomarker, 3B,5a-dihydroxycholest-7-en-6-one (DHCEOQO) (Xu
et al., 2011a), was analyzed by normal phase HPLC-MS/MS (Xu et al., 2011a, 2011b, and
2013). We found that DHCEO was indeed formed in cells that were treated with AY9944, BAC-
C10, or BAC-C12, but not with BAC-C14 and BAC-C16, which is consistent with the profile of
the cholesterol precursors under these conditions (Figure 2.7A). The levels of DHCEO are

proportional to the levels of 7-DHC as shown in Figure 2.7B.
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Figure 2.5. Structure-activity studies on the effect of individual BACs on the cholesterol
biosynthesis. The Neuro2a cells were exposed to individual BACs at 100 nM in lipid-free
medium for 48 hrs and the levels of cholesterol and its precursors were analyzed by GC-MS
as described in the Materials and Methods. *, p < 0.05; **, p < 0.005; ***, p < 0.0005; n
= 3; all statistical analyses are relative to Control using Student’s t-test.
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Figure 2.6. Effect of individual BACs on expression of the genes related to cholesterol
biosynthesis and cholesterol efflux as analyzed by gqPCR in Neuro2a cells after treatment of
each compound at 100 nM for 20 hrs. The expression level of each gene was normalized to
Actin. *, P < 0.05; **, p < 0.005; ***, p < 0.0005; four biological replicates for each group
and four technical replicates for each sample were used; all statistical analyses are relative
to Control using Student’s t-test.
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Figure 2.7. Normal phase HPLC-MS/MS analysis (A) and quantitation (B) of DHCEO using d7-
DHCEO as the internal standard in Neuro2a cells treated with different compounds at 100 nM
for two days.
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2.3. Discussion

Environmental factors have been implicated in neurodevelopmental and
neurodegenerative diseases, such as autism, Parkinson’s disease, and Alzheimer’s disease
(Hallmayer et al., 2011; Kanthasamy et al., 2012; Landrigan et al., 2005). Cholesterol
biosynthesis disorders are characterized by defects in embryonic and neural development
(Porter and Herman, 2011). Thus, it seems to be plausible that inhibition of cholesterol
biosynthesis by non-genetic factors, such as small molecules in the environment or

prescriptions, could also contribute to such developmental disorders.

In this study, the DSSTox Database Network allowed us to carry out initial structural
screening of environmental molecules and drugs based on their similarity to AY9944, which
led to the identification of BACs as a class of molecules that inhibit Dhcr7, the enzyme that
was affected in the cholesterol biosynthesis disorder, SLOS. Structure-activity relationship
(SAR) studies allowed us to identify BAC-C10 and C12 to be the active components that are
responsible for the inhibition of Dhcr7 while also serving as a less potent inhibitor of Ebp. On
the other hand, although BAC-C14 and C16 did not lead to accumulation of sterol precursors,
they both lowered the levels of desmosterol, a major sterol in Neuro2a cells (approximately
50% of the levels of cholesterol in control Neuro2a cells), suggesting that they likely inhibit
the cholesterol biosynthesis at an earlier step. More broad scale lipidomic analysis could reveal
the particular steps that were affected by BAC-C14 and C16. The observed upregulation of
cholesterol biosynthesis-related genes suggests that BACs act as direct inhibitors of the
enzymes involved in the biosynthesis. This SAR study suggests that the benzyl group,
dimethyl, and proper length of the side chain are critical for binding to the active site of Dhcr7.
Interestingly, a recently reported potent inhibitor of Dhcr7 also displays the benzyl dialkyl
amine moiety (Horling et al., 2012), which seems to be consistent with our findings. We note

that this new inhibitor is only about 2 times more potent than AY9944 based on their
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comparison with BM15.766 (no direct comparison with AY9944 was done in this study)
(Horling et al., 2012; Moebius et al., 1998). Similarity between BAC/AY9944 and BM15.766

appears to be much smaller.

Significantly, even at non-cytotoxic concentrations, BACs can potently inhibit Dhcr7.
This suggests that exposure of BACs could have severe consequences even when there is no
apparent acute toxicity. It has been reported that orally administered BAC can cross the
blood-brain barrier in rats (a 1.2 pug/g concentration in serum leads to 0.2 pg/g in brain) (Xue
et al., 2002; 2004), which suggests that BAC could post threat to the central nervous system.
On the other hand, vaginal treatment of pregnant rats with BAC led to fetal death, reduced
litter size, and birth defects (Buttar, 1985). A recent study by Hrubec, Hunt, and coworkers
demonstrated that chronic consumption of QAC-containing food (including BAC) led to
significantly decreased fertility and fecundity in mice, as well increased mortality of the dam
(Melin et al., 2014). The latter report suggests that BAC may penetrate the blood-placenta
barrier. The inhibition of cholesterol biosynthesis by BACs could contribute to some of the

deleterious effects on embryonic development.

The observation of a 7-DHC-derived oxysterol, DHCEO, in BAC-C10 and C12-treated
cells further confirmed that these cells resemble the biochemical features of SLOS cells and
tissues. DHCEO was established as a biomarker of the oxidation of 7-DHC and was observed
at the highest level (3.5 uM) among all oxysterols in the brain of a Dhcr7-KO mouse (Xu et
al., 2011a). Importantly, DHCEO exerts a variety of biological activities, such as affecting
expression of the genes related to cholesterol biosynthesis (Korade et al., 2010) and cell
growth and inducing differentiation and arborization of neuronal cells (Xu et al., 2012). Thus,
7-DHC-derived oxysterols could be a major contributor to the biological consequences of

exposure to BACs.
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Quaternary ammonium compounds (QAC), including BACs, have been used as
antimicrobials for more than 50 years (Gilbert and Moore, 2005), exerting their effect on
microbes mainly through the disruption of the negatively charged lipid membrane mediated
by its positively charged head group (Gilbert and Moore, 2005; McDonnell and Russell, 1999).
QACs are widely used in cleaning products (such as Lysol and Clorox solutions, wipes, and
hand sanitizers), medical products (such as eye and nasal drops), and the food processing
industries (Gilbert and Moore, 2005; Holah et al., 2002; McDonnell and Russell, 1999; Ratani
et al., 2012). High levels of QAC have been found in grapefruit seed extracts (Takeoka et al.,
2005), food additives (Kréckel et al., 2003), fruits (The Federal Institute for Risk Assessment
(BfR) of Germany, 2012a; The Federal Institute for Risk Assessment (BfR) of Germany,
2012b), and processed food such as milk and other dairy products (The Federal Institute for
Risk Assessment (BfR) of Germany, 2012a; The Federal Institute for Risk Assessment (BfR)
of Germany, 2012b). Thus, the sources of exposure of BACs to human beings are diverse and
the levels are potentially high. These reports, combined with the high potency of BACs as
cholesterol inhibitor (nM in Neuro2a cells and SK-N-SH cells), suggest that BACs could be a

legitimate threat to human health.

A number of deleterious effects of the usage of QAC have been reported. For example,
long-term use of BAC-preserved eye and nasal drops can cause ocular and corneal surface
diseases (Baudouin et al., 2010; De Saint Jean et al., 1999; Leung et al., 2008; Pisella et al.,
2002), and aggravate rhinitis medicamentosa (Graf, 2001), respectively. Evidence also
suggests that BAC exposure can lead to occupational asthma (Burge and Richardson, 1994;
Purohit et al., 2000). More importantly, BAC was found to be toxic to peripheral neurons when
applied at uM concentrations directly to the serosa of an exteriorized portion of intestine from
anesthetized rats and in cultures of mouse ganglion cells (Herman and Bass, 1989; Sarkar et

al., 2012). Significantly, BACs (Roccal in the study) stopped the development of over 50% of
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the clam eggs and completely killed the larvae even at 0.2 ppm (equivalent to approximately
500 nM when calculating using the molecular weight of BAC-C16) (Davis and Hidu, 1969).
The inhibition effect of BACs on cholesterol biosynthesis could provide an alternative or

additional mechanism for these observed toxicities.

In summary, a combination of in silico screening and in vitro tests led to the discovery
of a class of common antiseptic compounds, BACs, being potent inhibitors of the last step of
cholesterol biosynthesis, Dhcr7. This finding suggests that exposure to these compounds at
critical developmental stages could contribute to the pathogenesis of developmental
disorders. An epidemiological study may be warranted in order to systematically assess the

risk of exposure to BACs.
2.4. Materials and Methods
Materials

HPLC grade solvents (hexanes, 2-propanol, methanol and water) were purchased from
Thermo Fisher Scientific Inc. [25,26,26,26,27,27,27-d7]-7-DHC and d7-DHCEO were prepared
as reported previously (Xu et al., 2011a; 2011b). Non-deuterated BAC mixture, individual
BACs (C10, C1z2, Ci4 and C1e6), ketamine, phencyclidine, bromhexine,
benzyltriethylammonium chloride, dimethylalkyl amines with different lengths of alkyl chains
and ds-benzyl chloride were purchased from Sigma-Aldrich Co. d7-BACs were synthesized as
described below. All sterol standards were purchased from Avanti Polar Lipids unless

otherwise noted.
Cell cultures and treatment with different compounds

Mouse Neuro2a and human SK-N-SH neuroblastoma cell lines were purchased from
the American Type Culture Collection (Rockville, MD). Both cell lines were maintained in DMEM

supplemented with L-glutamine, 10% fetal bovine serum (FBS; Thermo Scientific HyClone,
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Logan, UT), and penicillin/streptomycin at 37 °C and 5% COa2. For treatment of Neuro2a cells
with different chemicals, the cells were plated in 100mm plates at the density of 1.0 x 10°
cells/plate and left to adhere overnight. The following day, the media was replaced with DMEM
high glucose media without serum, but with the addition of N2-supplement, L-glutamine and
penicillin/streptomycin, and with or without the chemicals at the concentrations specified in
the main text (stock solutions of the chemicals were made in DMSO at 1000x concentrations).
0.1% DMSO was used as the vehicle control and AY9944, a known Dhcr7 inhibitor, was used
as the positive control. The SK-N-SH cells were maintained and treated the same way as the

Neuro2a cells.
Lipid extraction, analysis of sterols by GC-MS, and analysis of oxysterol by HPLC-MS/MS

Cell pellets were lysed using 150 L of lysis buffer (120 mM NaCl, 50 mM Hepes, 1%
IGEPAL, 1% saturated PMSF) and the protein weight measured with the BioRad-DC protein
Assay Kit. Before lipid extraction, internal standards, d7-cholesterol and !3Csz-lanosterol (1 pg
of each) were added to each sample. To extract the lipids, 1 mL of NaCl aqueous solution
(0.9%) and 4mL of Folch solution (chloroform:methanol = 2:1, containing 1mM BHT and 1
mM PPh3) was added to the cell lysates. The mixture was briefly vortexed and centrifuged for
5 min. The lower organic phase was taken and dried under nitrogen. The samples were re-
dissolved in 300 uL of methylene chloride and 150 uL of the sample was transferred to a GC
vial and then blown dry by nitrogen or argon. 20 pL of acetonitrile and 40 pyL of BSTFA were

added to each sample before being analyzed by GC-MS.

GC-MS analysis was performed on a Shimadzu QP2010 instrument with a DB-5
column, electron ionization and a single-quadrupole mass analyzer. The injector temperature
is 280 °C. The column temperature program starts at 220 °C, then increases to 275 °C at 15
°C/min, then to 280 °C at 1 °C/min and maintain for 2 min, then increases to 315 °C at 15
°C/min and maintain for 2.5 min. The interface temperature is 270 °C and the MS operates
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at 70 eV. The m/z values for monitoring cholesterol, d7-cholesterol, lanosterol, 3Cs-lanosterol,
7-dehydrocholesterol, 8-dehydrocholesterol, 7-dehydrodesmosterol, desmosterol,
lathosterol, zymostenol and zymosterol are 329, 336, 393, 396, 325, 325, 349, 343, 458,
458, and 456, respectively. The levels of cholesterol and lanosterol were calculated based on
their isotope-labeled internal standards. The levels of other sterols were calculated based on
their relative response to the internal standard d7-cholesterol. A typical chromatogram for the
analysis of the sterol standards by this method is included in the supporting information

(Figure S.4 in supporting information documentation).

Oxysterols were analyzed by normal phase HPLC-MS/MS as described previously (Xu
et al., 2011a and 2013). Endogenous DHCEO (m/z 399 > m/z 381) were quantified by
comparing its relative response to the d-DHCEO (m/z 406 > m/z 388) internal standard.
HPLC column and conditions: Phenomenex Luna 4.6 x 150 mm Si column; 3 um particle size;

1.0 mL/min; elution solvent: 10% 2-propanol in hexanes.
Analysis of BACs by LC-MS/MS

Prior to extraction, a known amount of deuterated internal standards (d7-BAC-C10,
d7,-BAC-C12, d7-BAC-C14 and d7-BAC-C16) were added to each cell lysate sample. The
extraction was performed the same as described above. The dried extracts were re-dissolved
in Water (0.1% formic acid)/ [Acetonitrile/2-propanol (0.1% formic acid) (50/50)] (30/70).
The samples were stored at -80°C until analysis using HPLC- Electrospray Ionization (ESI)-
MS/MS. LC separations were performed on a Waters Acquity UPLC system equipped with
autosampler (Waters, Milford, MA). HPLC conditions: Phenomenex Kinetex C18, 100A (100 x
2.1 mm) column; 1.7 pm particle size; mobile phase solvent: Water (0.1% formic
acid)/[Acetonitrile/2-propanol (0.1% formic acid) (50/50)] (30/70); isocratic solvent at 0.200
ml/min flow rate; 10 pL injection volume. MS detections were done using a ThermoFinnigan
TSQ tandem mass spectrometer (ThermoFisher, Waltham, MA) and data was acquired using
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Finnigan Xcalibur software package. MS condition: spray voltage, 3200 V; sheath gas
pressure, 8 psi; sweep gas pressure, 0 psi; aux gas pressure, 3 psi; capillary temperature,
205.68 °C; tube lens, 103.61 V; skimmer offset, 14 V; collision pressure, 1.5 mTorr; collision

energy, 14 V.
Cell viability and membrane integrity assay

To determine the toxicity of each component of BAC, cell viability studies were
performed on Neuro2A cells at 2 different time points (24 hours and 48 hours). Neuro2a cells
were plated in 96 well plates at the density of 5,000 cells/well and left in the incubator to
adhere overnight. The following day, the media was replaced with 200 yL of DMEM high
glucose media without serum with the addition of N2-supplement, L-glutamine and
penicillin/streptomycin and BAC at various concentrations in DMSO. DMSO levels were kept
below 0.1% and the final concentration levels of BAC were: 10 uM, 5p M, 1 yM, 100 nM, 10
nM. 0.1% DMSO was used as a vehicle control. The Neuro2a cells were kept in culture for 24
hours and 48 hours in the presence of BAC. The CellTiter-Glo Luminescent Cell Viability Assay
(Promega, cat #G7570) was performed to determine the cell viability as described previously
(Xu et al., 2010). In parallel, CytoTox-ONE™ Homogeneous Membrane Integrity Assay
(Promega, cat # G7890) based on the releasing of lactate dehydrogenase was performed to
examine the cell membrane integrity. Statistical significance was determined via Student’s t-

test (Excel).
Gene expression studies

Neuro2a cells were plated in 6 well plates at the density of 0.1 x 10° cells/well and left
in the incubator to adhere to the plate overnight. The following day, the media was replaced
with DMEM high glucose media without serum and the addition of N2-supplement, L-
glutamine and penicillin/streptomycin with or without chemicals. Total RNA was isolated from

the cells using the RNeasy Mini Kit (Qiagen, catalog #74104). The concentration of total RNA
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was measured on a Nanodrop instrument. RNA (200 ng) from each sample was reverse
transcribed to cDNA using a reverse transcriptase PCR kit (Life Technologies, catalog
#4368814). Quantitative PCR (gPCR) was performed with an Applied Biosystems 7300
Machine. A 2X mastermix was prepared (Rox dye, 2x SYBR green, 100uM dNTPs, 25mM
MgCl2, and 10x buffer) and each reaction contained the 2X mastermix, gene-specific primers,
Taq polymerase and cDNA (from 2ng of RNA). The primers were designed using the primer
software on <http://frodo.wi.mit.edu/>. The primers were designed to yield 90-110 bp PCR
amplicons and were 20-22 bp long. Primers for Srebf2 and Fasn were as reported (Yang et
al., 2001). The primers used are shown in Table 2.1. All samples were run in quadruplicate.

Significance was determined by Student’s t-test (Microsoft Excel).

Table 2.1. Primers for gPCR studies in Neuro2a cells.

Gene name Protein name Sequence

3-Hydroxy-3- Forward AACTATTGCACCGACAAGAAGC
mHmgcr Methylglutaryl-CoA

Reductase Reverse CACCTCTCTCACCACCTTGG

7-dehydrocholesterol Forward CCAAGAAGGTGCCATTACTCC

mDhcr7 reductase
Reverse TTCACAAACCAGAGGATGTGG
Forward GCGTTCTGGAGACCATGGA
mSrebp-2 S_ter(_)I Regula_tory Element
Binding Protein-2 Reverse ACAAAGTTGCTCTGAAAACAAATCA
Forward GCTGCGGAAACTTCAGGAAAT
mFasn fatty acid synthase
Reverse AGAGACGTGTCACTCCTGGACTT
mEbp 3B-hydroxysterol-n8, A7- Forward TCACGTGGCTGTTGTCTAGC
ISomerase Reverse CCCTCGATCACAAGGTGAAT
ATP-binding cassette, sub- Forward AGGTGATGTTTCTGACCAACG
mAbcal

family A-1 Reverse GTTGAGGGACTTGATCTTCAGG
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Synthesis

Reactions were monitored by TLC and the plates were visualized by UV and stained
with phosphomolybdic acid or Ninhydrin. A general procedure for the synthesis of d7-BACs

using dimethylalkylamine and d7-benzyl chloride is described below:

Basic Dowex was washed with CH2Cl2, acetone, and ethanol. The Dowex (0.90 g,
1g/mmol of amine) was added to a solution of N,N-dimethylhexadecylamine (0.20 mL, 0.84
mmol) and dz-benzyl chloride (0.10 mL, 0.87 mmol) in ethanol (4 mL), then the reaction
mixture was heated to reflux. After 2 h, the reaction mixture was cooled and filtered. The
filtrate was concentrated, then redissolved in CH2Cl2 and dried over MgSO4. The solution was
filtered, concentrated, and the product dried under high vacuum. The product (0.30 g, 100%)
was isolated as a colorless oil. All BACs were synthesized following the same procedure and

their NMR data follows.

d7-C10-BAC: colorless oil; *H NMR (300 MHz, CDCI3) & 3.35-3.29 (m, 2H), 3.03 (s,
6H), 1.56 (br s, 2H), 1.07 and 0.99 (br s, 14H), 0.63 (t, 3H, J = 6.4 Hz); 13C NMR (75 MHz,
CDCI3) 8 132.9 (m), 128.3 (m), 127.1, 63.5, 49.2, 31.6, 29.1, 29.0, 28.9, 26.1, 22.7, 22.4,

13.9; HRMS (ESI) calculated 283.3125 (M - CI), observed 283.3133.

d7-C12-BAC: colorless oil; *H NMR (300 MHz, CDCI3) d 3.40-3.35 (m, 2H), 3.10 (s,
6H), 1.61 (br s, 2H), 1.12 and 1.05 (br s, 18H), 0.69 (t, 3H, J = 6.9 Hz); 13C NMR (75 MHz,
CDCI3) 6 132.6 (m), 128.3 (m), 127.2, 63.5,49.3, 31.7, 29.4, 29.3, 29.2, 29.12, 29.08, 26.2,

22.7, 22.5, 13.9; HRMS (ESI) calculated 311.3438 (M - Cl), observed 311.3444.

d7-C14-BAC: colorless oil; 'H NMR (300 MHz, CDCI3) & 3.38-3.36 (m, 2H), 3.10 (s,
6H), 1.61 (br s, 2H), 1.11 and 1.06 (br s, 22H), 0.68 (t, 3H, J = 7.0 Hz); '3C NMR (75 MHz,

CDCl3) d 132.6 (m), 128.3 (m), 127.2, 63.5, 49.3, 31.7, 29.5, 29.44, 29.39, 29.3, 29.21,
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29.15, 29.1, 26.2, 22.8, 22.5, 13.9; HRMS (ESI) calculated 339.3751 (M - Cl), observed

339.3744.

d7-C16-BAC: white powder; *H NMR (300 MHz, CDCls) d 3.45-3.39 (m, 2H), 3.18 (s,
6H), 1.67 (brs, 2H), 1.18 and 1.13 (br s, 26H), 0.75 (t, 3H, J = 7.0 Hz); 13C NMR (75 MHz,
CDCI5) 6 132.6 (m), 128.3 (m), 127.2, 63.5, 49.4, 31.8, 29.6, 29.52, 29.45, 29.32, 29.26,
29.2, 29.1, 26.2, 22.8, 22.6, 14.0; HRMS (ESI) calculated 367.4064 (M - CI), observed

367.4063.
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Chapter 3: Multi-omics Investigation Reveals Benzalkonium Chloride Disinfectants

Alter Sterol and Lipid Homeostasis in the Mouse Neonatal Brain
3.1. Introduction

As reviewed in Chapter 1, the brain is the one of the most lipid-rich organs, second to
adipose tissue. Lipids, including glycerophospholipids, sphingolipids, and cholesterol, play
important roles in neurodevelopment. Alterations in cholesterol homeostasis contribute to a
variety of other malformations and disorders (Porter and Herman, 2010). Additionally, some
known developmental neurotoxicants, such as retinoic acid and ethanol, have been shown to
modulate cholesterol homeostasis (Chen, Costa, and Guizzetti, 2011; Zhou et al., 2014).
Therefore, it is plausible that environmental chemicals capable of disrupting cholesterol and

lipid homeostasis could be potential developmental neurotoxicants.

In Chapter 2, we screened for environmental molecules and drugs that could inhibit
cholesterol biosynthesis in a manner similar to AY9944, a teratogenic small molecule used to
induce a pharmacological model of SLOS in rats. We found that benzalkonium chloride (BAC),
a widely used quaternary ammonium compound (QAC) disinfectant, displays high structural
similarity to AY9944 (Herron et al., 2016). We further found that short-chain BACs (C10 and
C12) potently inhibit DHCR7 while long-chain BACs (C14 and C16) suppress the formation of
other cholesterol precursors, such as zymosterol, lathosterol, and desmosterol (Herron et al.,
2016). In a subsequent collaborative work with a postdoctoral fellow, Dr. Kelly Hines, where
I carried out BAC exposure experiments, we found that exposure to BACs also altered the
lipidome of neuronal cells, in a manner dependent on the BAC alkyl chain length (Hines,
Herron, and Xu, 2017). Given the important role of lipids in neurodevelopment, these findings
indicate that environmental exposure to BACs during developmental stages could adversely

affect neurodevelopment.
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Recently, QACs have been suggested to be bona fide teratogens, based on an
increased incidence of neural tube defects (NTDs) observed in both mice and rats exposed in
utero to an environmentally relevant mixture of QACs that contains BACs (Hrubec et al.,
2017). NTDs are closely associated with defects in neural progenitor cell (NPC) proliferation
and neurogenesis (Hirata et al., 2001; Ishibashi et al., 1995; Zhong et al., 2000). Lipid
metabolism has been shown to influence NPC proliferation and neurogenesis, as a variety of
lipids are used as building blocks for membranes, energy sources, and signaling entities
(Knobloch et al., 2013; Bieberich, 2012; Dietschy and Turley, 2004; Edmond, 1992; Salem
et al., 2001; Spitzer, 1973; Warshaw and Terry, 1976). Thus, disruption of lipid metabolism
by BACs might contribute to the previously reported NTDs and other neurodevelopmental
outcomes. However, the ability of BACs to enter the fetal brain and alter sterol and lipid
homeostasis has not yet been investigated. Therefore, the objective of this chapter was to
test the hypothesis that in utero exposure to BACs alters sterol and lipid homeostasis in the

developing brain.

3.2. Results

Distribution of BACs in PNDO tissues and maternal circulation

To examine whether BACs can enter the embryonic brain, dams were exposed one-
week prior to mating and throughout gestation to control Nutra-Gel diet or Nutra-Gel diet with
added d7-BAC C12 or d7-BAC C16 (120 mg/kg/day) (Figure 3.1A-B). This dosing regimen
was adapted from Hrubec et a/, who had previously demonstrated that 120 mg/kg/day of an
environmentally relevant mixture of QACs, including BACs, increased the incidence of NTDs
in both mice and rats (Hrubec et al., 2017). In the current study, BACs were found at low
nM levels in various PNDO tissues, including the brain and liver (Figure 3.1C-D). d,-BAC C12
levels were higher in the brain and liver of neonates than in the control neonates (Figure
3.1C), whereas d7-BAC C16 levels were only significantly higher in the brain (Figure 3.1D).
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Levels in the neonatal tissues corresponded to approximately 20 nM BAC in the maternal

circulation (Figure 3.1C-D).
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Figure 3.1. Experimental design, structure of deuterium (d-)-labelled BACs, and BAC tissue
distribution analysis. (A) Dams were exposed prior to mating and gestation. At birth, neonates
and dams were sacrificed and tissues were harvested to be used for the described endpoints.
(B) Structures of d7-BAC C12 (top) and d7-BAC C16 (bottom). (C) Concentration of d7-BAC
C12 in control and exposed neonatal brain and liver and dam blood determined by UHPLC-
MS/MS. (D) Concentration of d7-BAC C16 in control and exposed neonatal brain and liver and
dam blood determined by UHPLC-MS/MS. n = 5-7 biological replicates per condition for PNDO
tissues and n = 2-3 biological replicates per condition for dam blood; all statistical analyses
are relative to control using Student’s t-test assuming unequal variances; * P < 0.05; ** P <
0.005; *** p < 0.0005.

As additional evidence of systemic BAC exposure, BAC metabolites that entailed
cytochrome P450-mediated oxidations of the alkyl chain were observed in the neonatal brain
exposed to d7-BAC C12 and in the circulation of dams exposed to either BAC but not in the

control mice (Figure 3.2) (Seguin et al., 2019). Overall, these results indicate that BACs do

indeed cross the blood-placenta barrier, enter the fetus, and reach the developing brain.
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Figure 3.2. (A) Chromatogram of the major BAC metabolites +10-2H d7-BAC C12 (blue) and
+1 O d7-BAC C16 (red) and (B) corresponding structures. Metabolites in dam blood: (C)
control dam blood, no metabolites detected; (D) d7-BAC C12 -exposed dam blood; and (E)
d7-BAC C16 -exposed dam blood. Metabolites in neonatal brain: (F) control neonatal brain,
no metabolites detected; (G) d7-BAC C12 -exposed neonatal brain; and (H) d7-BAC C16 -
exposed neonatal brain, no metabolite detected. Metabolites in neonatal liver: (I) control
neonatal liver, no metabolites detected; (J) d7-BAC C12 -exposed neonatal liver, and (K) d7-
BAC C16 -exposed neonatal liver, no metabolite detected.

Assessment of sterol homeostasis in PNDO brains

BAC compounds of different alkyl chain lengths have been shown to alter cholesterol
biosynthesis (Figure 3.3A) in neuronal cell lines (Herron et al., 2016). However, the ability

of BACs to alter sterol homeostasis during neurodevelopment has not been characterized.
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Therefore, levels of sterols in lipid extracts from control and exposed PNDO brains were

assessed using a UHPLC-MS/MS we developed (Appendix A; Herron et al., 2018).

Using this UHPLC-MS/MS method, decreased sterol levels were observed in both BAC
C12 and BAC C16 exposed brains (Figure 3.3B-I). Exposure to BAC C12 had a more
pronounced effect on sterol levels, significantly decreasing levels of total sterols as well as
the precursors, 7- and 8-DHC, 7-DHD, desmosterol, and lanosterol, with a trend of decreased
cholesterol and other cholesterol precursors. BAC C16 also lead to significantly decreased
levels of 7-DHD, lanosterol, and lathosterol with a trend of decreased total sterols, cholesterol,
and other cholesterol precursors. The decrease in lanosterol, as well as sterol metabolites
downstream of lanosterol, indicate that BACs inhibit biosynthesis upstream of the post-

squalene cholesterol biosynthetic pathway in neonatal brains.

Untargeted analysis of the PNDO brain lipidome

We have previously demonstrated that BAC compounds altered lipid homeostasis in
treated neuronal cells, leading to decreased levels of triacylglycerols (TGs), diacylglycerols
(DGs), and ceramides (Cers) by both BAC-C12 and BAC-C16 and varied changes to
phospholipids and sphingomyelins in a manner dependent on the alkyl chain length (Hines,
Herron, and Xu, 2017). In the current study, significant alterations in the lipidome of BAC
C12- and BAC C16- exposed neonatal brains were also observed, as determined by our HILIC-
IM-MS lipidomics method (Figure 3.4). Principal component analysis (PCA) revealed group
separation dependent on exposure, with BAC-exposed brains separating from control brains

along PC-1 (accounting for 64.0% of the variance), although some overlap is observed
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(Figure 3.4A). BAC-C12 exposed brains further separated from BAC-C16 samples along PC-

2 (accounting for 13.3% of the variance).
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Figure 3.3. Lipid extracts from neonatal brains exposed in utero to BAC C12 or C16 were
analyzed to assess changes to sterols involved in the post-squalene cholesterol biosynthetic
pathway (see cholesterol biosynthesis scheme in panel A). (B) Total sterol levels, as well as
(C) cholesterol, (D) dehydrocholesterol, (E) zymosterol, (F) desmosterol, (G) 7-
dehydrodesmosterol, (H) lanosterol, and (I) lathosterol were quantified in each neonatal
brain. N = 5-7 biological replicates per condition; all statistical analyses are relative to control
using Student’s t-test assuming unequal variances; * P < 0.05; ** P < 0.005; *** P < 0.0005.
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Significantly altered lipid species were identified by retention time and m/z (Table
S.1). Changes in lipid classes, including DGs, TGs, hexosylceramides (HexCers), and Cers,
contributed to the group separations observed in the PCA. BACs altered these lipid species in
a manner dependent on the alkyl chain length. BAC C12 exposure led to an overall decrease
in DGs and TGs in the neonatal brains, whereas BAC C16 exposure also decreased the levels
of these lipids albeit not reaching statistical significance due to large error (Figure 3.4B).
Furthermore, BAC C16 significantly decreased the levels of Cers and HexCers (Figure 3.4C).
The reduction in the levels of TGs, DGs, and Cers is consistent with what was previously

observed in neuronal cells exposed to BACs (Hines et al., 2017).
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Figure 3.4. Results from lipidomic analysis of neonatal brains exposed to BAC C12 or BAC
C16. (A) Various lipid species including DGs, TGs, Cers, HexCers are main contributors to the
group separation in the PCA. (B) Both BACs decreased DGs and TGs, although this trend did
not reach statistical significance for BAC C16. (C) BAC C16 significantly decreased Cers and
HexCers, whereas BAC C12 had little effect on these lipids. n = 5-7 biological replicates per
condition; data filtered by ANOVA P value < 0.05.
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Global changes in gene expression profiles in BAC-exposed PNDO brains

To elucidate mechanisms underlying the observed decreases in sterols and lipids,
transcriptomic changes in control and BAC-exposed neonatal brains were investigated using
RNA sequencing. Overall, BAC C12 showed more significant gene expression changes than
BAC C16. Compared to controls, in utero exposure to BAC C12 altered the expression of 507
genes in PNDO brains, whereas in utero exposure to BAC C16 altered the expression of 139
genes (adjusted P <0.05) (Figure 3.5A-B). BAC C12 up-regulated 308 genes and down-
regulated 199 genes, whereas BAC C16 up-regulated 65 genes and down-regulated 74 genes.
Among the differentially expressed genes (DEGs), 77 genes were co-regulated by both BACs,
whereas 430 genes were uniquely regulated by BAC C12 and 62 genes were uniquely
regulated by BAC C16. Among the commonly regulated genes, 46 of the genes were up-

regulated and 31 were down-regulated.

Ingenuity pathway analysis of DEGs in BAC-exposed PNDQO brains

Functional characterization of DEGs was conducted using Ingenuity Pathway Analysis
(IPA). IPA revealed the most significantly altered canonical pathways of DEGs in the control
versus BAC C12 comparison and the control versus BAC C16 comparison (Figure 3.5C; Table
S.2). For the control versus BAC C12 comparison, the top 5 significantly altered canonical
pathways included the “Superpathway of Cholesterol Biosynthesis” (8 genes), “liver X
receptor-retinoid X receptor (LXR/RXR) activation” (14 genes), “thyroid hormone receptor-
retinoid X receptor (TR/RXR) Activation” (11 genes), “Glutamate Receptor Signaling” (8
genes), and “Acute Phase Response Signaling” (13 genes) (Figure 3.5C; Table S.2). The
“Superpathway of Cholesterol Biosynthesis” was predicted to be activated, whereas the

“LXR/RXR activation” and “Acute Phase Response Signaling” pathways were predicted to be
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inhibited. Predictions of activation or inhibition is inferred from the activation z-score which is

calculated based on the match between the gene expression pattern expected from the IPA
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Figure 3.5. Venn diagrams of genes commonly or uniquely expressed in neonatal brains
exposed in utero to BAC C12 or BAC C16: (A) upregulated genes or (B) downregulated genes.
BAC C12 exposure led to an upregulation of 308 genes whereas BAC C16 upregulated 65
genes. Of the genes with increased expression, 46 were co-regulated by the BACs. BAC C12
exposure also led to a downregulation of 199 genes whereas BAC C16 upregulated 74 genes.
Of the genes with decreased expression, 31 were co-regulated by the BACs. (C) Top 5
canonical signaling pathways significantly altered in neonatal brains exposed in utero to BAC
C12 or BAC C16. The BACs altered many of the same pathways, however TR/RXR Activation
was unique to BAC C12 and EIF2 Signaling was unique to BAC C16. Z-score activation values
to right of bar for each pathway, positive number indicates activation whereas negative
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number indicates inhibition of pathway. n = 4 biological replicates per condition; adjusted P
< 0.05.

Knowledge Base and the expression (“increase” or “decreased”) of DEGs within the dataset.
Activation z-scores were not predicted for the “TR/RXR Activation” or “Glutamate Receptor
Signaling” pathways, likely due to ambiguity in the direction of gene expression changes in
these pathways. For the control versus BAC C16 comparison, the top 5 significantly altered
canonical pathways included “EIF2 signaling”, “Superpathway of Cholesterol Biosynthesis” (5
genes), “"LXR/RXR Activation” (7 genes), “Glutamate Receptor Signaling” (4 genes), and
“Acute Phase Response Signaling” (6 genes) (Figure 3.5C; Table S.2). The “"Superpathway
of Cholesterol Biosynthesis” was predicted to be activated, whereas the “EIF2 signaling” and
“LXR/RXR activation” pathways were predicted to be inhibited. Activation z-scores were not

predicted for the “Acute Phase Response Signaling” or “Glutamate Receptor Signaling”

pathways.

The upstream analysis module of IPA also predicted transcriptional regulators of gene
expression and whether they were activated or inhibited (Tables S.3-4). Of particular interest
was the identification of the upstream regulator of sterol and lipid homeostasis, SREBP
cleavage-activating protein (SCAP), as one of the most significantly activated transcriptional
regulators in both the control versus BAC C12 and control versus BAC C16 comparisons
(Figure 3.6). This prediction was based on the overlap P-value, which measures the
significance of the overlap between dataset genes and genes regulated by the transcriptional
regulator (control vs. BAC C12, P = 2.02E-12; control vs BAC C16, P = 4.37E-07). SCAP
activation was predicted in both IPA comparisons based on the expression pattern of a variety
of DEGs involved in sterol and lipid biosynthesis and transport (Table 3.1). SCAP is an escort
protein required for cholesterol and lipid homeostasis. When sterol levels are low, SCAP, a

sterol sensor, binds sterol regulatory element binding proteins (SREBPs) and mediates their
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transport from the endoplasmic reticulum (ER) to the Golgi (Camargo, Smit, and Verheijen,
2009), where SREBPs are cleaved by proteases. Cleaved cytoplasmic portion of SREBPs
subsequently translocates to the nucleus and activate genes involved in sterol and lipid
biosynthesis, transport, and metabolism. SREBP1c governs the activation of genes involved

in fatty acid and triacylglyceride biosynthesis, whereas SREBP2 is involved in cholesterol

biosynthesis (Camargo et al., 2009).
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Figure 3.6. Ingenuity pathway analysis identifies the upstream regulator SCAP as
significantly activated in neonatal brains exposed in utero to BAC C12 (A) or BAC C16 (B).
Red, increased gene expression; green, decreased gene expression; orange, predicted
activation; yellow, findings inconsistent with state of downstream molecule; grey, effect not

predicted. n = 4 biological replicates per condition; adjusted P <0.05.
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Table 3.1. Differentially expressed genes regulated by SCAP in neonatal brains exposed in
utero to BAC C12 or BAC C16. n=4 biological replicates per condition; adjusted P <0.05.

BAC C12 BAC C16
Gene Description Log2 Adjusted Log2 Adjusted
ID (FC)  PValue (FC) P Value
AACS  acetoacetyl-CoA synthetase 0.42 9.81E-03 0.35 3.84E-02
ACSL4 acyl-CoA synthetase long chain family0.51 4.44E-03
member 4

ALB albumin -2.19 4.44E-03 -3.69 9.98E-03
CYP51 cytochrome P450, family 51 0.58 3.23E-02

DLK1 delta like non-canonical Notch ligand 1 -0.53 2.70E-02

ELOVL6 ELOVL family member 6, elongation of long0.58 4.44E-03
chain fatty acids
HMGCR 3-hydroxy-3-methylglutaryl-CoenzymeA 0.57 4.44E-03
reductase
HMGCS2 3-hydroxy-3-methylglutaryl-CoenzymeA 0.69 4.44E-03 0.61 9.98E-03
synthase 2
IDI1 isopentenyl-diphosphate delta isomerase 0.91 4.44E-03
INSIG1 insulin induced gene 1 0.41 9.81E-03
LDLR low density lipoprotein receptor 0.87 4.44E-03 0.73 9.98E-03
MSMO1 methylsterol monoxygenase 1 0.66 4.44E-03 0.48 9.98E-03
MT2 metallothionein 2 -0.48 1.66E-02

MTHFD2 methylenetetrahydrofolate cyclohydrolase -0.66 4.44E-03 -0.53 9.98E-03

PCSK9 proprotein convertase subtilisin/kexin type-0.81 4.44E-03

9
SCD stearoyl-Coenzyme A desaturase -0.36 1.98E-02
SQLE squalene epoxidase 0.62 4.44E-03 0.45 9.98E-03
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Hierarchical clustering analysis of DEGs involved in sterol and lipid metabolism

Given the identification of canonical signaling pathways, prediction of upstream
regulators of sterol and lipid homeostasis, and the apparent sterol- and lipid- lowering effects
of BACs on neonatal brains, expression patterns of genes involved in sterol- and lipid-
homeostasis were examined in detail. DAVID functional annotation clustering analysis
identified an enriched subset of genes functionally-related to sterol and lipid metabolism in
both control versus BAC C12 and control versus BAC C16 comparisons (Table S.5). The gene
cluster related to sterol and lipid homeostasis was found to be enriched in both BAC C12 (37
genes) and BAC C16 (19 genes) groups, with an enrichment score of 3.33 and 2.00,
respectively (Table S.6). Two-way hierarchical clustering analysis revealed distinct gene
expression patterns between the control and exposed samples for each comparison (Figure
3.7), except for 1 BAC C16- sample which clustered remotely with the controls. For the BAC
C12 versus control comparison group, increased expression of genes known to play key roles
in sterol biosynthesis and homeostasis was observed in the exposed group (Figure 3.7A;
Table S.5), including Hmgcs2, Idi1, Cyp51, LdIr, Sqle, Dhcr24, Insigl, Hmgcr, Hsd17b7 and
Msmol. Increases in Hmgcs2, Ldir, Sqle, Dhcr24, Hsd17b7, and Msmol was also observed in
the BAC C16 samples (Figure 3.7B; Table S.6). Both BACs also decreased the expression of
genes encoding lipoproteins, including Apoal, Apoa2, Apocl, indicating decreased transport

of lipids.

Targeted validation of sterol- and lipid- related genes identified by RNA sequencing

DEGs involved in sterol and lipid homeostasis were validated using RT-qPCR (Figure
3.8). RT-gPCR results were consistent with the RNA sequencing data, with BAC C12 showing
a more significant effect than BAC C16 (Figure 3.8A-B). Genes involved in cholesterol
biosynthesis, including Dhcr24, Hmgcr, Hmgcs2, and Sgle were significantly increased by both
BACs in the RNA sequencing analyses, but significant increases were only observed with BAC
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C12 exposure when validated by RT-qPCR although the trend was consistent. Changes in
genes involved in the regulation of sterol and lipid biosynthesis and uptake were also assessed
using RT-gPCR. Insig1, which was significantly altered by exposure to either BAC in the RNA
sequencing analyses, also showed significant increases in expression with BAC C12 when
measured by RT-qPCR. Although not significantly increased based on the RNA sequencing
analysis, Scap, Srebfl, and Srebf2 were also included in the RT-qPCR analysis, as Scap had
been predicted as an activated upstream regulator in the IPA analysis. Scap and Srebf2
showed a trend toward increased expression in the BAC C12 samples, but not the control or

BAC C16 samples (Figure 3.8B).
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Figure 3.7. Two-way hierarchical clustering dendrograms of differentially expressed genes
involved in sterol and lipid homeostasis in neonatal brains exposed in utero to (A) BAC C12
or (B) BAC C16; adjusted P < 0.05. n = 4 biological replicates were tested for each group
(shown as columns). Each row represents a different gene. Dendrogram was generated for
each comparison (A) control versus BAC Cl12 and (B) control versus BAC C16 using
standardized means and correlation distance and average linkage was used for clustering both
rows and columns. Adjusted P <0.05.
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Figure 3.8. Validation of sterol- and lipid-related DEGs using RT-qPCR. (A) BAC C12 and BAC
C16 exposure increased the expression of cholesterol biosynthetic genes. (B) Genes involved
in regulation of sterol biosynthesis trended toward increased expression in neonatal brains
exposed in utero to BAC C12. For RNA sequencing, differentially expressed genes met the
criteria of having an adjusted P value < 0.05, corresponding to the allowed false discovery
rate of 5; ¥ P <0.05, ## P <0.005; n= 4 biological replicates per condition. For RT-gqPCR, all
statistical analyses are relative to control using Student’s t-test assuming unequal variances,
* P <0.05, ** P <0.005; n = 4 biological replicates per condition.
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Joint pathway analysis of genes and metabolites

MetaboAnalyst 4.0 was used to conduct joint pathway analysis which integrates
significant features generated from mass spectrometry and transcriptomic analyses. In both
BAC C12 and BAC C16 exposed neonatal brains, joint pathway analysis of DEGs and
significantly altered sterols and lipids confirmed the importance of steroid biosynthesis. This
pathway was the top-most enriched pathway identified, based on the significantly altered
genes, sterols, and lipids, in BAC C12 (adjusted P value = 0.01, Impact = 0.76) and BAC C16
(adjusted P value = 0.34, Impact = 0.53) -exposed neonatal brains (Figure 3.9). This
pathway was more significantly enriched in BAC C12 exposed brains, which corresponds with

previous findings that BAC C12 is more effective at altering sterol homeostasis.
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Figure 3.9. Joint pathway analysis of significantly altered genes, sterols, and lipids from (A)
BAC C12- and (B) BAC C16- exposed neonatal brains. Pathway enrichment determined by
hypergeometric test and reported with -log (P value) on y-axis and pathway impact
determined by degree centrality measures and reported by pathway impact values on x-axis.
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3.3. Discussion

We previously demonstrated that BAC disinfectants can alter sterol and lipid
homeostasis in neuronal cells (Herron et al., 2016; Hines et al., 2017). The current study
aimed at determining whether BACs could alter sterol and lipid homeostasis in a similar
manner in the developing mouse brain. This study demonstrated for the first time that BACs
can accumulate in the neonatal brain and alter the transcriptome, sterol profiles, and the
lipidome following in utero exposure. Specifically, decreases in levels of sterols in the post-
squalene cholesterol biosynthetic pathway and in a variety of lipid species, particularly TGs
and DGs, were observed in neonatal brains exposed in utero to BAC C12 or BAC C16. Given
the important roles of sterols and lipids during neurodevelopment, these data provide further
evidence that in utero exposure to BACs may have significant adverse effects on

neurodevelopment.

BACs directly inhibit cholesterol biosynthesis in neuronal cell lines, as evidenced by
altered sterol levels and increases in the sterol and lipid biosynthetic genes Hmgcr, Dhcr7,
Ebp, Srebf2, and Fasn (Herron et al., 2016). In the current study, no 7-DHC was accumulated
in BAC C12-treated neonatal brains, but both BACs inhibited cholesterol biosynthesis. The
decreases in the levels of lanosterol (the first sterol in the pathway) and other cholesterol
precursors suggest that the inhibition of cholesterol biosynthesis by BACs occurs before the
formation of lanosterol. Further transcriptomic studies revealed the "Superpathway of
Cholesterol Biosynthesis” as one of the most significantly altered canonical pathways in
neonatal brains exposed to either BAC compound. Consistent with our previous results in
neuronal cell lines, in utero BAC exposure upregulated genes involved in sterol biosynthesis
in the neonatal brain, including Dhcr24, Hmgcr, Hmgcs2, and Sqle, supporting direct inhibition
of cholesterol biosynthesis by BACs. BACs also significantly upregulated Insig, with a trend

toward upregulation of Srebf2 and Scap, which are all involved in the regulation of sterol and
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lipid biosynthesis. When sterol levels are low, SCAP binds SREBPs and mediates the
translocation of the protein complex from the ER to the Golgi. Cleaved SREBPs subsequently
increase the expression of sterol biosynthetic genes upon translocation to the nucleus.
Decreased sterol levels observed in both BAC C12 and BAC C16-exposed neonatal brains are

consistent with the finding that BACs upregulate sterol biosynthesis via SCAP signaling.

The LXR/RXR signaling pathway was predicted to be inhibited by IPA in neonatal brains
exposed to either BAC. LXR is responsive to intracellular cholesterol homeostasis as the
cholesterol precursor, desmosterol, and cholesterol-derived side-chain oxysterols serve as
ligands for LXR signaling (Janowski et al., 1999; Yang et al., 2006). Thus, the downregulation

of desmosterol (Figure 2) could contribute to the inhibition of LXR signaling.

Of interest, is the fact that liver X receptors (LXRs) have been shown to regulate both
cholesterol homeostasis and neurodevelopment. LXRs form heterodimers with Retinoid X
Receptors (RXRs) to bind sequence-specific elements which initiates the transcription of genes
such as apolipoprotein E (ApoE) (Laffitte et al., 2001; Mak et al., 2002), a lipoprotein that
mediates lipid transport between astrocytes and neurons, and the cholesterol efflux
transporters, Abcal and Abcgl (Venkateswaran et al., 2000). Moreover, LXR regulates
lipogenesis, upregulating fatty acid synthase (FAS) expression through direct interaction with
the FAS promoter when the pathway is activated (Joseph et al., 2002; Schultz et al., 2000).
Finally, LXR has been shown to play a role in a variety of neurodevelopmental processes,
including formation of the cortical layers (Fan, Kim, Bouton, Warner, and Gustafsson, 2008),
neuronal migration (Xing, Fan, and Ying, 2010), myelination (Makoukji et al., 2011; Meffre et

al., 2015), and neurogenesis (Theofilopoulos et al., 2013).

When LXR signaling is inhibited, lipogenesis is expected to be downregulated, including
the synthesis of TGs (Joseph et al., 2002; Schultz et al., 2000). Previously, we have shown
that BACs alter the lipidome of neuronal cells, including significant changes to several lipid
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classes, such as glycerides, sphingolipids, and phospholipids (Hines et al., 2017). In this
study, we found that TGs and DGs are downregulated by BACs, which further supports the

notion that BAC exposure leads to the inhibition of LXR/RXR signaling.

Sphingolipids, such as HexCers and Cers, were also significantly affected in neonatal
brains exposed to either BAC. The exact mechanism underlying these changes is not clear,
but inhibition of LXR signaling and downregulation of lipid synthesis could be contributing
factors. Regardless, sphingolipids, including HexCers and Cers, play fundamental roles in a
variety of cellular processes, which could be another way that BAC exposure can affect

neurodevelopment (Ishibashi, Kohyama-Koganeya, and Hirabayashi, 2013).

Another novel finding of this study was the effect of BAC exposure on genes in the
glutamate receptor signaling pathway, one of the top 5 significantly altered canonical
pathways in BAC-exposed neonatal brains. Genes encoding various glutamate ionotropic and
metabotropic receptors as well as proteins involved in glutamate signaling at the synapse
were affected by both BACs (Table S.2). Glutamatergic signaling regulates various aspects
of neurodevelopment, including neuronal migration, differentiation, neurite outgrowth,
synaptogenesis and survival (Choudhury, Lahiri, and Rajamma, 2012). Glutamate also plays
essential roles in motor control, synaptic plasticity, learning and memory, and cognition
(Choudhury et al., 2012). Of particular relevance to the current study is the fact that lipid
rafts, membrane domains enriched in cholesterol, sphingolipids, and gangliosides, are critical
for various aspects of synaptic signaling, including glutamate receptor signaling (Wang, 2014;
Hering, Lin, and Sheng, 2003). It has been hypothesized that changes in cholesterol
biosynthesis and subsequent alterations in membrane raft events could contribute to SLOS
pathophysiology (Korade and Kenworthy, 2008). Brain raft fractions prepared from AY9944-
treated rats show altered gel electrophoresis profiles, suggesting that altered sterol

composition perturbs raft protein content (Keller, Arnold, and Fliesler, 2004). SLOS pathology
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also includes impaired neuronal response to glutamate (Wassif et al., 2001). Therefore, the
altered sterol and lipid homeostasis observed in BAC-exposed neonatal brains could very well
contribute to the alterations in glutamate receptor signaling pathway, which may have

significant consequences in neurodevelopment.

This study is not without limitations. First, although two different BACs were evaluated
for their effects on the neonatal brain, the use of a single dose prohibited the evaluation of a
dose-response relationship. However, the selected dose was derived from the 2017 study by
Hrubec et al., which found an increase in NTDs and late gestation fetal deaths with exposure
to a mixture of BAC-containing QACs (Hrubec et al., 2017). Second, the effects of BACs at a
single time-point of development was examined in this study. The mouse embryo depends on
maternal cholesterol until embryonic day 11 (E11) (Herrara and Ortega-Senovilla, 2010; Tint
et al., 2006). Therefore, earlier time-points, such as the transition from maternal- to

embryonic-derived cholesterol, might be more susceptible to the effects of BACs.

In conclusion, we have demonstrated that BAC disinfectants cross the blood-placental
barrier and embryonic blood-brain barrier and alter sterol and lipid homeostasis (Figure
3.10). Alterations in signaling pathways important for neurodevelopment (i.e. LXR/RXR and
glutamatergic signaling) were also observed in this study, possibly arising from altered sterol
and lipid homeostasis. Since the developmental neurotoxicants ethanol and retinoic acid are
known to modulate cholesterol homeostasis, the potential for BACs to cause adverse
neurodevelopmental outcomes should be seriously considered. Therefore, for future work, it
is imperative to characterize the neurological phenotype resulting from in utero exposure to

BAC disinfectants, including morphological and behavioral outcomes.
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Figure 3.10. Summary of observed alterations in sterol and lipid homeostasis resulting from
in utero exposure to BAC disinfectants. Inhibition of cholesterol biosynthesis by BACs leads
to decreased levels of sterols, which results in increased SCAP-mediated signaling and
expression of cholesterol synthesis genes. Downregulation of the cholesterol precursor
desmosterol, which is an LXR ligand, could contribute to the predicted inhibition of LXR
signaling. Inhibition of LXR signaling leads to downregulation of apolipoprotein genes and
lipogenesis genes, the latter of which subsequently results in downregulation of TGs and DGs
that were observed by lipidomics.

3.4. Materials and Methods
Chemicals

Optima LC/MS solvents (acetonitrile, chloroform, methanol, methylene chloride, and
water), 2-methylbutane, ammonium acetate (Optima LC/MS), formic acid (Optima LC/MS),
and sodium chloride were purchased from Thermo Fisher Scientific (Grand Island, NY, USA).
The deuterated (d;-) sterol standard d7-7-dehydrocholesterol was prepared as reported
previously (Xu et al., 2011a; Xu, et al., 2011b). d7-cholesterol was purchased from Avanti
Polar Lipids (Alabaster, AL, USA). 13C3-desmosterol and '3Cz-lanosterol were purchased from
Kerafast (Boston, MA, USA). d7,-BAC C12 and d7,-BAC C16 were prepared as described

previously (Herron et al., 2016).
Animals

C57BL/6] mice were purchased from Jackson Laboratories (Bar Harbor, MN, USA).

The University of Washington Institutional Animal Care and Use Committee approved all
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animal protocols. Experiments conducted were also in accordance with the Guiding Principles
in the Use of Animals in Toxicology. Adult male and female mice (4 to 6 months old) were
acclimated to untreated Nutra-Gel diet (Product #F5769, Bio-Serv, Frenchtown, NJ, USA) for
1 week prior to dietary BAC exposure (Figure 3.1A). Our previous pilot studies have shown
that exogenous BAC contamination on the mass spectrometer source led to artifact levels of
BAC in control samples, preventing accurate quantitation. Therefore, to accurately quantify
the ability of BACs to enter the neonatal brain, deuterated BACs were used. Thus, females
were randomly assigned to exposure groups (n = 3-4 per group) as described: control Nutra-
Gel diet, 120 mg/kg body weight/day d7-BAC C12 in Nutra-Gel diet, or 120 mg/kg body
weight/day d7-BAC C16 in Nutra-Gel diet. Excess gel diet was provided fresh each day so as
not to restrict food intake. No difference in food consumption was observed between exposure

groups.

Following the 1-week acclimation period, females were exposed to control or BAC diet
for 1 week prior to mating. Breeding pairs consisted of 1 male per 2 females (2 breeding
cages per exposure group) and were housed together for 1 week. Sires were then removed
from the cage and dams were fed the control or BAC diet throughout gestation until postnatal
day 0 (PNDOQ). At PNDO, neonates were sacrificed, and the brain and liver were dissected,
flash-frozen in 2-methylbutane on dry ice and stored at -80°C until subsequent analyses. Sex
was not determined at this age. The weight of each frozen tissue was recorded. Dams were

sacrificed at this time to collect blood samples for BAC measurements.
Lipid extraction

Prior to lipid extraction, isotopically labeled sterol internal standards (to be used for
quantification in the sterols analysis) and unlabeled do-BAC C12 and do-BAC C16 internal
standards (to be used for quantification of the fed dz-BAC in tissues and fluids) were added
to each tissue (sagittal-cut half PNDO brain, PNDO liver, or dam blood). Note that the other
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half of the PNDO brain was used for RNA-sequencing analysis as described below. For sterols
analysis, 5 ug of dz-cholesterol and d7-7-dehydrocholesterol, and 1 pg of *3Cs-lanosterol and
13Cs-desmosterol were added to each sample. For BAC analysis, 0.03 nmol of do-BAC C12 and
do-BAC C16 were added to each sample. Lipid extraction was carried out as previously
described in detail (Herron, Hines, and Xu, 2018). To extract the lipids, samples were
homogenized in Folch solution [4 mL chloroform/methanol (2/1, v/v)], using a blade
homogenizer. NaCl aqueous solution (0.9% (w/v), 1 mL) was added and the resulting mixture
was briefly vortexed and then centrifuged for 5 minutes in a clinical tabletop centrifuge at
10°C. The lower (organic) phase was recovered, transferred to a separate glass tube, and the
solvent was removed in vacuo using a SpeedVac® (Thermo Fisher Savant). Finally, the
resulting dried tissue or blood extracts were re-dissolved in 0.3 mL methylene chloride prior

to analysis.
UHPLC-MS/MS analysis of BAC and BAC-metabolite levels

Analysis of BAC levels was performed by ultra-high performance liquid
chromatography tandem mass spectrometry (UHPLC-MS/MS) using a triple-quadrupole mass
spectrometer (API 6500™; SCIEX, Vaughan, ON, CA) equipped with electrospray ionization
(ESI). For analysis, 40 pL of lipid extract was transferred to an LC vial, dried under a stream
of argon, and reconstituted in 40 pyL water/methanol (1/1, v/v). Reverse-phase
chromatography was performed with the following conditions: C18 column (Hypersil GOLD®),
100 mm x 2.1 mm, 1.9 uym particle diameter; ThermoFisher Scientific, Grand Island, NY,
USA); flow rate, 0.4 mL/min; and gradient elution method with solvent A (0.1% formic acid,
2 mM ammonium formate in water) and solvent B (acetonitrile) was used: 0 min, 30% B; 9.5
min, 85% B; 10-12 min, 30% B. MS conditions: declustering potential, 50 V; entrance
potential, 10 V; collision energy, 31 V; collision cell exit potential, 10 V. ESI parameters:

spray voltage 3500 V; temperature, 400°C; curtain gas, 35 psi; ion source gas, 45 psi. For
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MS analysis, selective reaction monitoring (SRM) was employed to monitor the mass-to-
charge ratio (m/z) of the parent ion (Q1) for each BAC (isotopically-labelled analyte and
corresponding internal standard) and the m/z of the characteristic fragment (Q3), formed
from the loss of benzyl group (CsHs) (see Table 3.2 for mass transitions). d7-BAC
concentrations were calculated based on the ratio of the analyte peak area to the internal
standard peak area and internal standard concentration in each sample. The major BAC
metabolites were also monitored, including the +10- and +10-2H- metabolites of d7-BAC C12
and the +10-metabolite of d7-BAC C16 in dam blood and neonatal brain samples (see Table
3.2 for mass transitions). Presence of a metabolite peak was confirmed by comparison to a
standard sample containing BAC metabolites that had been generated in NADPH-fortified
human liver microsomes (for further details on generation and characterization of BAC
metabolites see Seguin et al., 2019). All data are presented as mean * standard deviation.
Statistical analyses relative to control were conducted using Student’s t-test assuming

unequal variance (P value < 0.05).
UHPLC-MS/MS analysis of sterol levels

Analysis of sterols was performed by UHPLC-MS/MS using a triple-quadrupole mass
spectrometer (API 4000™; AB SCIEX, Vaughan, ON, CA) equipped with atmospheric pressure
chemical ionization (APCI) as described previously (Herron, Hines, and Xu, 2018). For
analysis, 10 pL of lipid extract was transferred to an LC vial, dried under a stream of argon,
and reconstituted in 100 pL 90% MeOH with 0.1% formic acid. See previously published
protocol for further details on UHPLC-MS/MS analysis, including MS conditions and
quantification method (Herron, Hines, and Xu, 2018). Data are presented as mean * standard
deviation. Statistical analyses relative to control were conducted using Student’s t-test

assuming unequal variance (P value < 0.05).
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Table 3.2. The m/z of the parent ion (Q1) and characteristic fragment (Q3) for each BAC
analyte of interest was monitored, including the isotopically-labelled analyte, major
metabolite/s, and corresponding internal standard.

Analyte ?;/Pza)rent Ion ?;/Fzr)agment Ion
d7,-BAC C12 311.2 212.2
d-BAC C12 +10 327.2 228.2
d7,-BAC C12 +10-2H 325.2 226.2
do-BAC C12 304.2 212.2
d7»-BAC C16 367.2 268.2
d7»-BAC C16 +10 383.2 284.2
do-BAC C16 360.2 268.2

UHPLC-MS/MS analysis of sterol levels

Analysis of sterols was performed by UHPLC-MS/MS using a triple-quadrupole mass
spectrometer (API 4000™; AB SCIEX, Vaughan, ON, CA) equipped with atmospheric pressure
chemical ionization (APCI) as described previously (Herron, Hines, and Xu, 2018). For
analysis, 10 uL of lipid extract was transferred to an LC vial, dried under a stream of argon,
and reconstituted in 100 pL 90% MeOH with 0.1% formic acid. See previously published
protocol for further details on UHPLC-MS/MS analysis, including MS conditions and
quantification method (Herron, Hines, and Xu, 2018). Data are presented as mean % standard
deviation. Statistical analyses relative to control were conducted using Student’s t-test

assuming unequal variance (P value < 0.05).
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Untargeted lipidomics and data analysis

Chromatographic separation was performed using a Waters Acquity FTN ultra-
performance liquid chromatography (Waters Corp., Milford, MA, USA) with a hydrophilic
interaction column (HILIC; Phenomenex Kinetex, 2.1 x 100 mm, 1.7 pm) maintained at 40°C.
An injection volume of 5 pL was used. Ion mobility-mass spectrometry (IM-MS) analysis was
performed on a Waters Synapt G2-Si HDMS (Waters Corp., Milford, MA, USA) equipped with
an ESI source. Detailed chromatographic and IM-MS conditions and mass calibration
parameters were as previously published (Hines, Herron, and Xu, 2017). Data alignment,
peak detection, and normalization were performed in Progenesis QI (Nonlinear Dynamics).
The chromatographic region from 0.4 to 8.4 min was considered for peak detection. The
reference sample for alignment was automatically selected by Progenesis QI, and data were
normalized to tissue weight. The resulting data set was filtered by ANOVA P value < 0.05.
Principal components analysis was performed in EZInfo (Umetrics). Lipid identifications were
made against the METLIN database within 20 ppm mass accuracy. Data are presented as
mean + standard deviation. Statistical analyses relative to control were conducted using
Student’s t-test assuming unequal variance with a Bonferroni correction for multiple

comparisons (P value < 0.025).

Total RNA isolation

PNDO brain halves (sagittal-cut) from control, BAC C12, or BAC C16 exposure groups
(n = 4 per exposure group) were homogenized in 1 mL of QIAzol Lysis Reagent (Qiagen)
using a blade homogenizer. Total RNA was extracted from each sample using the RNeasy
Lipid Tissue Mini Kit (Qiagen, Germantown, MD, USA) according to the manufacturer’'s
protocol. RNA concentration was quantified using a microplate spectrophotometer (Bio-Tek,
Winooski, VT, USA) to quantify the absorbance at 260 nm. The RNA integrity was evaluated
by formaldehyde agarose gel electrophoresis to visualize the 18S and 28S rRNA bands.
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Novogene (Chula Vista, CA, USA) performed the cDNA library construction and sequencing
using the Illumina NovaSeq 6000 platform (150 base pairs paired-end, with sequencing depth
above 20 million reads per sample). Novogene confirmed the RNA integrity and purity using
the Agilent 2100 BioAnalyzer (Agilent Technologies Inc., Santa Clara, CA, USA). Samples with

RNA Integrity Number (RIN) of 8.6 or above were submitted to RNA sequencing.
RNA sequencing and data analysis

Raw RNA sequencing reads in FASTQ format were mapped to the mouse genome using

HISAT (https://ccb.jhu.edu/software/hisat/), and format conversions were performed using

Samtools. Cufflinks (http://cole-trapnell-lab.github.io/cufflinks/) was used to estimate

relative abundances of transcripts from each RNA sample. Cuffdiff, a module of Cufflinks, was
then used to determine differentially expressed genes (DEGs) between comparison control
versus BAC C12 or control versus BAC C16. DEGs met the following criteria: adjusted P value

< 0.05 (corresponding to the allowed false discovery rate of 5%).

DEGs were plotted in a Venn diagram to identify the common and uniquely expressed
genes for each exposure (BAC C12 or BAC C16). Canonical Pathway analysis and Upstream
Regulator analysis of DEGs was performed using the Core Analysis feature of Ingenuity
Pathway Analysis (IPA, Ingenuity Systems). The Database for Annotation, Visualization and
Integrated Discovery (DAVID; https://david.ncifcrf.gov/summary.jsp) annotation enrichment
analysis was used to identify enriched lists of DEGs related to sterol and lipid metabolism from
each comparison pair (control versus BAC C12 or control versus BAC C16) (Huang, Sherman,
and Lempicki, 2009). A 2-way hierarchical clustering dendrogram was conducted on the
enriched lists of DEGs related to sterol and lipid metabolism for the control versus BAC C12

comparison and the control versus BAC C16 comparison using ClustVis

(https://biit.cs.ut.ee/clustvis/) (Metsalu and Vilo, 2015). Correlation distance and average
linkage was used for clustering of rows and columns.
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Validation of genes using real-time quantitative polymerase chain reaction (RT-gPCR)

A subset of genes related to sterol and lipid metabolism were selected for validation
using RT-gPCR. Total RNA isolated from the PNDO brains (n = 4 per exposure group) was
reverse-transcribed into cDNA using the SuperScript IV First-Strand Synthesis System
(Invitrogen, Carlsbad, CA, USA). The resulting cDNA was amplified by gPCR, using the TagMan
Gene Expression Mastermix (Thermo Fisher Scientific, Waltham, MA, USA) in a StepOnePlus
Real-Time PCR System (Thermo Fisher Scientific, Waltham, MA, USA). TagMan gene
expression assays were used for all gPCR reactions, see Table S.7 for assay ID (Thermo
Fisher Scientific, Waltham, MA, USA). Data are expressed as mean percentage of the
expression of the housekeeping gene B-actin £ standard error of the mean. Statistical
analyses relative to control were conducted using Student’s t-test assuming unequal variance

(P value < 0.05).

Joint pathway analysis of genes and metabolites

To integrate results obtained from sterols analysis, untargeted lipidomics, and
transcriptomics analyses, the joint pathway analysis module of MetaboAnalyst 4.0
(https://www.metaboanalyst.ca/MetaboAnalyst/faces/home.xhtml) was used. Joint pathway
analysis exploits the KEGG (Kyoto Encyclopedia of Genes and Genomes) metabolic pathway
database to discover pathways involved in underlying biological processes using gene
expression and metabolite data. Lists of DEGs and significantly altered sterols and lipids from
either BAC C12 or BAC C16 exposed neonatal brains were uploaded into the module. Features
were then mapped to KEGG metabolic pathways for over-representation analysis and pathway
topology analysis. For over-representation analysis, pathway enrichment was determined by
Hypergeometric test and reported with an FDR-adjusted P-value. For topology analysis,

degree centrality was used to assess the position of a gene or compound within a pathway.
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Chapter 4: Benzalkonium Chloride Disinfectants Induce Apoptosis, Inhibit
Proliferation, and Activate the Integrated Stress Response in a 3-D In Vitro Model

of Neurodevelopment.
4.1. Introduction

Cholesterol is critical for neurodevelopment, serving an essential role in hedgehog
signaling (Porter, Young, and Beachy, 1996), neurogenesis (Komada et al., 2008), synapse
formation and function (Koudinov and Koudinova, 2001; Mauch et al., 2001), and myelination
(Saher et al., 2005). The brain synthesizes its cholesterol locally and independently
(Bjorkhem, Meaney, and Fogelman, 2004). Therefore, alterations in CNS cholesterol
homeostasis are detrimental and have been shown to contribute to a variety of malformations
and disorders. Effects on cholesterol homeostasis have also been shown to play a role in the
developmental neurotoxicity of ethanol and retinoic acid (Chen et al., 2011a; Zhou et al.,
2014). Recently, we demonstrated that a widely used class of disinfectants, benzalkonium
chloride compounds (BACs), accumulate in the developing neonatal mouse brain at low nM
concentrations and alter cholesterol biosynthesis (Herron et al., 2019), indicating that BACs

might also impact neurodevelopment through this mechanism.

BACs are the most commonly used quaternary ammonium compound (QAC)
disinfectants. They are applied in food processing lines, health care facilities, residential
settings, and are common ingredients in over-the-counter cosmetics, hand sanitizers, and
pharmaceutical products (Kim et al., 2018). Therefore, exposure to BACs is prevalent given
the diversity of applications and may occur through dermal/eye contact, inhalation, and
ingestion. Although BACs have been generally recognized as safe, the FDA recently called for
additional safety data on the usage of BACs in healthcare and consumer antiseptic products

(US FDA, 2015; US FDA, 2016).
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An increased incidence of neural tube defects (NTDs) has been observed in both mice
and rats exposed in utero to 120 mg/kg/day of an environmentally relevant QAC mixture that
contained BACs (Hrubec et al., 2017). NTDs are closely associated with defects in neural
progenitor cell (NPC) proliferation (Hirata et al., 2001; Ishibashi et al., 1995; Zhong et al.,
2000). Indeed, rat NPCs exposed to high concentrations (1000 nM) of BACs in vitro show
decreased proliferation, increased apoptosis, and oxidative stress (Ryu et al., 2018).
However, the effects of BACs on neurodevelopment as a resulted of altered cholesterol

biosynthesis has not yet been investigated.

Neurospheres are used as a three-dimensional (3-D) in vitro model for developmental
neurotoxicity screening as they mimic key processes of brain development, including
proliferation, apoptosis, differentiation, and migration (Fritsche et al., 2011). Neurospheres
are free-floating structures consisting of NPCs. In the present study, the effects of BACs on
cell proliferation and apoptosis was investigated in mouse neurospheres. We hypothesized
that the inhibitory effects of BACs on cholesterol biosynthesis would translate to adverse

effects on neurodevelopment in vitro.
4.2. Results
BACs alter cholesterol biosynthesis in neurospheres

Previously, treatment of neurospheres with AY9944, the positive control for cholesterol
biosynthesis inhibition, resulted in increased levels of cholesterol precursors and decreased
levels of desmosterol and cholesterol - alterations that are expected in the event of pathway
inhibition (Herron et al., 2018; Appendix A, Table A.4.). In the current study, neurospheres
were exposed to low nM concentrations of BACs from DIV 4 to DIV 7 and UHPLC-MS/MS
analysis was conducted to quantify levels of sterols in the post-squalene cholesterol
biosynthetic pathway (Figure 4.1). Decreased desmosterol levels were observed at 50 nM in

BAC C12 exposed neurospheres and at 100 nM in BAC C16 exposed neurospheres. A trend
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toward decreased cholesterol and lanosterol levels was also observed in BAC-exposed
neurospheres, although this was not statistically significant. The cholesterol precursors, 7-
dehydrocholesterol and 7-dehydrodesmosterol, were significantly increased in neurospheres
exposed to BAC C12 at 50 nM. 8-Dehdyrocholesterol also showed significant accumulation in
neurospheres to BAC C12 at 100 nM. Overall, the effects of BAC C12 on sterol levels in
neurospheres are consistent with effects of AY9944, the positive control for cholesterol
biosynthesis inhibition. BAC C16 is much less potent than BAC 12 in inhibiting cholesterol

biosynthesis.
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Figure 4.1. BACs alter cholesterol biosynthesis. Neurospheres exposed to vehicle control (0
nM), BAC C12 or BAC C16 at 1, 10, 50, and 100 nM from DIV 4 to DIV 7 show alterations in
levels of sterols in the post-squalene cholesterol biosynthetic pathway. n=4 biological
replicates per condition; adjusted P-value, * < 0.05; ** < 0.01; *** < 0.001.
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Neurosphere growth is reduced by BACs

Alterations in neurosphere growth could indicate increased cell death and/or an
impairment in the ability of NPCs to proliferate. Therefore, effects on the growth of
neurospheres exposed to either BAC C12 or BAC C16 from DIV 4 to DIV 7 was investigated.
Neurospheres exposed to either BAC showed a significant decrease in diameter compared to
vehicle control exposed neurospheres (Figure 4.2A-B). The decrease in diameter was
correlated with a reduction in the number of cells obtained from dissociated neurospheres
(Figure 4.2C). These findings are not correlated with effects on cholesterol biosynthesis, as
BAC C12 and BAC C16 impacted neurosphere diameter and cell count similarly while AY9944

exposure did not have significant effects on either parameter.
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Figure 4.2. BACs reduce neurosphere growth. (A) Size distribution of neurospheres exposed
to vehicle control, AY9944 (positive control), BAC C12, or BAC C16 at a concentration of 1,
10, 50, and 100 nM from DIV 4 to DIV 7. (B) Representative brightfield images of
neurospheres exposed to a concentration of 50 nM from DIV 4 to DIV 7 (calibration bar: 400
pm). (C) Number of neural progenitor cells from dissociated neurospheres exposed to vehicle
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control (0 nM), AY9944, BAC C12, or BAC C16 at 10 and 50 nM from DIV 4 to DIV 7. Relative
to control, cell count from BAC-exposed neurospheres is decreased. n=4 biological replicates
per condition; adjusted P-value, * < 0.05; ** < 0.01; *** < 0.001.

BACs induce apoptosis and decrease proliferation

The observed reduction in neurosphere growth could be due to decreased proliferation
and/or increased apoptosis of the NPCs. To further characterize this, immunostaining for
makers of these processes were employed. For apoptosis, the terminal deoxynucleotidyl
transferase (TdT) dUTP nick-end labeling (TUNEL) assay was used to detect apoptotic cells.
An increase in the amount of TUNEL-positive NPCs from dissociated neurospheres exposed to
BACs from DIV 4 to DIV 7 was observed (Figure 4.3A-B). Ki67, a widely accepted cell
proliferation marker, and EdU, a thymidine analog which is incorporated into DNA of
proliferating cells, were used to assess the number of proliferating cells and proliferation rate
(% EdU-positive cells / Ki67-positive cells). Ki67-positive cells from BAC-exposed
neurospheres were decreased, although the proliferation rate was not affected (Figure 4.3C-

D).

Additionally, cell cycle analysis using flow cytometry revealed an apparent delay of the
G1/S phase transition, demonstrated by a slight, yet significant increase in G1 cells and
corresponding decrease in S phase cells from BAC C12 exposed neurospheres (Figure 4.3E).
This trend was the same for BAC C16 exposed neurospheres, although not statistically

significant due to large variation between biological replicates. Therefore, these results
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suggest that the reduction in neurosphere growth was due to both increased apoptosis and

inhibited proliferation.
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Figure 4.3. BACs induce apoptosis and decrease pool of proliferative NPCs. (A)
Immunocytochemistry for TUNEL (green) counterstained with DAPI (blue) of NPCs. (B)
Quantification of percentage of TUNEL-positive. (C) Immunocytochemistry for Ki67 (red) and
EdU (green), counterstained with DAPI (blue) of NPCs from dissociated neurospheres exposed
to vehicle control (0 nM) or 50 nM of BAC C12 or BAC C16 from DIV 4 to DIV 7. (D)
Quantification of proliferation rate (Edu/Ki67) and percentage of proliferative cells (Ki67) cells.
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(E) Representative histogram of cell cycle analysis for neurospheres exposed to vehicle control
or 50 nM of BAC C12 or BAC C16 from DIV 4 to DIV 5. Significant differences in the percentage
of G1 or S phase cells were quantified for all biological replicates, displayed as mean %
standard deviation. For all experiments, n=4 biological replicates per condition; adjusted P-
value, * < 0.05; ** < 0.01; *** < 0.001.

Transcriptome analysis identified biological processes affected by BACs

The effects of BACs on neurosphere growth were not associated with effects on
cholesterol biosynthesis. Therefore, to determine potential mechanisms underlying the effects
of BAC exposure on neurosphere growth, global transcriptome analysis was conducted on
mRNA isolated from neurospheres exposed to BACs from DIV 4 to DIV 5 was conducted. We
identified 116 differentially expressed genes (DEGs) from BAC Cl2-exposed neurospheres
(adjusted P value <0.05; Figure 4.4A). Only 37 DEGs were identified from BAC C16-exposed

neurospheres. BAC C12 and BAC C16 co-regulated 9 genes (Figure 4.4A).

Functional characterization of DEGs was conducted using GO analysis of biological
processes. GO analysis identified 1,143 biological processes significantly enriched by BAC
C12, 445 significantly enriched by BAC C16, and 155 significantly enriched by both BACs (P-
value < 0.05; Figure 4.4B). Response to stress was the top biological process enriched by
both BACs, as well as cell death and the MAPK cascade (Figure 4.4C; Table S.8). Co-
regulated genes involved in the response to stress include tribbles homolog 3 (Trib3),; fibulin
5 (FbIn5); solute carrier family 7 member 11 (S/c7all); phosphoenolpyruvate carboxykinase
2, mitochondrial (Pck2); asparagine synthetase [glutamine-hydrolyzing] (Asns);
apolipoprotein E (Apoe); and calcium/calmodulin dependent protein kinase II delta (Camk2d)

(Figure 4.4D). Of these, all were significantly upregulated except for Apoe and CamkZ2d.
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Figure 4.4. Transcriptome analysis indicates a stress response in BAC-exposed
neurospheres. (A) Venn diagram of DEGs from neurospheres exposed to 50 nM BAC C12 or
BAC C16 from DIV 4 to DIV 5. (B) Venn diagram of GO biological processes. (C) Top 10
significantly enriched GO biological processes. (D) Co-regulated DEGs involved in the
“response to stress” biological process. (E) STRING analysis of DEGs co-regulated by both
BACs. Red indicates genes involved in the integrated stress response. n=3 biological replicates
per condition; adjusted P-value <0.05.

A cluster of co-regulated genes involved in the integrated stress response including
Trib3, Asns, and Sic7al1 was identified by STRING analysis (Figure 4.4E). The integrated

stress response is an adaptive pathway activated in response to diverse stress stimuli and

80



can lead to cell death in cases of severe stress (Pakos-Zebrucka et al., 2016). Activating
transcription factor 4 (Atf4), the main effector of the integrated stress response (Pakos-
Zebrucka et al., 2016), was upregulated in response to BAC C12 exposure (LogFC=0.424;
adjusted P value < 0.05), in addition to oxidative stress-related enzymes, glutathione
peroxidase 3 (Gpx3,; LogFC=0.765) and thioredoxin 1 (Txnl1, LogFC=0.567) (Figure 4.5).
BAC C16 affected fewer genes involved in the integrated stress response (Figure 4.5).
However, mitochondrial electron transport (specifically cytochrome c to oxygen) was one of
the top biological processes enriched in BAC Cl16-exposed neurospheres (Table 4.1) and
genes encoding for subunits of mitochondrial complex IV were significantly downregulated,
including cytochrome c oxidase subunit 6A1 (Cox6al; LogFC= -0.547) and cytochrome c
oxidase subunit 7C (Cox7c; LogFC=-0.569) (adjusted P-value < 0.05). Downregulation of
genes encoding complex IV subunits may impact the formation and/or stability of complex IV
which could impair mitochondrial function (Poché et al., 2016). Downregulation of genes
encoding complex IV subunits may impact the formation and/or stability of complex IV which
could impair mitochondrial function (Poché et al., 2016). The effect of BAC C16 on genes
involved in mitochondrial electron transport is consistent with previous studies that have
reported mitochondrial dysfunction in response to BAC exposure (Datta et al., 2017; Ryu et
al., 2018). Altogether, these results indicate oxidative stress or mitochondrial dysfunction in
BAC C12- or BAC C16-exposed neurospheres, respectively, may contribute to the activation

of the integrated stress response.

Finally, and of particular relevance to neurodevelopment, was the identification of
neurogenesis as one of the top biological processes enriched in BAC C1l2-exposed
neurospheres (Table 4.1). Notably, the majority of DEGs involved in neurogenesis were
downregulated (adjusted P value <0.05; Figure 4.6). Among these are the high mobility

group family transcription factors Sox9 (LogFC= -0.554) and Sox10 (LogFC= -1.262), which
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are required for the maintenance of the NPC pool (Kim et al., 2003; Vong et al., 2015);
vascular endothelial growth factor A (Vegf-A; LogFC= -0.717), which has been shown to
increase proliferation and/or decrease apoptosis of NPCs (Mackenzie and Ruhrberg, 2012);
and noggin (Nog; LogFC= -1.524) which encodes a protein that has been shown to regulate

neuronal differentiation (Li and LoTurco, 2000; Lim et al., 2000).
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Figure 4.5. STRING networks of DEGs involved in the integrated stress response.
Top: STRING networks of DEGs upregulated (A) or downregulated (B) in response to BAC
C12 exposure. Bottom: STRING networks of DEGs upregulated (C) or downregulated (D) in
response to BAC C16 exposure. n=3 biological replicates per condition; adjusted P-value
<0.05.
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Table 4.1. Top 10 biological processes altered by BAC C12 and BAC C16.

Identifier Name # DEGs # Total 109 P-
value
G0:0061564 axon development 20 384 30.1
G0:0007154 cell communication 63 3287 29.6
G0:0023052 signaling 62 3249 28.7
BASSC:"Z G0:0050896 response to stimulus 77 4701 28.0
Cont.rol G0:0097485 neuron projection guidance 12 168 23.4
G0:0022008 neurogenesis 33 1275 23.1
G0:0040011 locomotion 31 1153 22.9
GO: 0048869 cellular developmental 51 2703 21.5
process
G0:0048731 system development 54 2963 21.4
G0:0009653 anatomical structure 39 1781 21.1
morphogenesis
G0:0043603 cellular amide metabolic 10 789 14.8
process
G0:0043604 amide biosynthetic process 8 606 12.4
G0:0044281 small molecule metabolic 11 1178 12.3
process
G0:0006123 mitochondrial electron 2 8 12.2
transport, cytochrome c to
oxygen
GO0:0097688 glutamate receptor 2 9 11.9
BAC C16 clustering
VsS. G0:1901617 organic hydroxy compound 4 132 11.1
Control biosynthetic process
G0:0045833 negative regulation of lipid 3 55 11.1
metabolic process
G0:0006641 triglyceride metabolic 3 58 10.9
process
G0:0072578 neurotransmitter-gated ion 2 13 10.8
channel clustering
G0:0019752 carboxylic acid metabolic 7 575 10.2

process
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Figure 4.6. DEGs from BAC C12-exposed neurospheres involved in neurogenesis. (A)
DEGs involved in the GO biological process of neurogenesis and upregulated in response to
BAC C12 exposure. (B) DEGs involved in the GO biological process of neurogenesis and
upregulated in response to BAC C12 exposure. n=3 biological replicates per condition;

adjusted P-value <0.05.
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4.3. Discussion

In the present study, we aimed to characterize the consequences of altered cholesterol
biosynthesis on neurodevelopment following exposure to BACs in neurospheres - free floating
clusters of NPCs used as an in vitro 3-D model for investigating developmental neurotoxicity.
Similar to previous findings, BACs altered cholesterol biosynthesis in neurospheres (Herron
et al., 2019; Herron et al., 2016) with BAC C12 being a much more potent inhibitor than BAC
C16, consistent with our previous reports. However, both BACs impacted neurosphere growth
by inducing apoptosis and inhibiting proliferation while AY9944 did not, which suggests that
inhibition of cholesterol biosynthesis is not the underlying mechanism for the effects on
neurosphere growth. To explore alternative mechanisms responsible for the observed
phenotype, we carried out a comprehensive transcriptomic analysis, which revealed the

integrated stress response as another potential contributing mechanism.

The integrated stress response is used by cells to adapt to a variety of stressors
including endoplasmic reticulum (ER) stress, nutrient deficiency, or hypoxia (Wang et al.,
2018). Oxidative stress and mitochondrial dysfunction may play a role in the activation of the
integrated stress response as oxidative stress-related genes and mitochondrial complex IV
genes were differentially expressed in BAC C12- and BAC Cl6-exposed neurospheres,
respectively. Atf4, the main effector of the integrated stress response, transcriptionally
activates Asns, Sic7all, and Trib3 (Evstafieva et al., 2014), which were upregulated in BAC-

exposed neurospheres.

Asns converts aspartate and glutamine to asparagine and glutamate in an ATP-
dependent reaction and is upregulated in response to amino acid deprivation
(Balasubramanian, Butterworth, and Kilberg, 2013). Slc7all, also known as xCT, is the light
chain subunit of the cystine/glutamate antiporter system xc~, which transports cystine, the
oxidized form of cysteine, into cells and releases glutamate into the extracellular space. This
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oxidative stress-inducible system provides cysteine for the synthesis of glutathione, a major
antioxidant molecule (Conrad and Sato, 2012). Therefore, upregulation of Slc7all in BAC-
exposed neurospheres suggests an oxidative stress response. Finally, Trib3, also known as
neuronal cell death inducible putative kinase (Nipk), is an important mediator of ER stress-
related neuronal apoptosis (Zhang et al., 2019). Trib3 mediates apoptosis through the
dephosphorylation of Akt and subsequent activation of FoxO, which leads to the increased
expression of PUMA or p53 up-regulated modulator of apoptosis (Saleem and Biswas, 2017;
Zou et al., 2009). Upregulation of Trib3 is consistent with the reduced growth and increased
apoptosis observed in BAC-exposed neurospheres. However, these effects did not appear to
be associated with altered cholesterol biosynthesis, as AY9944, the positive control for
cholesterol biosynthesis inhibition, did not impact neurosphere growth (Herron et al., 2018;

Appendix A, Table A.4.).

Recently, Ryu et al (2018) showed that BACs reduce the NPC viability through the
induction of apoptotic cell death caused by overproduction of reactive oxygen species (ROS)
which is associated with mitochondrial dysfunction. BACs, which are also used as eye drop
preservatives, have been associated with toxic effects such as “dry eye” and trabecular
meshwork degeneration (Datta et al., 2017). That study demonstrated that the underlying
mechanistic basis for BACs effects on the eye were due to direct inhibition of mitochondrial
function resulting in cytotoxicity of corneal epithelial cells. Therefore, it is plausible that
neurospheres exposed to BACs also experience mitochondrial dysfunction, which can lead to

the activation of the integrated stress response (Silva et al., 2009).

Although structure activity differences were not observed in terms of neurosphere
growth reduction and apoptosis, BAC C12 altered a greater number of genes than BAC C16,
many of which are involved in development. Notably, the majority of DEGs involved in

neurogenesis were downregulated by BAC C12 exposure. Cholesterol metabolism is critical
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for proper neurogenesis. Altered cholesterol biosynthesis has been shown to cause premature
differentiation of NPCs (Driver et al., 2016; Francis et al., 2016). Additionally, Francis et a/
(2016) demonstrated that accumulation of the cholesterol precursor, 7-dehydrocholesterol,
is responsible for this phenomenon. Although BAC C12 exposure lead to 7-dehydrocholesterol
accumulation and downregulation of genes involved in neurogenesis, effects indicative of
premature differentiation were not observed with the current experimental paradigm.
Therefore, a different model may be needed to examine defects in neurogenesis related to

altered cholesterol biosynthesis.

In conclusion, we have demonstrated that BACs reduce neurosphere growth through
increased apoptosis and inhibited proliferation, associated with the activation of the integrated
stress response. These results reinforce previous studies demonstrating that BAC exposure
leads to an increased incidence of NTDs in utero and increased apoptosis of rat NPCs at high
concentrations in vitro. Additionally, the fact that BAC C12 inhibits cholesterol biosynthesis
and alters genes involved in neurogenesis indicates the need to more thoroughly investigate
the effect of BAC C12 on neurodevelopment. The developmental neurotoxicants ethanol and
retinoic acid are known to modulate cholesterol homeostasis (Chen, Costa, and Guizzetti,
2011b; Zhou et al., 2014). Therefore, future work should investigate the potential for BAC

C12 to cause adverse neurodevelopmental outcomes through this and related mechanisms.
4.4. Materials and Methods
Materials

Optima LC/MS solvents (chloroform, methanol, methylene chloride, and water), formic
acid (Optima LC/MS), and sodium chloride were purchased from Thermo Fisher Scientific
(Grand Island, NY). Benzyldimethyldodecylammonium chloride (BAC C12) and
benzyldimethylhexadecylammonium chloride (BAC C16) were purchased from Sigma Aldrich

(St. Louis, MO). BAC C12 and BAC C16 were dissolved in DMSO to yield 1, 10, 50, and 100
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MM stocks and stored at -80°C. The deuterated (d7-) sterol standard dz-7-dehydrocholesterol
was prepared as reported previously (Xu et al., 2011a; Xu et al., 2011b). d7-Cholesterol was
purchased from Avanti Polar Lipids (Alabaster, AL). 3Cs-desmosterol and '3Cs-lanosterol were
purchased from Kerafast (Boston, MA). The primary antibody used in immunocytochemistry
was mouse anti-Ki67 at a dilution of 1:200 (BD Pharmingen™, San Jose, CA) and the
secondary antibody used was Alexa Fluor-conjugated goat anti-mouse IgG at a dilution of
1:1000 (Invitrogen ™, Carlsbad, CA). 4,6-Diamidino-2-phenylindole (DAPI) was purchased

from Thermo Fisher Scientific.
Cell culture

The University of Washington Institutional Animal Care and Use Committee approved
all animal protocols. Male and female C57BL/6] mice (7 to 8 weeks old) were purchased from
Jackson Laboratories (Bar Harbor, ME). Time-mating was conducted with breeding pairs of 2
females and each male, placed in a cage overnight and separated the following morning. On
gestation day 13.5 to 14.5, the pregnant dam was euthanized, and embryos were removed
from the uterus and transferred to a Petri dish in sterile 1x phosphate buffered saline (PBS).
After careful removal of the meninges under a dissection microscope, cortices were dissected
from each embryo, and transferred to a 60 mm culture dish containing 1 to 2 mL of
neurosphere proliferation media [DMEM/F-12 medium (Gibco®, Grand Island, NY), Non-
Essential Amino Acids (1x; Gibco®), GlutaMax (1x; Gibco®), Penicillin (100 IU) plus
Streptomycin (100 pg/mL) Strep (Gibco®), Sodium Pyruvate (1x; Gibco®), B27 (1x;
Gibco®), 20 ng/mL basic fibroblast growth factor (bFGF) and 20 ng/mL epidermal growth
factor (EGF) (PeproTech®, Rocky Hill, NJ)]. Tissues in media were transferred to a 15 mL
conical falcon tube and gently dissociated by trituration until clumps were no longer visible.
Cells were filtered through a 40 um sterile cell strainer and seeded in neurosphere proliferation

media at either a density of 30,000 cells per well in 6-well plates for sterols analysis,
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immunocytochemistry, transcriptomics, and flow cytometry experiments, or a density of 3000
cells per well in a flat-bottom, ultra-low attachment 96-well plate (Corning™, Corning, NY)
for growth analysis, and cultured at 37 °C and 5% CO2/ 95% humidified air. After 2 to 3 days,
small neurospheres were formed, with peak neurosphere formation occurring at 5 to 7 days
when neurospheres reached approximately 150 to 200 ym in diameter. Each preparation of
neurospheres was considered one biological replicate and a minimum of 3 replicates were

used for each experiment.
Drug treatment

Neurospheres were exposed to BAC C12, BAC C16, AY9944 (the positive control for
cholesterol biosynthesis inhibition) or vehicle control (0.1% DMSO) from day in vitro 4 (DIV
4) to DIV 7for sterols analysis, growth analysis, and immunocytochemistry. For transcriptome
analyses and flow cytometry, neurospheres were exposed from DIV 4 to DIV 5.

Concentrations described in figures and figure legends.
Sterols analysis

On DIV 7, neurospheres exposed to BAC C12, BAC C16, or vehicle control in triplicate
wells of a 6-well plate were pelleted and sonicated in ice cold 100 pL 1x PBS to lyse them.
Protein mass was measured with the BioRad-DC Protein Assay Kit. Isotopically labeled sterol
internal standards (to be used for quantification in the sterols analysis) were added to each
neurosphere lysateas follows: 0.5 ug of ds-cholesterol and d’-7-dehydrocholesterol, and 0.1
Mg of 13Cs-lanosterol and !3Cs-desmosterol. Lipid extraction was carried out as previously
described in detail (Herron et al., 2018). To extract the lipids, Folch [4ml
chloroform/methanol (2/1, v/v)] and NaCl aqueous solutions (0.9% (w/v), 1 ml) were added
to each cell lysate sample and the mixture was briefly vortexed and then centrifuged for 5 min
in a clinical tabletop centrifuge at 10°C. The lower (organic) phase was recovered, transferred

to a separate glass tube, and the solvent was removed in vacuo using a SpeedVac® (Thermo
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Fisher Savant). The resulting lipid extracts were re-dissolved in 0.3 mL methylene chloride

prior to analysis.

Analysis of sterols was performed by UHPLC-MS/MS using a triple-quadrupole mass
spectrometer (API 4000 ™; AB SCIEX, Ontario, Canada) equipped with atmospheric pressure
chemical ionization (APCI) as described previously (Herron et al., 2018). For analysis, 30 uL
of lipid extract was transferred to an LC vial, dried under a stream of argon, and reconstituted
in 30 L 90% MeOH with 0.1% formic acid. Data are presented as mean % standard deviation.
Statistical analyses were conducted using ANOVA followed by Dunnet’s t-test comparing
multiple concentrations to a single control, with a P value < 0.05 considered statistically

significant. Statistical analyses conducted using GraphPad Prism version 7.00 for Windows.

Growth analysis

Neurosphere growth was evaluated at DIV 7 after exposure to BACs, AY9944 or vehicle
control in triplicate wells of a 96-well plate. Brightfield images of neurospheres were captured
on an EVOS® FL Auto Imaging System (Thermo Fisher Scientific) using the 10x objective.
Imagel processing and analysis software (NIH) was used to measure the diameter of each
neurosphere in each of 3 wells per condition. Only neurospheres greater than 40 pym in
diameter were measured. Data are presented as box plots, with individual data-points
representing each neurosphere. Statistical analyses were conducted using ANOVA followed by
Dunnet’s t-test comparing multiple concentrations to a single control, with a P value < 0.05
considered statistically significant. Statistical analyses conducted using GraphPad Prism

version 7.00 for Windows (La Jolla, CA).

To evaluate cell count on DIV 7, neurospheres were collected from triplicate wells of a
6-well plate and mechanically dissociated into a single cell suspension for each condition. An
aliquot of cell suspension was used for counting and the remaining cell suspension was used

for immunocytochemistry. Data are presented as mean + standard error of the mean.
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Statistical analyses were conducted using ANOVA followed by Dunnet’s t-test comparing
multiple concentrations to a single control, with a P value < 0.05 considered statistically

significant. Statistical analyses conducted using GraphPad Prism version 7.00 for Windows.
Immunocytochemistry

For determination of cell proliferation by immunocytochemistry, 5-ethynyl-2'-
deoxyuridine (EdU) was added to each well at a final concentration of 10 uM for 4 hr before
the end of treatment to label cells undergoing proliferation. Neurospheres exposed to BAC
C12, BAC C16, or vehicle control in triplicate wells of a 6-well plate were then collected into
a pellet and triturated into a single cell suspension of NPCs. NPCs were seeded in untreated
neurosphere proliferation medium at a density of 100 000 cells per well in a 4-well Permanox™
plastic chamber slide (Nunc™, Thermo Fisher Scientific) freshly coated with poly-d-lysine (20
Hg/mL; Sigma Aldrich) and laminin (2 pg/mL; Corning™, Corning, NY). Cells were left to
adhere overnight in the incubator and then fixed with 4% paraformaldehyde (PFA) in PBS for
20 min at room temperature. PFA was aspirated and cells were washed 3 x 5 min with 1x
PBS. For immunocytochemistry, the PBS was aspirated, and cells were permeabilized with

3% BSA in PBST (0.5% Triton-X 100 in PBS) for 20 min at RT.

For evaluation of proliferation, fixed cells were first exposed to 10% goat serum in
PBST for 1 hr at room temperature and then exposed to Ki67 (1:200) and 5% goat serum in
PBST overnight at 4°. Cells were washed with cold PBST for 5 x 5 min. Alexa 568 goat anti-
mouse secondary antibody was applied for 1 hr at RT and then cells were washed with cold
PBST for 5 x 10 min. After the 4" wash, cells were incubated with 1 ug/mL DAPI for 20 min
and washed once again with PBST. Coverslips were applied using Aqua Poly/Mount
(Polysciences, Warrington, PA). For EdU staining, the cells underwent an additional
processing step prior to blocking per the manufacturer’s protocol (MP 10338, Click-iT® EdU
Imaging Kit, Thermo Fisher Scientific). For evaluation of apoptosis, cells on slides separate
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from those used for proliferation analysis were washed in PBS for 5 min at room temperature
and permeabilized in PBST for 5 min. Cells were rinsed with PBS for 2 x 5 min at room
temperature. Excess liquid was removed and the TUNEL reaction was conducted per
manufacturer’s protocol (#TB235, DeadEnd™ Fluorometric TUNEL System, Promega). DAPI
incubation was conducted as described followed by application of coverslips using Aqua

Poly/Mount.

Fluorescent images of NPCs were captured on an EVOS® FL Auto Imaging System
(Thermo Fisher Scientific) using the 20x objective. Images were uniformly adjusted for
brightness and contrast. A cell was scored as marker-positive if the cell showed positive
staining for DAPI and the marker. At least 500 DAPI-positive cells per condition per biological
replicate were quantified and the experimenter was blinded to condition. Data are presented
as mean * standard error of the mean. Statistical analyses were conducted using ANOVA
followed by Dunnet’s t-test comparing multiple concentrations to a single control, with a P
value < 0.05 considered statistically significant. Statistical analyses conducted using

GraphPad Prism version 7.00 for Windows.

Flow cytometry analysis of cell cycle

Following exposure to vehicle control (DMSO), AY9944, BAC C12, or BAC C16 for 24
hr at 50 nM, neurospheres were pelleted and the supernatant was aspirated. The pellet was
resuspended in 500 pl of 10 ug/ml DAPI and 0.1% IGEPAL CA-630 detergent (Sigma I18896)
in Tris buffered saline. To lyse cells and release intact nuclei, the pellet was triturated using
a 1 mL syringe with a 25-gauge needle. Isolated nuclei were filtered through a 37 um steel
mesh fitted onto a pipette tip. The nuclei suspension was analyzed using a BD™ LSR 1II
cytometer with ultraviolet excitation and DAPI emission collected at >450 nm. Cell cycle was
analyzed using the software program FlowJo™. Data are presented as mean + standard error
of the mean. Statistical analyses were conducted using paired Student’s t-test with a P value
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< 0.05 considered statistically significant. Statistical analyses conducted using Microsoft Excel

spreadsheet software.
Transcriptomics analysis

Neurospheres exposed to BAC C12, BAC C16, or vehicle control from DIV 4 to DIV 5
in 4 wells of a 6-well plate were pelleted. Pellets (n = 3 biological replicates per condition)
were homogenized in 1 mL of QIAzol Lysis Reagent (Qiagen, Germantown, MD). Total RNA
was extracted from each sample using the RNeasy Mini Kit (Qiagen) according to the
manufacturer’s protocol. RNA concentration was quantified using a microplate
spectrophotometer (Bio-Tek, Winooski, VT) to quantify the absorbance at 260 nm. RNA
integrity was evaluated by formaldehyde agarose gel electrophoresis to visualize the 18S and
28S rRNA bands. Novogene (Chula Vista, CA) confirmed the RNA integrity and purity using
an Agilent 2100 BioAnalyzer (Agilent Technologies Inc., Santa Clara, California). Samples with
RNA Integrity Number (RIN) of 10.0 or above were submitted for RNA sequencing. Novogene
performed the cDNA library construction and sequencing using the Illumina NovaSeq 6000
platform (150 base pairs paired-end, with sequencing depth above 20 million reads per

sample).

Raw RNA sequencing reads in FASTQ format were mapped to the mouse genome using
HISAT (https://ccb.jhu.edu/software/hisat/index.shtml; Last accessed 8/14/2019) and
format conversions were performed using Samtools. Cufflinks
(http://cufflinks.cbcb.umd.edu/; Last accessed 8/14/2019) was used to estimate relative
abundances of transcripts from each RNA sample. Cuffdiff, a module of Cufflinks, was used to
determine differentially expressed genes (DEGs) between comparison control versus BAC C12
and control versus BAC C16. DEGs met the criterion of an adjusted P value < 0.05
(corresponding to the allowed false discovery rate of 5%). DEGs were plotted in a Venn
diagram to identify common and uniquely expressed genes for each condition. Analysis of
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gene ontology (GO) terms for biological processes was performed using iPathwayGuide
(Advaita). DEGs were also submitted for STRING (Search Tool for the Retrieval of Interacting

Genes/ Proteins) analysis (https://string-db.org/; Last accessed 9/16/2019).
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Chapter 5: Conclusions and Future Directions

Among the more than 80,000 chemicals registered for use today, only 200 have
undergone developmental neurotoxicity (DNT) testing according the established guidelines,
making DNT one of the least tested health effects of chemicals (Smirnova et al., 2014). This
deficit results in a shortage of information on DNT hazards posed by environmental chemicals.
To more efficiently characterize DNT hazards, a shift from animal-based hazard assessment
to mechanistic approaches has been proposed within the Adverse Outcome Pathway (AOP)
framework (Bal-Price et al., 2017). Regulatory and research institutes, including the OECD,
EPA, FDA, NIEHS, along with academia and industry, have been actively advancing the
development and application of AOPs to facilitate understanding of complex systems of
toxicity that result in adverse outcomes (Kleinstreuer et al., 2016). However, use of the AOP
framework for neurological outcomes following developmental exposure is hampered by
limited knowledge on mechanisms that trigger adverse outcomes (Bal-Price and Meek, 2017).
This deficiency has consequences for the development and acceptance of more efficient
toxicity testing strategies for potential developmental neurotoxicants, which ultimately
impacts our ability to establish regulations that prevent exposure to chemicals that pose a
DNT hazard. Addressing this gap, I worked to investigate a novel mechanism by which
environmental chemicals could impact neurodevelopment - through the modulation of lipid

homeostasis.

Chapter 2 describes structure activity studies in which compounds structurally similar
to the known cholesterol biosynthesis inhibitor, AY9944, were investigated for their ability to
inhibit cholesterol biosynthesis in mouse and human neuronal cells. Of the compounds tested,
a commonly used mixture of BACs exhibited high potency in inhibiting cholesterol biosynthesis
at the step of DHCR7, indicated by the accumulation of cholesterol precursors and decreased

cholesterol levels as quantified by LC-MS/MS. 1 also showed that the potency of BACs as
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DHCR?7 inhibitors decreases with the length of the alkyl chain. Finally, using real-time qPCR
analysis, I demonstrated that BACs upregulate genes involved in cholesterol biosynthesis and
downregulate genes related to cholesterol efflux, suggesting a feedback response to the
inhibition. The findings of this study established the foundation from which the hypothesis of
this dissertation was developed, suggesting that exposure to BACs at critical developmental
stages could contribute to adverse neurodevelopmental outcomes given their effects on

cholesterol homeostasis.

Building on the results from Chapter 2, the goal of the study described in Chapter 3
was to investigate the effects of in utero BAC exposure on sterol and lipid homeostasis and
to predict the DNT mechanism of BACs using targeted and untargeted mass spectrometry and
transcriptomics. In Chapter 2, I established that BACs have differential effects on cholesterol
biosynthesis based on the alkyl chain length; therefore, I chose to expose dams to two BACs
of different alkyl chain lengths (BAC C12 and BAC C16) at 120 mg/kg/day via diet throughout
gestation. In this study, I show for the first time that BACs can cross the placenta and enter
the neonatal brain, albeit at low nM concentrations. Transcriptomic analysis of neonatal brains
showed that both BACs upregulated genes involved in cholesterol biosynthesis, mediated by
SREBP cleavage-activating protein (SCAP)-mediated signaling. Moreover, decreased sterol
and glyceride levels were observed in BAC-exposed neonatal brains consistent with the
upregulation of SCAP signaling. Consistent with Chapter 2, BAC C12 altered many more genes
involved in cholesterol biosynthesis and had a stronger effect on sterol and lipid levels than
BAC C16. Interestingly, pathways with critical roles in neurodevelopment were also affected
by BAC exposure including LXR/RXR and glutamate receptor signaling. The LXR/RXR signaling
pathway was predicted to be inhibited in BAC-exposed brains, consistent with the observed
decrease of the cholesterol precursor desmosterol - a ligand for LXR signaling. LXR/RXR

signaling has been shown to play a role in cortical layer formation, neuronal migration,
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myelination, and neurogenesis. The dysregulation of genes involved in glutamate receptor
signaling is also of interest as synaptic signaling processes occur in membrane domains
enriched in cholesterol and other lipids. Alterations in sterol and lipid homeostasis in BAC-
exposed brains is likely associated with dysregulation of the glutamate receptor signaling

pathway, which may have significant consequences for neurodevelopment.

Finally, Chapter 4 describes the effects of BACs on neurospheres, free floating
structures of NPCs, which are used as a 3-D, in vitro model of neurodevelopment. Consistent
with the work described in Chapter 2, I observed potent inhibition of cholesterol biosynthesis
at the step of DHCR7 by the short-chain BAC C12, but not by BAC C16. I also show that
neurospheres exposed to either BAC decreased in size; however, this was not observed in
neurospheres exposed to AY9944, a known DHCR?7 inhibitor, suggesting that cholesterol
biosynthesis inhibition was not responsible for the reduction in neurosphere growth. Using
immunocytochemistry, I further found that both BACs decreased the number of proliferating
cells and increased the number of apoptotic cells. To explore mechanisms underlying the
similar biological actions of both BACs, I carried out RNA sequencing on neurospheres exposed
to each BAC, which revealed activation of the integrated stress response by both BACs. Atf4,
the main effector of the integrated stress response, transcriptionally activates Trib3 (a
mediator of ER stress-related neuronal apoptosis), Asns (asparagine synthetase), and
Slc7al1l (a transporter that mediates the intracellular level of cysteine), all of which were
upregulated in BAC-exposed neurospheres. Additionally, BAC C12 downregulated many genes
involved in neurogenesis which is most likely associated with the effects of BAC C12 on
cholesterol biosynthesis as cholesterol is critical for proper neurogenesis. However, structure
activity differences were not observed in this study and future work may be needed to

examine BAC C12 exposure and defects in neurogenesis related to altered cholesterol
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biosynthesis. Regardless, our findings in this 3-D, in vitro model of heurodevelopment suggest

BACs may pose a DNT hazard.

Through the work of this dissertation, I have demonstrated that a class of commonly
used disinfectants, BACs, alter cholesterol and lipid homeostasis and impact
neurodevelopmental processes. These findings are exciting and support a novel mechanism
(i.e. altered Ilipid homeostasis) by which environmental chemicals may target
neurodevelopment. Additionally, the work presented here adds to a growing body of literature
reporting the adverse effects of BACs on neurodevelopment. It is my hope that this work has
laid a foundation for future studies and will prompt deeper scrutiny on the use of BAC

disinfectants in such a vast array of products.

Going forward, it will be important to characterize the neurological phenotype resulting
from exposure to BAC disinfectants during neurodevelopment, including effects on
morphology and behavior. Future studies should investigate the effects of BACs on
neurogenesis and cortical layer formation as alterations in these processes have been
observed in mouse and cellular models with mutations in the post-squalene cholesterol
biosynthetic pathway (Driver et al., 2016; Francis et al., 2016). Characterizing effects on
learning and behavior will also be of interest, as the cholesterol biosynthesis disorder SLOS
has been associated with Autism Spectrum Disorder and other behavioral characteristics
(Tierney et al., 2001). My dissertation work identified several, underlying mechanisms of
action of BACs associated with alterations in lipid homeostasis, including effects on glutamate
receptor signaling and LXR/RXR signaling pathways. Therefore, future studies could elucidate
the effects of BACs on these pathways. Finally, it is known that many more males than females
are diagnosed with neurodevelopmental disorders (May et al., 2019). Therefore, delineating
sex differences in the susceptibility of BAC exposure should be incorporated into the

aforementioned studies.
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Appendix A: Assessment of Altered Cholesterol Homeostasis by Xenobiotics Using

Ultra-high Performance Liquid Chromatography-tandem Mass Spectrometry
A.1. Introduction

Cholesterol biosynthesis is a complex process involving many intermediates but can
be broadly divided into two segments: pre-squalene and post-squalene syntheses. In pre-
squalene synthesis, isoprenoids formed from the mevalonate pathway undergo a series of
condensation reactions that lead first to squalene and then to squalene epoxide upon
epoxidation. The 3-hydroxy-3-methyl-glutaryl-CoA reductase in the mevalonate pathway is
the rate-determining step of the entire cholesterol synthesis pathway. In post-squalene
synthesis, cyclization of squalene epoxide leads to the first sterol in the pathway, lanosterol,
which is diverted into one of two pathways that both progress through a series of
dehydrogenations reducations, and demethylations (see Chapter 1, Figure 1.1; Kelley and
Herman, 2001). Once formed, cholesterol is further metabolized through both enzymatic
(Pikuleva, 2006) and free radical (Yin, Xu, and Porter, 2011) processes to produce a variety

of oxysterols (Figure A.1; Mutemberezi, Guillemot-Legris, and Muccioli, 2016).

As noted in previous chapters, cholesterol plays important roles in embryonic
development, synapse formation and function, and myelination. Alterations in cholesterol
homeostasis, especially deficiency of cholesterol and accumulation of its precursors,
contribute to a variety of malformation disorders (Porter and Herman, 2010). The most
common cholesterol biosynthesis disorder, Smith-Lemli-Opitz syndrome (SLOS), is
characterized by multiple congenital malformations, developmental delay, cognitive

impairment, and behavior problems. Cholesterol-derived oxysterols also have vast cellular
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roles as lipid mediators, targeting nuclear receptors, regulatory proteins, and cell membrane

receptors (Mutemberezi et al., 2016).
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Figure A.1. Structures of the main cholesterol-derived oxysterols.

Given the biological importance of the cholesterol biosynthetic pathway, the effect
of xenobiotics on cholesterol homeostasis has become increasingly of interest. Alterations
in cholesterol homeostasis have been shown to play a role in the developmental toxicity
of ethanol and retinoic acid (Guizzetti, Chen, and Costa, 2011). Several pharmacological
agents have been found to be inhibitors of various steps of cholesterol biosynthesis
(Canfran-Duque et al., 2013; de Medina et al., 2010; Hall et al., 2013; Kim et al., 2016;
Korade et al., 2016). First-trimester exposure to pharmacological modulators ofDHCR7, the
enzyme that converts 7-dehydrocholesterol (7-DHC) to cholesterol, is associated with

adverse fetal outcomes (Boland and Tatonetti, 2016). Recently, we demonstrated that a
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commonly used class of disinfectants, quaternary ammonium compounds, inhibit DHCR7

and alter cholesterol homeostasis in neuronal cells (Herron et al., 2016).

This protocol describes methods for the quantitative assessment of altered post-
squalene cholesterol homeostasis and subsequent oxysterol formation in various sample types
using ultra-high performance liquid chromatography-tandem mass spectrometry (UHPLC-

MS/MS) and isotopically labeled internal standards.
A.2. Basic Protocol 1: Lipid Extraction

To assess changes in cholesterol homeostasis, lipids must be isolated prior to analysis.
The Folch extraction method is commonly used to extract both simple and complex lipids from
virtually any type of biological sample (Folch, Lees, and Sloane Stanley, 1957). With this
method, a chloroform-methanol extracting solvent is used in the presence of isotopically
labeled sterol and oxysterol internal standards to disrupt lipoproteins and cell membranes and
to solubilize lipids from either cells grown in culture or harvested tissues. The presence of
internal standards accounts for any loss of endogenous sterols or oxysterols during the
extraction process and enables quantitation following UHPLC- MS/MS analysis. Finally, the
addition of an aqueous sodium chloride solution yields a layered mixture with a lower organic
layer containing the lipids. This lower organic layer is collected, dried, reconstituted in

methylene chloride, and stored at -80°C until UHPLC-MS/MS analysis.
Materials

Cultured cells rinsed with 1 x PBS and centrifuged into a pellet or any harvested
biological tissue stored at -80°C

1x phosphate buffered saline (PBS; see recipe) chilled

DC™ Protein Assay Kit II (Bio-Rad, 5000112)

Sterol internal standard (see recipe), 500/100 pug/ml and 50/10 pg/ml
Oxysterol internal standard (see recipe), 100 pg/ml and 10 pg/ml

Folch solution [chloroform:methanol = 2:1, with 1 mM butylated hydroxytoluene (BHf)
and 1 mM triphenylphospine (PPh3) ], chilled (see recipe)
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Methylene chloride (LC-MS grade)
0.9% (w/v) sodium chloride, aqueous (see recipe)

10-ml polystyrene, disposable serological pipets (Fisherbrand, 13-678-11E) S1 pipet
filler (Thermo Scientific)

10-ml disposable conical-bottom, Pyrex glass centrifuge tubes (Coming, 99502-10)
Sorvall™ Legend™ Xl centrifuge, chilled to 4°C (Thermo Scientific)

Ultrasonic bath (Fisher Scientific)

Flat-bottom, clear 96-well plate for protein assay (Fisherbrand, 12-565-501) 8-channel
pipettor, 10 to 100 pland 30 to 300 pul (Transferpette® S-8) Absorbance microplate
reader for protein assay

Mechanical pipet pump (Bel-Art Products)

Disposable 9-in. glass Pasteur pipets (Fisherbrand, 13-678-20D) Savant™ SpeedVac™
High Capacity Concentrator (Thermo Scientific)

Savant™ Refrigerated Vapor Trap (Thermo Scientific), chilled prior to extraction Deep
Vacuum Oil Pump for SpeedVac™ Concentrator (Thermo Scientific) Screw caps for 10-
ml disposable glass tubes (Fisherbrand, 14-959-36A)

Glass screw-thread vials (Thermo Scientific, C40001W) Caps for screw-thread vials
(Thermo Scientific, C500053B) Polytron™ PT 1200 tissue homogenizer (Kinematica)

Extraction of lipids from cultured cells

1a. For adherent cells cultured in 100-mm dishes:

Vi.

Vii.

Remove culture dishes from incubator, place on ice, and allow to chill for 5 min
before proceeding.

Aspirate medium from cells using a pipette filler fitted with 10-ml serological
pipette.

Add 5 ml chilled 1 x PBS, gently swirl dish without disrupting cells, and aspirate
Ix PBS.

Add another 5 ml chilled 1 x PBS.

Using cell scraper, lift adherent cells from dish by scraping back and forth across
the dish.

Using a pipette filler fitted with a 10-ml serological pipette, aspirate cells sus-
pended in 5 ml of 1 x PBS and transfer to 10-ml disposable glass centrifuge tube.
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viii. Centrifuge cells into pellet for 5 min at 1693 x g, 4°C.

iX. Aspirate the supernatant and either proceed to step 2 or store pellets at - 80°C.
1b. For floating cells cultured in 150-mm dishes:

i. Collect cell suspension with a pipette filler fitted with a 10-ml serologicalpipette
and transfer to 10 ml disposable glass centrifuge tube.
ii. Centrifuge cells into pellet for 5 min at 1693 x g, 4°C.
iii. Aspirate the supernatant.
iv. Add 5 ml chilled 1x PBS and pipette up and down five times to dissociate.
V. Centrifuge again for 5 min at 1693 x g, 4°C.

vi. Aspirate the supernatantand either proceed to step 2 or store pellets at - 80°C.
2. Place freshly pelleted cells or cell pellets that have been stored at - 80°C on ice.

If pellet is not already in a 10-ml glass tube, it needs to be transferred to
one at this point; otherwise proceed to step3. To transfer pellet, add 150
ul of 1 x PBS to the original tube, pipette up and down to dissociate, and
transfer cell suspension to a 10-ml glass tube. Add another 150 ul to the
original tube, pipette up and down, and transfer to the 10-ml glass tube,

ensuring that all cells have been collected. Proceed to step 3.

3. Add 300 ul chilled 1 x PBS to each sample and pipette up and down approximately five

times to dissociate cell pellet.

4. Sonicate cell suspension for 30 min to lyse cells, ensuring water in sonication bath remains

ice-cold.

The lysate may be stored at -80°C until extraction; otherwise, continue with the

extrac- tion and keep samples on ice.
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Sonication is the preferred method of lysing cells when lipid extracts will be used for

additional analyses, such as untargeted lipidomics, which is often performed in our

lab. Lysis buffers can introduce unwanted background signal in such assays; therefore,

sonication is used to circumvent this issue.

5. Conduct protein assay to determine the amount of protein in each cell lysate. A microplate

reader is used at this step to measure absorbance and determine protein concentration.

Further details can be found in the DC Protein Assay Instruction Manual provided by

Bio-Rad (LIT448).

a. Prepare the working reagent by adding 20 pl of Reagent S per each milliliter of reagent

A that will be needed for the run.

b. From the 20 mg/ml BSA standard stock provided with the kit, prepare a BSA standard

dilution series in 8 tubes labeled #1-8.

vi.

To tube #8, add 50 ul BSA stock to 150 pl distilled H20 and mix well to yield a
5 mg/ml solution

Transfer 100 pl from tube #8 to 100 pl of distilled H20 in tube #7 and mix well
to yield a 2.5 mg/ml solution.

Transfer 100 pl from tube #7 to 100 pl of distilled H20 in tube #6 and mix well
to yield a 1.25 mg/ml solution.

Transfer 100 pl from tube #6 to 100 pl of distilled H20 in tube #5 and mix well
to yield a 0.625 mg/ml solution.

Transfer 100 pl from tube #5 to 100 pl of distilled H20 in tube #4 and mix well
to yield a 0.313 mg/ml solution.

Transfer 100 ul from tube #4 to 100 pl of distilled H20 in tube #3 and mix well

to yield a 0.155 mg/ml solution.
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vii.  Transfer 100 pl from tube #3 to 100 pl of distilled H2O in tube #2 and mix well
to yield a 0.075 mg/ml solution.
viii. Add only 100 pl of distilled H20 to tube #1 to yield a 0.0 mg/ml solution.
Pipette 5 ul of each BSA standard into triplicate wells of a flat bottom, clear 96-well
plate.
Pipette 5 ul of each cell lysate into duplicate wells of the flat-bottom, clear 96-well
plate.
Add 25 pl per well of the working reagent using an 8-channel 10 to 100 pl pipettor.
Add 200 pl per well of Reagent B, provided in the assay kit, using an 8- channel 30 to
300 pl pipettor, in the same order in which the working reagent was added.
Place plate into microplate reader and mix for 5 sec if the microplate reader has a
mixing function; otherwise, gently agitate the plate by hand to mix the reagents.
After 15 min, read absorbances using the plate reader at 750 nm.
Absorbances are stable for 1 hr.
To calculate protein concentration, subtract the average optical density (OD of the 0.0
mg/ml standard) from the average OD of each BSA standard.
Plot these data and determine the slope and y-intercept of the line.
Subtract the average OD of the 0.0 mg/ml standard from the average OD of each
sample to obtain a corrected OD value.
Calculate the concentration of protein in each sample by subtracting the y-intercept
from each corrected OD value and then dividing by the slope.
. Multiply by the total volume of lysate (300 pl) to obtain the absolute amount of protein
in micrograms for each sample. This value will be used as a normalization factor in

step 26 in Basic Protocol 2.
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6. Add 50/10 pg/ml sterol and 10 pg/ml oxysterol internal standard solutions to each sample

and the extraction blank.

10.

1.

Note that throughout the text, sterol internal standards are annotated 50/10 or
500/100. 50 or 500 refers to the amount of d>-cholesterol and d>-7-DHC and 10 or

100 refers to the amount of 13Cs-lanosterol and 13Cs-desmosterol.

a. For sterols, add 0.5 yg d7-cholesterol and rd 7-DHC and 0.1 pg '3Cs-lanosterol and
13C3-desmosterol per 100 ug protein.
b. For oxysterols, add 0.1 pg oxysterol internal standard per 100 ug protein.
Add 1 ml of aqueous sodium chloride solution to each sample.
Vortex each sample for 30 sec.
Add 4 ml of chilled Folch solution to each sample.
Vortex each sample for 30 sec.

Centrifuge samples for 5 min at 1693 x g, 4°C.

Following centrifugation, the samples should separate into two layers, a lower organic
phase consisting primarily of chloroform and lipids, and an upper aqueous phase con-
sisting of methanol, water, and non-lipid contaminants. Note that a layer of protein
may be visible between these layers, depending on the amount of starting material

(Figure A.2).
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Figure A.2. Representative image of aqueous (top), protein (thin, middle layer) and lipid
(bottom) layers from a cell sample.

12. Recover the lower phase using a pipet pump fitted with a 9-in. glass Pasteur pipet and
transfer to a glass centrifuge tube.

Collect a small amount of air into the pipet. Lower the glass pipet into the lower phase

by gently pushing aside the protein layer. Discharge the air in the pipet to gently

disperse any liquid that may have entered the pipet tip as it passed through the

aqueous phase. Collect the organic phase with the pipet and discharge into a glass

centrifuge tube. This may require two full pipet volumes. Leave a small amount of

organic phase at the bottom of the tube to avoid collecting the protein pellet. 1f part

of the protein pellet or upper phase is collected, re-disperse the sample back into the
tube and repeat steps 10 to 12.

Use of a mechanical pipet pump versus a pipet bulb is recommended here for better

control when removing liquid near the aqueous-pellet-organic interface.
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13.

14.

15.

16.

17.

18.

19.

To dry samples in the SpeedVac, turn on the Savant™ Refrigerated Vapor Trap and allow
to cool for 1 hr until the ready indicator light turns green.
It is recommended that the Refrigerated Vapor Trap be chilled prior to initiating the
extraction.
Uncap samples and place in the Savant™ SpeedVac™ High Capacity Concentrator,
ensuring that the samples in the centrifuge are balanced.
Next, turn on the Deep Vacuum Oil Pump and adjust gas ballast control knob to position
ng
Adjustment of the gas ballast allows any volatile organic solvent that has not be
collected in the cold trap to escape the vacuum pump. This will prolong the life of the oil
in the vacuum pump.
Finally, close the lid on the Savant™ SpeedVaclM High Capacity Concentrator, tum the
Concentrator switch to "On," and set the Drying Rate switch to "Low."
Drying should take approximately 2 hr.
Once dry, reconstitute extracts by adding 300 ul methylene chloride, capping samples,
and vortexing for 3 sec.
Given the small volume of the reconstituted extract, it may be beneficial to
microcentrifuge the samples briefly to collect any liquid that is on the wall of the tube.
Transfer reconstituted extracts to a labeled screw top vial, cap, and store at - 80°C until

UHPLC-MS/MS analysis.

Extraction of lipids from biological tissues

20.

21.

Remove tissues from - 80°C and place on ice.
If tissues are not already in a 10-ml glass tube, it needs to be transferred to one
at this point. Otherwise proceed to step 21.

Record the weight of each tissue.
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22.

23.

24.

25.

26.

27.

28.

20.

Ideally, 10 to 100 mg of tissue yield is sufficient for assessing changes in sterol
homeostasis. Analysis of tissues larger than 100 mg may require additional dilution
of the lipid extract prior to UHPLC-MS/MS analysis. Analysis of tissues less than 10

mg may result in low peak areas for less abundant analytes.

Add 500/100 pg/ml sterol and 100 ug/ml oxysterol internal standard solution separately
to each sample.

a. For sterols, add 5 pg d7-cholesterol and d7-7-dehydrocholesterol

and 1 pg 13Cs- lanosterol and 3Cs-desmosterol per 100 mg tissue.

b. For oxysterols, add 1 pg oxysterol internal standard per 100 mg tissue.
Add 4 ml of chilled Folch solution to each sample.
Vortex each sample for 30 sec.
Rinse the probe of the tissue homogenizer in a separate fresh, chilled Folch
solution.

Homogenize each tissue sample thoroughly.

Continue to rinse the blade with fresh, chilled Folch solution in between

samples to prevent cross contamination.

Add 1 ml of aqueous 0.9% sodium chloride solution to each sample.
Follow steps 8 to 17, above, except for step 14. Tissue samples below 100
mg should be reconstituted in 300 ul methylene chloride and samples at
or above 100 mg should be reconstituted in 1 ml methylene chloride.
Transfer reconstituted extracts to a labeled screw top vial, cap, and

store at - 80°C until UHPLC-MS/MS analysis.
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A.3. Basic Protocol 2: UHPLC-MS/MS Analysis of Cholesterol Homeostasis

This section describes the analysis of sterols or cholesterol-derived
oxysterols in the lipid extracts using UHPLC-MS/MS. It should be noted that the
concentration of endogenous oxysterols in biological samples is typically much
lower (1/100 or less) than that of sterols. Thus, separate sample preparation and
UHPLC-MS/MS analyses are conducted for sterols and oxysterols. In this protocol,
lipid extracts, prepared in Basic Protocol 1, are dried and reconstituted in mobile
phase, and then a 10-pl aliquot is injected into the UHPLC-MS/MS system.
Reversed-phase chromatography is used to elute the sample through a C18
column with an isocratic 90% methanol mobile phase, separating the oxysterols
and sterols. Selective reaction monitoring is then employed to monitor the
dehydration process of the ion [M+H]+ or [M+ H-H20] + (Finno et al., 2016;
Fliesler et al., 2018). The total time for analysis is 15 min per run for sterols and
oxysterols, with oxysterols eluting between 0.5 and 6.0 min and sterols eluting
between 6 and 12.5 min. Subsequent quantitation is based on relative response
factors (RRFs) obtained from the standard sample, which is prepared with a mix
of standard sterols, oxysterols, and corresponding isotopically labeled internal
standards. Using the RRF for each sterol or oxysterol analyte allows the calculation
of each endogenous sterol and oxysterol con- centration based on the peak area
ratio and internal standard concentration in the sample. Finally, statistical analyses
are used to determine significant changes in sterol and/or cholesterol-derived

oxysterol levels, which indicate changes in cholesterol homeostasis.
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Materials

50/10 pg/ml sterol internal standard (see recipe) 10 pg/ml sterol standard
(see recipe)

Argon source
Reconstituted extract (from Basic Protocol 1, step 12)

Mobile phase: 90% methanol with 0.1% formic acid (see recipe) 10 pug/ml
oxysterol internal standard (see recipe)

10 pg/ml oxysterol standard (see recipe) Methanol (LC-MS grade)

Autosampler vials: glass crimp/snap top vials (11 mm) with fused 500-pl
insert (Thermo Scientific, C40001-LV1)

Reacti-Vap™ Evaporator (Thermo Scientific) with argon gas supply

Pre-slit snap caps with PTFE lining for 11-mm glass vials (Thermo Scientific,
C4011-55)

C18 column (Kinetex®, 100 mm x 2.1 mm, 1.7 uym particle diameter;
Phenomenex)

Triple-quadrupole mass spectrometer equipped with an atmospheric-
pressure chemical ionization source (Sciex QTRAP® 6500™ system)

ACQUITY UPLC® liquid chromatography system with binary solvent,
sample, and column manager (Waters®)

Computer interface for mass spectrometer with Windows operating system
Analyst® 5.1 instrument control and data processing software (2013 SCIEX

Analyst® 5.1, version 1.6.2)

Waters® ACQUITY Console instrument component software (2013
Waters®, version 1.60)

Microsoft® Excel® (Microsoft Corp.)

Sample preparation for sterols

1. Onday of analysis, prepare standard sample by adding 2 pleach of the 50/10 pg/ml

sterol internal standard and 10 pg/ml sterol standard to an autosampler vial.

2. Wash needles of Reacti-Vap™ Evaporator with methanol, let air-dry for 1 min.

3. Drystandard sample undera gentle flow of argon using the Reacti-Vap™ Evaporator

and reconstitute in 100 pl mobile phase.
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6.

This yields a standard sample containing 1 ug/ml of d--7-DHC and d7-
cholesterol, 0.2 ug/ml each of 13Cs-desmosterol and 13Cs-lanosterol, and 0.2
ug/ mi all sterol standards. These amounts are similar to the amount of internal
standard used in the samples. This is important as quantitation relies on single

point calibration.

Cap with pre-slit snap cap and vortex 3 sec.

For each sample, prepare a 10 x dilution of reconstituted extract (from Basic
Protocol 1, step 18 or 28) by transferring 10 ul to a glass autosampler vial, drying

under argon, and reconstituting in 100 pyl mobile phase.

Further dilution or concentration of samples may be needed based on

instrument sensitivity and nature of the sample.

Cap with pre-slit snap cap and vortex each sample 3 sec.

Sample preparation for oxysterols

10.

On day of analysis, prepare standard sample by adding 2 pl each of the 10 pg/ml

oxysterol internal standard and 10 ug/ml oxysterol standard to an autosampler vial.

Wash needles of Reacti-Vap™ Evaporator with methanol, and let air-dry.

Dry under argon using the Reacti-Vap™ Evaporator and reconstitute in 100 pl mobile

phase.

This yields a standard sample containing 0.2 uglml of oxysterol standards and
internal standard, which is similar to the amount of internal standard used in

the samples. This is important as quantitation relies on single point calibration.

Cap with pre-slit snap cap and vortex 3 sec.
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11.Prepare a 1:1 dilution of the reconstituted extract from Basic Protocol 1, step 18 or

28, by transferring 40 pl to a glass autosampler vial, drying under argon using a Reacti-
Vap™ Evaporator (washing needles with methanol and allowing to air-dry prior to use),
and reconstituting in 40 ul mobile phase.

Further dilution or concentration of samples may be needed

based on instrument sensitivity and nature of the sample.

A minimum volume of 40 ul is needed in the autosampler vial to

provide adequate depth for the inject ion needle to draw sample.

12. Cap with pre-slit snap cap and vortex each sample 3 sec.

Analysis of sterols and oxysterols using UHPLC-MS/MS

This protocol is designed for the following instrumentation: Sciex QTRAP®
6500™ system with an atmospheric-pressure chemical ionization source and
the ACQUITY UPLC® liquid chromatography system, which consists of a binary
solvent manager, sample manager, and column manager. The instrumentation
is controlled by the Analyst® software and the ACQUITY UPLC® Console

instrument component software.

13. Build an acquisition method in the instrumentation software following the parameters
outlined in Table A.1, including the mass transitions outlined for sterols, oxysterols,

and corresponding internal standards in Tables A.2 and A.3.

As noted previously, one acquisition method may be used for both sterols
and oxysterols, but often the amount of oxysterols is much lower than
sterols in biological samples. Therefore, two separate acquisition methods
are recommended, as the samples will need to be prepared at much higher
concentrations for oxysterols than for sterols. Steps 14 to 19, below,

describe a general protocol for either type of analysis.
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14. Equilibrate column and mass spectrometer to the parameters outlined in Table

A.l1.

Table A.1. UHPLC-MS/MS parameters.

UHPLC Conditions

Column Kinetex® C18, 100 mm x 2.1 mm, 1.7um particle diameter
Injection volume 10 pL

Flow rate 0.4 mL/min

Mobile phase 90% methanol with 0.1% formic acid
MS/MS Conditions

Declustering potential 80V

Entrance potential 10V

Collision energy 25V

Collision cell exit potential | 20V

APCI Conditions

Nebulizer current 3 mA

Temperature 300°C

Curtain gas 20 psi

Ion source gas 55 psi

Table A.2. Sterols and internal standards transitions and retention times.

Analyte Name Q‘ia:lr:}':;le Quaz:lr:}it;le 3 T?;t:?ﬂ?:) Peak ID
7-Dehydrodesmosterol 365.3 365.3 5.88 A
Zymosterol 367.3 367.3 6.84 B
Desmosterol 367.3 367.3 7.32 C
13C3-Desmosterol 370.3 370.3 7.30 D
8-Dehydrocholesterol 367.3 367.3 7.81 E
dz-7-Dehydrocholesterol 374.3 374.3 7.93 F
7-Dehydrocholesterol 367.3 367.3 8.02 G
Lathosterol 369.3 369.3 9.57 H
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Analyte Name Q"ia(dl::}';()’le Qua(dl:.}zc)ﬂe 3 T?;t:r(';:?:) Peak ID
d7-Cholesterol 376.3 376.3 9.96 I
Cholesterol 369.3 369.3 10.09 J
13Cs-Lanosterol 412.3 412.3 11.53 K
Lanosterol 409.3 409.3 11.54 L

Table A.3. Oxysterols and internal standards transitions and retention times.

Analyte Name Q"ia(dl::}';()’le Qua(dl:.}zc)ﬂe 3 T?;t:r(';:?:) Peak ID
7B,27-dihydroxycholesterol 401.3 383.3 0.93 M
nydroxycholesterol 417.3 399.3 0.97 "
24-hydroxycholesterol* 385.3 367.3 1.69 0
25-hydroxycholesterol* 385.3 367.3 1.69 )
24-ketocholesterol 383.3 365.3 1.84 P
24(S),25-epoxycholesterol 383.3 365.3 1.97 Q
7B-hydroxycholesterol 385.3 367.3 2.85 R
dz-7-ketocholesterol 408.3 390.3 3.12 S
7-ketocholesterol 401.3 383.3 3.17 T
4B-hydroxycholesterol 385.3 367.3 5.60 U

15.0nce equilibrated, inject a blank sample to verify the column is in good condition

and the instrument is running properly.

16.Inject the extraction blank, which contains internal standard, and evaluate for
unwanted analyte that may have been introduced in the extraction process or from

the internal standard.

In the case that analyte has been introduced into the extraction blank, see
step 24, below.
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17.Inject 10 pul of the standard sample and check that the chromatograms appear
similar to those shown in Figures A.3 and A.4.
See Troubleshooting for guidance if unexpected changes in peak intensity

or retention time occur.
18. Build the sample batch so that biological samples are randomized and there is an

injection of the standard sample at the beginning, middle, and end of the run.

19. Submit the sample batch to the run queue.

100% B 365.3 / 365.3
il 1 B 367.3/ 367.3
I I 369.3 / 369.3
I B 370.3/ 3703
! l I 374.3/374.3
[ I 376.3/ 376.3
f ! 409.3/409.3
[ | 12374123

100% E G L

Relative Signal Intensity
>o

T T T T T T T T 1
100 105 11.0 1.5 120 125 13.0 135 14.0

1
9.5
Retention Time

Figure A.3. LC-MS chromatogram of the sterol standard sample, including the internal
standards 3Cs-desmosterol, d7-7-DHC, ds-cholesterol, and *3Cs-lanosterol (top panel) and all
sterol standards (bottom panel). Mass transitions are denoted in color legend.
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Figure A.4. LC-MS chromatogram of the oxysterol standard sample, including the internal
standard dz-7-ketocholesterol (peak S) and all oxysterol standards. Mass transitions are
denoted in color legend.

Quantitation of sterols and oxysterols

20. Within the Analyst® software, set up the quantitation method to allow for automated

peak integration.
a. In quantitation mode, select a standard sample as the representative
sample to use.

b. In the internal standards table, enter each internal standard along with its

mass transition.

c. For each analyte listed in the table, select the internal standard that will be
used to calculate the area ratio for that specific analyte.
d. Select the integration tab and ensure that the correct peak is selected for
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each analyte and internal standard. Adjust the retention time if needed.

21.Using the quantitation method, conduct automated peak integration.

a.

Integrate the peaks of each analyte and internal standard for all extraction
blanks, samples, and standard samples injected.

Review individual peaks for proper integration and consistency of peak shape,
retention time, and area.

Calculate the peak area ratio of the analyte to internal standard.

Note that isotopically labeled internal standards are not available for all
analytes. To overcome this problem, an alternative with similar chemical
composition to that of the analyte can be substituted. For calculating the peak
area ratio of zymosterol, 7-DHC, and 8-DHC, use d»-DHC; for 7-
dehydrodesmosterol (7-DHD) and desmosterol, use 13Cs -desmosterol; for
cholesterol, use dr-cholesterol; and for lanosterol and lathosterol, use 3Cs-
lanosterol. Use dr-ketocholesterol for all cholesterol-derived oxysterols.
However, users can add additional internal standards if they are available, such
as des-24(S),25-epoxycholesterol, dr-24-hydroxycholesterol, and d7-43-

hydroxycholesterol.

22.Using an Excel® spreadsheet, generate the relative response factor (RRF) of each

analyte from each injection of the standard sample.

a.

Calculate the response factor (RF) for each sterol and oxysterol by dividing the
standard analyte peak area by its concentration in the standard sample.
Calculate the RF of each internal standard in the standard sample by dividing
the internal standard peak area by its concentration in the standard sample.
Calculate the RRFby dividing the RFof the analyte by the RF of its corresponding

internal standard.
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As noted previously, this quantitation method relies on single-point calibration.
For best results, the standard and internal standard concentrations should be
in the range of the estimated concentration in the sample. This may require

additional fine tuning to get the correct levels.

23. Average the RRFs calculated from each injection of the standard sample and use this
number to account for any instrumental drift.

24. Calculate the concentration of each endogenous sterol and oxysterol in the sample,
as well as the extraction blank, by multiplying the peak area ratio by the internal

standard concentration in the sample and then dividing by the average RRF.

If quantifiable levels of any analyte were introduced in the extraction blank,
subtract that amount from each sample, to correct for analyte that did not

originate from the cell or tissue.

25.The absolute amount of each endogenous sterol and oxysterol can by calculated by
multiplying the concentration by the dilution factor and volume of mobile phase used
to reconstitute extract.

26.The absolute amount of sterol or oxysterol should then be normalized to the amount
of protein or tissue used in the extraction, as differences in protein content or tissue
weight could yield different sterol or oxysterol levels. Alternatively, normalization of
sterol precursors and/or oxysterols to cholesterol content can also be used to assess

relative changes in cholesterol synthesis and/or metabolism.

Statistical analyses

These data are amenable to a variety of statistical analyses to determine significant
differences in sterol and oxysterol levels between treatment groups. Student's t-test to

compare two means, or analysis of variance (ANOVA) for more than two means, are two
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commonly used analyses to determine if xenobiotic treatment alters sterol or oxysterol levels.
Regression analyses could also be useful for determining a dose-response relationship

between doses of xenobiotic and resulting sterol or oxysterol levels.

A.4. Reagents and Solutions

Folch solution (chloroform:methanol = 2:1, with 1 mM BHT and 1 mM PPh3)

Weigh out 0.131 g of PPh3 (triphenylphosphine, Sigma-Aldrich, 93092) and 0.11 g of
BHT (2,6-di-tert-butyl-4-methyl-phenol, Sigma-Aldrich, B1378). Measure 167 ml
methanol (LC-MS grade) in a graduated cylinder and add to 500-ml volumetric flask.
Transfer PPh3 and BHT to the volumetric flask containing methanol. Fill the volumetric
flask to 500 ml with chlorofom1 (LC-MS grade). Transfer solution to glass storage

bottle. Make fresh and chill prior to extraction.

This recipe makes enough for approximately 125 samples.

Mobile phase: 90% methanol with 0.1% formic acid

Measure out 100 ml of water (LC-MS grade) using a graduated cylinder and add to I-
liter volumetric flask. Fill the volumetric flask half-way with methanol. Add 1 ml formic
acid (LC-MS grade) to volumetric flask with 1000-pl pipet. Adjust volume to 1 liter

with methanol. Prepare the mobile phase fresh prior to each analysis.

Oxysterol internal standard, 10 ug/ml

Prepare a 10x dilution of the 100 ug/ml oxysterol internal standard (see recipe) in a

new screw-cap vial. Store at - 80°C up to 6 months.

Oxysterol internal standard, 100 ug/ml

Prepare 100 pg/ml dr 7-ketocholesterol (Avanti Polar Lipids, Inc., 700046P) in benzene

(LC-MS grade). Prepare a stock solution by dissolving 1 mg d7-7- ketocholesterol in 1
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ml benzene in a screw-cap vial. Transfer 100 pl of the 1 mg/ml mixture to a new
screw-cap vial and dry under argon using the Reacti-Vap™ Evap- orator. Reconstitute

in 1 ml benzene. Store at - 80°C up to 6 months.

Oxysterol standard, 10 ug/ml

Dissolve 1 mg of each oxysterol (listed below) in 1 ml of benzene (LC-MS grade).
Prepare a 10x dilution of each oxysterol standard to yield a 100 ug/ml stock solution
of each in benzene. Add 100 pl of each oxysterol standard from 100 ug/ml stock to
the same screw-cap vial. Add 200 pl of benzene to yield a 10 ug/ml oxysterol standard

solution. Cap and store at -80°C up to 6 months.

e 7 ,27-dihydroxycholesterol(Avanti Polar Lipids, Inc., 700025P)

e 7-keto-27-hydroxycholesterol (Avanti Polar Lipids, Inc., 700033P)
e 24-hydroxycholesterol (Avanti Polar Lipids, Inc., 700061P)

e 25-hydroxycholesterol (Avanti Polar Lipids, Inc., 700019P)

e 24-ketocholesterol (Steraloids, Inc., C7030-000)

e 24(S),25-epoxycholesterol (Avanti Polar Lipids, Inc., 700039P)

e 4 -hydroxycholesterol (Avanti Polar Lipids, Inc., 700036P)

e 7 -hydroxycholesterol (Avanti Polar Lipids, Inc., 700035P)

e 7-ketocholesterol (Avanti Polar Lipids, Inc., 700015P)

Phosphate-buffered saline (PBS), Ix

Measure out 100 ml of 10x PBS buffer, pH 7.4 (ThermoFisher Scientific, AM9625) using
a graduated cylinder and add to a I-liter glass storage bottle. Measure out 900 ml of
deionized water and add to the 100 ml of 10x PBS in the glass storage bottle. Chill

prior to use.
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Sterol internal standard, 50/10 ug/ml

Prepare a 10x dilution of the 500/100 pg/ml sterol internal standard (see recipe) in a

new screw-cap vial. Store at - 80°C up to 6 months.

Sterol internal standard, 500/100 ug/ml

Prepare a solution containing 500 pg/ml drcholesterol (Avanti Polar Lipids, Inc.,
700041) and dr-7-DHC (Avanti Polar Lipids, Inc., 700116P) and 100 pg/ml 13Cs-
lanosterol (Kerafast®, EVU135) and 3Cs-desmosterol (Kerafast®, EVU127). Pre- pare
a stock solution of each internal standard by dissolving solids in benzene. Aliquot an
amount of each internal standard into the same screw-cap vial, depending on starting
stock concentration, to achieve the desired final concentration. Dry this mixture under
argon using the Reacti-Vap™ Evaporator and reconstitute in benzene (LC-MS grade)
to achieve the desired final concentration of each sterol internal standard. Store at -

80°C up to 6 months.

Sterol standard, 10 uglml

Dissolve 1 mg of each sterol (listed below) in 1 ml of benzene (LC-MS grade). Prepare
a 10x dilution of each sterol standard to yield a 100 pg/ml stock solution in benzene.
Add 100 pl of each sterol standard to the same screw-cap vial. Add 200 pul of benzene

to yield a 10 pg/ml sterol standard solution. Cap and store at - 80°C up to 6 months.

e 7-dehydrodesmosterol (Avanti Polar Lipids, Inc., 700138P)
e Zymosterol (Avanti Polar Lipids, Inc., 700068P)

e Desmosterol (Avanti Polar Lipids, Inc., 700060P)

e 8-dehyrocholesterol (Avanti Polar Lipids, Inc., 700075P)

e 7-dehydrocholesterol (Avanti Polar Lipids, Inc., 700066P)

e Lathosterol (Avanti Polar Lipids, Inc., 700069P)
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¢ Cholesterol (Sigma-Aldrich®, C8667)

e Lanosterol (Avanti Polar Lipids, Inc., 700063P)

Sodium chloride, aqueous solution (0.9% w/v)

Weigh out 0.900 g of sodium chloride (certified ACS crystalline) and transfer to a 100-
ml volumetric flask. Adjust volume to 100 ml with water (LC-MS grade). Transfer to

glass storage bottle. Store at room temperature up to 1 month.

A.5. Commentary

Background information

Mass spectrometry is the modern technol- ogy for sterol and oxysterol analysis,
including both gas chromatography-mass spectrometry (GC-MS) and LC-MS, as well as
matrix- assisted laser desorption/ionization (MALDI)- MS for imaging studies (Griffiths et al.,
2017). Conventionally, sterols are analyzed by GC or GC-MS after derivatization, which is still
often used, but LC-MS has become the technique of choice over the past decade (Gerst, Ruan,
Pang, Wilson, and Schroepfer, 1997). In LC-MS analysis, sterols and oxys- terols can be
analyzed either underivatized or with derivatization to facilitate ionization (Griffiths and Wang,

2009; Honda et al., 2008; McDonald, Thompson, McCrum, and Russell, 2007).

In the current procedure, UHPLC-MS/MS withAPCI is used to quantify the major sterols
in the cholesterol biosynthetic pathway as well as the cholesterol-derived oxysterols without
chemical derivatization (Finno et al., 2016; Fliesler etal., 2018; Herron etal., 2016). APCI is
advantageous over GC-MS and LC-MS paired with electrospray ionization (LC- ESI-MS/MS),
as sterols and oxysterols are nonvolatile and poorly ionizable. The use of APCI circumvents
the need to derivatize sam- ples while still affording sufficient sensitivity. The elimination of
derivatization procedures can reduce undesired ex vivo autoxidation of cholesterol and its

precursors, which could interfere with the analysis of endogenous oxysterols (Lamberson et
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al., 2017; Xu and Porter, 2015; Yin et al., 2011). Additionally, the UHPLC-MS/MS method in
the current method has a run time of 15 min for each sample, which is quite efficient compared

to previously published methods (McDonald et al., 2007).

A.6. Critical Parameters and Troubleshooting

Autoxidation of cholesterol and its precursors

Cholesterol and cholesterol precursors are highly vulnerable to autoxidation, where
oxysterols can be formed from sterols in air (Lamberson et al., 2017) (Xu and Porter, 2015;
Yin et al., 2011). Artifactual formation of cholesterol-derived oxysterols during freezing and
thawing of samples or during extraction could hamper accurate measurements. It is
im-portant to use only freshly collected or flash- frozen samples to prevent oxidation prior to
homogenization in the Folch solution. In addition, antioxidants, such as BHT and PPh3, are

added to the Folch solution to prevent undesired autoxidation.

UHPLC maintenance and troubleshooting

The UHPLC system, including tubing, column, injection port, and needle, can become
clogged by dirty samples, precipitated salts, solvents, and even autosampler caps. There-
fore, it is important to use only high-quality, HPLC-grade solvents and pre-slit autosampler
caps, and to filter samples using a syringe filter prior to UHPLC-MS/MS analysis if extracts
look cloudy or contain particulates. System pressure can also be an indicator of alterations in
the column, mobile phase, flow rate, and temperature. It is important to record system
pressure to establish a pressure reference point. If changes in pressure occur, longer column
equilibration might help in stabilizing the pressure to the reference point. The mobile phase
composition may change over time, so one should make it fresh prior to sample anal- ysis. If
pressure problem persists, consider replacing the column, as it has a finite lifetime.

Additionally, altered retention times most often indicate poor equilibration of the system and
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mobile phase, as well as column contamination and flow rate. Overloading the sample or
improper column equilibration might also yield distorted peak shapes that could result in
inaccurate quantitation. Finally, random baseline noise spikes and disrupted flow rates might
indicate gas bubbles in the UHPLC pumps, which would require mobile phase degassing or
replacement of pump seals. Further information on these issues and how to avoid them can

be found in the manufacturer’s user guide.

Mass spectrometer maintenance

The mass spectrometer should be properly and routinely maintained for optimal
performance. Loss of sensitivity, increased background noise, and additional peaks not part
of the sample could be observed in the absence of proper and timely instrument maintenance,
indicative of system contamination. To avoid these issues as well as damage to the mass

spectrometer, follow the manufacturer's guidance on maintenance tasks and schedule.

A.7. Anticipated Results

A chromatogram for each sterol and oxysterol standard sample, each containing a
mixture of sterols and oxysterols and corresponding internal standards, is shown in Figures
A.3 and A.4. With this method, oxysterols are eluted through the column between 1 and 5

min and sterols are eluted through the column between 5 and 14 min.

The utility of this protocol is demonstrated in Table A.4. In this case, we investigated
the effect of a known cholesterol biosynthesis inhibitor, AY9944, on cholesterol homeostasis
in neurospheres, which are a three-dimensional in vitro model used for developmental
neurotoxicity testing. We hypothesized that AY9944, which inhibits cholesterol biosynthesis
at the step of DHCR7, would lead to an accumulation of sterol precursors and a decrease in
cholesterol and cholesterol-derived oxysterols in treated neurospheres. Following a 72-hr

treatment with AY9944 or vehicle control, neurospheres were collected into a cell pellet and
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a protein mass assay was used to determine sample protein content. Lipid extraction and
UHPLC-MS/MS analysis for sterols and oxysterols was conducted. The endogenous sterol and
oxysterol content was then normalized to the protein content for each sample. The Student's
t-test assuming unequal variance was used to determine statistically significant differences in
sterol and oxysterol levels, using the significance value of p<0.05. The results of this
experiment show that AY9944 is a potent inhibitor of cholesterol biosynthesis in neurospheres.
This is indicated by the significant accumulation of the cholesterol precursors 7-DHC and 7-
DHD, which rely on DHCR7 to be converted to cholesterol and desmosterol, respectively.
Further alteration of cholesterol homeostasis was observed in the almost 5-fold decrease in
24(S), 25-epoxycholesterol and 7-fold decrease in 24/25-hyclroxycholesterol, two of the main
cholesterol-derived oxysterols. Significant decreases in these cholesterol-derived oxysterols
provide further evidence that cholesterol biosynthesis is downregulated in the AY9944 treated

samples.

Table A.4. Treatment of neurospheres with AY9944 induced significant changes in levels of

sterols and cholesterol-derived oxysterols.

Sterols Control AY9944 Units
Cholesterol 15.01 £ 4.39 282 +£1.3* pg/mg
7-DHC 0.14 + 0.05 11 £ 3.02 * ng/mg
Desmosterol 6.4£1.2 0.19 £ 0.15 ** Hg/mg
7-DHD 0.81 £ 0.39 10.52 + 2,57 ** ng/mg
Lanosterol 0.38 £ 0.13 0.25 £ 0.05 pg/mg
8-DHC 0.36 = 0.02 2.52 £ 0.19 ng/mg
Zymosterol 1.01 £ 0.39 1.23 £ 0.41 ng/mg
Lathosterol 0.65 = 0.60 0.43 + 0.48 ug/mg
Cholesterol-derived
Oxysterols
24(S),25-epoxycholesterol 352.04 + 176.27 76.03 £ 54.61 * ng/mg
24-ketocholesterol 22.3 £ 7.68 3831 £2.7 * ng/mg
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7-hydroxycholesterol 2.17 £ 0.52 5,55+ 1.41 * ng/mg

24/25-hydroxycholesterol 9.25 £ 2.45 1.32 £ 1,75 ** ng/mg

7-ketocholesterol 13.67 £ 8.32 10.81 £ 5.27 ng/mg

* denotes p<0.05; ** denotes p<0.005; t-test assuming unequal variances was used.

A.8. Time Considerations

For approximately 20 cell samples, the protein assay takes 2 hr to complete. The lipid
extraction for 20 cell samples takes approximately 5 hr, including drying in the Speed- Vac,
reconstituting in methylene chloride, and transferring to a screw-top storage vial. For sterols
and oxysterols separately, UHPLC- MS/MS analysis takes approximately 16 min per sample
for a total run time of approximately 6 hr for injections of 20 cell samples, 3 standard samples
(at minimum), and 1 ex- traction blank. For the same number of tissue samples, the lipid

extraction and UHPLC- MS/MS analyses take approximately same amount of time.
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Supporting Information for Chapter 2

A 7-Dehydrodesmosterol
3- %k %
3 o .
§ 2
[
% 14 ¥k k
5 | /
S 0.254
T
e
2
E *
o'm ? T  § * Ll Q
R S N
& c}?o" oY &Qf‘ Qd‘ &&‘
L .
o & & & »&4\
v & F o
< F &
X &
7-Dehydrodesmosterol 7-Dehydrocholesterol
0.06
° o
3 ]
2 2
0.044
2 2
Q Q
S S
] 2  0.024
(] o
£ k-
] ]
14 o
0.00-
<
8-Dehydrocholesterol
0.025- I,
°
2 0.0204
[l
@
2 o015
Q
2 00101
e
2 0005
14
0.000-

Figure S.1. (A) Effect of different compounds similar to AY9944 on cholesterol biosynthesis
in Neuro2a cells on the levels of 7-dehydrodesmosterol (7-DHD) after 48 hrs of treatment.
(B) Effect of different concentrations of BACs on 7-DHC, 7-DHD and 8-DHC in Neuro2a cells
after 48 hrs of treatment.
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Figure S.2. Cytotoxicity of individual BACs on Neuro2a cells after 24 hrs of treatment.
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Table S.1. Altered lipids in neonatal brains exposed in utero to BAC C12 or BAC C16.

Supporting Information for Chapter 3
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Time
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5534 + 863

Fold Changea’b

BAC C12
0.8 *
0.8
0.8
0.6 **
0.7 *x*
0.7 *
0.6 ***
0.9
0.5 *
0.5 *
0.4 *
0.5 *
0.4 **
0.5 *
1.2
1.0
1.0
0.9
1.0
1.1
1.1
1.0
1.0

0.9

0.9

0.9

0.9

0.9

0.9

BAC C16
0.9
0.9
0.9
0.8
0.8
0.8
0.8
0.8
0.5
0.6
0.4
0.6
0.5
0.6
0.8
0.8 *
0.7 *

0.8 **
0.8 *
0.8
0.7 *
0.8 *
0.8 *

0.8 **
0.7 **
0.6 *
0.6 **
0.7 *
0.8 **
0.7 *
0.6 **

0.7 **
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HexCer

(d18:1/18:0) 710.594 0.7 2.6 8699 + 1622 0.9 0.6 *
PI 0-40:2 927.630 3.6 17.6 84 + 16 0.7 * 0.9

PI 40:9 887.507 3.9 17.6 217 £ 44 0.7 0.6 **
PE p34:2 722.510 5.1 7.6 3560 + 360 0.8 0.9
SM(d18:1/18:1) 729.591 7.1 6.9 1216 + 234 0.8 1.2

°Fold-change relative to control.
"Student’s t-test against control with Bonferroni correction for multiple comparisons; * P
<0.025, ** P <0.0025, ** P <0.00025.
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Table S.2. Top 5 significantly altered canonical pathways of DEGs in BAC C12 and BAC C16

exposed neonatal brains.

Comparison IPA Canonical

- log (P-

Groups Pathway value) Molecules
Superpathway of 203 HMGCS2, SQLE, DHCR24, IDI1,
Cholesterol Biosynthesis ' HMGCR, HSD17B7, CYP51A1, MSMO1
GC, ITIH4, MMP9, HMGCR, LDLR,
LXR/RXR Activation 6.49 NGFR, SCD, APOA2, SERPINA1, APOA1,
CYP51A1, HPX, TTR, ALB
FGFR1, LDLR, HP, COL6A3, CAMK4,
BAC C12 vs S
TR/RXR Activation 5.10 TRH, SLC2A1, ENO1, NCOA2, SLC16A3,
Control
KLF9
Glutamate Receptor HOMER1, GNB3, GRIA2,
Sianalin P 4.60 CAMK4,SLC1A2, GRIN2C, GRIN2B,
gnaiing GRM3
Acute Phase Response ITIH4, JAK2, SERPINA3, FN1, HP,
Sianalin 3.95 NGFR, APOA2, SERPINA1, APOA1, HPX,
gnaiing RBP3, TTR, ALB
RPL21, RPS24, RPL37A, RPL26, RPS13,
EIF2 Signaling 9.37 RPL9, ATF4, EIF3E, RPL22L1, RPS27A,
RPL36A, RPS21, RPL10
Superpathway of 6.37 HMGCS2, SQLE, DHCR24, HSD17B7,
Cholesterol Biosynthesis : MSMO1
BAC C16 vs - LDLR, MMP9, APOA2, APOA1, AHSG,
Control LXR/RXR Activation 5.30 TTR, ALB
Glutamate Receptor 3.55 SLC17A7, GRIA2, GRIN2B, GRM3
Signaling
Acute Phase Response 3.35 APOA2, APOA1, SERPINA3, AHSG, TTR,

Signaling

ALB
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Table S.3. Transcriptional regulators and endogenous factors predicted as upstream
regulators with the Ingenuity Pathway Analysis in BAC C12 exposed neonatal brains.

Upstream Predicted Activation z- p-value of
Regulator Molecule Type Activation State score overlap
ATP7B transporter Activated 2.50 1.10E-12
SCAP other Activated 2.86 2.02E-12
HTT transcription regulator Inhibited -2.16 1.67E-09
beta-estradiol endogenous chemical Inhibited -2.30 3.17E-09
TGFB1 growth factor Inhibited -2.57 5.52E-08
SREBF2 transcription regulator 1.66 6.80E-08
SREBF1 transcription regulator 1.05 1.91E-07
T3-TR-RXR complex -1.19 2.02E-07
FGF2 growth factor Inhibited -2.22 2.29E-07
SP1 transcription regulator -1.69 3.00E-07
EGF growth factor Inhibited -2.50 3.55E-07
INSIG1 other Inhibited -2.29 3.60E-07
D-glucose endogenous chemical -0.86 8.55E-07
MED13 transcription regulator -0.45 1.37E-06
HIF1A transcription regulator -1.97 1.45E-06
BDNF growth factor 1.42 1.88E-06
ERBB2 kinase 0.01 4.62E-06
PPARG ligand-dependent nuclear 1.84 6.30E-06

receptor

APP other -0.78 6.38E-06
oleic acid endogenous chemical -0.61 7.76E-06
Vegf group -0.20 8.19E-06
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Table S.4. Transcriptional regulators and endogenous factors predicted as upstream
regulators with the Ingenuity Pathway Analysis in BAC C16 exposed neonatal brains.

Upstream Molecule Type ::te:’::tt;?‘ Activation z- P-value of
Regulator State score overlap
RICTOR other Activated 3.61 3.94E-09
L-triiodothyronine endogenous chemical -0.62 2.19E-07
SCAP other Activated 2.23 4.37E-07
dihydrotestosterone endogenous chemical 0.97 5.81E-07
MYCN transcription regulator Inhibited -2.35 6.55E-07
ATP7B transporter Activated 2.24 2.72E-06
SREBF1 transcription regulator 1.21 1.44E-05
IGF1R transmembrane receptor -1.39 2.27E-05
beta-estradiol endogenous chemical -1.01 2.56E-05
INSIG1 other -1.67 2.60E-05
SREBF2 transcription regulator 1.29 6.50E-05
FOS transcription regulator -0.13 6.69E-05
SOX4 Transcription regulator -1.20 9.62E-05
ABCA1l transporter -0.64 1.36E-04
ERBB4 kinase 1.46 1.41E-04
FGF2 growth factor -1.45 2.84E-04
fatty acid endogenous chemical -0.56 3.85E-04
BDNF growth factor 1.25 4.43E-04
estrogen receptor group 1.22 4.45E-04
GH1 growth factor 1.22 5.14E-04
Vegf group 0.42 6.54E-04
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Table S.5. Differentially expressed genes involved in sterol and lipid homeostasis in neonatal
brains exposed in utero to BAC C12; adjusted P <0.05. Genes identified as related to sterol
and lipid metabolism using DAVID functional annotation clustering.

Gene ID Description Log2 Adjusted
(FC) P value
AACS acetoacetyl-CoA synthetase 0.42 9.81E-03
ACP6 acid phosphatase 6, lysophosphatidic 0.81 1.81E-02
ACSL4 acyl-CoA synthetase long-chain family member 4 0.51 4.44E-03
ADH1 alcohol dehydrogenase 1 (class I) -1.31 2.97E-02
APOA1 apolipoprotein A-I -1.89 4.44E-03
APOA2 apolipoprotein A-II -2.14 4.44E-03
APOC1 apolipoprotein C-I -1.74 1.81E-02
ART3 ADP-ribosyltransferase 3 -1.53 4.44E-03
CYP51 cytochrome P450, family 51 0.58 3.23E-02
DHCR24 24-dehydrocholesterol reductase 0.54 4.44E-03
ELOVL6 ELOVL family member 6, elongation of long chain fatty acids 0.58 4.44E-03
(yeast)
ENO1 enolase 1, alpha non-neuron -0.36 1.81E-02
ETNK1 ethanolamine kinase 1 0.31 4.11E-02
HMGCR 3-hydroxy-3-methylglutaryl-Coenzyme A reductase 0.57 4.44E-03
HMGCS2 3-hydroxy-3-methylglutaryl-Coenzyme A synthase 2 0.69 4.44E-03
HSD17B7 hydroxysteroid (17-beta) dehydrogenase 7 1.07 4.44E-03
IDI1 isopentenyl-diphosphate delta isomerase 0.91 4.44E-03
INSIG1 insulin induced gene 1 0.41 9.81E-03
KDMS8 lysine (K)-specific demethylase 8 -0.77 4.44E-03
LDHA lactate dehydrogenase A -0.40 4.44E-03
LDLR low density lipoprotein receptor 0.87 4.44E-03
LOXL1 lysyl oxidase-like 1 -0.43 4.53E-02
MSMO1 methylsterol monooxygenase 1 0.66 4.44E-03
MTHFD2 methylenetetrahydrofolate dehydrogenase (NAD+ -0.66 4.44E-03
dependent), methenyltetrahydrofolate cyclohydrolase
ODC1 ornithine decarboxylase, structural 1 -0.81 4.44E-03
PCSK9 proprotein convertase subtilisin/kexin type 9 -0.81 4.44E-03
PLCXD3 phosphatidylinositol-specific phospholipase C, X domain 0.55 4.44E-03
containing 3
PNPLA2 patatin-like phospholipase domain containing 2 -0.52 2.56E-02
PPARA peroxisome proliferator activated receptor alpha -1.46 4.33E-02
PRKAA2 protein kinase, AMP-activated, alpha 2 catalytic subunit 0.40 7.33E-03
PRKAG2 protein kinase, AMP-activated, gamma 2 non-catalytic 0.47 2.36E-02
subunit
SCD1 stearoyl-Coenzyme A desaturase 1 -0.36 1.98E-02
SESN2 sestrin 2 -0.61 4.44E-03
SLC16A1 solute carrier family 16 (monocarboxylic acid transporters), 0.48 4.44E-03
member 1
SQLE squalene epoxidase 0.62 4.44E-03
TPI1 triosephosphate isomerase 1 -0.45 4.44E-03
UQCRQ ubiquinol-cytochrome c reductase, complex III subunit VII -0.53 4.86E-02
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Table S.6. Differentially expressed genes involved in sterol and lipid homeostasis in heonate
brains exposed in utero to BAC C16; adjusted P <0.05. Genes identified as related to sterol
and lipid metabolism using DAVID functional annotation clustering.

Gene ID

AACS
ADH1
APOA1
APOA2
APOC1
ATP5E

ATP5L

CFAP61
DHCR24
HMGCS2
HSD17B7
LDLR
MSMO1
MTHFD2

NDUFA4

oDC1
PGP
POLR1D
SQLE

Description

acetoacetyl-CoA synthetase
alcohol dehydrogenase 1 (class I)
apolipoprotein A-I
apolipoprotein A-II
apolipoprotein C-I
ATP synthase, H+ transporting, mitochondrial F1
complex, epsilon subunit
ATP synthase, H+ transporting, mitochondrial FO
complex, subunit G
cilia and flagella associated protein 61
24-dehydrocholesterol reductase
3-hydroxy-3-methylglutaryl-Coenzyme A synthase 2
hydroxysteroid (17-beta) dehydrogenase 7
low density lipoprotein receptor
methylsterol monoxygenase 1
methylenetetrahydrofolate dehydrogenase (NAD+
dependent), methenyltetrahydrofolate cyclohydrolase
NADH dehydrogenase (ubiquinone) 1 alpha subcomplex,
4
ornithine decarboxylase, structural 1
phosphoglycolate phosphatase
polymerase (RNA) I polypeptide D
squalene epoxidase

Log2
(FC)
0.35
-1.40
-2.10
-2.75
-1.54
-0.35

-0.40

1.95

0.49

0.61

0.71

0.73

0.48
-0.53

-0.32

-0.69
0.42
-0.40
0.45

Adjusted
P value
3.84E-02
2.92E-02
9.98E-03
9.98E-03
3.35E-02
2.38E-02

9.98E-03

2.38E-02
9.98E-03
9.98E-03
9.98E-03
9.98E-03
9.98E-03
9.98E-03

2.92E-02

9.98E-03
2.38E-02
9.98E-03
9.98E-03
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Table S.7. Genes selected for gPCR validation and purchased from ThermoFisher Scientific.

Gene TaqMan™ Assay ID
ACTB MmO00607939_s1
CYP51 MmO00490968_m1
DHCR24 MmO00519071_m1
HMGCR Mm01282499_m1
HMGCS2 MmO00550050_m1
INSIG1 Mm00463389_m1
SCAP Mm01250176_m1
SQLE MmO00436772_m1
SREBF1 MmO00550338_m1

SREBF2 Mm01306292_m1
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Table S.8. Top 10 biological processes altered by BACs.

Supporting Information for Chapter 4

GO Biological
Process

response to stress

phosphate-containing
compound metabolic
process

Phosphorylation
cell death

programmed cell
death

apoptotic process

regulation of
transport

small molecule
metabolic process

chemical homeostasis

MAPK cascade

BAC C12 vs. Control

# DEGs

41

18
15
26

25
21

31

22

21
19

# Total

2214

674
508
1523

1453
1216

2084

1337

1308
1193

-log P-
value

15.84

13.29

13.29
8.29

8.16
7.06
6.67

6.55

5.94

5.37

BAC C16 vs. Control

# DEGs

12

11

# Total

2205

665

499
1508

1446
1201
2066

1331

1301
1178

-log P-
value

6.44

4.84

4.38
4.34

4.65
4.54
4.39

5.28

5.46
12.29
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