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Abstract

Environmental Light and Circadian Disruption Impact Visual, Metabolic, and Developmental
Programming

By Danielle Clarkson-Townsend

Abstract

Circadian disruption, commonly caused by light exposure out of sync with the body’s
internal clock system, is a significant stressor affecting human health. This exposure is relevant
not only for working adults, but also for infants, children, and adolescents. However, little is
known about how circadian disruption at the earliest points of life, including during in utero,
affects development across the life course. Using data from both a human cohort and a mouse
model, this body of work investigated the influence of light and circadian disruption on
developmental programming.

Utilizing both a differential expression analysis and cosinor analysis, we uncovered
seasonal gene expression in full-term human placenta and characterized placental processes
demonstrating season rhythmicity. To examine if shift work, which can lead to circadian
disruption, was related to epigenetic variation in the placenta, we conducted an epigenome-wide
association study (EWAS) of maternal night shift work and placental DNA methylation. The
EWAS revealed differential methylation of genes related to immune system function and
neurodevelopment in the placenta of night shift workers.

To examine the developmental impacts of environmental circadian disruption, we utilized
a mouse model of developmental chronodisruption and measured placental signaling (embryonic
day 15.5) as well as longitudinal visual and metabolic outcomes in adulthood. Embryo count,
fetal sex ratio and placental weight did not differ, but developmental chronodisruption caused
higher expression of immune markers CD11b and Ibal and lower gene expression of Serpinfl,
which encodes a protein that regulates macrophage inflammatory signaling and neuronal
differentiation, in the placenta. Likewise, adult offspring developmentally exposed to
chronodisruption developed impaired visual function and had increased retinal expression of
immune markers.

These findings suggest that circadian disruption can contribute to developmental
programming of adult disease, with the placenta as a potential regulator. Furthermore, our results
suggest that developmental circadian disruption and light environment are relevant exposures for
human health and should be integrated in more studies of environmental public health and
Developmental Origins of Health and Disease (DOHaD) research. These results warrant further
research to characterize the placental clock system and the mechanisms by which circadian
disruption affects placental and fetal development.
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Chapter 1: Introduction



Telling time: the core circadian clock

Light has served as an important stimulus over the course of evolution on Earth, signaling
time of day. From sunrise to sunset, light wavelength and intensity changes. Likewise, in non-
equatorial regions, the photoperiod, or ratio of daily light to dark exposure, changes seasonally.
Organisms developed internal systems to be able to keep track of time by using light as a time
cue. With the ability to track time came the binning of other activities, such as reproduction,
metabolism, growth, and immune activity, around the 24-hour day/night cycle. These temporal
rhythms, termed circadian rhythms if they occur in approximately 24-hour cycles (for
“circa”=about, “diem”=day), are highly conserved across eukaryotic organisms and are even
present in prokaryotic cyanobacteria(Dvornyk et al., 2003).

On a molecular level, circadian rhythms are endogenously produced via cycles of gene
expression generated by oscillating transcription factors. Machinery for the core circadian clock
exists in almost every cell in the body; in a simplified version of the genomic clock, core
mammalian clock genes such as CLOCK, ARNTL (BMAL1), PER, and CRY heterodimerize and
bind to E-boxes in target genes to regulate transcription of DNA(Buhr and Takahashi, 2013). The
CLOCK:BMAL1 heterodimer binds to E-boxes for PER and CRY, initiating the transcription of
PER and CRY mRNA, which is then shuttled out of the nucleus into the cytosol(Buhr and
Takahashi, 2013). The mRNA can undergo post-transcriptional modifications, such as mMRNA
methylation (m®A)(Fustin et al.). The PER and CRY mRNA is translated into PER and CRY
proteins, which are transported back into the nucleus and bind to CLOCK:BMAL1 to inhibit
further transcription of PER and CRY, thereby acting as negative autoregulators(Buhr and
Takahashi, 2013). Other components such as kinases, phosphatases, and ubiquitin ligases interact

with the clock to regulate stability and function by controlling degradation rate and movement.



PER and CRY undergo proteasomal degradation, lifting the inhibition of CLOCK:BMAL1 and
allowing the cycle to begin again(Hirano et al., 2016). Thus, CLOCK:BMAL1 forms the positive
arm of the feedback loop, while PER and CRY form the negative arm of the feedback loop. The
time delay in the negative arm, caused by transport and post-translational mechanisms, is
responsible for the oscillatory behavior of this genetic regulatory system(Ueda, 2007).

The circadian system is profoundly important for global gene expression, regulating it on
an epigenetic level. In a feedback loop between chromatin structure and gene expression,
components of the core circadian clock can both directly and indirectly affect chromatin
structure and architecture, which also influences the expression of core clock genes and circadian
expressed transcripts. For example, CLOCK itself is a histone acetyltransferase(Doi et al., 2006),
altering chromatin accessibility by modifying histones, and CLOCK:BMAL1 alters chromatin
accessibility by binding to nucleosomes and replacing histones with the H2A.Z variant to loosen
DNA packaging(Menet et al., 2014). Rev-ErbA alpha can promote histone deacetylation and also
prevent chromatin looping and transcription by binding to topologically associating
domains(Kim et al., 2018). This affects the rhythmic expression of a large number of genes; for
example, in a transcriptome analysis of non-human primates, an estimated 80% of all protein-
coding genes displayed rhythmicity in expression(Mure et al., 2018), while an analysis of mouse
tissue reported approximately 43% exhibiting 24-hour rhythms(Zhang et al., 2014). In this way,
circadian patterns of both chromatin structure as well as transcription factor binding elicit
rhythmic gene expression(Menet et al., 2014; Panda, 2016; Takahashi, 2016). However, further
research is necessary to illuminate how chromatin structure changes over time (termed the ‘4D

nucleome”)(Takahashi, 2016).



Entrainment to zeitgebers

These endogenous daily rhythms make up the internal circadian clock. However, the
phase of the internal clock can be reset, called “entrainment”, to be in time with environmental
zeitgebers (“time giver”), such as light; this system presumably evolved to allow organisms to
anticipate and prepare for predictable environmental changes in temperature, food availability,
etc., that occur coincidentally with changing light patterns, thereby making energy use more
efficient. Light is not the only stimulus that can entrain the circadian system, but light is the most
salient circadian cue(Duffy and Czeisler, 2009). In the eye, intrinsically-photosensitive retinal
ganglion cells (ipRGCs) act as irradiance detectors and are responsible for non-image forming
vision(Peirson and Foster, 2006); they relay light and photoperiod information to the
brain(Schmidt et al., 2011) via the retinohypothalamic tract(Hattar et al., 2006). The SCN central
clock(Berson et al., 2002) plays a central role in entrainment, receiving light-sensing information

from the eyes and signaling peripheral “clocks” in other tissues.

The eye as part of the visual system

The eye is a sight organ, which in mammals is shaped like a cup(Lamb, 2013). The outer
tissue layer of the eye, the sclera, is made of fibrous and elastic components and provides overall
eye shape. While the sclera is opaque and white in color, the cornea is a continuation of the
sclera that is transparent in nature; light is able to pass through the cornea due to the absence of
blood vessels and the regular organization and thinner diameter of corneal tissue fibers. The
cornea also provides the majority of the eye’s refractive power, due to the refraction of light
passing from air to a water-based material(DelMonte and Kim, 2011). Light passes through the

cornea into the anterior chamber and through the pupil, the hole of the eye framed by the iris and



manipulated by pupillary muscles. Light then passes through the posterior chamber and the lens,
which further refracts light before it passes into the vitreous chamber. The second layer of the
eye is the choroid, whose blood supply provides a main source of gas exchange and nutrients for
the high metabolic demands of the retina(Nickla and Wallman, 2010). A layer of pigmented
tissue containing melanin, the retinal pigment epithelium, lies between the choroid and retina to
absorb scattered light and provide light protection(Fuhrmann et al., 2014). Retinal tissue makes
up the third layer of the eye. It is composed of multiple neural cell layers which are responsible
for capturing and transmitting the light signal to the brain. The retina is organized “backwards”,
with incident light passing through the ganglion cell layer and inner retina before reaching the
photoreceptive rods and cones(Lamb, 2013). Rods contain rhodopsin and are most active in dim
light (able to respond to a single photon), although they can also function at bright light
intensities(Tikidji-Hamburyan et al., 2017); cones, on the other hand, contain opsins which, in
humans, can respond to short-wavelength (blue), medium-wavelength (green), or long-
wavelength (red) light(Lamb, 2013). Rods and cones (first order neurons) have a “dark current”,
meaning they depolarize in response to darkness; they become hyperpolarized in response to
light, triggering release of glutamate to cause depolarization of bipolar cells (second order
neurons)(Molday and Moritz, 2015). Bipolar cells, located in the inner retina, transfer the light
signal to retinal ganglion cells (RGCs, third order neurons), with possible modulation from
horizontal and amacrine cells(Euler et al., 2014). Some RGC subtypes are also capable of
detecting light due to their expression of melanopsin and function as irradiance detectors; these
RGCs are called intrinsically photosensitive retinal ganglion cells (ipRGCs)(Do and Yau, 2010).
These ipRGCs also play important roles in photoentrainment and the circadian system(Ospri et

al., 2017).



Suprachiasmatic nucleus (SCN), the central clock

The SCN, located in the hypothalamus above the optic chiasm in the brain, is the central
clock that communicates with “peripheral clocks™ to entrain internal rhythms to the external
environment. The SCN is composed primarily of two parts, the inner ventral “core” and the outer
dorsal “shell”’(Evans et al., 2015). RGCs project from the retina via the retinohypothalamic tract
to synapse directly to neurons in the SCN core, which project to the SCN shell. At synapses with
SCN neurons, these RGCs release pituitary adenylate cyclase-activating polypeptide (PACAP)
and glutamate, triggering a calcium signaling cascade that activates PER genes via CAMP-
response element binding protein (CREB)(Astiz et al., 2019; Welsh et al., 2010). This activation
allows light exposure to entrain SCN core neurons, which communicate with the SCN shell via
gastrin-releasing peptide (GRP) and vasoactive intestinal peptide (VIP). SCN shell neurons
project to other regions of the brain and are mostly GABAergic, but also release vasopressin
(AVP) and other molecules(Astiz et al., 2019; Patton and Hastings, 2018).

Neurons from the SCN shell synapse onto neurosecretory neurons in the hypothalamus,
which signal to peripheral tissues, such as the liver, adipose tissue, the pancreas, and possibly the
placenta, via hormones(Saper, 2013). The existence of a peripherally-circulating hormone
secreted by the SCN that entrains peripheral oscillators is still debated(Silver et al., 1996);
prokineticin-2 (PK2)(Cheng et al., 2002) may be a possible secreted factor. Through this
hormonal signaling, peripheral tissues receive phase information from the SCN so that their
endogenously generated rhythms are in sync with the external environment and with neighboring

cells(Patton and Hastings, 2018).



Though the SCN primarily controls peripheral oscillators through the hypothalamus and
hormones, the SCN also connects to the pineal gland, which secretes melatonin in the absence of
light to promote sleep, and to the pituitary and paraventricular nucleus of the hypothalamus,
which signals to the pituitary to secrete adrenocorticotrophic hormone (ACTH) to promote
cortisol release from the adrenal glands(Dumbell et al., 2016). Glucocorticoids are a powerful
entraining signal, with dexamethasone able to shift the circadian phase of peripheral tissue;
glucocorticoid response elements (GRES) also regulate the expression of core clock
genes(Mohawk et al., 2012). Temperature is also an important entraining signal for peripheral
tissues(Buhr et al., 2010). The SCN sets the circadian phase of body temperature and is itself
insensitive to cyclical temperature fluctuations. Lung, liver, kidney, and other tissues with
peripheral oscillations are sensitive to temperature rhythms, possibly through heat shock factor
proteins such as HSF1(Buhr et al., 2010; Mohawk et al., 2012).

While the SCN is the “central clock” of the physiological circadian system, many other
tissues, such as the liver, gut, pancreas, muscle, and fat, also exhibit circadian rhythms; these
“peripheral clocks” rely on cues from the SCN for entrainment(Mohawk et al., 2012). The
influence of the central SCN clock on peripheral oscillators has mainly been tested in animals
with SCN lesions, transplants, or genetic manipulation of core clock machinery. In rats, lesion of
the SCN results in loss of circadian corticosterone rhythmicity in the adrenal glands(Moore and
Eichler, 1972), locomotion, and eating and drinking behavior(Stephan and Zucker, 1972).
Specific lesions of the SCN core, compared to the SCN shell, had the greatest impact on
locomotion, body temperature, and behavior(Kriegsfeld et al., 2004; LeSauter and Silver, 1999).
In hamsters made arrhythmic by SCN lesions, transplants of fetal SCN tissue containing

circadian neuropeptides re-established locomotor circadian rhythms(Lehman et al., 1987);



however, grafts do not generally restore endocrine rhythms(Meyer-Bernstein et al., 1999).
Without the ability to entrain to light, these arrhythmic animals are termed “free-running”
because their internal clock is not tethered to external light cues(Aschoff, 1981). While ablation
of the SCN prevents photoentrainment, entrainment to other cues, such as food, is still
possible(Marchant and Mistlberger, 1997). Internal circadian rhythms can also become
desynchronized in relation to the external environment, called circadian disruption. Circadian
disruption can occur due to occupation, social behavior, and/or environment. For example,
people who work non-day shifts, such as afternoon, evening, or night shifts, are expected to
perform work duties during time periods that day workers are sleeping and/or are preparing to
sleep. This misalignment between work schedule and light:dark schedule can lead to

inflammation and chronic disease(Inokawa et al., 2020; Puttonen et al., 2011).

Night shift work as a “Probable Human Carcinogen”

Shift work, a form of occupational circadian disruption, captured the attention of the
International Agency for Research on Cancer (IARC) as a potential carcinogen. IARC,
established in 1965, is an organization within the World Health Organization (WHQO) and the
United Nations (UN) that works to prevent cancer, in part by identifying exposures that are
carcinogenic to humans. The IARC Monographs program identifies exposures and evaluates the
weight of the evidence as to its carcinogenicity in humans. During evaluation of an exposure, an
international group of experts on the topic is called to participate as part of the scientific
Working Group; this group consists of researchers with specialties in exposure science,
epidemiology, toxicology, and animal model research. Together, they evaluate the quality and

weight of the evidence and develop a report on: exposure characterization, evidence for cancer in



humans, evidence for cancer in animals, and the mechanistic evidence. Towards the end of this
process, they convene as a Working Group and openly discuss the evidence before coming to a
consensus as a body. Based on the evidence, the Working Group may designate an exposure as
“Not classifiable as to its carcinogenicity to humans (Group 3)”, “Possibly carcinogenic to
humans (Group 2B)”, “Probably carcinogenic to humans (Group 2A)”, or “Carcinogenic to
humans (Group 1)”.

IARC first evaluated the occupational exposure of shift work in 2007 during the IARC
Monographs 98 meeting, titled “Painting, Firefighting, and Shiftwork”(IARC, 2010). Shift work
is generally classified as work that takes place outside of the normal working hours of 7AM-
6PM. The Working Group assessed the effects of shift work on breast cancer and prostate cancer
and concluded that there was limited evidence for carcinogenicity in humans but sufficient
evidence for carcinogenicity in experimental animals, which led to the overall evaluation that
“shift work that involves circadian disruption is probably carcinogenic to humans (Group
2A)”(IARC, 2010), the second-highest classification. In 2019, shift work was again evaluated by
IARC, but the exposure was explicitly confined to night shift work in the IARC Monographs 124
meeting, titled “Night Shift Work”(IARC, 2019). In addition to breast and prostate cancer, this
meeting also included cancer of the colon and rectum in their evaluation. After 10 days of
deliberation, the Working Group came to the consensus that the evidence for cancer in humans
was limited, but there was sufficient evidence for cancer in experimental animals and strong
mechanistic evidence in experimental systems; this led to the overall classification of night shift
work as “Probably carcinogenic to humans (Group 2A)”(IARC, 2019). While the carcinogenicity
classification did not change from the 2007 meeting to the 2019 meeting, an additional cancer

was added to the evaluation.
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The classification of night shift work as a “Probable” human carcinogen is notable, given
the careful selection of agents of concern; of the 1,022 currently classified agents, only 121 are
catalogued as Group 1; 89 agents belong to Group 2A, night shift work being one of them(IARC,
2021). With the increasing interest in circadian disruption and greater understanding of the role
of the circadian system in metabolic and epigenetic regulation, it is possible that night shift work
will be re-evaluated again in a future IARC meeting. In that time, new evidence may have come
to light that causes night shift work to be reclassified as a higher (or lower) group.

Because night shift work (and, likewise, circadian disruption) is a relatively common
occupational exposure, the classification of night shift work as a Group 1 agent would have
enormous implications. For example, it would open the door for class action lawsuits and major
litigation for people who were exposed to night shift work as well as major reforms to policy.

Tighter regulation and limits to night shift work would also likely have economic implications.

Light is an endocrine disruptor

Environmental pollutants that alter hormonal signaling and/or the endocrine system, such
as DDT, are known as endocrine disrupting chemicals (EDCs). The Risk Assessment Forum for
the U.S. EPA defined an EDC as: "an exogenous agent that interferes with the synthesis,
secretion, transport, binding, action, or elimination of natural hormones in the body that are
responsible for the maintenance of homeostasis, reproduction, development and/or
behavior"(Sayles, 2002). EDCs can elicit hormonal disruption through many different pathways,
such as direct binding to nuclear hormone receptors or indirectly by altering steroid
metabolism(Diamanti-Kandarakis et al., 2009). Light can also disrupt hormonal

signaling(Russart and Nelson, 2018); many hormones are secreted at specific times of the day
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and are under control of the circadian clock. For example, secretion of cortisol, a key HPA-axis
hormone with wide-ranging activities such as immune and metabolic regulation, peaks in the
morning, whereas melatonin, termed the “hormone of darkness”, peaks in the evening. Bright
light has been shown to suppress cortisol production(Jung et al., 2010) and light at night
dampens the production of melatonin(Gooley et al., 2011). Therefore, based on the EDC
definition and the known impacts of light exposure on hormonal signaling, light acts as an EDC.

Extensive research has found that circadian misalignment or shift work, a proxy for light
exposure out of sync with the internal timekeeping system, can cause altered hormonal signaling,
dyslipidemia, and metabolic disorders(Karlsson et al., 2001; Knutsson et al., 1986; Scheer et al.,
2009; Tichsen et al., 2006). This poses a substantial risk to public health, given that more than
15% of the U.S. work force works outside of the traditional hours of 6AM-6PM, with
approximately 7% working the evening shift (2PM-12AM) and 3% working the night shift
(9PM-8AM)(McMenamin, 2007). The shift distributions are roughly similar between men and
women, with more than 9% of working women and more than 10% of working men employed in
an evening or night shift position(McMenamin, 2007).

Night shift work and circadian disruption are strongly linked to development of metabolic
disorders. The development and pathophysiology of type 2 diabetes (T2D) is intricately involved
with circadian rhythms(Javeed and Matveyenko, 2018), and many studies have found
associations with shift work and metabolic syndrome or diabetes(Lin et al., 2009; Pan et al.,
2011; Suwazono et al., 2009). Research from the Nurses’ Health Study I and II, large prospective
cohort studies of female nurses, found that women with a history of night shift work had a higher
risk of developing T2D, with risks increasing as time spent working the night shift increased,

suggesting a dose-response relationship(Pan et al., 2011). Interestingly, energy intake and sleep
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quantity did not account for the relationship between diabetes and night shift work in this
study(Pan et al., 2011). Additionally, the researchers evaluated sleep quantity, but it did not
account for the relationship between diabetes and night shift work(Pan et al., 2011). However,
the relationship was partially mitigated after controlling for body mass index (BMI); increased
BMI was also associated with increased time spent working the night shift(Pan et al., 2011).
Other prospective studies have found that night shift is associated with increased BMI over
time(Fujishiro et al., 2017; Morikawa et al., 2007), and when night shift workers switched to a
day shift schedule, their BMI decreased(Morikawa et al., 2007; Zhao et al., 2012); therefore,
BMI is likely part of the causal pathway between night shift work and diabetes. These findings
provide strong evidence that circadian disruption leads to increased BMI, which suggests that
light can act as an obesogen and endocrine disruptor.

However, there are a number of possible confounders that may influence associations
between night shift work and metabolic problems, such as sleep. Workers with night shift
schedules can take measures to try to adapt to their work schedule, such as using blackout shades
and earplugs to sleep during the day and sticking to a consistent sleep schedule. However,
getting adequate, quality sleep can be very difficult when working a non-day shift, and many
shift workers are regularly sleep-deprived. Shift workers can also develop “shift work sleep
disorder”, characterized by excessive sleepiness during work hours and insomnia when trying to
fall asleep due to desynchronization of the internal circadian clock(Jehan et al., 2017). Other
challenges may include frequently rotating shifts and/or conflicts between sleep schedule and
social/family life. Circadian disruption is also a common exposure for pilots and flight attendants
who travel across time zones and experience “jet lag”. Likewise, “social jet lag” occurs when

one’s social commitments and behavior differs between work days and non-work days, where
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one may keep a consistent schedule on work days but stay up late and sleep in on days off. While
night shift work is an extreme occupational exposure, social jet lag and sleep fragmentation may
represent a more common cause of circadian disruption that affects more of the general public.
Experimental and observational studies of circadian disruption have found that circadian
disruption is associated with decreased sleep quality and quantity(Bass and Takahashi, 2010;
Scheer et al., 2009). Therefore, sleep may be an important confounder or effect modifier in
studies of circadian disruption. There may also be an overlapping relationship between sleep
fragmentation and circadian disruption, where fragmented sleep causes circadian disruption and
vice versa(Arble et al., 2015). To evaluate the contributions of circadian disruption versus sleep
deficit in insulin signaling, 26 healthy people were subjected to sleep restriction with or without
circadian misalignment in an experimental study(Leproult et al., 2014). Participants were
allowed to eat ad libitum and meals were provided at similar times across groups; caloric intake
and weight gain did not significantly differ between groups, although people in the circadian
misaligned group ate more at night(Leproult et al., 2014). Compared to baseline measurements,
participants in the circadian misalignment group had significantly higher levels of high
sensitivity C-reactive protein, a marker of inflammation(Leproult et al., 2014). Both groups had
decreased insulin sensitivity, but those with circadian misalignment had much lower insulin
sensitivity and significantly lower disposition index, a marker used to predict diabetes
susceptibility where a higher number has a decreased risk for diabetes(Leproult et al., 2014).
Thus, circadian disruption appears to cause metabolic dysfunction, independent of sleep.
Insulin signaling plays an important role in the pathophysiology of diabetes, where
peripheral insulin resistance or dampened insulin release can lead to increased blood glucose

levels. Circadian disruption may cause desynchrony in pancreatic beta cells, which exhibit a 24-
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hour rhythm in activity(Perelis et al., 2015), dampening rhythmic insulin release(Rakshit et al.,
2015) and leading to elevated blood sugar. In rats, in utero circadian disruption caused increased
leptin levels, insulin secretion, fat deposition and decreased glucose tolerance of
offspring(Varcoe et al., 2011). Mice with systemic knockout of core clock genes display
pancreatic beta cell loss, dampened insulin signaling, buildup of fat pads, and insulin resistance
of skeletal muscle(Harfmann et al., 2016), which are similar to the human T2D phenotype, and
similar vasculopathies as in diabetic retinopathy(Bhatwadekar et al., 2013). Mutations in core
clock genes are associated with an increased risk for diabetes(Marcheva et al., 2010; Woon et al.,
2007) and pericytes, vascular cells affected by early DR, are sensitive to circadian
disruption(Nakazato et al., 2017). It is noteworthy, given the roles of the circadian system in
metabolism(Green et al., 2008), that the fat mass and obesity-associated protein (FTO) was
recently discovered to be an m®A demethylase(Jia et al., 2011), linking circadian rhythms with
MRNA regulation and T2D. FTO variants are associated with 67% increased risk of BMI and
obesity in 13 large human cohort studies, as well as T2D(Frayling et al., 2007). FTO is highly
expressed in the hypothalamus and in regions involved in visual processing, such as the SCN and
dorsal lateral geniculate nucleus(Fredriksson et al., 2008). Interestingly, bromocriptine, a
dopamine D2 receptor agonist, is a treatment option for T2D. It is prescribed to be taken within 2
hours of waking up because it boosts dopamine levels in the hypothalamus, possibly acting on
the SCN to reset the circadian system(DeFronzo, 2011). Therefore, just as circadian
misalignment can cause T2D, circadian alignment may prevent or slow the progression of T2D
and DR.

In addition to the epidemiological findings, the communication between the clock and the

metabolic system provides a biological mechanism by which circadian disruption could cause
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increased BMI. Endocrine disruption is increasingly linked to obesity, and many of the targets of
endocrine disrupting chemicals(Griin and Blumberg, 2009), such as the heterodimer of retinoid
X receptors (RXR) and peroxisome proliferator activated receptors (PPARs)(Kawai and Rosen,
2010; Schug et al., 2011), are clock-controlled oscillating nuclear receptors. This raises the
question of whether endocrine disrupting chemical interactions with these circadian receptors
contributes to obesity by dysregulating the circadian system. Because light can cause systemic
circadian and endocrine disruption(Bedrosian et al., 2016), light exposure out of sync with the

biological clock may also be obesogenic.

Rhythms and development

Pregnancy is a unique circadian state; the development of one complete circadian system
is taking place within another. As such, the placenta and fetus may act as a peripheral clock in
the early stages of pregnancy, with the fetus developing its own endogenous rhythm as
development progresses(Mark et al., 2017). Because the fetus has its own SCN and peripheral
oscillators(Lunshof et al., 1997), the placenta may mediate maternal and fetal circadian signals.

The placenta is a transient organ that arises during pregnancy to provide nutrients, gas
and waste exchange, immune regulation, and arbitrate signals between the maternal and fetal
systems. Humans have a discoid, hemochorial placenta(Maltepe and Fisher, 2015). Placental
tissue is derived from the trophectoderm and fetal in origin, establishing itself with
cytotrophoblast invasion of the maternal uterine wall to remodel and widen uterine blood vessels
to increase blood supply; placental villi branch out into this blood supply to increase surface area
and support the metabolic demands of the growing fetus(Maltepe and Fisher, 2015). The

placenta plays many roles in addition to nutrient supply to support a healthy pregnancy; for
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example, the placenta also transports and synthesizes hormones, including neuroendocrine
hormones important for brain development and function like serotonin (5-HT), dopamine, VIP,
and melatonin(Maltepe and Fisher, 2015; Reis et al., 2001). While the role of the placenta is to
support fetal growth and health, it is responsive to maternal cues and can alter function based on
environmental signals(Jansson and Powell, 2007).

Unfortunately, the placenta has not been a focus in circadian research. While rhythmic
gene expression has been measured in tissues such as the liver, lung, intestines, brain, and fat
after sequencing tissue collected at specific time intervals(Christou et al., 2019; Mure et al.,
2018; Ruben et al., 2018), no such characterization of the placenta exists. Likewise,
epidemiological and animal studies of circadian disruption evaluate a wide range of tissues, but
the placenta is almost never included as a tissue of interest. However, it is likely that the placenta
functions as a peripheral clock (Figure 1-1). It expresses clock genes such as CLOCK, ARNTL
(BMAL1), PER2, and CRY1(Pérez et al., 2015). The placenta responds to circadian-relevant
hormones such as glucocorticoids, but also produces and secretes its own hormones, such as
melatonin, which could also act as entrainment signals for the fetus. The placenta also plays a
vital role in mediating nutrient transfer between the mother and fetus; circadian genes can act as
nutrient sensors and are sensitive to metabolic cues(Peek et al., 2012). Interestingly, a study
using a luciferase reporter for Perl revealed a morphological delineation for Perl rhythms in the
placenta; the decidua, but not the labyrinth, showed rhythmic Perl expression(Akiyama et al.,
2010). The decidua is maternally-derived but the labyrinth, made up primarily of trophoblast
cells, is fetally-derived, suggesting that maternally-derived tissue in the placenta conveys
circadian information to fetal tissues. However, an in vitro study using an extravillous

trophoblast cell line found rhythmic expression of Per2, Decl, and Dbp before and after
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treatment with cobalt(11) chloride (which simulates hypoxia), suggesting that fetally-derived
tissue can also exhibit rhythmicity in response to hypoxia(Frigato et al., 2009). Because circadian
gene expression varies by tissue, it is also possible that there is diversity in circadian signaling

between different zones within the placenta.
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Figure 1-1. Diagram showing the suprachiasmatic nucleus (SCN) as the central clock
communicating with peripheral clocks and the placenta as a possible peripheral clock.
Circadian signals may be relayed to the placenta via signaling from the maternal SCN and/or
peripheral clocks, maternal eating patterns, body temperature, and/or autonomic nervous
signaling. The placenta transports and synthesizes a number of circadian-related hormones and

neurotransmitters, such as melatonin and dopamine.

Developmental origins of health and disease (DOHaD)

The beginning of the developmental origins of health and disease (DOHaD) hypothesis
are credited to the 1986 study(Barker and Osmond, 1986) by Barker and Osmond. In this study,
they observed that economically depressed areas of England and Wales had higher mortality
rates due to cardiovascular disease than other, more prosperous, areas; this was surprising,

because they expected rates of cardiovascular disease to be higher in wealthier communities
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where people were more able to afford indulgent, fatty foods. For each geographic region, they
compared historical records of infant mortality and found a strong correlation between infant
mortality in 1921-1925 and adult mortality due to ischemic heart disease in 1968-1978. They
speculated that suboptimal early life diet conditions primed people to be more vulnerable to
chronic disease development when exposed to a rich diet later in life(Barker and Osmond, 1986).

Because low birthweight was (and still is) a main cause of infant mortality, further
studies evaluated the relationship between infant birthweight, a proxy for undernutrition in utero,
and the development of cardiometabolic disease later in life. These studies found that infants
born low birthweight or small for their gestational age (SGA) had an increased risk of heart
disease and stroke as adults(Barker et al., 1993; Osmond et al., 1993; Rich-Edwards et al., 1997;
Tian et al., 2017; Wang et al., 2020). Research of the Dutch Hunger Winter cohort, a cohort of
people who were developmentally exposed to famine during WWII, further revealed
epigenetic(Heijmans et al., 2008) and transgenerational(Painter et al., 2008) effects of
undernutrition in utero. With time, DOHaD research grew from nutrition-related exposures to
including early life stress and pollutants(Haugen et al., 2015). Likewise, in addition to
cardiometabolic diseases, outcomes broadened to include conditions related to neurological and
hormonal programming.

Developmental exposures relevant to DOHaD studies focus on pathways related to
metabolism and endocrinology. The placenta, as mediator of the fetal and maternal environment,
provides nutrients and gas exchange, as well as hormonal regulation, to the developing fetus.
Serving as a conduit to the external environment, the placenta plays an important role in shaping
fetal development in response to environmental cues. As part of developmental programming,

plasticity during development can better prime the fetus for the conditions it is being born into;
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however, if postnatal environment significantly differs from uterine conditions, a mismatch
occurs between the programmed phenotype and the postnatal environment. Undernutrition in
utero that programs a “thrifty”” phenotype can be maladaptive when confronted with a
calorically-dense environment, leading to greater risk of chronic metabolic disease. Likewise,
exposures that influence the hormonal and epigenetic milieu during development, such as
stressors and pollutants, can also cause maladaptive developmental programming(Almeida et al.,
2019; Anway et al., 2005; Egusquiza and Blumberg, 2020; VVan den Bergh et al., 2020).
Interestingly, there is much crosstalk between the circadian system and the systems found
to be affected in DOHaD studies of developmental programming: metabolism, hormonal
signaling, the hypothalamic-pituitary-adrenal (HPA) axis, and epigenetic mechanisms. However,
environmental light and maternal chronodisruption have yet to be widely assessed in DOHaD

studies.

Dissertation overview

In conclusion, light is an important environmental cue that acts on the circadian system to
influence metabolism, hormonal signaling, and other physiologic processes. Light out of sync
with the internal circadian system causes circadian disruption and altered hormonal signaling. As
such, light can act as an EDC and should be more widely evaluated as an environmental
exposure in public health research. The impacts of light and circadian disruption on
developmental processes are not well understood, but prior epidemiological studies of shift
workers warrant further investigation of these exposures. As light affects the circadian system

and can act as an endocrine disruptor, the impacts of light and circadian disruption during



pregnancy may affect developmental programming of the metabolic, immune, endocrine, and

neurological systems (Figure 1-2).
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Figure 1-2. Graphic showing a number of different exposures which can cause circadian
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disruption, including shift work, exposure to light at night, jet lag, and social jet lag. The modern
light environment has changed dramatically over the last century, and may influence disease
development. As light can act as an endocrine disruptor, exposure to environmental light during
developmental windows may affect health and disease trajectory later in life. (made in

©BioRender - biorender.com)

This dissertation investigates how environmental light and circadian disruption affect
development within a human birth cohort study and a mouse model. The primary aims of this
work are:

Aim 1: Investigate the influences of environmental light and circadian disruption on
developmental programming by evaluating placental gene expression and methylation in the
Rhode Island Child Health Study (RICHS). Hypothesis 1: Placental gene expression differs by

season of birth, binned by photoperiod. Hypothesis 2: Maternal night shift work, an occupational
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proxy for circadian disruption, will be associated with altered placental methylation in an
epigenome-wide association study (EWAS).

Aim 2: Test whether developmental circadian disruption affects developmental, visual,
and metabolic outcomes in mice. Hypothesis 1: Developmental chronodisruption and later life
challenge with HFD will alter visual and metabolic outcomes in adult offspring. Hypothesis 2:
Developmental chronodisruption will cause altered placental gene expression and signaling in
mice.

These aims are addressed in the following dissertation chapters, some of which have been
previously published as stand-alone manuscripts. Chapter 2, previously published in the FASEB
Journal(Clarkson-Townsend et al., 2020), addresses the first hypothesis of Aim 1 with an
analysis of full-term placental gene expression across the seasons in humans. Chapter 3,
previously published in PLOS One(Clarkson-Townsend et al., 2019), addresses the second
hypothesis of Aim 1, with an epigenome-wide association study of maternal night shift work and
placental methylation. Chapter 4, previously published in Experimental Eye Research(Clarkson-
Townsend et al., 2021c), is a review of rodent models of visual disease that utilize a high fat diet
(HFD); this chapter introduces many of the techniques and visual science background to provide
context for Chapter 5. Chapter 5, previously published in Investigative Ophthalmology and
Visual Science(Clarkson-Townsend et al., 2021b), addresses the first hypothesis of Aim 2, with a
mouse study of developmental circadian disruption and later life visual and metabolic disease;
Chapter 6(Clarkson-Townsend et al., 2021a) addresses the second hypothesis of Aim 2,
investigating placental signaling as a potential mediator of the retinal and visual results seen in
adult offspring exposed to developmental chronodisruption. Chapter 7 summarizes the research

conclusions and discusses future directions.
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Chapter 2: Seasonally Variant Gene Expression in Full-Term Human Placenta

Published in a different format as:

Clarkson-Townsend DA, Kennedy E, Everson TM, Deyssenroth MA, Burt AA, Hao K, Chen J,
Pardue MT, Marsit CJ. Seasonally variant gene expression in full-term human placenta. FASEB
J. 2020 Aug;34(8):10431-10442. doi: 10.1096/fj.202000291R. Epub 2020 Jun 23. PMID:
32574425; PMCID: PMC7688493.
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Abstract

Seasonal exposures influence human health and development. The placenta, as a mediator of the
maternal and fetal systems and a regulator of development, is an ideal tissue to understand the
biological pathways underlying relationships between season of birth and later life health
outcomes. Here, we conducted a differential expression analysis of season of birth in full-term
human placental tissue to evaluate whether the placenta may be influenced by seasonal cues. Of
the analyzed transcripts, 583 displayed differential expression between summer and winter births
(FDR g<0.05); among these, BHLHE40, MIR210HG, and HILPDA had increased expression
among winter births (Bonferroni p<0.05). Enrichment analyses of the seasonally variant genes
between summer and winter births indicated over-representation of transcription factors HIF1A,
VDR, and CLOCK, among others, and of GO term pathways related to ribosomal activity and
infection. Additionally, a cosinor analysis found rhythmic expression for approximately 11.9%
of all 17,664 analyzed placental transcripts. These results suggest that the placenta responds to
seasonal cues and add to the growing body of evidence that the placenta acts as a peripheral
clock, which may provide a molecular explanation for the extensive associations between season

of birth and health outcomes.

Introduction

Seasonal changes in weather(Rashid et al., 2016), pathogens(Lofgren et al., 2007),
pollutants(Peng et al., 2005), nutrient contents(Watson and McDonald, 2007), and
photoperiod(Stevenson et al., 2015) can influence human health. Associations between season of
birth and health outcomes such as autoimmune disease(Disanto et al., 2012), myopia(Mandel et
al., 2008), and even lifespan(Doblhammer and Vaupel, 2001), are well-documented(Boland et

al., 2015), and developmental photoperiod is one of the proposed mechanisms behind these
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relationships(Walton et al., 2011). However, annual fluctuations in conception and birthrates can
confound associations between season of birth and health outcomes(Currie and Schwandt, 2013;
Fiddes et al., 2014). Furthermore, maternal sociodemographic variables, such as maternal
education, marital status, and socioeconomic status, are also associated with season of
birth(Currie and Schwandt, 2013; Darrow et al., 2009), which may drive some of the seasonal
disparities in health outcomes. However, the associations between season of birth and health
outcomes may not solely be driven by differences in maternal characteristics; a large study
comparing multiple births within mothers (to control for maternal sociodemographic
characteristics), found that birth outcomes still displayed a seasonal pattern(Currie and
Schwandt, 2013), suggesting an underlying biological effect of environmental factors that vary
with season. While photoperiod is almost certainly not the only driver of seasonal differences,
the influence of environmental photoperiod on the biological clock may be a key factor in the
relationship between seasonality and disease.

Light is a salient zeitgeber (“time giver”) of the circadian clock, and annual changes (in
non-equatorial regions) in photoperiod act as a reliable seasonal cue for the clock(Goldman,
2001; Tackenberg and McMahon, 2018). When light reaches the eye, the light signal is relayed
to the suprachiasmatic nucleus of the brain, the central clock, which then entrains other tissues,
or peripheral clocks, to the external environment. With the widespread use of indoor lighting, the
majority of people in the U.S. are not reliant on outdoor light exposure for illumination;
however, the amount of UV light exposure and blood levels of the hormone Vitamin D fluctuate
with photoperiod(Klingberg et al., 2015), with a peak in the summer and trough in the winter.
Melatonin production also fluctuates seasonally(Wehr, 1997), roughly opposite of Vitamin D

with a peak in the winter and trough in the summer. In addition to rhythms in hormone
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production, rhythmic patterns of gene expression may also underlie season and health
relationships(Dopico et al., 2015). Studies in humans and other animals have found seasonal
patterns of gene expression in tissues such as blood(Dopico et al., 2015; Ludwig et al., 2019;
Morey et al., 2016) and adipose tissue(Dopico et al., 2015; Klingenspor et al., 1996), although
some of these differences may also reflect seasonal changes in cell populations(De Jong et al.,
2014). These rhythms can vary by tissue type and share pathways with the core circadian clock
system(Panda et al., 2002).

The placenta is an important intermediary between maternal photoperiod and fetal
development; as a tissue with neuroendocrine properties, the placenta transports and synthesizes
hormones related to light exposure, such as melatonin and the active form of vitamin D(Gray et
al., 1979; Lanoix et al., 2008; Lanoix et al., 2012). Given these characteristics, we hypothesize
that placental gene expression responds to seasonal cues such as photoperiod. To test this
hypothesis, we investigated transcriptome-wide placental gene expression from full term (>37

weeks) pregnancies delivered during different seasonal photoperiods.

Materials and Methods

Placental sequencing

The analysis utilized placental RNA sequencing (RNA-seq) data from the Rhode Island Child
Health Study (RICHS) cohort, as previously described(Appleton et al., 2016; Clarkson-
Townsend et al., 2019; Deyssenroth et al., 2017). RNA-seq was performed on a subset of
placenta samples (n=200) from the RICHS cohort with the Illumina HiSeq 2500 platform to
measure gene expression, as previously described(Deyssenroth et al., 2017). These data are

available in dbGaP (phs001586.v1.pl). Briefly, FASTQ files were checked for quality and all
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reads had a phred score > 30. The reads were trimmed using “seqtk” with an error threshold of
0.01 and no minimum length filter. These trimmed FASTQ files were aligned to the human
reference genome (Homo sapiens GRCh37.75.gtf version hg19) using STAR(Dobin et al., 2013)
v2.4.0g1 with a 15bp minimum overhang and minimum mapped length for chimeric junctions.
Counts were mapped from the BAM file using “subread”(Liao et al., 2013) v1.5.0-p1. Of this
cohort, 1 sample was removed due to withdrawn consent and 2 samples removed due to

mismatched sex, leaving a total of 197 placental samples included in this analysis.

Exposure characterization

Demographic and medical information were provided via structured interviews and standardized
medical record abstraction by trained staff. Month of birth was used to characterize the season of
birth into one of 4 photoperiod categories: SS (summer solstice), FE (fall equinox), WS (winter
solstice), and SE (spring equinox); these categories were based on the midpoints between solstice
and equinox dates and rounded to the nearest month to bin by light exposure, where SS included
those born from the months of May through July, FE included those born from August through
October, WS included those born from November through January, and SE included those born
from February through April (Figure 2-1), similar to other studies(Day et al., 2015; Lockett et
al., 2016). Placenta samples were collected from 2009-2013 during the daytime hospital hours of
8AM to 4PM. Possible confounders were evaluated, including: method of delivery (C-section vs.
vaginal), maternal adversity, maternal pre-pregnancy smoking, infant gestational age, infant year
of birth, sex of the infant, infant birthweight category, infant birthweight z-score, maternal BMI,
maternal weight gain during pregnancy, maternal gestational diabetes, maternal night shift work,

maternal age, maternal race, and hour of sample collection. One sample with missing data for the
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maternal pre-pregnancy smoking variable was recoded to “No”. A cumulative maternal adversity
index variable(Clarkson-Townsend et al., 2019) was created to control for multiple maternal
sociodemographic characteristics based on maternal education (high school or less = +1),
maternal insurance (public, self-pay/ other, or none = +1), maternal support (single and no
support = +1), household income adjusted for household size and based on the federal poverty
level during the year of birth (below poverty level = +1), and household size (>6 people in same
household = +1); this cumulative variable was split into 3 levels (+0, +1, or >+2), with higher

score indicating greater adversity.
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Figure 2-1. lllustration of overall study concept and categorization of seasonal exposure groups

based on approximate annual photoperiod fluctuations around Providence, Rhode Island, USA

(41.81° N, 71.41° W), where the RICHS study enrollment took place.
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Differential expression analysis

RNA-seq count data were read into R and differential expression (DE) analysis was performed
using the DESeq?2 package(Love et al., 2014). Before analysis, low count data were filtered from
the dataset using a threshold to exclude transcripts with <2 counts for 10% of samples. To
control for unwanted heterogeneity due to other batch effects or unmodeled factors and to
improve the reproducibility of the results, we also employed surrogate variable analysis(Leek
and Storey, 2007) using the sva package in R(Leek et al., 2012). To estimate surrogate variables,
counts were normalized and the surrogate variables were estimated with the Buja and Eyuboglu
(“be”) permutation method(Buja and Eyuboglu, 1992) using 200 iterations and then iteratively
reweighted in svaseq(Leek, 2014). Normalized gene expression with seasonal photoperiod as the
exposure was modeled using DESeq2, adjusting for maternal adversity and precision variables
that included sex of the infant, method of delivery, gestational age, maternal pre-pregnancy
smoking, infant’s year of birth, sequencing batch, and the first two estimated surrogate variables.
Overall effect of season (across all photoperiod categories) was first evaluated using the
likelihood ratio test (LRT) method. Because the primary seasons of interest were those with the
longest and shortest photoperiods, the Wald test method was used to compare WS and SS
(reference group). However, for visualization of how expression changed across seasons, FE and
SE were also compared to SS in subsequent sensitivity analyses. To control for multiple
comparisons, we employed the Benjamini and Hochberg (BH) adjustment method(Benjamini

and Hochberg, 1995) and the more conservative Bonferroni adjustment method.
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Cosinor seasonal rhythmicity analyses
To evaluate whether placental gene expression displayed seasonal rhythmicity, we conducted a
cosinor analysis of all placental transcripts that met the count threshold using the cosinor
package in R(Sachs, 2014; Tong, 1976). A cosinor model was fit to the variance standardized
transformation (VST) of gene expression for each transcript using methods laid out by Tong
(1976)(Tong, 1976). Briefly, the cosinor function was applied to each transcript with the general
formula:
Yoy =M+ Acos (2—7 - 9) + &)

Where the outcome Yy is the variance-standardized (VST) gene expression for a gene transcript
at time t (birth month), M is the intercept of the fitted curve, A is the amplitude of the curve, zis
the fixed period length (12 months), ¢ is the acrophase of the curve, and ¢ is an error term with
mean 0. In this way, models with a time period (z) of 12 were fitted to each transcript to test
whether they displayed a significant amplitude and/or acrophase compared to baseline using the
consinor.Im function of the cosinor(Sachs, 2014) package with the general code:

cos.model <- cosinor.Im(transcript ~ time(birth_month), period=12, data=df)
To test the fit of the cosinor model compared to the intercept, global F tests were performed and
results controlled for multiple comparisons using the BH or Bonferroni method; amplitude or
acrophase were considered significant if FDR g<0.05. This same model was also applied to
previously generated eigengene values of placental gene network modules(Deyssenroth et al.,
2017) to assess rhythmicity of co-regulated placental processes; amplitude or acrophase were

considered significant if FDR <0.05.
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Bioinformatic analyses

To identify transcription factors and pathways over-represented amongst the SS and WS
photoperiod, representing the longest and shortest photoperiods, DE genes (FDR q<0.05) were
analyzed for functional enrichment against references gene lists within the ChEA 2016, KEGG
2019, and GO 2018 databases using enrichR(Kuleshov et al., 2016). Enrichment significance
was computed using Fisher’s exact test and considered significant if resulting FDR q<0.05. To
identify gene expression correlated with genes of interest, Spearman correlation coefficients
were calculated between all transcripts and the transcript of interest and considered significant if

resulting Bonferroni-adjusted p<0.05.

Results

Of the 197 placental samples included in the analysis, 60 (30%) were delivered during the SS
season, 57 (29%) during the FE season, 31 (16%) during the WS season, and 49 (25%) during
the SE season (Table 2-1, Figure 2-1). Infant birthweight group, infant birthweight z-score,
maternal BMI, maternal weight gain during pregnancy, maternal gestational diabetes, maternal
night shift work, maternal age, maternal race, and hour of sample collection did not significantly
differ by seasonal category (Table 2-1, Supplemental Figure 2-1). Maternal adversity
significantly differed across seasonal categories (p=0.01) and was included in the final model.
The final DE model adjusted for maternal adversity, sex of the infant, method of delivery,
gestational age, maternal pre-pregnancy smoking, infant’s year of birth, sequencing batch, and
the first two estimated surrogate variables, with season of birth as the exposure of interest and

normalized gene expression the outcome of interest (Table 2-1).



Table 2-1. Demographic characteristics evaluated for inclusion in the final model testing
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differential expression. To evaluate statistical difference of variables across birth categories, 1-

way ANOVA was used for continuous variables and chi-square or Fisher’s exact tests were used

for categorical variables.

Variable Season of birth p-val
SS FE WS SE
(n=60) (n=57) (n=31) (n=49)
C-section, n ( %) 21 (35.0) 11 (19.3) 9 (29.0) 16 (32.7) | 0.264
Maternal adversity, n (%) 0.013
0 30 (50.0) 42 (73.7) 21 (67.7) 38 (77.6)
1 15 (25.0) 5(8.8) 7 (22.6) 8 (16.3)
>2 15 (25.0) 10 (17.5) 3(9.7 3(6.1)
Maternal pre-pregnancy 0.757
smoking, n (%) 6 (10.0) 3(5.3) 2 (6.5) 5(10.2)
Gestational age 0.190
37-38 weeks 15 (25.0) 8 (14.0) 7 (22.6) 10 (20.4)
39 weeks 34 (56.7) 33 (57.9) 18 (58.1) 20 (40.8)
40-41 weeks 11 (18.3) 16 (28.1) 6 (19.4) 19 (38.8)
Year of birth 0.055
2009-2010 34 (56.7) 27 (47.4) 12 (38.7) 13 (26.5)
2011 13 (21.7) 16 (28.1) 9 (29.0) 14 (28.6)
2012-2013 13 (21.7) 14 (24.6) 10 (32.3) 22 (44.9)
Male infant, n (%) 27 (45.0) 30 (52.6) 14 (45.2) 25(51.0) |0.815
Birthweight Group, n (%) 0.660
Small for gestational age 8 (13.3) 11 (19.3) 7 (22.6) 6 (12.2)
Average for gestational age 33 (55.0) 30 (52.6) 19 (61.3) 29 (59.2)

Large for gestational age 19 (31.7) 14 (28.6) 5(16.1) 14 (28.6)
Birthweight z-score, mean | 0.24 (1.18) 0.32 (1.34) -0.20 (1.16) | 0.23(1.24) | 0.281
(SD)

Maternal BMI, mean 26.67 (6.35) | 27.58 (7.44) | 24.14 (4.97) | 25.89 (5.85) | 0.104
(SD)
Maternal Weight Gain 15.32 (5.58) | 14.11(6.08) | 13.86 (6.61) | 14.91 (6.30) | 0.622
(kg), mean (SD)
Maternal Gestational 5(8.3) 6 (10.5) 4 (14.3) 4(8.3) 0.818
Diabetes (yes), n (%)
Maternal Night Shift 11 (21.2) 11 (20.8) 6 (20.7) 11 (23.9) |0.980
Work (yes), n (%)
Maternal Age (yrs) 0.398
18-31 34 (56.7) 24 (42.1) 17 (54.8) 23 (46.9)
32-40 26 (43.3) 33 (57.9) 14 (45.2) 26 (53.1)
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mean (SD)

Maternal Race (white), n 36 (64.3) 45 (81.8) 21 (70.0) 38 (77.6) |0.171
(%)
Hour Sample Collection, 11.51(2.30) | 12.35(2.37) | 12.45(2.23) | 11.51 (2.47) | 0.083

After applying a threshold to filter out genes with counts <2 for 10% of samples, the

number of transcripts modeled in the analysis decreased from the original set of 50,810

transcripts to a filtered set of 17,664 transcripts. In the resulting overall likelihood ratio test

analysis of DE across all seasonal categories, 819 transcripts were considered significant after

adjusting for multiple comparisons (FDR ¢<0.05, Supplemental Table 2-1), suggesting an

overall effect of season. To measure expression differences between the specific seasonal

categories of interest, the Wald test comparing the SS and WS groups found DE of 583

transcripts (FDR g<0.05), of which 574 were annotated to genes (Figure 2-2, Supplemental

Table 2-2). Compared to SS, 347 transcripts had increased expression and 236 had decreased

expression in WS. While not the primary aim of the study, DE results of the FE and SE seasonal

groups compared to SS are also provided (Supplemental Table 2-2, Supplemental Figure 2-2),

as are the effect estimates from the maternal adversity variable (Supplemental Table 2-3). As

expected, those genes demonstrating associations with adversity did not overlap with seasonal

genes.
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Figure 2-2. Volcano plot of results from the differential expression analysis of placental gene
expression by birth season showing Wald test results comparing winter (WS) to the summer (SS)
reference group. Transcripts are plotted by effect size estimate [Logz(Fold Change), x-axis] and
statistical significance [-Logio(Pvalue), y-axis], with grey dots indicating non-significant FDR
q>0.05, blue dots indicating FDR q<0.05, black dots indicating Bonferroni p<0.05, and red dots
indicating absolute logz(fold change)>1 and FDR g<0.05. Labels indicate Bonferroni-

significant (p<0.05) genes.

The cosinor analysis to measure gene expression seasonal rhythmicity by birth month

found that of the 17,664 transcripts, 2,109 (11.9%) had significant seasonal amplitude and/or
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acrophase (FDR <0.05) (Figure 2-3, Supplemental Table 2-4). When the more conservative
Bonferroni adjustment (p<0.05) was applied to the DE results, 15 genes were found to be
significant in both the DE and cosinor analysis: UFC1, BHLHE40, HILPDA, ATAD3B,
BLOC1S1, P2RY1, ADRB1, BTRC, FUNDC2, NOL9, MIR210HG, POLR1D, NFKBIA, EIF2B4,
and FZD5 (Table 2-2, Figure 2-4); an additional transcript, ENSG00000260708, was found to
be significant in both analyses. Of the placental gene networks previously generated from a
weighted gene coexpression network analysis(Deyssenroth et al., 2017), 9 of the modules were
seasonally rhythmic when analyzed in the cosinor model (FDR g<0.05, Figure 2-5,

Supplemental Table 2-4).
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Figure 2-3. Graph showing the fitted curves of variance standardized expression (normalized to

baseline) of the top 25 upregulated and top 25 downregulated genes (FDR g<0.05) in the DE



analysis comparing winter (WS) births to summer (SS) births when analyzed in the cosinor

analysis. The green curves represent transcripts with peak expression in summer and the blue

curves represent transcripts with peak expression in winter.

Table 2-2. List of Bonferroni-significant (p<0.05) genes differentially expressed in SS vs WS

placenta that also displayed seasonal rhythmicity in the cosinor analysis (FDR g<0.05).

Ensemble ID Gene ID Gene description
ENSG00000143222 UFC1 ubiquitin-fold modifier conjugating enzyme 1
[Source:HGNC Symbol;Acc:HGNC:26941]
ENSG00000134107 BHLHE40 basic helix-loop-helix family member e40
[Source:HGNC Symbol;Acc:HGNC:1046]
ENSG00000135245 HILPDA hypoxia inducible lipid droplet associated
[Source:HGNC Symbol;Acc:HGNC:28859]
ENSG00000160072 ATAD3B ATPase family AAA domain containing 3B
[Source:HGNC Symbol;Acc:HGNC:24007]
ENSG00000135441 BLOC1S1 biogenesis of lysosomal organelles complex 1
subunit 1 [Source:HGNC
Symbol;Acc:HGNC:4200]
ENSG00000169860 P2RY1 purinergic receptor P2Y1 [Source:HGNC
Symbol;Acc:HGNC:8539]
ENSG00000043591 ADRB1 adrenoceptor beta 1 [Source:HGNC
Symbol;Acc:HGNC:285]
ENSG00000166167 BTRC beta-transducin repeat containing E3 ubiquitin
protein ligase [Source:HGNC
Symbol;Acc:HGNC:1144]
ENSG00000165775 FUNDC?2 FUN14 domain containing 2 [Source:HGNC
Symbol;Acc:HGNC:24925]
ENSG00000162408 NOL9 nucleolar protein 9 [Source:HGNC
Symbol;Acc:HGNC:26265]
ENSG00000247095 MIR210HG | MIR210 host gene [Source:HGNC
Symbol;Acc:HGNC:39524]
ENSG00000186184 POLR1D RNA polymerase I and 111 subunit D
[Source:HGNC Symbol;Acc:HGNC:20422]
ENSG00000100906 NFKBIA NFKB inhibitor alpha [Source:HGNC
Symbol;Acc:HGNC:7797]
ENSG00000115211 EIF2B4 eukaryotic translation initiation factor 2B subunit
delta [Source:HGNC Symbol;Acc:HGNC:3260]
ENSG00000163251 FZD5 frizzled class receptor 5 [Source:HGNC
Symbol;Acc:HGNC:4043]
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Figure 2-4. Panél graphs from the genes listed in Table 2 that Were significént in the DE (Bon
p<0.05) and cosinor (FDR g<0.05) analyses. Each plot shows the variance standardized
expression value of a gene (black dots) by birth month with the fitted curve from the cosinor
model overlaid; green curves represent genes with peak expression in summer and the blue
curves represent genes with peak expression in winter. Blue or green shaded areas around the

fitted curve indicate 95% confidence intervals from the cosinor model.
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Figure 2-5. Panel graphs from the cosinor analysis of previously identified placenta gene

networks. (A) Graph showing the fitted curves of the normalized eigengene values from the
placental gene network modules by birth month that were significantly rhythmic in the cosinor
analysis (FDR g<0.05). These modules were previously identified as relating to protein
targeting to the ER membrane (magenta), organ development (yellow), mitotic cell cycle
(midnight blue), immune response (black), cellular respiration (turquoise),
gonadotropin/glucagon secretion (salmon), cell adhesion (tan), and RNA splicing (brown). (B)
Panel graphs of the individual network modules with eigengene values and fitted curves with

shaded areas to indicate 95% confidence interval from the cosinor analysis.

Examining the over-representation of transcription factor binding sites amongst the genes
demonstrating DE between SS and WS (FDR ¢<0.05) using the ChEA database highlighted the
transcription factors HIF1A, VDR, ELK1, TAL1, ELK3, FOXP1, CLOCK, NUCKS1, DMRT]1,
SPI1, DCP1A, ZNF217, and XRNZ2 to be over-represented (FDR g<0.05, Supplemental Table

2-5). These DE genes were also over-represented by the KEGG ribosome pathway and GO



39

molecular and biological terms related to ribosomes, RNA processing, viral infection, and
protein signaling to the endoplasmic reticulum (FDR g<0.05, Supplemental Table 2-5). To
identify possible co-regulated genes that may be implicated in circadian regulation of the
placenta, correlation analysis revealed 359 transcripts that correlated with BHLHE40 expression
and 2,498 transcripts that correlated with CLOCK expression (Bon p<0.05, Supplemental Table

2-6).

Discussion

The placenta, a transient organ that develops during pregnancy, plays a vital role in fetal
health and development. Positioned at the boundaries of the developed maternal circadian system
and the developing fetal circadian system, the placenta likely acts as a peripheral oscillator of the
physiological circadian clock system, relaying maternal photic and other cues to the fetus. Our
results found placental gene expression associated with seasons of birth, suggesting that the
placenta may respond to seasonal cues such as photoperiod. While more studies are necessary,
these findings provide support that seasonality of birth has underlying biological characteristics
in humans that are separate from maternal demographic characteristics. This study adds to the
growing body of evidence that the placenta acts as a peripheral clock(Mark et al., 2017).

Core clock genes such as PER1, PER2, ARNTL, CLOCK, CRY1, and CRY2 are expressed
in the placenta, but only CLOCK and ARNTL have so far been found to show rhythmic
expression in full-term human placenta(Waddell et al., 2012). While CLOCK mRNA expression
was not found to be seasonally rhythmic in our analyses, CLOCK was identified in our
enrichment analysis. Our results raise the possibility that the clock gene BHLHE40 (also known
as DEC1), which encodes a basic helix-loop-helix transcription factor that can bind to E-boxes,

also exhibits seasonal rhythmicity in the placenta, as it was one of the top hits in the DE and
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cosinor analyses. BHLHEA40 influences other circadian-related transcription factors such as
ARNTL through protein-protein binding or by competing for E-box binding sites(Honma et al.,
2002; Kato et al., 2014). ARNTL oscillation in the SCN may encode seasonal
photoperiod(Myung et al., 2012), and (in the northern hemisphere) a study found seasonal
ARNTL expression displaying a trough around January and a peak around July(Dopico et al.,
2015); in line with these findings, our analysis found the expression of BHLHE40 expression
peaked around December-January (Figure 2-4). Additionally, a SNP in BHLHE40 was found to
be associated with placental abruption in full-term human placenta(Qiu et al., 2016) and an in
vitro experiment using a trophoblast cell line found rhythmic BHLHE40 expression that was
enhanced during hypoxic stress(Frigato et al., 2009). Many of the genes highly correlated with
BHLHE40 expression are relevant to hypoxic response, such as C8orf58(Rytkonen et al., 2020),
NDRG1(Cangul, 2004), ERRFI1 (also known as MI1G-6)(Zhang and VVande Woude, 2007), and
ANKRD37(Benita et al., 2009), while some of the genes most highly correlated with CLOCK
were related to RNA processing, such as CNOT6L(Horvat et al., 2018) and DICER1(Song and
Rossi, 2017)(Supplemental Table 2-6). These results support our findings of BHLHE40
seasonal rhythmicity in the placenta and a possible role for this circadian clock gene in the
placental hypoxia response. Future research in understanding, more completely, the mechanisms
underlying placental rhythmicity could build from these observations.

In addition to BHLHEA40, genes such as UFC1, HILPDA, P2RY1, ADRBL1, BTRC,
MIR210HG, POLR1D, NFKBIA, and FZD5 appear to be seasonally rhythmic in the placenta
(p<0.05) (Table 2-2, Figure 2-4). The representation of BTRC and NFKBIA is possibly due to
seasonal inflammation, infection, and/or hypoxia (Lawrence, 2009). BTRC is an F-box protein

that ubiquitinates NFKBIA for degradation, which disinhibits the NF-«xB complex. In
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accordance, our results show inverse patterns of BTRC and NFKBIA expression, with BTRC
peaking in the summer months and NKBIA peaking in the winter months. The representation of
MIR210HG and HILPDA peaking in the winter months could also be due to seasonal hypoxia;
HILPDA is involved in the hypoxia response(Kim et al., 2013) and MIR210HG is a long non-
coding RNA precursor to miRNA-210 that is also activated during hypoxia(Voellenkle et al.,
2016). POLR1D, an RNA polymerase 1 and RNA polymerase 3 subunit that affects ribosomal
synthesis and transcription(Noack Watt et al., 2016), also had peak expression during the winter
months. P2RY1 and ADRB1 both had peak expression during the summer months and function as
G-protein coupled receptors; ADRB1 may play an important role in sleep behavior, with a
mutation in ADRB1 found to decrease self-reported sleep need(Shi et al., 2019).

The results from the cosinor analysis of gene expression by birth month supported the
findings of the seasonal DE analysis. When results (FDR g<0.05) from the SS vs WS DE
analysis and the cosinor analysis were compared, 316 transcripts were represented in both
analyses (Supplemental Table 2-7). The analysis of the overall 17,664 placental transcripts
found seasonal rhythms for 11.9% of them, suggesting widespread seasonal rhythmicity in
placental gene expression (Supplemental Table 2-4). Interestingly, many of the placental gene
modules, derived from prior work(Deyssenroth et al., 2017) independent of exposure, exhibited
significant amplitude or acrophase (FDR q<0.05, Figure 2-5, Supplemental Table 2-4),
suggesting seasonal rhythmicity in placental processes. Notably, networks related to protein
targeting to the ER membrane, immune response, cellular respiration, gonadotropin/glucagon
secretion, and cell adhesion peaked around December-February, while networks related to the
mitotic cell cycle, organ development, and RNA splicing peaked around June-August (FDR

0<0.05, Figure 2-5, Supplemental Table 2-4). Other analyses of seasonal and circadian gene
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expression have reported approximately 23%-43% of transcripts to be seasonally
rhythmic(Dopico et al., 2015; Takahashi, 2016; Zhang et al., 2014), with transcript rhythmicity
differing by tissue. There are no other studies of transcriptome-wide human placental seasonal
rhythmicity, so more research is necessary to confirm genes with seasonal variation in the
placenta.

Enrichment analyses indicated that the transcription factors HIF1A, VDR, ELK1, TAL1,
ELK3, FOXP1, CLOCK, NUCKS1, DMRT1, SPI1, DCP1A, ZNF217, and XRN2 were over-
represented amongst those genes that are DE between summer (SS) and winter (WS) births
(Supplemental Table 2-5). Among these, HIF1A, TALL, and CLOCK are members of the basic
helix-loop-helix family of transcription factors and are associated with circadian rhythm
regulation. HIF1A can also heterodimerize with ARNTL (also known as BMALL1) and disruption
of ARNTL can induce HIF1A activity(Peek et al., 2017). During the early stages of placental
development when conditions are hypoxic, HIF1A levels increase to promote trophoblast
invasion; during later stages of pregnancy (>10-18 weeks), HIF1A levels decrease and
stabilize(letta et al., 2006). However, our analysis of full-term (>37 weeks) placenta found over-
representation of HIF1A binding sites associated with photoperiod (SS vs WS), suggesting
environmental exposures may influence seasonal patterns in placental hypoxic signaling.

We also identified over-representation of binding sites for VDR, the vitamin D-receptor,
lending credence to our results. As outdoor UV light exposure is highest during the summer
months (SS) and lowest during the winter months (WS)(Christakos et al., 2016), seasonal
differences in genes controlled by this transcription factor are expected. Seasonal decreases in
maternal UV light exposure could lead to decreased placental synthesis and transport of active

vitamin D, altering VDR activity. VDR also heterodimerizes with RXR, another interactive
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component of the circadian clock, to bind vitamin D response elements in the genome and induce
widespread gene expression.

The KEGG term and many of the GO terms associated with season of birth were related
to ribosomes. Because ribosomes are responsible for translating mRNA into proteins, ribosomal
abundance can affect rates of cell growth or transcriptional activity. The increased expression of
ribosomal genes in winter births suggest that there may be seasonal differences in transcription
rates. The GO term results of infection-related pathways possibly reflect the increased exposure
to viral pathogens and infections during the winter months or a seasonally programmed ability to
respond to infection. The cosinor analysis of placental modules supported and expanded upon
these results, displaying a winter peak for immune response and a summer peak for RNA
splicing. While these results need to be validated in other cohorts, seasonal rhythms in human
development have long been postulated in the scientific literature, and these findings provide
possible genetic and molecular pathways that underpin these processes.

There are some limitations to the study and results should be interpreted cautiously.
Because temperature and photoperiod are tightly linked, some of our results may be due to
temperature (or other seasonally fluctuating exposures) rather than being exclusively driven by
photoperiod. The changes in gene expression are possibly due, at least in part, to seasonal
changes in underlying placental cell populations. Additionally, while we utilized surrogate
variable analysis to control for unknown heterogeneity in samples, there may be false positives
and residual confounding from unmodeled factors. While conception rates fluctuate seasonally,
this effect may not have a large influence on the results as all samples were from full-term (>37
weeks), singleton pregnancies free from congenital abnormalities, infant birthweight z-scores did

not significantly differ by season, and the model adjusted for maternal sociodemographic
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characteristics. Strengths of this study include the use of full-term human placenta and the use of
cosinor analyses to further confirm and characterize transcript and module rhythmicity by birth
month. More research is necessary to elucidate the role of the placenta in circadian signal
arbitration between the maternal and developing fetal systems, and we plan to conduct targeted
analyses of the placental circadian system in future analyses.

In conclusion, we report seasonal variation in gene expression of human placental tissue
from full-term (>37 weeks) pregnancies. These seasonal variations were associated with the core
circadian clock system, which may have implications for human health and provide further
evidence for the placenta as a peripheral oscillator. Results also suggested seasonal changes in
placental inflammation and hypoxia. The circadian system regulates many biological processes,
and seasonal effects on the clock may alter placental function and fetal development. Further
study of seasonal and circadian effects on the placenta could shed light on the pathways that
influence the associations between season of birth and human health, as well as possible

therapeutic targets.

Supplemental Material
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Supplementary Figure 2-1. Boxplots of infant birthweight z-scores by season of birth.
Birthweight z-scores did not significantly differ across seasonal categories (p=0.281, 1-way

ANOVA).
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Supplementary Figure 2-2. Volcano plot of results from the differential expression analysis of

placental gene expression by birth season showing Wald test results comparing spring (SE) and
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fall (FE) to the summer (SS) reference group. Transcripts are plotted by effect size estimate

[Logz(Fold Change), x-axis] and statistical significance [-Logio(Pvalue), y-axis], with grey dots

indicating non-significant FDR g>0.05, blue dots indicating FDR ¢<0.05, black dots indicating

Bonferroni p<0.05, and red dots indicating absolute Logz(Fold Change)>1 and FDR g<0.05.

Supplementary Table 2-1. Likelihood ratio test (LRT) of the DE results comparing all seasonal

categories to evaluate the overall effect of season. P-values are adjusted for multiple

comparisons using either the Bonferroni or BH adjustment methods. (a portion of the material is

provided below; for the full table, see supplemental materials here:

https://faseb.onlinelibrary.wiley.com/doi/abs/10.1096/fj.202000291R)

Ensemble_ID Mean log2FC | IfcSE | stat pval gval Bon_pva
I
ENSG00000143222 | 434.49 0.23 0.04 40.18 | 9.77E-09 | 0.0002 | 0.0002
ENSG00000197111 | 1154.31 | 0.20 0.04 36.05 | 7.30E-08 | 0.0003 | 0.0013
ENSG00000186184 | 394.56 0.18 0.04 35.64 | 8.92E-08 | 0.0003 | 0.0016
ENSG00000135441 | 117.41 0.29 0.06 35.57 | 9.21E-08 | 0.0003 | 0.0016
ENSG00000043591 | 892.98 -0.36 0.07 35.32 | 1.04E-07 | 0.0003 | 0.0018
ENSG00000134107 | 1363.90 | 1.05 0.19 35.31 | 1.05E-07 | 0.0003 | 0.0019
ENSG00000260349 | 218.70 -0.26 0.05 35.29 | 1.06E-07 | 0.0003 | 0.0019
ENSG00000204262 | 2265.50 | -0.35 0.08 34.03 | 1.95E-07 | 0.0004 | 0.0034
ENSG00000165775 | 345.68 0.19 0.04 33.85 | 2.13E-07 | 0.0004 | 0.0038
ENSG00000020181 | 1111.03 | -0.37 0.10 33.15 | 3.00E-07 | 0.0005 | 0.0053
ENSG00000176463 | 16.70 0.54 0.15 33.07 | 3.11E-07 | 0.0005 | 0.0055
ENSG00000135245 | 335.70 0.72 0.13 32.90 | 3.37E-07 | 0.0005 | 0.0060
ENSG00000163590 | 456.67 -0.22 0.06 32.74 | 3.65E-07 | 0.0005 | 0.0064
ENSG00000168421 | 8.85 0.65 0.20 32.35 | 4.42E-07 | 0.0005 | 0.0078
ENSG00000091409 | 4057.47 | -0.36 0.08 32.32 | 4.49E-07 | 0.0005 | 0.0079
ENSG00000225032 | 66.56 0.66 0.12 31.63 | 6.27E-07 | 0.0006 | 0.0111
ENSG00000169860 | 375.16 -0.50 0.10 31.62 | 6.29E-07 | 0.0006 | 0.0111
ENSG00000166167 | 559.40 -0.16 0.03 31.55 | 6.53E-07 | 0.0006 | 0.0115
ENSG00000144668 | 348.10 -0.40 0.09 31.42 | 6.94E-07 | 0.0006 | 0.0123
ENSG00000160072 | 977.85 0.56 0.11 31.37 | 7.11E-07 | 0.0006 | 0.0126
ENSG00000092964 | 1350.40 |-0.21 0.05 31.35 | 7.19E-07 | 0.0006 | 0.0127
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ENSG00000118971 | 1349.97 | -0.18 0.10 30.82 | 9.29E-07 | 0.0007 | 0.0164
ENSG00000100034 | 1257.88 | -0.25 0.06 30.74 | 9.63E-07 | 0.0007 | 0.0170
ENSG00000135862 | 8501.43 | -0.26 0.06 30.73 | 9.68E-07 | 0.0007 | 0.0171
ENSG00000087086 | 5049.21 | 0.33 0.08 30.28 | 1.21E-06 | 0.0008 | 0.0213
ENSG00000174083 | 9.38 0.32 0.18 30.21 | 1.24E-06 | 0.0008 | 0.0220
ENSG00000187498 | 26583.7 | -0.33 0.07 30.17 | 1.27E-06 | 0.0008 | 0.0224
ENSG00000144642 | 733.72 -0.29 0.08 30.14 | 1.29E-06 | 0.0008 | 0.0228
ENSG00000173269 | 1340.98 | -0.29 0.09 30.11 | 1.31E-06 | 0.0008 | 0.0232
ENSG00000134248 | 315.65 0.22 0.06 30.09 | 1.32E-06 | 0.0008 | 0.0233
ENSG00000260708 | 12.17 0.81 0.15 30.08 | 1.33E-06 | 0.0008 | 0.0234
ENSG00000130844 | 686.84 0.40 0.09 29.80 | 1.52E-06 | 0.0008 | 0.0269
ENSG00000147113 | 863.88 -0.37 0.09 29.69 | 1.60E-06 | 0.0008 | 0.0283
ENSG00000184313 | 11.22 0.50 0.21 29.66 | 1.62E-06 | 0.0008 | 0.0287
ENSG00000210196 | 55.51 0.50 0.19 29.27 | 1.97E-06 | 0.0010 | 0.0348
ENSG00000189350 | 13.65 0.42 0.22 29.08 | 2.15E-06 | 0.0010 | 0.0381
ENSG00000260359 | 84.45 -0.39 0.09 29.00 | 2.23E-06 | 0.0010 | 0.0395
ENSG00000152268 | 500.83 -0.23 0.09 28.97 | 2.27E-06 | 0.0010 | 0.0400
ENSGO00000178033 | 247.52 -0.49 0.11 28.96 | 2.28E-06 | 0.0010 | 0.0403
ENSG00000129925 | 3693.74 | -0.21 0.07 28.90 | 2.35E-06 | 0.0010 | 0.0414
ENSG00000177119 | 2762.77 |-0.24 0.05 28.90 | 2.35E-06 | 0.0010 | 0.0415
ENSG00000100650 | 4494.15 | 0.29 0.06 28.87 | 2.39E-06 | 0.0010 | 0.0421
ENSG00000113263 | 14.46 0.73 0.19 28.78 | 2.49E-06 | 0.0010 | 0.0440
ENSGO00000168090 | 403.13 0.23 0.05 28.73 | 2.55E-06 | 0.0010 | 0.0451
ENSG00000143376 | 1831.03 | -0.19 0.04 28.73 | 2.56E-06 | 0.0010 | 0.0452
ENSG00000155850 | 4316.81 | -0.42 0.10 28.72 | 2.56E-06 | 0.0010 | 0.0452

Supplementary Table 2-2. DE results from the Wald test comparing expression between winter

(WS) and summer (SS) births, with SS as the reference. P-values are adjusted for multiple

comparisons using either the Bonferroni or BH adjustment methods. Wald test results comparing

differential expression between falle (FE) and summer (SS) births or spring (SE) and summer

(SS) births are also provided. (please see supplemental materials here:

https://faseb.onlinelibrary.wiley.com/doi/abs/10.1096/fj.202000291R)
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Supplementary Table 2-3. Transcripts associated with comparing low maternal adversity

(adv="0", ref) to some maternal adversity (adv="1",) or low maternal adversity (adv="0", ref)

to high maternal adversity (adv=">2") in the final model of differential expression between

summer (SS) and winter (WS) births. P-values are adjusted for multiple comparisons using the

Benjamini and Hochberg (BH) method or the Bonferroni (Bon) method. (a portion of the

material is provided below; for the full table, see supplemental materials here:

https://faseb.onlinelibrary.wiley.com/doi/abs/10.1096/fj.202000291R)

Ensemble_ID Mean log2FC | IfcSE | stat pval gval Bon_pval
ENSG00000237973 | 136.48 | 2.92 0.42 6.91 |4.8E-12 | 8.4E-08 | 8.4E-08
ENSG00000114771 | 11.44 1.31 0.28 476 |1.9E-06 |1.7E-02 | 3.4E-02
ENSG00000165810 | 98.23 -1.01 0.23 -4.44 | 8.9E-06 | 5.2E-02 | 1.6E-01
ENSG00000113648 | 1780.02 | 0.11 0.03 400 |6.2E-05 | 2.7E-01 | 1.0E+00
ENSG00000137225 | 8.73 -0.69 0.18 -3.81 | 1.4E-04 | 2.7E-01 | 1.0E+00
ENSG00000125538 | 68.44 0.56 0.15 3.77 |16E-04 | 2.7E-01 | 1.0E+00
ENSG00000102575 | 102.19 | 0.31 0.08 3.77 | 1.7E-04 | 2.7E-01 | 1.0E+00
ENSG00000223478 | 43.90 0.30 0.08 3.76 |1.7E-04 | 2.7E-01 | 1.0E+00
ENSG00000146530 | 29.54 -0.45 0.12 -3.72 | 2.0E-04 | 2.7E-01 | 1.0E+00
ENSG00000148450 | 198.56 | 0.19 0.05 3.69 | 2.2E-04 | 2.7E-01 | 1.0E+00
ENSG00000137496 | 128.22 | 0.38 0.10 3.68 |23E-04 | 2.7E-01 | 1.0E+00
ENSG00000128268 | 694.65 |-0.35 0.10 -3.68 | 2.3E-04 | 2.7E-01 | 1.0E+00
ENSG00000163975 | 35.93 0.58 0.16 3.67 |24E-04 | 2.7E-01 | 1.0E+00
ENSG00000188735 | 149.94 | 0.22 0.06 3.66 | 2.5E-04 | 2.7E-01 | 1.0E+00
ENSG00000133710 | 57.36 0.36 0.10 3.64 | 2.8E-04 | 2.7E-01 | 1.0E+00
ENSG00000162729 | 868.43 | -0.34 0.09 -3.63 | 2.8E-04 | 2.7E-01 | 1.0E+00
ENSG00000111405 | 4547.33 | -0.34 0.09 -3.62 | 2.9E-04 | 2.7E-01 | 1.0E+00
ENSG00000047579 | 121.73 | 0.19 0.05 3.61 |3.0E-04 | 2.7E-01 | 1.0E+00
ENSG00000112902 | 406.49 | 0.53 0.15 3.61 |3.1E-04 | 2.7E-01 | 1.0E+00
ENSG00000185721 | 542.24 | 0.10 0.03 3.60 |3.1E-04 | 2.7E-01 | 1.0E+00
ENSG00000066629 | 677.41 | -0.17 0.05 -3.60 | 3.2E-04 | 2.7E-01 | 1.0E+00
ENSG00000115523 | 43.99 0.93 0.26 3.57 | 3.5E-04 | 2.8E-01 | 1.0E+00
ENSG00000227330 | 30.02 0.36 0.10 3.48 | 4.9E-04 | 3.6E-01 | 1.0E+00
ENSG00000162552 | 50.79 0.48 0.14 3.48 | 5.0E-04 | 3.6E-01 | 1.0E+00
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Supplementary Table 2-4. Results from the cosinor analysis. F tests were performed on the
cosinor model results and corrected for multipled comparisons using either the Bonferroni or
BH adjustment methods. Transcripts with a significant (FDR g<0.05) amplitude or acrophase
were considered to be possibly rhythmic. (please see supplemental materials here:

https://faseb.onlinelibrary.wiley.com/doi/abs/10.1096/fj.202000291R)

Supplementary Table 2-5. Results from the EnrichR analysis of the differentially expressed
transcripts between SS and WS placenta (FDR q<0.05). The ChEA 2016, KEGG 2019, and GO
2018 databases were queried for enrichment. (please see supplemental materials here:

https://faseb.onlinelibrary.wiley.com/doi/abs/10.1096/fj.202000291R)

Supplementary Table 2-6. Spearman correlation coefficients ("Rho") between BHLHE40
expression and all other transcripts and CLOCK expression and all other transcripts. P-values
are adjusted for multiple comparisons using the Benjamini and Hochberg (BH) or Bonferroni
(Bon) method. (a portion of the material is provided below; for the full table, see supplemental

materials here: https://faseb.onlinelibrary.wiley.com/doi/abs/10.1096/f|.202000291R)

Ensemble_ID Pval Rho gval Bon_pval | Gene
ENSG00000134852 | 0 1 0 0 CLOCK
ENSG00000260110 | 3.9E-46 | 8.2E-01 3.4E-42 6.9E-42
ENSG00000138767 | 2.7E-41 | 8.0E-01 1.6E-37 4.7E-37 CNOT6L
ENSG00000100697 | 2.6E-38 | 7.8E-01 1.2E-34 4.6E-34 DICER1
ENSG00000188647 | 7.0E-38 | 7.8E-01 2.5E-34 1.2E-33 PTAR1
ENSG00000056586 | 4.9E-37 | 7.7E-01 1.4E-33 8.6E-33 RC3H2
ENSG00000169967 | 1.2E-34 | 7.6E-01 3.1E-31 2.2E-30 MAP3K?2



https://faseb.onlinelibrary.wiley.com/doi/abs/10.1096/fj.202000291R
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ENSG00000151233 | 1.5E-34 | 7.6E-01 3.4E-31 2.7E-30 GXYLT1
ENSG00000080345 | 1.5E-33 | 7.5E-01 3.0E-30 2.7E-29 RIF1
ENSGO00000205765 | 1.4E-32 | 7.4E-01 2.5E-29 2.5E-28 Cborf51
ENSGO00000114127 | 3.5E-32 | 7.4E-01 5.2E-29 6.3E-28 XRN1
ENSG00000120137 | 3.5E-32 | 7.4E-01 5.2E-29 6.3E-28 PANKS3
ENSG00000163946 | 6.3E-32 | 7.4E-01 8.6E-29 1.1E-27 FAMZ208A
ENSG00000165417 | 1.2E-31 | 7.4E-01 1.5E-28 2.1E-27 GTF2A1
ENSG00000152332 | 4.8E-30 | 7.2E-01 5.7E-27 8.6E-26 UHMK1
ENSG00000175387 | 1.0E-29 | 7.2E-01 1.1E-26 1.8E-25 SMAD2
ENSG00000118412 | 5.6E-29 | 7.1E-01 5.8E-26 9.9E-25 CASP8AP2
ENSG00000196233 | 6.6E-29 | 7.1E-01 6.5E-26 1.2E-24 LCOR
ENSG00000067208 | 8.4E-29 | 7.1E-01 7.6E-26 1.5E-24 EVI5
ENSG00000163320 | 8.6E-29 | 7.1E-01 7.6E-26 1.5E-24 CGGBP1
ENSG00000128585 | 1.9E-28 | 7.1E-01 1.6E-25 3.4E-24 MKLN1
ENSG00000128989 | 6.9E-28 | 7.0E-01 5.6E-25 1.2E-23 ARPP19
ENSG00000092439 | 8.2E-28 | 7.0E-01 6.1E-25 1.5E-23 TRPM7
ENSG00000115808 | 8.2E-28 | 7.0E-01 6.1E-25 1.5E-23 STRN

Supplementary Table 2-7. Transcripts (FDR q<0.05) that overlapped between the differential
expression and cosinor analyses. (please see supplemental materials here:

https://faseb.onlinelibrary.wiley.com/doi/abs/10.1096/j.202000291R)
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Abstract

Circadian disruption is a common environmental and occupational exposure with public
health consequences, but not much is known about whether circadian disruption affects in utero
development. We investigated whether maternal circadian disruption, using night shift work as a
proxy, is associated with variations in DNA methylation patterns of placental tissue in an
epigenome-wide association study (EWAS) of night shift work. Here, we compared cytosine-
guanosine dinucleotide (CpG) specific methylation genome-wide of placental tissue (measured
with the lllumina 450K array) from participants (n=237) in the Rhode Island Child Health Study
(RICHS) who did (n=53) and did not (n=184) report working the night shift, using robust linear
modeling and adjusting for maternal age, pre-pregnancy smoking, infant sex, maternal adversity,
and putative cell mixture. Statistical analyses were adjusted for multiple comparisons and results
presented with Bonferroni or Benjamini and Hochberg (BH) adjustment for false discovery rate.
Night shift work was associated with differential methylation in placental tissue, including CpG
sites in the genes NAV1, SMPD1, TAPBP, CLEC16A, DIP2C, FAM172A, and PLEKHG6
(Bonferroni-adjusted p<0.05). CpG sites within NAV1, MXRA8, GABRG1, PRDM16, WNT5A,
and FOXG1 exhibited the most hypomethylation, while CpG sites within TDO2, ADAMTSL3,
DLX2, and SERPINA1 exhibited the most hypermethylation (BH g<0.10). Functional analysis
indicated GO-terms associated with cell-cell adhesion and enriched GWAS results for psoriasis.
Night shift work was associated with differential methylation of the placenta, which may have
implications for fetal health and development. This is the first study to examine the epigenetic
impacts of night shift exposure, as a proxy for circadian disruption, on placental methylation in
humans, and, while results should be interpreted with caution, suggests circadian disruption may

have epigenetic impacts.



53

Introduction

Disruption of circadian rhythms is associated with negative health outcomes such as
cancer, metabolic disorders, and neurological disorders in epidemiologic(Bass and Lazar, 2016)
and animal studies(Opperhuizen et al., 2015); however, the impacts of circadian disruption
during pregnancy on fetal development and child health have been largely overlooked. The core
circadian clock consists of feedback loops of transcription factors (TF) that generate oscillating
cycles of gene transcription and translation. These endogenously generated rhythms rely on cues,
such as light, to synchronize patterns of physiological activity with the external environment.
Light signals the suprachiasmatic nucleus (SCN) of the hypothalamus, the central clock, to set
the body’s peripheral clocks(Berson et al., 2002).

There have been numerous studies to evaluate health outcomes associated with night shift
work, an occupational proxy for circadian disruption, but it is unknown whether working the
night shift before or during pregnancy poses health risks to the mother or child. This
understudied exposure may have large public health consequences, as approximately 15% of
American employees work outside of the traditional 9AM-5PM work schedule(Straif et al.,
2007). While some aspects of the circadian system may return to normal after a regular schedule
of night shift work, studies suggest the majority of regular night shift workers (~97%) are not
able to fully adapt their endogenous circadian rhythms to their work schedules(Folkard, 2008).

Although there appear to be only small risks of negative reproductive health outcomes
associated with shift work(Palmer et al., 2013), not much is known about the impact of light or
circadian rhythms in human pregnancy or on long-term fetal programming. The placenta, an

organ responsible for mediating the maternal and fetal environment to regulate growth and
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development, may be affected by circadian disruption; yet, little attention has been paid to the
impact of circadian disruption on placental function. Because the placenta is composed of fetal
DNA, methylation of placental tissue may reflect fetal exposures and future health effects.
Therefore, differences in placental methylation patterns between night shift workers and non-
night shift workers may indicate altered fetal development and infant health in response to
circadian disruption. In this study, we conducted an epigenome-wide association study (EWAS)
to investigate whether night shift work is associated with differences in DNA methylation in the

placental epigenome, which can impact long-term health outcomes in the offspring.

Methods

Study population — The Rhode Island Child Health Study (RICHS)

The Rhode Island Child Health Study (RICHS) is a hospital-based cohort study of
mothers and infants in Rhode Island, described in detail elsewhere(Appleton et al., 2016).
Briefly, from 2009 to 2014, women between the ages of 18-40 and their infants were enrolled at
the Women and Infants Hospital of Rhode Island, oversampling for large and small for
gestational age infants and matching each to an appropriate for gestational age control by
maternal age ( £ 2 years), sex, and gestational age ( + 3 days). RICHS enrolled only full-term
(>37 weeks), singleton deliveries without congenital or chromosomal abnormalities. All
participants provided written informed consent under protocols approved by the Institutional
Review Boards of Women and Infants Hospital and Emory University.

Demographic information was collected from a questionnaire administered by a trained
interviewer and clinical outcome information was obtained from medical records. Information on

night shift work was obtained from questionnaire by first asking, “Have you ever worked outside
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the home? (Yes/No)” and if “Yes”, participants were asked “If yes, please list all of the jobs you
have had starting with your current job first. Please indicate whether you worked a swing shift or
a night shift on any of these jobs”. To indicate shift jobs, the questionnaire included check boxes
for “Yes” and “No” under a category for “Night Shift”. For this analysis, only the most recently
reported job history was used and only those who reported “Yes” for night shift work were
considered night shift workers; people who reported working a swing shift but not a night shift
were not included as night shift workers.

To adjust for socioeconomic factors while avoiding multicollinearity, we used an
adversity score index to adjust for household income, maternal education, marital status and
partner support. The cumulative risk score ranged from 0 to 4, with 0 representing the lowest
level of adversity and 4 representing the highest level of adversity. A higher risk score was given
to women whose median household income (adjusting for the number of people in the
household) fell below the federal poverty line for the year the infant was born (+1), to women
whose household was larger than 6 (+1), to women who were single and did not receive support
from a partner (+1) and to women whose highest level of education was high school or less

(+1)(Appleton et al., 2013).

Placental sample collection and measurement of DNA methylation

Genome-wide DNA methylation (measured with the Illumina 450k arrays) was obtained
on 334 placentae parenchyma samples in RICHS as previously described(Paquette et al., 2016),
and of these, data from 237 samples were included in this analysis. The QA/QC process has been
described elsewhere(Maccani et al., 2015), including functional normalization, BMIQ, and

‘ComBAT’ to adjust for technical variations and batch effects in R(Johnson et al., 2007; Paquette
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et al., 2016). Briefly, we used the ‘minfi’ package in R to convert the raw methylation files to
values, a ratio of methylation ranging from 0 to 1, for analysis. Probes associated with the X or Y
chromosomes, single nucleotide polymorphism (SNP)-associated (within 10bp of the target
cytosine-guanosine dinucleotide (CpG) site and with minor allele frequency >1%), identified as
cross-reactive or polymorphic by Chen et al(Chen et al., 2013), or with poor detection p-values
were excluded, yielding 334,692 probes for analysis in this study(Paquette et al., 2016). DNA
methylation array data for RICHS can be found in the NCBI Gene Expression Omnibus (GEO)
database with the number GSE75248. Women with missing information on pre-pregnancy
smoking status (“No”/”Yes”), defined as smoking 3 months prior to pregnancy, or adversity
score were not included in the analysis. Women who did not provide an answer for the nightshift
variable (n=16) were recoded to “No”. This study included the 237 mother-infant pairs within
RICHS for which DNA methylation data and the necessary demographic information were

available.

Placental RNA sequencing

Gene expression was measured using the lllumina HiSeq 2500 system in 199 placental
samples from RICHS; methods have been previously described (Deyssenroth et al., 2017). After
standard QA/QC procedures, final data were normalized to log2 counts per million (logCPM)

values. Raw data is available in the NCBI sequence read archive (SRP095910).

Statistical analyses
Because a reference panel for placental cell types does not yet exist, we used a validated

reference-free method, the ‘RefFreeEWAS’ package in R, to adjust for heterogeneity in cell-type
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composition(Houseman et al., 2016; Teschendorff and Zheng, 2017). We implemented the
RefFree estimation via the same process described in detail in our lab’s prior work(Everson et
al., 2017), and identified 8 components to represent the putative cell mixture in our placental
samples. We also examined the outlier screening plots of the cell mixture array for extreme
outliers. We then conducted an EWAS using robust linear modeling by regressing CpG
methylation B-values on night shift work (“No”/”Yes”), adjusting for putative cell mixture,
maternal age (years), pre-pregnancy smoking status (“No”/”’Yes”) adversity score (0-4)(Lam et
al., 2012), and sex of the infant (“Female”/”Male”). To adjust for multiple comparisons, we used
the Bonferroni method and the Benjamini and Hochberg (BH) false discovery rate (FDR)
methods. To evaluate the extent of in utero night shift exposure, we compared job and delivery
date data. A sensitivity analysis using data from women who provided night shift job information
(n=221) without recoding missing to “No” was performed. We also conducted a sensitivity
analysis to evaluate gestational diabetes mellitus (GDM) and CpG methylation outcomes, as
numerous studies have found an association between night shift work and the development of
obesity and metabolic diseases(Froy, 2010; Scheer et al., 2009), as well as GDM and altered
methylation(Haertle et al., 2017). While DNA methylation is not expected to change on a day-to-
night basis(Reik, 2007), a few recent studies of brain tissue have found diurnal differences in
DNA methylation(Coulson et al., 2018; Lim et al., 2017). To assess possible confounding by
time of placenta sample collection, we categorized time of sample collection into 3-hour bins
(TAM-9AM, 10AM-12PM, 1PM-3PM, and 4PM-5PM) and performed a Fisher’s exact test (one
of the cells had <5 participants) to compare night shift and non-night shift workers. We also
modelled sample collection time as a continuous outcome and night shift work as a categorical

exposure (No/Yes).
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Additionally, we investigated differentially methylated regions (DMRs) using the
‘Bumphunter’ package in R(Jaffe et al., 2012). We modeled the B-values between non-night shift
workers and night shift workers, controlling for the same variables as the individual CpG by
CpG site genome-wide analysis. CpG sites within 500 base pairs were clustered together and 3-
values were modeled against a null distribution generated via bootstrapping; sites with
differential methylation of 2% or more were considered to be possible DMRs.

To examine the functional implications of night shift work-associated DNA methylation
(BH g<0.05), we also conducted an expression quantitative trait (eQTM) analysis using ‘MEAL’
in R to investigate whether methylation was associated with gene expression in the RICHS
samples on which both DNA methylation and expression data were available (n=199). Using
robust linear modeling, we regressed the expression levels of genes within a 100kb window of

the CpG site on methylation B-values (p<0.05).

Bioinformatic analyses

To better understand the biological significance of the EWAS results, we performed an
enrichment analysis of the top 298 CpG sites (BH g<0.10) with GO-terms and KEGG pathways
in R using the ‘missMethyl” package(Phipson et al., 2016). We also evaluated whether the genes
(n=45) from overlapping CpG sites with BH g<0.05 were listed as rhythmic within the available
CircaDB mouse databases(Pizarro et al., 2013). We searched within CIRCA mouse experimental
datasets using the JTK filter with a g-value probability cut-off of 0.05 and a JTK phase range of
0-40(Hughes et al., 2010). To investigate whether the CpGs from our EWAS results were within
genomic regions that have been linked to traits from previous GWAS findings, windows of the

top 298 CpG sites (BH g<0.10) and flanking 5kb regions of DNA were compared for overlap
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with SNP results (p<1x1078) in the GWAS catalog of the National Human Genome Research
Institute and the European Bioinformatics Institute (NHGRI-EBI)(MacArthur et al., 2017) using
the TraseR package(Chen and Qin, 2016) in R. As background, we only included SNPs that were
within 5kb of CpGs that were included in the EWAS study. If more than one top CpG site fell
within the same 10kb window, they were clustered together and considered the same region.
Only GWAS trait-associated SNP windows that overlapped with 2 or more of the top CpG
windows and were statistically significant after Fisher’s exact test (BH q <0.05) were considered

enriched.

Results

Demographic and medical Information

Demographic information for the women (n=237) and covariates included in the final
model for the epigenome-wide analysis are provided in Table 3-1. A sensitivity analysis
comparing results from women who provided night shift job information (n=221) without
recoding missing to “No” did not indicate any large differences in demographic features.
Overall, women who reported working the night shift were more likely to be younger, smokers
pre-pregnancy, cases of GDM, single and never married, lower household income, and higher
adversity (p<0.05). While not statistically significant, women who worked the night shift trended
towards a higher BMI and an evening chronotype. Of those included in the analysis, one
participant reported taking melatonin and she was not a night shift worker. Additionally, 37 out
of the 53 (70%) night shift workers reported working the night shift during pregnancy; time
between working the night shift and the birth of the infant ranged from within a week to

approximately 4.5 years, with a median value of 10 weeks.



Table 3-1. Demographic characteristics of participants included in the analysis (n=237) by
night shift work status. *Signifies p-value <0.05 (using either y2 test, Fisher’s exact test or 2-

sided t-test) between non-night shift and night shift workers.

N Non-night Night shift Statistical
shift (n=184) | (n=53) significance
Maternal age*, mean + SD 237 | 30.7+/-5.4 28.8+/- 5.1 p<0.05
Pre-pregnancy smoking*, % (n) 237 | 12% (22) 25% (13) p<0.05
Sex of the infant (male/female), 937 48% / 52% 53% / 47% 06
% (n) (88/96) (28/25) p=5.
Gestational diabetes*, % (n) 234 | 9% (16) 21% (11) p<0.05
Marital status*, % (n)
Single, never married 24% (44) 43% (23)
Separated or divorced 237 3% (6) 4% (2) p<0.05
Married 73% (134) 53% (28)
Household income*, % (n)
<$9-14,999 14% (25) 24% (12)
$15-29,999 9% (17) 20% (10)
$30-49,999 | 22° [10% (18) 18% (9) p<0.01
$50-99,999 39% (69) 30% (15)
.>$100,000 28% (50) 8% (4)
Adversity score*, % (n)
0 78% (143) 58% (31)
1 12% (22) 30% (16)
2| 23" 9% (16) 9% (5) p<0.05
3 1% (2) 2% (1)
4 1% (1) 0% (0)
Maternal education*, % (n)
<11" grade 5% (10) 4% (2)
_ High _school 937 15% (28) 26% (14) 0<0.01
Junior college or equivalent 22% (40) 40% (21)
College 36% (67) 26% (14)
Any post-graduate 21% (39) 4% (2)




Epigenome-wide methylation associations

DNA methylation at 298 CpG sites was found to be significantly different in night shift

workers after FDR correction at the BH g<0.10, 57 CpG sites significant at the BH q<0.05

(Table 3-2), and 10 CpG sites at the Bonferroni-corrected p<0.05 (Table 3-2). CpG sites for the
NAV1, SMPD1, TAPBP, CLEC16A, DIP2C, FAM172A, and PLEKHG6 genes had genome-wide

significance after Bonferroni correction (p<0.05). The ADAMTS10, CLEC16A, CTBP1, EGFLS,

GNAS, HDAC4, HEATR2, KCNA4, KDELC2, MFHAS1, MXRA8, NAV1, PLXND1, UBRS5,

WNT5A, and ZBTB22 genes had multiple CpG sites represented in the results.

Table 3-2. List of differentially methylated CpG sites in night shift workers compared to non-

night shift workers after epigenome-wide analysis (BH g<0.05).

UCsC Chromosome|Position  |Probe ID |1 SE |P-value |BH |Bonfe
Gene Name g- |rroni
value
NAV1 chrl 201708718|cg14168733| -0.04/0.007| 2.53E-08(0.003| 0.008
NAV1 chrl 201709135|cg14377596| -0.04/0.007| 2.98E-08(0.003| 0.01
SMPD1 chrll 6412852|cg14814323|-0.016/0.003| 2.97E-08(0.003] 0.01
NAV1 chrl 201709390|cg01411786|-0.032|0.006| 9.91E-08(0.004| 0.033
TAPBP chré 33273011|cg03190911{-0.014]0.003| 9.94E-08|0.004| 0.033
chr6 27390647|cg06667732(-0.023/0.004| 9.35E-08|0.004| 0.031
CLEC16A |chrl6 11073063|cg08082763|-0.023/0.004| 7.21E-08|0.004| 0.024
DIP2C chrl0 560669|cg21373996|-0.019/0.004| 1.06E-07|0.004| 0.035
FAM172A |chr5 93076910|cg25342875(-0.024/0.004| 9.46E-08|0.004| 0.032
PLEKHG6 |chrl2 6436676|cg14858786|-0.026/0.005| 1.42E-07(0.005| 0.047
KRT15 chrl7 39675154|cg11983245|-0.024|0.005| 1.84E-07(0.005| 0.062
NAV1 chrl 201709675|cg18539461|-0.036/0.007| 1.71E-07|0.005| 0.057
RHOT2 chrlé 717556|cg04365973|-0.019/0.004| 2.58E-07|0.007| 0.086
NAV1 chrl 201708888|cg13877974|-0.043/0.009| 4.11E-07| 0.01| 0.137
ERI3 chrl 44716226|cg24373865|-0.024|0.005| 5.66E-07(0.013| 0.189
PTPN6 chrl2 7060187|cg23147227| -0.02/0.004| 8.98E-07(0.019| 0.301
EGFL8 chr6 32135718|cg08759957|-0.021|0.004| 1.22E-06(0.023| 0.407
ZBTB22 chré 33284168|cgl4771240| -0.02|0.004| 1.18E-06|0.023| 0.396




chr10 22725309(cg01422243|-0.019/0.004| 1.51E-06|0.027| 0.504
UBRS chr8 103344822|cg02530407|-0.019/0.004| 1.68E-06|0.027| 0.561
HDACA4 chr2 240213173|cg23601374|-0.017{0.004| 1.64E-06|0.027| 0.549

chr7 25702848|cg03700230| 0.048| 0.01| 1.93E-06|0.029| 0.645
CYB5SR2 chrll 7694163|cg05919312|-0.018/|0.004| 2.03E-06| 0.03| 0.679
RPS6KA4 [chrll 64139406(cg07425109-0.016/0.003| 2.15E-06| 0.03| 0.719
MSI2 chrl7 55742491|cg07618409| -0.02|0.004| 2.26E-06| 0.03| 0.755
CDYL2 chrl6 80716710(cg16713168|-0.021/0.004| 2.33E-06| 0.03| 0.78
FAM118A |chr22 45705265|cg06575572| -0.02|0.004| 2.50E-06| 0.03| 0.835
LRRC2 chr3 46618325|cg07225641(-0.027/0.006| 2.61E-06| 0.03| 0.875
CLDN9 chrl6 3063894|cg10492999|-0.026|0.006| 2.70E-06| 0.03| 0.905
LOC645323 |chr5 87955859(cg13982098-0.028(0.006| 2.65E-06| 0.03| 0.886
C2orf54 chr2 241827789|cg21333033|-0.019/0.004| 2.93E-06(0.032| 0.981
SLC41A1 |chrl 205780033|cg00762738|-0.017|0.004| 3.08E-06|0.032 1
MXRA8 chrl 1290712|cg00040588|-0.051{0.011| 3.49E-06|0.032 1
EGFLS8 chr6 32135715|cg12305588|-0.019|0.004| 3.35E-06|0.032 1
BAIAP2 chrl7 79022879|cg12472449(-0.016|0.004| 3.43E-06|0.032 1
FBXW7 chr4 153437193|cg13536107(-0.022|0.005| 3.35E-06|0.032 1
BAT2 chr6 31599646|cg25371129(-0.005|0.001| 3.61E-06|0.033 1
MIRLET7A3|chr22 46508563|cg04063235|-0.019/0.004| 3.71E-06|0.033 1
HDLBP chr2 242174625|cg11221200|-0.014|0.003| 3.90E-06|0.033 1

chrll 22454301|cg23181580(-0.031|0.007| 4.22E-06|0.035 1
BATF3 chrl 212874153|cg00168835| 0.005|0.001| 4.42E-06|0.036 1

chr22 50221949|cg08174792(-0.034|0.007| 4.91E-06|0.039 1
MFHAS1  [chr8 8749074|cg01022370|-0.023|0.005| 5.20E-06| 0.04 1
ZNF284 chrl9 44575547|cg05333740(-0.023/0.005| 5.83E-06|0.042 1
DPEP2 chrl6 68027297|cg06866814| 0.002 0| 5.50E-06|0.042 1
GALNTL4 |chrll 11438208|cg16337763|-0.022|0.005| 5.67E-06/0.042 1
AZI1 chrl7 79184968(cg20296990| -0.02|0.004| 5.84E-06/0.042 1
GALNTL1 |chr14 69725831(cg00080706|-0.019(0.004| 5.99E-06/0.042 1
MFHAS1  [chr8 8749278|cg01784220|-0.022|0.005| 6.21E-06{0.042 1
Cllorf2 chrll 64863151(cg13626866|-0.026/0.006| 6.37E-06{0.043 1
BANF1 chrll 65770987|cg17985854(-0.023|0.005| 6.49E-06|0.043 1
IQGAP2 chrb 75784957(cg23289545|-0.019(0.004| 6.62E-06{0.043 1

chrl7 43222106|cg00625783|-0.025/0.006| 7.26E-06|0.045 1
TUBGCP2 |chr10 135120640|cg04070692(-0.019|0.004| 7.21E-06|0.045 1
BAT1 chr6 31502388|cg10895184(-0.018|0.004| 7.53E-06|0.045 1
HAPLN1 |chr5 83016779(cg18024167|-0.023|0.005| 7.44E-06/0.045 1
PKHD1L1 (chr8 110374866|cg19906741| 0.018/0.004| 7.77E-06|0.046 1
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The Manhattan plot of the results indicated a number of differentially methylated sites
that distributed across the genome, with some occurring in the same regions (Figure 3-1A).
There was also an overall trend towards hypomethylation (Fig 3-1B). CpG sites for NAV1,
MXRA8, GABRG1, PRDM16, WNT5A, and FOXG1 were among the 10 sites with the most
hypomethylation, while CpG sites for TDO2, ADAMTSL3, DLX2, and SERPINA1 were among
the 10 sites with the most hypermethylation To more rigorously examine the co-located CpG
sites associated with night shift work, we employed a ‘Bumphunter’ analysis and identified 6584
‘bumps’, with areas of the NAV1, PURA, C60rf47, and GNAS genes as DMRs (BH
0<0.10)(Table 3-3). Of these, CpGs for the NAV1 and GNAS genes were also differentially

methylated in the CpG by CpG analysis (Supplemental Table 3-1).
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Figure 3-1. Results of placental DNA methylation and night shift work EWAS. A, Manhattan plot

of CpG results, adjusted for maternal age, pre-pregnancy smoking, adversity score, sex of the
infant, and estimated cell mixture. The dashed upper boundary line denotes p-value of 1.49x10-7
as the significance threshold after Bonferroni adjustment (p<0.05), the dashed middle boundary
line denotes the p-value of 7.7x10-6 as the approximate significance threshold of BH q<0.05,
and the solid boundary line at denotes the p-value of 8.8x10-5 as the approximate significance
threshold of BH g<0.10. B, Volcano plot of results, adjusted for maternal age, pre-pregnancy
smoking, adversity score, sex of the infant, and estimated cell mixture. Gray dots signify CpG
sites with BH g<0.05 and CpG sites with both absolute beta coefficients of 0.03 or greater and

BH g<0.05 are labelled with UCSC gene names.
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Table 3-3. ‘Bumphunter’ results of significant DMRs (BH ¢<0.10).

P-value FWER

Gene p1 P-value FWER BH | Bon
Area Area

NAV1 -0.038 | 3.29E-05 0.166 1.74E-04 0.606 | 0.054 | 0.217

PURA -0.054 | 2.54E-05 0.131 6.80E-05 0.31 | 0.054 | 0.167

Céorfd7 | -0.112 | 3.24E-05 0.163 1.17E-02 110.054|0.213

GNAS -0.034 | 9.35E-06 0.05 1.31E-04 0.512 | 0.054 | 0.062

A sensitivity analysis with GDM included as an additional covariate shared many of the
top CpG sites with the primary results, suggesting GDM is not a confounder of these
associations. An additional analysis evaluating GDM as the primary exposure shared no top
genes with the EWAS results. In comparing time of placenta sample collection, there was no
significant difference between the two groups when compared categorically (p=0.547) or
continuously (p=0.945), with a mean collection time around 11AM. In another sensitivity
analysis comparing the beta coefficients from models that utilized in utero night shift work
exposure as the independent variable (n=37) to the beta coefficients from models that included
all night shift workers (n=53), the differences were small; only 1 CpG site, cg24373865, had an
absolute difference in beta coefficients greater than 0.01, at 0.011. We also re-examined our
results removing those with missing data on night shift work and the findings were substantially

similar.

Functional analyses
Comparing the 298 significant CpG sites (BH g<0.10) to the remaining 334,394 CpG
sites, there was a higher frequency of top CpG sites within enhancer regions (x? = 13.48, df = 1,

p-value = 0.0002). Because transcription factors (TFs) can bind to enhancer regions to alter gene
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expression, we assessed whether CpG methylation was associated with expression levels in
nearby genes. The eQTM analysis found the expression of 18 genes to be associated with 14
CpG sites (p<0.05). Of these, the expression levels of ACBD4 were associated with methylation
in cg00625783 (B1=2.515, p-value=1.94E-05) and the expression levels of KRT15 were
associated with methylation in cg11983245 (B1=7.895, p-value=8.04E-05)(Supplemental Table
3-2). For both of these genes, increasing methylation of the CpG sites was associated with
increased gene expression. The cg00625783 CpG is not annotated to a gene, but is located within
an enhancer region, and cgl11983245 is annotated to the 5° untranslated region (5’UTR) and 1%
exon of the KRT15 gene. Methylation of cg11983245 was also associated (p<0.05) with
increased KRT19 (B1=4.404, p-value=3.87E-03) and LINC00974 (B1=6.011, p-value=3.40E-02)
expression levels.

We analyzed the top 298 CpG sites (BH g<0.10) for enrichment of KEGG pathways and
GO-terms. The GO-terms “cell-cell adhesion”, “cell-cell adhesion via plasma-membrane
adhesion molecules”, and “hemophilic cell adhesion via plasma membrane adhesion molecules”
were found to be significant after FDR correction (BH<0.05)(Supplemental Table 3-3). The top
KEGG pathway results were “valine, leucine and isoleucine biosynthesis”, “mucin type O-
glycan biosynthesis” and “melanogenesis”, but they were not significant after correcting for FDR
(Supplemental Table 3-4). Surprisingly, PER1 was the only core circadian gene represented
among the 298 CpG sites. However, we evaluated whether the 45 genes of the top 57 CpG sites
exhibited circadian rhythmicity within the CircaDB mouse expression database(Pizarro et al.,
2013) and found 27 out of the 45 genes (60%) displayed rhythmic expression(Hughes et al.,
2010)(Supplemental Table 3-5). Of these genes, BAIAP2, GALNTL1, HDLBP, NAV1, and

TAPBP displayed rhythmicity in mouse SCN tissue. We then tested for trait-associated SNP
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enrichment within 10kb regions surrounding the top 298 CpG sites (BH q<0.05) among GWAS
SNPs (p<1x10®) in NHGRI-EBI GWAS catalog(MacArthur et al., 2017) using a Fisher’s exact
test in TraseR(Chen and Qin, 2016). These regions were significantly enriched (FDR < 5%) for
the following traits: Psoriasis, Systemic Lupus Erythematosus, Type 1 Diabetes Mellitus, and

Multiple Sclerosis (Supplemental Table 3-6).

Discussion

We identified a number of CpG sites exhibiting differential methylation associated with
night shift work in newborn placental tissue. While the average absolute differences for the 298
CpG site corresponded to a roughly 1.7% change in methylation, even a small change in
methylation may have physiologically-relevant effects, and these magnitudes of association are
comparable to others reported for exposures including toxic trace elements and maternal
smoking during pregnancy(Breton et al., 2017). The overall trend of hypomethylation with night
shift work may be due to increased TF binding to DNA, leading to chromatin changes
establishing the hypomethylated state(Martin and Fry, 2016). Because one of the core
components of the circadian clock, CLOCK, acts as a histone acetyltransferase(Doi et al., 2006),
it is also possible that circadian disruption impacts the epigenetic activity of CLOCK, affecting
chromatin state and accessibility. However, there is still much to discover about circadian
interactions with methylation and developmental processes.

Light at night and night shift work exposure can cause altered hormonal signaling and
endocrine disruption; because hormone receptors can act as TFs, it is possible that circadian
disruption causes increased hormonal signaling and increased TF binding. Animal studies of in

utero circadian disruption suggest that circadian disruption may negatively affect the health and
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development of offspring(Smarr et al., 2017b). For example, chronic changes in the photoperiod
of pregnant rats caused increased leptin levels, insulin secretion, fat deposition, and decreased
glucose tolerance of offspring in adulthood(Varcoe et al., 2011). Additionally, mice exposed to a
22-hour light-dark cycle, instead of the normal 24-hour cycle, had altered methylation patterns in
the SCN and altered circadian behavior; differential methylation was also found for genes related
to axonal migration, synaptogenesis, and neuroendocrine hormones(Azzi et al., 2014).

We identified a DMR and multiple individual CpG sites within and nearby to NAV1 that
were consistently represented among the top results. In general, the functions of NAV1,
particularly in the placenta, are not well characterized. NAV1 is homologous to the unc-53 gene
in C.elegans, which plays a role in axonal migration(Maes et al., 2002). The mouse homolog also
appears to play a role in neuronal migration; NAV1 is enriched in growth cones and associates
with microtubule plus ends(van Haren et al., 2009), and the deficit of Navl causes loss of
direction in leading processes(Martinez-Lopez et al., 2005). Research has also found increased
embryonic lethality, decreased birthweight, and infertility in female offspring for Nav1”
mice(Kunert, 2014), suggesting an important role for Nav1 in fetal development and health. Our
mouse tissue query of the CircaDB database revealed that Nav1 specifically displayed circadian
rhythmicity in mouse SCN tissue (Supplemental Table 3-4). This suggests NAV1 may play a
role in the mammalian SCN. A DMR was also identified in GNAS, which is imprinted in the
paraventricular nucleus of the hypothalamus and encodes the Gsa. G-protein, which regulates
CAMP generation and metabolism. Gnas is implicated in REM and NREM sleep and the
browning of white adipose tissue for thermogenesis(Lassi et al., 2012). Additionally, in a

microarray analysis of retina samples from an rd/rd mouse model, Gnas was implicated in
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melanopsin signaling(Peirson et al., 2007). Therefore, GNAS may be important in integrating
light and metabolic cues.

The top 298 CpG results (BH g<.05) were enriched for traits related to psoriasis, lupus,
type 1 diabetes, and multiple sclerosis, all of which involve the immune system and/or
inflammation. Interestingly, a large study of night shift workers in the Nurse’s Health Study
found an increased risk of psoriasis among night shift workers(Li et al., 2013). Another study
that analyzed two separate cohorts also found an association between engaging in shift work
before 20 years old and multiple sclerosis(Hedstrom et al., 2011). The skin has circadian rhythms
that may affect the development of psoriasis(Ando et al., 2015), during which abnormal activity
of keratinocytes and T cells can cause lesions. Because adhesion molecules may play an
important role in this process, this GWAS trait may explain the KEGG-pathway and GO-term
enrichment analysis, among which “cell-cell adhesion” and “melanogenesis” were some of the
top results.

A possible limitation of this analysis is the moderate sample size of night shift workers
(n=53). Because placenta samples were only collected during daytime hospital hours (7AM-
5PM), we are also limited in our ability to fully evaluate diurnal differences in DNA
methylation. Additionally, the adjustment for cell-type heterogeneity is an estimation, so there is
a possibility of residual confounding by cell type. On the other hand, the results may be a
conservative estimate of the true association, as this analysis occurred in full-term pregnancies
and approximately 30% of the women included as night shift workers did not have in utero
exposure. While a sensitivity analysis of in utero night shift work exposure did not find large
differences in the magnitudes of association, exposure to circadian disruption at different

windows of development could have different magnitudes of effect. Prior research has found that
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shift workers continue to have chronic health effects even after they switch to a day shift
schedule. For example, researchers found that a history of shift work was associated with a
decrease in cognitive ability that took 5 years or more after cessation of shift work to
recover(Marquié et al., 2015); this suggests recovery from regular shift work may take an
extended period of time and a history of shift work may have a prolonged influence on health.

This is the first study to examine the epigenetic impacts of night shift exposure on
placental methylation in humans, and results should be interpreted with caution. Methylation of
placental tissue, an indicator of the in utero epigenetic landscape, reflects functional activities of
the placenta, which can impact various aspects of fetal development, including
neurodevelopment. The findings that the methylation of NAV1 differed by night shift work
exposure and that Nav1l is rhythmically expressed in mouse SCN suggests NAV1 may play a role
in the human circadian system. Because the circadian system coordinates an array of
physiological systems, alterations to circadian system development could affect immune
response, sleep patterns, behavior, metabolism, and future health status. We have found night
shift work to be associated with variation in methylation of placental tissue, which has
implications for fetal development and future health. However, these findings may also be
relevant for people who experience circadian disruption due to common exposures such as light
at night(Chang et al., 2015a).

In conclusion, night shift work is associated with differential methylation patterns in
placental tissue. NAV1 may be an important component in the development of the human
circadian system. Night shift work is a complex exposure encompassing altered hormonal
signaling, eating and activity patterns, light exposure, and sleep patterns. Therefore, it is difficult

to tease apart which aspects of night shift work contribute to which result. However, night shift
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work is a prevalent exposure in the workforce and, more generally, circadian disruption is a
common facet of modern life. Circadian disruption may contribute to immune-mediated and
inflammatory disease, but it is still unclear how this exposure may affect fetal development and
infant health. These findings warrant further investigation to evaluate the effects of in utero
circadian disruption and possible impacts on fetal and child health, as well as the role of the

circadian system in the function of the placenta.

Supplemental Material
Supplemental Table 3-1. List of the 298 CpG sites that were differentially methylated in
placenta tissue from night shift workers compared to non-night shift workers (BH gq<0.10).

(Supplemental material provided here: https:/doi.org/10.1371/journal.pone.0215745.s001)

Supplemental Table 3-2. Table of results from expression quantitative trait methylation (eQTM)

analysis of genes within 100kb of CpG sites with BH q<0.05. The data used in this analysis came

from RICHS samples that had both methylation and RNAseq data available (n=197).

CpG site Ensemble_ID Gene p1 p-val g-val
€g00625783 | ENSG00000181513 | ACBD4 2.515 | 1.94E-05 0.006
€g11983245 | ENSG00000171346 | KRT15 7.895 | 8.04E-05 0.012
€g11983245 | ENSG00000171345 | KRT19 4.404 | 3.87E-03 0.339
€g25371129 | ENSG00000204438 | GPANK1 9.243 | 4.64E-03 0.339
€g21373996 | ENSG00000233021 | AL669841.1 | 8.131 | 6.68E-03 0.39

€g00762738 | ENSG00000117280 | RAB29 -2.956 | 1.48E-02 0.506
cg07425109 | ENSG00000168071 | CCDC88B | 3.982 | 1.56E-02 0.506
€g19906741 | ENSG00000250267 | LINC00482 | -6.082 | 1.21E-02 0.506
€g20296990 | ENSG00000185168 | AC021237.1 | 2.471 | 1.27E-02 0.506
€g10895184 | ENSG00000204516 | MICB 5.118 | 1.78E-02 0.518
cg03190911 | ENSG00000237441 | SMPD1 1.594 | 4.80E-02 0.67

€g06667732 | ENSG00000096654 | CLDN6 -1.16 | 4.98E-02 0.67



https://doi.org/10.1371/journal.pone.0215745.s001

€g10492999 | ENSG00000184697 | LINC0O0974 | 3.458 | 4.94E-02 0.67
€g11221200 | ENSG00000115685 | TEPSIN -2.25 2.66E-02 0.67
cg11221200 | ENSG00000146205 | PPP1R7 6.327 | 3.36E-02 0.67
cg11983245 | ENSG00000226629 | LINC00974 | 6.011 | 3.40E-02 0.67
cg14814323 | ENSG00000166311 | ZNF184 -2.589 | 4.95E-02 0.67
€g20296990 | ENSG00000167302 | RGL2 1.351 | 2.78E-02 0.67
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Supplemental Table 3-3. Table of top results from the GO-term and KEGG pathway analyses of

top 298 CpG sites (BH g<0.10). N refers to the overall number of genes annotated to the term or

pathway and DE refers to the number of genes from the top CpG sites within that term or

pathway.

GO-term ID Term N DE | P-val g-val

G0:0098609 Cell-cell adhesion 744 | 37 2.45E-08 | 1.77E-04

G0:0098742 Cell-cell adhesion via plasma- | 221 | 26 2.14E-12 | 4.64E-08
membrane adhesion molecules

G0:0007156 Homophilic cell adhesionvia | 150 | 22 2.36E-11 | 2.56E-07
plasma membrane adhesion
molecules

KEGG analysis

KEGG pathway | Pathway N DE | P-val g-val

ID

path:hsa00290 Valine, leucine and isoleucine | 4 1 0.044 1
biosynthesis

path:hsa00512 Mucin type O-glycan 29 2 0.064 1
biosynthesis

path:hsa04916 Melanogenesis 101 |4 0.083 1

Supplemental Table 3-4. Table of results from CircaDB analysis of EWAS gene results (n=45

genes, g<0.05). Gene list was entered and analyzed using a JTK g-value filter with a probability

cut-off of 0.05 and JTK phase range of 0-40 of all available CIRCA mouse databases.
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UCSC Gene Rhythmic | CircaDB expression dataset (JTK g<0.05)
Name expression?
(No/Yes)

AZI1 N

BAIAP2 Y Mouse 1.0ST Brown Adipose, 1.0ST Liver, Liver 48 hour
Hughes 2009, 1.0ST Kidney (Affymetrix), Mouse Wild
Type SCN (GNF microarray)

BANF1 Y Mouse 1.0ST Liver, Pituitary 48 hour Hughes 2009
(Affymetrix)

BAT1 N

BAT2 Y Mouse Distal Colon 2008 (Affymetrix)

BATF3 Y Mouse Liver 48 hour Hughes 2009 (Affymetrix)

Cllorf2 N

C2orf54 N

CDYL2 N

CLDN9 Y Mouse Distal Colon 2008 (Affymetrix)

CLEC16A Y Mouse Distal Colon 2008 (Affymetrix)

CYB5R2 N

DIP2C Y Mouse 1.0ST Heart, 1.0ST Kidney, Distal Colon 2008
(Affymetrix)

DPEP2 N

EGFLS8 N

ERI3 Y Mouse Distal Colon 2008 (Affymetrix)

FAM118A N

FAM172A Y Mouse 1.0ST Liver, Liver 48 hour Hughes 2009
(Affymetrix)

FBXW?7 Y Mouse Heart LD (Affymetrix), Mouse Wild Type Muscle
(GNF microarray)

GALNTL1 Y Mouse Wild Type SCN (GNF microarray)

GALNTL4 Y Mouse 1.0ST Brown Adipose, 1.0ST Lung, 1.0ST Heart,
Mouse Pituitary 48 hour Hughes 2009 (Affymetrix)

HAPLN1 Y Mouse 1.0ST Liver, Liver 48 hour Hughes 2009, 1.0ST
Adrenal Gland, 1.0ST Aorta, Distal Colon 2008
(Affymetrix)

HDAC4 Y Mouse 1.0ST Heart, 1.0ST Lung (Affymetrix)
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HDLBP Mouse Liver 48 hour Hughes 2009, Distal Colon 2008,
Mouse SCN MAS4 Panda 2002 (Affymetrix)

IQGAP2 Mouse Liver 48 hour Hughes 2009 (Affymetrix), Mouse
NIH 3T3 Immortilized Cell Line 48 hour Hughes 2009
(Affymetrix)

KRT15

LOC645323

LRRC2 Mouse 1.0ST Brown Adipose, Distal Colon 2008
(Affymetrix)

MFHAS1 Mouse 1.0ST Liver, 1.0ST Lung (Affymetrix)

MIRLET7A3

MSI2 Mouse Liver 48 hour Hughes 2009, 1.0ST Liver, 1.0ST
Kidney, Distal Colon 2008 (Affymetrix)

MXRA8

NAV1 Mouse 1.0ST SCN 2014, Distal Colon 2008, 1.0ST Heart
(Affymetrix)

PKHD1L1

PLEKHG6

PTPNG6 Mouse Liver 48 hour Hughes 2009, 1.0ST Lung
(Affymetrix)

RHOT2

RPS6KA4 Mouse Distal Colon 2008, 1.0ST Lung (Affymetrix)

SLC41A1 Mouse 1.0ST Brown Adipose, 1.0ST Kidney, 1.0ST Lung
(Affymetrix)

SMPD1 Mouse 1.0ST Lung (Affymetrix)

TAPBP Mouse SCN MAS4 Panda 2002, SCN gcrma Panda 2002,
1.0ST Adrenal Gland, 1.0ST Lung, Mouse Aorta Rudic
2004, Distal Colon 2008 (Affymetrix), Mouse Wild Type
Muscle (GNF microarray),

TUBGCP2 Mouse 1.0ST Hypothalamus, Mouse Liver 48 hour Hughes
2009 (Affymetrix)

UBR5

ZBTB22 Mouse Liver 48 hour Hughes 2009, 1.0ST Liver

(Affymetrix)
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ZNF284 N

Supplemental Table 3-5. Trait-associated SNP enrichment within 10kb regions surrounding the

top 298 CpG sites (BH g<0.05) among GWAS SNPs in NHGRI-EBI GWAS catalog that yielded

trait-associations at p<1x10-8.

Trait P-Value BH g-value | taSNP | Total
Hits | taSNPs
Psoriasis 4.24444E-13 7.1E-11 6 67
Lupus Erythematosus, Systemic 9.10157E-11 1.0E-08 5 73
Diabetes Mellitus, Type 1 7.66872E-08 6.4E-06 4 112
Multiple Sclerosis 3.92525E-05 1.2E-03 2 70
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Abstract

High fat diets (HFD) have been utilized in rodent models of visual disease for over 50 years to
model the effects of lipids, metabolic dysfunction, and diet-induced obesity on vision and ocular
health. HFD treatment can recapitulate the pathologies of some of the leading causes of
blindness, such as age-related macular degeneration (AMD) and diabetic retinopathy (DR) in
rodent models of visual disease. However, there are many important factors to consider when
using and interpreting these models. To synthesize our current understanding of the importance
of lipid signaling, metabolism, and inflammation in HFD-driven visual disease processes, we
systematically review the use of HFD in mouse and rat models of visual disease. The resulting
literature is grouped into three clusters: models that solely focus on HFD treatment, models of
diabetes that utilize both HFD and streptozotocin (STZ), and models of AMD that utilize both
HFD and genetic models and/or other exposures. Our findings show that HFD profoundly affects
vision, retinal function, many different ocular tissues, and multiple cell types through a variety of
mechanisms. We delineate how HFD affects the cornea, lens, uvea, vitreous humor, retina,
retinal pigmented epithelium (RPE), and Bruch’s membrane (BM). Furthermore, we highlight
how HFD impairs several retinal cell types, including glia (microglia), retinal ganglion cells,
bipolar cells, photoreceptors, and vascular support cells (endothelial cells and pericytes).
However, there are a number of gaps, limitations, and biases in the current literature. We
highlight these gaps and discuss experimental design to help guide future studies. Very little is
known about how HFD impacts the lens, ciliary bodies, and specific neuronal populations, such
as rods, cones, bipolar cells, amacrine cells, and retinal ganglion cells. Additionally, sex bias is
an important limitation in the current literature, with few HFD studies utilizing female rodents.

Future studies should use ingredient-matched control diets (IMCD), include both sexes in
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experiments to evaluate sex-specific outcomes, conduct longitudinal metabolic and visual
measurements, and capture acute outcomes. In conclusion, HFD is a systemic exposure with
profound systemic effects, and rodent models are invaluable in understanding the impacts on

visual and ocular disease.

Introduction

Diets high in fat, specifically saturated fats, are a common exposure with significant
public health implications. High fat diets (HFD) are associated with metabolic disease(Feskens et
al., 1995), cancer(Carroll et al., 1986), and neurological disease(Kalmijn et al., 1997). Total fat
and saturated fat consumption is associated with the development of Type Il diabetes(Risérus et
al., 2009), which can lead to serious complications such as DR and blindness. Additionally,
dietary fat is considered an important contributing factor in the global obesity epidemic(Hall,
2018; James et al., 2001). The global prevalence of obesity in the adult population is
approximately 12%, numbering more than 600 million adults(Collaborators, 2017) and expected
to continue growing. These trends are promoted by lifestyle factors such as diet and reduced
physical activity that cause inflammation and weight gain, leading to obesity and metabolic
diseases such as diabetes(Collaborators, 2017). Likewise, approximately 9% of the global
population, 463 million people, are living with diabetes and this number is expected to rise to
578 million people by 2030(Saeedi et al., 2019).

Dietary fat is a well-known modulator of neurological health and disease. Consuming
unhealthy trans and saturated fats is associated with dementia, cognitive disorders(Freeman et
al., 2014), and Alzheimer’s Disease(Bayer-Carter et al., 2011). HFD consumption also

exacerbates outcomes in animal models of brain injury(Shaito et al., 2020) and
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neurodegenerative disorders(Kothari et al., 2017; Nam et al., 2017). HFD drives these outcomes
via immune activation and inflammation, atherosclerosis and vascular dysfunction, and altered
hormonal and cell signaling cascades.

As part of the brain, the eye is also impacted by HFD, particularly in ocular diseases such
as diabetic retinopathy (DR) and age-related macular degeneration (AMD). The epidemiological
evidence linking fat consumption to DR development is mixed(Alcubierre et al., 2016; Dow et
al., 2018), but when stratified by diabetes control, saturated fat intake increased the odds of DR
development among people with well-controlled diabetes(Sasaki et al., 2015). Additionally, total
and saturated fat consumption worsen DR risk factors, which improve with decreased saturated
fat consumption(Cundiff and Nigg, 2005). AMD is also associated with altered lipid signaling
and may be exacerbated or ameliorated by dietary fat(Chapman et al., 2019; Dighe et al., 2020;
Merle et al., 2015; van Leeuwen et al., 2018). Lipid homeostasis is a significant driver in the
development and progression of AMD, and polymorphisms in genes related to cholesterol
metabolism and lipoproteins, such as ABCA1 and APOE(Fritsche et al., 2016), as well as the
complement system and CFH(Fritsche et al., 2016; Klein et al., 2005), are implicated in AMD.
Likewise, consumption of saturated fatty acids and trans fats may contribute to AMD, but
epidemiological studies are mixed(van Leeuwen et al., 2018).

Animal models are invaluable in understanding the impacts of HFD on DR and AMD
disease mechanisms. Surprisingly, while the HFD model has been used in visual research for
over 50 years, there are no comprehensive reviews summarizing the use of HFD in models of
visual disease. Therefore, we systematically review and synthesize the scientific literature on the
use of HFD in mouse and rat models of ocular disease. Additionally, we discuss current gaps and

limitations in the literature to guide future research directions.
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Methods for systematic review and results

In conducting this literature review, Pubmed, Web of Science, and ScienceDirect
databases were systematically searched for peer-reviewed literature using the following search
keywords: (high fat diet OR HFD OR western diet OR high fat) AND (retina OR eye OR ocular
OR visual) AND (mouse OR mice OR rat). The search was performed for all years up to the last
search date of July 18, 2020 and results de-duplicated prior to sorting.

Results were considered eligible for inclusion if they utilized a high fat diet
(approximately 25-60% kcal fat), had an outcome that involved the eye or retina, and utilized a
mouse or rat model. Results were excluded if they were published in a language other than
English, only used qualitative methodology, were published as a conference abstract or non-peer
reviewed journal, did not include relevant visual health outcomes (for example, non-rapid eye
movement), did not include HFD or an appropriate description of the HFD model with brand
information or diet breakdown, did not include appropriate control groups that allowed for the
evaluation of the impact of HFD or the interaction of HFD on ocular outcomes, or were
otherwise considered irrelevant to the topic. Additionally, duplicates or studies where the full
text was unavailable were also excluded from the review.

The initial search resulted in 806 studies after de-duplication. Of these, 695 studies were
considered irrelevant after initial abstract screening, leaving 111 studies considered for eligibility
in full-text screening. On further inspection, 45 of these studies were excluded, yielding a total of
66 studies remaining for inclusion in this review (Figure 4-1, Supplemental Table 4-1). The

references cited in the included studies were combed for additional articles that were not found
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in the original search but met eligibility requirements, producing 1 of the total 66 studies

included in this review.
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Figure 4-1. Flow-chart of study identification, screening, eligibility criteria, and final studies

included for the review.

Characteristics of the reviews, such as diet composition and sex, were extracted and

graphs created using R (data and code available on GitHub:

https://github.com/dclarktown/HFD _review/tree/vl DOI: 10.5281/zenodo0.4003038).

HFD treatment

HFD rodent models have been used in research since at least the 1940°s(Samuels et al.,

1942) and have only become more commonly used as the prevalence of obesity and metabolic

diseases has increased(Bliiher, 2019). Metabolic syndrome and diabetes are complex, systemic


https://github.com/dclarktown/HFD_review/tree/v1
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endocrine diseases that are growing public health crises. While societal and infrastructural
change is necessary to slow and reverse these trends(Bluher, 2019), prevention and treatment
approaches such as diet and lifestyle changes and medicines such as insulin and metformin, an
oral hypoglycemic, are often prescribed for patients. Because these diseases are so prevalent, and
only expected to keep rising(Saeedi et al., 2019), it is imperative to understand the mechanisms
and impacts of these diseases and find new treatment options.

In animal models of diabetes and similar disorders, HFD treatment can induce metabolic
disruption and diet-induced obesity. HFD perturbs metabolism and drives disease through
multiple mechanisms, leading to chronic inflammation and inflammatory processes. HFD
consumption also increases the absorption and signaling of free fatty acids (FFAS), which can
directly exert inflammatory effects and promote insulin resistance by binding to Toll-like
receptors(Konner and Briining, 2011; Lee et al., 2015). The gut microbiome may also be an
important mediator in the initial and chronic inflammatory response of HFD, as germ-free mice
are protected from HFD-induced obesity(Béackhed et al., 2007) and HFD consumption alters
microbiota composition and increases intestinal permeability(Murphy et al., 2015; Sanmiguel et
al., 2015). HFD research has been paradigm-shifting in many ways and has helped us gain a
broader understanding of the roles of lipids in neurodegeneration, developmental metabolic
programming, and the role of the immune system in metabolism.

In addition to the large body of research on HFD and development, metabolism, the
microbiome, cardiovascular disease, and neurological disease, HFD is useful in modelling and
understanding the influence of metabolic disease on ocular tissues and visual outcomes. The eye
is a window to the brain(London et al., 2013), and as such, it is not only an easily-accessible

visual organ, but serves as a biomarker of neurologic and systemic health(London et al., 2013).



83

This is very useful in clinical applications, as non-invasive or minimally invasive biomarkers can
allow for earlier detection(Safi et al., 2018) and treatment of disease, improving patient outcomes

and preserving vision.

Systemic and metabolic effects of HFD

HFD treatment affects systemic metabolic processes and energy balance. The most
commonly reported outcomes of HFD treatment are diet-induced obesity and increased body
weight (Table 4-1). Other common outcomes include impaired glucose tolerance, decreased
insulin sensitivity, increased fat mass or percentage, increased serum cholesterol levels, and
increased free fatty acid levels. Some outcomes, such as blood glucose and serum triglyceride
levels, are very mixed. Differences in outcomes may be due to duration of diet, age of diet
induction, strain, measurement error, and/or diet model used. However, approximately half of all
the reviewed HFD studies provided information on body weight or systemic metabolic

outcomes, which future studies should strive to include.

Table 4-1. Summary of systemic and metabolic findings from reviewed studies.

Outcome Direction(s) Reference(s)

Body weight Increased (Agardh et al., 2000; Alamri et al., 2019;
Albouery et al., 2020; Asare-Bediako et al.,
2020; Barakat et al., 2019; Bu et al., 2020;
Chang et al., 2015b; Collins et al., 2018;
Coppey et al., 2020; Coppey et al., 2018a;
Coppey et al., 2018b; Dai et al., 2018a;
Datilo et al., 2018; Davidson et al., 2014;
Fink et al., 2020; Fujihara et al., 2009;
Katsumata, 1970; Kim et al., 2017; Kneer et
al., 2018; Lee et al., 2015; Marcal et al.,
2013; Mohamed et al., 2020; Muhammad et
al., 2019; Mykkanen et al., 2012; Nakazawa
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et al., 2019; Provost et al., 2009; Rajagopal
et al., 2016; Shi et al., 2016; Shu et al.,
2019; Wu et al., 2020; Yorek et al., 2015;
Zhu et al., 2018)

No change (Chrysostomou et al., 2017; Dai et al.,

2018b; Miceli et al., 2000; Miller et al.,
2017)

Fat % or mass Increased (Albouery et al., 2020; Asare-Bediako et al.,
2020; Chang et al., 2015b; Collins et al.,
2018; Marcal et al., 2013; Rajagopal et al.,
2016)

Steatosis Increased (Coppey et al., 2018b; Yorek et al., 2015)

Liver weight Increased (Miceli et al., 2000)

Blood pressure Increased (Mykkanen et al., 2012)

Blood glucose

Hyperglycemia

(Agardh et al., 2000; Albouery et al., 2020;
Chang et al., 2015b; Datilo et al., 2018; Kim
etal., 2017; Marcal et al., 2013; Mohamed
et al., 2020; Muhammad et al., 2019;
Mykkanen et al., 2012; Shi et al., 2016; Shu
etal., 2019; Tuzcu et al., 2017)

No change

(Alamri et al., 2019; Barakat et al., 2019;
Chrysostomou et al., 2017; Coppey et al.,
2020; Coppey et al., 2018a; Dai et al.,
2018a; Dai et al., 2018b; Davidson et al.,
2014; Fink et al., 2020; Miller et al., 2017;
Yorek et al., 2015)

Glucose tolerance (GTT)

Decreased

(Chang et al., 2015b; Coppey et al., 2020;
Datilo et al., 2018; Davidson et al., 2014;
Katsumata, 1970; Kim et al., 2017; Kneer et
al., 2018; Lee et al., 2015; Marcal et al.,
2013; Rajagopal et al., 2016; Yorek et al.,
2015; Zhu et al., 2018)

No change

(Asare-Bediako et al., 2020)

Insulin sensitivity (ITT)

Decreased

(Asare-Bediako et al., 2020; Chang et al.,
2015b; Datilo et al., 2018; Lee et al., 2015;
Rajagopal et al., 2016; Zhu et al., 2018)
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Serum insulin Increased (Agardh et al., 2000; Marcal et al., 2013;
Rajagopal et al., 2016; Shu et al., 2019;
Tuzcu et al., 2017; Zhu et al., 2018)
Serum triglycerides Increased (Barakat et al., 2019; Marcal et al., 2013;
Nakazawa et al., 2019; Provost et al., 2009;
Tuzcu et al., 2017; Zhu et al., 2018)
No change (Albouery et al., 2020; Coppey et al.,
2018a; Fujihara et al., 2009; Schmidt-
Erfurth et al., 2008; Yorek et al., 2015)
Serum cholesterol Increased (Asare-Bediako et al., 2020; Barakat et al.,
2019; Bu et al., 2020; Coppey et al., 2020;
Coppey et al., 2018b; Dithmar et al., 2001;
Fujihara et al., 2009; Marcal et al., 2013;
Nakazawa et al., 2019; Provost et al., 2009;
Schmidt-Erfurth et al., 2008; Stanton et al.,
2017; Tuzcu et al., 2017; Yorek et al., 2015)
No change (Albouery et al., 2020; Coppey et al.,
2018a)
Low-density lipoprotein | Increased (Albouery et al., 2020)
LDL
( ) No change (Marcal et al., 2013)
High-density lipoprotein | Increased (Marcal et al., 2013)
HDL
( ) No change (Albouery et al., 2020; Provost et al., 2009;
Schmidt-Erfurth et al., 2008)
Free Fatty Acids Increased (Coppey et al., 2018a; Mykkanen et al.,
2012; Tuzcu et al., 2017; Zhu et al., 2018)
No change (Barakat et al., 2019; Fujihara et al., 2009;
Yorek et al., 2015)
Hemoglobin A1C Increased (Davidson et al., 2014)
(HbA1c) i
No change (Asare-Bediako et al., 2020; Barakat et al.,

2019; Yorek et al., 2015)

HFD studies tend to evaluate outcomes after chronic (>2 months) exposure to HFD.

While most studies reported weight and metabolic changes after a few months of HFD treatment,

some have reported significant differences in body weight after only 1(Kim et al., 2017) or
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2(Barakat et al., 2019) weeks of HFD treatment. However, the sparsity of studies with acute
measurements leave a gap in the current literature.

Overall, because measurements of systemic outcomes are useful, future studies of HFD in
models of visual disease should include longitudinal measures of (non-endpoint) metabolic
impacts and/or biomarkers of disease. These longitudinal outcomes could also be utilized to
evaluate correlations with ocular outcomes, possibly providing insight for improved early
detection methods in human disease. Future studies should also evaluate acute (hours, days,

weeks) effects of HFD on ocular outcomes.

HFD models of diet-induced obesity and diabetes

Models of obesity, diabetes, and DR generally employ HFD treatment to cause
significant weight gain and metabolic disturbance. These models are utilized in vision research to
better understand the visual and ocular impacts of metabolic dysregulation and hyperglycemia.
Diabetes is a chronic metabolic disease characterized by problems in glucose homeostasis and
can be elicited in animal models with chronic (>2-5 months) HFD treatment, when fasting blood
glucose levels typically rise above 250 mg/dL(Heydemann, 2016). This HFD model is useful in
tracking the progression of metabolic dysfunction and in identifying early biomarkers of disease.
There are a number of forms of diabetes, but the most common are Type 1 diabetes
(approximately 5-10% of cases) and Type 2 diabetes (approximately 90-95% of cases). Type 2
diabetes generally begins with tissues becoming less responsive to insulin over time, driving a
feedback loop of hyperglycemia, oxidative stress, damage to pancreatic beta cells, and decreased

insulin output(Stumvoll et al., 2005). Unlike Type 1 diabetes, which is generally considered an
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autoimmune disease, Type 2 diabetes is most associated with metabolic dysfunction driven by
obesity and diet(Hu et al., 2001; Taylor, 2013).

Hyperglycemia is modeled in rodents by damaging pancreatic beta cells, HFD feeding,
utilizing specific strains or genetic knockouts, or a combination of these approaches. Of the
studies that induce metabolic dysfunction solely through HFD feeding, there are a number of
HFD models. Generally, HFD treatment consists of feeding a diet 25%-60% kcal from fat. There
are some variations, such as the “Western diet” HFD model, which is generally composed of 40-
45% kcal from fat and has an enriched amount of saturated fat. Other variants are the high fat-
high sucrose (HFHS) and high fat-high fructose models, which incorporate high levels of sucrose
or fructose as part of the carbohydrate portion of the HFD. While not included in this review, the
ketogenic diet, a diet that is low in carbohydrates and very high in fat (~75%+ kcal from fat), has
gained renewed interest among researchers. The specific impacts of HFD on ocular tissues and

outcomes are described in detail in the ocular tissue sections.

STZ with HFD Models of Type 1 and Type 2 Diabetes and DR

In addition to HFD feeding, diabetes is also modelled in rodents using a combination of
HFD and high or low-dose streptozotocin (STZ), a beta cell toxin. Type 1 diabetes is
characterized by autoimmune loss of the insulin-producing beta cells of the pancreas, causing
blood glucose levels to rise because of decreased insulin output(Belle et al., 2011). The
streptozotocin (STZ) model is a well-characterized animal model of Type 1 diabetes and it is
commonly utilized in models of diabetic retinopathy (DR) and diabetic neuropathy(Furman,
2015). Originally isolated from soil bacteria, STZ has antibiotic properties and inhibits DNA

synthesis. As a toxic analog of glucose, it is preferentially taken up by pancreatic beta cells via
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glucose 2 transporters, where it causes cell death through methylation, oxidative stress, and other
mechanisms(Eleazu et al., 2013); however, it is also taken up by other tissues that express this
transporter and have high glucose absorption, such as the liver, kidneys, and brain(Eleazu et al.,
2013), an important consideration when utilizing the STZ model.

To induce diabetes, STZ is given intraperitoneally to the mouse or rat, usually parceled
out in a few low-dose injections in the mouse model or as a single injection in the rat
model(Furman, 2015). The effectiveness of STZ in causing beta-cell loss and hyperglycemia is
strain and sex-dependent, with females generally showing less overt hyperglycemia than
males(Furman, 2015; Kolb, 1987), possibly due to the protective and antidiabetic effects of
estradiol(Le May et al., 2006). In addition to using STZ as a Type 1 model of diabetes, low-dose
STZ treatment is also sometimes combined with HFD feeding to model Type 2 diabetes. These
models are also utilized in vision research to model DR. While mouse and rat models do not
adequately model the later stages of DR (for example, retinal neovascularization), they do
recapitulate many characteristics of the disease, such as inflammation, decreased retinal function,
visual function, pericyte loss, and vascular leakage(Robinson et al., 2012).

In this review, the studies that modelled Type 1 or Type 2 diabetes and DR using a
combination of STZ and HFD treatment equally utilized mouse and rat models (Figure 4-2A,
Supplemental Table 4-1). However, the majority used males, with only 1 study(Coppey et al.,
2018b) reporting the inclusion of female animals (perhaps partly due to the sex differences in
responsiveness to STZ). All studies initiated HFD feeding at 1-3 months of age and most (90%)
fed a HFD containing 40-60% calories from fat (Figures 4-2B-C). A majority of these studies
focused on corneal outcomes (60%) while the remaining focused on retinal and RPE outcomes.

Corneal defects included decreased corneal sensitivity(Coppey et al., 2020; Davidson et al.,
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2014; Fink et al., 2020), decreased corneal nerve fiber density(Alamri et al., 2019; Coppey et al.,
2020; Coppey et al., 2018b; Davidson et al., 2014; Yorek et al., 2015), and decreased corneal

nerve fiber length(Coppey et al., 2020; Coppey et al., 2018b; Davidson et al., 2014) (Table 4-2).
HFD in combination with STZ was also found to heighten immune activation and inflammatory

processes(Barakat et al., 2019; Jo et al., 2019; Mancini et al., 2013), but not all studies include

appropriate control groups to allow assessment of the interactions between HFD and STZ

treatment.

Table 4-2. Summary of outcomes from studies that utilized a model of HFD and STZ.

Treatment | Outcomes Reference(s)
Group
HFD, Decreased corneal nerve fiber density and/or nerve fiber | (Alamri et al.,
HFD + STZ | length 2019; Coppey
et al., 2020;
Coppey et al.,
2018b;
Davidson et al.,
2014; Yorek et
al., 2015)
Decreased corneal sensitivity (Coppey et al.,
2020; Davidson
etal., 2014;
Fink et al.,
2020)
HFD + STZ | Increased leukocyte adhesion, increased endothelial cell | (Barakat et al.,
injury and death 2019)
Reduced RGC survival (Shanab et al.,
2012)
Increased markers of inflammatory and immune (Mancini et al.,
response, reduced number of pericytes, increased 2013)
number of acellular capillaries, decreased retinal
thickness and number of retinal ganglion cells
Increased microglial recruitment to RPE (Joetal., 2019)
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HFD and Genetic Models of AMD

AMD, one of the most common causes of blindness, is caused by retinal degeneration
that leads to gradual visual field loss. Pathological features of AMD include deposition of
membranous debris containing proteins, lipids, and/or complement proteins(Curcio et al., 2001;
Curcio et al., 2005; Mitchell et al., 2018; van Lookeren Campagne et al., 2014) and basal laminar
deposits, made up of thickened extracellular matrix material between the retinal pigment
epithelium (RPE) and Bruch’s membrane (BM)(Mitchell et al., 2018; Sarks et al., 2007; Sura et
al., 2020). HFD alone or with exposures such as cigarette smoke promote basal laminar deposit
growth and alter BM and RPE morphology(Espinosa-Heidmann et al., 2006; Roddy et al., 2019).

With age the RPE becomes less efficient at clearing waste products, leading to buildup of
cellular debris and lipids and causing inflammation and cell death(Ebrahimi and Handa, 2011,
van Lookeren Campagne et al., 2014). Risk factors for AMD development include age (>50
years), having a history of smoking, and certain genetic polymorphisms(Chakravarthy et al.,
2010). AMD is more prevalent among females, possibly because AMD is highly age-related and
women tend to live longer than men(Owen et al., 2012). Because of these risk factors, rodent
models of AMD sometimes use aged female rodents(Cousins et al., 2003; Espinosa-Heidmann et
al., 2006; Schmidt-Erfurth et al., 2008), as well as genetically modified strains fed a HFD

(Figure 4-2).
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Figure 4-2. Characteristics of the studies included in the review. A) The number of studies that

utilize mice, rat, or mice and rat models in the experiment, separated by HFD model. B) Age
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(weeks) at which HFD treatment started, separated by HFD model; some studies used mice or
rats of varying ages, in which case the youngest age at which diet treatment was started was
used. C) Number of weeks rodents were treated with HFD, separated by model. D) Timeline of
start age (weeks) to end age (weeks) of HFD treatment, separated by model. E) HFD fat % used,
separated by model. F) Number of studies that utilized a genetic knockout or knock-in strain,
separated by HFD model. G) Number of studies by sex specification of rodents used, separated
by model. H) Breakdown of the number of studies that did and did not utilize an ingredient-

matched control diet (IMCD).

The AMD HFD models reliably produce sub-RPE deposits, particularly in aged rodents.
As lipid metabolism and complement factor signaling are implicated as the primary
genetic(Fritsche et al., 2016) and pathological drivers of AMD, AMD models commonly utilize
strains with genetically manipulated complement factor proteins or lipoproteins(Pennesi et al.,
2012). Other drivers of AMD include oxidative stress and aging processes(Beatty et al., 2000),
which may act in concert with the complement system. Therefore, exposure to cigarette smoke or
blue light is also sometimes utilized in animal models to recapitulate the human disease (Table

4-3).

Table 4-3. Summary of systemic and metabolic findings from reviewed studies.

Treatment Group Outcome(s) Reference(s)

HFD Thicker BM (Dithmar et
al., 2001,
Roddy et al.,
2019)

No change BM thickness (Schmidt-
Erfurth et al.,
2008)

Increased basal laminar deposits, loss of RPE cells (Roddy et al.,
2019)
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Increased lipofuscin area, decreased number of (Zhang et al.,

fenestrations 2018)

Increased lesions in RPE (Zhao et al.,
2014)

HFD + blue light

Basal laminar deposits

(Cousins et al.,
2002; Cousins

et al., 2003;
Espinosa-
Heidmann et
al., 2006)
HFD + cigarette Sub-RPE deposits (Espinosa-
smoke Heidmann et
al., 2006;
Stanton et al.,
2017)
Thicker BM (Espinosa-
Heidmann et
al., 2006)
HFD + APOE Thicker BM (Ding et al.,
2011; Picard et
al., 2010)
Increased complement activation, Af deposition (Ding et al.,
2011)
Increased lipid accumulation in RPE (Lee etal.,
2007)
Decreased ERG b-wave amplitude (Ding et al.,
2011)
HFD + APOE2/3/4 RPE vacuolization (E2, E3), mottled RPE (E2), (Malek et al.,
thicker BM (E4), hypo and hyperpigmentation of 2005)
RPE and atrophy (E4), sub-RPE deposits (E4),
neovascularization positive for VEGF and AP (E4)
HFD + Cfh Decreased ERG b-wave amplitude, increased number | (Landowski et

of multinucleated RPE cells

al., 2019;
Toomey et al.,
2015; Toomey
et al., 2018)

Increased complement activation

(Landowski et
al., 2019)

Increased sub-RPE deposit height

(Toomey et
al., 2015;
Toomey et al.,
2018)

Increased expression of inflammatory genes,
increased leukocytes and monocytes in peripheral
blood

(Toomey et
al., 2018)
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staining

HFD + Pgcla™ Decreased IS and OS thickness, increased expression | (Zhang et al.,
of genes related to lipid deposition, increased 2018)
lipofuscin area, decreased number of fenestrations

HFD + Nrf2”- Increased sub-retinal deposits, increased lesion (Zhao et al.,
progression, increased sub-RPE cells, increased 2014)
lesions in RPE

HFD + SR-BI™ Thicker BM, sub-RPE deposits, increased VEGF (Provost et al.,

2009)

HFD + LdIr”, LdIr” | Increased VEGF expression (Rudolf et al.,
2005;
Schmidt-
Erfurth et al.,
2008)
Thicker BM, decreased fenestrations, decreased (Schmidt-
luminal vessel diameter, decreased RPE height Erfurth et al.,
2008)
Increased BM deposits (Rudolf et al.,
2005)
HFD + Igf-11/Ldlr-/- No change in retinal vasculature, altered retinal (Kinnunen et
ApoB100, Igf-1l/Ldlr- | morphology al., 2013)
/-ApoB100
HFD + Abcal/g1™* Lipid accumulation, accelerated degeneration of (Ban et al.,
and Abcal/g1™¥d | photoreceptor outer segments, decreased ERG b- 2018)
wave amplitudes (Abcal/gl o9 1od)
HFD + ApoB100 Increased basal deposits (Fujihara et
al., 2009)
decreased WNT signaling in RPE (Ebrahimi et
al., 2018)
HFD + ApoB100 + Increased RPE atrophy, decreased OS and IS (Ebrahimi et
cigarette smoke thickness, decreased ONL thickness al., 2018)
HFD + ApoB100 + Increased basal lamina deposits (Espinosa-
blue light Heidmann et
al., 2004)

All reviewed studies modelling AMD or sub-retinal lipid deposition utilized mouse

models (Figure 4-2A, Supplemental Table 4-1). The majority of these studies fed a HFD with

25-39% fat kcal (78%), initiated HFD feeding at or after 3-6 months of age (61%), utilized a

genetically modified strain (78%), and used female animals (56%)(Figures 4-2B-G). Many of

the reviewed studies utilized genetically manipulated strains to better model the known genetic

risk factors identified in human population studies (Table 4-3). Among these, Apolipoprotein E
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(APOE)(Huang and Mahley, 2014), peroxisome proliferator-activated receptor-y coactivator 1-a
(Pgcla)(Zhang et al., 2004), scavenger receptor class B type 1 (SR-BI)(Rhainds and Brissette,
2004), low density lipoprotein receptor (LDLr)(Go and Mani, 2012), ATP binding cassette
subfamily A member 1 (ABCAZL)(Phillips, 2018), and apolipoprotein B-100 (ApoB100)(Olofsson
and Borén, 2005) play roles in lipid metabolism while Complement factor H (Cfh)(Ferreira et al.,
2010) and Nuclear factor erythroid 2-related factor 2 (Nrf2)(Itoh et al., 2004) mediate immune
and inflammatory responses. These genetic models are useful in understanding the contributions
and interactions of genetic and environmental impacts on AMD development(Pennesi et al.,
2012).

Across some of the reviewed studies, HFD alone increased thickness and lipid deposition
of BM(Dithmar et al., 2001; Roddy et al., 2019; Zhang et al., 2018) and impaired retinal pigment
epithelium (RPE) integrity(Zhao et al., 2014) (Table 4-3). HFD in combination with blue light or
cigarette smoke, exposures that cause oxidative stress, led to increased lipid deposition(Cousins
et al., 2002; Cousins et al., 2003; Espinosa-Heidmann et al., 2006) (Table 4-3). Results from
studies that utilized HFD in combination with a genetically manipulated strain were dependent
on the targeted gene, but overall tended to increase sub-RPE deposition and alter RPE
morphology and/or signaling(Ding et al., 2011; Lee et al., 2007; Toomey et al., 2015; Toomey et

al., 2018; Zhang et al., 2018; Zhao et al., 2014) (Table 4-3).

Effects of HFD on ocular tissues and possible mechanisms
As HFD treatment is a systemic exposure, it impacts many different ocular tissues — an
important consideration when designing studies and evaluating results. Here, we discuss how

HFD treatment impacts different ocular tissues. Tissue sections are organized starting from the
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front of the eye and moving towards the back of the eye and grouped according to the focus of

the reviewed literature.

Cornea, lens, uvea, and vitreous humor

The impacts of HFD on the cornea have been evaluated primarily in the context of
diabetes and diabetic neuropathy. This tissue not only makes up the majority of the eye’s total
refractive power, but also acts as a defensive barrier, producing tear film with lubricating and
anti-microbial properties(Blackburn et al., 2019; Dartt and Willcox, 2013). Well-organized
unidirectional collagen fibers make the cornea transparent and allow light to pass through
corneal tissue into the eye chamber, unlike the irregular fibers of the opaque sclera. Because of
the cornea’s role in vision, it is important to understand how diabetes and metabolic disturbance
may impair corneal integrity and function.

There are reports of HFD altering corneal morphology and structure (Table 4-4). While
no differences were found in thickness of the corneal epithelia, the stromal layer was found to be
thicker after HFD(Kneer et al., 2018). HFD exposure also decreased corneal endothelial cell
density and hexagonal cell number, possibly due to disrupted tight junctions between corneal
epithelial cells, increased oxidative stress(Bu et al., 2020), and increased keratinization and
matrix metalloprotease expression(Wu et al., 2020). Additionally, HFD may influence the
development of dry eye symptoms and impair the integrity of the corneal surface; HFD treatment
increased corneal permeability, decreased tear production, and decreased the number of goblet
cells(Wu et al., 2020) responsible for producing mucins for ocular tear film and eye lubrication

(Figure 4-3).



Table 4-4. Summary table of reviewed corneal, vitreous, and lens outcomes after HFD

treatment.
Tissue Outcome(s) Direction(s) | Reference(s)
Cornea Corneal endothelial cell density Decreased (Bu et al., 2020)
Epithelial thickness No change (Kneer et al.,
2018)
Stromal thickness Decreased (Kneer et al.,
2018)
Goblet cell number Decreased (Wuetal.,
2020)
Tear production Decreased (Wuetal.,
2020)
Palmitate concentration in aqueous Increased (Bu et al., 2020)
humor
Lipid droplets Increased (Bu et al., 2020)
Expression of tight junction proteins Decreased (Bu et al., 2020)
Corneal permeability Increased (Wu et al.,
2020)
Corneal nerve fiber density and/or nerve | Decreased (Alamri et al.,
fiber length 2019; Coppey
et al., 2020;
Coppey et al.,
2018a; Coppey
et al., 2018b;
Davidson et al.,
2014; Yorek et
al., 2015)
Corneal sensitivity Decreased (Coppey et al.,
2020; Davidson
etal., 2014;
Fink et al.,
2020)
Corneal whorl integrity Decreased (Kneer et al.,
2018)
Lens Markers of oxidative stress Increased (Jayaratne et al.,
2017)
Glutathione concentration, ascorbic acid | Decreased (Nakazawa et
concentration al., 2019)
Uvea Uveitis Increased (Muhammad et
al., 2019)
Vitreous Inflammatory markers Increased (Collins et al.,
humor 2018)
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Figure 4-3. Diagram of a mouse / rat eye and how HFD affects different parts of the eye. RPE

signifies retinal pigment epithelium and BM signifies Bruch’s membrane.

Particular attention has been paid to the impact of HFD on corneal nerve integrity and

response, as the cornea is one of the body’s most highly innervated tissues(Bonini et al., 2003). It

impairs corneal sensitivity(Coppey et al., 2020; Davidson et al., 2014; Fink et al., 2020) and

corneal nerve fiber density and length(Alamri et al., 2019; Coppey et al., 2020; Coppey et al.,

2018a; Coppey et al., 2018b; Davidson et al., 2014; Yorek et al., 2015) in the central region of

the cornea(Alamri et al., 2019), where nerve length is longest, and in the inferior whorl(Davidson

et al., 2014), an innervated area of the cornea located inferior and nasal to the corneal center. The

structure of the corneal whorl is also disrupted by HFD(Kneer et al., 2018). Additionally,

peripheral and central corneal cold thermoreceptors populations (as labelled by TRPMS8), but not

corneal nociceptor populations (as labelled by TRPV1), appear to be vulnerable to HFD(Alamri

et al., 2019). Because corneal nerves are responsible for sensing stimuli as well as stimulating
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tear production and the blinking reflex, damage to them can impair tear film production and
corneal integrity.

Research on how HFD impacts the lens and vitreous is sparse (Table 4-4). The lens is a
tissue with a layered life history, with the core developing in utero and the outer cortex
developing postnatally. While the lens is a continually-growing tissue, embryonic lens cells are
preserved in the central core with cells layered postnatally in the outer cortex(Augusteyn, 2010).
As a tissue with both embryonic and adult components, the lens can be useful in investigating the
impacts of prenatal and postnatal exposures, such as nutrition. A developmental study found that
prenatally undernourished rats (males and females) developed significantly more markers of
oxidative stress in the lens core and cortex when postnatally fed a HFD(Jayaratne et al., 2017).
When the control group (not prenatally undernourished) were fed a HFD, males (but not
females) had increased markers of oxidative stress in the lens cortex(Jayaratne et al., 2017). HFD
feeding has also been found to decrease levels of the antioxidants glutathione and ascorbic acid
in the lens(Nakazawa et al., 2019). Metabolic disturbance such as diabetes can cause cataract
formation(Javadi and Zarei-Ghanavati, 2008) and has been reported in a rat model of diabetes,
but the HFD only group did not show signs of cataract(Su et al., 2014). These findings support
the idea that the lens can serve as a biomarker for exposures across the lifespan, but more
research is necessary to understand the relationship between the lens and visual outcomes in
HFD models.

The uvea comprises the choroid, ciliary body, and iris. It plays important roles in
metabolic support, light regulation, and accommodation. HFD treatment was found to exacerbate
outcomes in an experimental model of autoimmune uveitis(Muhammad et al., 2019), suggesting

it can worsen immune-related outcomes. The vitreous humor, encapsulated by the vitreous
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membrane, is a gel-like substance filling the space between the lens and the retina. HFD
treatment has been found to increase the expression of inflammatory markers such as IL-1B, IL-
6, IL-13, IL-17, and IL-18 in the vitreous humor of rats fed a HFHS diet(Collins et al., 2018).
These inflammatory markers were also significantly correlated with body fat, suggesting that
diet-induced obesity may increase ocular inflammation and influence the development of ocular

disease with inflammatory components, such as DR and uveitis(Collins et al., 2018).

Retina

The majority of HFD research in ocular disease models focuses on retinal outcomes
(Table 4-5). For its size, the retina is one of the most metabolically active tissue in the
body(Arden et al., 2005). This thin layer of tissue draws from the retinal and choroidal blood
supply and its own rich fatty acid stores to support energy demands. Because it is so
metabolically active, it has many mechanisms to scavenge and quench reactive oxygen species;
however, it is still vulnerable to oxidative stress(Sacca et al., 2018). Additionally, the rich stores
of polyunsaturated fatty acids in the retina are susceptible to oxidation(Stone et al., 1979). As
disruption of retinal nutrient supply can lead to pathologies such as abnormal angiogenesis and
photoreceptor degeneration(Sun and Smith, 2018), it is reasonable to assume that HFD-induced

metabolic disruption would negatively affect retinal health.

Table 4-5. Summary table of reviewed retinal outcomes after HFD treatment.

Retinal Tissue Outcome(s) Direction(s) | Reference(s)
Retinal neuronal | Retinal thickness No change (Atawia et al., 2020;
morphology Chang et al., 2015b;
Rajagopal et al.,
2016)
Decreased (Marcal et al., 2013)
Axonal thickness Decreased (Zhu et al., 2018)
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Ganglion cell function Decreased (Shu et al., 2019; Zhu
etal., 2018)
Synaptophysin expression Decreased (Shu et al., 2019; Zhu
etal., 2018)
Retinal Acellular capillaries Increased (Mohamed et al.,
vasculature 2014; Mohamed et
al., 2020)
No change (Asare-Bediako et al.,
2020; Rajagopal et
al., 2016)
Endothelial cell:pericyte ratio No change (Agardh et al., 2000)
Vascular density Decreased (Asare-Bediako et al.,
2020)
Vascular leakage / permeability Increased (Asare-Bediako et al.,
2020; Mohamed et
al., 2020; Rajagopal
et al., 2016)
No change (Zhu et al., 2018)
Vessel branching Decreased (Mohamed et al.,
2020)
Vessel bleeding Increased (Katsumata, 1970)
Vascular lesions No change (Shu et al., 2019)
Vascular eNOS and nNOS Decreased (Marcal et al., 2013)
Inflammatory Microglial activation Increased (Atawia et al., 2020;
signaling Lee et al.,, 2015)
Adherent leukocytes / signaling Increased (Mohamed et al.,
2020; Tuzcu et al.,
2017)
Immune cells Increased (Lee et al., 2015)
INOS expression Increased (Tuzcu et al., 2017)
NF-xB signaling Increased (Lee et al., 2015;
Tuzcu et al., 2017)
Markers of inflammation Increased (Chang et al., 2015b;
Marcal et al., 2013)
Cytokines Increased (Kimetal., 2017; Lee
et al., 2015)
Glutathione and cysteine levels No change (Agardh et al., 2000)
miR150 expression Decreased (Shi et al., 2016)
Retinal lipids Spots on fundus imaging Increased (Asare-Bediako et al.,
2020; Barathi et al.,
2014)
Lipid levels Altered (Albouery et al.,
2020; Dai et al.,

2018a)
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Lipid peroxidases Increased (Mohamed et al.,
2014)

Other signaling Glycolytic processes Altered (Katsumata, 1970)
Protein O-GIcNAcylation Increased (Dai et al., 2018b)
Abnormal tau phosphorylation Increased (Zhu et al., 2018)
Akt/INK signaling Altered (Dai et al., 2018a;

Miller et al., 2017)
AKT; expression Decreased (Marcal et al., 2013)
HIF 10 expression Increased (Asare-Bediako et al.,
2020)
LXRp expression Decreased (Asare-Bediako et al.,
2020)
Crystallin expression Increased (Mykkanen et al.,
2012)
GLP-1 expression Decreased (Shu et al., 2019)
GLUT4 expression Decreased (Chang et al., 2015b)

The effects of HFD on retinal morphology are mixed, with some authors reporting no

differences in retinal layer thickness(Atawia et al., 2020; Chang et al., 2015b) and others

reporting axonal(Zhu et al., 2018) and retinal thinning(Marcal et al., 2013), possibly due to

increased retinal cell death(Dai et al., 2018a)(Figure 4-3, Table 4-5). When comparing these

studies for sources of variability, the strains, age at which diet began, and diet duration were

similar, but dietary fat ratio was different. Those that reported no differences used a 59-60% fat

kcal diet, while those that did report differences used a 39-45% fat kcal diet. Alternatively, the

variability may be due to measurement sensitivity and error.

HFD induces vascular changes in the retina, causing retinal vascular endothelial cell

injury, increased expression of adhesion markers such as ICAM-1 in retinal vessels(Barakat et

al., 2019), and increased acellular capillaries(Mohamed et al., 2014), a hallmark of DR.

However, others report no difference in ratio of endothelial cells to pericytes after HFD

treatment(Agardh et al., 2000), although this could be due to decreases in both endothelial cells
and pericytes. HFD also increases the permeability of retinal vessels(Rajagopal et al., 2016; Zhu

et al., 2018) and can even lead to bleeding in retinal vessels(Katsumata, 1970), one of the
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mechanisms that leads to abnormal angiogenesis and neovascularization in the eye. However,
while disorders such as DR are often viewed as vascular in nature, it is now understood that
neuronal dysfunction in the retina often precedes vascular symptoms(Lynch and Abramoff,
2017; Simo et al., 2018), highlighting the need for neuronal assessments.

Feeding a diet high in fat may also alter the lipid composition of the retina (fats comprise
approximately 20% of the retina’s dry weight (Fliesler and Anderson, 1983)), influencing the
retina’s vulnerability to oxidative stress, energy availability, and altering retinal signaling. Lipids
act as ligands and signaling molecules and mediate vesicle secretion and fusion(Wymann and
Schneiter, 2008). It has been shown that HFD treatment alters retinal fat composition, decreasing
levels of tetracosanoic acid, palmitoleic acid, and vaccenic acid, and increasing ratios of linoleic
acid:alpha-linolenic acid(Albouery et al., 2020) and retinal sphingolipids(Dai et al., 2018a),
including ceramide, which is implicated in retinal and neurodegenerative disease(Simon et al.,
2019). Therefore, these HFD-induced changes in retinal lipid composition could be an important
component of retinal disease.

While the retina has robust systems in place to neutralize oxidative stress, it is
nevertheless vulnerable to fatty acid oxidation and metabolic disturbance. HFD increases retinal
lipid peroxidases(Mohamed et al., 2014) and disrupts retinal glycolytic processes(Katsumata,
1970). This metabolic dysregulation can cause inflammation. HFD has been shown to activate
retinal microglia(Atawia et al., 2020; Lee et al., 2015), potentially via TLR4, which may be
responsible for the increased inflammatory markers(Chang et al., 2015b), cytokines(Kim et al.,
2017; Lee et al., 2015), and immune cells(Lee et al., 2015) also found following HFD treatment.
Insulin resistance, glucose intolerance, and microglial activation appear to occur simultaneously

in the retina(Lee et al., 2015). HFD also increased expression(Tuzcu et al., 2017) and
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phosphorylation(Lee et al., 2015) of NF-xB and decreased retinal Nrf-2(Tuzcu et al., 2017),
well-known regulators of inflammatory signaling. Interestingly, HFD-fed mice with astrocyte-
specific conditional deletion of /KKf, part of the NF-xB pathway, had improved glucose
tolerance(Douglass et al., 2017). All together, these studies suggest that the immune system is an
important mediator in the metabolic responses to HFD and modulating it may ameliorate some of
the impacts of HFD.

A number of other signaling mechanisms have been implicated in the retinal effects of
HFD (Table 4-5). HFD may influence retinal metabolic dysfunction by increasing protein O-
GlcNAcylation(Dai et al., 2018b), altering retinal Akt/JNK signaling(Dai et al., 2018a; Miller et
al., 2017), and decreasing AKTy(Marcal et al., 2013) and GLP-1 expression(Shu et al., 2019), a
proglucagon peptide that decreases blood glucose by increasing insulin secretion. Decreased
expression of the GLUT4 glucose transporter in the retina(Chang et al., 2015b) suggests altered
retinal glucose trafficking after HFD treatment. Increased iNOS(Tuzcu et al., 2017) and
decreased eNOS and nNOS(Marcal et al., 2013) may also be mediators or symptoms of the noted
vascular pathology, as iINOS is produced during inflammation and eNOS and nNOS promote
vasodilation(Férstermann and Sessa, 2012). Additionally, the decrease in miR-150 following
HFD(Shi et al., 2016) may underlie some of the vascular pathologies, as miR-150 suppresses
ocular vascularization(Liu et al., 2015). The axonal changes in the retina may be a cause or effect
of decreased synaptophysin expression after HFD exposure(Shu et al., 2019; Zhu et al., 2018).
Other perturbations driven by HFD include decreased LXRP and HIF 1a(Asare-Bediako et al.,
2020), increased expression of crystallins(Mykkanen et al., 2012), VEGF, ICAM-1(Tuzcu et al.,

2017), and abnormal tau phosphorylation(Zhu et al., 2018) in the retina.
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Clearly the retina is negatively impacted by HFD, similar to other HFD studies of neural
tissue(Arnold et al., 2014; Dutheil et al., 2016). However, because it is easier to access and
measure non-invasively than brain tissue, the retina is ideal for measuring the longitudinal effects
of metabolic perturbation on neural function. While much research exists on HFD and the retina,
more research is needed on the effects of HFD on specific retinal neuron types (for example,

retinal ganglion cells).

Retinal pigment epithelium and Bruch’s membrane

The RPE and BM lie between the metabolically demanding photoreceptors and the
energy-providing choriocapillaris. The RPE is a richly pigmented, monolayered tissue in
intimate contact with the rod and cone photoreceptors, engulfing and phagocytosing
photoreceptor discs during regular disc shedding(Kevany and Palczewski, 2010). The melanin
pigments within the RPE prevent light scattering and sharpen image quality by absorbing light
and also provide a photoprotective role against excess reactive oxygen species(Seagle et al.,
2005). The RPE transports nutrients from the choriocapillaris and is responsible for regenerating
11-cis-retinal from all-trans-retinol, thereby sustaining the visual cycle(Kevany and Palczewski,
2010). Likewise, the collagen-rich BM plays an important role in mediating nutrient and waste
exchange between the choriocapillaris and retina, as well as providing structural support for the
RPE(Booij et al., 2010).

HFD alters the morphology of the RPE and BM (Table 4-6), causing RPE lesions(Zhao
et al., 2014), RPE cell death(Roddy et al., 2019), increased RPE vacuoles(Barathi et al., 2014),
BM thickening(Dithmar et al., 2001; Roddy et al., 2019), and decreased fenestrations(Zhang et

al., 2018). One of the most pronounced changes in morphology is pathological lipid deposition in
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the RPE and BM(Roddy et al., 2019; Zhang et al., 2018). These lipid deposits may act as a
barrier for nutrient transfer, impairing the function of the RPE and BM(van Leeuwen et al.,
2018). Because they perform vital roles in maintaining the health of photoreceptors, impairment
to the RPE and BM can lead to damage and degeneration of photoreceptors, eventually causing
vision loss(Sparrow et al., 2010). Likewise, HFD treatment can cause lipid deposition and altered
morphology of the BM/choriocapillaris interface(Barathi et al., 2014; Cousins et al., 2003;

Miceli et al., 2000), which could ultimately lead to retinal degeneration(Picard et al., 2010;

Schmidt-Erfurth et al., 2008).

Table 4-6. Summary table of reviewed RPE and BM outcomes after HFD treatment.

Tissue Outcome Direction(s) | Reference(s)
Retinal Pigment Number of lesions Increased (Zhao et al.,
Epithelium (RPE) 2014)
Number of RPE cells Decreased (Roddy et al.,
2019)
Vacuoles Increased (Barathi et al.,
2014;
Schmidt-
Erfurth et al.,
2008)

Bruch’s Thickness Increased (Barathi et al.,
Membrane (BM) 2014; Dithmar
etal., 2001;
Roddy et al.,
2019)

No change (Schmidt-
Erfurth et al.,
2008)

Basal laminar deposits Increased (Barathi et al.,
2014; Roddy
etal., 2019)
No change (Stanton et al.,
2017; Toomey

et al., 2015)
Lipofuscin / autofluorescence of what Increased (Miceli et al.,
appears to be lipofuscin 2000; Zhang et

al., 2018)
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Number of fenestrations in Decreased (Zhang et al.,
choriocapillaris endothelium 2018)

No change (Schmidt-
Erfurth et al.,
2008)

The RPE and BM appear to be specifically vulnerable to HFD and dyslipidemia, perhaps
because they are responsible for transporting lipids to the retina and maintaining cholesterol
homeostasis. Treatments that specifically target the RPE and BM to provide protection against

the effects of dyslipidemia are needed.

Retinal and visual function outcomes of HFD

HFD affects a variety of retinal function measures including electroretinography (ERG),
visual evoked potential (VEP), and pattern electroretinography (P-ERG). ERG is a useful, non-
invasive tool to measure retinal function. The foundational work of Ragnar Granit in isolating
components of the ERG waveform(Granit, 1933) provided the foundation for the later
discoveries that the a-wave is generated by rod and cone photoreceptors while the b-wave is
generated by bipolar cells(Brown and Wiesel, 1961; Bush and Sieving, 1996; Hood and Birch,
1996; Penn and Hagins, 1969; Robson and Frishman, 1995; Robson and Frishman, 1996; Sieving
et al., 1994; Tomita, 1950). Oscillatory potentials (OPs) are believed to originate from amacrine
cells, with each OP possibly representing a different cell type(Wachtmeister and Dowling, 1978).
ERGs are useful in assessing ocular diseases such as DR, retinitis pigmentosa, and AMD. For
example, declines in cognitive and motor function that can occur in diabetes often correlate with
retinal dysfunction, with retinal deficiencies occurring prior to other symptoms(Allen et al.,
2019; Aung et al., 2013; Motz et al., 2020; Pardue et al., 2014; Shirao and Kawasaki, 1998). The

amplitude and timing of ERG waveforms reflect the response of the retina, neural tissue, to a
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light stimulus. Therefore, any changes to ERG amplitude or timing suggests altered retinal
function. Because of these connections between retinal function, cognition, vascular health, and
disease, ERGs and similar measurements can be useful in early identification and intervention of
disease processes.

When measured with ERG, HFD exposure has varying impacts on retinal function
(Table 4-7). Decreases in a-wave amplitudes and/or decreases in b-wave amplitudes were found
after 2-3(Chang et al., 2015b; Kim et al., 2017) and 6-7(Asare-Bediako et al., 2020; Barathi et
al., 2014; Shi et al., 2016) months of HFD. However, other studies found no differences in a-
wave or b-wave amplitudes after 1(Chrysostomou et al., 2017; Kim et al., 2017), 2(Qu et al.,
2020), 3-4(Datilo et al., 2018; Rajagopal et al., 2016), 6(Rajagopal et al., 2016), or 12(Asare-
Bediako et al., 2020; Rajagopal et al., 2016) months of HFD treatment. Conversely, another
study found increased b-wave and c-wave amplitudes after 4 months of HFHS diet(Atawia et al.,
2020), although this could be due to the ERG protocol and/or the HFHS treatment. In another
study, after 6 weeks HFHS there were no baseline differences in intraocular pressure (IOP) or
positive scotopic threshold response (pSTR)(Chrysostomou et al., 2017), a measure of ganglion
cells(Bui and Fortune, 2004). However, in this same study, pSTR amplitudes were significantly
lower in HFHS group compared to the control diet after injury by brief IOP increase; these
deficits suggest that HFHS diet hinders recovery of ganglion cells after injury, possibly through
mitochondrial impairment(Chrysostomou et al., 2017). When measured with VEP and P-ERG,
retinal ganglion cell response was also impaired after 5 months of HFD exposure(Shu et al.,

2019; Zhu et al., 2018).

Table 4-7. Summary table of reviewed retinal function outcomes after HFD treatment.

| ERG Outcome | Direction(s) | Reference(s)
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amplitudes

a-wave amplitudes | Decreased (Asare-Bediako et al., 2020; Barathi et al., 2014; Chang et
al., 2015b; Kim et al., 2017; Shi et al., 2016)
No change | (Asare-Bediako et al., 2020; Atawia et al., 2020;
Chrysostomou et al., 2017; Datilo et al., 2018; Qu et al.,
2020; Rajagopal et al., 2016)
a-wave implicit Delayed (Chang et al., 2015b; Kim et al., 2017)
times No change | (Chrysostomou et al., 2017)
b-wave amplitudes | Increased (Atawia et al., 2020)
Decreased (Asare-Bediako et al., 2020; Barathi et al., 2014; Chang et
al., 2015b; Kim et al., 2017; Shi et al., 2016)
No change | (Asare-Bediako et al., 2020; Chrysostomou et al., 2017,
Datilo et al., 2018; Qu et al., 2020; Rajagopal et al., 2016)
b-wave implicit Delayed (Chang et al., 2015b; Kim et al., 2017)
times No change | (Chrysostomou et al., 2017)
c-wave amplitudes | Increased (Atawia et al., 2020)
No change | (Datilo et al., 2018)
pSTR amplitude No change | (Chrysostomou et al., 2017)
Oscillatory Decreased (Datilo et al., 2018; Kim et al., 2017; Shi et al., 2016)
potential
amplitudes
Oscillatory Delayed (Kim et al., 2017; Rajagopal et al., 2016)
potential implicit
times
VEP and/or P-ERG | Decreased (Shu et al., 2019; Zhu et al., 2018)

Timing is also an important component of ERG waves, and delayed implicit times are

associated with retinal disease(Aung et al., 2013; Bronson-Castain et al., 2007; Fortune et al.,

1999; Parisi, 2003). For example, delays in the timing of oscillatory potentials have been found

to be an early indicator of DR(Aung et al., 2013; Fortune et al., 1999). Thus, differences in

implicit times may indicate dysfunction. Delays in a-wave and b-wave implicit times have been

reported after 1(Kim et al., 2017) and 3(Chang et al., 2015b) months of HFD (Table 4-7).

Additionally, decreased oscillatory potential amplitudes were reported after 1-2(Kim et al.,

2017), 4(Datilo et al., 2018) and 7(Shi et al., 2016) months of HFD, with delays in oscillatory

potential implicit times after 1-2(Kim et al., 2017) and 6-12(Rajagopal et al., 2016) months HFD

treatment.
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While some do not report retinal function changes in wildtype mice after HFD
treatment(Landowski et al., 2019; Toomey et al., 2015), AMD models of mutant mice show
decreased b-wave amplitudes after HFD treatment with(Ding et al., 2011; Landowski et al.,
2019; Toomey et al., 2015; Toomey et al., 2018) and without (Ban et al., 2018) cholesterol
enrichment. HFD treatment in genetic APOE4(Ding et al., 2011), CFH(Toomey et al., 2015;
Toomey et al., 2018), CFH-H/H(Landowski et al., 2019), and ABCA1(Ban et al., 2018) strains
caused ERG deficits (Table 4-3), suggesting that lipid metabolism, complement signaling,
and/or morphological changes seen in these models also impair retinal function. An AMD model
with ABCA1/ABCG1 mutant mice also found lipid accumulation in RPE, photoreceptor
degeneration, and ERG deficits without HFD feeding(Storti et al., 2019), which both suggests
that impaired lipid metabolism can cause retinal function deficits and that the addition of HFD in
genetic AMD models may act to speed up the emergence of deficits caused by genetic
background.

To evaluate whether differences in experimental design could account for this variability
in ERG outcomes, methods were compared across studies. Among the studies that found no
difference in amplitudes in wildtype mice, one utilized a HFHS diet that did not cause body
weight or blood glucose changes(Chrysostomou et al., 2017), one utilized a HFC diet in aged
mice(Toomey et al., 2015), and another utilized male Swiss mice(Datilo et al., 2018), a strain
that shows less susceptibility to some of the metabolic effects of HFD(Anderson et al., 2014;
Marei et al., 2020). Of the studies that did not find differences, four used the Espion Diagnosys
system(Chrysostomou et al., 2017; Landowski et al., 2019; Qu et al., 2020; Toomey et al., 2015)
and one appears to have built their own system(Atawia et al., 2020). One study did not find

decreased amplitudes at 1 month but did find decreases at 2 months(Kim et al., 2017), while



111

another found decreased amplitudes at 6 months but no difference at 12 months(Asare-Bediako
et al., 2020). Other possible reasons for variability include retinal circuit differences,
compensation with disease, and altered signaling of neurotransmitters such as dopamine.
However, the numerous reports of impaired ERG outcomes suggest that HFD treatment impairs
retinal function and retinal cell types such as photoreceptors, bipolar cells, amacrine cells, and
retinal ganglion cells.

While 17 of the reviewed studies evaluated retinal function (physiological assessments),
only one evaluated visual function (behavioral assessments). A study of HFHS diet did not find
any changes in spatial frequency thresholds as measured by optomotor response (OMR) in male
C57BI/6J mice(Atawia et al., 2020). As this study also found no difference in ERG outcomes and
used a HFHS diet model, the impact of HFD on visual function is an open question.
Additionally, only three of the reviewed studies conducted longitudinal ERG
measurements(Asare-Bediako et al., 2020; Kim et al., 2017; Rajagopal et al., 2016); because
ERGs and OMRs are non-invasive, non-terminal procedures, future HFD studies should strive to
conduct longitudinal assessments of both retinal and visual function.

It is surprising that little research has been done in the area of HFD and retinal and visual
function. Future studies should further evaluate outcomes of retinal function, including direct
recording to assess single retinal cell electrophysiology. It would be useful to evaluate whether
specific cell types, such as rods and retinal ganglion cells, are more vulnerable to HFD.
Additionally, HFD studies of visual function, such as optomotor or optokinetic response, are
missing and should be a focus of future studies. The visual effects of HFD are difficult to
evaluate in epidemiological studies, but animal models of HFD exposure represent a way to

close this gap.
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Important considerations in experimental design

HFD is commonly utilized in animal models to better understand and treat human
diseases, but epidemiological studies of dietary fat and ocular outcomes are mixed, muddying the
translation between human and animal studies. Epidemiological nutrition research has a number
of strengths and limitations. For example, diet studies generally rely on food frequency
questionnaire data to derive approximate macronutrient and micronutrient components, but this
data can be prone to recall bias and/or capture a small window of time, making it difficult to
extrapolate to lifelong dietary patterns and capture dietary complexity(Shim et al., 2014). Other
considerations are the variety of fats and the interactions between dietary components within the
dietary milieu(Spector and Gardner, 2020), which may not be accurately estimated from
questionnaire data. On the other hand, epidemiological studies measure real-world exposures,
whereas animal models of HFD exposure utilize refined diets that may not fully reflect the
diversity of human exposures. Therefore, both epidemiological and animal studies have strengths
and limitations, and animal models of diet-induced visual disease are invaluable in understanding
mechanisms of disease.

However, research in animal models has its own biases and limitations. One of the major
biases in the current literature is the overwhelming use of male animals in HFD research, leading
to a paucity of data on female outcomes. In the clinical population, metabolic syndrome(Bentley-
Lewis et al., 2007) and diabetes(Wild et al., 2004) are equally prevalent among men and women;
however, the incidence of diabetes by age group and the development of complications, such as

diabetic retinopathy, may differ by sex(Ozawa et al., 2015).
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Of the 66 studies included in this review (Figure 4-1, Supplemental Table 4-1), only 18
(27%) used female rodents (Figure 4-2G). While sex bias towards utilizing males in scientific
research is not new(Beery and Zucker, 2011; Holdcroft, 2007; Lee, 2018), this scarcity of data
on female outcomes is a loss of knowledge for the scientific community. While the National
Institutes of Health has developed a policy to address sex as a biological variable in
research(Clayton, 2018), more work needs to be done to ensure that female animals are included
in HFD studies. There are a number of reasons why female rodents may not be included in HFD
studies. There are valid reasons to use one sex in a study, such as a female model to understand
the role of menopause in a disease outcome, but rationale for doing so should be provided.
Female rodents may not be included because of assumptions of hormonal variability in response
compared to male rodents(Beery, 2018), although this might not always be the case(Prendergast
et al., 2014). HFD outcomes, such as dietary-induced obesity or glucose intolerance, may have
different timelines or phenotypes in females compared to males(Hong et al., 2009; Parks et al.,
2015; Yang et al., 2014). Likewise, in STZ models with HFD, the use of males over females may
be preferred because of sex differences in STZ response. Additionally, to ensure standardized
delivery, STZ is often injected in rats via the penile vein (although it is also possible to deliver
via the tail vein)(Deeds et al., 2011). To assess sex-specific results, sex-equitable research may
require a larger number of animals to maintain statistical power when treatment effects differ by
sex, which can be prohibitively expensive. However, because of these differences in outcomes,
the use of female animals is arguably even more important in HFD research because sex-specific
effects can lead to a deeper understanding of biological mechanisms and, ultimately, successful

treatment options(Tannenbaum et al., 2019).
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Another common limitation in HFD research is the lack of detailed diet description
and/or the lack of a proper control diet. The majority of studies utilize a high fat diet (~35-60%
kcal, Figure 4-2E) with fat derived from lard, vegetable oil, and/or milk fat, but use standard
rodent chow as the control diet. While standard rodent chow is low in fat (~10% kcal), it is made
of different ingredients and contains additional phytonutrients and plant-based fiber, thereby
providing phytoestrogens(Thigpen et al., 2004) and/or other components not present in the HFD.
Because of these ingredient differences, outcomes that occur during HFD treatments are possibly
confounded(Warden and Fisler, 2008). These issues can be minimized by choosing an
appropriate ingredient-matched control diet, used by 24% of the reviewed studies (Figure 4-2H),
and allow for better standardization across studies. In studies that do not use ingredient-matched
control diets but use HFD to investigate the effects of metabolic disease on visual health, results
could be validated with other models of metabolic disease (such as with an STZ model for
modeling diabetes) or by treating the metabolic disease after inception (such as with insulin or
metformin).

Fat percentage of the HFD is another important consideration in study design. Some
models use diets on the lower end of HFD range, with approximately 25-35% fat kcal, but
include higher amounts of cholesterol to induce atherosclerosis. The more common models of
“western diet” exposure generally contain approximately 40-45% fat kcal, while other high fat
diets contain approximately 45-60% fat kcal. Both can cause diet-induced obesity in certain
rodent strains, but diets with a higher percentage of energy from fat may lead to more rapid
weight gain. Additionally, if the goal is to model human disease, another important consideration
is which diet is most comparable to human diets; a rodent diet with 40-45% fat kcal (Figure 4-2)

may more closely model human exposures(Speakman, 2019). Another practical consideration is
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that the diet texture may change to a more liquid consistency near the 60% fat kcal range. This
should also be considered in experimental design, as a higher fat diet may require special food
containers and other accommodations.

Other aspects of experimental design, such as the mouse or rat strain used, age of HFD
exposure, and experimental timeline are important to consider. For example, some strains are
somewhat resistant to diet-induced obesity and other metabolic outcomes(Funkat et al., 2004).
Duration of diet and age at exposure are also important considerations (Figure 4-2), as short
experimental timelines (a few days or weeks) of HFD exposure capture an adaptive or acute
response, whereas longer (2+ months) timelines of HFD exposure can be used to model chronic
outcomes(Heydemann, 2016; Ji et al., 2012; Khazen et al., 2019; London et al., 2017; Williams
et al., 2014). Most of the reviewed studies focused on chronic outcomes, but transient or rapid
adaptive responses may occur in the first hours, days, and weeks of HFD challenge.
Characterizing these initial responses could help us understand disease mechanisms as well as

the cumulative effects of repeated, acute dietary exposures.

Summary of findings

Overall, HFD affects a multitude of ocular tissues, altering morphology, signaling, and
function. Among the common mechanisms identified, oxidative stress, inflammation, and lipid
homeostasis were a common thread across HFD studies of ocular disease. Ocular tissues affected
include cornea, lens, uvea, vitreous humor, retina, RPE, and Bruch’s membrane. Retinal cell
types affected include glia (microglia), neurons (retinal ganglion cells, bipolar cells, amacrine
cells, photoreceptors), and vascular support cells (endothelial cells and pericytes). The

combination of so many different tissues, mechanisms, and cells types involved implies that
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HFD has profound effects on ocular health and vision. A greater understanding of the ocular
effects of HFD as well as the development of treatments and interventions that target these
effects is urgently needed.

This review also identified common limitations of HFD studies and current gaps in
knowledge. Factors such as experimental control groups, age at diet start, and diet composition
are also important to consider when attempting to model human disease. Due to the sex bias
towards the use of male animals, future studies should aim to address sex-specific and female
ocular outcomes in HFD research. Studies should also strive to report systemic metabolic
outcomes and longitudinal measures of retinal and visual function. The bulk of the literature
focuses on corneal, retinal, and RPE or BM outcomes, but the impacts of HFD on other ocular
tissues is not well explored. Likewise, more work needs to be done to tease apart the effects of
HFD on specific neuronal populations. Additionally, few studies have tested the acute effects
(hours, days, weeks) of HFD on retinal function, visual function, and tissue outcomes, which
should be a focus for future studies.

In conclusion, HFD models of visual disease are invaluable. These models are used to
recapitulate human disease processes such as AMD and DR, leading causes of blindness. In
understanding the mechanisms and pathophysiology of the impacts of HFD on ocular outcomes,

we can develop improved treatment strategies to preserve vision and prevent blindness.

Supplemental Materials
Supplemental Table 4-1. Studies included in the review with extracted information. Diet
description gives the approximated diet percentage of kcal from fat; if dietary fat was provided

in percent by weight, percentage of kcal from fat was estimated by converting to percent by
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energy for approximate fat % kcal. In cases where age at start diet was variable, the youngest
age was used. Title, authors, and year published are listed. "Sex" refers to the sex of the rodents
used in the study, "Disease model” refers to whether the study was grouped as an AMD study, an
STZ/diabetic retinopathy study, or a study that mainly evaluated the impacts of HFD alone.
"Tissue main” refers to the main tissue(s) of interest in the study. "Diet description kcal fat
percentage™ is the provided or estimated % fat by kilocalories of the HFD. "Ingredient matched
control diet" indicates whether and ingredient matched control diet was used, and the diet
information/brand is provided in "HFD brand™ and "Control diet brand"”. "Age start weeks" is
the (youngest) age at which rodents started being fed the HFD, and "Age end" is the (youngest)
age at which the study ended and/or the end time of HFD feeding. "Varied ages" indicates
whether rodents of varying ages were used and "Age start HFD" and "Age end HFD" given ages
and age ranges of HFD treatment. "Time outcome measured” indicates how long after HFD
treatment (and age) that main outcomes were measured and "Diet time" indicates how long
rodents were fed HFD. (separate tab) Studies that were reviewed but did not meet the criteria
and were excluded from the review. "Reason for exclusion™ indicates what exclusion category
the paper fit into and "Comments" provides more details as to why the study was excluded.
(Supplementary Table available here:

https://www.sciencedirect.com/science/article/pii/S0014483521000051)
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Published in a different format as:

Clarkson-Townsend DA, Bales KL, Marsit CJ, Pardue MT. Light Environment Influences
Developmental Programming of the Metabolic and Visual Systems in Mice. Invest Ophthalmol
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Abstract

Purpose: Light is a salient cue that can influence neurodevelopment and the immune system.
Light exposure out of sync with the endogenous clock causes circadian disruption and chronic
disease. Environmental light exposure may contribute to developmental programming of
metabolic and neurological systems but has been largely overlooked in Developmental Origins
of Health and Disease (DOHaD) research. Here, we investigated whether developmental light
exposure altered programming of visual and metabolic systems.

Methods: Pregnant mice and pups were exposed to control light (12:12LD) or weekly light cycle
inversions (CD) until weaning, after which male and female offspring were housed in control
light and longitudinally measured to evaluate differences in growth (weight), glucose tolerance,
visual function (optomotor response), and retinal function (electroretinogram), with and without
high fat diet (HFD) challenge. Retinal microglia and macrophages were quantified by positive
Ibal and CD11b immunofluorescence.

Results: CD exposure caused impaired visual function and increased retinal immune cell
expression in adult offspring. When challenged with HFD, CD offspring also exhibited altered
retinal function and sex-specific impairments in glucose tolerance.

Conclusions: Overall, these findings suggest that the light environment contributes to
developmental programming of the metabolic and visual systems, potentially promoting a pro-

inflammatory milieu in the retina and increasing the risk of visual disease later in life.

Introduction
The Developmental Origins of Health and Disease (DOHaD) hypothesis posits that early

life exposures affect disease risk later in life(Barker, 2004). The DOHaD framework began with
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epidemiological studies of nutrition which found that mismatch between developmental and later
life environment, such as undernutrition in utero and rich postnatal diet, increased diseases such
as hypertension and diabetes(McMillen and Robinson, 2005). Like nutrition, light is a salient
biological cue and can prime metabolic, immune, endocrine, and neurological systems to alter
the trajectory of health and disease(Ciarleglio et al., 2011; Fonken and Nelson, 2016; Jackson et
al., 2014; Smarr et al., 2017a; Varcoe et al., 2018).

Light exerts many effects via the circadian system, molecular and physiological “clocks”
that regulate biochemical and signaling processes(Panda, 2016). Light acts as a “zeitgeber”, or
“time giver”, to synchronize the body’s central and peripheral clocks, and is the most powerful
entraining cue. Given the crosstalk between the circadian system, metabolism, neurological
function, and the immune system, circadian disruption can cause dyslipidemia(Reutrakul and
Knutson, 2015), glucose intolerance(Morris et al., 2015; Shimba et al., 2011), cognitive
impairment(Chellappa et al., 2019; Karatsoreos et al., 2011; Rouch et al., 2005), and altered
immune function(Hergenhan et al., 2020; Loef et al., 2019; Loef et al., 2018; Mohren et al.,
2002) in both epidemiological and animal studies(Castanon-Cervantes et al., 2010). Shift work,
an occupational cause of circadian disruption, increases the risk of diabetes and cardiometabolic
disease(Kecklund and Axelsson, 2016; Leproult et al., 2014); likewise, rodents developmentally
exposed to chronodisruption develop glucose intolerance as adults(Varcoe et al., 2018; Varcoe et
al., 2011).

A window to the brain, the retina can serve as a marker of neurological health(London et
al., 2013). Circadian clocks function in ocular tissues and regulate processes such as retinal
differentiation, intraocular pressure, photoreceptor disc shedding, and visual processing (Felder-

Schmittbuhl et al., 2018; McMahon et al., 2014; Tosini et al., 2008), the dysregulation of which
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can lead to visual impairment and blindness(Baba et al., 2018b). Similar to the brain, the retina
has high metabolic demands and is affected by metabolic disorders such as diabetes.
Unfortunately, environmental light exposure has been largely overlooked in studies of DOHaD
and developmental programming.

Given the rapid rise in technologies and behavior that contributes to circadian disruption,
the question of how our modern light environment relates to human development and disease is
important(Hatori et al., 2017; Lunn et al., 2017). DOHabD studies evaluate disease trajectories
after a developmental insult in the mother, followed by a challenge to the offspring, termed the
“first hit/second hit” framework(Winett et al., 2016). The “second hit” can expose existing
vulnerabilities that may not be obvious at baseline. Therefore, to investigate the impacts of
developmental light environment on metabolic and neurological programming, mice were
exposed to developmental circadian disruption and challenged with high fat diet (HFD) later in

life.

Methods

Animals and developmental light treatment

All experimental procedures were approved by the Institutional Animal Care and Use
Committee of the Atlanta Veterans Affairs Healthcare System and conducted in accordance with
the Association for Research in Vision and Ophthalmology Statement for the Use of Animals in
Ophthalmic and Vision Research. The C57BL/6J offspring used in this study were bred in-house
from C57BL/6J mice obtained from Jackson Laboratories (Bar Harbor, ME, USA). Male
breeders were singly housed in standard conditions (ad libitum chow, 12:12 lighting) and female

breeders were randomized and housed in large, wire-top cages. Naive female breeders
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acclimated for 2 weeks in standard (12:12 light:dark) light conditions before randomization to
either control treatment lighting (CL, n=12) conditions (12:12 light:dark) or circadian disruption
(CD, n=13) lighting conditions where light cycle was inverted every 3-4 days (Figure 5-1A),
similar to other developmental studies(Mendez et al., 2016; Varcoe et al., 2011). White LED
light composition was measured with an Exemplar Smart CCD Spectrometer (B&W Tek,
Newark, DE, USA) and spectra validated to be characteristic of neutral white LED light, with a
peak at 450nm and rounded peak around 575nm. Lux levels were tested and calibrated to be
equal between the two light treatment groups and ranged between ~50-400 lux, depending on the
position and depth of the lux meter (Dual-range light meter 3151CC, Traceable, Webster, TX,
USA) in the cage; lux measurements at the wire-top neared 400 lux due to proximity to the light
source, while lux measurements taken from the cage floor underneath the food holder were
around 50 lux. Mice from CL and CD groups were housed in the same cage type and set-up, so

luminance ranges were equal between groups.
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Figure 5-1. Overall experimental design and timeline. (A) Dams and offspring (both sexes) were
developmentally exposed to control light (CL) treatment (12:12 lights on at 6AM, off at 6PM) or
circadian disruption (CD) treatment (inversion of photoperiod every 3-4 days). The navy blue

and yellow boxes each represent a time period of 12 hours, with navy representing lights off and

yellow representing lights on; each row is a new day. (B) Diagram of the experimental timeline.
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Female breeders and their pups were exposed to CL or CD light conditions during development,
as represented by the lightbulb symbol and female with pups. At weaning (3 weeks age),
offspring were all housed in control light conditions and fed standard rodent chow ad libitum. At
8 weeks of age, immediately following glucose tolerance test, offspring were fed with either high
fat diet (HFD) or ingredient-matched control diet (CON) ad libitum, represented by the pale
yellow and bright yellow cylinders. Glucose tolerance testing (GTT), visual function using
optomotor response (OMR), and retinal function using electroretinogram (ERG) were
longitudinally tested from 4-21 weeks of age. Tissues were collected for analysis at 22 weeks of

age.

After four weeks of light treatment, two females, one from each light treatment group,
were placed in a male’s cage for two days for timed breeding during concordant light schedules
before being returned to their home cages. Females were checked for vaginal plugs after pairings
and weighed to confirm pregnancy. Non-pregnant females were re-paired with the same male.
Dams and pups remained in CD or CL light treatments until weaning at three weeks of age
(Figure 5-1B). Developmental light treatment and dam 1D were recorded for each pup and kept
masked for the duration of the experiment.

From weaning onwards, offspring were housed in standard lighting conditions (12:12
light:dark). Offspring were fed standard rodent chow (Teklad Rodent Diet 2018 irradiated 2918,
Envigo Tekland, Madison, WI, USA) ad libitum from weaning until 8 weeks of age.
Immediately following the glucose tolerance test (GTT) at 8 weeks of age, mice were
randomized to receive either Western-style high fat diet (HFD, 42% calories from fat, TD.88137,
Envigo Tekland, Madison, WI, USA) or ingredient-matched control diet (CON, 13% calories

from fat, TD.08485, Envigo Tekland, Madison, W1, USA) ad libitum for the duration of the
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experiment (Figure 5-1B). At 22 weeks of age, adult offspring were sacrificed between 10AM-
12PM (zeitgeber time (ZT) ZT4-ZT6) and tissue samples collected and flash frozen or preserved

for cryosectioning and stored at -80°C until further analysis.

Actigraphy

Activity patterns of female mice exposed to CL or CD were measured using custom-built
Arduino-based passive infrared motion detectors (PIRs, Figure 5-2A)(Brown et al., 2017) that
collected activity data every 10 seconds. Actigraphy data from PIRs was further validated with
running wheels (ENV-047, Med Associates Inc., St. Albans, VT, USA). Actograms from PIRs
and running wheels were created in ImageJ using the ActogramJ plugin(Schmid et al., 2011).
Measures of intradaily stability, intradaily variability, and relative amplitude were calculated

using the nparACT package in R(Blume et al., 2016).
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Figure 5-2. Mice exposed to circadian disruption (CD) light conditions have altered activity
rhythms. (A) Picture of the custom-built infrared motion sensor (PIR), showing (above) the

sensor as encased in a 3D-printed plastic shell and (below) removed from the case showing the
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circuit board and components. (B) Representative control light (CL) cycle (black outline), with
lights on (pale yellow shading) at 6AM and lights off (navy blue shading) at 6PM, and CD light
cycle (red outline), with light inversions twice weekly (note that this is the same schedule as
shown in Figure 1, but plotted with different start time). (C) Representative single-plotted
actograms from 3 cages of female mice exposed to CL over a 6-day period, with vertical black
lines indicating activity and each row representing a 24-hour period. (D) Representative single-
plotted actograms from 3 cages of female mice exposed to CD over a 6-day period, with black
lines indicating activity and each row a 24-hour period. (E) Representative actograms from
running wheels of females exposed to CD over a 15-day period, with black lines indicating
activity and each row a 24-hour period. (F) Intradaily stability (t=6.77, df=4, p=0.003), (G)
intradaily variability (t=0.40, df=4, p=0.71), and (H) relative amplitude (t=3.52, df=4,
p=0.025) as calculated from the representative actograms in (C) and (D), presented as mean +

SEM and analyzed with student’s 2-tailed unpaired t-tests, *p<0.05, **p<0.01.

Serum lipids and glucose panel

Dams were sacrificed at weaning between 9AM-11AM (ZT3-ZT5) during concordant
light schedules. Serum was collected [1.1mL Z-gel microtube, Sarstedt, Germany] and stored at -
80°C. Serum samples were analyzed for lipids, glucose, and free fatty acids (FFAS) on a
Beckman Coulter AU480 chemistry autoanalyzer (Brea, CA, USA) using Sekisui Diagnostics

(Burlington, MA, USA) reagents and calibrators.

Weekly weight and blood glucose
Mice were measured weekly for body weight and blood glucose (mg/dL) using a

handheld glucometer (FreeStyle Lite, Abbott Diabetes Care, Alameda, CA, USA). Prior to
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glucose recording, the tail was gently cleaned to remove any debris, lightly pricked with an
insulin needle (BD insulin syringe #32946), and a drop of blood collected on the glucometer

strip.

Glucose tolerance testing (GTT)

Intraperitoneal (IP) GTT was performed at 4, 8, 12, 16, and 20 weeks of age. On the day
of the test, food was removed at 7AM (ZT1) and mice fasted for 6 hours. At 1PM (ZT7),
baseline blood glucose (mg/dL) of mice was measured just prior to IP injection of glucose
solution (D+ glucose in dH20, 2g/kg)(Andrikopoulos et al., 2008) and ensuing blood glucose
(mg/dL) levels recorded at 15, 30, 60, and 120 minutes post-injection using a handheld
glucometer (FreeStyle Lite, Abbott Diabetes Care, Alameda, CA, USA). To summarize the
hyperglycemia response, area under the curve (AUC) was calculated for each mouse using the

trapezoidal method(Sakaguchi et al., 2015).

Optomotor response testing

Visual function was measured with optomotor response (OMR) testing at 5, 9, 13, 17,
and 21 weeks of age, as previously described(Aung et al., 2013; Gudapati et al., 2020; Mui et al.,
2018) using the OptoMotry system (Cerebral Mechanics, USA)(Prusky et al., 2004). Briefly, a
mouse was placed on a central pedestal in an enclosed chamber of monitors which display
rotating vertical sine wave gratings of varying spatial frequency (with contrast set at 100%) or
varying grating contrast (with spatial frequency set at 0.103 cycles/degree). A trained observer
marked when the characteristic head tracking movement occurred (or did not occur) through a

programmed staircase method to calculate the visual threshold. Measurements from the left and



127

right eye were averaged for a combined visual threshold score. Contrast threshold results were

converted to Michelson contrast values(Prusky et al., 2006).

Electroretinography

Retinal function was measured using electroretinography (ERGs) at 5, 9, 13, 17, and 21
weeks of age, following OMR testing. Mice were dark-adapted overnight, anesthetized with an
IP injection of ketamine (80 mg/kg) and xylazine (16 mg/kg), placed on a heating pad (37°C to
maintain body temperature), and given corneal numbing drops (0.5% tetracaine hydrochloride,
Bausch and Lomb) and drops for pupil dilation (1.0% tropicamide solution, Sandoz, Alcon)
under dim red light. Anesthetized mice were placed on a heated platform (37°C to maintain body
temperature) and ground and reference electrodes inserted into the tail and each cheek (Natus
neurology Genuine Grass Platinum Subdermal Electrodes #F-E2-48). Custom-made gold loop
recording electrodes were gently placed on each cornea and methylcellulose drops (1% carboxyl
methylcellulose, Refresh Celluvisc, Allergan) applied after placement to prevent eye dryness and
maintain electrode connection. Post-measurement, mice were given an IP injection of
atipamezole (1 mg/kg) (Antisedan, Zoetis, Parsippany, NJ, USA) to counteract effects of
anesthesia(Turner and Albassam, 2005), saline eye drops, and allowed to recover on a heating
pad (37°C) before being returned to housing.

ERGs were performed using a 6-step protocol comprised of 5 scotopic stimuli of
increasing luminance (-2.5, -1.9, -0.6, 0.8, and 1.9 log cd s/m?) followed by a 10-minute light
adaptation step (1.5 log cd s/m?) and final flicker photopic stimulus (1.4 log cd s/m? at 6.1
Hz)(Allen et al., 2019; Aung et al., 2014); this protocol measured the rod-dominated, mixed, and

cone-dominated retinal responses. For the ERGs performed at 21 weeks of age, an additional
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photopic step was included to measure blue/green cone (M-opsin) response using a green LED
flash (530nm, 0.1 log cd s/m?) following the photopic flicker step. Retinal responses were
recorded, oscillatory potentials (OPs) extracted (75-500 Hz), and signals averaged using the LKC
software (UTAS BigShot, LKC Technologies, Gaithersburg, MD, USA); waveforms were
marked in MATLAB (Mathworks, Natick, MA, USA). For each mouse, the waveform from the
eye with the highest b-wave amplitudes from the brightest dark-adapted step (flash stimulus =

1.9 log cd s/m?) was used for analysis.

Retinal immunofluorescence microscopy

Fresh whole eyes were fixed in 10% neutral buffered formalin and cryoprotected in 30%
sucrose. Tissues were embedded and frozen in optimal cutting temperature compound and sliced
into 10-um-thick sections. Blocking (with 0.1% Triton X-100) and primary antibody incubations
on retinal sections were in 5% normal donkey serum in PBS and washed with PBS. Primary
antibody incubations using Ibal (ab178847; 1:100; Abcam) and CD11b (14-0112-82; 1:100;
Invitrogen) were performed for 16-24 hours at 4°C. Secondary antibody incubations using Alexa
Fluor 488 Donkey anti-mouse 1gG (A-21202; 1:500) and Alexa Fluor 647-conjugated Donkey
anti-rabbit 1gG (A-31573; 1:500) and tissue nuclei visualized with nuclear stain 4’,6-diamidino-
2-phenylindole (DAPI, 62247; Thermo Fisher Scientific). Coverslips were mounted using
Prolong Gold (P36934; Thermo Fisher Scientific). Retinal tissue (n=4-7 mice/group; 2-3 images
per sample) images were taken on an Olympus Fluoview1000 confocal microscope (Center
Valley, PA) with a 20x objective and a Lumenera INFINITY 1-3C USB 2.0 Color Microscope
camera (Spectra Services, Ontario, NY) by a researcher masked to treatment group. All images

were compiled and quantified using ImageJ software. Fluorescence for each image was
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quantified by dividing the mean fluorescence by the imaging area; mean fluorescence across

images was then averaged for each sample for statistical analysis.

Statistical analysis and data availability

Longitudinal metabolic and visual measures were analyzed using 2-way ANOVA or
mixed models (in the case of missing data) with post-hoc Dunnett tests to compare treatment
groups to the CL+CON control group, correcting for multiple comparisons. Non-longitudinal
data was measured using a 1-way ANOVA with post-hoc Dunnett tests to compare treatment
groups to the CL+CON control group, correcting for multiple comparisons. Dam serum results,
intradaily stability, intradaily variability, and relative amplitude were analyzed with Student’s
unpaired 2-tailed t-tests. Data are displayed as mean £ SEM and results were considered
significant if p<0.05. Statistical analyses were performed using GraphPad Prism version 9.0.0

and R version 3.2. Data and R code are available at: https://github.com/dclarktown/Light mice

(DOI: 10.5281/zen0d0.4536522).

Results

Circadian disruption during development alters activity patterns

Actigraphy data confirmed that, compared to CL (Figures 5-2B-C), CD treatment altered
activity patterns (Figures 5-2B, 5-2D), similar to other studies using the same light
paradigm(Mendez et al., 2016; Varcoe et al., 2013); results were validated with running wheels
(Figure 5-2E). Disrupted mice had decreased intradaily stability and relative amplitude,

suggesting weaker coupling to zeitgebers (e.g. light) and dampening of circadian rhythms in CD


https://github.com/dclarktown/Light_mice
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mice; however, there was no difference in intradaily variability, a marker of activity

fragmentation (Figures 5-2F-H).

Circadian disruption alters maternal serum glucose
At weaning, CD dams had significantly higher serum glucose (Figure 5-3A, Student’s
unpaired t-test, (t=2.892, df=7), p=0.023) than CL dams. Serum FFAs, triglycerides, total

cholesterol, and high density lipoproteins (HDLc) did not differ between groups (Figure 5-3B-
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Figure 5-3. Circadian disruption increases serum glucose levels. At weaning, dams in the CD
group had higher serum (A) glucose (t=2.836, df=8, p=0.022) but similar levels of (B) free fatty
acids (FFAs)(t=0.3135, df=8, 0.762), (C) triglycerides (t=0.4747, df=8, p=0.648), (D)
cholesterol (t=0.8841, df=8, p=0.402), and (E) high density lipoprotein (HDLc)( t=1.141, df=8,
p=0.287) compared to dams in the CL group. Data are presented as mean + SEM and analyzed

with Student’s 2-tailed unpaired t-tests, *p<0.05, n=5 per group.
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HFD has sex-specific influences on body weight and blood glucose

Male mice fed HFD developed higher body weight over time (Figure 5-4A). Irrespective
of developmental light treatment, male HFD groups were significantly heavier than the control
groups (mixed-effects, group*time: F(51, 559) = 22.77, p <0.0001), starting just 1 week after
diet treatment (9 weeks of age, p<0.05) and continuing until the end of the experiment (21 weeks
of age, p<0.001). While the interaction was significant (mixed-effects, group*time: F(51, 549) =
3.280, p <0.0001), female mice fed HFD did not significantly differ in body weight in post-hoc

analyses (Figure 5-4B).
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Figure 5-4. Only male mice gained weight after HFD exposure. (A) Male HFD groups
developed significantly higher body weight starting at 9 weeks, 1 week after start of diet
treatment (mixed-effects analysis, F(51, 559) = 22.77, p<0.0001). (B) Female mice showed an
interaction between time and treatment (mixed-effects analysis, F (51, 549) = 3.28, p<0.0001),
but no significant differences between treatment groups. (C) CL+HFD males had significantly

higher blood glucose (non-fasted) at 19 weeks (mixed-effects analysis, F (36, 386) = 1.74,
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p=0.006). (D) CD+HFD females had significantly lower blood glucose (non-fasted) at 10 weeks
(mixed-effects analysis, F (36, 385) = 1.63, p=0.015). There were no differences between groups
in blood glucose levels after fasting for 6hr (prior to GTT) in (E) males (mixed-effects analysis,
F (12, 132) = 1.56, p=0.11) or (F) females (mixed-effects analysis, F (12, 128) = 1.35, p=0.20).
Data are presented as mean = SEM and analyzed by mixed models with post-hoc Dunnett tests.
*p<0.05 **p<0.01 ***p<0.001 ****p<0.0001 vs CL+CON group. Black asterisks indicate
CL+HFD group and red asterisks indicate CD+HFD group. Grey shading indicates period of
diet treatment. For males, CL+CON n=8-10, CL+HFD n=9-10, CD+CON n=7-9, CD+HFD
n=8-10 at each timepoint; for females, CL+CON n=8-9, CL+HFD n=5-9, CD+CON n=9-10,

CD+HFD n=7-11 at each timepoint.

Weekly blood glucose measurements varied considerably; male mice fed HFD with
developmental circadian disruption had significantly higher non-fasted blood glucose levels
(mixed-effects, group*time: F(36, 386)= 1.742, p=0.006) at 19 weeks of age compared to the
control group (p<0.05, Figure 5-4C). Female mice fed HFD with developmental circadian
disruption had slightly lower non-fasted blood glucose levels at 10 weeks of age compared to the
control group (mixed-effects, group*time: F(36, 385) = 1.629, p=0.0146, p<0.05, Figure 5-4D).

There were no differences in fasted blood glucose levels between groups (Figures 5-4E, 5-4F).

HFD and developmental disruption impair glucose tolerance

There were no differences in glucose tolerance between groups at 4 or 8 weeks of age
(Figure 5-5, Supplemental Figure 5-1), prior to diet treatment. However, at 12 and 16 weeks of
age, there were significant interactions between sex and treatment (2-way ANOVA, sex*diet:

p<0.01), with HFD males displaying impaired glucose tolerance after 1 month of diet treatment.
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CD+HFD males also developed elevated blood glucose more rapidly post-injection compared to
CL+CON (mixed-effects, group*time: F(12, 132) = 4.130, p=0.0001, p<0.05, Supplemental
Figure 5-1E). This trend of worsened glucose tolerance in the male CD+HFD and CL+HFD
groups continued at 16 and 20 weeks of age (p<0.05, Figure 5-5A, Supplemental Figure 5-
1G,1), whereas females did not differ in glucose tolerance until CD+HFD females developed
elevated glucose at 20 weeks of age (mixed-effects, group*time: F(12, 126) = 3.069, p=0.0008,

p<0.05, Figure 5-5B, Supplemental Figure 5-1J).
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Figure 5-5. Males on HFD have higher area under the curve (AUC) values of glucose tolerance
testing and at earlier timepoints than females. (A) Male AUC values; CD+HFD and CL+HFD

groups had higher AUC values at 12, 16, and 20 weeks of age compared to the CL+CON group
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(mixed-effects, group*time: F(12, 132) = 4.13, p<0.0001, p<0.05). (B) Female AUC values;
CD+HFD group had higher AUC values at 20 weeks of age compared to the CL+CON group
(mixed-effects, group*time: F(12, 126) = 3.07, p<0.001, p<0.05). Data are presented as mean *
SEM and analyzed by mixed models with Dunnett tests. *p<0.05 **p<0.01 ***p<0.001
****n<0.0001 vs CL+CON group. Black asterisks indicate CL+HFD group and red asterisks
indicate CD+HFD group. Grey shading indicates period of diet treatment. For males, CL+CON
n=9-10, CL+HFD n=9-10, CD+CON n=8-9, CD+HFD n=9-10 at each timepoint; for females,

CL+CON n=8-9, CL+HFD n=6-9, CD+CON n=7-10, CD+HFD n=7-11 at each timepoint.

Developmental circadian disruption and HFD reduce visual function

OMR results did not differ at baseline, but by 9 weeks of age (1 week after diet start),
CD+HFD mice exhibited decreased spatial frequency (mixed-effects, group*time: F(12, 275) =
14.33, p<0.0001, p<0.001, Figure 5-6A); at 13, 17, and 20 weeks of age, CD+HFD and
CL+HFD had decreased spatial frequency, and at 20 weeks of age CD+CON had decreased
spatial frequency compared to CL+CON (p<0.01, Figure 5-6A). Likewise, CD+HFD and
CL+HFD exhibited decreased contrast sensitivity at 9 and 13 weeks of age, and all groups had
decreased contrast sensitivity at 17 and 20 weeks of age compared to CL+CON (mixed-effects,
group*time: F(12, 275) = 8.233, p<0.0001, p<0.05, Figure 5-6B). While there were no
significant interactions between sex and treatment, sex as a main effect was significant for
frequency at 5, 9 and 13 weeks and for contrast at all time points, with males having slightly

higher visual acuity(van Alphen et al., 2009).
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Figure 5-6. HFD and developmental circadian disruption reduced visual function. (A) Spatial
frequency thresholds decreased after the induction of HFD (mixed-effects, group*time: F(12,
275) = 14.33, p<0.0001) in the CD+HFD group (p<0.05), while the CL+HFD group developed
decreased spatial frequency slightly later (p<0.05) and the CD+CON group had decreased
visual frequency at 20 weeks of age (p<0.05). (B) Contrast sensitivity thresholds decreased after
exposure to HFD (mixed-effects, group*time: F(12, 275) = 8.23, p<0.0001) in the CD+HFD

and CL+HFD groups (p<0.05), while the CD+CON group had decreased contrast sensitivity at
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17 and 21 weeks of age compared to the CL+CON group(p<0.05). Data are presented as mean
+ SEM and analyzed by mixed models with Dunnett tests. *p<0.05 **p<0.01 ***p<0.001
****n<0.0001 vs CL+CON group. Black asterisks indicate CL+HFD group, red asterisks
indicate CD+HFD group, and pink crosses indicate CD+CON group. Grey shading indicates
period of diet treatment. For each timepoint, CL+CON n=17-19, CL+HFD n=14-19, CD+CON

n=17-19, CD+HFD n=16-21.

Developmental disruption alters retinal function in response to HFD

Results of scotopic full-field ERGs revealed retinal function deficits. Representative
scotopic (Figure 5-7A) and photopic flicker (Figure 5-7B) waveforms visibly show amplitude
differences at 9 weeks of age, after 1 week of HFD. As shown in the intensity response curve,
the CL+HFD group had lower a-wave (2-way ANOVA, F(6, 140) = 4.025, p<0.001, p<0.05
Figure 5-7C) and b-wave (2-way ANOVA, F(12, 280) = 2.519, p<0.01, p<0.05 Figure 5-7D)
amplitudes. When analyzed over time, a-wave amplitudes did not significantly differ (mixed-
effects, group*time: F(12, 260) = 1.686, p=0.069, Figure 5-7E), but a-wave implicit times (ITs)
did differ (mixed-effects, group*time: F(12, 260) = 1.957, p<0.05, Figure 5-7F), with the
CL+HFD group showing delayed ITs at 9 and 13 weeks (p<0.05) and CD+HFD at 13 weeks
(p<0.05). There were also deficits in b-wave amplitudes over time (mixed-effects, group*time:
F(12, 260) = 1.957, p<0.05, Figure 5-7G) in the CL+HFD group at 9 (p<0.001) and 13 (p<0.01)
weeks of age. However, there were no differences in flicker b-wave amplitudes over time
(mixed-effects, group*time: F(12, 255) = 1.699, p=0.067, Figure 5-7H) or in green cone b-wave
amplitude when measured at 21 weeks of age (1-way ANOVA, F(3, 47) = 1.465, p=0.236,

Supplemental Figure 5-2).
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Figure 5-7. Transient deficits in retinal function after acute HFD treatment. Representative ERG

waveforms at 9 weeks of age (1 week after HFD) in response to (A) a series of scotopic stimuli
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and (B) photopic flicker stimuli showing visible amplitude deficits in the CL+HFD group. (C)
Intensity response curve of a-wave amplitudes at 9 weeks of age (2-way ANOVA, F (6, 140) =
4.03, p<0.001) show decreased amplitudes in the CL+HFD group. (D) Intensity response curve
of b-wave amplitudes at 9 weeks of age (2-way ANOVA, F (12, 280) = 2.52, p<0.005) shows
decreased amplitudes in the CL+HFD group. (E) a-wave amplitudes (mixed-effects, group*time:
F (12, 260) = 1.69, p=0.069) over time and (F) implicit times (mixed-effects, group*time: F (12,
260) = 1.96, p<0.05) with delays in the CL+HFD and CD+HFD groups. (G) b-wave scotopic (-
2.5,-1.9, -0.6, 0.8, and 1.9 log cd s/m?) amplitudes (mixed-effects, group*time: F (12, 260) =
2.32, p<0.01) and (H) flicker amplitudes (mixed-effects, group*time: F (12, 255) = 1.70,
p=0.067) over time. Data are presented as mean + SEM and analyzed by 2-way ANOVAs or
mixed models with Dunnett tests. *p<0.05 **p<0.01 ***p<0.001 ****p<0.0001 vs CL+CON.
Black asterisks indicate the CL+HFD group and red asterisks indicate the CD+HFD group.
Grey shading indicates period of diet treatment. For each timepoint, CL+CON n=16-19,

CL+HFD n=14-19, CD+CON n=15-19, CD+HFD n=15-21.

OPs, generated by amacrine cells in the inner retina(Wachtmeister, 1998b), were also
affected by HFD treatment (Supplemental Figure 5-3). Amplitude deficits in OP2 (mixed-
effects, group*time: F(12, 260) = 2.436, p<0.01), but not OP4, occurred in the CL+HFD group at
9, 13, and 21 weeks (p<0.05) and in the CD+HFD group at 21 weeks of age (p<0.05). These
results suggest HFD-induced impairment in ON-pathway and rod activity (OP2) but not in OFF-

pathway and cone signaling (OP4)(Wachtmeister, 1998a).



Increased retinal microglia and macrophage expression in response to altered

developmental light environment and HFD

Retinal inflammatory response increased significantly within CD+CON, CL+HFD and
CD+HFD groups (Figure 5-8). CD11b-positive and Ibal-positive cells (labeling microglia and
macrophages) were not only observed within the inner retinal layers, where they typically reside
(ganglion cell layer (GCL), inner plexiform layer (IPL) and outer plexiform layer (OPL)), but

were also found in the inner nuclear layer (INL) and reached the outer nuclear layer (ONL,

Supplemental Figure 5-4), where the cell bodies of rods and cones reside.
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Figure 5-8. Both CD and HFD cause increased retinal immune activation, as measured by

CD11b (green) and Ibal (red). Representative retinal immunofluorescence microscopy results,
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with (left) and without (right) DAPI staining (blue), showing retinal layers of the (A) CL+CON
group, the (B) CL+HFD group, the (C) CD+CON group, and the (D) CD+HFD group show
increased retinal expression of CD11b in CL+HFD, CD+CON, and CD+HFD groups and
increased retinal expression of Ibal in the CD+CON and CD+HFD groups. Measured
fluorescence by retinal layer, showing no difference in (E) CD11b staining in the OPL (1-way
ANOVA, F (3, 17) = 1.23, p=0.33) but increased Ibal staining in the OPL (1-way ANOVA, F (3,
17) = 6.25, p=0.0047) in the CD+HFD group. (F) In the INL, there was also no difference in
CD11b expression (1-way ANOVA, F (3, 17) = 2.52, p=0.092), but Ibal expression was
increased (1-way ANOVA, F (3, 17) = 5.36, p=0.022) in the CD+CON and CD+HFD groups. In
the IPL, (G) CD11b increased (1-way ANOVA, F (3, 17) = 8.06, p=0.0015) in both HFD groups
while Ibal increased (1-way ANOVA, F (3, 17) = 15.87, p<0.0001) in both CD groups.
Likewise, in the GCL, (H) CD11b was increased (1-way ANOVA, F (3, 17) = 4.34, p=0.019) in
the CL+HFD group and Ibal was increased (1-way ANOVA, F (3, 17) = 3.89, p=0.023) in both
CD groups. (1) Drawing representing the retinal layers. Images from the CL+CON group (n=5
mice), CL+HFD group (n=4 mice), CD+CON group (n=7 mice), and CD+HFD group (n=5
mice) include both sexes. Data are presented as mean + SEM and analyzed by 1-way ANOVAs
with Dunnett tests. *p<0.05 **p<0.01 ***p<0.001 ****p<0.0001 vs CL+CON group. Scale bar

=12um.

Imaging found no difference in CD11b staining in the OPL (Figure 5-8E, 1-way
ANOVA, F (3,17) =1.23, p=0.33) or INL (1-way ANOVA, F (3, 17) = 1.49, p=0.09);
conversely, Ibal staining was increased in the OPL (1-way ANOVA, F (3, 17) = 6.25, p=0.0047)

in the CD+HFD group. Comparatively, in the INL (Figure 5-8F) Ibal expression was greater (1-
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way ANOVA, F (3, 17) =9.67, p=0.02) in the CD+CON and CD+HFD groups. In the IPL,
(Figure 5-8G) CD11b increased (1-way ANOVA, F (3, 17) = 8.06, p=0.0015) in both HFD
groups while Ibal increased (1-way ANOVA, F (3, 17) = 15.87, p<0.0001) in both CD groups.
Likewise, in the GCL, (Figure 5-8H) CD11b was increased (1-way ANOVA, F (3, 17) = 4.34,
p=0.019) in the CL+HFD group and Ibal was increased (1-way ANOVA, F (3, 17) = 3.89,

p=0.028) in both CD groups.

Discussion

We investigated the influence of light environment on developmental programming of
metabolic and visual outcomes. Developmental chronodisruption during a vulnerable window
(EO — 3wks) reduced visual function, altered retinal function, increased retinal
microglial/macrophage activation, and impaired glucose tolerance in offspring (Figure 5-9), with
differences exacerbated after metabolic challenge with HFD. The findings of increased
expression of retinal microglial and macrophage markers supports a role for immune system
activation in mediating the visual function results(Gupta et al., 2003; Rashid et al., 2019; Zhao et
al., 2015). Overall, the findings support environmental light as a relevant exposure for

developmental programming and DOHaD.



Outcome Measures

Visual Function (OMR)

Direction(s) of
Effect

l Decreased

Sex-specific?

No

Microglia/macrophage
immunofluorescence

Glucose Tolerance (GTT)

Increased

§ Decreased

Unknown

Yes — Females

Visual Function (OMR)

§ Decreased

No

143

Retinal Function (ERG) = Attenuated No
Microglia/macrophage Increased Unknown
immunofluorescence

HFD alone
Body Weight Increased Yes - Males
Glucose Tolerance (GTT) l Decreased Yes - Males
Visual Function (OMR) l. Decreased No
Retinal Function (ERG) l Decreased No
Microglia/macrophage Increased Unknown

immunofluorescence

Figure 5-9. Summary figure highlighting the influence of developmental light treatment and/or

later HFD treatment on visual and metabolic outcomes and whether outcomes differed by sex.

While previous research using genetic knockouts has been useful in understanding the
contribution of specific clock genes to development, the use of environmental light to cause
circadian disruption is relevant in modeling human exposure and disease. Prior studies have
found that developmental chronodisruption dampens maternal rhythms in corticosterone, FFAS,
cholesterol, and triglycerides(Varcoe et al., 2013), and alters activity rhythms(Mendez et al.,
2016; Varcoe et al., 2013). Likewise, we report altered activity (Figure 5-2) and increased serum
glucose in CD dams (Figure 5-3), although the glucose results may be due to disruption and

timing of sample collection rather than mean differences since we did not take multiple
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measurements at specific time intervals. In offspring, maternal environmental circadian
disruption causes increased adiposity, hyperleptinemia(Varcoe et al., 2011), altered glucose
handling(Mendez et al., 2016; Varcoe et al., 2011), anxiety-like behavior(Smarr et al., 2017a),
and increased blood pressure(Mendez et al., 2016; Mendez et al., 2019); however, previous
studies have not characterized effects on the visual system.

In this study, metabolic outcomes exhibited clear sex differences (Figures 5-4, 5-5,
Supplemental Figure 5-1), as previously reported(Hong et al., 2009; Le May et al., 2006; Parks
etal., 2015; Yang et al., 2014). While all males fed HFD developed worse glucose tolerance,
notably, only the CD+HFD females developed impaired glucose tolerance, suggesting a sex-
specific interaction between developmental light environment and later nutritional challenge.
These glucose tolerance results align with previous findings of altered glucose homeostasis and
metabolism in offspring following developmental circadian disruption(Mendez et al., 2016;
Varcoe et al., 2011) and suggest that developmental chronodisruption enacts sex-specific effects
on metabolic programming(Maniu et al., 2016; Zhu et al., 2015).

Developmental chronodisruption led to decreased visual function, the pace of which was
quickened by HFD (Figure 5-6). HFD alone also impaired visual function, the impact of which
has not been well-studied(Clarkson-Townsend et al., 2021c); a previous study utilizing a high-
fat, high-sucrose diet reported no differences(Atawia et al., 2020) while another reported
decreased OMR responses after 2 months of HFD (Douglass, AJ et al. IOVS 2020;61:ARVO E-
Abstract 2245). However, an OCTA study uncovered rapid neurovascular decoupling after
sugary beverage consumption(Kwan et al., 2020), suggesting clinical relevance for acute
nutritional challenge. OMR measures the accessory optic system reflex in the retina from

velocity-selective and direction-selective ON retinal ganglion cells(Giolli et al., 2006; Schiller,
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2010). The increased retinal expression of retinal microglial and macrophage markers in the
GCL layer of CD and CD+HFD mice supports a potential role for immune system activation in
driving the visual function results.

Developmental light treatment altered retinal function responses to HFD challenge
(Figure 5-7). The largest ERG a-wave and b-wave amplitude deficits occurred acutely in the
CL+HFD group, with partial recovery. The retina has high energy needs, is sensitive to
metabolic perturbations(Kowluru and Chan, 2007), and utilizes both glucose and lipids as
fuel(Joyal et al., 2016); acute metabolic imbalance due to increased dietary fat may have caused
ERG amplitude deficits. Surprisingly, ERG amplitude deficits were attenuated in the CD+HFD
group. Developmental CD may have influenced retinal response to metabolic challenge.

Inflammasome activation is a well-known contributor to retinal disease pathology. Our
study is novel in its investigation of the effects of developmental CD with later life HFD
challenge in regards to retinal inflammation (Figure 5-8). Several studies have described
increased retinal inflammation associated with HFD, primarily in regards to its role in
diabetes(Atawia et al., 2020; Clarkson-Townsend et al., 2021c; Collins et al., 2018; Lee et al.,
2015; Mancini et al., 2013; Rajagopal et al., 2016; Tuzcu et al., 2017). In the retina, HFD
induces toll-like receptor 4 (TLR4) dependent macrophages and microglial activation, a
signaling pathway involved in chronic inflammation and insulin resistance(Lee et al., 2015).
Likewise, retinal CD11b microglia and/or macrophages activation is observed in patients with
diabetes and in diabetic animal models(lbrahim et al., 2011; Krady et al., 2005; Zeng et al.,
2008). In CD and HFD-treated mice, we found upregulation of Iba-1 positive cells (microglia)
and CD11b-positive cells (microglia and macrophages) within inner retinal layers (GCL, IPL and

OPL), as well as upregulation of Ibal in the INL. Our results support that CD+HFD elicits a
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chronic inflammatory response within the inner retina. The circadian system regulates immune
signaling(QOishi et al., 2017; Orozco-Solis and Aguilar-Arnal, 2020; Scheiermann et al., 2018),
and increased microglial activation and astrogliosis occurs in mice with circadian clock gene
knockout Rev-erba(Griffin et al., 2019) and Arntl (Bmall)(Musiek et al., 2013). As such, the
upregulation in retinal inflammatory markers in CD mice may be due to lingering effects of
developmental circadian disruption, aggravated by HFD. This retinal inflammation correlates
with the visual impairment and altered retinal function we found in CD-exposed offspring.

Several limitations should be kept in mind when interpreting our findings. As the
C57BL/6J mouse strain is melatonin-deficient, these outcomes are independent of melatonin, a
key circadian hormone and antioxidant; as untimely light exposure can disrupt melatonin
production and rhythms in humans, the relevance of these results to human health requires
further characterization of developmental circadian disruption in melatonin-proficient strains.
Additionally, while the greatest difference in visual function from baseline was an approximately
0.1 unit decrease in spatial frequency in the CD+HFD group, it is unclear whether this change
would affect fitness and how it would translate to human vision. In assessing the results, the 95%
confidence intervals for the ERG and GTT AUC results were wider compared to the other
outcomes, which suggests that a larger sample size may have provided more robust measures.
Environmental light and circadian disruption are ubiquitous exposures with great public health
relevance. As genetic or environmental perturbation of the circadian system can affect retinal
differentiation and neuronal development(Baba et al., 2018a; Noda et al., 2019; Rao et al., 2013;
Sawant et al., 2017; Sawant et al., 2019), and ipRGCs(Lo Giudice et al., 2019) and opsins are
active early in retinal development, the timing of light exposure during windows of early

neuronal tissue development may impact later life vision outcomes. Our findings demonstrate
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reduced visual function, altered retinal function, impaired glucose tolerance, and upregulated
retinal microglial and macrophage markers in mice developmentally chronodisrupted via
environmental light. Likewise, environmental light programming may make offspring more
vulnerable to developing metabolic and immune-mediated disease, such as diabetes and diabetic
retinopathy. Further studies are also necessary to fully characterize the inflammatory responses
associated with CD and HFD. Overall, these findings extend the prior research and collectively
support environmental light as a relevant exposure(Varcoe, 2018; Varcoe et al., 2018) for

developmental programming and DOHaD research.

Supplemental Material
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Supplemental Figure 5-1. Males on HFD have abnormal glucose tolerance earlier than females.
Male and female glucose tolerance at (A-B) 4 weeks of age and (C-D) 8 weeks of age, prior to
diet treatment. (E-F) Male and female glucose tolerance at 12 weeks of age; CD+HFD males
developed hyperglycemia by 15 minutes and remained elevated while CL+HFD males didn’t
show significantly increased blood glucose until 120 minutes (p<0.05). (G-H) Male and female
glucose tolerance at 16 weeks of age; CD+HFD males developed hyperglycemia by 15 minutes
and remained elevated compared to CL+HFD males which wasn’t significantly elevated until 60
minutes (p<0.05). (I-J) Male and female glucose tolerance at 20 weeks of age; CD+HFD males
developed hyperglycemia by 60 minutes and CL+HFD males by baseline (p<0.05); CD+HFD
females had hyperglycemia by 15 minutes and remained elevated (p<0.05). Data are presented
as mean + SEM and analyzed by 2-way ANOVAs with Dunnett tests. *p<0.05 **p<0.01
***p<0.001 ****p<0.0001 vs CL+CON group. Black asterisks indicate CL+HFD group and
red asterisks indicate CD+HFD groups. Grey shading indicates period of diet treatment. For
males, CL+CON n=9-10, CL+HFD n=9-10, CD+CON n=8-9, CD+HFD n=9-10 at each
timepoint; for females, CL+CON n=8-9, CL+HFD n=6-9, CD+CON n=7-10, CD+HFD n=7-

11 at each timepoint.
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Supplemental Figure 5-2. There are no differences in response to photopic green light stimuli
after developmental circadian disruption or diet treatment. Graph showing b-wave amplitude of
photopic M-cone response to green light (530nm, flash stimulus = 0.1 log cd s/m? after 10-
minute light adaptation at 1.5 log cd s/m?) at 21 weeks of age (1-way ANOVA, F (3, 47) = 1.47,

p=0.24), CL+CON n=14, CL+HFD n=12, CD+CON n=13, CD+HFD n=12.
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Supplemental Figure 5-3. HFD treatment and developmental circadian disruption impair ERG

oscillatory potential (OP) amplitudes. (A) OP waveforms representative of OP2 at 9 weeks of
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age (1 week after HFD) in response to scotopic stimuli show visible amplitude deficits in the
CL+HFD group. Blue arrows indicate the peak for the OP2 wave. (B) At 9 weeks of age, the
CL+HFD group had both decreased OP2 amplitudes (2-way ANOVA, group*step: F (12, 280) =
6.33, p<0.0001) and (C) delayed OP2 implicit times (2-way ANOVA, group*step: F (12, 280) =
5.62, p<0.0001), as shown in the intensity response curves. Over time, the CL+HFD group had
decreased (D) OP2 amplitudes (mixed-effects, group*time: F (12, 260) = 2.44, p=0.005) at 9,
13, and 21 weeks of age; the CD+HFD group also developed OP2 deficits at 21 weeks. There
were no differences in (E) OP2 implicit times (mixed-effects, group*time: F (12, 260) = 1.54,
p=0.11), (F) OP4 amplitudes (mixed-effects, group*time: F (12, 260) = 1.38, p=0.18), or (G)
OP4 implicit times (mixed-effects, group*time: F (12, 260) = 1.24, p=0.26). Data are presented
as mean + SEM and analyzed by 2-way ANOVAs or mixed models with Dunnett tests. *p<0.05
**p<(0.01 ***p<0.001 ****p<0.0001 vs CL+CON group. Black asterisks indicate CL+HFD
group, red asterisks indicate CD+HFD, and pink crosses indicate CD+CON group. Grey
shading indicates period of diet treatment. For each timepoint, CL+CON n=16-19, CL+HFD

n=14-19, CD+CON n=15-19, CD+HFD n=15-21.
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Supplemental Figure 5-4. HFD cause increased CD11b (green) and Ibal (red) expression in the

ONL. Representative retinal immunofluorescence microscopy results, with (left) and without
(right) DAPI staining (blue), showing retinal layers of the (A) CL+CON group, the (B)
CL+HFD group, the (C) CD+CON group, and the (D) CD+HFD group. Measured fluorescence
in the ONL, showing (E) CD11b+ increased (1-way ANOVA, F (3, 17) = 8.955, p=0.0009) in
both HFD groups while Ibal increased in the CD+HFD group while ONL Ibal did not
significantly differ between groups (1-way ANOVA, F (3, 17) = 3.061, p=0.056). Images from
the CL+CON group (n=5 mice), CL+HFD group (n=4 mice), CD+CON group (n=7 mice), and

CD+HFD group (n=5 mice) include both sexes. Data are presented as mean + SEM and
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analyzed by 1-way ANOVAs with Dunnett tests. *p<0.05, **p<0.01, ***p<0.001 vs CL+CON

group. Scale bar = 12um.
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Abstract

Circadian disruption has been largely overlooked as a developmental exposure. The placenta, a
conduit between the maternal and fetal environments, may relay circadian cues to the fetus. We
have previously shown that developmental chronodisruption causes visual impairment and
increased retinal microglial and macrophage marker expression. Here, we investigated the
impacts of environmental circadian disruption on fetal and placental outcomes in a C57BL/6J
mouse (Mus musculus) model. Developmental chronodisruption had no effect on embryo count,
placental weight, or fetal sex ratio. When measured with RNAseq, mice exposed to
developmental circadian disruption (CD) had differential placental expression of several
transcripts including Serpinfl, which encodes pigment-epithelium derived factor (PEDF).
Immunofluorescence of microglia/macrophage markers, Ibal and CD11b, also revealed
significant upregulation of immune cell markers in CD-exposed placenta. Our results suggest
that in utero circadian disruption enhances placental immune cell expression, potentially
programming a pro-inflammatory tissue environment that increases the risk of chronic disease in

adulthood.

Introduction

Environmental light exposure has changed rapidly within the last century with the
introduction of electric lighting. One of the consequences of the modern light environment is
circadian disruption, or misalignment between the internal temporal system and external
cues(Lunn et al., 2017). Circadian disruption causes chronic disease, such as diabetes and
dyslipidemia(Karatsoreos et al., 2011; Morris et al., 2015; Reutrakul and Knutson, 2015; Shimba

et al., 2011); night shift work is even categorized by the International Agency for Research on
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Cancer as a Group 2A carcinogen, “probably carcinogenic to humans”(IARC, 2019). However,
little is known how circadian disruption affects fetal development.

The Developmental Origin of Health and Disease (DOHaD) hypothesis grew out of
research on in utero undernutrition and later life risk of cardiometabolic disease(Barker and
Osmond, 1986; Barker, 2004). These studies found that infants born with low birthweight or
small for their gestational age (SGA) had an increased risk of heart disease and stroke as
adults(Barker et al., 1993; Osmond et al., 1993; Rich-Edwards et al., 1997; Tian et al., 2017,
Wang et al., 2020). Later, the Dutch Hunger Winter cohort revealed epigenetic(Heijmans et al.,
2008) and transgenerational (Painter et al., 2008) effects of in utero exposure to famine on
offspring. DOHaD research has grown to encompass exposure to early life stress and
pollutants(Haugen et al., 2015), such as endocrine disrupting compounds, and outcomes related
to neurological and hormonal programming. Light can also act as an endocrine disruptor(Russart
and Nelson, 2018); however, the influence of light exposure on developmental programming has
not yet been widely assessed in DOHaD studies.

We have previously shown that developmental chronodisruption in mice (via
environmental light) from embryonic day O until weaning at 3 weeks of age has lasting effects on
visual and metabolic outcomes of adult offspring; in particular, mice exposed to developmental
circadian disruption have increased expression of retinal microglia and macrophage markers
accompanied with impaired visual function(Clarkson-Townsend et al., 2021b). The placenta, a
neuroendocrine organ, regulates in utero growth, including fetal neuronal growth.
Communication between the placenta and fetal brain, termed the placenta-brain axis(Rosenfeld,
2021), influences neurodevelopment. The immune system plays an important role in the

placenta-brain axis, and activation of placental immune signals can influence development of



158

fetal immune cells, such as microglia, in the fetal brain(Edlow et al., 2019; Prins et al., 2018).
Therefore, we investigated the impacts of developmental circadian disruption on overall gene
expression and immune cell phenotypes in the placenta. To do this, we exposed pregnant mice to
developmental chronodisruption and measured fetal and placenta outcomes (count, weight, sex
ratio), placental gene expression (RNAseq), and placental expression of immune cell markers

CD11b and Ibal (immunofluorescence).

Materials and methods

Ethical approval

All experimental procedures were approved by the Institutional Animal Care and Use
Committee of the Atlanta Veterans Affairs Healthcare System in facilities that are accredited by
the Association for the Assessment and Accreditation of Laboratory Animal Care International

(AAALAC).

Animal handling and experimental design

Wildtype female (~3-4 weeks old) C57BL/6J mice (Mus musculus) were ordered from
Jackson Laboratories (Bar Harbor, ME, USA); wildtype male C57BL/6J mice were ordered or
bred in-house from mice from Jackson Laboratories. Males for breeding were singly housed
whereas female breeders were co-housed in large (67x9”x18”) wire-top shoebox cages in
standard conditions (ad libitum chow (Teklad Rodent Diet 2018 irradiated 2918, Envigo Teklad,
Madison, W1, USA), 12:12 lighting) and checked daily for well-being. After a 2 week
acclimation period, naive females were randomized to either control light (CL, 12:12 light:dark)

or a chronodisruption (CD) light paradigm, consisting of weekly inversions of the
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photoperiod(Clarkson-Townsend et al., 2021b; Mendez et al., 2016; Varcoe et al., 2011). Light
intensity was standardized across groups to be ~50-400 lux (Dual-range light meter 3151CC,
Traceable, Webster, TX, USA), with darkest areas at the bottom of the cage under the food
holder and brightest areas near the top of the cage. Females were exposed to light treatments for
4 weeks prior to timed breeding; during aligned light schedules, representative females from
each light treatment group were introduced to the male’s cage in the afternoon; females were
checked for plugs and returned to their home cages after 2 days. Females were weighed several
days later to confirm pregnancy; if not pregnant, they were placed with the same male the
following week for further rounds of pairing for up to 4 more weeks of pre-pregnancy light
treatment. Dams remained in CD or CL light treatments until tissue collection at gestational day
15.5 (E15.5). While placental tissue collection was timed to be the estimated E15.5 date and
mouse pairings occurred in a restricted time window, we did not evaluate vaginal cytology or use

in vitro fertilization, and it is therefore possible that embryonic age varied by a day.

Tissue collection

Pregnant mice (E15.5) were sacrificed with compressed CO> gas anesthesia, followed by
cervical dislocation and rapid decapitation for truncal blood collection between 9AM-11AM
(ZT3-5); within this range, tissue collection time did not substantially differ between CL and CD
groups. Position of each placental sample within the uterine horns, placental wet weight, and
reabsorptions were recorded and placentae immediately dissected out after removing uterine
tissue. Placental tissue samples were snap-frozen in liquid nitrogen and stored at -80°C until
further processing for RNA isolation or preserved in 10% neutral buffered formalin for

histological and immunohistochemical analyses. Fetal tail samples were also collected, snap
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frozen, and stored at -80°C until later use for sex determination. Samples from 3 dams, all from
the CD group, were excluded due to noted quality issues during collection; for example, in 2
mice, all of the embryos in a uterine horn exhibited blood clots and discoloration. Samples from

a total of 12 dams, 6 CL and 6 CD, were included in the analysis.

RNA isolation, sequencing, alignment, and generation of count data

Prior to placental RNA isolation, all fetal tail tissue samples were lysed and RNA
extracted using the Qiagen Allprep DNA/RNA Mini Kit according to manufacturer’s instructions
and Sry gene expression measured via PCR to determine sex (SryFWD: 5° — TGG GAC TGG
TGA CAATTG TG -3’ and SryREV : 5 — GAG TAC AGG TGT GCA GCT CT-3’). Samples
with faint bands were re-run. For RNA sequencing, placental samples without any noted
collection quality issues were randomly selected and matched on sex when possible (quality
samples of both sexes were not available for each dam). Two samples from each dam were
chosen, for a total of 24 placenta samples, 12 from each light treatment group, and DNA and
RNA isolated using the Qiagen Allprep DNA/RNA Mini Kit according to manufacturer’s
instructions. RNA quality was measured using the Agilent 2100 Bioanalyzer with Agilent RNA
6000 Nano kit (cat# 5067-1511) following manufacturer’s instructions and RNA concentrations
measured with a Thermo Scientific NanoDrop spectrophotometer. All samples had RIN scores >
9. Placental RNA samples (n=24) were sent to the Emory Genomics core for PolyA RNA
sequencing performed at 30M read depth. FastQC was performed to check read quality and fastq
files aligned to the C57 mouse genome (Ensemble assembly GRCm38.p6) with STAR v2.7
using default settings. Read counts were derived using the “quantmode” command in STAR.
Raw sequencing data FastQ files, processed gene count data, and sample information have been

deposited in GEO (accession number GSE169266). Code for sample alignment and processing,
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as well as gene count data, are available at: https://github.com/dclarktown/CD_mice_placenta

(DOI: 10.5281/zen0d0.4536522).

Differential expression (DE) analysis

Count data were read into R (version 3.2) and analyzed for differential expression (DE)
using DESeqg2(Love et al., 2014). The original 53,801 transcripts measured were limited to
transcripts that had at least 1 count in 10% of samples, leaving a total of 14,739 transcripts for
analysis. To confirm sex of samples, samples were also evaluated for high expression of Xist
MRNA, indicative of female sex. Of the 24 samples, 1 sample was mismatched for sex (sample
#9, 1009) and edited to the correct sex. After 1 sample was found to be an outlier driving many
of the DE results (sample #12, 1012), it was dropped from the analysis. The DE analysis of the
remaining 23 samples adjusted for sex and the first surrogate variable, with developmental light
treatment group as the main exposure. The first surrogate variable was computed using the sva
package(Leek et al., 2012) and “be” method with 200 iterations. Results were adjusted for false
discovery rate using the Benjamini and Hochberg (BH) method and considered significant if

0<0.05.

Pathway analysis

Transcript enrichment for differentially expressed genes was performed using
EnrichR(Kuleshov et al., 2016) among the Mouse Gene Atlas, ChEA 2016, KEGG 2019 Mouse,
and GO 2018 (Biological Process, Molecular Function, Cellular Component) databases. Results
were adjusted for multiple comparisons using the Benjamini-Hochberg (BH) method and

considered significant if g<0.05.
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Placental immunofluorescence measurement and quantification

Fresh placenta samples were fixed in 10% neutral buffered formalin overnight at 4°C and
then cryoprotected the following day in 30% sucrose after washing with 1x PBS. Samples were
embedded and frozen in optimal cutting temperature compound and sliced into 7-pum-thick
sections. Placental sections were blocked (with 0.1% Triton X-100) and incubated with primary
antibodies in 5% normal donkey serum in PBS before washing with PBS. Primary antibody
incubations using Ibal (ab178847; 1:100; Abcam) and CD11b (14-0112-82; 1:100; Invitrogen)
were performed for 16-24 hours at 4°C and secondary antibody incubations were performed for 1
hour at room temperature using Alexa Fluor 488 Donkey anti-mouse 1gG (A-21202; 1:500) and
Alexa Fluor 647-conjugated Donkey anti-rabbit 1gG (A-31573; 1:500). Tissue nuclei were
visualized with nuclear stain 4',6-diamidino-2-phenylindole (DAPI, 62247; Thermo Fisher
Scientific). Coverslips were mounted using Prolong Gold (P36934; Thermo Fisher Scientific).
Placental tissue (n=4-6 mice/group; 3 images per sample, averaged for the analysis) was imaged
with an Olympus Fluoview1000 confocal microscope (Center Valley, PA) using a 20x objective
and a Lumenera INFINITY 1-3C USB 2.0 Color Microscope camera (Spectra Services, Ontario,
NY). All images were processed and quantified using ImageJ software by a researcher masked to

treatment group.

Statistical analysis and data availability
Unless otherwise noted, weight, embryo number, placental weight, sex ratio, and
immunofluorescence data were all analyzed with Student’s 2-tailed unpaired t-tests and

considered significant if p<0.05. Statistical tests were performed in Prism version 9.0.0. Statistics
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for placental gene expression analyses are described in the previous sections. All data and code
used for the analyses are available at: https://github.com/dclarktown/CD_mice_placenta (DOI:
10.5281/zenodo.4536522), except for the raw sequencing data which has been deposited in GEO

(accession number GSE169266).

Results and discussion

Here, we investigated whether circadian disruption led to functional and immunologic
changes in the placenta. We have previously shown that developmental CD light treatment alters
programming of the visual system in offspring(Clarkson-Townsend et al., 2021b). CD females
did not differ in pre-pregnancy weight (Student’s unpaired 2-tailed t-test, t=0.83, df=10, p=0.43,
Figure 6-1A) or pregnancy weight at tissue collection (Student’s unpaired 2-tailed t-test, t=0.72,
df=10, p=0.49, Figure 6-1B) compared to CL females. There were also no differences in embryo
count, fetal sex ratio, and placental weight (Figure 6-1C-F), consistent with previous
findings(Varcoe et al., 2013) in a rat model that additionally found no change in fetal weight or
placental:fetal weight ratio. Genetic models of developmental circadian disruption have found
similar null results; knockout of Bmall (Arntl), a core circadian clock gene, in fetal tissue does
not alter embryo number or fetal or placental weight(Varcoe et al., 2018), whereas knockout in
parental male or female tissue causes infertility(Alvarez et al., 2008). However, the exclusion of
2 CD dams from the analysis due to discoloration and blood clots throughout one uterine horn

may have biased results towards a more conservative measure of effect.
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Figure 6-1. Light treatment did not alter dam or fetal outcomes. Body weight (grams) of female
mice (CL n=6, CD n=6) from which placental samples were collected (A) just prior to pairing
for timed breeding (Student’s unpaired 2-tailed t-test, t=0.83, df=10, p=0.43) and (B) when
pregnant at E15.5 just prior to tissue collection (Student’s unpaired 2-tailed t-test, t=0.72,
df=10, p=0.49). (C) Number of viable embryos per dam counted within the uterine horns

(Student’s 2-tailed unpaired t-test, t=0.18, df=10, p=0.86). (D) Sex ratio of viable embryos per
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dam, as determined by PCR of fetal tail snip and subset confirmed by RNA sequencing (Student’s
2-tailed unpaired t-test, t=1.67, df=10, p=0.12). (E) Average placental wet weight (grams) per
dame (Student’s 2-tailed unpaired t-test, t=0.16, df=10, p=0.87). (F) Average placental wet
weight (grams) per dam, stratified by sex (1-way ANOVA, F (3, 20) = 0.73, p=0.55). All data are

presented as mean + SEM.

Placentas were collected at the late stage of pregnancy and sequenced for gene
expression. Among the most highly expressed transcripts across all placenta samples (regardless
of exposure) were Tpbpa, Pri3bl, Tpbpb, Psg21, Pri8a9, and Psg23, gene expression typical of
trophoblasts. The EnrichR pathway analysis of the top 100 most highly expressed placental
genes indicated enrichment for mouse placental tissue (q<0.05, Supplemental File 6-1) in the
Mouse Gene Atlas database, as expected, and, interestingly, for the CLOCK, NELFA, and HSF1
transcription factors in the ChEA database. CLOCK is a core component of the circadian clock,
and as mediator of the maternal and fetal environments, the placenta may function as a peripheral
oscillator; we have previously shown that placental gene expression varies seasonally(Clarkson-
Townsend et al., 2020), which suggests sensitivity to seasonal environmental exposures such as
light and temperature. Top KEGG pathways were: “antigen processing and presentation”,
“protein processing in endoplasmic reticulum”, “lysosome” and “HIF-1 signaling pathway’’;
likewise, top GO pathways were related to immune signaling and protein processing, with terms
such as “ATF6-mediated unfolded protein response”, “neutrophil degranulation”, “collagen
binding”, “secretory granule lumen”, and “focal adhesion” (Supplemental File 6-1).

Principle component analysis of the placental samples revealed relative overlap between

the CL and CD groups (Figure 6-2A). This pattern was not explained by sample position within

uterine horn, sample collection time, sex ratio, or RNA quality, and samples from the same dam
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did not necessarily cluster together. The DE analysis between male and female placental tissue
(adjusting for light treatment) resulted in 77 sex-specific placental transcripts (q<0.05, Figure 6-
2B, Supplemental File 6-2). A number of these genes were strikingly different; Xist, a non-
coding RNA that silences the extra X-chromosome in females and can be used to identify fetal
sex(Hoch et al., 2020), was highly expressed in female placenta. Ddx3y, Eif2s3y, Kdm5d, and
Uty were all highly expressed in male placenta and have previously been reported as male-
specific placental genes(Gabory et al., 2012; Lee et al., 2017); these genes could arguably also be
used to identify fetal sex. Sex-specific placental gene expression (n=113 g<0.1) also displayed
enrichment for pathways related to lipid, retinoid, and cholesterol metabolism in the KEGG and
GO term databases, suggesting sex-specific regulation of these processes in the placenta
(Supplemental File 6-3). Interestingly, studies of maternal malnutrition and high fat diet
exposure have uncovered sex-specific placental(Gallou-Kabani et al., 2010; Lin et al., 2019; Mao
et al., 2010) and phenotypic outcomes in the offspring(Howie et al., 2012; Nguyen et al., 2017).
These results support investigation of these pathways in sex-specific development in future

studies.
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Figure 6-2. Placental gene expression varies by sex and light treatment group. (A) PCA plot of

first 2 principal components comparing treatment groups shows general overlap between CL

and CD groups. (B) Volcano plot of differential placental gene expression by sex (adjusting for

light treatment group and first surrogate variable). Male is the reference group, so transcripts

with decreased expression in females (or, conversely, increased expression in males) are located

to the left of 0, while transcripts with increased expression in females (or, conversely, decreased

expression in males) are located to the right of the 0. Black dots denote Bonferroni-significant

transcripts (n=22 p<0.05), red dots denote BH-significant transcripts (n=77 q<0.05), and grey

dots denote non-significant transcripts. The top differentially expressed genes are plotted with
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their respective gene names. (C) Volcano plot of differential placental gene expression by
treatment (adjusting for sex and first surrogate variable). CL is the reference group, so
transcripts with decreased expression in CD (or, conversely, increased expression in CL) are
located to the left of the 0, while transcripts with increased expression in CD (or, conversely,
decreased expression in CL) are located to the right of the 0. Black dots denote Bonferroni-
significant transcripts (n=2 p<0.05), red dots denote BH-significant transcripts (n=9 q<0.05)
and grey dots denote non-significant transcripts. Plots of raw normalized count data for (D)

Serpinfl and (E) Sox30 by treatment group.

Few transcripts exhibited large differences between light treatment groups (Figure 6-
2C). However, of the differentially expressed genes (n=9 g<0.05, Supplemental File 6-4),
Serpinfl, Thx20, Acta2, Cldn6, Cnp, Stx6, and Wipi2 had decreased expression while Sox30 and
Irgg had increased expression in CD placenta (Figure 6-2C-E). Pathway analysis revealed that
differentially expressed genes were similar to gene expression in osteoblasts in the Mouse Gene
Atlas database (Supplemental File 6-5). While there was no enrichment for specific
transcription factors within the ChEA database, differentially expressed genes were enriched for
“cholesterol metabolism” in the KEGG database and terms related to tissue development,
adhesion, and cytoplasmic projection in the GO databases. It is perhaps surprising that we did
not uncover large differences in placental gene expression between light treatment groups.
However, it is possible the small sample size limited the ability to measure more subtle
differences in gene expression, especially if such differences occurred in placental cell
subpopulations, such as immune cells.

Placenta from CD-exposed dams revealed significantly increased expression of Ibal and

CD11b microglial/macrophage markers than placenta from dams housed in CL conditions
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(p=0.027 and p=0.038, respectively, Figure 6-3). These results align with the finding of
decreased Serpinfl (which encodes pigment epithelium-derived factor (PEDF)) expression in CD
placenta. PEDF inhibits macrophage inflammatory processes(Zamiri et al., 2006), which may
have contributed to this observation of increased CD11b and Ibal marker expression in CD
placenta. These data also coincide with our recent previous findings of an increased retinal
inflammatory response and reduced visual function within mice developmentally exposed to
CD(Clarkson-Townsend et al., 2021b). The immune system and inflammation govern many of
the health outcomes caused by chronic circadian disruption(Castanon-Cervantes et al., 2010;
Comas et al., 2017; Inokawa et al., 2020). Night shift workers were found to have greater
amounts of immune cells, such as T cells and monocytes, than non-shift workers(Loef et al.,
2019); likewise, we previously reported hypomethylation in immune-related genes, such as
CLEC16A, SMPD1, and TAPBP, in the placentas of infants whose mothers worked the night
shift(Clarkson-Townsend et al., 2019). Animal studies have found chronic circadian disruption
increased macrophages and “pro-tumor” CD11b+ MHCII cells(Hadadi et al., 2020), altered
inflammatory response in the brain(Ramsey et al., 2020), and primed the innate immune
response to be more pro-inflammatory(Castanon-Cervantes et al., 2010). The placenta is the only
organ formed by the interaction of both fetal/embryonic and maternal tissues and acts as the
interface between both circulatory systems(Astiz and Oster, 2020). Previous research has found a
strong correlation between placental CD11b expression and fetal brain microglial
activation(Edlow et al., 2019). In mice and humans, brain and placental macrophages and
microglia originally derive from the same source: the fetal yolk sac(Godin and Cumano, 2002,;
Stremmel et al., 2018). These progenitor macrophage and microglial cells migrate from the yolk

sac to embryonic tissues, where they set up residence; once settled, they are long-lived and able
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to replenish themselves(Ginhoux et al., 2016; Sieweke and Allen, 2013). Our results suggest that
developmental light environment affects programming of the placental and fetal immune
systems, laying the groundwork for a pro-inflammatory setting later in life. These findings
provide novel evidence linking CD with increased placental inflammatory response and highlight
the need to evaluate the influence of the light environment on health and disease outcomes in

DOHaD studies.
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Figure 6-3. Chronodisruption causes increased macrophage and microglial signaling in the
placenta. Placentas from (A-C) control light (CL) and mice exposed to (D-F) developmental
circadian disruption (CD) were labeled for inflammatory markers labeling microglia and

macrophages. In placenta from CD mice increased placental (G) Ibal fluorescence (Student’s 2-
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tailed unpaired t-test, t=2.49, df=8, p=0.038) and increased placental (H) CD11b fluorescence
(Student’s 2-tailed unpaired t-test, t=2.70, df=8, p=0.027) were detected. CL=4 placenta from
different dams, 3 images each; CD=6 placenta from different dams, 3 images each. All data are

presented as mean + SEM, scale bar = 20 microns, and *=p<0.05.

Supplemental Material

Supplemental File 6-1. Gene list of the gene IDs of the most highly expressed placental
transcripts entered in the EnrichR pathway analysis. (please see supplemental materials here:

https://www.biorxiv.org/content/10.1101/2021.04.21.440521v1.supplementary-material)

Supplemental File 6-2 Sex-specific results of the DESeq2 differential expression analysis of
mouse placental tissue show sex-specific expression after adjusting for developmental light
treatment and first surrogate variable. Male placenta tissue is the reference, so results show
genes that are upregulated (postive log2FC) or downregulated (negative log2FC) in female
placenta tissue. To control for false discovery rate, p-values are adjusted using the Benjamini
and Hochberg (BH, g-value) method (gval); the more conservative bonferroni-adjusted p-values
are also provided (bon_pval). (portion of results provided below; for full results please see
supplemental materials here:

https://www.biorxiv.org/content/10.1101/2021.04.21.440521v1.supplementary-material)

Ensemble_ID Mean log2F | IfcS | stat pval gval Bon_pva
C E I

ENSMUSG0000006904 | 1221.48 | -10.98 | 0.49 | -22.63 | 2.10E

5 -113 | 3.1E-109 | 3.1E-109

ENSMUSG0000008650 | 14309.2 | 3.93 0.22 | 17.47 2.59E
3 5 -68 1.9E-64 | 3.8E-64



https://www.biorxiv.org/content/10.1101/2021.04.21.440521v1.supplementary-material
https://www.biorxiv.org/content/10.1101/2021.04.21.440521v1.supplementary-material
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ENSMUSG0000006904 | 492.44 | -11.38 | 0.71 | -16.08 | 3.45E

9 -58 1.7E-54 | 5.1E-54
ENSMUSG0000005667 | 338.67 | -11.17 | 0.70 | -15.96 | 2.42E

3 -57 8.9E-54 | 3.6E-53
ENSMUSG0000006845 | 334.68 | -10.57 | 0.68 | -15.45 | 7.68E

7 -54 2.3E-50 | 1.1E-49
ENSMUSG0000010602 | 138.81 | 1.30 0.11 |12.13 7.01E

8 -34 1.7E-30 | 1.0E-29
ENSMUSGO0000003416 | 7054.21 | 0.83 0.07 | 11.85 2.04E

0 -32 4.3E-29 | 3.0E-28
ENSMUSGO0000003131 | 1458.47 | 0.65 0.05 | 11.80 4.04E

4 -32 7.4E-29 | 6.0E-28
ENSMUSG0000003515 | 2717.10 | 0.51 0.06 |8.08 6.61E

0 -16 1.1E-12 | 9.7E-12
ENSMUSG0000002533 | 3620.59 | 0.46 0.06 | 7.95 1.91E

2 -15 2.8E-12 | 2.8E-11
ENSMUSG0000001640 | 669.71 | 0.37 0.05 | 7.07 1.54E

9 -12 2.1E-09 | 2.3E-08
ENSMUSG0000001436 | 819.74 | 0.39 0.06 |7.01 2.31E

1 -12 2.8E-09 | 3.4E-08
ENSMUSG0000007948 | 314.08 | 0.49 0.08 |6.48 9.00E

0 -11 1.0E-07 | 1.3E-06
ENSMUSG0000008717 | 227.28 | 0.50 0.08 |6.20 5.76E

4 -10 6.1E-07 | 8.5E-06
ENSMUSG0000009568 | 1460.26 | -0.41 | 0.07 | -5.63 1.83E

7 -08 1.8E-05 | 0.000
ENSMUSG0000003122 | 765.75 | 0.39 0.07 | 551 3.58E

6 -08 3.3E-05 | 0.001
ENSMUSG0000002876 | 3956.46 | 0.20 0.04 |5.38 7.40E

6 -08 6.4E-05 | 0.001
ENSMUSG0000002486 | 214.23 | -0.92 |0.17 |-5.32 1.05E

8 -07 8.6E-05 | 0.002
ENSMUSG0000003736 | 1332.50 | 0.24 0.05 |5.02 5.14E

9 -07 0.0004 0.008
ENSMUSG0000000653 | 36.36 1.04 0.21 | 4.89 1.01E

8 -06 0.0007 0.015
ENSMUSG0000003625 | 5309.53 | -0.38 | 0.08 |-4.81 1.47E

6 -06 0.0010 0.022
ENSMUSG0000006378 | 266.85 | 0.31 0.07 | 4.75 2.07E

5 -06 0.0014 0.031
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Supplemental File 6-3. Gene list of the gene IDs of the DE sex-specific analysis entered in the
EnrichR pathway analysis and results from the EnrichR pathway analysis of the top sex-specific
genes when searched in the ChEA 2016, KEGG 2019 Mouse, and GO 2018 databases. (please
see supplemental materials here:

https://www.biorxiv.org/content/10.1101/2021.04.21.440521v1.supplementary-material)

Supplemental File 6-4. Results of the DESeq2 differential expression analysis of mouse
placental tissue show differential expression between control light (CL) and circadian disruption
(CD) treament groups after adjusting for sex and first surrogate variable. CL placenta tissue is
the reference, so results show genes that are upregulated (postive log2FC) or downregulated
(negative log2FC) in CD-exposed placenta tissue. To control for false discovery rate, p-values
are adjusted using the Benjamini and Hochberg (BH, g-value) method (qval). (portion of results
provided below; for full results, please see supplemental materials here:

https://www.biorxiv.org/content/10.1101/2021.04.21.440521v1.supplementary-material)

Ensemble_ID Mean log2FC IfcSE stat pval gval Gene_|
D

ENSMUSG0000003 | 95.038 | -0.6384 0.1305 | - 1.00E | 0.0073 | Tbx20
1965 42 13 4.8914 | -06 77

3
ENSMUSGO0000002 | 268.72 |-0.45842 | 0.0936 |- 9.96E | 0.0073 | Cldn6
3906 27 99 4.8924 | -07 77

8
ENSMUSGO0000003 | 1244.6 |-0.55324 |0.1204 |- 4.35E | 0.0129 | Acta2
5783 89 33 45937 | -06 33

9
ENSMUSGO0000000 |157.06 |-0.33874 |0.0737 |- 4.39E | 0.0129 | Cnp
6782 44 65 45921 | -06 33

4

ENSMUSG0000004 | 961.16 | 0.250019 | 0.0540 | 4.6242 | 3.76E | 0.0129 | Irgq
1037 14 67 -06 33



https://www.biorxiv.org/content/10.1101/2021.04.21.440521v1.supplementary-material
https://www.biorxiv.org/content/10.1101/2021.04.21.440521v1.supplementary-material

175

ENSMUSGO0000000 | 35.586 |-1.18002 | 0.2649 | - 8.44E | 0.0207 | Serpinf
0753 48 5 4.4537 | -06 27 1

6
ENSMUSGO0000002 | 1882.0 | -0.19088 | 0.0436 | - 1.20E | 0.0253 | Stx6
6470 58 1 4.3769 | -05 4

6
ENSMUSG0000002 | 3404.1 | -0.09779 |0.0225 | - 1.50E | 0.0277 | Wipi2
9578 69 94 4.3280 | -05 2

2
ENSMUSG0000004 | 30.549 | 0.791863 | 0.1869 |4.2352 | 2.28E | 0.0373 | Sox30
0489 77 69 67 -05 85

Supplemental File 6-5. Gene list of the gene IDs of the DE light treatment analysis entered in

the EnrichR pathway analysis and results from the EnrichR pathway analysis of the top sex-

specific genes when searched in the ChEA 2016, KEGG 2019 Mouse, and GO 2018 databases.

(please see supplemental materials here:

https://www.biorxiv.org/content/10.1101/2021.04.21.440521v1.supplementary-material)



https://www.biorxiv.org/content/10.1101/2021.04.21.440521v1.supplementary-material
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Chapter 7: Summary and Conclusions
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As the health effects of circadian disruption become more and more apparent, it is an
increasingly significant exposure for public health research. Epidemiological studies of shift
workers have highlighted the dangers of circadian disruption as an occupational exposure;
however, the general public also widely experiences circadian disruption due to social behaviors,
use of light-emitting devices, and light pollution. Sleep fragmentation, irregular sleep schedules,
and sleep disruption could be another driver of circadian disruption in the general
population(Huang et al., 2020; Huang and Redline, 2019). Circadian disruption is an exposure
that is relevant not only for working adults, but also for infants, children, and adolescents. Very
little is known how circadian disruption affects development across the life course, particularly at
early developmental stages. However, sleep issues during pregnancy are common, with
approximately 46% of people reporting decreased sleep quality during pregnancy(Sedov et al.,
2018; Silvestri and Arico, 2019), and may represent another driver of circadian disruption during
development.

Using a variety of approaches, this body of work investigated the influence of light and
circadian disruption on developmental programming; our results suggest that they are relevant
exposures for in utero development and DOHaD research.

In Chapter 2, our novel analysis of seasonal gene expression in the placenta unifies
knowledge across seasonality in infant outcomes and seasonal biology. While associations
between season of birth and disease have long been made, we uncovered, for the first time,
seasonal biological pathways that may underlie these relationships. Intriguingly, one of the top
seasonal genes was BHLHE40 (DEC1), a core circadian clock gene, which suggests a role for
circadian clock genes in seasonal placental processes. Additionally, our results highlighted how

processes in the placenta also show seasonal rhythmicity. Overall, these findings unveiled
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seasonal biological processes in the placenta, which holds many implications for human
development and seasonality of disease.

In Chapter 3, we also evaluated whether maternal history of night shift work was
associated with DNA methylation in an epigenome-wide association study of full-term placenta.
Our analysis revealed night shift work was associated with overall placental hypomethylation, as
well as altered methylation for genes related to neuronal development and immune system
function. While prior studies have measured shift work and reproductive and birth outcomes, this
was the first study to evaluate impacts on the molecular profile of the placenta. NAV1, the gene
demonstrating the most robust variation in DNA methylation associated with night shift work
from our analysis, encodes a protein that associates with microtubules and is important for
neuronal migration. In addition to NAV1, GNAS, a gene that is imprinted in the hypothalamus
and is important in regulating sleep and brown fat development was found to be a differentially
methylated region with hypomethylation. In summary, these findings show that maternal night
shift work is associated with altered methylation in the placenta and should be investigated in
future developmental and DOHaD studies.

In Chapter 5, we utilized a mouse model of circadian disruption and longitudinally
followed developmentally-exposed mice for visual and metabolic outcomes to test whether
developmental chronodisruption can influence later life health and disease. Our experiments
showed that developmental chronodisruption leads to enhanced immune markers in the retina,
suggesting a pro-inflammatory environment, and visual impairment in adult offspring. Likewise,
these outcomes are exacerbated when offspring are challenged with high fat diet; this diet
challenge also exposed altered retinal function and female-specific glucose intolerance in mice

exposed to developmental chronodisruption. While prior research has linked developmental
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circadian disruption to metabolic and neurological alterations in the offspring, this experiment
was innovative in measuring visual and retinal immune outcomes. These outcomes suggest that
developmental circadian disruption, as caused by environmental light exposure, can alter the
trajectory of later life health and disease and interact with adult nutritional environment.

Our investigation of human placental outcomes and mouse visual outcomes led us to
question whether placental signaling was responsible for mediating the adult mouse outcomes.
Therefore, using the same mouse model, in Chapter 6 we measured placental and fetal outcomes
at E15.5. Just as was found in retinal tissue of adults, placental tissue of pregnant females
exposed to developmental circadian disruption had greater expression of immune markers,
suggesting a more pro-inflammatory placental milieu. Likewise, placenta from pregnant females
exposed to chronodisruption had lower levels of Serpinfl, a gene that encodes PEDF and
regulates macrophage inflammatory signaling. No differences in embryo count or placenta
weight were noted, consistent with a prior study, but sex ratio did appear to trend towards male
fetuses in the disrupted mice. Overall, this study supports the visual outcomes and suggests that
the light environment can prime neurodevelopment via placental signaling, particularly the
placental immune system.

Evaluation of circadian disruption and light exposure should be integrated in studies of
environmental public health and DOHaD. Circadian biology is relevant to public health research
because most tissues exhibit rhythmic processes, and therefore, timing of measurements and
seasonality of exposures and outcomes are potential sources of bias. Additionally, circadian
misalignment could cause disrupted or dampened tissue rhythms, affecting measurements and
outcomes in studies that have not taken circadian rhythms into consideration. When considering

environmental public health research, there is also substantial crosstalk between the circadian
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system, detoxification mechanisms, and metabolism; measurements of biomarkers, pollutants,
and metabolites that don’t also take rhythmicity and misalignment into account may result in
spurious findings. In the world of exposome research, circadian rhythms can influence
practically all omics levels, including the epigenome, the transcriptome, the proteome, the
metabolome, and the phenome. It is evident that circadian rhythm biology is applicable and
pertinent to environmental public health research.

In conclusion, we have shown that environmental light and circadian disruption
contributes to developmental programming (Figure 7-1). In epidemiological analyses of a
prospective birth cohort, we found altered placental methylation in women who worked the night
shift and seasonal rhythms in placental gene expression. In a mouse model of developmental
circadian disruption, we found that developmental disruption caused altered placental signaling,
impaired visual function and increased expression of retinal microglia/macrophages in adult
offspring; challenge with high fat diet also uncovered altered retinal function and impaired
glucose tolerance in offspring exposed to developmental chronodisruption. These findings
suggest that the placenta functions as a peripheral clock and circadian disruption can contribute
to developmental programming of adult disease. These results warrant further research to
characterize the placental clock system and the mechanisms by which circadian disruption

affects placental and fetal development.
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Figure 7-1. Graphic summary of the main findings presented in the dissertation. Analyses of

human placenta uncovered seasonal gene expression in the placenta and altered methylation in

placenta of mothers who worked the night shift. A mouse model of developmental circadian

disruption (CD) illustrated altered placenta signaling and increased expression of immune

markers in the placenta, as well as impaired visual function, impaired glucose tolerance (in

females), altered retinal function, and increased expression of immune markers in retina of adult

offspring. (part of image made in ©BioRender - biorender.com)
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