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Abstract

Obesity is a major public health concern that can result from consuming a
Western diet (WD), characterized by a diet high in fat and sugar, including sugar
sweetened beverages. A proposed treatment for WD-induced obesity is time-restricted
feeding (TRF), which restricts consumption of food to specific times of the 24-hour
cycle. TRF improves metabolic health by aligning the timing of food intake with the
circadian rhythms of nutrient metabolism. Circadian rhythms are behavioral and
physiological patterns that occur every 24 hours. In mammals, circadian rhythms are
entrained to light:dark cycles by photic input to the master circadian regulator, the
suprachiasmatic nucleus (SCN). Every cell in the body, however, possesses a set of core
clock genes and in tissues such as the liver and adipose, rhythmic expression of these
genes may be desynchronized from the SCN by fed/fasting cycles. WD feeding, in
particular, has been shown to result in significant desynchronization of peripheral clocks
from the SCN. TRF shows great promise to prevent obesity and the development of
chronic disease by resynchronizing the periphery with the SCN. However, the ability of
TRF to reverse metabolic changes in animal models of WD-induced obesity is not
known. Moreover, the exact role of timing liquid sugar intake, independent of timing
solid food intake, on the development of WD-induced obesity remains to be determined.

The liver is not only one of the most sensitive organs to WD-induced dysfunction,
but it is particularly responsive to metabolic improvements after TRF. The hippocampus
is also incredibly sensitive to the metabolic disruptions resulting from WD feeding. Until
now, the impact of WD feeding and obesity on hippocampal rhythmicity has yet to be

examined. Thus, the overarching objective of the presented works was to determine the



role of chronobiology in the metabolic, physiologic and behavioral effects of WD-
induced obesity. First, we found that TRF of a WD consisting of a 45% kcal/g high-fat
diet supplemented with a 4% fructose/sucrose solution as drinking water did not result in
significant weight loss. However, markers of non-alcoholic fatty liver disease (NAFLD)
and glucose and insulin intolerance were improved by TRF in the WD group. Next, we
examined metabolic and physiologic parameters in mice given liquid sugar at various
intervals over 24-hours. The control (Con) group received tap water, the ad libitum
fructose-glucose (ALFQG) group received ad libitum access to a 12% fructose/glucose
solution (FGS) and the early fructose-glucose (EFG) and late fructose-glucose (LFG)
groups received the FGS during the first and last six hours of the active period,
respectively. Each group was given free access to chow. The ALFG group exhibited
elevated body weight, adipose tissue weight and increased markers of NAFLD. The
ALFG group consumed more calories than the other groups during zeitgeber time (ZT) 6-
11, indicating that this window may be critical in the promotion of weight gain from
liquid sugar consumption. Interestingly, the EFG group exhibited improved metabolic
flexibility and insulin tolerance. Finally, WD-induced obesity induced significant
alterations in the rhythmicity of hippocampal core clock genes. Furthermore, the
expression pattern of genes implicated in Alzheimer’s disease (AD) risk and synaptic
function were significantly altered in the WD group and in vivo hippocampal memory
was disrupted in a task- and time-dependent manner.

Overall, the works herein implicate rhythm disruptions as a common link among

the metabolic, physiologic and behavioral effects of WD-induced obesity.
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Chapter 1: Introduction

In most cases, obesity is considered to be a pathogenic condition referring to a
state of increased adiposity concomitant with metabolic disturbances including
hyperlipidemia, hyperinsulinemia, and hyperglycemia which increase the risk of
cardiovascular disease, diabetes, certain forms of cancer, and other chronic diseases. The
prevalence of obesity in the United States has been steadily rising since the late 1990s. In
adults the obesity prevalence increased from 30.5% of the population in 1999-2000 to
almost 40% in 2015-2016 (Hales et al., 2015, 2018). As of September 2018, 36 states
reported an obesity rate greater than 30% with seven of those states having rates close to
35%. Obesity-related diseases have also risen dramatically within this time frame (The
State of Obesity, 2018b, 2018a).

There are many proposed causes for this epidemic, but dietary patterns are
perhaps the most culpable. A Western diet (WD) is commonly consumed in areas where
obesity is the most prevalent and is characterized by energy-dense foods that are high in
refined sugars and fats (Carrera-Bastos et al., 2011; Cordain et al., 2005; Myers and
Allen, 2012). The level of sugars and fats available in these foods are in quantities and
mixtures that have just recently been available for human consumption (Cordain et al.,
2005; Ross et al., 2009). The resulting excess of energy consumed on this diet is stored in
adipose tissue. This in and of itself is not detrimental. However, excess energy stored in
peripheral tissues beyond the adipose tissue is thought to be detrimental. Further, a
sedentary lifestyle and consumption of a calorie-dense WD leads to pathogenic expansion

of adipose tissue and subsequent metabolic disease (Sinasac et al., 2016; Sun et al., 2011)
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Adipose tissue expansion becomes pathogenic when adipocyte hypertrophy and
adipocyte progenitor hyperplasia occur faster than the surrounding vasculature (Figure 1).
Adipocytes in these pathogenic conditions become hypoxic and begin to produce
hypoxia-inducible factors (Sun et al., 2011). Macrophages resident to healthy adipose
tissue will polarizes under hypoxic conditions to the more pro-inflammatory M1 state
(Figure 1). A chronic state of low-grade inflammation is propagated by the production of
pro-inflammatory cytokines and is thought to lie at the center of most WD-induced
diseases, such as Type-II Diabetes Mellitus (T2DM), which is characterized by insulin
resistance (Centers for Disease Control and Prevention, 2018). In extreme and prolonged
cases of pathogenic adipose tissue expansion, ectopic fat deposition will occur mainly
through the disruption of insulin signaling (Shulman, 2014). Impaired insulin signaling in
adipocytes will promote lipolysis and encourage the re-esterification of lipids in other
tissues such as skeletal muscle and the liver (Figure 2).

Although the semipermeable blood-brain barrier (BBB) is designed to tightly
regulate the passage of ions, molecules and cells from the peripheral blood into the brain,
it does not render the brain immune to the effects of WD-induced inflammation
(Daneman and Prat, 2015). In fact, changes in brain chemistry and function commonly
occur with diet-induced metabolic disruptions (André et al., 2014; Hryhorczuk et al.,
2017; Kanoski and Davidson, 2011; Kien et al., 2014; Marwitz et al., 2015; Sarfert et al.,
2019; Woodie and Blythe, 2017). The hippocampus is a curled ridge of gray matter in the
medial temporal lobe that is crucial for memory formation and recall and is particularly
sensitive to WD-induced changes in peripheral inflammation and metabolism. The BBB

surrounding hippocampal vasculature becomes increasingly permeable as WD

23



consumption and inflammation progress (Davidson et al., 2013; Hargrave et al., 2016;
Mimee et al., 2013).

The WD has also been shown to negatively impact the circadian rhythmicity of
whole-body metabolism as well as key genes involved in tissue-specific rhythmicity
(Asher and Sassone-Corsi, 2015). The rhythm of all mammals living on the Earth’s
surface is dictated by the rotation of the Earth around the Sun. These photic signals are
transmitted from retinal ganglia to the hypothalamic 24hosphor24t24atic nucleus (SCN).
The presence of daylight entrains the rhythms of SCN neurons to a 24 hour cycle by
initiating the transcription and translation of core clock genes in a
transcription/translation feedback loop (TTFL) (Welsh et al., 2010). The circadian TTFL
is comprised of brain and muscle aryl hydrocarbon receptor nuclear translocator-like
protein 1 (BMALLI), circadian locomotor output cycles kaput (CLOCK)/neuronal Per-
Arnt-Sim (PAS) domain protein 2 (NPAS2), period 1-3 (PER), cryptochrome 1 and 2
(CRY) and REV-ERBa and f (Figure 5). BMALI1 and CLOCK/NPAS?2 form the positive
arm of the loop, while PER, CRY and REV-ERBs make up the inhibitory or negative arm
(Figure 5) (Dibner et al., 2010; Mohawk et al., 2012; Stratmann and Schibler, 2012). The
downstream impacts of core clock genes on clock-controlled genes (CCGs) allow the
SCN to set the rhythm for the majority of physiological, metabolic and behavioral
processes (Mohawk et al., 2012). Indeed, almost half of the mammalian genome exhibits
circadian rhythmicity in its pattern of expression (Yan et al., 2008). The core clock genes,
however, are ubiquitous and oscillate within the TTFL throughout the body (Dibner et al.,
2010). Furthermore, the set of CCGs expressed in each tissue are highly specific and

tailored to the function of the tissue in question.
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Circadian clocks are now understood to function in a hierarchy, with the SCN at
the top of light-entrained rhythms. However, specific tissues possess cell autonomy in
other physiological processes. When considering the circadian system and its function in
processes other rhythmicity, a defined hierarchy of circadian control becomes difficult to
establish. Indeed, peripheral tissues, in particular the liver, may depose the SCN in the
rhythm hierarchy when the fed/fasting cycle is disrupted. Several components of the core
clock TTFL are found at the intersection of rhythmicity and metabolism. The effects of
core clock proteins on metabolism are presumed to dictate where exactly in the hierarchy
of rhythmicity a peripheral tissue will fall in relation to the SCN.

What is more, memory has been observed as a time-of-day dependent behavior in
species from Drosophila to humans. Proteins in the mitogen-activated protein kinase
(MAPK) cascade oscillated in the hippocampus in a non-cell-autonomous manner, as
SCN lesioning ablated rhythmicity within the pathway (Phan et al., 2011). However,
hippocampal long-term potentiation (LTP) has been shown to be a truly circadian, cell-
autonomous phenomenon (Cauller et al., 1985; Chaudhury et al., 2005). Therefore, the
hippocampus is cell-autonomous and possesses a mechanism through which memories
may be formed without input from the SCN. MAPK may act as a non-cell-autonomous
pathway and more research needs to be done to identify the cell-autonomous pathways
behind hippocampal memory.

Constant access to food and entertainment and shift-work careers and trans-time
zone flights push the limits of human circadian physiology. The circadian system evolved
to temporally separate cellular states (e.g. the fed and the fasting state) in order to

decrease the chance of futile cycling. When endogenous circadian pacing is at odds with
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the light:dark cycle, myriad health issues, collectively known as circadian-time sickness,
can occur (van Ee et al., 2016). In fact, circadian disruption is classified as both a cause
and a symptom of Alzheimer’s disease (AD), which is characterized by severe amnesia
and forgetfulness caused by cellular changes largely in the hippocampus. Research on
shift workers has shown that chronic circadian disruptions can cause AD-like
impairments in attention and cognitive function (Alhola and Polo-Kantola, 2007; Foster
and Wulff, 2005; LeGates et al., 2014). What is more, AD-like disruptions in
hippocampal function have been observed after WD feeding. In fact, Type-III Diabetes is
now used to describe such WD-induced impairments (de la Monte and Wands, 2008).
Time-restricted feeding (TRF) has been shown to have positive impacts on
metabolic health in both animal models and humans. TRF works to synchronize the
timing of food intake with the circadian rhythms of nutrient metabolism. Studies utilizing
TRF find that restricting food consumption to ~9 hour windows during the active phase
can improve glucose metabolism, insulin signaling and markers of non-alcoholic fatty
liver disease (NAFLD). These studies indicate the presence of one or more food-
entrainable oscillators (FEO) outside of the SCN. Thus far, the liver represents the most
viable location for a FEO, as even under dark:dark conditions, 15% of hepatic transcripts
retain circadian oscillation (Vollmers et al., 2009). However, given the degree to which
the hippocampus is impacted by WD feeding and obesity, it stands to reason that
hippocampal core clock rhythmicity may also be impacted to the timing of nutrient
availability. The studies presented here in delve into the impacts of nutrient availability

on peripheral metabolism and hippocampal chronobiology.
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Chapter 2: Review of Literature

2.1 Western Diet-Induced Obesity
2.1.1 Introduction and Definitions
Obesity is one of the greatest and most neglected public health issues of the 21% century.
Most commonly defined as an individual with a body mass index (BMI; body weight in
kilograms / (height in meters)?) greater than or equal to 30kg/m?, obesity is a metabolic
disorder comorbid with a number of diseases such as T2DM, NAFLD, hypertension,
dyslipidemia and cardiovascular diseases (CVD) as well as certain types of cancers, (e.g.
colorectal cancer), and mental illnesses (e.g. major depressive disorder) (Angulo, 2006;
Centers for Disease Control and Prevention, 2018; Després et al., 2008; Hales et al.,
2018; Luppino et al., 2010; Pi-Sunyer, 2002; World Health Organization, 2018). In some
cases, however, BMI fails to fully capture obesity as a pathophysiologic state. In fact,
many professional athletes and individuals with low body fat mass, but increased muscle
mass will have a BMI placing them in the obese category (ACE, 2018; Harvard Health,
2016).

Obesity, therefore, may be better described by an elevated percent body fat mass
(PBF). The typical cut off for an “obese” individual is > 25 PBF for males and > 30 PBF
for females (National Institutes of Health, 2000). Indeed, the risk of developing the
above-mentioned diseases and disorders comorbid with obesity increases proportionally
with the degree of PBF (Després et al., 2008). Yet once again, this definition includes a
subset of individuals who are resistant to obesity-related metabolic disturbances.

Metabolically-healthy obese individuals have elevated BMI and PBF, but do not present
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with insulin insensitivity, unfavorable liver profiles, hypertension or dyslipidemia
(Primeau et al., 2011).

While there is yet to be a clear and all-inclusive definition of obesity, for the
purposes of this text, obesity will be considered a pathogenic condition referring to a state
of increased adiposity concomitant with metabolic disturbances such as hyperlipidemia,
hyperinsulinemia, hyperglycemia, etc. Specifically, obesity induced by the
overconsumption of high-fat and high-sugar foods will be discussed in the following

sections.

2.1.2 Prevalence of Adult Obesity in the United States

The prevalence of obesity in the United States has been steadily rising since the late
1990s. In adults the obesity prevalence increased from 30.5% of the population in 1999-
2000 to almost 40% in 2015-2016 (Hales et al., 2015, 2018). As of September 2018, 36
states reported an obesity rate greater than 30% with seven of those states having rates of
approximately 35%. Obesity related diseases have also risen dramatically within this
time frame. West Virginia, the state with the highest obesity rate in 2017, also had the
highest rate of diabetes (15.2%) and the highest rate of hypertension (43.5%) in the
country (The State of Obesity, 2018b, 2018a). Obesity also has significant direct and
indirect economic impacts on the individual, their family and the US health system. In
2008, the medical costs of obesity were estimated to be $147 billion (Finkelstein et al.,
2009). Direct costs include preventative, palliative and treatment services, while indirect

costs apply to treatment of comorbid diseases and premature disability as well as
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absences and decreased productivity due to obesity-related health issues (Hammond and

Levine, 2010; Tremmel et al., 2017; Trogdon et al., 2008; Wolf, 1998).

2.1.3 History

Obesity and its associated pathophysiologies were first clinically described in the Graeco-
Roman era with Hippocrates observing that sudden death was more common in
overweight individuals than lean (Bray, 2009). Although not associated at the time, it is
now hypothesized that these deaths were due to obesity-related CVD. Early Hindu
physicians recognized that the sugary taste of diabetic urine was commonly observed in
overweight, hyperphagic patients (Bray, 2009). After these observations were made, there
were numerous attempts to quantify and define degrees of obesity. It wasn’t until the
Flemish statistician, Adolphe Quételet, used an individual’s weight divided by the square
of their height that an index for “fatness” was accepted (Nuttall, 2015; Williams and
Frithbeck, 2009). The Quételet Index is now more commonly referred to as BMI.

Thus, obesity became quantifiable, and in the early 1900s it was widely
considered a major medical issue. Life insurance companies began publishing data on the
average BMI by gender and age (Nuttall, 2015; Williams and Friithbeck, 2009). These
reports also included data on the disease and mortality rates associated with elevated BMI
(Nuttall, 2015). With the development of sensitive densitometry, PBF began to be used as
a metric of obesity. The widespread use of computerized body scanning techniques then
refined obesity and its related health issues into categories based on where on the body

the excess adipose tissue accumulated (Bray, 2009). Abdominal obesity, as opposed to
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gluteofemoral adiposity, is now recognized as conferring the greatest risk of morbidity
and mortality (Bray, 2009; Primeau et al., 2011).

Interestingly, the increase in obesity awareness was concurrent with the epidemic-
like increase in the prevalence and incidence of obesity and obesity-related diseases. In
order to better understand this phenomenon, two of the leading proposed causes of the

obesity epidemic will be explored.

2.1.4 Proposed Causes of Obesity

2.1.4.1 The Western Diet

The WD is characterized by energy-dense foods that are high in refined sugars and fats
(Cordain et al., 2005; Myers and Allen, 2012). The WD became popular with the rapid
advance of food processing technology after the Industrial Revolution (Cordain et al.,
2005). Energy-dense foods could now be produced at a low cost and distributed to the
ever-growing population. The level of sugars and fats in these foods, however, were in
quantities and mixtures that had never before been available for human consumption
(Cordain et al., 2005; Ross et al., 2009). How the resulting excess of energy consumed on

this diet negatively impacts metabolic health will be discussed in the next few sections.

2.1.4.1.1 Refined Sugar

From 1970 to 2000 refined sugar consumption steadily increased from 54 kg to an
alarming 69 kg per capita (United States Department of Agriculture, 2019). Crystalline
sucrose was the first refined sugar to gain popularity after the seasonal availability of

honey limited its industrial use (Cordain et al., 2005; Ziegler, 1967). Sucrose is a
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disaccharide composed of the monosaccharides glucose and fructose in a 50/50
distribution (Macdonald, 2016). Although sucrose occurs naturally in a number of fruits
and vegetables, it is added in excess amounts to WD staples such as candies, granola
bars, canned foods and beverages (Wiebe et al., 2011). When consumed, sucrose remains
intact until it arrives at the upper small intestine where it is hydrolyzed into one glucose
and one fructose by sucrase (Gropper and Smith, 2013).

In the late 1970s the chromatographic enrichment of fructose made the
manufacture of high-fructose corn syrup (HFCS) from surplus corn much more cost-
effective (32 cents/Ib HFCS vs. 52 center/lb sucrose) (Cordain et al., 2005; Parker et al.,
2010). HFCS is similar in composition to sucrose in that it is made of fructose and
glucose molecules, but the most commonly consumed HFCS is HFCS-55, which is 55%
fructose and 45% glucose. A study done in 2014, however, determined through
metabolomic-type methods that the actual free fructose-to-glucose ratio in popular HFCS
sweetened beverages was closer to a 60:40 ratio (Walker et al., 2014).

Since 1970, sucrose consumption per capita has remained between 1.8 and 1.4 kg,
while HFCS taken over as the more popular corn-based sweetener (18 kg per capita
HFCS vs 1.4 kg per capita sucrose in 2017) (Macdonald, 2016; United States Departmen
tof Agriculture, 2019). In the years since 2000, refined sugar consumption has actually
decreased to 58 kg per capita in 2017, while HFCS remains the highest added sugar
(United States Departmen tof Agriculture, 2019). Glucose and fructose, the two
components of sucrose and HFCS, will be discussed in the subsequent sections with

detail on their metabolism and their role in the obesity epidemic.
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2.1.4.1.1.1 Glucose

Glucose is taken into the enterocyte either by active transport via sodium-glucose
transporter 1 (SGLT1) or by facilitated transport by facilitated transporter type 2
(GLUT2) (Gropper and Smith, 2013). SGLT1 binds one molecule of Na* and one
molecule of glucose to symport the two molecules down a concentration gradient across
the apical cell membrane. To maintain a lower Na* concentration within the cell, a
Na*/K" - ATPase pump moves Na" across the basal cell membrane into the bloodstream
in exchange for K*. This maintains the affinity of SGLT1 for glucose to continue
transport from the intestinal lumen. Once inside the enterocyte, glucose is released into
the bloodstream via GLUT2 and carried through the portal vein to the liver (Gropper and
Smith, 2013).

Here, glucose is shuttled into the hepatocyte by GLUT2 and initially
phosphorylated by hexokinase to form glucose-6-phosphate (G6P). Depending on the
organism’s energy needs, G6P may be shuttled into the pentose phosphate pathway
during nonoxidative metabolism, be converted to glucose-1-phosphate for glycogen
synthesis or enter glycolysis. Glycolysis converts glucose into pyruvate though a series of
enzymatic steps, three of which are rate-limiting. The conversion of glucose to G6P is the
first rate-limiting step of glycolysis and will be inhibited if there is already a surplus of
G6P within the hepatocyte. GOP is then converted to fructose-6-phosphate (F6P), leading
to the second rate-limiting step where F6P is converted to fructose-1,6-bisphosphate by
phosphofructokinase (PFK). This step is inhibited by signals of energy excess such as
adenosine triphosphate (ATP) and the tricarboxylic acid (TCA) cycle intermediate citrate.

Phosphoenolpyruvate, made from fructose-1,6-bisphosphate, is converted to pyruvate by
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pyruvate kinase (PK) in the final rate-limiting step of glycolysis. PK is also inhibited by
molecular signals of energy excess like ATP and acetyl-CoA (Gropper and Smith, 2013).
After a high carbohydrate meal, intestinal glucose concentrations will exceed the
transport capacity of SGLT1. Under these conditions, apical GLUT2 will transport
glucose into the cell and across the basal membrane into the blood stream. An elevation
in blood insulin (in response to increased glucose uptake) will decrease the number of
GLUT?2 transporters on the apical membrane to maintain glucose homeostasis (Gropper

and Smith, 2013).

2.1.4.1.1.2 Fructose

Fructose is absorbed from the intestinal lumen via facilitated transporter type 5 (GLUTS)
transporters. Although the rate of fructose absorption is slower than glucose, GLUTS5 has
a high affinity for fructose and will increase absorption rates when GLUT2 is present on
the apical enterocyte membrane (Flegal et al., 2010; Gropper and Smith, 2013). Upon
entry into the cell, fructose is phosphorylated to fructose-1-phosphate (F1P) by
ketohexokinase (KHK) (Heinz et al., 1968). In the liver, F1P is shuttled into glycolysis in
the place of fructose-1,6-bisphosphate, effectively bypassing the PFK rate-limiting step.
This essential difference in fructose metabolism compared to glucose metabolism, makes
fructose the more lipogenic monosaccharide. Without PFK regulation, fructose is an
unregulated source of three-carbon sugars. Aldolase B converts F1P to either
dihydroxyacetone phosphate (DHAP) or glyceraldehyde, both of which may be
isomerized into glyceraldehyde 3-phosphate (G3P). G3P is shuttled down the glycolytic

pathway into acetyl-CoA where it can either enter the TCA cycle or be committed to fatty
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acid synthesis. Furthermore, DHAP and glyceraldehyde may also be form glycerol 3-
phosphate, which serves as the backbone for triglycerides (Samuel, 2011).

For many years, the fructose was thought to pass through the enterocyte and be
released intact into the portal vein. Following this assumption and based on the myriad of
rodent studies corroborating hepatosteatosis in sucrose-fed animals, the liver was
considered to be the main site of fructose metabolism (Caliceti et al., 2017; Ishimoto et
al., 2013; Jegatheesan and De Bandt, 2017; Kim et al., 2017; Lanaspa et al., 2013). A
mouse study by Jang et al early in 2018 found that when consumed in small doses
fructose is primarily metabolized in the small intestine (Jang et al., 2018). While the liver
expresses the highest level of KHK, it is also expressed in the kidney, pancreas and small
intestine (Ishimoto et al., 2012). They used a dose of 0.5g/kg/day of fructose, which
converts to 3g/kg/day fructose in humans (roughly equivalent to eating one orange or 20z
of soda per day) (Jang et al., 2018). An oral dose of 0.5g/kg/day of fructose elicited very
little F1P in hepatic samples, but an increased accumulation of F1P in the small intestine.
Furthermore, Jang et al. found increased levels of glucose, lactate, glycerate, TCA
intermediates and amino acids in the portal vein of animals administered fructose (Jang et
al., 2018). This suggests that at low doses, the small intestine metabolizes the majority of
fructose, effectively shielding the liver from intact fructose metabolism.

This begs the question: Why has fructose been shown to cause hepatosteatosis on
multiple accounts? To answer this, it is important to keep in mind that the majority of
animal studies administer sugar treatment either in the drinking water or solid food at
percentages ranging from 10-60% (Ishimoto et al., 2013; Jegatheesan and De Bandt,

2017; Kim et al., 2017; Stanhope et al., 2009; Woodie and Blythe, 2017). A main take

34



away from the Jang et al. paper is that small intestine fructose metabolism is easily
saturated. At 1.0g/kg/day of fructose, the amount of intestinal F1P peaked and the amount
of liver F1P rose. At 2.0g/kg/day of fructose the amount of intestinal F1P actually
decreased, while liver FIP continued to rise (Jang et al., 2018). Therefore, when fructose
is regularly consumed at high concentrations, more intact fructose is metabolized by the
liver thereby promoting fructose-induced hepatosteatosis. Indeed, studies observing the
most severe hepatosteatosis generally provided their animals with a higher amount of
fructose (Jegatheesan and De Bandt, 2017).

What does this mean in terms of human sugar consumption? The initial murine
dose of 0.5g/kg/day fructose is equivalent to a human consuming 3g/kg/day fructose.
This is roughly comparable to eating one orange or 20z of soda per day. Not only is a
single can of soda 120z (6x the low dose, 2x the high dose), but according to the
Beverage Marketing Corporation, the average American drinks 1.3 cans of soda per day
(Zmuda, 2011). In addition to liquid fructose, HFCS is added to a large number of solid
foods and condiments to increase palatability (White, 2008). Thus, it stands to reason that
WD-consuming humans regularly saturate the fructose metabolizing capabilities of the
small intestine, causing increased fructose metabolism in the liver. Consistent with this
hypothesis, meta-analyses and primary human research have demonstrated a strong
association between the amount of fructose consumed and the development of obesity,
NAFLD, and metabolic disease (Hu and Malik, 2010; Ludwig et al., 2001; Malik et al.,
2010b, 2010a; Ouyang et al., 2008; Schulze et al., 2004).

With the previous paragraphs in mind, one can begin to see why the increased

addition of sucrose to WD foods is detrimental to human health. Large amounts of
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dietary sucrose are metabolized into large amounts of glucose and fructose in the small
intestine. Under these conditions, GLUT2-facilitated transport becomes the main mode of
glucose uptake, which increases GLUTS absorption of fructose. Furthermore, in insulin
resistant individuals, such as in obese and T2DM patients, the homeostatic mechanism of
insulin sequestering GLUT?2 is lost, continuing elevated glucose and fructose absorption
(Gaby, 2005; Ruxton et al., 2009). The rate-limiting steps of glycolysis will halt glucose
breakdown and the amount of circulating glucose will increase as well as the amount of
glucose stored as glycogen in the liver and skeletal muscle (DeFronzo et al., 1981;
Jegatheesan and De Bandt, 2017; Nilsson and Hultman, 1974). Higher consumption and
absorption of fructose will cause more fructose to be metabolized by the liver. Eventual
glycogen saturation within the liver and muscle as well as accumulation of hepatic trioses
will instigate de novo lipogenesis (Acheson et al., 1988; Jegatheesan and De Bandt, 2017;
Rippe and Angelopoulos, 2013; Samuel, 2011; Stanhope and Havel, 2008). It is this
homeostatic breakdown that is in part behind the phenotypes of hyperglycemia,

hyperinsulinemia, and ectopic fat deposition in obese and type-II diabetic individuals.

2.1.4.1.2 Refined Fats

Fatty acids (FA) are a vital energy source in the human diet as they confer the most
calories per gram of any macronutrient. Fas have a hydrophilic carboxylic acid head and
a hydrophobic chain of hydrogen bound carbons ending in a methyl group. They are most
commonly consumed and stored as triacylglycerols (TAG) where three Fas are bound to
one glycerol molecule by their hydrophilic head. Singularly, Fas fall into three categories:

saturated (SFA), monounsaturated (MUFA) and polyunsaturated (PUFA) fatty acids
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(Cordain et al., 2005; Gropper and Smith, 2013). SFAs consists of single bound carbons
while MUFAs and PUFAs contain one or more double bound carbons, respectively.
SFAs are considered “unhealthy” fats, while MUFAs and PUFAs are traditionally
thought of as “healthy” fats. PUFAs, however, may also occur in an n-3 or an n-6
conformation, with a double bond located either three or six carbons from the methyl end.
A diet containing a more balanced ratio of n-6:n-3 is beneficial in regard to risk of CVD
and metabolic disease (Cordain et al., 2005; Kris-Etherton et al., 2002; Nelson et al.,
1995; Simopoulos, 2002). Furthermore, unsaturated fatty acids may assume either a cis or
trans geometric conformation. The cis formation creates a kink in the hydrophobic chain
that limits the ability of cis unsaturated Fas to be tightly packed into TAGs and allowing
them to remain liquid at room temperature (Hernandez, 2016; Lopez et al., 2010). For
example, increased consumption of olive oil, which is primarily composed of the cis
MUFA, oleic acid, is associated with decreased CVD risk (Lopez et al., 2010). Trans
unsaturated Fas, on the other hand, assume a conformation that makes them similar to
SFAs and more easily packed and stored as TAGs. As such, trans unsaturated Fas are
heavily associated with heart and metabolic disease (Cordain et al., 2005).

Thus, it is the type of fat consumed rather than the absolute amount of dietary fat
that is important in the risk and development of obesity and its comorbidities. For the
purposes of this text, the two types of fatty acid most linked to obesity and metabolic

disease will be discussed: SFAs and #frans unsaturated Fas.

2.1.4.1.2.1 Saturated Fatty Acids
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The current recommendation from the American Heart Association is for saturated fat to
make up 5-6% of daily calories of a 2,000 calorie/day diet (American Heart Association,
2015). However, 80% of Americans exceed this limitation with 10% being the average
percentage of daily calories obtained from SFAs (de Souza et al., 2015; US Department
of Health and Human Services, 2015). SFAs are commonly consumed in foods like fatty
meat, butter, bovine milk and milk products and plant oils such as coconut and palm oil
(Cordain et al., 2005; de Souza et al., 2015). Meta-analyses report a significantly
increased risk of developing CVD proportional to the amount of SFA consumed
(Mozaffarian et al., 2010; Siri-Tarino et al., 2010). Furthermore, intervention studies
found that replacing SFAs with PUFAs in participants’ diets resulted in improved
cardiometabolic outcomes (Hooper et al., 2015).

The mechanism behind the pathogenesis of dietary SFAs may be attributed to the
unique qualities of SFA metabolism. Upon absorption in the small intestine, long-chain
SFAs specifically are reformed into TAGs and, due to the hydrophobic nature of their
tails, must be packaged in lipoprotein vessels known as chylomicrons. Short and medium
chain SFAs travel unpackaged to the liver through the portal vein (Pelley, 2007). A 1999
study in rabbits found that a diet high in SFAs significantly increased chylomicron
secretion in isolated enterocytes when compared to diets high in n-3 PUFAs or n-6
PUFAs (Cartwright and Higgins, 1999). Chylomicrons deliver dietary fats primarily to
the adipose tissue where lipoprotein lipase solubilizes the chylomicron outer layer to
release TAGs for absorption into the adipocyte. TAGs are then broken down into
glycerol, free fatty acids (FFA), diacylglycerols (DAG) or monoacylglycerols (MAG), all

of which stimulate lipogenesis in the adipocyte (Gropper and Smith, 2013). Thus,
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increased SFA consumption will yield increased chylomicron formation and delivery to
the adipose with subsequent increased lipogenesis in the adipocyte.

After transport to the adipose tissue, what remains of the chylomicron is known as
a chylomicron remnant (CR). The CR goes to the liver where the remainder of its
contents (FFAs, DAGs, MAGs, phospholipids and cholesterols) are released into the
hepatocyte. Hepatocytes use these remaining contents to make very low-density
lipoproteins (VLDL), low-density lipoproteins (LDL), and high-density lipoproteins
(HDL) (Gropper and Smith, 2013). SFAs once again exacerbate this process by
increasing the number of chylomicrons and CRs present. Furthermore, increased FFAs,
DAGs, and MAGs present in the hepatocyte will contribute to the hepatic TAG and fatty
acid pools, thereby contributing to the development of NAFLD (Nakamura and Terauchi,
2013).

SFAs have also been shown to stimulate cholesterol biosynthesis and inhibit
tissue uptake of LDL. An elevated LDL cholesterol (LDLc) to HDL cholesterol (HDLc)
ratio is clinically considered as a risk for CVD. LDLs, which are derived from VLDLs,
transport TAGs and cholesterol throughout the body, while HDLs remove lipids from the
cell and transport them to the liver for elimination in bile (Gropper and Smith, 2013). A
high dietary intake of SFAs has been shown to induce the expression and activation of
peroxisome proliferator activating receptor transcription coactivator 1 (PGC-1) and
simultaneously upregulate cholesterol biosynthesis and reduce cell surface expression of
LDL receptors, thereby significantly increasing circulating lipids (German and Dillard,
2010; Lin et al., 2005). It is important to note, however, that while SFAs increase

circulating LDLc, they do not decrease circulating HDLc (Mensink and Katan, 1992).
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2.1.4.1.2.2 Trans Unsaturated Fatty Acids

Trans unsaturated Fas contribute to ~2-5% of consumed energy in North America and
were not common in the human diet until 1897 (Cordain et al., 2005; de Souza et al.,
2015). Prior to that time, trans fats were only found in ruminant meat and milk in very
small percentages (4-8% of total fat) (Cordain et al., 2005; Gropper and Smith, 2013; de
Souza et al., 2015). Industrial hydrogenation technology was optimized in 1897 allowing
for vegetable oil to become solidified and opened up a vast market for spreadable, shelf-
stable shortening and margarine (Cordain et al., 2005; Emken, 1984).

In 2003 the Food and Drug Administration amended its regulations to require that
trans fats be reported on the nutrition label of all foods and supplements. This
amendment also declared that foods containing 0.5g of trans fats could legally be
considered a trans fat “free” food (Food and Drug Administration, HHS, 2003).
However, due to the extreme and unequivocal evidence that trans fats are detrimental to
human health, the FDA banned its use for general consumption in 2015 (Food and Drug
Administration, 2015). Numerous reports found that trans fat consumption in any amount
greater than 1% of total daily energy not only increased LDLc, but lowered HDLc (Katan
et al.; Liu et al., 2017). Furthermore, trans fat consumption increases inflammatory
markers such as tumor necrosis factor alpha (TNF-a), interleukin-6 (IL-6) and C-reactive
protein (CRP) (Gropper and Smith, 2013; Liu et al., 2017). The combination of
LDLc:HDLc imbalance with an increase in inflammation makes frans fat consumption
particularly dangerous for the formation of atherosclerotic plaques and CVD risk

(Ascherio et al., 1994; Cordain et al., 2005).
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2.1.4.2 Evolutionary Influences

The current obesity pandemic is caused largely by the combination of years of
evolutionary pressures on metabolic efficiency and the widely available, highly palatable,
calorie-dense foods in the modern world (Bellisari, 2008; Samuel et al., 2010). Healthy
humans are able to cope and respond to fluctuating energy supplies by storing excess
energy as triglyceride in adipose tissue. While this response was useful in pre-Industrial
time periods when food rich in calories was hard to come by, it now predisposes
persistently over-nourished individuals to weight gain and ultimately to obesity (Bellisari,
2008; Savage et al., 2007). In Western society today, energy dense foods are easily
accessible and plentiful in grocery stores and restaurants. The WD is a prime example of
foods high in calories from refined sugars and fats. All of these are added to a base
ingredient, such as soy, dairy or corn, to make high energy, highly palatable meals.
Additionally, fiber, vitamins, and minerals in the original base ingredient are extracted in
processing (Cordain et al., 2005). The end product is packaged and sold conveniently and
inexpensively to quickly deliver high levels of sugar and fat.

Evolutionarily, foods high in calories, sugar, and fat were sought after not only to
provide quick energy for immediate needs, but also to enable storage of energy for times
of famine (Bellisari, 2008; Ghasemi et al., 2013). Today, however, energy dense foods
are hypothesized to be a main player in the obesity epidemic because they are easily
accessible and processed to enhance flavor, color, texture and other features to increase
palatable attributes (Cordain et al., 2005). As an example, fruits, by nature, are some of

the most sugar dense foods, but they are very low in fats. In contrast, the WD combines
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sugar and fats in combinations and concentrations that are detrimental for metabolic

health.

2.1.4.2.1 The Thrifty Gene Hypothesis

In 1982 James Neel proposed the thrifty gene hypothesis to explain the significant uptick
in obesity observed after the Second World War. He reasoned that humans evolved to
resist famine by developing mechanisms of quick insulin release, efficient glucose
conversion to energy and storage of extra energy as fat (Neel, 2013). He proposed that
the energy conserving function of these genes that once served a very important purpose,

were now a burden in a world with constant food availability (Bellisari, 2008).

While there is a considerable amount of evidence to support the heritability of
adiposity and obesity, details concerning their combinations and interactions with the
external environment are forthcoming. Genes such as LEP, LEPR, and MC4R are known
to disrupt the hypothalamic control of satiety and food intake behavior (Bellisari, 2008;
O’Rahilly and Farooqi, 2006). Other genes are known to be involved in physical activity
and athletic performance and influence the propensity for an individual to be more
inactive than another (Chakravarthy and Booth, 2004; Rankinen et al., 2006; Simonen et
al., 2003). Genetic factors involving metabolic rate, food preference and increased satiety
have been identified as well (Bulik and Allison, 2001). Although the thrifty gene
hypothesis is an attractive idea, it is too simplistic to fully explain the obesity epidemic.
Indeed, if thrifty genotypes conferred significant reproductive success, they would have

been fixed within the modern population and obesity would be even more prevalent.
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Gene pleiotropy, epigenetics, and environmental factors are all likely to add to the

complexity of obesity (Reddon et al., 2018).

2.1.4.2.2 Food Addiction
The neural processes involved in food seeking and intake behaviors are evolutionarily
selected, redundant and conserved due to their necessity for survival (Bellisari, 2008;
DiLeone et al., 2012; Zheng and Berthoud, 2008). The foods of the WD, containing
unprecedented mixtures and amounts of sugars and fats, have been shown to stimulate
hyperphagia and induce obesity (Li et al., 2018). Due to the similarity of these behavioral
patterns and neural pathways to abusive drug addiction, food addiction has been posited
as a potential driving factor behind WD-induced obesity (DiLeone et al., 2012; Zheng
and Berthoud, 2008). Dopamine (DA) is one of the most heavily researched and well-
characterized neurotransmitters involved the perception of reward. The ventral tegmental
area (VTA) and its dopaminergic efferents to the nucleus accumbens (Nac) are generally
agreed upon as the center for DA-mediated reward (Haber and Knutson, 2010). The
primary site of DA output from the VTA is the Nac, but VTA efferents also project to the
cerebral cortex, the hypothalamus, the amygdala and the hippocampus. Upon the receipt
of a pleasurable stimulus, DA will be released from the VTA to the Nac and elsewhere
for consolidation into reward-related behaviors such as reinforcement, motivation,
prediction, and salience processing (DiLeone et al., 2012).

The DA system, however, is highly susceptible to peripheral inflammation, which
is increased in association with pathogenic adipose tissue expansion (this will be

discussed in more detail in a subsequent section). Human and animal studies have shown
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that increased circulation of inflammatory factors such as pro-inflammatory cytokines
and acute phase proteins decrease DA signaling in reward circuitry (Brydon et al., 2008;
Burger and Stice, 2011; Felger and Treadway, 2017; Felger et al., 2013; Harrison et al.,
2016; van Heesch et al., 2013; Kitagami et al., 2003; Nunes et al., 2014). Furthermore,
obese individuals are more susceptible to the increased palatability of WD foods, as
evidenced by enhanced activity in the somatosensory cortex in anticipation of a reward
(e.g. a chocolate milkshake) (Stice et al., 2008a, 2008b). Thus, WD consumption may
lead to a “reward deficiency syndrome” where an increased perception of food
palatability in conjunction with a hypoactive DA system could elicit compensatory
behaviors where food is overconsumed to meet its perceived value (Blum et al., 2014;
Das, 2001; Volkow et al., 2011).

Drug addiction is simply described as a pharmacological seizure of the neural
systems designed to process rewarding and salient stimuli; systems that did not evolve in
the presence of drugs of abuse (DiLeone et al., 2012). By the same token, the neural
mechanisms responsible for hunger and satiety did not evolve in the presence of
processed foods with enhanced palatability. Furthermore, the neural systems of food
intake have significant rewarding and emotional components in addition to the energy-
sensing circuits necessary for survival. Despite these similarities, it is not entirely
appropriate to compare WD-induced food addiction to abusive drug addiction. First, the
metabolic centers for feeding homeostasis integrate central and peripheral signals, such as
leptin and insulin, to ultimately determine food intake, while the DA system is proposed
to modulate food intake behaviors. Where the dopamine system is indispensable for

abusive drug reward, direct stimulation of key areas involved satiety and food intake will
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alter food-seeking behaviors independent of the dopamine system (Aponte et al., 2011;
DiLeone et al., 2012; Schwartz, 2000). Furthermore, leptin and insulin act directly on
dopamine neurons to modulate the perception of a food stimulus (aversive vs attractive)
depending on metabolic state (Tiedemann et al., 2017; Zheng and Berthoud, 2008). This

particularly distinguishes food addiction from drug addiction.

2.2 Pathogenesis of Western Diet-Induced Obesity

While the majority of consumed calories are used to meet an individual’s basal energy
needs, excess calories are sequestered away as glycogen for short-term storage and in
adipose tissue for short- and long-term storage. This in and of itself is not detrimental to
metabolic health. In fact, this is exactly how the body is supposed to function; storing
away energy for times when calories are scarce (Sarjeant and Stephens, 2012; Wang et
al., 2013). However, most of the Westernized world does not have to worry about a
calorie shortage, and times of famine are few and far between. Therefore, the excess
energy stored in adipose tissue will continue to accumulate as a sedentary lifestyle and
consumption of a calorie-dense diet proceed. It is this consistent and continued positive
energy balance that results in the pathogenic expansion of adipose tissue and subsequent
metabolic disease (Sinasac et al., 2016; Sun et al., 2011). There are several proposed
mechanisms linking pathogenic adipose expansion to deteriorations in metabolic health,
but a process that is commonly agreed upon is that of inflammation (Furukawa et al.,

2004; Sun et al., 2011).

2.2.1 Pathogenic Adipose Tissue Expansion
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As adipose tissue expands, sufficient vasculature and extracellular support cells must also
increase. Adipogenesis allows for the proliferation of adipocytes in a well-supported,
oxygen-rich environment (Sarjeant and Stephens, 2012; Wang et al., 2013). Adipose
tissue becomes unhealthy when adipocyte hypertrophy and adipocyte progenitor
hyperplasia occur faster than the surrounding vasculature (Figure 1). Adipocytes in these
pathogenic conditions become hypoxic and begin to produce hypoxia-inducible factors
(Sun et al., 2011). Macrophages resident to healthy adipose tissue are predominantly of
the anti-inflammatory M2 phenotype, but hypoxia polarizes adipose-resident
macrophages to the more pro-inflammatory M1 state (Figure 1). Subsequently,
inflammatory conditions are propagated by the production of pro-inflammatory cytokines
namely TNF-a, interleukin-1 beta (IL-103) and interferon-gamma (IFN-y) (Sarjeant and
Stephens, 2012; Sun et al., 2011). Furthermore, chemokines such as monocyte
chemoattractant protein-1 (MCP-1) and C-X-C motif ligand 5 (CXCL5) secreted from
adipocytes will exacerbate macrophage recruitment leading to eventual adipocyte
necrosis and the release FFAs, which exacerbate the inflammatory state by activating
nuclear factor-kappa B (NF-kB) transcription of inflammatory genes via toll-like receptor
4 (TLR4) (Sun et al., 2011).

Pathogenic adipose tissue expansion and inflammation also results in the
overproduction of and eventual resistance to the adipokine leptin (Dandona et al., 2004).
Leptin and insulin function as two of the most important peripherally produced mediators
of satiety. In a metabolically healthy state, leptin and insulin signal the body’s nutritional

status to suppress hunger and food seeking behaviors (Dandona et al., 2004). As WD-

46



induced inflammation progresses, however, these regulatory mechanisms become

disrupted and energy balance can no longer be maintained.

2.2.2 Insulin Resistance

The chronic state of low-grade inflammation brought on by WD feeding and pathogenic
adipose tissue expansion is thought to lie at the center of most WD-induced diseases.
T2DM, for example, is characterized by insulin resistance (Figure 2) (Centers for Disease
Control and Prevention, 2018). Insulin is released from pancreatic B-cells in anticipation
of and response to consumption of glucose and amino acids. The insulin receptor is made
up of two extracellular o subunits and two intracellular 3 subunits. Insulin binds to the

o subunit to initiate conformational changes that activate the 3 subunits via a series of
intracellular transphosphorylation reactions in which one 3 subunit phosphorylates the
adjacent 3 subunit on specific tyrosine residues (Pessin and Saltiel, 2000). Activated
insulin receptors then phosphorylate tyrosine residues on a number of proximal
substrates, in particular, members of the insulin receptor substrate (IRS) family, which
interact with other downstream targets to potentiate insulin cell signaling and action
(Pessin and Saltiel, 2000).

Activating and inactivating phosphorylation of IRS-1 and IRS-2, specifically, has
been extensively studied to understand the role of these substrates in insulin resistance
(Greene and Garofalo, 2002; Greene et al., 2003; Saltiel and Kahn, 2001). While tyrosine
phosphorylation activates IRS-1 and -2, phosphorylation of these substrates at serine
residues has been found to have inactivating effects on insulin signaling (Greene et al.,

2003; Hotamisligil, 2003; Hotamisligil et al., 1996). In the obese state, tyrosine
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phosphorylation of IRS-1 and -2 is decreased, while serine phosphorylation is increased.
This is in part due to inflammatory cytokines and FFAs activating cell signaling
pathways resulting in the serine phosphorylation of IRSs at inactivating residues,
effectively blocking insulin-dependent glucose uptake and action (Copps and White,

2012; Hotamisligil, 2003; Tanti and Jager, 2009).

2.2.3 Ectopic Fat Deposition

In WD-induced obesity, ectopic fat deposition occurs when energy intake exceeds energy
expenditure. In extreme and prolonged cases of excess energy intake, ectopic fat
deposition will become pathogenic mainly through the disruption of insulin signaling
(Shulman, 2014). Impaired insulin signaling in adipocytes will promote lipolysis and
encourage the re-esterification of lipids in other tissues such as skeletal muscle and the
liver (Figure 2). In skeletal muscle, intramyocellular lipid accumulation will reduce the
amount of insulin-mediated glucose uptake (Samuel and Shulman, 2012). The resulting
hyperglycemia will be managed by hepatic insulin-independent glucose absorption.
However, hepatic lipid accumulation will disrupt the regulation of gluconeogenesis and
activate glycogen synthesis. Furthermore, hepatic lipogenesis will not be affected,
thereby promoting energy excess in the liver and worsening NAFLD (Samuel and

Shulman, 2012).

2.3 The Impact of the Western Diet on the Brain

Although the semipermeable blood-brain barrier (BBB) is designed to tightly regulate the

passage of ions, molecules and cells from the peripheral blood into the brain, it does not
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render the brain immune to the effects of WD-induced inflammation (Daneman and Prat,
2015). In fact, changes in brain chemistry and function commonly occur with diet-
induced metabolic disruptions (André et al., 2014; Hryhorczuk et al., 2017; Kanoski and
Davidson, 2011; Kien et al., 2014; Marwitz et al., 2015; Sarfert et al., 2019; Woodie and
Blythe, 2017). Insulin and leptin signaling are essential for neuron growth and
maintenance as well as protection against neuronal apoptosis (Plum et al., 2005). Portions
of the hypothalamus essential to feeding and metabolism are circumventricular organs
that lack the protective BBB. The BBB of other brain regions, such as the hippocampus,
also becomes increasingly permeable as WD consumption and inflammation progress

(Davidson et al., 2013; Hargrave et al., 2016; Mimee et al., 2013).

2.3.1 The Hypothalamus

Located on ventromedial aspect of the brain, the hypothalamus consists of several nuclei
each with unique clusters of neurons that boast high levels of connectivity. This allows
for the hypothalamic nuclei to carry out distinct functions while permitting the
hypothalamus as a whole to act as a central site of integration of homeostatic cues. A
hypothalamic nucleus of particular interest to this review is the arcuate nucleus (Arc),
which harbors several populations of neurons with differing impacts on satiety, namely
agouti-related protein (AgRP) / neuropeptide Y (NPY) and pro-opiomelanocortin
(POMC) expressing neurons (Figure 3a). AgRP/NPY neurons co-express AgRP and NPY

to promote appetite while POMC neuron activity has the opposite affect by expressing a-

melanocyte-stimulating hormone (a-MSH) to induce satiety (Heisler and Lam, 2017; Xu

and Xie, 2016).
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Both AgRP/NPY and POMC neurons project from the Arc to the paraventricular
nucleus (PVN) where their excitatory or inhibitory signals are integrated and relayed to
the parabrachial nucleus (PBN, Figure 3a) (Heisler and Lam, 2017; Xu and Xie, 2016).
AgRP/NPY signaling potentiates inhibitory efferents to the PBN, which allows for the
execution of food seeking behaviors and the release or preparatory mechanisms for
nutrient digestion (Aponte et al., 2011; Gropp et al., 2005; Krashes et al., 2011). POMC
neurons, on the other hand, produce a-MSH to potentiate excitatory efferents from the
PVN to the PBN, subsequently inducing satiety (Fenselau et al., 2017; Garfield et al.,
2015). Interestingly, AgRP/NPY neurons possess the ability to inhibit POMC neurons
from producing a-MSH with no compensatory mechanism for the inhibition of
AgRP/NPY expression (D’ Agostino and Diano, 2010; Essner et al., 2017). Although this
mechanism may have been evolutionarily useful to override satiety when food was
scarce, it is now working to the detriment of human health by potentiating WD

consumption in the face of satiety.

2.3.1.1 Effects of the WD on the Hypothalamus

The intricate workings of feeding signals from the Arc are further complicated by
afferent signals from the periphery. Insulin and leptin are of particular importance in the
context of WD feeding because their production and potency are significantly altered by
pathogenic weight gain (Xu and Xie, 2016). Changes in the peripheral signals of nutrient
availability alter the delicate signaling balance in the hypothalamus. This is in addition to

WD-induced inflammation that not only disrupts peripheral insulin and leptin signaling
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but can induce hypothalamic inflammation early after dietary exposure (Dalvi et al.,
2017; Waise et al., 2015).

In the periphery, macrophages mediate a large portion of WD-induced
inflammation. Behind the BBB, neuroglia, such as astrocytes, and the brain’s resident
macrophages, microglia, provide support and protection to the central nervous system
(Jeong et al., 2013; Sofroniew, 2015). Astrocytic foot processes interact with brain
microvessels and capillaries to maintain the BBB and regulate the passage of ions, water
and nutrients into the brain. Astrocytes are also superbly sensitive to circulating cytokines
and are known to mount a pro-inflammatory response to peripheral injury (Hamby et al.,
2012; John et al., 2005; Zamanian et al., 2012). Microglia work to survey the brain for
abnormalities or damage. They can rapidly respond to injury to aid in the recovery of a
healthy brain but can also become over-active and detrimental to the brain during WD-
induced inflammation (Figure 3b) (Kim and Joh, 2006; Valdearcos et al., 2014).

Indeed, hypothalamic inflammation is commonly observed in the hypothalamus
of both rodents and humans after consumption of a WD (Baufeld et al., 2016; Dalvi et al.,
2017; De Souza et al., 2005; Waise et al., 2015). However, it is unclear whether this
activation is caused by the infiltration of peripheral macrophages, due to proliferating
neuroglia, or by a combination of both. In 2016 Baufeld et al. developed a mouse line
with green fluorescent protein (GFP) expressing myeloid cells to answer this question.
They found that while the WD did not increase the number of GFP expressing cells in the
hypothalamus, the diet did increase the number microglia as assessed by staining with

ionized calcium-binding adaptor molecule 1 (Ibal+), suggesting the increase in these
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Ibal+ cells was due to WD-induced proliferation of resident microglia (Baufeld et al.,
2016).

Another noteworthy point examined by Baufeld et al. was the time course of
hypothalamic inflammation after WD feeding. In their study, hypothalamic inflammation
was only present after eight weeks of WD with no apparent microglial activation after
three days or four weeks (Baufeld et al., 2016). Furthermore, a 2017 study by Dalvi et al.
found that while astrocytic activity in the Arc increased after eight weeks of WD feeding,
inflammatory cytokines such as TNF-a did not significantly differ from chow fed
animals until the twentieth week of WD exposure (Dalvi et al.). In contrast, other studies
have observed increases in hypothalamic microglial activation after just one to three days
of WD feeding (Thaler et al., 2012; Waise et al., 2015). These differences may be
attributed to methodological differences among these studies such as percentage and
source of saturated fat in the WD.

Interestingly, the source of TNF-a observed by Dalvi and colleagues was not
from neuroglia, but from AgRP expressing neurons (Dalvi et al.). In fact, several studies
have observed that consumption of a WD not only induces pro-inflammatory cytokine
production in the hypothalamic neuroglia, but that saturated fats also induce apoptosis
and upregulate markers of endoplasmic reticulum stress in the neurons themselves (Dalvi
et al.; Hryhorczuk et al., 2017; Mayer and Belsham, 2010; Milanski et al., 2009; Moraes
et al., 2009; Won et al., 2009). This effect of saturated fat is mediated through TLR4 as
WD-induced pathogenic adipose expansion results in the necrosis of adipocytes and the
release of FFAs into circulation. Adipocyte-derived FFAs, including the saturated fatty

acid palmitate, readily cross the BBB and interact with TLR4-expression neuroglia to
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upregulate central inflammatory signaling (Hamilton and Brunaldi, 2007). Neurons and
neuroglia over-express TLR4 after WD feeding and subsequently increase pro-
inflammatory cytokine production via IKKB/NF-kB signaling (Akira and Takeda, 2004;
Dalvi et al.; Hayden and Ghosh, 2008; Moraes et al., 2009).

The susceptibility of hypothalamic neurons to the effects of WD-induced
inflammation and FFA release, however, seems to depend on the neuronal subpopulation.
Palmitate treatment to hypothalalmic neurons both in vivo and in vitro upregulates the
expression of NPY mRNA via IKK signaling (Dalvi et al.; Posey et al., 2009).
Furthermore, genetic manipulations to induce IKKf} signaling in the hypothalamus have
been shown to increase feeding while manipulations to reduce its signaling promote
anorexic behaviors (Zhang et al., 2008). POMC neurons, on the other hand, particularly
in mice with genetic propensities to develop diabetes, were substantially more susceptible
to WD-induced inflammation and apoptosis (De Souza et al., 2005, 2007; West et al.,
1994). Mechanistic studies directly examining these selective effects are sure to be
forthcoming. Nevertheless, selective WD-induced changes in hypothalamic neural
subpopulations likely play a key role in the homeostasis of body adiposity and the
balance between appetite and satiety (Figure 3b).

The balance between appetitive and satiated signals will, for the foreseeable
future, always be tipped in favor of feeding. Evolutionary pressures have resulted in the
capacity of humans to gain weight when energy is plentiful and to maintain body weight
at all costs. The current availability of energy dense foods plays into this tipped scale and
has promoted the obesity epidemic that Western society struggles with today. However,

the WD effects on the brain do not stop at the hypothalamus and weight homeostasis.
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Along with obesity and metabolic diseases, the Western world is dealing with an uptick
in diet-induced dementias. Type-III Diabetes has been continually used to refer to
Alzheimer’s disease-like dementias that are comorbid with WD-induced metabolic
diseases (de la Monte and Wands, 2008). Thus, the next section will discuss how WD
feeding disrupts the chemistry and function of the hippocampus, the mammalian center

for learning and memory.

2.3.2 The Hippocampus

2.3.2.1 Anatomy

The hippocampus is a curled ridge of gray matter in the medial temporal lobe that is
crucial for memory formation and recall and plays a key regulatory role in the limbic
system, particularly concerning fear, anxiety, and stress. Structurally, the hippocampus
consists of the dentate gyrus (DG), the subiculum and the main body, or cornu ammonis
(CA), which is divided into subfields CA1-CA4 (Figure 4a). The DG receives
information from the entorhinal cortex which is relayed to the CA3 via the mossy fiber
circuit (Bartsch and Wulff, 2015). After processing by the DG and CA3, information
passes through the Schaffer collateral pathway to the CA1 then to the entorhinal cortex

via the 54hosphor54t pathway (Figure 4a) (Aksoy-Aksel and Manahan-Vaughan, 2015).

2.3.2.2 Synaptic Plasticity
The main excitatory neurotransmitter within the hippocampus is glutamate, which is
essential for hippocampal plasticity (Nakanishi, 1992). LTP and long-term depression

(LTD) are the electrochemical events through which glutamate maintains plasticity. LTP
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describes the excitatory events that underlie memory formation by eliciting long-term
structural and chemical changes to strengthen synaptic pathways (Collingridge and Bliss,
1995). LTD, on the other hand, actively weakens synaptic pathways that are no longer
needed (Ito, 1989). Hippocampal synaptic efficiency is upheld by the interplay between
LTP and LTD and is fundamental for information processing and storage within the
brain.

Glutamate receptors are categorized into two groups: ionotropic and metabotropic
(Nakanishi, 1992). For the purposes of this discussion, the ionotropic N-methyl-D-
aspartate (NMDA) receptor will be the point of focus. When a neuron is in a resting,
depolarized state, NMDA receptors are blocked by a magnesium ion. Upon glutamate
binding, magnesium is released and the inward flow of calcium hyperpolarizes the
neuron (Paoletti et al., 2013). A proposed mechanism for the conversion between LTP
and LTD is an alteration in the polarity of hippocampal neurons brought on by changes in
NMDA receptor subunit composition. NMDA receptors are tetramers made up of di- and
tri-heteromeric combination of GluN1, GluN2A-D and GIuN3A-B (Paoletti et al., 2013).
GluN2A and GIluN2B have been the subject of much debate in the context of LTP-LTD
switching. Various genetic and pharmacological studies suggest that GluN2A subunits
are a driver for LTP while GIluN2B subunits are more involved in LTD. Brigman et al.
performed electrophysiological experiments on brain slices from mice lacking GluN2B in
CAL1 pyramidal cells. The mutant slices exhibited an intact response to a LTP protocol,
but an abolished response to an NMDA receptor-dependent LTD protocol (Brigman et
al., 2010). Furthermore, the selective inhibition of GluN2A-containing receptors with

zinc specifically inhibited LTP and not LTD (Papouin et al., 2012). GluN2A-GIuN2B
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subunit switching does not appear to be a general or the only mechanism through which
LTP-LTD alteration occurs. A myriad of studies suggest alternate and conjunctive
mechanisms (e.g. extrasynaptic NMDA receptor composition, subunit interaction with
CaMKII, expanded role of the GluN1/GluN2A/GIluN2B tri-heteromer, etc.) (Barria and

Malinow, 2005; Harney et al., 2008; Paoletti et al., 2013).

2.3.2.3 The Effects of the WD on the Hippocampus

The signaling and passage of peripheral cytokines across the BBB serves an adaptive
purpose by alerting the brain to illness or injury and mainly works to the benefit of an
organism by initiating the expression of sickness behavior (Dantzer and Kelley, 2007).
Chronic passage of peripheral factors across the BBB, however, becomes detrimental to
brain health when the BBB becomes “leaky” in response to WD feeding (Figure 4b).
This WD-induced effect is in part due to the reduced expression of BBB tight junction
proteins along the hippocampal vasculature (Freeman and Granholm, 2012). Indeed,
exogenously administered dye was found exclusively in the hippocampus and not in the
amygdala or other limbic structures of WD-fed rats (Davidson et al., 2012). Increased
permeability may also result from WD-induced hypertriglyceridemia and
hyperinsulinemia that disrupts homeostatic signaling across the BBB. Several studies
have found increased peripheral triglycerides and insulin to correlate with impairments in
hippocampal neuronal signal transmission, transduction, and function (Almeida-Suhett et
al., 2017; Arnold et al., 2014; Farr et al., 2008; Ho et al., 2015). Additionally, neurotoxic
agents and other peripheral cytokines are able to pass through the permeable BBB,

causing hippocampal neurodegeneration and neuroinflammation (Hargrave et al., 2016).
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In particular, a WD-induced increase in hippocampal IL-1f has been associated
with impaired hippocampal function. Mice fed a WD had poorer spatial memory abilities
as measured by performance on a Y-maze task, which was correlated with increased IL-
1B levels in the hippocampus (Almeida-Suhett et al., 2017). Spatial memory in the Morris
Water Maze task was also impaired after WD and was once again accompanied by
elevated hippocampal IL-1 (Boitard et al., 2014). Additionally, increased IL-
1B expression has been observed in the hippocampi of WD-fed rats following a foot-
shock. This increase was found to lead to impaired fear conditioning and blocking IL-1f3
signaling with an IL-1 receptor antagonist ameliorated memory disruption even after WD
feeding (Sobesky et al., 2014).

It is widely known that diets high in saturated fat lead to peripheral insulin
resistance, but the effect of the WD on brain insulin resistance has more recently been
investigated. Insulin is a regulator of hippocampal neuroplasticity, and its action is
critical to normal cognitive function (Fadel and Reagan, 2016). Arnold and colleagues
found that a WD caused hippocampal insulin resistance, synaptodendritic abnormalities,
and impaired spatial working memory (Arnold et al., 2014). Their results pointed to
serine phosphorylation of IRS-1 as a potential mechanism for these impairments as it was
increased in the WD fed group. Indeed, this inactivating phosphorylation was associated
with neuronal abnormalities and cognitive impairment. Arnold ef al. found that animals
with increased hippocampal IRS-1 serine phosphorylation also exhibited impaired LTP
and structural abnormalities in the CA3 as demonstrated by decreased postsynaptic
density marker PSD-95 and dendritic spine markers like spinophilin. Interestingly, these

adverse effects were more severe after short-term, 60% kcal from fat WD exposure than
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after a chronic, moderate (45% kcal from fat) WD feeding (Arnold et al., 2014).
Furthermore, another study found that reverting to a chow diet after WD feeding not only
rescued hippocampal insulin sensitivity and IRS-1 tyrosine phosphorylation, but also
restored short-term memory capability (Sims-Robinson et al., 2016).

The WD impacts hippocampus-dependent memory and cognition through several
distinct mechanisms, including insulin resistance, inflammation, and BBB disturbances.
Insulin resistance is characterized by phosphorylation of IRS-1 and -2 at inactivating
serine residues and interferes with LTP. The inflammatory cytokine IL-1f causes
memory disruption, particularly in contextual fear conditioning (Sobesky et al., 2014).
Leakiness in the BBB caused by WD can contribute to inflammation and disruption to
hippocampal homeostasis (Figure 4b). Fortunately, WD-induced memory impairment
may be recovered with dietary intervention, due in part to the neuroplasticity of the

hippocampus.

2.4 Circadian Biology
The 2017 Nobel Prize in Physiology or Medicine was awarded to Michael Young,
Michael Rosbash, and Jeffrey Hall for their pioneering work in chronobiology. Since
their influential studies using Drosophila in the late 1980s to early 1990s, their careers
have continued to center around identifying core clock genes and understanding how they
function with in the circadian machinery. In past years, the field of chronobiology has
exploded and inspired manifold works on rhythmicity around the world.

It is important to note that a “true” circadian rhythm is defined by any rhythm

that, 1) oscillates within a 24 hour period in the absence of an external cue (e.g. light or
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food), 2) is entrainable to an external cue (e.g. light or food) and 3) persists across a
variety physiological temperatures (Takahashi et al., 2008). Therefore, studies performed
under 12:12 light:dark conditions are not measuring circadian rhythmicity. Light:dark
studies are actually measuring diurnal rhythmicity since light is acting as a zeitgeber, or
as an entraining factor on all behavioral and molecular rhythms. In true circadian studies,
animals are kept under dark:dark conditions and experimental timing is referred to as
“subjective day” or “subjective night” and denoted by circadian time (CT). The timing of
diurnal experiments is set to the presence of light and denoted by zeitgeber time (ZT),

with the time of lights on indicating ZT 0 and lights off as ZT 12.

2.4.1 Introduction and Definitions

The rhythm of all mammals living on the Earth’s surface is dictated by the rotation of the
Earth around the Sun. These photic signals are transmitted from retinal ganglia to the
hypothalamic SCN. The presence of daylight entrains the rhythms of SCN neurons to a
24 hour cycle by initiating the transcription and translation of core clock genes in a TTFL
(Welsh et al., 2010). These genes exhibit specific times of heightened expression (phase
or acrophase), times of lowered expression (nadir) and a tempo of acrophase and nadir
(period). The difference in expression values between acrophase and nadir is known as
the amplitude of a gene. Although the circadian TTFL contains several redundant genes,
circadian rhythms can still be disrupted by a number of external and internal factors.
Disruptions result in phase advances or delays within a 24-hour cycle and cause periods
to be shortened to occur more than once in 24 hours (ultradian) or elongated to occur over

24 hours (infradian). Finally, circadian disruptions can cause the difference between
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acrophase and nadir to either be increased (enhanced amplitude) or decreased (dampened
amplitude).

The circadian TTFL is comprised of BMAL1, CLOCK/NPAS2, PER1-3, CRY1
and 2 and REV-ERBa and 3 (Figure 5). BMAL1 and CLOCK/NPAS?2 form the positive
arm of the loop, while PER, CRY and REV-ERB make up the inhibitory or negative arm
(Figure 5) (Dibner et al., 2010; Mohawk et al., 2012; Stratmann and Schibler, 2012).
BMALI and CLOCK/NPAS?2 form a heterodimer in the cytoplasm and, upon
translocation to the nucleus, activate gene expression of Per, Cry and Rev-erbs (Figure
5a). PER and CRY complex in the cytoplasm and return to the nucleus to inhibit the
transcriptional activity of BMAL1:CLOCK/NPAS2. REV-ERB inhibits Bmall by
actively repressing gene transcription at the negative response element (Mohawk et al.,
2012). Therefore, accumulation of the PER:CRY complex and REV-ERB decreases the
levels of, BMAL, CLOCK and NPAS2 (Figure 5b). Reduced abundance and activity of
the positive arm will decrease transcription of the negative arm components thereby
releasing expression of the positive arm to begin the loop again. Furthermore, PER out of
complex with CRY will inhibit REV-ERB repression of Bmall (Schmutz et al., 2010).
This series of interlocking regulatory loops creates the stable and precise oscillatory
pattern of core clock gene expression.

The downstream impacts of core clock genes on CCGs allow the SCN to set the
rhythm for the majority physiological, metabolic and behavioral processes (Mohawk et
al., 2012). Indeed, almost half of the mammalian genome exhibits circadian rhythmicity
in its pattern of expression (Yan et al., 2008). The core clock genes, however, are

ubiquitous and oscillate within the TTFL throughout the body with the exception of
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embryonic stem cells (Dibner et al., 2010; Dierickx et al., 2017, 2018). Furthermore, the
set of CCGs expressed in each tissue are highly specific and tailored to the function of the

tissue in question.

2.4.2 The Molecular Mechanisms of Circadian Rhythmicity
2.4.2.1 Brain and Muscle Aryl Hydrocarbon-like Protein 1
BMALI is a basic helix-loop-helix (bHLH)-PAS transcription factor that forms a
complex with CLOCK and NPAS?2 to form the positive arm of the circadian TTFL
(DeBruyne et al., 2007; Lowrey and Takahashi, 2004). BMAL1 and CLOCK/NPAS2
heterodimerize in the cytoplasm and then translocate to the nucleus to activate
transcription at E-box enhancer sequences. Specifically, the BMAL1:CLOCK/NPAS2
complex binds to the M34 cis element that contains a core E-box element and the
BMALI1:CLOCK/NPAS2 consensus sequence 5’-G/TGA/GACACGTGACCC-3’ (Haque
et al., 2019; Hogenesch et al., 1998). BMAL1:CLOCK/NPAS?2 activates transcription of
its own repressors, Per, Cry and Rev-erba, as well as a host of CCGs (Haque et al., 2019;
Lowrey and Takahashi, 2004). Transcript and protein levels of BMALI1 exhibit
acrophases in the middle of the dark phase with peaks in BMAL1:CLOCK/NPAS2 DNA
binding events occurring during the light phase (Maywood et al., 2003; Menet et al.,
2014; Tamaru et al., 2000).

Whole-body knockout experiments found Bmall to be the only non-redundant
core clock gene. Indeed, animals with single gene knockouts for every other core clock
gene were able to generate circadian rhythms (Liu et al., 2007; Lowrey and Takahashi,

2004). A whole-body Bmall knockout (Bmall-KO), on the other hand, completely
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eliminates central and peripheral rhythmicity and results in a myriad of other health
issues (e.g. low body weight, reduced lifespan and low activity) (Bunger et al., 2000;
Kondratov et al., 2006; Sun et al., 2006). Recent work using a Bmall-KO with liver-only
Bmall reconstitution (Liver-RE) found that the rhythmicity of the hepatic core clock and
carbohydrate metabolism genes were restored in Liver-RE mice. Body weight, lifespan,
and hepatic lipid metabolism, however, were not rescued by the liver-specific Bmall
reconstitution, indicating the importance of Bmall in the full circadian system

(Koronowski et al., 2019).

2.4.2.2 Circadian Locomotor Output Cycles Kaput

The mRNA and protein levels of CLOCK are constitutively expressed in most tissues and
considered to be dispensable for circadian rhythmicity (DeBruyne et al., 2006; Maywood
et al., 2003). CLOCK-deficient mice maintain robust rhythms in locomotion and CLOCK
may be functionally replaced by NPAS?2 in the positive arm heterodimer to maintain the
circadian transcriptional program (DeBruyne et al., 2007; Mohawk et al., 2012). Without
CLOCK, animals do exhibit a shortened circadian period and slight alterations in
rhythmic patterns, but overall retain circadian rhythmicity (DeBruyne et al., 2006, 2007).
The main role of CLOCK within the core clock, therefore, is modulatory. CLOCK-
deficient mice exhibit rhythmic, but significantly dampened expression of core clock

genes and CCGs (DeBruyne et al., 20006).

2.4.2.3 Neuronal Per-Arnt-Sim Domain Protein 2
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NPAS proteins were first identified by two separate labs in 1997. In January of that year,
NPASI and 2 were described as bHLH-PAS transcription factors selectively expressed in
the brain (Zhou et al., 1997). Then in March, they were found to interact with aryl-
hydrocarbon receptor nuclear translocator (ARNT; the protein from which BMALI1 gets
its name) (Hogenesch et al., 1997). Joseph Takahashi’s lab then detected a striking
similarity between the CLOCK gene sequence and the NPAS?2 gene sequence, and in
2001, NPAS2 was found to participate in the forebrain circadian clock (King et al., 1997;
Reick et al., 2001). Finally, in 2007, NPAS2 was characterized as a functional substitute
for CLOCK in the SCN (DeBruyne et al., 2007).

Continuing with its similarity to CLOCK, NPAS2 is also dispensable for
circadian rhythmicity. Since NPAS2 is only expressed in a subset of tissues, whole-body
knockouts produce a mild phenotype. Npas2~-and wild type animals developed similar
free-running behavioral patterns under dark:dark conditions. The amplitude of Bmall
expression was dampened in the SCN of Npas2”- mice, but rhythmic expression of Rev-

erb and Perl and 2 were maintained (DeBruyne et al., 2007).

2.4.2.4 Period

Period was the gene of interest for Young, Rosbash, and Hall in their initial Drosophila
studies. Not only did they observe that a loss of Per gene expression and protein function
resulted in arrhythmic behaviors, but they identified other core clock genes through their
interactions with Per (e.g. timeless and double-time) (Liu et al., 1992; Price et al., 1998;

Vosshall et al., 1994; Zehring et al., 1984). The PER protein is a part of the negative arm
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of the circadian TTFL and works in conjunction with CRY to inhibit the actions of
BMALI1:CLOCK/NPAS2.

Per is now known to exist in three mammalian paralogs: Per/ (the first identified
mouse ortholog), Per2 and Per3 (Kim et al., 2019). PER1 and PER?2 differ by a single
amino acid and exhibit oscillatory expression patterns in the SCN. Per/ and Per?2
transcription is also acutely activated by a light flash. However, Per! transcription is
activated by light throughout the subjective night, while Per2 expression may only be
induced during the beginning of the subjective night (Albrecht et al., 2001; Zylka et al.,
1998). The biological significance of this distinction was probed by Albrecht ef al. in
2001 by exposing Perl and Per2 mutant mice to flashes of light during the subjective
night. Perl mutant and wild type animals exhibited behavioral phase delays when
exposed to an early night light pulse, but this response was lost in the Per2 mutant
animals. Furthermore, a late night light pulse elicited significantly phase advanced
behaviors in Per2 mutant mice. The Per/ and wild type animals did not respond to a late
night photic stimulus (Albrecht et al., 2001). Per2 works to regulate the degree of phase
advancement elicited by Per/ in response to an aberrant pulse of light during the late
night. Per?2 is also integral for setting phase delays in response to extended light cues.
Therefore, Perl and Per2 work in conjunction to modulate light-induced phase resetting.

PER3 shares gene sequence and protein structural similarities to PER1 and PER2,
and Per3 expression closely resembles the circadian pattern of Per/ and Per?2 in the
SCN. However, Per3 transcription is not light inducible during the subjective night

(Zylka et al., 1998).
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The PER2 paralog is set apart from its family members by its distinct ability to
interact with nuclear receptors. Of particular importance to this discussion, is the ability
of PER2 to bind to REV-ERBa and modulate the repression of Bmall. Per2 appears to
regulate the phase in which REV-ERBa represses Bmall transcription. In a 2010 study
by Schmutz et al., Per2 mutant animals exhibited phase advanced repression of Bmall
that retained normal amplitude when compared to wild type. The Rev-erba-/- mice,
however, had significantly de-repressed Bmall expression (repression was not
completely abolished; most likely owing to the repressor activity of REV-ERB[f}, which
will be discussed in a subsequent section). Further confirming the PER2’s role in
regulating REV-ERBa repression, Bmall repression and rhythm of expression were

completely lost in Rev-erba-/-/Per2 mutants (Schmutz et al., 2010).

2.4.2.5 Cryptochrome

The initial function of Cryptochromes was elusive and inspired the crypto- prefix to their
name. However, they were identified as blue light photoreceptors that regulated seedling
growth and circadian rhythmicity in plants (Devlin and Kay, 1999). The role of CRYSs in
plant rhythmicity spurred an investigation in to whether they were present in Drosophila
and mammals. Indeed, CRY1 and CRY2 homologues were identified in flies and mice in
the late 1990s (Emery et al., 1998; Miyamoto and Sancar, 1998; Stanewsky et al., 1998).
Crys were found to have a similar oscillatory expression profile to Per with acrophase
occurring at the transition from day to night (Lee et al., 2001). Then CRY's were
identified as essential partners for PER-mediated inhibition of BMAL1:CLOCK/NPAS2.

The PER:CRY complex maintains PER stability and allows for more efficient nuclear
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translocation, but CRY1 and CRY2 may be functionally interchanged (Lee et al., 2001).
In the absence of both CRY1 and CRY2, however, circadian rhythms are lost due to
decreased PER-mediated BMAL:CLOCK/NPAS?2 inhibition (Horst et al., 1999; Kume et
al., 1999).

CRYs have recently been found to interact with nuclear receptors (NR) to repress
transcription. Work from the labs of Katja Lamia and Ronald Evans found that CRYs
impose circadian rhythmicity on the activity NRs (Kriebs et al., 2017). In a study
examining glucocorticoid receptor (GR) activity, Lamia et al. found that CRY's interact
with the GR in an inhibitory fashion as CRY deficiency resulted in glucose intolerance
and constitutively high levels of corticosterone (Lamia et al., 2011). CRY1 and 2 also
interact with peroxisome proliferator-activated receptor delta to modulate lipid

metabolism and exercise capacity (Jordan et al., 2017).

2.4.2.6 REV-ERBs

REV-ERBa (NRID1) and the highly related REV-ERBJ (NR1D2) were discovered in
1989 and 1994, respectively (Lazar et al., 1989; Miyajima et al., 1989; Yin et al., 2010).
REV-ERBa was then identified as a potent transcriptional repressor. REV-

ERBa monomers bind to the canonical nuclear receptor “AGGTCA” half-site to repress
genes throughout the genome (Harding and Lazar, 1995). For circadian control, REV-
ERBa binds within elements for the constitutively active orphan receptor, retinoid acid-

related orphan receptor (ROR; ROREsS), to repress Bmall, Clock, and Npas2 expression

(Giguere et al., 1995; Preitner et al., 2002; Yin et al., 2010; Zhang et al., 2015). Although

monomeric REV-ERBa cannot actively repress transcription, it can prevent transcription
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at specific binding elements by preventing activator binding (Harding and Lazar, 1995).
Active transcriptional repression is achieved by two REV-ERBa monomers binding to
their response elements (Zamir et al., 1997). This initiates recruitment of histone
deacetylase and nuclear receptor corepressor (NcoR) to the transcription site (Guenther et
al., 2000; Ishizuka and Lazar, 2003, 2005; Yin and Lazar, 2005; Zamir et al., 1996;
Zhang et al., 2002). Furthermore, REV-ERBa and 3 have nearly identical cistromes and
can bind noncompetitively to collaborate and form a functional repressor unit (Bugge et
al., 2012).

REV-ERBa and f are able to compensate for each other in circadian clock
regulation, but REV-ERBa appears to be the more dominant isoform in metabolic
regulation. REV-ERBa and 3 peak in mRNA expression during the late light phase with
the strongest DNA binding occurring at the end of the light phase (Bugge et al., 2012). A
loss of only REV-ERBa or REV-ERBJ results in mild de-repression of Bmall (Bugge et
al., 2012). A knockdown of REV-ERBf in REV-ERBo—null mice, however,
dramatically de-represses Bmall and Npas2 (Bugge et al., 2012). There is no metabolic
phenotype observed in Rev-erbb knockout animals, but a Rev-erba knockout results in
mild hepatosteatosis (Bugge et al., 2012). Deficiency of both isoforms causes a severe
disruption in liver lipid metabolism, extreme hepatosteatosis and significant dampening
of metabolic rhythms (Bugge et al., 2012; Chaix et al., 2019). Furthermore, REV-

ERBa has been shown to repress a number of genes involved in metabolic homeostasis.
A lack of REV-ERBua results in unregulated gluconeogenesis via the de-repression of
glucose 6-phosphatase (Yin et al., 2007). REV-ERBa is also known to repress

apolipoprotein C-III (apoC-III) and animals lacking REV-ERBa exhibit elevated serum
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levels of apoC-I1I, triglycerides and VLDLs (Raspé et al., 2002). The impacts of REV-
ERB on both Bmall and metabolic homeostasis, it is considered to be a key regulator at

the intersection of circadian rhythmicity and metabolism.

2.4.3 The Suprachiasmatic Nucleus

The SCN is a bilateral structure located just above the optic chiasm on the anteroventral
aspect of the hypothalamus (Welsh et al., 2010). The SCN is arranged by neurochemical
content into two regions: the dorsal shell and the ventral core. The shell is mostly
comprised of arginine vasopressin (AVP) containing cells while the core is made mostly
of neurons that contain vasoactive intestinal polypeptide (VIP) (Welsh et al., 2010).
AVPergic and VIPergic neurons, however, make up the minority of cells in the SCN as
the major neurotransmitter is the inhibitory gamma aminobutyric acid (GABA) (Moore
and Speh, 1993; Strecker et al., 1997).

Both sides of the SCN contain approximately 10,000 neurons, each of which is
cell-autonomous. This means that their circadian TTFL oscillates independent of
rhythmic input from other cells. In the core, autonomous rhythms are entrained to photic
signals originating from retinal ganglion cells (RGC). RGC axons project along the
retinohypothalamic tract (RHT) and synapse within the SCN (Figure 6). A subset of
axons synapse on VIP neurons within the SCN core (Yan et al., 2007). The rhythm of
cells within the core are synchronized with one another by the light-induced activity of
VIPergic neurons (Figure 6) (Aton et al., 2005; Jones et al., 2018; Maywood et al., 2006).
Core neurons also synchronize and maintain the rhythm of the shell through the rhythmic

release of VIP (Figure 6) (Yamaguchi et al., 2003).
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2.4.3.1 Mechanisms of SCN Entrainment

RGC axons project along the RHT to release glutamate and pituitary adenylate cyclase-
activating polypeptide (PACAP) at synapses with SCN neurons (Figure 6). NMDA
receptor-mediated glutamate signaling depolarizes the cell membrane resulting in
calcium influx and activation of several kinase pathways. Glutamate-induced
phosphorylation of cyclic adenosine monophosphate (cAMP) response element binding
protein (CREB) initiates transcription of the core clock genes Per/ and Per2.
Responsiveness of the SCN to both glutamate is highly dependent on the time of day.
Experiments performed on animals maintained under dark:dark conditions found that
glutamate release, NMDA receptor-mediated CREB phosphorylation, and Per
transcription occur within minutes of a light flash, but only during the subjective night
(Akiyama et al., 1999; Colwell, 2001; Gau et al., 2002; Ginty et al., 1993; Pennartz et al.,
2001; Shigeyoshi et al., 1997; Tischkau et al., 2003).

There are two theories to explain the time-of-day differences in SCN glutamate
response. PACARP is released with glutamate at the RHT synapses in the SCN and works
primarily though the G-protein-coupled receptor, PACAP type 1 receptor (PACI)
(Michel et al., 2006). During the subjective night, PACAP activity enhances the effect of
glutamate on by inducing phase delays in neuronal firing and behavior. During the day,
however, PACAP was found to inhibit phase advances (Chen et al., 1999). This
seemingly contradictory role of PACAP may be governed by the presentation of
particular PACI splice variants on the neuron membrane. PAC1-null for example is

primarily coupled with Gas, while PAC1-hip-hop couples with Go,q and PAC1-hop1 will
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couple with both Gas and Goq (Blechman and Levkowitz, 2013). It is tempting to
postulate that the core clock TTFL has a hand in PAC1 splice variation, but this has yet to
be determined.

The second theory involves time-of-day-dependent NMDA receptor subunit
variability. NMDA receptors are known to be less responsive to RHT signaling during
the day and more responsive at night. Furthermore, NMDA receptors exhibited a tonic
level of activity only during the night, suggesting a potential priming mechanism to
increase light sensitivity at night (Pennartz et al., 2001). Studies utilizing NR2A and
NR2C deficient mice found that the A and C receptor subtypes played a minimal role in
the SCN (Moriya et al., 2000). NR2B, however, seems to have a significant impact on
SCN glutamate sensitivity. In a joint mouse and hamster study by Wang et al. in 2008,
Grin2b (NR2B) mRNA expression was found to peak during the late light to early dark
phase, while the NR2A 70hosphor-protein peaked during the dark phase. Blocking the
activity of NR2B not only attenuated the light-induced delay in dark phase activity, but it
reduced the magnitude of NMDA-mediated hyperpolarization in SCN neurons (Wang et
al., 2008). Despite the above studies outlining an association between certain NMDA
receptor subunits and light sensitivity, whether NMDA receptor subunit composition
shifts in a circadian manner has yet to be examined. Due to the astonishing variability of
NMDA receptor subunit composition within a single membrane, a clear, time-of-day shift

may not even exist.

2.4.3.2 Melatonin
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No discussion of circadian rhythms would be complete without the mention of melatonin.
Melatonin is primarily produced from the pineal gland. Cells within the pineal gland are
not cell-autonomous and the rhythmic production of melatonin is dictated by the SCN
(Arendt, 2019). The concentration of melatonin in the cerebrospinal fluid (CSF) and
plasma increases significantly with the induction of darkness and remains elevated until a
sharp reduction to negligible levels during the light phase (Tan et al., 2016). This is
brought on by the decrease of excitatory input from the RHT to the SCN in fading light
and the subsequent release of melatonin production (Tan et al., 2018). Melatonin,
therefore, acts as a feedback signal upon the SCN to ensure proper photoperiod or
daylight length. Without melatonin signaling, mammals exhibit a free-running rhythm in
which the onset of endogenous rhythms progressively shift out of phase (Tan et al.,
2018).

Melatonin is often wrongly thought of as a sleep-inducing hormone primarily due
to the fact that individuals sleep better when in phase with melatonin production (and the
circadian system as a whole). In a small, but elegant and impressive study on
pinealectomized humans, sleep efficiency and onset were not impaired in individuals
missing a pineal gland (Slawik et al., 2016). Thus, melatonin is better thought of as a
darkness hormone that feeds back on the SCN at the end of a photoperiod to “set” the

biological clock.

2.4.4 Rhythmicity Beyond the SCN

As previously outlined, the SCN is regarded as the master circadian clock. Why it

initially earned that distinction was due to the observations that; 1. SCN ablation resulted
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in loss of behavioral rhythmicity; and 2. SCN transplant caused the recipient to adopt the
circadian patters of the donor (Ralph et al., 1990; Sujino et al., 2003). Circadian clocks
are now understood to function in a hierarchy, with the SCN at the top of light-entrained
rhythms. However, specific tissues possess cell autonomy in other physiological
processes. When considering the circadian system and its function in processes other
rhythmicity, a defined hierarchy of circadian control becomes difficult to establish. In the

next few sections, peripheral clocks and their distinct rhythmicity will be discussed.

2.4.4.1 The Circadian Rhythms of Metabolism

The rhythms of carbohydrate, lipid, and protein metabolism have been outlined at the
macronutrient level in humans and mice. During the active phase (light cycle for humans,
dark cycle for rodents), blood glucose rises to elicit an increase in glucose absorption and
glycogen synthesis in the skeletal muscle and liver. Lipids are also absorbed more readily
and lipoprotein lipase activity increases. Protein absorption and skeletal muscular and
hepatic protein synthesis also increase during the active phase. During the inactive phase
(dark cycle for humans; light cycle for rodents), more catabolic processes take place.
Glycogenolysis is upregulated in the skeletal muscle and liver and lipolysis is increased
in the adipose tissue. The activity of glutamine synthase and autophagy pathways are
upregulated in the skeletal muscle, cardiac muscle, and liver during inactivity. Further
breakdown of macronutrient metabolism during the active phase reveals that
carbohydrates are preferred and more easily metabolized during the early active phase,

where lipids and proteins are preferred and metabolized during the late active phase.
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The rhythms of metabolism at the macronutrient level track closely with the
fed/fasting cycle. Indeed, upon a continuous 24-hour fast, approximately 80% of
oscillating transcripts lose their rhythmicity in the mouse liver. Interestingly, this is due
to a dampening in oscillation amplitude with the peak level decreasing. Thus, peripheral
tissues, in particular the liver, may depose the SCN in the rhythm hierarchy when the
fed/fasting cycle is disrupted. Indeed, several components of the core clock TTFL are
found at the intersection of rhythmicity and metabolism and the effects of core clock
proteins on metabolism are presumed to dictate where in the rhythm hierarchy a
peripheral tissue will fall in relation to the SCN. The discussion below will highlight

several key proteins that couple the circadian clock to metabolism.

2.4.4.1.1 The Core Clock and Cellular Redox State

The cellular redox state and nicotinamide adenine dinucleotide (NAD™) pathways are also
used as markers for cellular metabolism and have been heavily researched in the context
of circadian metabolism. For the purposes of this discussion, the NAD" salvage pathway
will be the area of focus. NAD* may be salvaged through the conversion of nicotinamide
(NAM) to nicotinamide mononucleotide (NMN) and NMN conversion to NAD*. The
NAM to NMN step is catalyzed via nicotinamide phosphoribosyltransferase (NAMPT).
The NAMPT gene contains the consensus binding side for BMAL1:CLOCK/NPAS2 and
chromatin immunoprecipitation results from two separate labs confirmed
BMALI1:CLOCK/NPAS2 binding to the NAMPT regulatory elements (Nakahata et al.,
2009; Ramsey et al., 2009). Ramsey et al. found that Bmal’~ mice exhibited a significant

reduction in Nampt expression, while animals with a Cry1/Cry2 double KO had elevated
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Nampt expression (Ramsey et al., 2009). Work from Nakahata et al. and Ramsey et al.
also found that NAD* will feedback on BMAL1:CLOCK/NPAS?2 to reduce its synthesis
via sirtuin deacetylases (SIRT). SIRT1, specifically, downregulates the transcriptional
activity of BMAL1:CLOCK/NPAS2 (Nakahata et al., 2009; Ramsey et al., 2009). NAD",
therefore, not only functions as an important metabolic output of the circadian clock, but

also as an additional negative regulator of the positive arm through SIRT1 activity.

2.4.4.1.2 Cryptochromes and Adenosine Monophosphate-Activated Protein Kinase
Rhythmic degradation of CRY1 is mediated by the AMP/ATP sensor adenosine
monophosphate-activated protein kinase (AMPK). In experiments using mouse
embryonic fibroblasts (MEF), Lamia ef al. identified two serine sites on CRY1 that, upon
AMPK phosphorylation, were necessary and sufficient for interaction with ubiquitin
ligases and proteasomal degradation. Furthermore, they found that the amplitude of
circadian clock gene expression in MEFs was modulated by glucose concentration and
that this response was lost in cells lacking AMPK. Finally, they observed an
accumulation of AMPK and AMPK phosphorylation targets in the mouse liver that
oscillated in a circadian manner (Lamia et al., 2009). These findings marked AMPK and

CRY1 as key proteins in the link between nutrient availability and the circadian clock.

2.4.4.1.3 REV-ERBs and Heme
For many years after their discovery, REV-ERBo/3 were considered to be orphan nuclear

receptors. In 2007, however, two labs independently identified heme as the endogenous

ligand for REV-ERBs (Raghuram et al., 2007; Yin et al., 2007). Heme is an iron-
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containing porphyrin that participates as a prosthetic group in a series of oxidative
metabolic processes. Heme binding to REV-ERB stabilizes the REV-ERB/NCoR
repressor complex to increase REV-ERB-mediated repression. As previously mentioned,
REV-ERBs repress Npas2 expression. They also repress the expression of peroxisome
proliferator-activated receptor gamma coactivator 1-alpha (Pgcla). The rate-limiting
enzyme for heme synthesis is 5-aminolevulinic acid synthase 1 (ALAS1), the
transcription of which can be activated by either NPAS2 or PGC-1a (Yin et al., 2010).
Therefore, REV-ERBs function in a metabolic feedback loop to control the production of
heme. High levels of heme increase REV-ERB-mediated repression to decrease Alas1
transcription and subsequently decrease heme production. Low levels of heme will

destabilize the REV-ERB/NCoR repressor complex to release the production of heme.

2.4.4.2 The Circadian Rhythms of Memory
Memory has been observed as a time-of-day dependent behavior in species from
Drosophila to humans. One of the earliest studies to describe a time-of-day dependent
behavior was in bees offered sugar water. In 1927, a German scientist by the name of
Ingeborg Beling observed bees not only anticipating the reward, but returning to the
feeder at the same time of day even when sugar was removed from the water (Beling,
1929). Since then, species ranging from other insects to mammals have displayed time-
of-day dependent behaviors that suggest the existence of time-stamped memories.
However, since the molecular circadian clock was not entirely understood until

the 1990s, how it functions in processes such as memory has yet to be fully established.
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This section will review the studies that have pioneered the area of circadian

neuroscience with a particular focus on hippocampus-dependent memory.

2.4.4.2.1 Time-of-Day-Dependent Hippocampal Memory

Studies utilizing hippocampus-dependent memory tasks have observed performance to
differ depending on time-of-day in a wide variety of model organisms. Passive tasks,
such as an open field task or maze tasks, are better acquired and performed during the
active phase (Hauber and Bareil3, 2001; de Oliveira et al., 2014). Fear tasks, however, are
better acquired during the inactive phase. In a study testing fear-conditioning in mice at
different times of day, Chaudhury and Colwell speculate that improved inactive phase
acquisition was due to the fact that day time is a “fearful time” for nocturnal animals
(Chaudhury and Colwell, 2002). Furthermore, in tasks that require training, animals
perform better in the probe trial when it is run at increments of 24-hours after the last
training (Chaudhury et al., 2008; Eckel-Mahan et al., 2008; Holloway and Wansley,
1973).

A proposed reason for this 24-hour recall is “time-stamping” of events within
hippocampal memory (Mulder et al., 2013). This notion is corroborated by the presence
of time cells within the hippocampus and it is postulated that these cells place time as a
contextual facet of a memory (Eichenbaum, 2014; Ekstrom and Ranganath, 2018;
MacDonald et al., 2011, 2013; Sakon et al., 2014; Salz et al., 2016). These time-cells,
however, do not represent the only way memory behaviors are circadian. The cellular
machinery of memory has been found to oscillate in expression level throughout the day.

The MAPK cascade is one of the many pathways involved in hippocampal long-term
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memory formation and one of the best studied in the context of circadian rhythmicity.
Work by Kristin Eckel-Mahan et al. found that MAPK and cAMP oscillate within the
hippocampus in a circadian manner. In mice, both MAPK isoforms (Erk1 and Erk2) as
well as the upstream MAPK kinase (MEK) exhibited an acrophase in phosphorylation
during the light phase and nadir during the dark. Interfering with MAPK activity either
by maintaining animals in light:light conditions or by pharmacological inhibition of
MEK, impaired long-term memory in their animals. Interestingly, total protein levels of
Erk1/2 and MEK did not oscillate over time, indicating that the circadian control of this
pathway is dictated by phosphorylation events. Furthermore, cAMP levels within the
hippocampus also peaked during the light phase and the light phase peak of both cAMP
and MAPK were due to calcium-stimulated adenylyl cyclase activity. The findings from
this study are interesting in that they suggest the molecular machinery of memory is
upregulated during the inactive phase rather than the active phase. Indeed, in this
particular work, Eckel-Mahan ef al. utilized a fear conditioning task and found that
animals performed better during the light phase when the MAPK pathway was active.
However, taking these results along with those from Chaudhury and Colwell in 2002,
suggest that fear conditioning is a stressful task better acquired during the inactive period.
Furthermore, these results highlight an important aspect of memory that will be further
discussed in a subsequent section: reconsolidation during sleep.

Work by Phan et al. suggests that oscillations in the hippocampal MAPK cascade
are non-cell-autonomous as SCN lesioning ablates rhythmicity within the pathway (Phan
et al., 2011). However, hippocampal LTP has been shown to be a truly circadian, cell-

autonomous phenomenon (Cauller et al., 1985; Chaudhury et al., 2005). In a 2005 study
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by Chaudhury et al., animals kept in dark:dark conditions exhibited improved LTP
maintenance when slices were collected during the subjective night as opposed to
collection during the subjective day. They also found that under 12:12 light:dark
conditions, slices taken during the day, but incubated until recording during the night,
maintained LTP just as well as slices taken and recorded during the night (Chaudhury et
al., 2005). Therefore, the hippocampus is cell-autonomous and possesses a mechanism
through which memories may be formed without input from the SCN. MAPK may act as
a non-cell-autonomous pathway and more research needs to be done to identify the cell-

autonomous pathways behind hippocampal memory.

2.4.4.2.2 Sleep and Hippocampal Memory

Memory consolidation is the process through which newly collected experiences are
established into an enduring memory. Human and rodent studies alike have indicated that
reactivation or replaying memories during sleep is essential for consolidation (Buzsaki,
1998; Oudiette and Paller, 2013). Memories, however, are complex and continually being
formed in the conscious animal with a multitude of associated information. A large
amount of these associations are repetitive and share overlapping features with one
another (Bekinschtein et al., 2014). Therefore, memory consolidation must not only
function to strengthen a memory for storage, but it must also streamline the associated
details to include the most relevant information. What remains to be determined is
exactly how certain memories are selected and intensified while others are weakened.

Without this unknown mechanism of selective intensification, long-term memory
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representations would be convoluted with extraneous and possibly conflicting
associations.

A human study by Oyarzin et al. in 2017 developed an overlapping memory
paradigm to determine the impact of sleep on delayed memory reactivation (Oyarzin et
al., 2017). Two sets of card pairs were shown to participants with the X1 card remaining
constant and the X2 or X3 card differing in location. The X1-X2 card pair was presented
without a sound cue, while the X1-X3 card pair was presented with a tone. A contiguous
group learned the X1-X2 pair immediately before learning the X1-X3 pair, while a
delayed group learned the X1-X3 pair after a three-hour delay. In the first experiment,
recall for X2 was tested immediately after X1-X3 training. Here, they confirmed their
initial hypothesis that making memories continuously increases the associative strength
of separate items (X2 or X3) with an overlapping item (X1). Indeed, the delay group had
a more difficult time recalling the location of X2 than the contiguous group. For the
second set of experiments, both groups slept for approximately 48 minutes after learning
X1-X3. While the participants were sleeping, electroencephalogram (EEG) data was
collected and the same sound cue presented during X1-X3 training was played to
facilitate memory reactivation. Upon waking, participants were asked to recall and
recognize the location of X2 based on X1. Reactivating memories during sleep improved
X2 association in the contiguous group, but decreased associative recall for X2 in the
delay group. Their results indicate that associations made closer in time to the reactivated
memory may be coded as “more important” to the main memory and are therefore

remembered better than associations made farther apart.
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A possible explanation for decreased recall in the delay group could be that
reactivation “deletes” the less associated memory. Just considering recall of the memory,
however, does not tell the whole story. Participants in the delay group were able to
recognize that they had seen X2 presented with X1, but they were not able to accurately
recall the location of X2 based on X1. Additionally, EEG data collected during nap-time
reactivation revealed that the sound cue elicited theta wave responses, which indicate
memory reactivation, in both the contiguous and delay groups. Theta wave presentation
along with intact X2 recognition in the delay group signifies that the memory was
sufficiently reactivated and persisted after waking. Interestingly, however, a beta
response was also observed upon reactivation in the delay group. In contrast to theta
wave, beta waves are associated with network scaling and indicate that while delayed
memories were reactivated, they were also weakened (Hanslmayr et al., 2012). Therefore,
memory reactivation during sleep may function as a way to call up collected memories
for further processing into which associative networks are strengthened and which ones
are weakened.

Key areas involved in this network level processing are the cerebral cortex,
thalamus, and hippocampus. Coordinated activity among these three areas has been
extensively researched as a mechanism of memory consolidation during sleep (Clemens
et al., 2007; Dudai et al., 2015; Siapas and Wilson, 1998). In a recent paper by
Latchoumane ef al., hippocampal ripples were found to nest within the trough of thalamic
spindles that were in-phase with cortical slow oscillations (SO). The establishment of this
“triple phase-lock™ allowed for memories to be transmitted across neural networks to

promote consolidation and long-term storage (Latchoumane et al., 2017). Whether the
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strengthening or weakening of associated memories addressed by Oyarzin et al. is
resolved before, after, or during the formation of the triple phase-lock in Latchoumane et
al. is unclear. Since the reactivation of delayed memories in this study functioned to
weaken the association (as determined by beta bands in the delay group), it can be
postulated that memories would be streamlined early in the consolidation process, prior
to being communicated to the cortex. Cortical SOs are also known to regulate
hippocampal ripples and memory reactivation (Ngo et al., 2013; Sirota et al., 2003;
Staresina et al., 2015). Furthermore, Oyarzin ef al. hypothesize that the appearance of
beta band activity is indicative of several brain regions being recruited to process the
importance of an associated memory. Therefore, memories could be pruned of their
unnecessary associations by regulatory regions during the initial rounds of cortical SO-
induced ripple reactivation and become increasingly salient up to the instance of triple
phase-lock.

Another lingering question is exactly how an associated memory is identified as
unnecessary. What aspect of the delay in Oyarzun et al. changed the X2 association for it
to be weakened? Introducing a delay between the reactivated memory and an associated
memory presents a new accessory factor: time. Neuronal time keeping is a complex topic
and time-memory specifically is the subject of many research efforts. Time cells in the
CAL region of the hippocampus encode the temporal structure of a memory through a
sequence of firing patters specific to each memory (Gill et al., 2011; Manns et al., 2007).
There is sufficient evidence to indicate when a delay is introduced to memories with
overlapping features, the time cell firing pattern reduced (Eichenbaum, 2014). Indeed,

MacDonald et al. found that when a training paradigm was elongated by a delay,
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hippocampal time cells did not simply encode a delay into their firing pattern. Instead,
they formed a new pattern that was distinct from the firing pattern associated with the
non-delayed memory (MacDonald et al., 2011). Additionally, a human study found that
the sequence of time cell firing that occurred during exposure to an event was
recapitulated when asked to recall the event (Gelbard-Sagiv et al., 2008). Thus, delayed
and contiguous memories have completely different associated time cell firing patterns
and it may be this aspect of the delayed memory that, upon reactivation, targets it for
weakening.

Oyarzun et al. also found that employing the same reactivation paradigm while
the participants were awake did not improve recall. This indicates that the success of
sound cue stimulated memory reactivation is state dependent. That is, it is not sound cue-
induced reactivation itself that initiates memory strengthening or weakening, it is the
brain state during which the sound cue occurs that determines modifications in
associative strength (Frank and Cantera, 2014). This is important, as the sleep state is
associated with an increase in mRNA and proteins involved in the synthesis of new and
maintenance of existing synapses (Seibt and Frank, 2012; Seibt et al., 2012; Vecsey et al.,
2012). Therefore, a circuit may be “primed” to handle reactivated memories when it is in
a particular molecular state. In the aforementioned Eckel-Mahan ef al. study from 2008,
the MAPK signaling cascade is upregulated in the hippocampus of mice during their
inactive period (Eckel-Mahan et al., 2008). This inactive phase activation may act as a
sort of molecular replay mechanism and suggests that a specific brain state is required for

replay and consolidation of a memory with its relevant associations.
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2.4.4.2.3 The Core Clock and Hippocampal Memory
Studies utilizing core clock knockouts and mutants have begun to identify specific ways
that the circadian clock affects memory. BMALI, for example, is important for cell
proliferation and pruning with in the dentate gyrus. Bouchard-Cannon et a/. found that
cell proliferation within the DG has an acrophase during the active phase and a nadir
during the inactive phase. They also found that PER2 restricted the entry of neural
progenitor/stem cells (NPSC) into the cell cycle, while BMAL1 was involved in the
determination of how many cell cycles NPSCs were able to go through before entering
quiescence. Furthermore, their Bmall”~ animals had impaired pattern separation memory
(Bouchard-Cannon et al., 2013). A separate study found that a Bmall knockout increases
the number of mature neurons within the DG due to a decrease in cell death (Rakai et al.,
2014). Although they did not test memory behaviors to identify the implications,
interpreting these results with those of Bouchard-Cannon ef al. indicates that BMALL1
controls healthy cell cycling, and without it, there may be a buildup of unnecessary cells.
Hippocampal CRY and REV-ERB may be essential for time-place learning and
food-anticipatory behaviors. Van der Zee et al. developed a circadian time-place learning
(cTPL) paradigm where one of three arms was food baited at either 9am, 12pm, or 3pm.
When not baited, the arms were rigged to provide a foot shock (Van der Zee et al., 2008).
This mimics the natural scenario in which animals must remember where is safe to search
for food at specific times of day. In their cTPL paradigm, they found that Cry//2 double
knockout (Cry DKO) animals were unable to employ a circadian strategy in solving the
maze and instead randomly searched the arms at all tested time points. This was not due

to general cognitive deficits in the Cry DKO animals as they performed comparable to
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wild type in both fear conditioning and spatial memory tasks (Van der Zee et al., 2008).
Therefore, CRY's appear to be essential for time-of-day dependent learning and circadian
memory. Finally, mice with a brain specific knockout of Rev-erba displayed de-
repression of hippocampal Bmall gene expression and a loss of food-anticipatory

behaviors (Delezie et al., 2016).

2.5 Circadian Disruptions

The modern world is active for all 24 hours of the day. Constant access to food and
entertainment and shift-work careers and trans-time zone flights push the limits of human
circadian physiology. The circadian system evolved to temporally separate cellular states
(e.g. the fed and the fasting state) in order to decrease the chance of futile cycling. When
endogenous circadian pacing is at odds with the light:dark cycle, myriad health issues,
collectively known as circadian-time sickness, can occur (van Ee et al., 2016).

Disrupted sleep is a major contributor to circadian-time sickness. Indeed, just one
night of sleep disturbance impairs glucose metabolism in humans (van den Berg et al.,
2016; Cedernaes et al., 2016; Nedeltcheva et al., 2009). Decreased sleep quality and
quantity also increase the risk of developing T2DM (Li et al., 2016; Tsuneki et al., 2016).
Melatonin production was observed to be low in a rat model of T2DM as well as human
patients and exogenous melatonin administration prevents weight gain, hyperglycemia,
hyperinsulinemia, and hyperlipidemia (Agil et al., 2012; Nduhirabandi et al., 2010;
Peschke et al., 2006; Rios-Lugo et al., 2010). Finally, sleep disturbances elevate orexin-
mediated sympathetic nervous system activity, which causes elevated gluconeogenesis

and can lead to glucose intolerance and insulin resistance (Li et al., 2013).
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Circadian disruptions without significant alterations in sleep quantity or quality
can still have a negative impact on mood, cognition, and general health (LeGates et al.,
2014; Logan and McClung, 2019). Mice exposed to aberrant light:dark cycles exhibited
elevated anxiety- and depression-like behaviors (LeGates et al., 2012). Furthermore,
night shift-workers exhibited decreased performance and clear-headedness no matter if
they were assessed on the first night shift or subsequent night shifts (McHill and Wright,
2019). Finally, a 2015 study found that sustained exposure to variability in light-dark
cycles and constant alteration in behaviors to accommodate said variability (e.g.
consistently traveling to and working in different time zones), but without changing sleep

duration or sleep onset latency, predicted mortality in older people (Zuurbier et al., 2015).

2.5.1 Alzheimer’s Disease

Building off of the discussion on circadian disruptions and decreased cognitive health,
circadian disruption is classified as both a cause and a symptom of memory impairments
(Alhola and Polo-Kantola, 2007; Foster and Wulff, 2005; LeGates et al., 2014).
Dementias, including AD, are projected to become one of the most prevalent and costly
diseases of the modern world. AD is characterized by severe amnesia and forgetfulness
caused by cellular changes largely in the hippocampus. Research on shift workers has
shown that chronic circadian disruptions can cause impairments in attention and
cognitive function (Alhola and Polo-Kantola, 2007; Foster and Wulff, 2005; LeGates et
al., 2014). In mice, constant circadian misalignment results in a phase advance in
hippocampal Per2 expression, decreased object memory, and impaired LTP maintenance

(Loh et al., 2015). On the other hand, changes in the daily patterns of activity and
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feeding as well as a decrease in the amplitude of core clock gene expression are known to
appear early in AD progression, indicating that rhythm disruptions manifest as a result of

AD development (Musiek et al., 2015).

2.5.2 Circadian Disruption by Diet

The majority of animals alternate between periods of feeding and periods of fasting. One
of the major evolutionary theories for circadian rhythmicity is to establish temporal
separation of feeding and fasting (Panda, 2016). This theory is supported by the
breakdown of rhythmicity and decline in overall health that results when fed/fasting
rhythms are not maintained.

In chow-fed mice, TRF to the inactive phase resulted in elevated triglycerides,
altered glucose metabolism, and weight gain when compared to active fed mice. This
phenotype was exacerbated when an inactive phase shift-work paradigm was added to
inactive phase TRF. Active phase TRF, however, was able to correct inactive phase shift-
work. Inactive workers on active TRF had corrected rhythms in activity, blood glucose,
and triglycerides and had significantly reduced body weight an body fat (Salgado-
Delgado et al., 2010). A 2016 study by Yasumoto ef al. found that inactive TRF also
increased plasma corticosterone, insulin and leptin. Core clock genes were also phase
delayed or shifted in liver, white adipose tissue (WAT) and skeletal muscle in inactive
fed mice (Yasumoto et al., 2016). Uncoupling feeding from the internal clock, therefore,

1s detrimental to overall health.

2.5.2.1 Circadian Disruption by the Western Diet
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The above studies utilized a standard rodent chow diet and observed circadian disruptions
induced by inactive phase feeding. Studies utilizing the rodent equivalent of a WD show
that dietary content can exacerbate diet-induced circadian disruption. Among the seminal
studies exploring this connection was a 2007 paper from Joseph Bass’s lab. In it,
Kohsaka et al. found that wild type mice fed an ad lib 60% fat/kcal diet exhibited
disrupted rhythms in feeding and locomotion. Upon switch to the experimental diet, the
animals spread their activity and food consumption out over the day and night cycle.
Animals maintained on the ad /ib normal chow diet self-restricted their feeding and
activity to the night phase. Furthermore, they found that the rhythmicity of Clock, Bmall
and Per2 gene expression was significantly dampened in the liver and epididymal WAT
(eWAT) of high-fat fed mice (Kohsaka et al., 2007). In 2005, work by Joseph Bass and
Joseph Takahashi also highlighted the synergistic effects core clock disruptions and high-
fat feeding can have on metabolism health. Clock mutant mice were more sensitive to
weight gain on a 60% fat/kcal diet than wild type mice maintained on the same diet
(Turek et al., 2005).

Along with her work in the circadian rhythmicity of memory, Kristin Eckel-
Mabhan also published a study diving deeper into the mechanism through which the WD
induces circadian disruptions. Her work with Paolo Sassone-Corsi and others found that a
60% fat/kcal inhibited BMAL1:CLOCK chromatin recruitment thereby decreasing a
number of oscillatory CCGs. Unexpectedly, they also observed a number of genes gain
oscillatory rhythm. They found that this was due to a diet-induced upregulation in

peroxisome proliferator activating receptor gamma (PPARY) chromatin recruitment and
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transcription events, thereby reprogramming the circadian clock (Eckel-Mahan et al.,

2013).

2.5.3 Food-Entrainable Oscillators

Interestingly, Kohsaka et al. found hypothalamic Clock, Bmall and Per2 were resistant to
diet-induced changes and maintained similar rhythmicity in chow- and WD-fed groups
(Kohsaka et al., 2007). Other studies have observed a similar resistance to dietary
intervention in the hypothalamic clock. TRF to the inactive cycle phase shifts Peri/2
expression from low in the day and high at night to high in the day and low at night. This
occurs in a variety of brain regions, but not in the SCN (Wakamatsu et al., 2001). Food-
anticipatory behaviors also remain intact in SCN-lesioned animals (Hara et al., 2001).
These findings indicate that the SCN is resistant to nutritional challenge. Therefore, one
or more FEO must exist outside of the master clock. Thus far, the liver represents the
most viable location for a FEO as even under dark:dark conditions, 15% of hepatic
transcripts retain circadian oscillation. When food is removed as a zeitgeber, however,

only a small subset of transcripts retained rhythmic expression (Vollmers et al., 2009).

2.5.4 Time-Restricted Feeding

Since the presence of FEOs were suggested by the above studies, multitudes of research
efforts have been launched to locate and better understand them. TRF studies have been
the most popular way to examine cell-autonomous FEOs. Moreover, TRF has been

thoroughly examined as an alternative to traditional, restrictive dieting for improving
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metabolic health. In the following sections, rodent and human studies utilizing TRF will

be discussed.

2.5.4.1 Rodent Studies of Time-Restricted Feeding

Hatori et al. published one of the first large-scale physiologic and metabolomic TRF
studies. Mice were given either standard rodent chow or a 60% fat/kcal diet and were
allowed only eight hours of food access during the active period. The restricted animals
consumed an equivalent amount of calories as their ad /ib counterparts, but restricted
high-fat fed animals were protected against of the metabolic impacts of the diet. TRF
preserved the rhythmic transcription of Per2, Bmall, Rev-erba, and Cryl in the liver of
high-fat fed mice while protecting against diet-induced impairments in glucose and lipid
homeostasis (Hatori et al., 2012).

A subsequent study from the same lab examined several different feeding
paradigms and TRF schedules varying from 8 to 12 hours of restriction. They found that
a TRF schedule less than 12 hours was the most effective at protecting against weight
gain and metabolic disruption. An 8-9 hour TRF schedule was effective for both high fat
and high fructose fed mice in protecting against weight gain, inflammation,
hyperglycemia, and hyperinsulinemia. Furthermore, TRF improved the high-fat and high-
fructose fed metabolic profile with clear circadian separation of transcripts and
metabolites involved in fed and fasting states. The legacy effect of TRF was only
observed to last two days as the metabolic “imprint” was lost and animals adopted the ad
lib gene signature and subsequently lost the protective benefits of TRF (Chaix et al.,

2014).
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Other labs have corroborated these findings either using a similar 60% fat/kcal
diet or utilizing a 45% fat/kcal diet. A 2010 study compared a 12-hour TRF to an 8-hour
TRF and found that giving a high fat diet for 12 hours during active or inactive phase did
not significantly improve metabolic parameters compared to ad /ib. Similar to the above
mentioned papers, animals on the 8-hour TRF during the dark phase were metabolically
healthier. In contrast to the findings from Hatori ef al. and Chaix ef al., the 8-hour TRF
group did not have decreased body weight and body fat. To examine this further, they
restricted the high-fat diet to the early or late active period. When the diet was restricted
to the late active period, animals gained more weight and were more metabolically
unhealthy than the early active-fed animals (Bray et al., 2010). Finally, on a 45% fat/kcal
diet, both a 12- and 8- hour active phase TRF decreased weight gain and body fat
compared to the ad lib group. TRF animals also had improved metabolic rhythms,
decreased serum insulin and leptin as well as increased ghrelin and adiponectin.

(Sundaram and Yan, 2016).

2.5.4.2 Human Studies of Time-Restricted Feeding

TRF studies have just recently moved out of the rodent model and into the human. Before
TRF was explored in a therapeutic context in humans, a 2017 study examined the ability
of food to shift metabolic rhythms in humans. A 5.5-hour shift in meal time was found to
result in a significant phase delay in circulating glucose in healthy young men. Meal
shifting did not alter circulating insulin or triglycerides, but it did cause a phase delay in
WAT Per2 acrophase. All participants retained normal sleep patterns indicating that, like

in rodents, the human SCN resistant to meal timing (Wehrens et al., 2017). This study set
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the stage for human TRF work by showing that the human peripheral clock was sensitive
to nutrient timing.

Courtney Peterson’s lab then applied an early TRF paradigm to pre-diabetic men
to explore TRF as a clinical approach for improving metabolic health. They found that
individuals consuming all of their meals before 3pm (early TRF; eTRF) had significantly
improved insulin sensitivity, pancreatic 3 cell responsivity, blood pressure and markers
of oxidative stress. The eTRF group did not lose weight when compared to individuals
allowed to eat for a full 12 hours; therefore, the improvements in metabolic health were
independent of body weight (Sutton et al., 2018). In a subsequent study with healthy
subjects, they found that eTRF improved glucose handling, but increased both LDL and
HDL cholesterol (Jamshed et al., 2019). eTRF may, therefore, be better suited as a
therapeutic intervention for unhealthy adults rather than a lifestyle for healthy

individuals.
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Figures and Figure Legends
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Figure 1: Pathogenic Adipose Tissue Expansion. Adipose tissue functions to expand
during times of energy surplus and act as an energy sink to support an organism during
times of famine. (1) During healthy adipose tissue expansion, sufficient vasculature and
extracellular support cells must also increase. Adipogenesis allows for the proliferation of
adipocytes in a well-supported, oxygen-rich, largely anti-inflammatory environment. (2)

Adipose tissue becomes unhealthy when adipocyte hypertrophy and adipocyte progenitor
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hyperplasia occur faster than the surrounding vasculature. Adipocytes in these pathogenic
conditions become hypoxic and begin to produce hypoxia-inducible factors that polarize
adipose-resident macrophages to the more pro-inflammatory M1 state. Subsequently,
inflammatory conditions are propagated by the production of pro-inflammatory cytokines
and chemokines which exacerbate macrophage recruitment leading to eventual adipocyte
necrosis and the release FFAs. (3) Adipocytes will become hypertrophic and M2

macrophages will surround necrotic adipocytes to form crown-like structures.
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Figure 2
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Figure 2: Insulin Resistance Stemming from Pathogenic Adipose Tissue Expansion. The
chronic state of low-grade inflammation brought on by WD feeding and pathogenic

adipose tissue expansion is thought to lie at the center of most WD-induced diseases.
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In extreme and prolonged cases of excess energy intake, ectopic fat deposition will
become pathogenic mainly through the disruption of insulin signaling in the pancreas and
adipose. Impaired insulin signaling in adipocytes will promote lipolysis and encourage
the re-esterification of lipids in other tissues such as skeletal muscle and the liver. In
skeletal muscle, intramyocellular lipid accumulation will reduce the amount of insulin-

mediated glucose uptake.
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Figure 3
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Figure 3: The Effects of a WD on the Hypothalamus. a) Orexigenic AGRP/NPY
expressing neurons and anorexic POMC expressing neurons are located in the Arc. They
project to the PVN where their signals are integrated and relayed to the PBN to promote

or inhibit feeding. Under metabolically healthy conditions, the anorexic and orexigenic
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signals from these neurons are balanced to maintain body weight. b) POMC expressing
neurons are highly sensitive to WD-induced inflammation and free fatty acid release
(orange shaded area) and will decrease their activity under these conditions. AgRP/NPY
neurons continue to express appetitive signals effectively tipping the scales to promote

feeding behaviors.

Figure 4
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Figure 4: The Effects of a WD on the Hippocampus. a) The hippocampal tri-synaptic
circuit begins with information entering the DG from the entorhinal cortex. DG neurons
synapse with the CA3 via the MF circuit, which relays the signal through the SC to the
CAl. Information from the CA1 travels to the entorhinal cortex for long-term storage
through the PP. b) The BBB surrounding the hippocampus becomes progressively leaky
as WD-induced inflammation and FFA release increases (orange shaded area). The
resulting structural and functional deficits in the hippocampal circuitry cause deficits in

behavioral and cellular measures of memory.

Figure 5
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Figure 5: The Core Circadian TTFL. a) (1) ROR binding to the RORE initiates

transcription of Bmall, Clock and Npas?2., which are shuttled to the cytoplasm for
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translation. (2) BMAL1 and CLOCK/NPAS?2 form a complex in the cytoplasm. (3) The
BMALI1:CLOCK/NPAS2 complex translocates to the nucleus where it binds to an E-box
element to (4) upregulate transcription of Per, Cry and Reverba/b and other core clock
genes. b) (1) PER and CRY form a complex that (2) translocates to the nucleus and
inhibits the transcriptional activity of BMAL1:CLOCK/NPAS2. REV-ERBo/3
translocates to the nucleus and represses transcription of Bmall, Clock and Npas2. (4)

PER monomers inhibit REV-ERBa/f repression.

Figure 6
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Figure 6: Photic Entrainment of the SCN. RGC axons project along the RHT to release
glutamate and PACAP at synapses with SCN neurons. In the core, autonomous rhythms
are entrained to photic signals originating from RGCs. A subset of axons synapse on VIP
neurons within the SCN core to synchronize other neurons with in the core and also set

and maintain the rhythm of the shell.
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Chapter 3: Restricted Feeding for Nine Hours in the Active Period Partially Abrogates
the Detrimental Metabolic Effects of a Western Diet with Liquid Sugar Consumption in

Mice

3.1 Abstract

Obesity is a major public health concern that can result from diets high in fat and sugar,
including sugar sweetened beverages. A proposed treatment for dietary-induced obesity
is TRF, which restricts consumption of food to specific times of the 24-hour cycle.
Although TRF shows great promise to prevent obesity and the development of chronic
disease, the effects of TRF to reverse metabolic changes and the development of NAFLD
in animal models of a Western diet with sugary water consumption is not known. The
objective of the current study was to evaluate the role of TRF in the treatment of obesity
and NAFLD through examination of changes in metabolic and histopathologic
parameters. To better understand the role of TRF in the treatment of obesity and NAFLD,
we investigated the metabolic phenotype and NAFLD parameters in a mouse model of
NAFLD in which obesity and liver steatosis is induced by a WD: a high fat diet of lard,
milkfat and Crisco with sugary drinking water. Mice were subjected to a short-term (4-
weeks) and long-term (10-weeks) TRF in which food was restricted to 9 hours at night.
Prior to TRF treatment, the WD mice had increased body mass, and exhibited less
activity, and higher average daytime energy expenditure (EE) than chow fed mice.
Approximately 4- and 10-weeks following TRF treatment, WD-TRF had moderate but
not statistically significant weight loss compared to WD-ad libitum (WD-AL) mice.

There was a modest but significant reduction in the inguinal adipose tissue weight in both
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WD-TRF groups compared to the WD-AL groups; however, there was no difference in
epididymal and retroperitineal adipose tissue mass or adipocyte size distribution. In
contrast, the diet-induced increase in normalized liver tissue weight, hepatic triglyceride,
and NAFLD score were partially abrogated in the 4-week WD-TRF mice, while systemic
insulin resistance was partially abrogated and glucose intolerance was completely
abrogated in the 10-week WD-TRF mice. Importantly, WD-induced metabolic
dysfunction (substrate utilization, energy expenditure, and activity) were partially
abrogated by 4- and 10-week TRF. Our results support the hypothesis that TRF aids in
reducing the detrimental metabolic effects of consuming a WD with sugary drinking

water but does not ameliorate obesity.

3.2 Introduction

Approximately one-third of the world’s population is either obese or overweight (World
Health Organization, 2018). Obesity is a complex condition largely defined by the
accumulation of excess adipose tissue within the body. As a strong predictor of overall
mortality (Adams et al., 2006) and an established risk factor for ischemic heart disease,
stroke, diabetes, and certain forms of cancer (Danaei et al., 2009; World Health
Organization, 2009), obesity is also strongly associated with NAFLD which is thought to
be a clinical manifestation of the metabolic syndrome and a risk factor for CVD (Ballestri
et al., 2014; Than and Newsome, 2015). Currently, lifestyle modification for weight loss
is the basis of NAFLD management (Chalasani et al., 2012; Lonardo et al., 2015). Major
changes in diet and physical activity patterns across the world have been contributing to

the obesity epidemic. In particular, shifts in fat, caloric sweeteners (including sugar
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sweetened beverages), and animal source foods has led to “Western” dietary pattern
(Popkin and Gordon-Larsen, 2004).

To model obesity and its associated condition of NAFLD in rodents, high-fat diets
providing 45-60% of the energy in the form of fat have been commonly employed (Hariri
and Thibault, 2010). To better model the human condition, experimental Western diets
have been used. These diets are characterized by a high-fat content combined with a high
sugar content which is accomplished by replacing polysaccharides with simple sugars
including fructose in the diet, or in the drinking water to model the consumption of sugar
sweetened beverages (Longato, 2013). Consumption of a high fat diet disrupts the
normal circadian rhythm of energy intake in rodents by shifting food consumption from
primarily the active phase (night) to the inactive phase (day) (Kohsaka et al., 2007;
Pendergast et al., 2013) and leads to the development of obesity, glucose intolerance,
insulin resistance, and NAFLD (den Boer et al., 2004; Hariri and Thibault, 2010;
Nakamura and Terauchi, 2013). Consumption of sugar-sweetened drinking water in
combination with a high fat Western diet exacerbates disruption of the normal circadian
rhythm of energy intake, obesity, and NAFLD progression in mice (Luo et al., 2016).
Food consumption restricted to the inactive phase has inconsistently resulted in obesity
and metabolic dysfunction in mice (Sherman et al., 2012; Yasumoto et al., 2016). In
contrast, TRF of a high-fat diet during the active phase has consistently been shown to
reduce weight gain, attenuate metabolic disease development in rodents (Bray et al.,
2010; Chaix et al., 2014; Duncan et al., 2016; Hatori et al., 2012; Sundaram and Yan,
2016), and reverse the progression of metabolic disease in male mice (Hatori et al., 2012)

and postmenopausal female mice (Chung et al., 2016) with preexisting obesity. TRF in
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humans largely confirms the animal study findings of improved metabolic homeostasis
including lipid factors and blood glucose and significant reductions in body weight, albeit
only a 1 — 2% reduction is observed over a typical 4-week period (Rothschild et al.,
2014).

Taken together, these results suggest that TRF may be an innovative strategy for
prevention and treatment of obesity and obesity-related metabolic diseases, including
NAFLD. However, the effects of TRF to reverse metabolic changes and the development
of NAFLD in models of Western diet fed mice consuming sugary drinking water is not
known. Therefore, the objective of the current study was to examine the metabolic
phenotype, serum parameters, and adipose and hepatic histopathologic features of obese
mice subjected to TRF using a Western food and drink consumption mouse model of
NAFLD. Two TRF experiments were performed to assess the effects of short-term TRF
(4-weeks) and long-term (10-weeks) on the pathophysiology of obesity in the Western

food and drink consumption mouse model of NAFLD.

3.3 Materials and Methods

3.3.1 Experimental Approach

3.3.1.1 Animals and Diets

Five to six-week—old male C57BL/6NHsd mice from Harlan Laboratories (Somerville,
NJ) were singly housed in standard microisolator cages within the Greene Hall Annex of
the Veterinary Research Building, College of Veterinary Medicine, Auburn University.
All experimental procedures were approved by the Auburn University Animal Care and

Use Committee. Animals were fed standard rodent chow for 1-week during acclimation
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to the facility. After this, animals were split into groups receiving diets previously used
in our lab (Luo et al., 2016): a standard chow diet (Chow, Teklad Global Rodent Diet
2018) or a 45% fat Western Diet with 42 g/L fructose/sucrose (55%/45%) in the drinking
water (WD, TestDiet STIN). Under dim red light, food was provided to the TRF animals
from ZT 13 to ZT 22, but access to sugary water was not restricted. Non-TRF animals

had continuous access to food and water throughout the studies.

3.3.1.2 Metabolic Cages

Promethion Mouse Cages (Sable Systems, Las Vegas, NV) were utilized for metabolic
phenotyping as described previously (Luo et al., 2016). Briefly, animal activity, food
uptake, water uptake, and body weight were measured along with ambient water vapor,
COz, and Oz. EE was calculated in kcal by utilizing the Weir equation:
60*(0.003941*VO; (n) +0.001106*VCOz (n)). RER was determined by the ratio of CO>
produced to the volume of O, consumed (RER = VCO; / VO,) where a RER ~ 0.7
indicates lipid utilization and a RER ~ 1.0 indicates carbohydrate utilization. During
TRF, readings from food uptake monitors were briefly suspended and the entire food
hopper was removed while its accompanying sensor was detached from the food hopper
and returned to the metabolic cage. Animals that were not subjected to TRF did not have
their food uptake readings suspended at any time. All metabolic phenotyping data were
analyzed using ExpeData software (version 1.8.2 Sable Systems) with Universal Macro

Collection (version 10.1.3; Sable Systems).

3.3.1.3 Tissue Collection and Analysis
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Upon completion of dietary exposure, all animals were fasted and then sacrificed via CO:
asphyxiation and quickly decapitated by guillotine. Trunk blood was collected and WAT
was collected from the eWAT, retroperitoneal (rWAT) and inguinal (iWAT) depots, and
livers were excised and weighed. Final blood glucose was measured by a Contour One
blood glucose meter. Serum insulin levels were determined by an insulin enzyme-linked
immunosorbent assay (ELISA) (Crystal Chem,, Inc., Downers Grove, IL) and data were
analyzed for insulin resistance using the homeostatic model assessment of insulin
resistance (HOMA-IR) score (HOMA-IR = (26 * fasting serum insulin * fasting blood

glucose)/405).

3.3.1.4 RNA Extraction and Reverse Transcriptase-Quantitative Polymerase Chain
Reaction (RT-qPCR)

TRI Reagent (Millipore Sigma, Billerica, MA) was used to isolate total RNA from frozen
liver following the manufacturer’s protocol. RNA quantity and quality were assessed
using a NanoDrop (Thermo Scientific). Reverse transcription was performed on mRNA
extracted from the liver using a QuantiTect Reverse Transcription Kit (Qiagen, Valencia,
CA). gPCR was performed using the RT?> SYBR Green qPCR Mastermix (Qiagen) and
gene-specific primers (Millipore Sigma) using a MyIQ Real-Time PCR system (Bio-Rad,
Hercules, CA). After amplification, melt curve analyses were performed on each reaction
to confirm specificity. gapdh and gusbh were used as reference genes to normalize gene

2- AACT

expression. The method was used to analyze the qPCR data and measure relative

expression.
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3.3.2 Experiment 1

3.3.2.1 Dietary Exposure

In Experiment 1, animals were split into two groups receiving either a standard chow diet
(Chow-AL, n =5) or the WD (n = 16). At 8-weeks, half of the WD-fed animals (n = 8)
were maintained on the WD ad libitum (WD-AL) while other half on WD diet were
selected for TRF (WD-TRF). Food and water in the AL and TRF groups was provided as
outlined in 2.1.1. Approximately 4-weeks after initiation of the TRF treatment and 12-
weeks from initiation of the WD feeding, the animals were fasted for 5 h and then
sacrificed between ZT 7 and ZT 10. Fasting blood glucose, triglyceride, and cholesterol
content were measured with a Lipid Panel test strip using a Cardio check PA analyzer.

Fasting blood glucose was collected by a Contour One blood glucose meter.

3.3.2.2 Metabolic Cages
Animals from each group were placed in the metabolic cages at two time points from the

initiation of WD feeding: 7- and 12-weeks.

3.3.2.3 Liver Histolopathologic Analysis
Hepatic triglycerides were assayed using the Infinity Triglycerides Liquid Stable Reagent
(Thermo Scientific, Rockford, IL) and normalized to the protein content measured using
the BCA protein assay reagent (Thermo Scientific).

Paraffin-embedded sections were stained with hematoxylin and eosin examined in
a blinded fashion by a board-certified veterinary pathologist. A component based and

general NAFLD score was assigned based on a previously published criteria (Liang et al.,
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2014). Briefly, micro- and macro-vesicular steatosis were separately scored and the
severity was graded, based on the percentage of the total area affected, into the following
categories: 0 (<5%), 1 (5-33%), 2 (34—66%) and 3 (>66%). The level of hepatocellular
hypertrophy, defined as cellular enlargement more than 1.5 times the normal hepatocyte
diameter, was scored, based on the percentage of the total area affected, into the
following categories: 0 (<5%), 1 (5-33%), 2 (34—66%) and 3 (>66%) [Liang

2014]. Hepatic inflammation was determined by counting the number of inflammatory
foci per field at x 100 magnification (view size 3.1 mm?) in five different fields per
specimen. A cumulative NAFLD score for each liver biopsy was calculated based on the

sum of scores for steatosis, hypertrophy and inflammation.

3.3.2.4 Adipose Histopathologic Analysis

Paraffin-embedded sections from all animals in each group were stained with
hematoxylin and eosin and examined in a blinded fashion by a board certified veterinary
pathologist. Crown-like structures (CLS) were defined as shrunken adipocytes
completely surrounded by morphologically identified macrophages and were counted on
hematoxylin and eosin stained slides (Cinti et al., 2005). The entire surface area of each
fat pad was counted to provide a total number of CLS per fat pad. Adipocyte area was
determined by scanning the slides using an Aperio ScanScope scanner (Vista, CA) and
evaluated on VisioPharm software (Hoersholm, Denmark). Briefly, the entire adipocyte
section was evaluated at 20X increments using the following rules, to identify and
measure adipocyte area. Objects were identified and counted as adipocytes if, (1) the

area was between 500 and 20,000 um; (2) it had a shape factor of 0-0.7, where a shape
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factor of 1 indicated a straight line and 0 indicates a perfect circle. Approximately 80-

90% of the adipocytes were counted for each section.

3.3.3 Experiment 2

3.3.3.1 Dietary Exposure

In order to observe the effects of TRF on the Chow fed animals and to examine the
impact of longer term WD-TRF, Experiment 2 was performed. The animals were split
into two groups receiving either the Chow diet (n = 31) or the WD (n = 27). At 6-weeks,
a subset of the Chow-fed (n = 15) and WD-fed animals (n = 13) were maintained on their
diets ad libitum (Chow-AL and WD-AL, respectively) while the rest of the Chow (n =
16) and WD (n = 14) animals were selected for TRF (Chow-TRF, WD-TRF). Food and
water in the AL and TRF groups was provided as outlined in 2.1.1. Approximately 16-
weeks from the initiation of WD feeding and 10-weeks after initiation of the TRF
treatment, the animals were fasted for 6 hours and then sacrificed between ZT 5 and ZT

8.

3.3.3.2 Metabolic Cages
Animals from each group were placed in the metabolic cages 10-weeks after initiation of

the TRF treatment.

3.3.3.3 Glucose Tolerance Test (GTT)

After 8-weeks of TRF, the treatment groups (n = 8) were fasted for 11 hours (from ZT 22

to ZT 9) prior to the beginning of the GTT. Animals in the WD group also had their
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sugary drinking water replaced with tap water for the duration of the fast. The GTT was
performed as previously described (Greene et al., 2014; Luo et al., 2016). Briefly, blood
was collected from the dorsal vein on a Contour One blood glucose meter strip at
baseline, then 15, 30, 60, and 120 min after a 25% intraperitoneal glucose injection
(2g/kg body weight). The area under the curve (AUC) was obtained by calculating the

Riemann sum for each group.

3.3.4 Statistics

A Student’s t-test was performed on pre-TRF food uptake and metabolic phenotyping
data. Data collected after TRF began was analyzed using an ANOVA with a Newman-
Keuls post-hoc test. The 24-hour cycle data was assessed by a repeated measures
ANOVA so that animals in one diet group could be compared with animals in another
diet group at corresponding time points within the 24-hour cycle. The above statistical
analyses were performed using SigmaPlot with significance determined at p < 0.05.
Multiple linear regression analysis (ANCOVA) was employed to assess the impact of
body mass on metabolic cage parameters. Utilization of the National Mouse Metabolic
Phenotyping Centers Energy Expenditure analysis page
(https://www.mmpc.org/shared/regression.aspx) allowed for the assessment of body
weight as a covariate on energy expenditure with significance determined at p < 0.05. All
data are presented as group mean + standard error measurement (SEM) unless stated

otherwise.

3.4 Results
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3.4.1 Body Weight

Body weight was tracked over the entire course of both TRF experiments (Figure 7).
WD-AL fed mice had significantly greater percent body mass change than Chow fed
mice after 12 weeks of diet exposure (p < 0.05). Weekly body weight in the WD-AL and
WD-TRF groups was nearly identical until week 8 when TRF was implemented,
however, statistical significance was not observed between the two groups (Figure 7A).
We observed similar results after 16-weeks on the diets. WD fed animals gained
significantly more weight than both of the Chow groups beginning at week 4 and
persisting until the final week (Figure 7B; p < 0.01). Additionally, TRF had no
observable effect on the weight gain trajectory of WD or Chow fed animals when

compared to their ad libitum fed counterparts.

3.4.2 Reference Metabolic Phenotype

To define the metabolic condition prior to starting the TRF intervention, we determined
food, kilocalorie and water uptake, total EE, substrate utilization, and total activity of the
mice fed chow or WD diets (Figure 8 and data not shown). Compared to Chow fed, WD
fed mice consumed less food during the night (p < 0.001), but more kilocalories during
the day and in total (p < 0.05; Figure 8A, 8B, and 8C). Before TRF implementation, total
EE in WD-fed mice during the day and night phase was significantly greater than that in
the Chow group (Figure 8D). Average RER and night phase activity were lower in the

WD fed animals (p < 0.001; Figure 8E and 8F).

3.4.3 Post-intervention Metabolic Phenotype
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To define the metabolic condition after 4- or 10-weeks of TRF intervention, we analyzed
energy expenditure and substrate utilization prior to sacrifice (Figure 9 and Figure 10). In
the 4-week TRF experiment, average EE was significantly elevated only in the WD-AL
group during the light phase from ZT 1-ZT 4 (Figure 9A, p < 0.01). There was a
significant reduction in average EE for the WD-TRF group when compared to the WD-
AL group during at ZT 4, ZT 7-ZT 8, ZT 10-ZT 12 and ZT 13-ZT 15 (Figure 9A, p <
0.05). Without adjusting for body weight as a covariate, both the WD-AL and WD-TRF
groups had significantly higher resting EE than Chow animals during both the day and
light phases (p < 0.001), but the WD-TRF group had a significantly lower resting EE
when compared to WD-AL (Figure 9B, fop panel, p < 0.05). Adjusting for body weight
as a covariate removed the differences during the light phase, but during the night phase
the WD-TRF group had a significantly lower resting EE than both the Chow and the
WD-AL groups (Figure 9B, bottom panel, p < 0.05). Additionally, quiet resting EE
analysis before body weight adjustment revealed that during the day and night phases the
WD-TRF group had a quiet resting EE that was significantly lower than the WD-AL
group (p<0.05), but not different from the Chow-AL group (Figure 9C, top panel). When
adjusted for body weight as a covariate; however, the WD-TRF group was only
significantly different than the WD-AL group during the light phase (Figure 9C, bottom
panel, p <0.05).

Similar results in circadian EE were observed after 10-weeks of TRF (Figure 9D).
The WD-AL group expended significantly more energy than the Chow groups during the
day. Specifically, EE was elevated compared to Chow-AL at ZT 1, ZT 4-5 and ZT 9-11

and compared to Chow-TRF at ZT 1, ZT 3-6 and ZT 8-12 (Figure 9D, p < 0.05). WD-
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TRF treated mice had significantly elevated EE at ZT 2 and ZT 9 compared to Chow-AL
and ZT 4,ZT 6,ZT 9 and ZT 11 compared to Chow-TRF (p < 0.05). Although WD-AL
and WD-TRF groups were only significantly different from each other at ZT 1 (p < 0.01),
the WD-TRF group exhibited a phenotype intermediate to the WD-AL and Chow groups.
TRF of the Chow diet had minimal impact on circadian EE with the only significant time
point being an increase at ZT 21 (p <0.01).

After 4-weeks of TRF, Chow fed mice exhibited a diurnal rhythm in RER with a
greater lipid metabolism during the day and more carbohydrate utilization during the
night (Figure 10A). This rhythm was significantly blunted in the WD-AL group during
the entirety of the dark phase, but also at ZT 4, ZT 6-ZT9, and ZT 12 during the light
phase (p < 0.05). RER was significantly increased in the WD-TRF group compared to the
WD-AL group from ZT 15 to ZT 24 during the dark phase (p < 0.01), yet was less than
the Chow group during the same time point throughout the dark phase. Interestingly, 2
hours prior (ZT 12-ZT 13) and 1 hour (ZT 14) within the introduction of food to the mice
in the WD-TRF group, the RER was significantly reduced (p < 0.01) compared to the
WD-AL group, indicating greater reliance on lipid as a substrate. Taken together, these
data suggest that the metabolic flexibility apparent in the Chow group is partially rescued
in the WD-TRF group.

After 10-weeks of TRF, both Chow groups had a diurnal rhythm in RER (Figure
10B). An interesting spike in RER is observed in the Chow-TRF group from ZT 13-18.
Although this was not significantly different from Chow-AL, it suggests a potential
enhancing effect of TRF on Chow substrate utilization rhythmicity. The WD-AL animals

had a similar daytime RER to the Chow groups, but exhibited a significantly lower RER
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at ZT 17, ZT 19-20 compared to Chow-AL and from ZT 14-21 compared to Chow-TRF.
WD-TREF treated animals were not significantly different from the Chow groups at any
point in the 24-hour analysis. However, WD-TRF was only significantly different from
WD-AL at ZT 19 and ZT 20 (Figure 10B, p <0.05). These data recapitulate the results
of the 4-week TRF experiment in that the WD-AL group has significantly reduced
metabolic flexibility that may be partially abrogated by 10 weeks of TRF.

The WD-AL group consumed a significantly smaller amount of food during the
night when compared to Chow (Figure 11A, left panel, p < 0.01). Despite restricted time
to access food, the WD-TRF group did not consume a significantly different amount of
total food than Chow or WD-AL. No significant differences were observed in total water
consumption among the three groups (Figure 11B, left panel).

Mice in both experiments were more active during the dark phase than the light
phase indicating that dietary treatments did not alter normal rodent sleep-wake behavior
(Figure 11C and 11D). When food was introduced to the 4-week TRF WD-TRF group at
ZT 14, meters traveled in the WD-TRF group was significantly increased compared to
the WD-AL group (Figure 11C, p <0.05). In the 10-week TRF experiment, the WD-AL
and WD-TRF animals had periods of significantly lower activity during the night phase

compared to Chow-AL and Chow-TRF (Figure 11D, p <0.05).

3.4.4 Glucose Tolerance Test and Serum Factors
After 8-weeks of TRF, the WD-AL group had significantly elevated blood glucose
compared to chow-AL, Chow-TRF, and WD-TRF groups at 60 and 120 minutes after

glucose injection (Figure 12A, left panel, 30: p < 0.05, 60: p < 0.05, 120: p <0.05). AUC
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calculations revealed that the WD-AL group had significantly elevated blood glucose
across the GTT time points (Figure 12A, right panel, p < 0.05).

Trunk blood was collected during sacrifice in both experiments to analyze fasting
blood glucose and serum insulin. After 4-weeks of TRF, fasting serum hyperinsulinemia
was observed in the WD-AL and WD-TRF groups (Figure 12B, left panel, p < 0.01), but
there was not a difference in fasting insulin levels between the two groups. No
differences were observed in fasting serum glucose levels among the three groups (Figure
12C, left panel). Consistent with these results, HOMA-IR was significantly elevated in
the WD-AL and WD-TRF groups compared to the Chow-AL group (Figure 12D, left
panel, p <0.01) with no observable difference between the WD fed groups. Ten-weeks of
TRF produced similar results in that the WD groups had significantly elevated fasting
serum insulin compared to both of the Chow groups (Figure 12B, right panel, p < 0.001).
However, 10-weeks of TRF was sufficient to significantly lower insulin in the WD-TRF
group compared to the WD-AL group (p < 0.001). Once again, we did not observe
significant differences in fasting blood glucose. WD exposure caused significant insulin
resistance in both the AL and TRF group (Figure 12D, right panel, p < 0.01), but TRF of

the diet significantly improved this phenotype (p < 0.001).

3.4.5 Liver Pathophysiology

Next, we sought to determine the impact of TRF on diet-induced liver pathophysiology.
Twelve weeks of WD feeding significantly increased normalized liver weight regardless
of TRF treatment when compared to Chow fed animals (Figure 13A, left panel, p < 0.05).

However, 4-weeks of TRF significantly decreased normalized liver weight when
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comparing the WD-AL and WD-TRF groups (p < 0.05). Consistent with this latter
result, a significant reduction in hepatic triglyceride levels was observed in the WD-TRF
group compared to the WD-AL group (Figure 13B, left panel, p < 0.05). Interestingly, 16
weeks of WD diet exposure did not induce a dietary effect on normalized liver weight
(Figure 13A, right panel). Liver triglycerides were significantly elevated in both WD
groups with no apparent effect of TRF (Figure 13B, right panel).

In the 4-week TRF experiment, there was no histopathologic evidence of NAFLD
in Chow fed mice (Figure 13C and 13D). In contrast, micro- and macro-vesicular
steatosis and hypertrophy, but not inflammation was observed in the WD-AL and WD-
TRF groups (Figure 13C and 13D). Although not significant, a strong trend in lower
NAFLD presentation was observed in the WD-TRF group compared to the WD-AL
group (p = 0.059).

Relative gene expression was determined for fat oxidation and lipogenic genes in
livers from both the 4-week and 10-week TRF experiments (Figure 13E). After 4-weeks
of TRF, there was a decrease in three of the four fat oxidation genes in the WD-TRF
group compared to control (Figure 13E a-d, ppara: p <0.001, bdhi: p <0.001, cptia: p <
0.05). Compared to the WD-AL group, WD-TRF treated animals had decreased ppara
and cptla hepatic gene expression (Figure 13Ea-d, ppara: p <0.001, cptia: p <0.01).
Additionally, three of the four lipogenesis genes were also down regulated in the WD-
TRF group compared to Chow (Figure 13E e-h, elovi6: p < 0.001, pparg: p <0.01, srebf:
p < 0.05) while elovl6, pparg and srebf exhibited lower expression in WD-TRF compared

to WD-AL (Figure 13E elovi6: p <0.001, pprg: p < 0.01, srebf: p < 0.05). On the other
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hand, scdl had elevated expression in both of the WD fed groups with no difference
between A and R (Figure 13E f, p <0.001).

Ten-weeks of TRF caused an increase in the expression of three fat oxidation
genes in the WD-AL group compared to Chow-TRF and one gene when compared to
Chow-AL (Figure 13E a-d, Chow-TRF- ppara: p < 0.05, cptia: p <0.05, fgf21: p <0.05;
Chow-AL- fgf21: p < 0.05). Expression of two fat oxidation genes in the WD-TRF group
were decreased compared to the WD-AL group (Figure 13E a-d, ppara: p <0.05, cptla:
p <0.05). Lipogenesis genes scdl and srebf were significantly upregulated in the WD-
AL treated animals compared to both Chow groups while elov/6 was elevated in WD-AL
just compared to Chow-AL (Figure 13E e-h, Chow-TRF- scdl: p <0.01, srebf: p <0.001;
Chow-AL- elovi6: p < 0.05, scdl: 0.001, srebf: p < 0.001). The WD-TRF group had
increased expression of scdl compared to both chow groups, decreased expression of
pparg compared to Chow-TRF and significantly down regulated expression of srebf
compared to WD-AL (Chow-TRF- scdl: p <0.05, pparg: p < 0.05; Chow-AL- scdl: p <

0.05; WD-AL- srebf: p < 0.001).

3.4.6 Adipose Tissue Dynamics

To assess changes in adipose tissue, eWAT, rWAT, and iWAT tissues were harvested
and weighted during sacrifice in both experiments. We found that normalized eWAT and
rWAT weights were markedly higher in the WD-AL and WD-TRF groups compared to
the Chow-fed animals after 4- and 10-weeks of TRF (Figure 14A and E, right and middle
panels, 4-week TRF: p <0.01; 10-week TRF: p <0.001). We also observed the same

effect of TRF on the iWAT fat depot. While the WD caused a significant increase in
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iWAT weight compared to Chow (Figure 14A, left panel, 4-week TRF: p <0.01; 10-
week TRF: p <0.001) the WD-TRF group in both experiments had significantly lighter
iWAT fat pads (Figure 14E, left panel, 4-week TRF: p <0.05; 10-week TRF: p < 0.05).
When depot sections from the 4-week TRF experiment were analyzed for
adipocyte size, the Chow fed group had significantly smaller adipocytes and fewer large
adipocytes in the eWAT and iWAT depots (Figure 14B, p < 0.05). In contrast, there was
no difference in the size distributions between the WD-AL and WD-TRF groups in any
of the adipose tissue depots. Overall, the iWAT depot had the fewest total number of
crown-like structures, however, there were no significant group differences observed in
this depot (Figure 14C). On the other hand, the WD-AL group had significantly more
crown-like structures in the -WAT depot than the Chow and WD-TRF groups (Figure
14C, middle panel, Chow-AL p < 0.05, WD-TRF- p <0.05). There was a positive
association between crown-like structure number and adipocyte size in the eWAT and
iWAT (Figure 14D, left and right panel, eWAT: p < 0.05, iWAT: p < 0.05), but no such

relationship was observed in rWAT.

3.5 Discussion

The objective of the current study was to examine the metabolic phenotype, serum
parameters, and histopathologic features of adipose and hepatic tissue in obese mice
subjected to short-term and long-term TRF in a Western food and drink consumption
mouse model of NAFLD. We sought to determine whether TRF would improve
metabolic and NAFLD parameters. By allowing ad libitum access to the sugary drinking

water in the restricted fed mice, we also assessed whether consumption of liquid sugar
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would compensate for the absence of food. We found that WD-fed mice subjected to
TRF did not consume more sugary water than the mice allowed ad libitum access to the
WD. This result is not surprising given the observation that food and water consumption
is tightly linked (Ellacott et al., 2010; Jensen et al., 2013). There was no evidence of
gorging behavior on sugary water consumption in our study (data not shown), which is
consistent with findings that only intermittent access to sugar (Avena et al., 2009) and
restricted daytime feeding (Kliewer et al., 2015) are associated with gorging behavior.

In contrast to previous rodent TRF studies that have observed significant weight
loss (Chaix and Zarrinpar, 2015; Hatori et al., 2012), a non-significant reduction in
weight was observed in the WD-TRF groups in both 4-week and 10-week TRF
experiments. This result indicates that TRF is not an effective strategy for weight
reduction with a Western diet that also models consumption of sugar sweetened
beverages and suggests that the beneficial metabolic effects of TRF can be independent
of significant weight loss

A key finding in our study was observed in the RER data: mice in the 4-week
WD-TRF group were able to use more lipid as a fuel source during the last two hours of
the day phase than mice in the Chow and WD-AL groups and then more carbohydrate as
a fuel source during the night phase than mice in the 4- and 10-week WD-AL groups.
Thus, metabolic flexibility was restored to mice in the WD-TRF groups which is in
agreement with previous studies in which TRF treatment resulted in significant weight
loss in high fat diet fed mice (Chung et al., 2016; Sundaram and Yan, 2016) The capacity
of TRF to increase metabolic flexibility is also observed when mice are restricted to

feeding during the inactive phase and in Cry deficient mice which lack a functional
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circadian oscillator (Vollmers et al., 2009). Metabolic substrate usage reflects the
composition of diet and feeding pattern (Hoevenaars et al., 2013; Joo et al., 2016)
; however, TRF has the ability to supersede the composition of diet.

Changes in resting and total EE in response to weight gain and loss function as a
compensatory mechanism to maintain body weight (Keesey and Hirvonen, 1997; Leibel
et al., 1995). Our observations that total EE was greatest in the 4- and 10-week WD-AL
groups and that TRF reduced total EE even after adjusting for body weight as a cofactor
are consistent with a compensatory EE mechanism to maintain body weight. The 4-week
WD-AL-induced significant increases in resting EE were not retained when adjusted for
changes in body weight. However, a significant reduction in resting EE in the WD-TRF
group compared to the WD-AL group was retained when adjusted for changes in body
weight. This data suggests that adaptation to the TRF treatment was partially independent
from body weight.

In the current study, we did not observe significant weight loss in the 4- and 10-
week WD-TRF groups compared to the WD-AL groups. However, a modest but
significant reduction in the iWAT but not eWAT or rWAT adipose depots was detected.
Yet, no difference in adipocyte volume was observed in any of the measured adipose
tissue depots between the 4-week WD-TRF and WD-AL groups, nor did we observe
significant differences in CLS. Taken together, TRF appeared to minimally affect adipose
tissue dynamics. Consistent with these results plasma glucose, serum insulin, and
HOMA-IR were not significantly different between the 4-week WD-TRF and WD-AL
groups, which suggests that systemic changes to insulin sensitivity were not achieved in

the short term TRF treatment. In contrast, a significant reduction in serum insulin levels,
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HOMA-IR score, and blood glucose levels in the GTT were observed between the 10-
week WD-TRF and WD-AL groups, suggesting longer-term TRF is required to observe
systemic changes to insulin sensitivity and glucose tolerance.

In our assessment of NAFLD, we observed a significant reduction in liver weight
normalized to body weight and hepatic triglyceride levels in the 4-week TRF experiment
but not the 10-week TRF experiment, and a strong trend towards a lower NAFLD score
in the 4-week WD-TRF group compared to the WD-AL group, which is consistent with
previous studies that have examined hepatic triglyceride levels and/or lipid droplet
staining in TRF studies (Chung et al., 2016; Sundaram and Yan, 2016). To further
examine the hepatic effect of TRF, we assessed the expression of genes regulating
hepatic fat oxidation and lipogenesis. Our results indicate that 4- and 10-week TRF
resulted in significantly reduced hepatic expression of pparg and srebf, key lipogenic
genes, compared to the WD-AL groups, suggesting a down regulation of lipid synthesis
which has been observed in previous rodent TRF studies (Chaix et al., 2014; Chung et al.,
2016; Hatori et al., 2012). Differential regulation of lipid oxidation genes was observed
in the TRF groups in our studies which is similar to a previous TRF study with modest
but significant body weight loss (Chung et al., 2016) but in contrast to studies with highly
significant body weight loss (Chaix et al., 2014; Hatori et al., 2012).

There were several limitations with the current study. First, whole body fat and
lean mass were not determined. Second, more sensitive measures of insulin sensitivity
were not performed. Third, our animal study relied on mice, which unlike humans are
nocturnal. A potential limitation is that we did not restrict access to the sugary drinking

water during the food restriction, which could possibly have led to caloric intake during
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the food restriction. However, the average consumption of sugary water in the WD-TRF
groups was less than 0.5 g of liquids during the day, which equates to less than 0.08 kcal
of sugar consumed. Thus, although caloric intake from sugar consumed during the day
was marginal, it may have had a non-caloric effect.

Obesity is an important risk factor for the development of chronic diseases. Thus,
weight loss is a well-accepted strategy to reduce the development of chronic disease, such
as type 2 diabetes, cardiovascular disease, fatty liver disease, and cancer in obese
individuals (Goodwin and Stambolic, 2015; Klein et al., 2004). Indeed, even modest
weight loss can reduce risk factors and clinical parameters associated with chronic
diseases (Gaziano et al., 2007; Mason et al., 2011; Vilar-Gomez et al., 2015; Zomer et al.,
2016). TRF has been proposed as an innovative strategy to reduce body weight (Chaix
and Zarrinpar, 2015; Sofer et al., 2015). In conclusion, our results suggest that metabolic
improvement can occur by TRF. However, our results do not support TRF as a strategy to

ameliorate obesity when consumption of a WD is accompanied by drinking sugary water.

124



Figures and Figure Legends

Figure 7

A 4-week TRF
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Figure 7: WD TRF Body Weight. Weekly percent body weight change (+ SEM) over
time is shown for the (A) Chow-AL, WD-AL, and WD-TRF groups and (B) Chow-AL,

Chow-TRF, WD-AL, and WD-TRF groups. A. TRF was started after 8 weeks of WD-
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feeding. B. TRF was started after 6 weeks of WD-feeding. Group differences over the
course of the TRF treatment were analyzed by ANOVA with a Newman-Keuls post-hoc

test.
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Figure 8
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Figure 8: Pre-TRF Metabolic Phenotype. Circadian analysis of food uptake (A), water
uptake (B), and kcal consumed (C) for the day and night phases and total amount over a
24 period in the chow and WD groups are shown as the Mean + SEM. Circadian analysis
of total energy expenditure (Tot EE) (D) and average respiratory exchange ratio

(Avg_RER) (E) are shown as the Mean + SE for the chow and WD groups. F. Circadian
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analysis of total activity is shown as the Mean + SE for the chow and WD groups. (*, p <

0.05; ** p <0.01; *** p <0.001 compared to chow)
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Figure 9

’ 4-week TRF Energy Expenditurel
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Figure 9: EE After TRF. A-C. Energy expenditure data from the 4-week TRF

experiment. A. Mean (+ SEM) circadian analysis of total energy expenditure (Tot EE) at

ZT

each hour in the 24 hour cycle in the Chow-AL, WD-AL, and WD-TRF groups are
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shown. B. Mean (+ SEM) circadian analysis of resting energy expenditure (R_EE)
measured as the mean value for the 30 minute period with the lowest EE (upper panel)
and ANCOVA adjusted R_EE (lower panel) is shown. C. Mean (+ SEM) circadian
analysis of resting energy expenditure (QR _EE) measured as the mean value from the
isolated 30 minute period in which the activity score was lowest (upper panel) and
ANCOVA adjusted R_EE (lower panel) is shown. D. Energy expenditure data from the
10-week TRF experiment. Mean (+ SE) circadian analysis of total energy expenditure
(Tot_EE) at each hour in the 24 hour cycle in the Chow-AL, Chow-TRF, WD-AL, and
WD-TRF groups are shown. (*, p < 0.05; **, p <0.01; *** p <0.001 compared to
Chow-AL; ", p <0.05; ", p<0.01; ", p <0.001 compared to Chow-TRF; #, p < 0.05; #,

p<0.01; 7% p <0.001 compared to WD-AL)
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Figure 10

A 4-week TRF Respiratory Exchange Ratio
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Figure 10: RER After TRF. Mean (= SEM) circadian analysis of respiratory exchange
ratio at each hour in the 24 hour cycle in the 4-week TRF experiment is shown for the
Chow-AL, WD-AL, and WD-TRF groups (A) and in the 10-week TRF experiment is
shown for the Chow-AL, Chow-TRF, WD-AL, and WD-TRF groups (B). (*, p < 0.05;
** p<0.01; *** p<0.001 compared to Chow-AL; ", p<0.05; ", p<0.01; """, p<
0.001 compared to Chow-TRF; 7, p < 0.05; #, p < 0.01; #*, p < 0.001 compared to WD-

AL)
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Figure 11
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Figure 11: Food and Water Uptake and Activity After TRF. A-B. Mean (+ SEM)

circadian analysis of food uptake (A) and water uptake (B) in the 4-week TRF

experiment (/eft panels) and 10-week TRF experiment (right panels) for the day and
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night phases and total amount over a 24 period is shown. C-D. Circadian analysis of total
meters traveled at each hour (+ SE) in the 24 hour cycle in the 4-week TRF experiment
(C) and 10-week TRF experiment (D) are shown. (*, p < 0.05; **, p <0.01; *** p <
0.001 compared to chow-AL; ", p <0.05; ™", p<0.01; ***, p < 0.001 compared to chow-

TRF; 7, p<0.05; 7, p<0.01; % p <0.001 compared to WD-AL)
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Figure 12
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Figure 12: Glucose Tolerance and Plasma and Serum Parameters After TRF. A. The
mean glucose concentration = SE in GTT curves from the 10-week TRF experiment (left

panel), and the means + SEM of the Area Under the Curve calculated for each GTT
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curve (right panel). B-D. Serum insulin (B), plasma glucose (C), and HOMA-IR score
(D) from the 4-week (left panels) and 10-week (right panels) TRF experiments. (*, p <
0.05; **,p <0.01; *** p<0.001 compared to Chow-AL; ", p<0.05; ™", p<0.01; """, p
<0.001 compared to Chow-TRF; #, p < 0.05; %, p < 0.01; %, p < 0.001 compared to

WD-AL)
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Figure 13
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Figure 13: NAFLD Parameters After TRF. A-B. Liver weight normalized to body weight

(A) and liver triglyceride content (B) for the 4-week TRF experiment (left panels) and

10-week TRF experiment (right panels) are shown as the Mean + SEM. C.
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Representative hematoxylin and eosin (H&E) stained liver sections are shown for the 4-
week TRF experiment. D. NAFLD scoring of H&E stained liver sections for micro- and
macro-vesicular steatosis, hypertrophy, and inflammation as described in the Materials
and Methods section for the 4-week TRF experiment (the NAFLD score was zero in the
Chow-AL-fed mice). E. Relative mRNA expression of ppara (a), bdhl (b), cptia (c),
fef21 (d), elovi6 (e), scdl (f), ppary (g) and srebf (h) in liver samples from the 4-week
and 10-week TRF experiments. (*, p < 0.05; **, p <0.01; *** p <0.001 compared to
Chow-AL; ", p<0.05; ", p<0.01; """, p<0.001 compared to Chow-TRF; %, p < 0.05;

1 p<0.01; 7 p<0.001 compared to WD-AL)
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Figure 14
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Figure 14: Adipose Tissue Parameters After TRF. A. Adipose weight normalized to body

weight for the eWAT (left panel), 'WAT and (middle panel), and iWAT (right panel) are
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shown as the Mean + SEM in the Chow-AL, WD-AL, and WD-TRF groups from the 4-
week TRF experiment. B. Frequency of adipocyte area from 0 to 1500 pm? in increments
of 500 pum? is shown for the eWAT (left panel), iWAT and (middle panel), and iWAT
(right panel). P-values for the Kolmogorov-Smirnov test for sample distribution
compared the chow group are shown from the 4-week TRF experiment. C. Quantitation
of CLS for the eWAT (left panel), tWAT and (middle panel), and iWAT (right panel) are
shown as the mean + SEM from the 4-week TRF experiment. D. Relationship between
mean adipocyte area and CLS in the eWAT (left panel), tWAT and (middle panel), and
iIWAT (right panel) is shown from the 4-week TRF experiment. Linear regression was
performed and P-values are shown. E. Adipose weight normalized to body weight for the
eWAT (left panel), 'tWAT and (middle panel), and iWAT (right panel) are shown as the
Mean + SE in the Chow-AL, Chow-TRF, WD-AL, and WD-TRF groups from the 10-
week TRF experiment. (*, p < 0.05; **, p <0.01; *** p <0.001 compared to chow-AL;
%, p<0.05 ", p<0.01; """, p<0.001 compared to chow-TRF;#, p < 0.05; %, p <0.01;

1 p <0.001 compared to WD-AL)
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Chapter 4: The Physio-Metabolic Effects of Time-Restricting Liquid Sugar Intake to Six-

Hour Windows During the Mouse Active Phase

4.1 Abstract

Obesity is a major public health concern and overconsumption of unhealthy fats and
sugary beverages are contributing factors. TRF can reduce obesity-associated
pathophysiological parameters by limiting food consumption to specific times of day;
however, the effects of time-restricted sugary water consumption are unknown. To
examine whether liquid calorie restriction impacts metabolic health, we measured
metabolic parameters in mice given liquid sugar at various intervals over 24-hours. The
control (Con) group received tap water, the ad libitum fructose-glucose (ALFG) group
received ad libitum sugar water and the early fructose-glucose (EFG) and late fructose-
glucose (LFG) groups received liquid sugar during the first and last six hours of the
active period, respectively. Each group was given free access to chow. The ALFG group
exhibited elevated body and adipose tissue weights compared to the other groups and
increased hepatic steatosis compared to Con. The ALFG group consumed more calories
than the other groups during ZT 6-11, indicating that this window may be critical in the
promotion of weight gain from liquid sugar consumption. The EFG group exhibited
higher levels of energy expenditure than the Con and LFG groups during the first half of
the active period (ZT 12-17); however, there was no difference among the groups during
the second half of activity (ZT 18-23). In contrast, the EFG group exhibited lower
reparatory exchange ratio than other groups during the inactive period as well as the

second half of the active period, indicating that the EFG group had greater metabolic
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flexibility and utilized lipids when carbohydrates from liquid sugar were not available.
Additionally, the EFG group was more insulin tolerant than the ALFG and Con groups.
Our results support the hypothesis that time-restricted liquid calorie restriction aids in

reducing the detrimental metabolic effects of sugary drink consumption.

4.2 Introduction

In 1997 the World Health Organization recognized obesity as “...one of the greatest
neglected public health issues of our time...” (McDowell, 2002). Although awareness of
the obesity epidemic has increased over the past two decades, adult obesity rates continue
to rise in the twenty-first century (Institute for Health Metrics and Evaluation, 2014;
World Health Organization, 2018). The United States has been particularly afflicted by
this epidemic and in 2017 prevalence estimates indicate that over half of all states have
greater than 30% of their adult population qualified as obese (Hales et al., 2015). This
current epidemic is hypothesized to be caused largely by the intersection of centuries of
evolutionary pressures placed on humans to maximize metabolic efficiency with the
prevalence of highly palatable, calorie-dense diets popular in the modern world (Popkin
et al., 2012).

The WD, which consists of foods high in saturated fats and refined sugars, is
commonly associated with increased weight gain and markers of metabolic disease
(Kanoski and Davidson, 2011; Luo et al., 2016; Marwitz et al., 2015; Molteni et al.,
2002; Myers and Allen, 2012; Woodie et al., 2018). In recent years, there has been
increased focus on how the refined sugar component of this diet can affect human health.

Sweetened food and beverage intake, mostly in the form of soft drinks sweetened with
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HFCS, has increased markedly over the past three decades (Bray et al., 2004). HFCS was
first introduced to the United States as a sweetener in the 1960’s and has since
experienced incredible growth in its popularity and uses (Bleich et al., 2018). Although
HFCS is similar to sucrose in composition, HFCS contains a higher percentage of
fructose. The most common form of HFCS, HFCS-55, is 55% fructose and 42% glucose
and is sweeter per gram than either crystalline sucrose, glucose or fructose alone (Tappy
et al., 2014). This means that less HFCS is needed to obtain the same amount of
sweetness in food and beverages and has allowed HFCS to become the most cost-
effective sweetener on the market (Duffey and Popkin, 2008; White, 2008). For many
years, dietary fructose was considered a benign and common ingredient in most foods
and beverages (Glinsmann and Bowman, 1993). However, recent human and animal
studies have found that HFCS-sweetened beverage consumption is actually detrimental to
metabolic health and increases the risk of developing obesity and metabolic diseases
(Bocarsly et al., 2010; Bray et al., 2013; Jiirgens et al., 2005; Mock et al., 2017; Stanhope

et al., 2009; Teff et al., 2004).

While the complete elimination of HFCS-sweetened foods and beverages has
been proposed as an effective intervention for ameliorating diet-induced weight gain and
metabolic dysfunction, restrictive dietary interventions have a notoriously low adherence
rate (Grief and Miranda, 2010; Wadden, 1993). Additionally, most individuals regain the
weight they lost while adhering to the restrictive diet less than a year after they return to
their previous habits (Curioni and Lourenco, 2005). Given this, research efforts have
begun to explore other dietary patterns that restrict the time during which calories are

consumed rather than the type of calories consumed. TRF, which is defined as limiting
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food access to 8-9 hours during the active phase, is one such method that has produced
promising results in both animal models and human intervention studies (Chaix et al.,
2014; Chung et al., 2016; Gabel et al., 2018; Hatori et al., 2012; Longo and Panda, 2016;
Rothschild et al., 2014; Sutton et al., 2018; Woodie et al., 2018). TRF is different than
other fasting regimens in that it works to align the timing of caloric consumption to the
body’s natural rhythms of feeding and fasting (Chaix et al., 2014). In rodent models, TRF
of high-fat diets supplemented with sugary water has been found to restore metabolic
circadian rhythms, improve metabolic function and, in some cases, it has even been
shown halt the progression of pre-existing metabolic diseases without altering total
caloric intake (Chaix et al., 2014; Chung et al., 2016; Gabel et al., 2018; Longo and

Panda, 2016; Woodie et al., 2018).

These TRF studies focused more on time-restricting solid calorie consumption,
but there have been a few previous works examining the effect of time-restricting liquid
calories (Faria et al., 2017; Morris et al., 2012; Oosterman et al., 2015; Senador et al.,
2012); de Senador et al., 2012; Oosterman et al., 2014; Almeida Faria et al., 2017).
However, these studies restricted liquid calorie consumption to 12-hour light or dark
phases and provided solutions containing only fructose. Other works have observed that
solid calorie TRF is actually more effective in improving metabolic health when the food
is restricted to specific windows of the active period, with calorie consumption restricted
to early-active period having the most beneficial effect on metabolic health (Gill and
Panda, 2015; Moro et al., 2016; Stote et al., 2007; Sutton et al., 2018; Tinsley et al.,
2017). However, the metabolic effects of restricting liquid calorie consumption to the

early-active or late-active period is not known. Therefore, we sought to determine the
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best time of the day for liquid calorie consumption by limiting sugary water availability
either an early-active or late-active period. Over the course of nine weeks, metabolic
parameters and rhythms as well as food and water behaviors were measured in mice with
ad libitum access to a standard chow diet and provided with a fructose/glucose solution

under time-restricted paradigms.

4.3 Materials and Methods
4.3.1 Animals and Diets

Male C57B1/6N mice, aged 5-6 weeks, were obtained from Envigo and housed in
triplet in standard microisolator cages in an AAALAC accredited animal facility at the
Auburn University College of Veterinary Medicine. All experimental procedures were
approved by the Auburn University Animal Care and Use Committee. The animals were
maintained in a temperature and humidity-controlled room on a 12:12 light cycle with
lights on as ZY 0 and lights off as ZT 12. Mice were allowed to acclimate to the facility
for one week with standard chow diet and tap water. After this time, animals were
randomly assigned to one of four groups: a negative control group that received ad
libitum tap water (Con; n=9), a positive control group that received ad libitum
fructose/glucose solution (FG) access (ALFG; n=8), an early-access group that received
FG only during the first six hours of the active period from ZT 12-ZT 18 (EFG; n=9), or
a late-access group that had their FGS access restricted to the last six hours of the active
period from ZT 18-ZT 0 (LFG; n=9). To allow the time-restricted animals access to the
12% solution during the dark period, water bottles containing tap water were switched to

FG in the EFG and LFG cages under dim red light. To control for manipulation of the
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cages in the EFG and LFG, water bottles were also changed in the Con group (tap water
to tap water) and ALFG group (FG to FG). We chose to maintain all groups on their
respective water regimen for nine weeks to compare with the 8-10 week liquid sugar
exposure periods commonly observed in rodent studies examining similar physio-
metabolic parameters (Bocarsly et al., 2010; Bursac¢ et al., 2013; Faria et al., 2017;
Jiirgens et al., 2005; Light et al., 2009; Mock et al., 2017; Senador et al., 2012).

To recapitulate the composition of the HFCS commonly consumed as an added
sweetener, a 12% 55%/45% FG was prepared by dissolving 66 g/L of fructose (Alfa
Aesar, Haverhill, MA) and 54 g/L of glucose (Alfa Aesar, Haverhill, MA) in Milli-Q
purified water (MilliporeSigma, Burlington, MA). Standard rodent chow diet was
provided ad libitum to all groups (24.5% kcal/g protein, 13.1% kcal/g fat, 62.3% kcal/g

carbohydrate; PicoLab Rodent Diet 20 #5053, LabDiet, St. Louis, MO).

4.3.2 Metabolic Phenotyping

Promethion metabolic cages (Sable Systems, Las Vegas, NV) were utilized for
metabolic screening and phenotyping as previously described (Luo et al., 2016; Woodie
et al., 2018). Mice were transferred from their home cages and singly housed in the
metabolic cages during the ninth experimental week prior to sacrifice. Activity by
Promethion XYZ Beambreak Activity Monitors calibrated to each cage. Food, water and
body weight were measured by Promethion MM-1 Load Cell sensors. The amount in
grams, frequency, duration, and rate at which food and water were withdrawn from the
hoppers were measured and analyzed. During sugar water restriction, readings from the

water uptake monitors were briefly suspended and waters were switched accordingly then
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returned to the cages to resume monitoring. Animals that were not subjected to sugar
water restriction (the Con and ALFG groups) did not have their food uptake readings
suspended at any time. The body mass monitors were plastic tubes that also functioned as
in-cage enrichment and nesting devices.

A Promethion GA-3 gas-analyzer measured water vapor, CO2 and Oz in mL/min
to provide detailed respirometry data. EE was calculated in kcal by utilizing the Weir
equation: 60%(0.003941*VO; (n) +0.001106*VCO: (n)). RER was determined by the
ratio of CO» produced to the volume of O, consumed (RER = VCO; / VO) where a RER
~ 0.7 indicates lipid utilization and a RER ~ 1.0 indicates carbohydrate utilization.
Metabolic phenotyping data was analyzed using ExpeData software package (version
1.8.2, Sable Systems, Las Vegas, NV) the Universal Macro Collection (version 10.1.3,
Sable Systems, Las Vegas, NV). The total EE, RER and activity were averaged over an
entire day or night cycle to assess whole cycle differences among the groups as well as
during the most active (active EE, active RER) and most inactive (resting EE, resting
RER) periods measured during each cycle. EE and RER were also analyzed every hour

over a 24-hour period to assess the pattern of rhythmicity in these parameters.

4.3.3 Glucose and Insulin Tolerance Tests

After seven weeks on the restricted liquid sugar schedule, all groups were fasted for
fifteen hours (ZT 12-ZT 3), and the ALFG, EFG, and LFG groups were only given access
to tap water during this time. The GTT was performed as previously described at the
beginning of ZT 3 (Luo et al., 2016; Woodie et al., 2018). Briefly, the dorsal vein of the

tail was superficially nicked 1.5 cm near the distal end with a sterile razor.
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Approximately 5 pL of blood was collected on a Contour One blood glucose meter strip
to obtain a baseline blood glucose measure for each mouse. An intraperitoneal (i.p.)
injection of a sterile 25% glucose solution (2g/kg body weight) was then administered to
each animal. Blood was collected from the tail nick at 15, 30, 60 and 120 min after
injection. The area under the curve (AUC) was obtained by calculating the Riemann sum
for each group.

One week after the GTT, animals were fasted and provided with only tap water
for six hours (ZT 3-ZT 9) before performing an ITT. Beginning at ZT 9, blood was
sampled from a nick in the dorsal tail vein to obtain a baseline blood glucose
measurement as described for the GTT. Then an i.p. injection of Humulin R (Eli Lilly,
Indianapolis, IN) was administered at a dose of 0.9 U/kg body weight and blood glucose
was tested at 15, 30, 60 and 90 min after injection. The rate constant for glucose
disappearance (Kirt) was calculated from the ITT time course data as previously
described (Luo et al., 2016).

Fasting durations for the GTT and ITT were chosen based on guidelines from the
Mouse Metabolic Phenotyping Center (Ayala et al., 2010). The GTT fast at ZT 12 and
the ITT fast at ZT 3 were performed to avoid inferring with the liquid sugar restriction

paradigm in the EFG and LFG groups.

4.3.4 Tissue Collection and Analysis
At the end of the ninth week, animals were euthanized via CO; asphyxiation followed by
decapitation. Trunk blood was used to obtain a final blood glucose measurement and was

collected and centrifuged at 12,000 rpm to draw off serum, which was then stored at -
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80°C. Livers, eWAT, rWAT and iWAT were excised on ice and weighed. eWAT and
rWAT weights were summed to calculate visceral adipose tissue mass and iWAT was
used as a measure for subcutaneous (SubQ) fat mass. All tissue weights were normalized
to final body weight. Serum insulin levels were determined by an insulin ELISA assay
(Crystal Chem, Inc., Downers Grove, IL) and data were analyzed for insulin resistance
using the HOMA-IR score (HOMA-IR = (26 * fasting serum insulin * fasting blood

glucose)/405).

4.3.5 Liver histopathology

Liver histopathology was carried out as previously described (Woodie et al., 2018).
Briefly, a 1-3 cm? piece of tissue from the left lobe of each liver was immediately fixed in
10% buffered formalin during sacrifice. The fixed tissue was paraffin embedded, and
then sections were stained with hematoxylin and eosin. The stained sections were
examined in a blinded fashion by a board-certified veterinary pathology and assigned a
steatosis score based on previously published criterion (Liang et al., 2014). A cumulative
steatosis score was calculated for each section based on the sum of scores for

microsteatosis, macrosteatosis and hypertrophy.

4.4 Results

4.4.1 Body Weight

For the first seven weeks of exposure, there was no significant effect of liquid sugar
consumption on absolute body weight (Figure 15A). However, the animals provided with

ad libitum access to the 12% 55%/45% FG (ALFG) weighed significantly more than the
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other three groups after eight and nine weeks of liquid sugar exposure (F(36,270) = 3.93,
p<0.05; Figure 15A). Furthermore, the ALFG group exhibited a significantly elevated
percent change in body weight (F(36,270) = 3.93, p <0.05; Figure 15B). After nine
weeks, the ALFG group had a 41% increase in body weight when compared to initial
body weight. The percent change was significantly higher when comparing the ALFG
treatment group to the Con group during week 1 and weeks 3-10 (p<0.05; Figure 15B).
Additionally, the ALFG group had a significantly elevated percent body weight change
compared to the EFG group during weeks 1-10 (p<0.05) and to the LFG group during
week 1 and weeks 3-10 (p<0.05; Figure 15B). Con, EFG, and LFG groups did not exhibit
significantly different percent body weight changes when compared to each other and

each group ended the study with a body weight percent increase close to 27%.

4.4.2 Energy Expenditure

All groups exhibited the natural diurnal rhythm of mouse EE with low EE during the day
and elevated EE during the night cycle (Figure 16). During the day, groups ALFG and
LFG had significantly higher total EE when compared to the Con group (F(3,31) = 6.14,
ALFG v Con: p<0.001, LFG v Con: p<0.05; Figure 16A). During the night the Con
group continued to have significantly lower EE than the ALFG group (F(3,31) = 8.41,
p<0.05), but was not significantly different from the LFG group. The EFG treatment
group, however, exhibited significantly higher EE than both the Con and the LFG
treatment groups (F(3,31) = 8.41, EFG v Con: p<0.001; EFG v LFG: p<0.05; Figure
16A). During each day and night cycle, the average EE for each mouse was collected at

their most active and resting point (Figure 16B and 16C). Active and resting EE were
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significantly lower for the Con group during the day than all treatment groups (Active:
F(3,31) =40.9, p<0.001; Resting: F(3,31) = 460.6, p<0.001; Figure 16B and C). During
the night, the Con group showed significantly lower average active and resting EE than
ALFG or EFG treatment groups (Active: F(3,31) = 6.51 p<0.05; Resting: F(3,31) =6.91,
p<0.01) Figure 16B and C). The EFG and LFG groups only had different resting EEs
during the night cycle, where LFG exhibited significantly lower resting EE (F(3,31) =
6.91, p<0.05; Figure 16C). Therefore, liquid sugar consumption induces an upward shift
in average mouse EE at both the most active and inactive points of the day and night
cycles. However, when EE was assessed every hour over a 24-hour period, the most
significant changes were observed during the first six hours of the dark period (Figure
16D). During this time, the EFG group EE was significantly elevated from the Con and
LFG groups from ZT 13-ZT 15 (F(69,744) = 1.85, p<0.05) and elevated compared to all
of the other groups at ZT 17 (p<0.05). Additionally, the LFG group demonstrated
significantly lower values than ALFG treatment group during ZT15 and ZT16 (F(69,744)
= 1.85, p<0.01; Figure 16D). No significant differences were seen between the LFG
treatment group and the other groups during their period of FG access.

Two major components of EE are metabolic rate measured by VO and activity
(Even and Nadkarni, 2012). As an animal becomes more active, they will consume more
oxygen and expel more CO; thereby increasing measured EE during that time. On the
other hand, changes in VO2 measurements would represent treatment-induced alterations
in metabolic rate. To determine whether the animals were simply altering their activity
around sugar water availability the diurnal nature of these two parameters were assessed

(Figure 17). Interestingly, we did not observe significant differences in the diurnal
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rhythm of activity with the animals in the EFG and LFG groups, indicating that the EFG
and LFG animals did not increase activity before or during FG availability (Figure 17A).
Although the ALFG group increased their activity at ZT 0, ZT 5, ZT 13 and ZT 16, this
did not contribute to a difference in EE at those times (Figure 17A). The rhythms of VO,
a measure for metabolic rate, however, followed the same pattern of those found in EE
(Figure 17B). Thus, timing liquid sugar consumption significantly affects the natural

rhythms of murine metabolic rate, which alters overall energy expenditure.

4.4.3 Macronutrient Utilization

RER values, which are a measure of macronutrient utilization, were averaged over the
day and night cycle as well as at the most active and resting points during each cycle
(Figure 18A-C). On average, each group exhibited the normal rodent rhythm in RER with
more lipids being utilized during the fasting, day cycle and more carbohydrates being
used during the feeding, night cycle (Figure 18A). However, the Con group had
significantly higher average RER in the daytime than all other groups indicating greater
lipid utilization in the groups exposed to liquid sugar during the resting cycle (F(3,31) =
185, p<0.001; Figure 18A). There were very few variations among groups during the
night cycle for average and active RER with each group utilizing more carbohydrates at
night (Figure 18A and 18B). Interestingly, the EFG treatment group had significantly
lower active RER than the other groups during the day (F(3,31) =313, p<0.001; Figure
18B). This suggests that the EFG group had greater metabolic flexibility during daytime
bouts of activity compared to the other three groups and utilized lipids when liquid

carbohydrates were not available.
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Average resting RER demonstrated marked differences among the groups during
the daytime (Figure 18C). Animals in the Con group showed a significantly higher
resting RER than all of the treatment groups, while the LFG group had the lowest resting
RER when compared to Con, ALFG, and EFG (F(3,31) = 35.3, p<0.05). During the night
period, the EFG group once again displayed a significantly lower resting RER than either
the Con or ALFG groups (F(3,31) = 6.91, p<0.01; Figure 18C).

When RER was measured over a 24-hour period, the most remarkable changes
were once again observed during the night cycle. The LFG group maintained lipid
utilization with a significantly lower RER for the first six hours of the active period and
did not exhibit an RER similar to the Con and ALFG groups until FG was available at
ZT18 (F(69,744) = 5.37, p<0.05). The EFG group, on the other hand, began the night
cycle with FG access and exhibited increased carbohydrate utilization similar to the Con
and ALFG groups from ZT 12-18. Once the FG was taken from the EFG group, they
began utilizing more lipids for energy than all other groups from ZT1 9-23 (F(69,744) =
5.37, p<0.001; EFG versus ALFG at ZT 20, p<0.05; Figure 18D). Overall, the RER
results showcase robust changes in macronutrient utilization and alterations in natural,

rodent metabolic flexibility driven by six-hour windows of sugar availability.

4.4.4 Glucose and Insulin Tolerance Tests

The ALFG treatment group demonstrated significantly higher blood glucose levels than
the other three groups at 15-min post-injection and from the EFG group at 30-min post-
injection during the GTT (F(16,150) = 1.44, p<0.05; Figure 19A). At 30 minutes post-

injection, the EFG group also had lower blood glucose levels than the LFG treatment
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group (F(16,150) = 1.44, p<0.05). Despite these differences observed over the time
course of GTT testing, we did not observe significant differences among the groups when
the data was assessed as AUC (Figure 19B).

The ITT results showed no significant differences among the groups at 15- or 30-
minutes post-injection. However, after 60 minutes, the EFG treatment group had
significantly lower blood glucose than the Con group (F(16,140) = 1.11, p<0.01; Figure
19C). At the 90-minute post-injection time point, the EFG treatment group exhibited
significantly lower blood glucose than both the Con and ALFG groups (F(16,140) = 1.11,
p<0.05). The LFG treatment group was also significantly lower at the 90-min time point
when compared to the Con group (F(16,140) = 1.11, p<0.05; Figure 19B).

Plasma glucose disappearance rates (Kirr) were calculated from the ITT data. The
EFG treatment group exhibited significantly lower rates of glucose disappearance than
Con and ALFG groups indicating quicker blood glucose uptake after an insulin injection
(F(3,28) = 4.25, p<0.05; Figure 19D). No significant variation was found in blood

glucose clearance among Con, ALFG, and LFG groups.

4.4.5 Food and Water Consumption

No significant differences were found in total food uptake when averaged over the day or
night cycle (Figure 20A). There were, however, several differences in cycle water uptake.
During the day and night cycles, the ALFG group consumed significantly more grams of
water than the control group (Day: F(3,30) = 33.5, p<0.05; Night: F(3,30) =20.5, p<0.05;
Figure 20B). The EFG group consumed the least amount of water during the day cycle

even compared to control (F(3,30) = 33.5, p<0.05). Interestingly, LFG consumed an
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amount of water comparable to the ALFG group and significantly higher than groups
Con and EFG (F(3,30) = 33.5, LFG v Con: p<0.05, LFG v EFG: p<0.001; Figure 20B).

Food kilocalories consumed by the animals were higher at night and lower during
the day period, as is to be expected due to the animals’ active period being the night
cycle. However, there were no significant differences in food kilocalorie consumption
among the groups for either cycle (Figure 20C).

Water kilocalorie consumption varied widely between groups, although this can
partly be contributed to the amount of time the groups had access to FG. Due to the 24
group being the only group with access to FG during the daytime, they consumed
significantly more liquid calories than the other groups during the daytime (p<0.001;
Figure 20D). The ALFG group also had significantly higher water kilocalorie
consumption during the night period, which is again expected due to their consistent
access to caloric water throughout the entire cycle (F(3,31) = 73.0, p<0.001; Figure 20D).
Interestingly, the EFG group did not vary significantly from the ALFG group when liquid
kilocalorie consumption was averaged over the night cycle, despite EFG animals only
having access to FG for half of this period. When both food and water kilocalories were
summed for day and night cycles, however, there were no significant differences among
the groups (Figure 20E). Likewise, when total kilocalorie consumption was assessed in
relation to final body weight there were no significant differences among the groups
(Figure 20F).

Food kilocalories, water grams, and total kilocalorie consumption were further
examined as percentages binned in six-hour windows over 24 hours (Figure 21). The

percentage of food kilocalorie consumption within each six-hour bin was not altered by
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liquid sugar availability with each group consuming roughly 24% of their daily solid
calories from ZT 0-5, 8% from ZT 6-11, 36% from ZT 12-17 and 33% from ZT 18-23
(Figure 21A). Since the tap water available to the Con group ad libitum and to groups
EFG and LFG during restriction had no calories, water kilocalorie consumption could not
be assessed over 24 hours. However, we were able to assess the amount of water
consumed in grams within the same six-hour bins to reach similar conclusions. The EFG
and LFG groups consumed the majority of their water when the FG was available. The
EFG group consumed 59% of their daily water from ZT 12-17, and the LFG consumed
59% of their daily water from ZT 18-23; both of which were nearly double the amount of
water consumed by the Con group during the same bins (Figure 21B). This did not cause
changes in the distribution of total kilocalorie consumption in the EFG and LFG groups
compared to Con (Figure 21C). The ALFG group, however, did have altered total
kilocalorie consumption, specifically in the ZT 6-11 bin. The Con, EFG and LFG groups
consumed approximately 7% of their daily calories from ZT 6-11, while the ALFG group
doubled that amount with 14% of their kilocalorie consumption occurring during that
time (Figure 21C). Together, these data indicate that the physio-metabolic changes
observed in our study were not caused by an overall increase in calorie consumption, but
instead due to the impact of liquid sugar access on diurnal metabolism and feeding

behaviors.

4.4.6 End-point Analyses

At sacrifice, whole livers and adipose tissue pads were collected and weighed.

Although there was no significant difference in liver weights among the groups (Table 1),
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the ALFG group had more hepatic fat deposition and an increased steatosis score than the
other three groups (F(3,27) = 3.43, p<0.05; Figure 22). The ALFG group also had more
visceral fat than the Con group and significantly more SubQ adipose tissue than the other
three groups (Visceral: F(3,29) = 4.01, p<0.05, SubQ: F(3,29) = 5.43, p<0.05; Table 1).
There were no observable differences among the groups in fasting blood glucose, fasting

serum insulin, or insulin resistance measures (Table 1).

4.5 Discussion

Sugar sweetened foods and beverages constitute a large portion of the diet in the
Western world, and HFCS is the most common substance used to sweeten them (Bleich
et al., 2018; Bray et al., 2004). A common complication resulting from overconsumption
of HFCS sweetened products is obesity, which continues to be a problem throughout the
world (Bocarsly et al., 2010; Bray et al., 2013; Jiirgens et al., 2005; Mock et al., 2017;
Stanhope et al., 2009; Teff et al., 2004). Numerous approaches have been proposed to
combat obesity and its associated metabolic diseases (Jakicic et al., 2001; Sacks et al.,
2009).

Restrictive diets are one such approach commonly used by individuals seeking to
lose weight and improve overall health (MacLean et al., 2015). However, these diets
focus mainly on changes in solid calorie consumption. Liquid calories, on the other hand,
have proven to be more difficult to track than solid calories as their consumption does not
induce satiety as effectively as solid calories (Almiron-Roig et al., 2013; Chambers et al.,
2015). Rodents and humans alike gain weight when administered caloric beverages and

are not able to reduce the amount of solid calories consumed to compensate for liquid
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calories (Light et al., 2009; Malik et al., 2006; Swithers and Davidson, 2008; Vartanian et
al., 2007). Furthermore, restrictive diets, although effective in the short-term, are rarely
sustainable for long periods of time and weight regain is quite common (Kayman et al.,
1990; MacLean et al., 2015; Wu et al., 2009). Time-restricted feeding of solid calories
has been suggested as an alternative and more manageable approach for improving
metabolic health (Gabel et al., 2018; Rothschild et al., 2014; Sutton et al., 2018). In fact,
the American Heart Association suggests that meal timing interventions, instead of
changing the types or amounts of foods consumed, may be a more effective way to
promote metabolic health (St-Onge et al., 2017). Therefore, we sought to apply the idea
behind TRF to liquid calorie consumption. Specifically, we restricted the consumption of
a 12% 55%/45% FG to the early and late murine active periods and compared their
physio-metabolic outcomes to groups receiving either ad libitum tap water or ad libitum
FG.

Body weight and fat mass were significantly increased only in the group with 24-
hour access to the FG, as animals in both the EFG and LFG groups exhibited body and
fat weights comparable to the Con group. This type of weight gain is commonly observed
in animal and human studies allowing ad libitum access to sugar sweetened beverages
and is normally attributed to increased calorie consumption (Malik et al., 2010a; Swithers
and Davidson, 2008). Interestingly, however, the increase in body weight and body fat in
the ALFG group was not due to an overall increase in calorie consumption. All four of
the groups consumed similar amounts of kilocalories during the day and night period.
However, when the percentage of daily calorie consumption was observed in six-hour

windows, it was only during the ZT 6-11 window that the ALFG group consumed more
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kilocalories. Thus, an alteration in the daily distribution of kilocalorie consumption and
not an overall increase in daily kilocalorie consumption may drive the ALFG phenotype.

Other than the changes in body and fat weights, we did not observe differences in
other tissue weights among the groups. However, we did find that the ALFG animals had
significantly more hepatic fat deposition. Previous studies have found that fructose
consumption elicits significant elevation in normalized liver weights and liver fat content
(Schwarz et al., 2015, 2017; Sellmann et al., 2015; Stanhope et al., 2009). The association
between fructose consumption and increased liver size and/or fat deposition lead to the
belief that the majority of intact dietary fructose was metabolized by the liver, which
made the similarity in liver size observed in the present study quite perplexing (Thornley
et al., 2012). However, a recent publication by Jang ef al. found that the majority of
fructose metabolism actually occurs in the small intestine. In fact, very little intact
fructose was found in the livers of animals given less than 0.5 g/kg of fructose or given
fructose after feeding. It was observed that only when the small intestine is saturated after
a fructose gavage greater than 0.5 g/kg or fructose is consumed under fasting conditions
that intact fructose is metabolized by the liver (Jang et al., 2018). Synthesizing our
endpoint and histology data with these findings suggest that the 12% FG may in fact
saturate the small intestine’s capacity for fructose metabolism. However, due to either the
length of our study or the percentage of sugar water used, our treatment did not impact
overall liver weight.

Findings of particular interest in the present study are the robust differences in the
diurnal patterns of EE and RER that were observed in the time-restricted FG groups. 24-

hour access to the FG did not significantly alter these metabolic patterns with the ALFG
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group, which exhibited similar diurnal EE and RER rhythmicity to the Con group.
Interestingly, the LFG group exhibited a reduction in EE during the first six hours of
activity. A calorie restriction-induced dampening of EE has been observed previously
when total calorie consumption was shifted to the inactive phase (Bray et al., 2013). This
supports the hypothesis that EE amplitude can be altered by calorie availability.
However, the diurnal rhythm of rodent EE was maintained in our sugar restriction
paradigm: the LFG animals still exhibited an increase in EE when moving from day to
night; however, it was blunted during the first six hours. It was not until we provided
sugar water to the LFG group that they exhibited an EE similar to the Con group.

Additionally, recent human studies have found that eTRF and midday TRF
(mTRF) are more beneficial for metabolic outcomes than ITRF. eTRF can increase
insulin sensitivity and improve 3 cell function in men with prediabetes as well as
decrease glycemic excursions in overweight individuals (Jamshed et al., 2019; Sutton et
al., 2018). Likewise, mTRF studies observed reduced hyperglycemia, hyperinsulinemia,
insulin resistance, and inflammation in their participants (Gill and Panda, 2015; Moro et
al., 2016). However, ITRF either does not induce any metabolic benefits or is detrimental
to metabolic health (Carlson et al., 2007; Tinsley et al., 2017). Our LFG paradigm
dampens the diurnal rthythms of EE during the first six hours of activity, while our EFG
paradigm amplifies the rhythm of EE during this time. Although diurnal EE was not
measured in the human studies, our data suggests that the dampening of EE during the
early feeding window may diminish the efficacy of sugar restriction on protecting against
the negative impacts of sugar water consumption (i.e. decreased glucose and insulin

tolerance).
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The EFG group, on the other hand, preferentially utilized lipids during daytime
activity. Neither the EFG nor LFG group had access to the FG during the daytime, which
suggests that restricting liquid sugar consumption to the earliest six hours of the active
period, but not the last six hours, limits the use of carbohydrates exclusively to the period
during which they are being consumed. Furthermore, the robust metabolic flexibility
observed in the EFG group was not due to significant changes in activity or metabolic
rate after FG access. Therefore, the EFG animals maintained activity and metabolic rate
(VO2) comparable to the Con group, but they were using lipids to do so. This begs the
question: If the mice are utilizing lipids more often, why did we not observe a decrease in
adipose tissue weight in the EFG treatment group? One possibility may be due to the
length of our study: nine weeks is a relatively short-term diet study and as such is a
limitation to the current study.

A key finding in our study was the impact of liquid calorie restriction on the
diurnal patterns of macronutrient utilization. After just nine weeks on the liquid
restriction paradigm, the EFG animals exhibited robust diurnal patterns of RER. In the
EFG group, carbohydrate utilization was robust only during the first six hours of activity,
when sugar water was available, while lipid utilization occurred throughout the rest of the
day. This indicates that early-active liquid carbohydrate consumption may increase
metabolic flexibility and induce a state of selective carbohydrate utilization that promotes
lipid metabolism when liquid carbohydrates are not available. TRF of a solid high-fat diet
to the active phase has been shown to increase metabolic flexibility, and this increased
flexibility is thought to underlie some of the metabolic benefits of TRF (Chaix et al.,

2014; Hatori et al., 2012; Woodie et al., 2018). Therefore, the robust flexibility induced
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by early-active sugar water restriction may be involved in the improved insulin tolerance
we observed in the EFG group. Furthermore, early-active restriction may play into the
diurnal rhythms of mouse metabolism. As mice transition from the inactive, day phase to
their active, night phase, they switch from utilizing lipids to utilizing carbohydrates
(Panda, 2016; Young and McGinnis, 2016) This is driven by the master clock, the
hypothalamic SCN. In mice, SCN output increases the mobilization of glycogen stores
from the liver and insulin sensitivity in peripheral tissues from the late inactive to the
beginning of the active period, thereby preparing the organism for meal consumption
during the active phase (la Fleur et al., 2001; Kim et al., 2017). By providing liquid
carbohydrates during this transition, our EFG paradigm facilitated this naturally
occurring switch. The LFG group, on the other hand, did not transition to the same degree
of carbohydrate usage as the other three groups during the first six hours of activity.
Instead, LFG animals did not exhibit elevated RER until later in the active phase when
sugar water was provided. Furthermore, the LFG group exhibited a significant dip in EE
during the first six hours of activity. This also indicates a delay in diurnal metabolic
rhythms induced by our LFG paradigm. The long-term implications of this delayed
switch remain to be determined; however, previous studies have shown that murine blood
glucose levels and insulin sensitivity decrease as the active period progresses (la Fleur et
al., 2001; Kim et al., 2017). The LFG paradigm, therefore, may require alterations in the
diurnal rhythm of mouse macronutrient metabolism to accommodate for late-active
carbohydrate availability. These results should encourage future mechanistic and long-

term studies to further examine the impacts of our liquid calorie restriction paradigm.
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Also, of note are our GTT and ITT results. During the GTT, the ALFG group had
significantly higher blood glucose readings 15 minutes post-injection, indicating that
glucose metabolism in these animals was dysregulated compared to the EFG, LFG or
Con groups. After 30 minutes, the EFG group had significantly lower blood glucose
levels than any of the other groups, indicating that these animals were more glucose
tolerant. In the ITT, the EFG group once again exhibited significantly lower blood
glucose readings than other groups 60 minutes post-injection. When looking at the rate of
glucose clearance during the ITT (Kitr), the values for the EFG animals were
significantly lower than LFG, ALFG or Con mice. Together, the GTT and ITT data
further supports the notion that restricting liquid carbohydrate calories to the first six
hours of activity imparts alterations in rodent metabolism that are not observed when
liquid calories are restricted to the last six hours of activity. However, it is important to
note that the timing of the GTT and ITT did not take advantage of the natural rhythms of
rodent glucose metabolism. Work by la Fleur et al. in 2001, found that glucose utilization
and insulin sensitivity peaked around ZT 14 in male Wistar rats (la Fleur et al., 2001).
However, if we were to have performed our tests at ZT 14, the animals would need to be
fasted beginning at ZT 23 for the GTT. This would attenuate the LFG sugar access. For
the ITT, the fast would begin at ZT 8 and last until ZT 14, once again disrupting the sugar
access to only one treatment group (EFG). Furthermore, if we chose to perform the ITT
at ZT 3 or the GTT at ZT 9, we would have again disrupted the daily sugar access to the
LFG group. Although we chose the fasting and testing time points to best fit our liquid

sugar restriction schedule, this does represent a limitation in the present study.
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Human studies have also explored the potential of restricting carbohydrate
consumption to improve human health. Consistent with the RER, GTT, and ITT data
from the EFG treatment group, a study of human eating habits found that metabolic
parameters such as blood glucose and energy intake were regulated more efficiently when
individuals confined their carbohydrate-heavy meal consumption to breakfast time, i.e.
early in the active phase (Almoosawi et al., 2013). In fact, this feeding pattern may be the
most metabolically and behaviorally beneficial. Several sources have recommended
decreasing sugary beverage intake to improve health while also warning of withdrawal
symptoms when removing these beverages from the diet immediately and completely
(Thornley et al., 2012). Therefore, an early-active restriction paradigm may be a way for
human subjects to improve their metabolic health while avoiding undesirable withdrawal
symptoms.

Overall, these results suggest that limiting liquid calorie consumption to either
early or late periods of the active phase is an effective way of combatting the weight gain
and fat deposition commonly observed after HFCS exposure. Limiting liquid calories to
the first six hours of activity, in particular, may allow for enhanced metabolic flexibility
and improved glucose and insulin tolerance. The mechanisms behind these observations
as well as the long-term impacts of this liquid calorie access schedule should be
examined in future studies. The present study, however, provides an important first
examination of the beneficial physio-metabolic effects of time-restricted liquid calorie

consumption.
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Table 1: Final measures for normalized liver weight, normalized body fat weights, fasting

Tables

blood glucose, fasting serum insulin and HOMA-IR score.

Con ALFG EFG LFG
Normalized Liver Weight (g) 1.36+0.07 1.46+0.09 1.44+0.07 1.3410.05
Normalized Visceral Fat Weight (g) | 1.104+0.101 | 1.786+0.186* | 1.3410.11 1.260.17
Normalized SubQ Fat Weight (g) 0.280.04 | 0.63+0.13* | 0.31:0.04" | 0.32+0.04"
Fasting Blood Glucose (mg/dL) 1739184 | 192.0+14.9 | 183.8+17.4 | 193.245.0
Fasting Serum Insulin (ng/mL) 0.07£0.02 0.09£0.02 0.08+0.01 0.07+0.02
HOMA-IR 0.74+0.16 1.07£0.20 | 0.98+0.17 | 0.82+0.16

Data were analyzed by an ANOVA with Tukey post-hoc test. Data presented as mean +

SEM. * different from Con, # different from ALFG, * different from EFG, * different

from LFG. *p<0.05, **p<0.01, ***p<0.001.
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Figures and Figure Legends

Figure 15
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Figure 15: Body Weight During Liquid Sugar Restriction. A) Animals were weighed

weekly. There were no differences among the body weights of the four groups until week
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seven and eight when the ALFG group began to weigh significantly more than Con and
EFG. B) Percent change in body weight was calculated each week from the initial weight.
The ALFG group exhibited significantly higher weight gain from the other three groups
starting at week 1 and persisting through the study. The Con, EFG and LFG groups
maintained consistent weight gain and did not significantly differ from one another. Data
presented as mean + SEM. * different from Con, * different from ALFG, * different from

EFG, » different from LFG. *p<0.05, **p<0.01, ***p<0.001.
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Figure 16
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Figure 16: EE During Liquid Sugar Restriction. A) The total amount of energy expended

was collected from each animal and averaged within the groups during the day and night
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cycles. When analyzed with a one-way ANOVA, the ALFG group expended more total
energy than Con during the day and night, while EFG expended more total energy than
Con and LFG only during the night. B) EE at the highest level of activity during the day
and night cycles was collected from each animal and averaged within the groups. C) EE
at the lowest level of activity during the day and night cycles was collected from each
animal and averaged within the groups. D) Energy expenditure was measured for each
animal every hour for 24 hours and then averaged within the groups. Data presented as
mean + SEM. * different from Con, # different from ALFG, * different from EFG, »

different from LFG. *p<0.05, **p<0.01, ***p<0.001.
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Figure 17
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Figure 17: 24-hour Activity and 24-hour Vo2 During Liquid Sugar Restriction. (A) At a

few time points the ALFG group exhibited significant alterations in activity, however,

access to FG did not induce large scale alterations in the diurnal rhythm of activity. (B)
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Metabolic rate, as measured by Voo, was significantly altered in the LFG group between
ZT 14-ZT 17. This indicates that changes in diurnal EE were not due to changes in
activity, but FG timing-induced disruptions in diurnal metabolic rate. Data presented as
mean + SEM. * different from Con, # different from ALFG, * different from EFG, »

different from LFG. *p<0.05, **p<0.01, ***p<0.001.
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Figure 18: RER During Liquid Sugar Restriction. A) The average RER was collected
from each animal and averaged within the groups during the day and night cycles. B)



RER at the highest level of activity during the day and night cycles was collected from
each animal and averaged within the groups. C) RER at the lowest level of activity during
the day and night cycles was collected from each animal and averaged within the groups.
D) RER was measured for each animal every hour for 24 hours and then averaged within
the groups. Data presented as mean = SEM. * different from Con, * different from ALFG,

% different from EFG, ~ different from LFG. *p<0.05, **p<0.01, ***p<0.001.
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Figure 19
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Figure 19: GTT and ITT During Liquid Sugar Restriction. A) The ALFG group exhibited
significantly impaired glucose tolerance than the other three groups. B) Despite the
significant differences observed in the time course of the GTT, there were no significant
differences among the groups when analyzed by AUC. C) The EFG group had improved
insulin tolerance compared to the Con at 60 min and compared to Con and ALFG after 90
min. D) This translated into a significantly improved rate of glucose clearance in the EFG
group when analyzed as Kirr. Data presented as mean + SEM. * different from Con, #
different from ALFG, * different from EFG, » different from LFG. *p<0.05, **p<0.01,

##%p<0.001.
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Figure 20
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Figure 20: Diurnal Food and Water Consumption During Week 9 of Liquid Sugar
Restriction. (A) FG availability did not significantly alter the grams of food animals ate
during the day or night. (B) The ALFG and LFG groups consumed significantly more
grams of water during the day than Con, while the EFG group consumed significantly

less grams of water than the other three groups. During the night, all three FG groups
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consumed more water than Con. (C) FG availability did not significantly alter the kcal of
food animals ate during the day or night. (D) Since the Con, EFG and LFG groups had
calorie-free tap water during the day, the ALFG group consumed significantly more kcal
from water during that time. Likewise, ALFG and EFG groups consumed more liquid
kcal during the night. (E) FG availability did not significantly alter the total kcal
consumed by animals during the day or night. Data presented as mean + SEM. * different
from Con, * different from ALFG, * different from EFG, * different from LFG. *p<0.05,

*4p<0.01, ***p<0.001.
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Figure 21
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Figure 21: Time-Dependent Analysis of Food and Water Consumption. A) Chi-squared
analysis of differences in food kcal consumption distribution from Con. The percentage

of food kilocalorie consumption within each six-hour bin was not altered by FG
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availability. B) Chi-squared analysis of differences in water gram consumption
distribution from Con. The EFG group consumed 59% of their daily water from ZT 12-
17, and the LFG consumed 59% of their daily water from ZT 18-0; nearly double the
amount of water consumed by the Con group during the same time bins. C) Chi-squared
analysis of differences in total kcal consumption distribution from Con. Con, EFG and
LFG groups consumed approximately 7% of their daily calories from ZT 6-11 while the
ALFG group doubled that amount with 14% of their kilocalorie consumption occurring
during that time. * different from Con, * different from ALFG, * different from EFG, »

different from LFG. *p<0.05, **p<0.01, ***p<0.001.
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Figure 22
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Figure 22: Liver Histopathology After Liquid Sugar Restriction. (A) Images of
hematoxylin and eosin (H&E) stained liver sections. Scale bar = 200 um. (B) Histologic

grading for hepatic steatosis. The ALFG group had a significantly elevated hepatic
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steatosis score compared to the EFG group. Data presented as mean = SEM. * different
from Con, * different from ALFG, * different from EFG, * different from LFG. *p<0.05,

*%p<0.01, ***p<0.001.
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Chapter 5: Evidence for Hippocampal Core Clock Disruptions in a Murine Model of

Western Diet-Induced Obesity

5.1 Abstract

Mammalian circadian rhythms are dictated by solar signals transmitted to the
hypothalamic SCN. Although the SCN is the central clock for circadian rhythms,
molecular clocks are found in every cell and are composed of the core clock proteins
BMALI1, CLOCK/NPAS2, PER and CRY. Disruptions in the core clock occur in
peripheral tissues after WD feeding and contribute to WD-induced metabolic disease.
The mammalian center of memory, the hippocampus, is also sensitive to WD-induced
dysfunction, but whether the WD disrupts the hippocampal core clock is not known. The
present research explores this gap in our knowledge by examining hippocampal core
clock rhythmicity in a mouse model of WD-induced obesity. Male C57Bl/6 mice were
maintained on either standard rodent chow with tap water or a 45%/kcal fat WD with a
4% sugar solution (WD). Hippocampal memory was assessed during the 13" and 14"
week of dietary exposure while diurnal metabolic rhythms were collected for 24 h in
metabolic cages during the 16" week. Livers, hypothalami and hippocampi were then
collected at 4-h increments over 24 h. mRNA expression was measured using RT-qPCR
and assessed by cosinor-based rhythmometry. WD feeding significantly increased body
weight and normalized liver weight (p<0.001) and significantly dampened diurnal
rhythms of whole-body metabolism (p<0.05). As expected, the WD also induced
significant alterations in the hepatic rhythmicity of Bmall and Reverba expression

(p<0.05). In line with previous findings, the rthythm of the hypothalamic Bmall, Npas2
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and Per2 did not significantly differ between the dietary groups. All measured core clock
genes were significantly disrupted in hippocampus after WD feeding. What is more, the
expression pattern of key genes implicated in AD risk and associated with synaptic
function were significantly altered in the WD group. Finally, hippocampal memory was
disrupted in a task- and time-dependent fashion. Our results indicate that WD feeding
significantly alters the rhythmicity of core clock mRNA expression in the hippocampus.
These results suggest that WD-induced disruptions of the core clock may have

implications in memory diseases with significant circadian etiologies, such as AD.

5.2 Introduction

The rhythm of all mammals living on the Earth’s surface is dictated by the rotation of the
Earth around the Sun. Photic signals are transmitted from retinal ganglia to the
hypothalamic SCN. The presence of daylight entrains the rhythms of SCN neurons to a
24 hour cycle by initiating the transcription and translation of core clock genes in a TTFL
(Welsh et al., 2010). The circadian TTFL is comprised of BMAL1, CLOCK/ NPAS2,
PER1-3 and CRY1-2. BMALI and CLOCK/NPAS?2 form the positive arm of the loop,
while PER and CRY make up the inhibitory or negative arm (Dibner et al., 2010;
Mohawk et al., 2012; Stratmann and Schibler, 2012). The BMAL1:CLOCK/NPAS2
heterodimer activates gene expression of Per, Cry and other CCGs while the PER:CRY
complex inhibits the transcriptional activity of BMAL1:CLOCK/NPAS?2 (Takahashi,
2017). This regulatory loop creates the stable and precise oscillatory patterns of circadian

gene expression and molecular rhythmicity.
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The SCN is regarded as the master regulator in the circadian hierarchy, but core
clock genes are ubiquitous and oscillate within the circadian TTFL in most cells
(Guillaumond et al., 2005; Solt et al., 2011). While peripheral tissues may be entrained to
light:dark cycles via neural and hormonal signals from the SCN, they also possess cell-
autonomous oscillators that are entrained to other exogenous cues. Indeed, the liver and
adipose are established FEOs whose molecular and metabolic rhythmicity may be
disrupted and/or corrected by nutrient availability (Asher and Sassone-Corsi, 2015). The
WD is characterized by high-fat and high-sugar foods and its consumption is associated
with obesity and metabolic disease (Carrera-Bastos et al., 2011; Cordain et al., 2005;
Malik et al., 2013). Studies utilizing animal models of WD-induced obesity have shown
that the WD significantly disrupts metabolic rhythmicity and dampens core clock gene
expression in peripheral tissues (Eckel-Mahan et al., 2013; Hatori et al., 2012; Kohsaka et
al., 2007). Metabolic rhythm disruption is also a part of the etiology of WD-induced
metabolic disease, as realigning food consumption with the rhythms of nutrient
metabolism via time-restricted feeding attenuates some of the negative impacts of the
WD (Chaix et al., 2019; Eckel-Mahan et al., 2013; Hatori et al., 2012). Remarkably, the
SCN is resistant to the WD and remains entrained to light:dark cycles (Hara et al., 2001;
Kohsaka et al., 2007).

Outside of the SCN, the WD’s impact on rhythmicity in the rest of the brain
remains to be fully determined. The hippocampus exhibits distinct time-of-day-dependent
rhythms in behavioral function, synaptic plasticity and protein phosphorylation events
and is known to be negatively impacted by the WD (Chaudhury and Colwell, 2002;

Chaudhury et al., 2005; Eckel-Mahan et al., 2008; Hsu and Kanoski, 2014; Woodie et al.,
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2019). Indeed, Type-III Diabetes is now used to describe the AD-like cognitive deficits
induced by the WD (de la Monte and Wands, 2008).

Herein, we report substantial WD-induced alterations in hippocampal diurnal
gene expression. WD-induced obesity elicited significant changes in core clock gene
expression and altered the diurnal landscape of synaptic and AD-associated genes in the
mouse hippocampus. Moreover, this is the first study to date to establish a diurnal
expression profile for key synaptic integrity and AD-associated genes in the hippocampus
of chow-fed mice. Our work identifies disruptions in the circadian TTFL as a potential
facet in the etiology of WD-induced cognitive deficits. Importantly, our data recognize
the hippocampus as a centrally-located peripheral oscillator that can be disrupted by WD-

induced obesity.

5.3 Materials and Methods

5.3.1 Animals and Diets

Male C5BI/6N mice were obtained from Envigo at six weeks of age. The animals were
pair housed in standard microisolator cages within the AAALAC accredited Veterinary
Research Building (VRB) at the Auburn University College of Veterinary Medicine. All
experimental procedures were approved by the Auburn University Institutional Animal
Care and Use Committee in accordance with the NIH guidelines. The animals were
maintained in a temperature and humidity-controlled room on a 12:12 light cycle with
lights on as ZT 0 and lights off as ZT 12. The mice were allowed to acclimate to the
facility for one week with ad libitum access to the standard rodent chow and tap water.

After this time, animals were divided into two, weight-matched groups: Chow and
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Western Diet (WD). The Chow group was given ad libitum access to the standard rodent
diet (24.5% kcal/g protein, 13.1% kcal/g fat, 62.3% kcal/g carbohydrate; PicoLab Rodent
Diet 20 #5053, LabDiet, St. Louis, MO) and tap water. The WD group was given ad
libitum access to a 40% fat diet based on AIN-93G (16% kcal/g protein, 40% kcal/g fat,
44% kcal/g carbohydrate; Western Diet for Rodents #5TJN, TestDiet, St. Louis, MO).
The WD group was also given ad libitum access to a 42 g/L 55% fructose/ 45% sucrose
solution prepared by dissolving 231 g fructose and 189 g of sucrose in 1 L of Milli-Q
purified water (MilliporeSigma, Burlington, MA). The animals were maintained on their
respective diets for 16 weeks.

One cohort of animals was euthanized every four hours for 24 hours starting at ZT
1 to assess the effect of diet on diurnal rhythmicity. Two separate cohorts of animals were
used to perform behavioral tasks. One of the behavioral cohorts performed tasks during
the inactive phase (ZT 3), while the other performed tasks during the active phase (ZT

15). Animal numbers for each cohort may be found in the figure legends.

5.3.2 End-point Procedures

At the end of sixteen weeks, the animals were euthanized via CO, asphyxiation followed
by decapitation. Animals were sacrificed every four hours for 24 hours starting at ZT 1
and were not fasted to preserve diurnal rhythmicity. After decapitation, the brains were
quickly removed and weighed prior to dissection of right and left hippocampi and
cerebral cortices as well as the hypothalamus. Trunk blood was used to obtain a final
blood glucose measurement and was then collected and centrifuged at 12,000 rpm to

draw off serum, which was frozen at -80° C until further analysis. Livers, eWAT, WAT
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rWAT and iWAT were excised on ice and weighed. eWAT and rWAT weights were
summed to calculate visceral adipose tissue mass and iWAT was used as a measure for
SubQ fat mass. All tissues were flash frozen in liquid N2 and stored in -80° C for further

analysis.

5.3.3 Metabolic Phenotyping

Promethion metabolic cages (Sable Systems, Las Vegas, NV) were utilized for metabolic
screening and phenotyping as previously described (Luo et al., 2016; Woodie et al.,
2018). Mice were transferred from their home cages and singly housed in the metabolic
cages during the sixteenth experimental week prior to sacrifice. Activity was measured
by Promethion XYZ Beambreak Activity Monitors calibrated to each cage. The body
mass monitors were plastic tubes that also functioned as in-cage enrichment and nesting
devices.

A promethion GA-3 gas analyzer measured water vapor, CO; and O in mL/min
to provide detailed respirometry data. EE was calculated in kcal by using the Weir
equation: 60*(0.003941*VOx(n) + 0.00106VCO: (n)). RER was determined by the ratio
of CO; produced to the volume of Oz consumed (RER = VCO2/VO>) where a RER of ~
0.7 indicated lipid utilization and a RER of ~ 1.0 indicated carbohydrate utilization.
Metabolic phenotyping data was analyzed using ExpeData software with the Universal

Macro Collection (Sable Systems, Las Vegas, NV).

5.3.4 Glucose and Insulin Tolerance Tests
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After thirteen weeks on the diets, both groups were fasted with tap water for fifteen hours
(ZT 12-3) for a GTT. During the fast, the WD group had their sugar water removed and
replaced with tap water. The GTT was performed as previous described beginning at ZT
3 (Woodie et al., 2018). Briefly, the dorsal vein of the tail was superficially nicked 1.5
cm near the distal end with a sterile razor. Approximately 5 mL of blood was collected on
a Contour One blood glucose meter strip to obtain a baseline blood glucose measure for
each mouse. A sterile 25% glucose solution (2 g glucose/ kg body weight) was injected
intraperitoneally (i.p.) in each animal. Blood was collected from the tail nick at 15, 30, 60
and 120 min after injection. The AUC was obtained by calculating the Reimann sum for
each group.

One week after the GTT, animals were fasted with tap water for six hours (ZT 3-
ZT 9) before performing an ITT. Beginning at ZT 9, blood was sampled from a nick in
the dorsal tail vein to obtain a baseline glucose measurement as described for the GTT.
Then an i.p. injection of Humulin R (Eli Lilly, Indianapolis, IN) was administered at a
dose of 0.9U insulin/kg body weight and blood glucose was tested at 15, 30, 60 and 90
min after injection.

Procedure start times and fasting durations and for the GTT and ITT were chosen

based on guidelines from the Mouse Metabolic Phenotying Center (Ayala et al., 2010).

5.3.5 Behavioral Assessments
Starting after 12 weeks of dietary exposure, the animals ran a series of behavioral tasks at
one-week intervals to assess hippocampal function. In order to minimize stress and

extraneous novelty, the inactive phase testing conditions were similar to that of the
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normal housing conditions standard to the Auburn University VRB. Therefore, the
cohort of animals performing the tasks during the inactive phase (ZT 3) were run under
white, fluorescent light. The cohort of animals performing the tasks during the active
phase (ZT 15) ran the tests under dim, red light. Both cohorts ran the same tasks in the
same order with tasks increasing in complexity.

The first task was the Y-Maze task. The maze consisted of three arms made of
opaque, corrugated plastic at 120° angles from each other with each arm measuring
approximately 30 cm long and 10 cm wide. Twenty cm high walls lined the entire
apparatus (Figure 28A). The arms were randomly labeled as Arm A, B and C and visual
cues unique to each arm were affixed to the back wall of the arms. The maze was situated
directly under light so that no shadows were formed in the maze. All sessions were
recorded using an overhead camera. Each animal went through training and probe
sessions. During the training session, one of the arms was closed off with an opaque
divider (Novel Arm) so that animals can only explore the arm they started in (Start Arm)
and the other open arm (Familiar Arm). The mouse was released into the Start Arm and
allowed to explore the Start and Familiar Arm for 15 min. After which, they were
removed from the maze and returned to their home cage for 3 hours. Finally, they were
returned to the maze with the Novel Arm open and allowed to explore for 5 min. Upon
completion of the test period, animals were returned to their home cages. The maze was
thoroughly cleaned with 70% EtOH before the start of all sessions and between each
animal. First choice, time in Novel Arm and entries into Novel Arm were scored from the
recorded probe sessions. A recognition index was calculated by (time in Novel Arm/ total

time in maze) * 100. The identity of the Start, Familiar and Novel Arms were randomized
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for each animal, but remained constant within each animal for the training and probe
sessions. All videos were scored by two individuals who were blind to dietary treatments.
The final task was the novel object recognition (NOR) task. The apparatus was a
40 cm x 40 cm x 40 cm box made of clear Plexiglass. Visual cues unique to each wall
were affixed to the inside of the box. The Familiar Object was a 50 mL conical tube,
filled with 30 mL of water and affixed by its lid to the bottom of the box with duct tape.
The Novel Object consisted of a 5 cm diameter bottle lid affixed with duct tape to the top
of a 10 cm diameter bottle lid. Objects were place approximately 5 cm from one of the
four walls (Figure 28B). Which wall the objects were placed by and the orientation of the
Novel and Familiar Object (to the left or the right of the mouse starting position) were
randomized for each animal to control for side preference. The box was situated directly
under light so that no shadows were formed. All sessions were recorded using an
overhead camera. Each animal went through habituation, training and probe sessions.
During the habituation session, the animal was placed in the center of the box facing two
Familiar Objects. Animals were allowed to explore the box and the objects for ten
minutes. They were then returned to their home cage for 24 hours. The following day, the
animals performed the training session. Once again, the animals were placed in the center
of the box facing two Familiar Objects. They were allowed to explore the box and the
objects for 5 min. After this time, they were returned to their home cage for 1 hour. Then
they performed the probe session where one of the Familiar Objects was replaced with
the Novel Object. The animals were placed in the center of the box facing the objects and
were allowed to explore the box and the objects for 5 min. The box and objects were

thoroughly cleaned with 70% EtOH before the start of all sessions and between each
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animal. A recognition index was calculated from (time spent exploring Novel Object /
total time spent exploring objects) * 100. All videos were scored by two individuals who

were blind to dietary treatments.

5.3.6 RNA Extraction and RT-qPCR

RNA was extracted from frozen liver samples using TRIzol following the manufacturer’s
instructions. RNA was extracted from frozen hippocampus samples using a RNeasy Plus
Mini Kit and from frozen hypothalamus samples using a RNeasy Plus Micro Kit both
following the manufacturer’s instructions. RNA concentration and quality for each
sample was determined on a ThermoScientific NanoDrop One® immediately after
extraction. cDNA from each tissue was synthesized using the SuperScript IV reverse-
transcription system following the manufacturer’s instructions. Gene expression was
analyzed by qPCR and normalized to tissue specific housekeeping genes (Liver: Gapdh
and Actb, brain: Actb and Sdha) and the level of the gene of interest in the Chow

samples.

5.3.7 Serum Insulin, Corticosterone, CRP and IL-6 Determination

Serum insulin levels were determined by an insulin ELISA assay. Insulin resistance was
assessed by HOMA-IR score (HOMA-IR = (26 * serum insulin (ng/mL) * blood glucose
(mg/dL))/405). Serum corticosterone, CRP and IL-6 levels were determined using ELISA

assays specific to each protein.

5.3.8 Quantification and Statistical Analysis
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Running body weight, GTT, ITT, 24-hour EE, 24-hour RER and 24-hour activity were
analyzed using a two-way repeated measures ANOVA with Tukey’s post-hoc test. Group
differences in diurnal RT-qPCR and serum measures as well as behavioral tests were
assessed using two-way ANOVA with a Tukey’s post-hoc test. All data are presented as
mean + SEM with a p value < 0.05 considered statistically significant. Statistical
parameters (n, mean and SEM) can be found in the figure legends. Statistical tests were
run using SPSS Statistics and R. The rhythmicity, amplitude and acrophase for each gene

and serum measure were analyzed using the R packages JTK CYCLE and psych.

5.4 Results and Discussion

5.4.1 WD Consumption Results in an Obese Phenotype and Disrupts Peripheral
Rhythmicity

In order to determine the impact of the WD on hippocampal diurnal rhythmicity, we first
needed to confirm that WD feeding induced an obese phenotype with markers of
metabolic disease and diurnal disruptions in our model. To do so, we followed a 16-week
feeding paradigm with behavioral and metabolic tasks occurring from week 12-16
(Figure 23A). WD mice gained significantly more weight than their Chow-fed
counterparts beginning at week 2 and continuing to the end of the study (Figure 23B).
Results from the GTT and ITT indicated impaired glucose metabolism in the WD group
at 13 and 14 weeks of feeding (Figure 23C-D). This phenotype progressed in severity
through dietary exposure as the WD group exhibited hyperglycemia, severe
hyperinsulinemia and significant insulin resistance at the time of sacrifice (Figure 23E-I).
WD feeding also resulted in disrupted metabolic rhythmicity with elevated EE during the

inactive phase (Figure 24A), reduced metabolic flexibility as measured by RER (Figure
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24B) and decreased activity during the active phase (Figure 24C). Moreover, we
observed significant changes in the rhythms of inflammatory markers in our WD-fed
animals. Serum corticosterone levels were phase advanced and increased at ZT 1 in the
WD group (Figure 23J). The acrophase for both inflammatory markers CRP and IL-6
were phase advanced to the light cycle, despite the lack of significant difference in
absolute levels (Figure 23K-L).

At sacrifice, the WD group had significantly heavier livers and SubQ and visceral
fat pads (Figure 23M-O). Interestingly, the WD group had significantly reduced brain
weight compared to Chow (Figure 23P). Similar to previous works, our WD-fed group
had significantly dampened hepatic rhythms of Bmall (Figure 25A left panel) and Nridl
(Reverba) (Figure 26A left panel) (Eckel-Mahan et al., 2013; Hatori et al., 2012; Kohsaka
et al., 2007). The WD group also exhibited advanced acrophase for Bmall and Reverba
(Figure 25E, Figure 26A left panel). Although absolute expression hepatic Clock, Per?2
and Crylwas not affected by our diet (Figure 25B-C left panel), Cryl acrophase was
advanced in the WD group (Fig 25E). Therefore, we were able to conclude that our 16-
week WD feeding paradigm produced a mouse model with metabolic and rhythmic
disruptions similar to those previously published (Eckel-Mahan et al., 2013; Hatori et al.,

2012; Kohsaka et al., 2007).

5.4.2 WD-induced Obesity Disrupts the Diurnal Rhythmicity of Core Clock Genes in the
Hippocampus
Having established WD-induced obesity and disruptions in peripheral rhythmicity, we

next sought to examine the diurnal expression of core clock genes in central structures.
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First, we found that hypothalamic expression of three out of the four measured core clock
genes was unaffected by the WD (Figure 25A-C middle panel). The WD also did not
alter acrophase for any of the measured core clock genes (Fig. 2F). The hypothalamic
SCN is resistant to diet-induced rhythm disruptions, which supports our findings in
Bmall, Npas2 and Per2 expression (Hara et al., 2001; Kohsaka et al., 2007). Cryl
expression, however, was significantly amplified at all measured time points in the WD-
fed group (Figure 25D middle panel). This may be due to the fact that we collected the
whole hypothalamus instead of specifically isolating the SCN. Therefore, areas of the
hypothalamus that are involved in feeding and satiety (e.g. lateral hypothalamus and
arcuate nucleus) may have been altered by the WD. Given our results, the specific role of
hypothalamic Cry! in the context of diet-induced obesity warrants future study.

In contrast to the hypothalamus, the diurnal expression patterns of all measured
core clock genes were significantly disrupted in the hippocampi of WD mice. Bmall,
Npas2, Per2 and Reverba were amplified at select timepoints (Figure 25A-C right panel
and Figure 26A right panel) while diurnal Cryl expression was dampened compared to
Chow (Figure 25D right panel). In addition to amplification in the dark phase, Bmall
acrophase was delayed in the WD group (Fig. 25G), which may have influenced the stark
induction of gene expression for the transcription factor, D-box binding protein (Dbp)
(Figure 26B). Dbp is within the BMAL1:CLOCK/NPAS?2 cistrome and DBP moderates
the expression of clock-controlled genes (Takahashi, 2017).

Of additional interest is the observation that the core clock co-activator, Npas2,
was not rhythmically expressed under Chow-fed conditions, but gained rhythmicity in the

WD group (Figure 25B right panel). The core clock repressors, Per2 and Cryl, on the
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other hand, maintained similar expression patterns between Chow and WD, but were

elevated and decreased, respectively, in absolute expression (Figure 25C-D right panel).

5.4.3 Diurnal Rhythmicity of Genes Associated with Synaptic Plasticity and AD are
Disrupted in WD-fed Mice
Circadian disruptions have been recognized to not only influence the development of
AD-like memory deficits, but to also be a key symptom of dementias such as AD
(Karatsoreos, 2014; Musiek, 2015; Musiek et al., 2015). Additionally, several AD-risk
genes have been identified as hippocampal clock-controlled genes that may be regulated
at the level of expression by peripheral inputs (Ma et al., 2016). Given the observation
that the WD group had smaller brains and the degree to which the WD disrupted
hippocampal core clock gene expression in our model, we hypothesized that the
hippocampal expression of AD-risk genes would also be disrupted in the WD-fed
animals. Thus, we examined the diurnal expression of four genes associated with AD:
Apoe, Casp3 and Gsk3a and Gsk3b. All four markers exhibited significant WD-induced
changes in both their absolute expression levels and temporal expression patterns (Figure
27A-D). All of our tested genes were overexpressed at ZT 9, while Apoe and Gsk3b
exhibited additional overexpression at ZT 17. Furthermore, in the WD group, all four
genes exhibited a phase advance in acrophase when compared to Chow (Figure 27E).
What is more, it has been established that the hippocampus functions as a
circadian oscillator with time-of-day-dependent changes occurring at the levels of
behavior, synaptic plasticity and protein phosphorylation (Chaudhury and Colwell, 2002;

Chaudhury et al., 2005; Eckel-Mahan et al., 2008). The hippocampus is also known to be
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particularly sensitive to WD-induced damage. Importantly, WD-induced changes in
peripheral inflammation and insulin sensitivity have central implications that negatively
impact hippocampal structure and function (Hsu and Kanoski, 2014; Kanoski and
Davidson, 2011; Woodie et al., 2019). As demonstrated in Figure 23, the WD group
exhibited insulin resistance and disrupted rhythmicity in inflammatory markers. These
observations in conjunction with the core clock disruptions observed in Figure 25, led us
to test whether diurnal expression of genetic markers for hippocampal structure and
function were also disrupted by the WD. We first examined the expression of two
established markers of synaptic activity, Arc and c-fos. Both immediate-early genes
exhibited time points of elevated expression in the WD group, with c-fos displaying overt
overexpression at ZT 1 (Figure 27F-G). Bdnf and Dlg4 (PSD95), which are markers of
synapse formation and maintenance, were also overexpressed at ZT 9 and ZT 17 (Figure
27H-I). Acrophase for every gene, with the exception of Arc, was shifted in the WD
group (Figure 27J).

Expression of these markers is traditionally associated the beneficial activation of
synaptic activity, plasticity and memory formation (El-Husseini et al., 2000; Guzowski et
al., 2001; Vicario-Abejon et al., 2002). However, chronic overexpression can cause
neuronal hyperactivity and detrimental excitotoxic events (Cunha et al., 2009; Sommer et
al., 2017; Walker and Carlock, 1993). Whether excitotoxicity is occurring in the
hippocampi of the WD group requires further work. However, the data herein are
supportive of this hypothesis. Of particular interest is our observation that Dbp was
highly overexpressed in the WD hippocampus. DBP is well known as a modulator of

clock-controlled gene expression. However, DBP overexpression can also impair
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hippocampal function: in a model of hippocampus-specific DBP overexpression, animals
exhibited impaired spatial learning abilities and extreme sensitivity to kainite-induced
seizures (Klugmann et al., 2006). These observations were paralleled by chronic
activation of the MAPK pathway, which is a key signaling cascade activated during
excitatory glutamate neurotransmission (Eckel-Mahan, 2012; Klugmann et al., 2006).
What is more, we observed decreased brain weight in the WD group concurrent with
overexpression of Apoe, which has been shown to be elevated after excitotoxic injury,
and overexpression of Casp3, which is involved in excitotoxic apoptosis (Brecht et al.,

2001; Liao et al., 2017; Tzeng et al., 2013).

5.4.4 WD-Induced Disruptions in the Hippocampal Clock are Associated with Time- and
Task-Dependent Cognitive Deficits

Finally, we examined whether the WD-induced changes in diurnal gene expression
translated into in vivo memory deficits. The hippocampus is heavily involved in the
episodic memory processes required for spatial, navigational and object memory tasks
(Eichenbaum, 2017; Lisman et al., 2017). Thus, we utilized two passive tasks to avoid the
development of stress or fear in our animals, particularly while testing during the inactive
phase. The Y Maze was used to assess the spatial and navigational memory capacity of
our animals (Figure 28A), while a NOR task was used to assess object memory (Figure
28B). Two cohorts of animals, separate from those used for diurnal tissue collection,
were used to assess hippocampal memory. One cohort performed the tasks during the
inactive phase starting at ZT 3 and the second cohort performed the tasks during the

active phase starting at ZT 15. Memory for the tasks was assessed by a recognition index,
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which measures how well an animal can remember familiar spaces and objects (by
spending less time exploring them) while recognizing a novel space or a novel object (by
spending more time exploring them). The WD significantly impaired performance in the
Y Maze during both the inactive and active phases (Figure 28C). Object recognition, on
the other hand, was significantly impaired by the WD but only during the active phase
(Figure 28D). The difference between our Y Maze and NOR results highlights the
intricacies of different types of memory. Indeed, in fear-conditioning tasks, which may be
modified to test hippocampal and/or amygdala function, performance is improved during
the inactive phase (Chaudhury and Colwell, 2002; Maren et al., 2013). Perhaps this is due
to the fact that the light/inactive phase is a hypervigilant, fearful time for nocturnal
animals e.g. mice and rats. This could potentially explain the NOR results: mice may be
more vigilance of their environment and the items in it and thereby more interested in a
novel object during the daytime. Novel spaces may not warrant the same level of
consideration. Nevertheless, the behavioral deficits observed at both time points in the Y
Maze and during the active phase in the NOR, parallel the significant disruption in
diurnal gene expression that we observed in the WD group.

Overall, we provide the first set of data indicating WD-induced diurnal
disruptions in hippocampal gene expression. Our findings also highlight that AD-risk and
synapse-associated genes become disrupted and amplified in the hippocampus after WD
feeding and that these disruptions correspond with deficits in behavioral markers of
hippocampal function. Although causational conclusions will require further study, we
can draw meaningful associations on the impact of WD-induced obesity and diurnal

disruptions on hippocampal rhythmicity and function.
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5.4.5 Study Limitations

We collected our diurnal samples at 4-hour intervals over 24 hours. Although 4-hour
sampling provided us with compelling evidence for WD-induced hippocampal diurnal
disruptions, sampling at 2-hour intervals may provide better resolution in the future.
Furthermore, we collected and tested gene expression in the whole hypothalamus. Our
data suggests that diurnal Bmall, Npas2 and Per2 expression was not altered by the WD
in the whole hypothalamus. This fits with previous research on the SCN; these areas
remain entrained to light:dark cycles and are resistant to diet-induced changes in
rhythmicity. However, our Cry! results suggest that there are nuclei within the
hypothalamus that are sensitive to WD-induced disruptions. Further studies are needed to
examine the dysregulation of expression and function of Cry! in hypothalamic nuclei.
Finally, the C57B1/6 mouse model that we used is melatonin-deficient. Rhythmic
melatonin is a crucial component of the circadian clock and feeds back upon the SCN to
maintain light:dark entrainment. We used the C57B1/6 mouse to be consistent with the
extensive number of previous studies on WD-induced obesity as well as other circadian
and diurnal rhythm works. However, subsequent work should be in confirmed in

melatonin-proficient models.
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Figures and Figure Legends
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Figure 23. WD-Induced Obesity Pathophysiology and Peripheral Rhythm Disruption

(A) 16-week experimental timeline.
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(B) Weekly body weight measurements for Chow and WD groups (n =41 — 43).
(C-D)GTT (C) and ITT (D) performed after 13 — 14 weeks on experimental diets (n =
20 —23). (C inset) GTT area under the curve.

(E — F) Diurnal pattern of non-fasted blood glucose (E) and serum insulin (F) from
samples collected every 4 hours for 24 hours (n =3 — 7 per group per time point). Data
are double-plotted for visualization.

(G —I) Non-fasted blood glucose (G) serum insulin (H) and HOMA-IR (I) for each group
averaged over all collected time points (n = 41 —43).

(J — L) Diurnal pattern of corticosterone (J) and the inflammatory markers, CRP (K) and
IL-6 (L) in serum samples collected from Chow- and WD-fed animals every 4 hours for
24 hours (n = 3 — 7 per group per time point). Data are double-plotted for visualization.
(M — P) Normalized liver weight (M), normalized SubQ fat weight (N), normalized
visceral fat (O) and normalized brain (P) weight after 16 weeks of dietary exposure
averaged for each group across all collected time points (n =41 —43).

Data are presented as mean + SEM. *p<0.05, **p<0.01, ***p<0.001
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Figure 24
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Figure 24. Metabolic Phenotype

(A) EEmeasured every hour over 24 hours during the 16" week of dietary exposure.
(B) Macronutrient utilization as measured by RER collected every hour over 24 hours

during the 16" week of dietary exposure.
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(C) Activity measured every our over 24 hours during the 16" week of dietary exposure.

n =41 —43. Data are presented as mean + SEM. *p<0.05, **p<0.01, ***p<0.001
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Figure 25

A . Liver )
4 4
ga 3
Bmal1 22 2
1 1
l)‘l 5 91317211 5 9 139721 0 15 91317211 5 9 131721 0 15 91317211 5 9131721
B i M
€ 3 3
Clock/ 3
Npas2 H A

oi 5 91317211 5 9131721 _g_ Chow
~&- WD

91317211 5 9 131721 5 91317211 5 9 131721

5 921317211 5 9 131721 o 1656 91317211 5 9 131721

91317211 5 9 134721

7
L
a
4
3
2
1
91317211 5 9 13171 i 15 91317211 5 9 131721 o 15 91317211 5 9 131721
rag ZT ZT
E F G
Liver Hypothalamus Hippocampus

¢

3
5 (]
12
3
B 0
C]
T

202



Figure 25. The Effect of WD-Induced Obesity on Core Clock Gene Expression in the
Liver, Hypothalamus and Hippocampus

(A) Diurnal expression of Bmall in the liver (left panel), hypothalamus (middle panel)
and hippocampus (right panel) collected after 16 weeks on diets from Chow- and WD-
fed animals every 4 hours for 24 hours (n = 3 — 7 per group per time point).

(B) Diurnal expression of Clock in the liver (left panel) and Npas?2 in the hypothalamus
(middle panel) and hippocampus (right panel) collected after 16 weeks on diets from
Chow- and WD-fed animals every 4 hours for 24 hours (n =3 — 7 per group per time
point).

(C) Diurnal expression of Per?2 in the liver (left panel), hypothalamus (middle panel) and
hippocampus (right panel) collected after 16 weeks on diets from Chow- and WD-fed
animals every 4 hours for 24 hours (n = 3 — 7 per group per time point).

(D) Diurnal expression of Cry! in the liver (left panel), hypothalamus (middle panel) and
hippocampus (right panel) collected after 16 weeks on diets from Chow- and WD-fed
animals every 4 hours for 24 hours (n = 3 — 7 per group per time point).

(E — G) Schematic representation of acrophase for Bmall, Clock/Npas2, Per2 and Cry 1
in the liver (E), hypothalamus (F) and hippocampus (G) of Chow- (fop row) and WD-
(bottom row) fed mice.

(A — D) Data are double-plotted for visualization. Data are presented as mean + SEM.

*p<0.05, **p<0.01, ***p<0.001
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Figure 26
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Figure 26. Diurnal Expression of Reverba and Dbp

(A) Diurnal expression of Reverba in the liver (left panel) and hippocampus (right panel)
collected after 16 weeks on diets from Chow- and WD-fed animals every 4 hours for 24
hours (n =3 — 7 per group per time point).

(B) Diurnal expression of Dbp in the hippocampus collected after 16 weeks on diets from
Chow- and WD-fed animals every 4 hours for 24 hours (n =3 — 7 per group per time
point).

(C) Schematic representation of acrophase for Reverba and Dbp in the liver (left panel),
and hippocampus (right panel) of Chow- (top row) and WD- (bottom row) fed mice.
Time of core clock gene acrophase is included for reference.

(A — B) Data are double-plotted for visualization. Data are presented as mean + SEM.

#p<0.05, **p<0.01, ***p<0.001
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Figure 27
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Figure 27. The WD Alters Diurnal Expression Patterns of Genes Associated with AD
Risk and Synapse Function

(A — D) Diurnal expression of the AD-associated genes Apoe (F), Casp3 (G), Gsk3a (H)
and Gsk3b (I) in the hippocampus collected every 4 hours for 24 hours after 16 weeks of

Chow or WD feeding (n = 3 — 7 per group per time point).
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(E) Schematic representation of acrophase for Apoe, Casp3, Gsk3a and Gsk3b in the
hippocampus of Chow- (orange circles) and WD- (blue circles) fed mice.

(F —I) Diurnal expression of the synapse-associated genes Arc (A), c-fos (B), Bdnf (C)
and Dlg4 (D) in the hippocampus collected every 4 hours for 24 hours after 16 weeks of
Chow or WD feeding (n = 3 — 7 per group per time point).

(J) Schematic representation of acrophase for Arc, c-fos, Bdnf and DIlg4 in the
hippocampus of Chow- (orange circles) and WD- (blue circles) fed mice.

(A —D & F — 1) Data are double-plotted for visualization. Data are presented as mean +

SEM. *p<0.05, **p<0.01, ***p<0.001
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Figure 28
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Figure 28. WD Feeding Attenuates Memory in a Time- and Task-Dependent Manner
(A) Image of Y Maze apparatus.

(B) Image of NOR apparatus including the familiar (conical tube) and novel object
(bottle caps).

(C) Spatial recognition memory measured by time in novel arm/total time in maze*100
during the inactive (ZT3) and active (ZT15) phase (n =5 — 10).

(D) Object recognition memory measured by time exploring novel object/total time
exploring objects*100 during the inactive (ZT3) and active (ZT15) phase (n =5 — 10).

Data are presented as mean + SEM. *p<0.05, **p<0.01, ***p<0.001
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Chapter 6: Summary and Conclusion

The works presented herein provide unequivocal evidence for the detrimental
impacts of WD consumption on murine metabolic health. In the first study, TRF was
examined as a possible method for rescuing WD-induced obesity and metabolic
disruption. Under our experimental design, TRF did not ameliorate WD-induced body
weight gain, but markers of NAFLD were improved in the WD animals on a TRF
schedule. TRF also improved insulin sensitivity and glucose tolerance and restored
rhythmicity in whole body metabolism of WD-fed mice. Furthermore, time-restricted
liquid sugar consumption was determined to have significant effects on physiology and
metabolism, independent of solid calorie consumption. By the end of the study, the group
with free, 24 hour access to sugar water had elevated body and adipose tissue weights
compared to the other groups and increased hepatic steatosis compared to the control.
This group also consumed more calories from ZT 6-11, indicating that this may be a
critical window of time in the promotion of weight gain from liquid sugar consumption.
Interestingly, the group only allowed early active access to sugar water had greater
metabolic flexibility and utilized lipids when carbohydrates from liquid sugar were not
available. Additionally, the early access group was more insulin tolerant than even the
control group that received tap water. In the final study, the hippocampus was identified
as a centrally-located peripheral diurnal oscillator that may be significantly disrupted by
WD-induced obesity. Our results indicate that WD feeding significantly alters the
rhythmicity of core clock mRNA expression in the hippocampus. What is more, these
alterations are paralleled by disruptions in the rhythmic expression of markers for AD

risk and synaptic integrity.
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Overall, the research outlined herein highlights chronobiologic disturbances as a
common factor underpinning WD-induced disruptions in physiology, metabolism and
behavior. Peripheral metabolism and tissues may be, in part, rescued by time-restricting
WD access or by providing specific macronutrients during certain times of the active
phase. Whether the hippocampus may be rescued by TRF or macronutrient timing,
remains to be determined. Future work should delve into this possibility, particularly in

reference to nutrient timing as a therapeutic intervention for AD-like dementias.
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Appendix 1

Supplemental Figure 1. Y Maze apparatus
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Supplemental Figure 2. Novel Object Recognition apparatus

Supplemental Figure 3. Novel Object Recognition Familiar Objects (50 mL conical
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tubes filled to 30 mL red-dyed tap water).

Supplemental Figure 4. Novel Object Recognition Familiar Object (50 mL conical tube
filled with 30 mL red-dyed tap water) and Novel Object (bottle caps).
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Appendix 2

Supplementary Text 1. Example of R code and output used to determine rhythmic gene
expression in diurnal RT-qPCR results via cosinor-based rhythmometry.

#Code for cosine rhythmometry of RT-qPCR data from AAES 2017-2019 hippo
campus.

#Package from William Revelle.

library(psych)

setwd("/Users/1nwe013/Desktop/RFiles/cosinor/Hipp")
Time=read.csv("time.csv", header=TRUE, sep=",")

Diet = ¢("CD", "CD", "CD", "CD", "CD", "CD", "CD", "CD", "CD", "CD", "C
D", "CD","WD", "WD", "WD", "WD", "WD", "WD", "WD", "WD", "WD", "WD", "W
D", "WD")

#Cryptochrome 1

#CD
CDCryl=read.csv("CDCryl.csv", header=TRUE, sep=",")
cosinor(Time,CDCry1)
#it phase fit amplitude sd mean intercept

## RelExp 12.16565 0.8360994 0.8360994 0.2803279 1.133495 0.8993331

#WD
WDCryl = read.csv("WDCryl.csv", header=TRUE, sep=",")
cosinor(Time,WDCry1)
#it phase fit amplitude sd mean intercept

## RelExp 13.14667 0.9041191 0.9041191 0.3192775 0.6533666 0.3776114

#graph

CDandWDCryl=rbind(CDCryl, WDCry1)

Crylplot=data.frame(Time, Diet, CDandWDCry1)

cosinor.plot(1, 3, data=Crylplot, IDloc=2, ID="CD", ylim=c(@,3), yl
ab= "Relative Expression", xlab = "ZT", pch=15, 1ty=1)

cosinor.plot(1l, 3, data=Crylplot, IDloc=2, ID="WD", add=TRUE, lty=2
, pch= 16)

legend("bottomright"”, inset=0.01, title="Diet", c("CD", "WD"), pch=
c(15,16))
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Supplementary Text 2. Example of R code and output used to determine rhythmic gene
expression in diurnal RT-qPCR results via JTK CYCLE.
setwd("~/Dropbox/AAES_2017-19/Cohort2/RFiles/JTK_CYCLE/Hipp")

source("JTK CYCLEv3.1.R")
project <- "HIPP_AAESrtgpcr"

options(stringsAsFactors=FALSE)
annot <- read.delim("Hipp annot.txt")
data <- read.delim("Hipp data.txt")

rownames (data) <- data[,1]
data <- data[,-1]
jtkdist(12,1)

periods <- 4:6
jtk.init(periods,4)

cat("JTK analysis started on",date(),"\n")
## JTK analysis started on Tue Oct 1 17:52:48 2019

flush.console()

st <- system.time({

res <- apply(data,1,function(z) {
jtkx(z)
c(JTK.ADJP,JTK.PERIOD, JTK.LAG, JTK.AMP)

1)

res <- as.data.frame(t(res))

bhg <- p.adjust(unlist(res[,1]),"BH")

res <- cbind(bhg,res)

colnames(res) <- c("BH.Q","ADJ.P","PER","LAG","AMP")

results <- cbind(annot,res,data)

results <- results[order(res$AD].P,-res$AMP), ]

})
print(st)
H## user system elapsed

## 0.090 0.002 0.094

save(results,file=paste("JTK",project,"rda",sep="."))
write.table(results,file=paste("JTK",project, "txt",sep="."),row.names=F
,col.names=T,quote=F,sep="\t")

Diet Probe BH.Q ADJ.P PER LAG AMP
CD Cryl 0.61015096015096 0.247873827561328 24 12 0.292626981532809
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