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ABSTRACT OF THE THESIS

Time Restricted Feeding on Age-related Physiological Decline and Skeletal Muscle

Function

by
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University of California San Diego, 2020

Professor Satchidananda Panda, Chair

Professor Randolph Hampton, Co-Chair

Aging is a natural part of an organism’s life cycle. It is, however, associated with increased
risks for many chronic diseases including obesity and sarcopenia. Aging is also associated with
dampened functions of the circadian clock, an internal timing system that orchestrates
physiological function and behavior and displays recurrent daily 24h rhythms. The circadian clock
has an intricate relationship with metabolic regulators and plays a key role in the daily partitioning

of energy producing/consuming processes for the efficient functioning of metabolism. Time-

Xiv



restricted feeding (TRF) — a feeding regime that restricts caloric intake to an 8-9 hour feeding
window in the active phase of an organism — is conceptualized as a method of synchronizing
feeding-fasting cycles with endogenous circadian clock. TRF is a particularly innovative dieting
strategy because it does not require alterations in caloric quantity/quality, thus rendering TRF an
easy to adopt and yet highly efficacious intervention. The ability of TRF to holistically improve
numerous health parameters in young mice makes it an attractive candidate for the prevention (or
delay) of sarcopenia and age-related metabolic decline. Here we showed that TRF prevents body
weight gain, reduces fat mass, preserves lean mass, bolsters glucose regulation, improves
endurance and strength, and enhances muscle clock gene expression, all without caloric restriction
and irrespective of age in male C57BL/6J mice fed a western diet. Thus, TRF can delay age-related
physiological decline in middle-aged mice and our results set stage for further exploration of the

benefits of TRF across lifespan.
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INTRODUCTION

Aging

Aging is a natural part of an organism’s life cycle. Aging, however, is associated with poor quality
of life and increased risk for many diseases including sarcopenia, obesity, non-alcoholic fatty liver
disease, diabetes, cardiovascular disease, atherosclerosis, and cancer. With advances in biomedical
research in the last few decades, the lifespan of individuals has increased. Life expectancy at birth
in the United states, for example, has increased from 47.3 to 78.8 between 1990 and 2015
(CDC/NCHS, 2016). Thus, the number of individuals surviving to experience older ages is
increasing. According to a study conducted by the United Nations department of economic and
social affairs, the global population aged 60 and over was 962 million in 2017 and is expected to
double up to 2.1 billion by 2050. Increments in survival rates and lifespans are desirable outcomes
of scientific research. Unfortunately, however, research targeted at adding years to life has created
a gap between lifespan and healthspan such that healthspan, or the part of lifespan during which a
person is healthy, lags behind lifespan in terms of total increment (Brown et al., 2014). Increasing
lifespans but more or less stagnant healthspans leads to increased morbidity, arguably because
individuals simply live long enough to be affected by age-related diseases (Hansen and Kennedy,
2016). Therefore, as the percent of elderly population increases, so do incidents of age-related
illnesses. This is a concerning public health problem because increased rates of age-related
disorders are associated with increased healthcare costs and have direct socioeconomic
implications burdening both, the individual and the system (Janssen et al., 2004; Yang and Hall,
2008; Atella et al., 2015). Furthermore, despite the significant progress made in the field of
biomedical research, the phenomenon of aging remains elusive. Numerous theories attempting to

explain aging have emerged, however, mechanisms of aging are complex and a unified theory of



aging is currently non-existent (Sergiev et al., 2015). Hence, it is imperative that we strive to better
understand the underlying causes of age-related physiological decline and increase research
targeted at healthspan extension. Finally, with predictions of massive increments in the older
population and associated disease burden in the coming decades, the need for research and

development of novel approaches for holistically treating age-related disorders is urgent.

Sarcopenia

Sarcopenia or age-related muscle is an age-related disease which is a significant contributor
of shorter healthspans, poor quality of life, and socioeconomic burden. In the United States, the
healthcare cost of sarcopenia was estimated at $18.5 billion in the year 2000 (Janssen et al., 2004).
Sarcopenia is the incremental decline in skeletal muscle strength and mass with age (Santilli et al.,
2014). Symptoms of sarcopenia can arise as early as the third decade but are more severe after the
seventh decade of life. Skeletal muscle mass decreases at a rate of about 3-8% per decade after the
age of 30 and the rate of decrease increases up to 10% per decade after the age of 70 (Volpi et al.,
2004; Siparsky et al., 2014; Melton et al., 2000). Interestingly, the rate of muscle strength decline
seems to exceed the concomitant rate of muscle mass decline. Skeletal muscle strength decreases
at a rate of about 10-15% every decade until the age of 70 and the rate of decrease can accelerate
up to 40% per decade afterwards (Goodpaster et al., 2006; Hughes et al., 2001). Altogether,
sarcopenia is a muscle wasting disease which can manifest in middle-ages and its severity
increases with age.

Sarcopenia is a product of muscle atrophy and muscle dysfunction. Studies show that
skeletal muscle undergoes both quantitative and qualitative deteriorations with age (Thompson,

2009; Larson et al., 2019). Sarcopenic loss of muscle mass is caused by a decrease in total number



of muscle fibers along with a decrease in mass of each individual muscle fiber (Thompson, 1994).
Sarcopenic loss of muscle strength, although, can occur from loss of muscle mass itself, is better
explained through alterations in muscle quality — defined as the force produced per volumetric unit
of muscle tissue (Shaffer et al., 2017; Barbat-Artigas et al., 2012). Age-related deteriorations in
muscle quality can cause reductions in muscle strength as a function of reduced force production
from individual muscle fibers. Interestingly, although age-related reduction in muscle mass can
affect the magnitude of changes in muscle strength, deterioration of muscle strength is prevalent
despite maintained muscle mass (Keller and Englehardt et al., 2014; Hughes et al., 2001).

Sarcopenia affects both muscle strength and mass, but it is important to understand the
severity and consequences of each. In the context of age-related deteriorations, muscle strength
appears to be the more clinically relevant parameter. Adverse physical outcomes that are generally
associated with sarcopenia are predominantly influenced by muscle strength which is predicted by
muscle quality. Loss of muscle strength is associated with an increased likelihood of falls and risk
of injuries thus resulting in disabilities and/or functional dependence (Wolfson et al., 1995; Bean
et al., 2002; Cruz-Jentoft et al., 2019). Muscle mass or muscle quantity, on the other hand, appears
to have relevance for metabolic regulation. Skeletal muscle is one of the largest organs responsible
for insulin-stimulated glucose uptake. Thus, muscle mass can exert a significant influence over
glucose metabolism, such that reductions in muscle mass may produce states of insulin resistance.
Therefore, maintenance of both muscle strength or quality and muscle mass or quantity are highly
important consideration for the aging population.

The mechanisms behind sarcopenia are multifactorial and the pathophysiology is not fully
understood. Maintenance of skeletal muscle is a complex physiological process that is dependent

on a delicate balance between anabolic and catabolic pathways. An important anabolic pathway



that can upregulate muscle protein synthesis is the phosphatidylinositol 3-kinase (PI13K)/serine
threonine kinase (Akt) pathway which stimulate the mammalian target of rapamycin (mTOR) and
can contribute to retention of muscle mass/function. The ubiquitin-proteasome system — regulated
by the activity forkhead box transcription factor O (FoxO) — is a catabolic pathway that has
downstream effects on muscle protein degradation and contributes to deteriorations in muscle
mass/function. Evidence suggests that aging is associated with a decrease in the anabolism driven
pathways and an increase in catabolism driven pathways, thus causing a potential double whammy
for muscle maintenance (Ebner et al., 2015). Known causative agent that can contribute towards
age-related downregulation of the PI3K/Akt/mTOR pathway and upregulation of FoxO activity
include reduced physical inactivity, hormonal changes, nutritional deficiencies etc. (Gomes et al.,
2017). Moreover, age-related changes like shifts in muscle composition (loss of type II fibers),
adipose infiltration (increased intramyocellular triglyceride stores), neuromuscular decline etc.
(Mcgregor et al., 2014, Picca et al., 2018) can have detrimental consequences for muscle quality
and function. Overall, several physiological changes that are involved in the pathology of

sarcopenia can produce age-related decline in muscle physiology.

Obesity

Obesity also worsens with age and significantly contributes to poor quality of life and
socioeconomic burden. The healthcare cost of obesity, in the year 2008, was estimated at $147
billion in the United States (Finkelstien et al., 2009). Obesity is characterized by increments in
abdominal fat stores. Aging is associated with a loss of lean mass and a gain of fat mass, which
can contribute towards age-related obesity and insulin resistance (Batsis and Villareal, 2018;

Cleasby et al., 2016; Zamboni et al., 2008). Accretion of fat mass and adiposity begin to increase



around middle-age and can accelerate until the seventh decade of life (Flegal et al., 2009; Heo et
al, 2009). Moreover, aging is associated with a redistribution of fat from subcutaneous to
abdominal depots and ectopic sites like the skeletal muscle (Tchkonia et al., 2010; Kuk et al., 2009)
which can contribute towards insulin resistance and metabolic syndrome. Thus, the association of
obesity with aging is important to recognize since it has consequences for metabolic health and
disease.

Additionally, increased BMI in advanced aging worsens adipose tissue dysfunction having
detrimental consequences for energy metabolism. For example, increased secretion of pro-
inflammatory cytokines like TNFa, IL-6, NO by the obese adipose tissue can promote systemic
inflammation and impaired regulation of adipokines secretion which can affect appetite regulation
and alter metabolic regulation . Under physiological conditions, adipokines leptin and adiponectin
regulate satiety and fat/glucose metabolism respectively. However, under obesogenic conditions,
leptin increases to abnormal levels eventually leading to leptin resistance, whereas abnormal
decrease in adiponectin levels can be detrimental for energy metabolism and result in type 2
diabetes (Nakamura et al., 2014). Like Sarcopenia, obesity is a multifactorial disease and its
causative factors are intertwined with aging. Obesity is often correlated with body weight gain
which occurs as function of energy imbalance : when energy intake exceeds energy expenditure.
Aging-associated physical inactivity — potentially resulting from post-retirement shifts in lifestyle
from active to sedentary — can produce states of chronic positive energy balance which can lead to
accumulation of excess fat. Altogether, obesity is a complex disorder which can worsen with aging

and certain lifestyles.



Sarcopenia and Obesity

Importantly, sarcopenia and obesity can potentiate each other and function synergistically
to produce physiological declension (Santilli et al., 2014). Skeletal muscle is a highly
metabolically active organ and it can take up to 40-50% of total body mass (Kinney et al., 2011).
Skeletal muscle also regulates glucose homeostasis and is the predominant site of insulin-mediated
glucose uptake and glycogen storage (DeFronzo and Tripathy 2009; Jansen et al., 2011). Since
muscle is the largest glucose metabolizing/insulin-responsive tissue, sarcopenic reductions in
skeletal muscle mass can induce insulin resistance and obesity. On the other hand, older
individuals that are resistant to the anabolic functions of insulin have impairments in muscle
protein synthesis which can cause muscular atrophy and thus sarcopenia (Rasmussen et al., 2010).
Further, age-related obesity and the associated increase in abdominal fat mass induces
inflammation which can negatively affect muscle mass and function. Elevated visceral fat is
associated with increased secretion of leptin and pro-inflammatory cytokines like IL-6 and TNF-
alpha (Tilg and Moschen et al., 2006) along with decreased action of adiponectin induced anti-
inflammatory signals. Pro-inflammatory cytokine augmentation can have catabolic consequences
for the skeletal muscle and may even promote insulin resistance (Santilli et al., 2014). Studies
indicate that a direct link may exist between inflammation and sarcopenia (Cesari et al., 2005;
Schaap et al., 2009). Moreover, obesity can also increase deposition of fatty acids into the skeletal
muscle in the form of intramyocellular triglycerides (IMTGs). Although IMTGs are harmless if
regularly depleted through physical activity and exercise (Goodpaster et al., 2001), accumulation
of IMTGs (observed in sarcopenic and overweight individuals) can contribute to muscular
dysfunction and insulin resistance (Li et al., 2015). The term sarcopenic obesity — defined as

obesity with a loss of muscle mass and function (Baumgartner, 2000) — appropriately characterizes



the intertwined relationship of sarcopenia and obesity. In a nutshell, aging associated sarcopenia
and obesity synergistically potentiate each other to cause physical disabilities, cardiometabolic

disorders, and mortality (Figure A, Zamboni et al., 2008)

Limitations in Treatments for Sarcopenia and Obesity

Finally, both sarcopenia and obesity are complex disorders and arise from age-related
dysfunction of multiple organ systems. Mechanisms of sarcopenia and obesity are multifactorial.
Environmental factors such as decreased physical activity and inappropriate nutritional intake,
along with, inflammation, insulin resistance, neuromuscular decline, hormonal dysregulation,
mitochondrial abnormalities are all potentiators of sarcopenia and obesity (Choi, 2016; Waltson et
al., 2012). Thus, pharmacological interventions targeted at specific mechanisms might only be
effective at treating a part of these multifaceted problems. In fact, treating singular aspects of such
complex metabolic diseases can worsen other symptoms, for example, adiposity is elevated with
the thiazolidinedione class of insulin sensitizers (Bray and Ryan, 2014). Also, pharmacological
agents can produce unwanted side-effects, for example, hyperglycemia and edema seen with
growth hormone therapy (Liu et al., 2007). Hence, to tackle the intrinsic complications that
accompany age-related disorders, innovative strategies with multi-dimensional outcomes are
needed.

For treatment of obesity and sarcopenia, physical inactivity and nutritional inadequacies
have been targets of lifestyle interventions such as exercise and reducing/altering caloric intake.
However, physical inactivity in older adults may be a function of fatigue and pain associated with
increased chronic disease burden (Egerton et al., 2015; Zhou et al., 2018) and inappropriate

nutrition can have physical/physiological and psychosocial basis (Leslie and Hankey, 2015). While



behavioral interventions aimed at increasing physical activity and improving nutrition have been
first line therapies for prevention/delay of sarcopenia and obesity, such interventions require
constant effort and have remained elusive to a large percentage of individuals (Anderson et al.,
2001). Additionally, the effects of timing of food intake and fasting interventions against
sarcopenia have remained unclear. Hence, flexible interventions capable of producing a pleiotropic
effect on multiple organ systems while improving various age-related physiological parameters

without altering physical activity and caloric intake are required.
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Ilustration 1 : Aging, Sarcopenia, and Obesity.
Aging-induced sarcopenia/obesity and associated mechanims (Reprint from Zamboni et al.,

2008)



Circadian Rhythms

An important aspect of healthspan and longevity are circadian rhythms. Circadian
rhythms are biological rhythms with a 24 h period that guide and control physiology and
behavior based on environmental light (generated by the rotation of Earth) and other timing cues
such as nutrient availability. The circadian system is composed of a master clock in the
hypothalamus and peripheral clocks in peripheral tissues and other areas of the brain. The
hypothalamic suprachiasmatic nucleus (SCN) serves as the central circadian pacemaker or the
master clock of the body. The SCN sits above the optic chiasm and receives light information
(relayed through the retinohypothalamic tract) directly from the intrinsically photosensitive
retinal ganglion cells in the eyes. Besides its intrinsic ability to produce robust circadian outputs
(Welsh et al., 2010), the SCN uses light as a zeitgeber to entrain peripheral clocks in the body,
thus coordinating circadian rhythms in a hierarchical fashion.

Peripheral clocks are biological clocks present in nearly all peripheral tissues including
skeletal muscle, liver, adipose tissue, etc. These peripheral clocks receive SCN input via
autonomic nervous system, hormonal signals, alterations in body temperature, and behavioral
modulations etc. (Illustration 2; reprint from Stenvers et al., 2018). Given that the peripheral
clocks do not have direct access to light information, they can get entrained by other zeitgebers
such as nutrient availability (Shi and Zeng, 2013); this is especially relevant for tissues involved
in metabolism such as the liver which can get entrained to metabolic signals produced as
function of food intake (Stenvers et al., 2018). Interestingly, it has been shown that metabolic
signals can bypass signals from the SCN to entrain peripheral clocks (Shi & Zeng, 2013;
Dallmann et al., 2012). This hints at the importance of maintaining set patterns feeding-fasting

cycles for sustenance of robust circadian rhythms.
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Ilustration 2 : SCN and peripheral clocks.
The SCN receives light information through eyes and entrains peripheral clocks in

muscle, liver, BAT etc. through various signals (Reprint from Stenvers et al., 2018)

Skeletal Muscle Clocks

Skeletal muscles are integral for energy homeostasis and are involved in critical aspects of
health such as locomotion, oxygen consumption, substrate turnover and storage. In skeletal
muscle, the circadian clock system drives circadian expression of genes important for numerous
aspects of muscle biology such as muscle metabolism, muscle performance, and general muscle
maintenance. Since the skeletal muscle can constitute 40-50% of body mass, it can be considered
one of the largest collections of peripheral clocks in the body (Janssen et al., 2000). Efficient
functioning of molecular clocks play a key role in healthy aging since proper functioning of the
muscle is important for whole-body metabolism. It is known that the skeletal muscle can regulate
energy storage/use depending on feeding-fasting and activity/rest patterns, however, it has recently
been shown that muscle metabolism is further regulated by endogenous skeletal muscle clocks

(Hodge et al., 2015). In fact, molecular clocks in the muscle can be modulated by the presence of

10



molecules that play a role in the metabolic sensing machinery. These metabolic sensors can be
influenced by nutrient presence, contractile activity, energy balance, etc. (Lira et al., 2010; Muoio
and Koves et al., 2007; Witczak et al., 2008) and display a diurnal pattern in activity levels
indicating that muscle cell metabolism and circadian rhythms might be mutually dependent (Asher
et al.,, 2008; Lamia et al.,, 2009; Liu et al., 2007). Interestingly, it has been proposed that
interactions between circadian and metabolic oscillators can be modulated via the actions of
adenosine monophosphate-activated protein kinase (AMPK), peroxisome proliferator-activator
receptor gamma coactivator-1 alpha/beta (Pgcla/b), and Sirtuins (Sirtl) (Lefta et al., 2015).
Disruption of clocks in the skeletal muscle can have detrimental consequences for
numerous parameters of metabolism and physical performance. Muscle-specific knockdown of
Bmall, a core clock component, can reduce expression levels of GLUT4 and can negatively impact
insulin-stimulated glucose uptake (Dyar et al., 2013). Moreover, muscle-specific Bmall knockout
(KO) mice result in downregulation of glucose catabolism enzymes like pyruvate dehydrogenase
and hexokinase 2 (Hodge et al., 2015). The metabolic dysfunction that results from muscle clock
disruption can cause impairments in physical performance (Gabriel and Zierath, 2019).
Additionally, global Bmall KO mice display pathological changes in the skeletal muscle such that
they have reduced force generation capacity, mitochondrial abnormalities, as well as myofilament
and sarcomere disorganization (Andrews et al., 2010). Moreover, global Bmall KO mice
displayed hallmarks of premature aging including skeletal muscle atrophy, arthropathy, age-
related body and organ reductions (Kondratov et al., 2006; Rudic et al., 2004). These studies
highlight the importance of skeletal muscle clocks for maintenance of skeletal muscle metabolism

and functionality along with their relevance for aging. They also point at the importance of

11



understanding molecular mechanisms governing muscle clocks and that of recognizing differences

in clock function in health and disease.

Molecular Clock Mechanisms

Efficient functioning of the circadian timing system is crucial for maintaining health and
vitality since it regulates important aspects of physiological and behavioral wellbeing including
sleep, cognition, metabolism, digestion, etc. The proper functioning of the aforementioned
parameters becomes an even more important consideration with advancing age. Understanding
how circadian clocks change with age and uncovering the molecular mechanisms underlying
circadian rhythms is of great clinical relevance given that disruptions in these rhythms are
associated with a plethora of chronic diseases such as obesity, diabetes, sleep disorders, depression,
anxiety, etc. Central to the molecular mechanisms of circadian biology is the cyclic but tissue-
specific expression of clock genes regulated through a network of transcriptional-translational
feedback loops (TTFL). TTFL networks play a key role in allowing the cell-autonomous circadian
oscillator machinery to produce 24 hour rhythmic patterns of expression of clock controlled genes
(CCGs) which can be described as genes whose protein products are needed to generate and
regulate circadian rhythms at the cellular level and thus at the organismal level (Lowery and
Takahashi, 2004).

The TTFL (Figure C; Chaix et al. 2019) is a network of positive and negative feedback
loops that operate around the clock, utilizing internal timing cues from the SCN/peripheral clocks
and numerous external zeitgebers. The primary feedback loop involves transcription and
translation of BMALI (ARNTL) and CLOCK, which produce proteins that serve as transcription

activators. BMAL1 and CLOCK heterodimers bind to E-box motifs of PER1, PER2, PER3, and
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CRY1, CRY2 thus initiating PER/CRY transcription. PER and CRY heterodimerize in the
cytoplasm and translocate back into the nucleus to act as repressors of BMAL1/CLOCK to inhibit
transcriptional activation, thereby inhibiting their own expression and that of other CCGs. As the
PER/CRY repressor proteins build up over a period of time, they start getting degraded via
ubiquitin-dependent pathways. This relieves the repression on BMAL1/CLOCK allowing them to
activate PER/CRY once again, completing the cycle with 24 hour rhythmicity (Takahashi, 2015).
Other axillary regulatory loops involve the competitive binding of nuclear receptors such as ROR
(a, B) and REV-ERB (a, B, y) to the promoter region of BMALL. This transcriptional activation of
Bmall by ROR and repression by REV-ERB allows additional fine-tuning of the period and
amplitude of the integration with other cellular signaling pathways. Ultimately, BMAL1 and
CLOCK regulate the expression of other clock controlled genes (CCGs) which produce clock
output and manifest rhythmic biological processes (Partch et al., 2014).

Overall, while the TTFL networks are highly intricate, they provide important insights
regarding the mechanisms of circadian rhythms-related complications. Studying these mechanisms
and uncovering the underlying biology, like the TTFLs, can prove to be very beneficial in

understanding the effects of circadian interventions.
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Ilustration 3 : Representation of TTFL.

Visual representation of the transcriptional-translational feedback loops (Chaix et al., 2019)
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Ageing and Circadian Rhythms

Besides numerous age-related disorders, aging is associated with alterations in the normal
functioning of the circadian clock. Physiological rhythmic outputs of the circadian timing system
(CTS) such as temperature, sleep and hormonal rhythms dampen with age in both animals and
humans (Nakamura et al., 2011; Hood and Amir, 2017). Critically, this dampening may be not
only a result of aging but also a contributor to mortality. Landmark experiments showed that
circadian disruption in hamsters decreased lifespan while fetal SCN transplants in old hamsters
increased lifespan (Hurd and Ralph, 1998). Another key evidence supporting the role of the
circadian clock in aging came from the finding that Bmall KO mouse model show a dramatic
reductions in lifespan and display pathologic alterations similar to age-related dysfunctions
including sarcopenia, cataracts, less subcutaneous fat and organ shrinkage (Kondratoy et al., 2006).

The molecular underpinnings of circadian clock aging are still unresolved. In particular, it is
important to consider that different mechanisms might be at play in the central versus peripheral
clock. For example, in the SCN, aging does not seem to be associated with dampened oscillations
of clock components (Nakamura et al., 2011). The SCN consists of a network of individual cell-
autonomous circadian oscillators. Inter-neuronal coupling is required for phase-coherence and the
generation of coherent and robust rhythms that controls downstream circadian rhythmic behavior.
During aging, the efficiency of SCN neurons coupling deteriorates leading to desynchrony in the
network and dampening in output signals (Farajnia et al., 2012). In tissue stem cells and in liver,
aging is associated with a different set of diurnal transcripts despite similar profile of core clock
genes oscillations (Sato et al., 2017; Solanas et al., 2017). It is unknown how other tissues’ clocks

respond to aging and how this response is affected by different feeding regimen. Overall, while
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we do not completely understand the mechanisms, it seems that aging is associated with

dampening of the activity of the central clock.

Circadian Rhythms and Metabolism

Apart from regulating activity : sleep rhythms, the circadian clock is intricately connected
to metabolic rhythms (Asher and Schibler, 2011; Eckel-Mahan and Sassone-Corsi, 2013; Bass,
2012). Thus, age-related disruption of circadian rhythms can have immense metabolic
consequences. Studies using mouse models with clock gene mutations and the consequential
metabolic dysfunction have provided clear evidence regarding the relationship between
metabolism and circadian rhythms (Sahar and Sassone-Corsi, 2012). One way the clock influences
metabolism is through transcriptional control of metabolic genes. For example, genes that regulate
lipid and glucose metabolism as well as oxidative phosphorylation demonstrate 24 oscillations in
expression (Panda et al., 2002). Some metabolic genes that are under clock control also play a key
role in ageing and longevity. For instance, CLOCK/BMALI cyclically regulate the expression of
the gene nicotinamide phosphorybosil transferase (NAMPT) — a rate limiting enzyme in
conversion of nicotinamide and 5’-phosphoribosyl-pyrophosphate to nicotinamide
mononucleotide (NMN) in the NAD"-salvage pathway (Ramsey et al., 2009). Apart from its
metabolic rate, NAD™ is a cofactor of NAD-dependent protein deacetylase such as sirtuins. (Asher
and Sassone-Corsi, 2015). Sirtuin 1 (SIRT1) has been implicated in ageing, longevity,
inflammation, cellular metabolism and SIRT1 mutations in many species results in shorter
lifespans (Kim et al., 2019; Guarente, 2011; Wang et al., 2016). Sirtuin3 (SIRT3), which is a
mitochondrial NAD*-dependent deacetylase, plays a role in entrainment of peripheral clocks to

feeding patterns (Asher et al., 2010) by exerting circadian influence over mitochondrial function
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(Peek et al., 2013). SIRT6 play a role in obesity and inflammation since it controls lipid
metabolism (Kuang et al., 2018). Additionally, important regulators of nutrient homeostasis like
cAMP response element-binding protein (CREB) and AMP-activated protein kinase (AMPK) that
are coupled with clock proteins are driven by feeding-fasting patterns (Zarrinpar et al., 2016).
Therefore, the timing of food can have important consequences for the metabolism at molecular
and physiological levels.

The diurnal regulation of metabolism is a highly important consideration in the context of
circadian rhythms and ageing. Metabolic dysregulation is linked with numerous age-related
diseases including type 2 diabetes, dyslipidemia, obesity etc. Metabolism is synchronized by the
interaction between feeding-fasting routines and endogenous circadian clocks. This results in a
metabolism that is diurnally regulated by the aforementioned metabolite concentrations, the
microbiome, and hormones of the endocrine system (Manoogian and Panda, 2017). Insulin is
arguably the most important metabolic hormone under circadian regulation. The temporal
regulation of insulin and glucagon is modulated by patterns of feeding and fasting (external
zeitgeber) along with circadian rhythms (internal zeitgeber). Intrinsically, insulin levels peak
around 1700 h and trough around 0400h (Goel et al., 2009). However, feeding patterns are strong
signals that can override endogenous circadian cues to accommodate for the altered blood nutrient
levels (Manoogian and Panda, 2017) thus making the system more adaptable. Although this
adaptability allows an organism to better adjust to environmental conditions, if external cues
constantly contradict intrinsic clocks, the ensuing circadian disruption can be physiologically
detrimental. Conversely, if such powerful external zeitgebers like feeding-fasting patterns are
synchronized with internal circadian clocks, the consequential robust circadian rhythms have the

potential to restore metabolic vitality. Prompting a synchronous relationship between feeding-
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fasting patterns and internal biological clocks can therefore serve as therapeutic agents to combat
the progression and potentially even reverse the pathology of metabolic diseases.

For long, the importance of cyclical expression of metabolic regulators for an efficiently
functioning metabolism has been theorized. Many studies in murine models have shown the
implications of feeding-fasting patterns for circadian rhythms and metabolism (Kobayashi et al.,
2004; Fonken et al., 2010; Asher et al., 2010). Mouse models with genetic modifications have also
proved useful in highlighting the correlation between altered feeding schedules and metabolic
syndrome. Turek et al., showed that clock mutant mice have alterations in their diurnal feeding
pattern, become obese and develop the pathology numerous metabolic disorders (Turek et al.,
2005). Adipocyte-specific BMALI knockout mouse models also demonstrate alterations in the
diurnal rhythms of food intake along with increased body weight. Compared to wildtype (WT),
mice with disrupted adipocyte clocks also had lower circulating concentrations polyunsaturated
fatty acids (PUFA) in hypothalamic neurons, which consequently led to alterations in feeding-
fasting rhythms (Paschos et al., 2012). Moreover, it has been shown through gene expression
studies, metabolomics profiling, and assays targeting various metabolic regulators, that a
maintained daily pattern of feeding-fasting can be a determining factor in the diurnal regulation of
metabolism (Barclay et al., 2012; Adamovich et al., 2014; Vollmers et al., 2009; Eckel-Mahan et
al., 2012;) These studies highlight the importance of adjusting feeding-fasting cycles to be in tune
with circadian rhythms for an efficient metabolism. Hence, through vast research on the intricately
intertwined relationship between circadian rhythms, metabolism, and feeding-fasting patterns, the

idea of time-restricted feeding (TRF) was born.
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Time-Restricted Feeding

TRF 1s conceptualized as a method of synchronizing feeding-fasting cycles with
endogenous circadian clock outputs with the rationale of restricting feeding events to a window
wherein the body is best prepared (based on circadian clock function) to process food. Given what
1s known about circadian rhythms, metabolism, and feeding-fasting patterns, TRF has the potential
to optimize metabolism and to generate robust circadian rhythms thus improving and even
enhancing health. TRF is a particularly interesting intervention since it does not require alterations
in caloric quantity and/or quality. It has been shown that TRF is capable of preventing metabolic
disease in mice fed a high-fat diet without reducing caloric intake (Hatori et al., 2012). Unlike their
ad libitum fed counterparts, mice on TRF were protected from the detrimental effects of a high-fat
diet. TRF mice had improved rhythms in nutrient homeostasis and energy expenditure. TRF
reduced adiposity, serum cholesterol, and liver steatosis while improving glucose tolerance and
bile acid production. Further, efficacy of TRF against preexisting obesity, diverse nutritional
challenges, and different durations of the feeding window have also been assessed (Chaix et al.,
2014). TRF proved to be an outstanding intervention as it was able to stabilize and even reverse
metabolic disease progression in mice with pre-existing obesity and type II diabetes. TRF was
effective in preventing excessive body weight gain and in improving body composition against a
variety of obesogenic diets. TRF works remarkably well irrespective of time schedule, however,
benefits of TRF seem to be proportional to the duration of fasting window. TRF was also effective
at reducing whole-body fat accumulation as well as fat-associated inflammation. Metabolic
benefits of TRF can also have significant implications for skeletal muscle function. A recently
conducted study demonstrated that subjecting drosophila to obesogenic challenges including

circadian rhythm disruption produces metabolic disease phenotypes in skeletal muscle (Villanueva
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et al., 2019). 12 h TRF regimen improved muscle performance through a suppression of
intramuscular fat infiltration, markers of insulin resistance, mitochondrial abnormalities,
regulation of phospho-AKT levels. Moreover, TRF has been shown to protect and preserve lean
mass and is associated with enhanced motor coordination and increased endurance (Chaix et al.,
2014; Hatori et al., 2012). Altogether, TRF has wide-spread implications for metabolic regulation,
muscle function, circadian rhythms and physiology. It has been denoted as an efficacious non-
pharmacological intervention against obesity and associated diseases.

Based on what is currently known about the time-restricted feeding regimens ability to
holistically impact multiple organ systems thus improving numerous health parameters, it is an
attractive candidate for treatment of sarcopenia and age-related obesity. Additionally, the effects
of TRF on middle age mice are unknown, thus warranting investigation regarding TRF’s ability to
sustain benefits across lifespan. Therefore, the broad question this thesis addresses is whether TRF
can be used as an intervention to prevent/delay age-related physiological decline. More
specifically, we assessed (1) effects of TRF on body weight (ii) TRF on body composition, (iii)
TRF on glucose tolerance, (iv) TRF on strength, endurance, and coordination, (v) TRF on muscle
tissue physiology, (vi) TRF on muscle metabolism gene expression, and (vi) TRF on muscle clock
gene expression. In lieu of the multifactorial complications that arise with aging, it is important
to characterize the effects of TRF for the middle aged population. Symptoms of sarcopenia start
arising around middle-ages and preventative measures might be more effective before symptoms
worsen. Therefore, it is essential to understand the effects of TRF on body composition and muscle
function in middle-aged mice. Additionally, it is important to validate the efficacy/limitations of

TRF in the middle-aged mice models before proceeding to older mice models. Addressing these
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questions will offer novel insights regarding the role of eating patterns in age-related physiological
decline.

This thesis study evaluated the efficacy of time-restricted feeding on numerous parameters
age-related physiological decline and skeletal muscle function. We investigated weather TRF
could serve as a therapeutic intervention against sarcopenia, obesity, and circadian dysfunction
(illustration 4). We evaluated differences in whole body physiology, physical performance,
skeletal muscle physiology and gene expression. The results of this study suggested that TRF can
serve as a powerful intervention to attenuate age-related physiological decline. The pleiotropic
effects of TRF showed improvements in age-affected body weight, body composition, and glucose
regulation indicating that TRF is capable of preventing age- and HFD-induced obesity
simultaneously. TRF also improved endurance performance and certain parameters of muscle
strength in old mice, thus pointing at the therapeutic potency of TRF against sarcopenia. Although
the “old” animals used for experiments were really middle-age and not already sarcopenic, the
TRF-mediated improvements in muscle retention and function imply that TRF holds potential to
delay if not prevent sarcopenia. Finally, improvements in the rhythmicity of muscle clock gene
expression suggests that TRF could prevent age-related deteriorations in circadian rhythms.
Altogether, TRF holds promise to prevent obesity and delay sarcopenia while curbing age-related
circadian deteriorations, thereby serving as a powerful intervention for reinstating health and

vitality.
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Ilustration 4 : Representation of thesis question

. This thesis study evaluated the efficacy of time-restricted feeding on numerous parameters age-

related physiological decline and skeletal muscle function. Particularly, we assessed whether
TRF could serve as a therapeutic intervention against sarcopenia, obesity, and circadian

dysfunction.
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RESULTS

TRF Prevents BW Gain on Western Diet Without Caloric Reduction Irrespective of Age
Previous studies in young mice have shown that TRF is a preventive and therapeutic
intervention to combat excessive body weight gain and associated-metabolic diseases upon various
nutritional challenges including a high fat diet (60% fat) and high fructose diet (32% fat, 25%
fructose) (Hatori et al., 2012; Chaix et al., 2014). We set out to test the therapeutic effects of TRF
against age-related physiological decline. Importantly, we analyzed, in parallel, the benefits of
short—-term TRF in both young and old mice on a high-fat-high-sucrose diet or “western diet” (4.7
kcal/g — 45% fat, 20% protein, 35% carbohydrates of which 17% was sucrose). We adopted this
diet for our experiments because its nutritional content is a close representation of a typical
American diet (hence the name “western diet”) and because the effects of this diet have not been
previously characterized in young mice. We subjected 12-week-old (young) and 1-year-old (old)
male wild-type C57BL/6J mice to either Ad libitum Feeding (ALF) or Time-Restricted Feeding
(TRF). ALF mice were given 24 h access to food and TRF mice had food access restricted to a Oh
window (ZT13 — ZT22, wherein ZTO0 denotes light on). Specifically, we had 4 groups including 1.
young male mice on ALF (young mALF), 2. young male mice on TRF (young mTRF), 3. old
male mice on ALF (old mALF), and 4. old male mice on TRF (old mTRF). Animals were
maintained on the feeding regimens for 10-14 weeks and experiments were conducted between
weeks 9 through 12. Specifics of study design and timeline including the length of experiment and
the specific weeks during which different assays were performed can be found in Figure 1. For

numerical values associated with body weight and food consumption refer to Tables 1 and 2.
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Young mice that were fed the western diet on a 9h time-restricted feeding window (young
mTRF) had a lower total body weight at the end of 10 weeks as compared to young mice fed the
western diet ad libitum (young mALF)( 33.12 + 4.27¢g for young mTRF Vs. 38.21 + 3.87g for
young mALF; mean + SD; Figure 2A). Also, young mTRF only gained half as much body weight
(relative to baseline) over the 10 week period compared to their ALF counterparts (14% increase
in young mTRF Vs. 32% in young mALF). Moreover, the young mTRF mice consumed an almost
identical amount of calories over each week of the study as the young mALF mice (Figure 2C; for
numerical values refer to Table 2). Altogether, young mice on TRF had a lower total body weight
and lesser percent increase in body weight than young mice on ALF despite isocaloric food intake
between the two groups. These results are in agreement with previous studies and indicate that

body weight-associated benefits of TRF are sustained against a western diet.

Old mice that were fed the western diet on a 9h time-restricted feeding window (old mTRF)
had a lower total body weight at the end of 14 weeks as compared to old mice fed the western diet
ad libitum (old mALF)( 41.40 £ 0.96g for old mTRF Vs. 49.71 £+ 0.98g for old mALF; mean +
SEM; Figure 2B). Old mice on TRF gained a significantly lower amount of body weight (relative
to baseline) over the 14 week period compared to their ALF counterparts (6% increase in old
mTRF Vs. 29% in old mALF). Furthermore, the old mTRF mice consumed an almost identical
amount of calories over each week of the study as the old mALF mice (Figure 2D; for numerical
values refer to Table 2). Overall, old mice on TRF had a lower total body weight and a lower
percent increase in body weight than old mice on ALF despite isocaloric food intake between the
two groups. These novel results indicate that TRF prevents excessive body weight gain without
caloric reduction in old mice on western diet suggesting that benefits of TRF are potentially

sustained across lifespan.
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Interestingly, when comparing the effect of TRF in young and old animals, TRF-mediated
weight gain protection is greater in old mice. Indeed, the percent increase in body weight (relative
to baseline) was lower in old mALF compared to young mice (6% increase in old mTRF Vs. 14%
in young mTRF) despite isocaloric consumption., potentially because of the age-related increases
in body weight. Thus TRF seems more efficacious at preventing excessive body weight gain in
old mice. Ad libitum feeding of the western diet was equally detrimental for both young and old
mice. Both young and old mice on ALF had a high and comparable percent increments in body
weight (relative to baseline) (29% increase in old mALF Vs. 32% in young mALF). Mice in all 4
groups consumed roughly the same amount of calories during the duration of the study (Table 2).
Note that, at the beginning of the study, old mice weighed more than young mice. Old mice on
both ALF and TREF started at a much higher body weight than young mice on ALF and TRF (38.58
+ 0.83g for old mALF Vs. 28.99 £ 1.72¢g for young mALF; 38.92 + 0.70g for old mTRF Vs. 29.17
+ 2.56g for young mTRF; mean + SEM; refer to Table 1 for numerical values). This is a normal
observation and was expected as result of age-related increments in body weight.

In summary, TRF successfully prevents excessive body weight gain upon consumption of
western diet for both young and old mice. Interestingly, TRF seems even more efficacious at

attenuating age-associated body weight increments in old mice.

TRF Reduces Fat Mass and Preserves Lean Mass Regardless of Age

Aging is also associated with several body composition changes such as increase in body
weight (Stenholm et al., 2015) and total body fat (Guo et al., 1999; Coin et al., 2008; ) along with
reduction in lean mass (Jackson et al., 2012) and sarcopenia (Goodpaster et al., 2006). Since TRF

has proven beneficial in reducing whole body fat accumulation and preserving lean mass in young
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mice (Hatori et al., 2012; Chaix et al., 2014), we set out to determine if TRF could have similar
body composition benefits in old mice. Whole-body composition of young and old mice on ALF
and TRF was determined in live mice with a small animal MRI machine (body composition
analyzer) using NMR relaxometry (see methods) at week 8. Numerical values associated with

body composition can be found in Table 3.

Young mTRF had improved body composition parameters compared to young mALF.
Young mTRF had a mean lean mass of 25.41 + 2.39g (mean + SD) and a mean fat mass of 5.46 £+
2.83g (mean + SD; Figure 3A; Table 3). Young mALF had a mean lean mass of 24.17 + 1.36g
(mean £ SD), and a mean fat mass of 10.87 £ 4.29g (mean = SD; Figure 3A; Table 3). In
comparison, young mTRF had slightly higher lean mass and significantly lower fat mass than
young mALF. Moreover, differences between TRF and ALF became more apparent when
parameters of body composition were plotted as a percentage of total body weight. Lean mass as
a percentage of total body weight was significantly higher in young mTRF compared to young
mALF (74% in young mTRF Vs. 62% in young mALF; *p < 0.05; Figure 3D). Fat mass as a
percentage of total body weight, on the other hand, was significantly lower in young mTRF
compared to young mALF (16% for young mTRF Vs. 28% for young mALF; ***p <0.001; Figure
3C). These results are congruent with previous studies and indicate that TRF is effective at

reducing fat mass and preserving lean mass in young mice.

Old mice on TRF also had highly significant improvements in body composition
parameters compared to old mice on ALF. Old mTRF had a mean lean mass of 28.47 + 2.40g

(mean + SD) and a mean fat mass of 9.48 + 5.07g (mean £ SD; Figure 3B; Table 3). Old mALF

had a mean lean mass of 26.61 + 1.44g (mean £+ SD) and a mean fat mass of 20.36 = 1.55g (mean

25



+ SD; Figure 3A; Table 3). In comparison, old mTRF had a higher lean mass and a significantly
lower fat mass compared to old mALF. Furthermore, as with young mice, differences in body
composition between old mice on TRF and ALF became more apparent when parameters were
plotted as a percentage of total body weight. Lean mass as a percentage of total body weight was
significantly higher in old mTRF compared to old mALF (70% for old mTRF Vs. 52% for old
mALF; ***p <0.001; Figure 3F). Fat mass as a percentage of total body weight, on the other hand,
was significantly lower in old mTRF compared to old mALF (22% in old mTRF Vs. 40% in old
mALF; ***p < 0.001; Figure 3E). These novel results indicate that TRF is highly effective at
reducing fat mass and preserving lean mass in old mice sugesting that TRF-mediated body

composition improvements might be maintained over lifespan.

Body composition differences between ALF and TRF are prominent in both young and old
mice. In juxtaposition, both young and old mice retain benefits of TRF in a comparable fashion.
Lean mass and fat mass as a percentage of body weight were comparable between old mTRF and
young mTRF (70% for old mTRF Vs. 74% for young mTRF; 22% for old mTRF Vs. 16% for
young mTRF). Additionally both young and old animals in the ad libitum feeding groups
experienced the western diet-associated detriments in body composition. In comparison, old
animals on ALF were worse off than young animals on ALF. Lean mass as a percent of body
weight was lower in old mALF compared to young mALF (52% for old mALF Vs. 62% for young
mALF). Fat mass as a percent of body weight was significantly higher in the old mALF as

compared to the young mALF (40% for old mALFVs. 28% for young mALF).

Altogether, this demonstrates that TRF is effective at preventing excessive body weight
gain, reducing fat mass, and preserving lean mass in young and old mice hinting at the therapeutic

capabilities of TRF against age-related diseases like sarcopenia and obesity.
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TRF Bolsters Glucose Regulation Irrespective of Age

Obesity is associated with the development of glucose intolerance and insulin resistance
(Kahn and Flier, 2000). Since TRF can prevent excessive body weight gain in young and old mice
on western diet, we set out to test the protective effects of TRF against sarcopenia- and obesity-
associated insulin resistance. To achieve this, we tested whether TRF could improve serum glucose
regulation in old mice (and young mice), when faced with the nutritional challenge of a whole-
meal. Previously it was shown that TRF improves glucose regulation in young mice (Chaix et al.,
2014); however, this was determined through an intraperitoneal glucose tolerance test (ipGTT).
While this is a good method of measuring the body’s ability to regulate glucose, it fails to simulate
a real-life feeding scenario, since most consumable food items will likely contain more than just
glucose. Therefore, in order to better understand glucose metabolism with TRF, we conducted a
meal tolerance test (MTT), wherein the regulation of glucose after consumption of a complete

meal with proteins, carbohydrates, and fats was tested (Figure 4)

Young and old mice on ALF and TRF (all 4 groups) were gavaged with a constant bolus
of 700 cal (approximatly 5% of daily intake) of a complete meal (5.5% protein, 21% carbohydrate,
5% fat) after 16h of fasting. Body weight (in grams) (Figure 4A) and fasting glucose
(mg/dL)(Figure 4B) of young and old mice on ALF and TRF were measured prior to the test. After
administering bolus dose of the complete meal, blood glucose (mg/dL) measurements were taken
every 10 minutes up to 120 minutes (Figure 4, C). Finally, to quantify the differences in peak blood
glucose levels and the time required to restore normoglycemia, area under the curve (AUC) above

baseline levels of glucose was calculated (Figure 4D).

Young mice on TRF had better glucose regulation compared to young mice on ALF.

Differences in fasting glucose between young mALF and young mTRF were insignificant (134.30
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+ 11.34 mg/dl for young mTRF Vs. 144.40 £+ 8.18 mg/dl for young mALF; mean + SEM; n =
8/group; Figure 4B). The similarities in fasting glucose can also be observed at time 0 in Figure
4C. 10 minutes after initial bolus dose of a complete meal, young mTRF mice show a slightly
lower peak blood glucose (247.00 £ 37.94 mg/dl, mean + SD) compared to young mALF (295.38
+ 57.19 mg/dl, mean + SD); Further, young mTRF demonstrate a quicker drop in blood glucose
levels (202.00 = 2.45 mg/dl at 45 minutes, mean £ SD); however normoglycemia was still not
restored at the 60 minute mark (198.87 &+ 30.48 mg/dl at 60 minutes, mean + SD). Young mALF
mice, on the other hand, had a higher initial peak and showed a much slower drop in blood glucose
levels (275.13 + 47.84 mg/dl at 45 minutes, mean = SD). Normoglycemia was not restored at the
60 minute mark (275.13 £ 47.84 mg/dl at 60 minutes, mean = SD) and young mALF were still had
high blood glucose levels at th 120 minute mark (203.63 = 37.89 mg/dl at 120 minutes, mean +
SD). To quantify these differences, area under the curve (AUC) was calculated. Young mTRF
mice had a significantly lower AUC above baseline glucose compared to young mALF mice (**p
< 0.01; n = 8/group; Figure 4D). These results indicate that TRF improves glucose regulation in
young mice.

Old mice on TRF had significantly improved glucose regulation compared to old mice on
ALF. Differences in fasting glucose between old mALF and old mTRF were insignificant (198.00
+ 14.47 mg/dl for old mTRF Vs. 208.30 £+ 11.36 mg/dl for old mALF; mean + SEM; n = 8/group;
Figure 4B). The similarities in fasting glucose can also be observed at time 0 in Figure 4C. 10
minutes after initial bolus dose of a complete meal, old mTRF mice show a slightly lower peak
blood glucose (321.25 £ 36.80 mg/dl, mean £ SD) compared to old mALF (356.13 £ 58.74 mg/dl,
mean *+ SD); Further, young mTRF demonstrate a very quick and steep drop in blood glucose

levels such that normoglycemia was restored within 20 minutes (195.50 + 45.72 mg/dl at 20
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minutes, mean £ SD) and was maintained over 60 minutes (205.37 £ 30.80 mg/dl at 60 minutes,
mean = SD). old mALF mice, on the other hand, had a high initial peak and showed a much slower
drop in blood glucose levels and had much higher glucose levels at 20 minutes (294.00 £ 45.71
mg/dl at 20 minutes, mean + SD); further, it took old mALF mice 120 minutes to restore
normoglycemia (208.38 + 35.11 mg/dl at 120 minutes, mean + SD). These differences were
reflected in the AUC. Young mTRF mice had a significantly lower AUC above baseline glucose

compared to young mALF mice (*p < 0.05; n = 8/group; Figure 4D). These results indicate that

TRF improves glucose regulation in old mice.

Both young and old animals in the TRF groups have batter glucose responses compared to
their ALF counterparts. In comparison, young mTRF showed a much lower initial peak in blood
glucose compared to old mTRF, but young mTRF also started at lower fasting glucose levels than
old mTRF. The decline in blood glucose levels was slower in young mTRF than in old mTRF,
however, AUC for young mTRF was non-significantly different from old mTRF (Figure 4D). Ad
libitum feeding, on the other hand, seemed to affect young animals more adversely than old
animals. Young mALF had a lower initial peak in blood glucose compared to old mALF, but young
mALF also started at lower fasting glucose levels than old mALF. Moreover, while both young
and old mice demonstrated a very slow decline in blood glucose level, AUC for young mALF was
significantly higher than that for old mALF (*p < 0.05; n = 8/group; Figure 4D) indicating that
ALF has more drastic effects on glucose regulation for young mice. Altogether, these results
suggest that TRF exerts a strong influence over glucose regulation and equally benefits both young

and old mice.
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Effects of TRF on Endurance, Motor Coordination, and Grip Strength in Old Mice

In order to understand the effects of TRF on physical performance, we set out to test
endurance capacity, motor coordination, and grip strength in old mice (Figure 5). These are highly
relevant tests for the purposes of this study since aging and sarcopenia are associated with
decreased grip strength (sheth et al., 2018), impaired motor coordination (Kwon and Yoon, 2017),
and reduced endurance capacity due to VO2max reductions (Prior et al., 2016). Therefore, we
wanted to determine if TRF could attenuate the aforementioned age-related impairments in
physical performance. Previous studies have shown that TRF does enhance endurance capacity
and motor coordination in young mice (Chaix et al., 2014; Hatori et al., 2012), thus we
hypothesized endurance and motor coordination benefits in old mice. Although, no difference in
grip strength between ALF and TRF was observed in young mice (Chaix et al., 2014), we decided
to test grip strength in old mice based on the hypothesis that strength would be more susceptible
to dietary changes with age.

To determine endurance capacity, a one-time medium intensity run to exhaustion assay
(without prior training) was chosen (Figure 5SA). ALF and TRF mice were run side by side on a 6
lane treadmill (see methods). In order to determine endurance capacity on the treadmill, mice were
run until exhaustion, which was defined as the inability to continue running despite repeated
stimulation (Narkar et al., 2008). The time to exhaustion was significantly higher for old mTRF
(200.20 £ 26.79 minutes; mean + SEM) as compared to old mALF (97.89 + 21.25 minutes; mean
+ SEM) (n=9, **p <0.01; Figure 5A; for numerical values refer to table 5). Thus old mTRF mice
had better treadmill performance compared to old mALF mice thus indicating enhanced

endurance capacity with TRF.
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In order to assess motor coordination, we used a rotarod test was used (Figure 5B). A four
compartment rotarod machine was used to test ALF and TRF side by side (Deacon, 2013; see
methods). Mice were placed on a constantly accelerating rotating rod and the time to fall (latency
in sec) was recorded. The time to fall was not significantly different between old mTRF (86.50 £+
7.09 minutes; mean = SEM) and old mALF (87.98 + 7.31 minutes; mean £ SEM) (n = 8; Figure
5B; for numerical values refer to table 5). The non-significant difference in rotarod performance
between ALF and TRF indicates that old mice do not experience the motor coordination benefits
associated with TRF.

To test for muscle strength, a grip strength meter and Kondziela’s inverted screen test were
used. The grip strength meter was used to quantify the grip strength of forelimb muscles by
measuring the amount of force applied on the meter by the mice (see methods). Forelimb grip
strength was not significantly different between old mTRF (50.02 + 1.90 g; mean = SEM) and old
mALF (50.08 = 1.20 g; mean + SEM) (n = 16; Figure 5C; for numerical values refer to table 5).
Further, to get a better picture of the strength differences in the old mice on TRF we decided to do
the Kondziela’s inverted screen test. This assay uses a wire grid system to non-invasively measure
the ability of mice to sustain constant limb tension against their own gravitational force thus
allowing for strength determination of all four limbs (Deacon, 2013). The time to fall off the screen
was significantly higher for old mTRF (24.22 + 7.56 minutes; mean + SEM) as compared to old
mALF (4.89 £ 0.34 minutes; mean £ SEM) (n = 15, *p < 0.05; Figure 5D; for numerical values
refer to table 5). Better performance on the Kondziela’s inverted screen test indicates that the
combined total strength in all four limbs compared is higher in old mice on TRF compared to old

mice on ALF; however, the latency to fall values from the inverted screen test were highly
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correlated to body weight. These results indicate that TRF improves certain parameters of strength

in old mice.

Effects of TRF on Skeletal Muscle Tissue Physiology

Based on the difference in performance assays, we examined the tissue level variation in
the skeletal muscle. The quality of muscle is an essential consideration for sarcopenia and obesity.
Age-associated fat infiltration into the muscle and alterations in muscle glycogen levels are strong
determinants of muscle quality and functional capacity (Addison et al., 2014; Knuiman et al.,
2015). In order to assess the differences in muscle quality of old mice ALF and TRF, we analyzed
levels of triglyceride and glycogen in the gastrocnemius and soleus muscle of old animals. Skeletal
muscle triglyceride content of old mALF was 3.82 £+ 0.48 (mean £ SEM, n = 12) and that of old
mTRF was 4.17 £ 0.37 (mean = SEM, n = 12)(Figure 6A); the differences between ALF and TRF
were non-significant. Similarly, skeletal muscle glycogen levels of old mALF were 2.21 + 0.10
(mean £ SEM) and that of old mTRF were 4.17 + 0.15 (mean £ SEM), thus failing to produce
differences of statistical significance (Figure 6B; for numerical values refer to table 6). Therefore,
differences in triglyceride content and glycogen levels in the skeletal muscle of old mice on ALF
and TRF were not significantly different. These results indicate that differences in performance

assays between ALF and TRF were not due to muscle triglyceride or glycogen variations.

Next, we wanted to assess histological differences in the skeletal muscle to analyze
alteration in tissue architecture between ALF and TRF. To achieve this, we planned to perform
histological assays such as H&E, Cox staining, and iHC to learn more about muscle tissue
anatomy, mitochondrial activity, and fiber-type differences respectively, between mice on ALF

and TRF. These results could provide valuable insights into age-related alteration in muscle quality
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and function along with the potential impacts of TRF on attenuating sarcopenia. Unfortunately
however, histological assessments could not be executed due to the overlap between this thesis

study and the Covid-19 pandemic.

TRF on Skeletal Muscle Metabolism- and Performance-Associated Gene Expression

To understand the molecular mechanisms responsible for producing physiological
differences in metabolism and physical performance we analyzed mRNA expression of genes
associated with metabolism and performance in skeletal muscle samples. Because previous studies
suggested differences in long-term lipid and glucose homeostasis as a function of transcriptional
regulation in adipose and liver tissues (Chaix et al., 2014), we sought to analyze metabolic activity
of skeletal muscle by determining mRNA levels of genes involved in fat and glucose metabolism
such as Ppard, Pgcla, Cptlb, Fasn, Scd1, Pkm, Pdk4.

To analyze lipid metabolism we analyzed genes involved in both fatty acid synthesis as
well as oxidation. We tested mRNA expression of fatty acid synthase (Fasn) and steroyl-CoA
denaturase-1(Scdl) which are 2 genes whose protein products are key enzymes of the de novo
lipogenesis (DNL) pathway thus making them good candidates for understanding fatty acid
synthesis. qRT-PCR analysis resulted in non-significant differences in levels of mRNA expression
of Fasn and Scdl between ALF and TRF (Figure 7). Next, we looked at peroxisome proliferator-
activated receptor delta (Ppard), peroxisome proliferator-activated receptor gamma co-activator 1
alpha (Pgcla), and carnitine palmitoyl transferase-1b (Cptlb) expression which are genes involved
in fatty acid oxidation. Ppard is master regulator of metabolic activity in the skeletal muscle with
multiple downstream effects including fatty acid transport and basal lipid oxidation (Stancic et al.,

2013; Ravnskjaer et al., 2010). Pgcla is a transcriptional co-activator of multiple genes with
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downstream effects ranging from fat degradation, mitochondrial biogenesis, muscle fiber-type
determination, angiogenesis, etc. (Arany et al., 2008). qRT-PCR analysis revealed drastic
differences in mRNA levels of Pgcla between ALF and TRF (****p < 0.0001; Figure 7).
Unexpectedly, no differences were observed in levels of mRNA expression of Ppard between ALF
and TRF (Figure 7). Cptlb, a skeletal muscle isoform of Cptl, is yet another key component of
fatty acid oxidation since it facilitates fatty acid transport into the mitochondria. qRT-PCR analysis
resulted in non-significant differences in mRNA levels of Cptlb between ALF and TRF (Figure
7).

Finally, to understand differences in glucose metabolism between ALF and TRF, we
looked at pyruvate kinase muscle isozyme (Pkm) and pyruvate dehydrogenase kinase 4 (Pdk4)
expression. Pkm encodes the pyruvate kinase enzyme which is a key enzyme in final step of the
glycolytic pathway. Pdk4, on the other hand, encodes pyruvate dehydrogenase kinase which
regulates pyruvate dehydrogenase complex (PDC) thereby regulating glucose as well as fat
metabolism. qRT-PCR analysis revealed a statistically significant difference in mRNA levels of
Pkm (*p<0.05; Figure 7). Pdk4 mRNA expression was plotted as a time series because it
demonstrated rhythmicity. Although Pdk4 had similar levels of relative mRNA expression
between ALF and TRF, it was completely phase shifted in the ALF mice indicating circadian
impairments of glucose metabolism (shown as time-series; Figure 7). All data generated from
gRT-PCR analysis were initially plotted as a time series because previous studies observed
rhythmicity in expression of metabolic genes like Fasn and Scd1 in liver and adipocytes (Hatori et
al., 2012). However, after conducting a 2-way Anova test with time of day (TOD) and feeding

groups (ALF/TRF) as parameters, the results were non-significant for all tested genes except Pdk4.
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Therefore, samples collected at different time points were treated as replicates and plotted as
shown (Figure 7).

Overall, these results indicate that TRF induces changes in gene expression with
implications for physical performance and age-related alterations in glucose and lipid metabolism

in the skeletal muscle.

TRF on Skeletal Muscle Clock Gene Oscillations

TREF is a dieting strategy that synchronizes feeding-fasting rhythms with the endogenous
circadian clock. Previous studies have confirmed that TRF can prevent the dampening of
transcriptional rhythmicity of core clock components in livers of young mice otherwise observed
under HFD feeding (Hatori et al., 2012). Here, we set out to determine whether young and old
mice also experienced improvements in transcriptional rhythmicity of clock genes as a function of
TRF in another key metabolic organ that is the skeletal muscle.

Using qRT-PCR, we analyzed the diurnal profile of mRNA expression of Bmall, Clock,
Cryl and Per2 in skeletal muscle of young mice. All clock genes displayed a diurnal pattern of
expression, confirmed by MetaCycle statistical analysis for Bmall, Clock and Per2 (Figure 8). As
expected, we observed that Bmall and Clock expression are in phase, with coincident peak and
trough of expression. Per2, on the other hand, cycle in anti-phase. We did not observe a significant
difference in amplitude or phase between young mTRF and young mALF for Clock and Bmall.
Per2 elicited slightly higher amplitude and an early peak in young mTRF. Cryl showed an
ultradian rhythm with 2 peaks of higher amplitude in young mTRF.

In old mice, Bmall, Clock, and Cryl mRNA expression were also rhythmic (Figure 9).

Statistical analysis using MetaCycle confirmed that Bmall and Cry1 were indeed cycling, however
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Clock was not. Both Bmall and Cryl cycled at a higher amplitude in mice on TRF. Similar to
what was observed in young mice, Cry1 displayed an ultradian profile with 2 daily peaks for which
the relative amplitude was different between ALF and TRF. Clock profile was the most different
between young and old mice with absence of rhythmicity in old mALF and somehow preserved

rhythms in TRF.

Interestingly, all clock genes seem to oscillate at higher amplitude in the young muscle
than the old, suggesting that the muscle clock is subject to age-related dampening of the clock.
Moreover, the circadian-enhancement effect of TRF was higher in old than in young. Since Bmall,
Clock, Cryl, and Per2 along with other clock components, play an important role in generating
robust circadian rhythms, our results suggest that TRF has the potential to prevent age-related

circadian deteriorations.

TRF Improves Rhythmicity of Clock Genes at Transcriptional and Translational levels

To understand whether TRF could improve circadian rhythmicity of gene expression at the
mRNA as well as the protein level, we performed simultaneous analysis of mRNA and protein
expression in liver of young mice and skeletal muscle of young and old mice. We chose to look at
liver samples because of the known significant alterations in hepatic metabolism in young mice
(Hatori, 2012, Chaix, 2014). As previously described, Bmall display a clear diurnal rhythm of
expression in the liver, with slightly higher amplitude in mice on TRF (Figure 10A). Since TRF
can act on nutrient-sensing pathways which mostly act at the post-translational (PTM) level, and
since PTM can affect clock protein stability, we analyzed BMALI1 protein expression by western
blot in liver samples of young mice. We observed a clear rhythmicity of BMALI protein

expression in mice on TRF (Figure 10B) as visualized by the quantification of the signal in panel
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10C.. mRNA expression was in-phase with the protein expression of Bmall in mice on TRF. ALF
mice, on the other hand, displayed lower amplitude rhythmicity at the mRNA level (Figure 10A)
and severely dampened rhythmicity at the protein level with no discernable phase relationship
between transcriptional and translational levels.

Next, we performed a similar mRNA/protein level analysis in the skeletal muscle of old
mice. In ALF mice, if Bmall mRNA level was rhythmic, at the protein level, this rhythmicity was
severely dampened (Figure 11C). ALF mice also had a slight phase shift between mRNA and
protein expression. In TRF mice, on the contrary, Bmall was highly rhythmic both at the mRNA
and protein level in the skeletal muscle (Figure 11). TRF mice also had higher peaks and low
troughs in protein expression of Bmall. Interestingly, mRNA expression seemed almost anti-phase

to the protein expression of Bmall in mice on TRF.

These results indicate that TRF is capable of improving clock gene rhythmicity at the

transcriptional and translational levels through mechanisms that are yet to be determined.

DISCUSSION

The process of aging is associated with a decline in health and vitality. Age-related diseases
along with deteriorating circadian rhythms can have devastating consequences for the quality of
life of aging individuals. Currently, the aging population is growing at a high rate thus increasing
risk of consequential age-related disorders like sarcopenia and obesity. Time-restricted feeding, a
behavioral intervention that restricts caloric intake to an 8-9 hour window, is a unique intervention
because it does not require alterations in caloric quantity/quality thus making it easy to adopt for

individuals of all ages. TRF has been shown to improve numerous health parameters in young
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mice (Hatori et al., 2012), however effects TRF on middle-aged and older mice are not clear. In
this thesis study, we demonstrated that TRF is a holistic intervention with potent effects on various
measures of metabolic fitness, physical performance, and muscle function in middle-aged mice,
all of which hints at the therapeutic potential of TRF for prevention (or delay) of sarcopenia and
age-related metabolic decline. Here we discuss (1) Age-independent benefits of TRF on metabolic
homeostasis, (2) Benefit of TRF on muscle function and implications for Sarcopenia, (3) Benefits

of TRF on maintenance of skeletal muscle clock function.

Age-Independent Benefits of TRF on Metabolic Homeostasis

Young and old mice fed a western diet (45% fat, 17% sucrose) experienced obesity and
general metabolic decline with ad-libitum access to food. Young and old mice on a 9h TRF
intervention, however, were protected from the adverse effects of the western diet despite
consuming the same amount of food as the ALF mice. In particular, our results show that TRF
successfully prevented excessive body weight gain associated with consumption of a high fat and
high sucrose diet in young and old mice. In both cases, the difference in body weight between ALF
and TRF was attributable to lower body fat and higher lean mass. These desirable changes in body
weight and composition that occur as a function of feeding in a time-restricted fashion can partially
be explained through the improvements in metabolic regulation which are intrinsic to aligning
feeding events with endogenous circadian function. The circadian clock guides cyclical activation
and repression of metabolic and nutrient-sensing pathways, which exercise temporal control over
anabolic and catabolic signals for nutrient utilization (Villanueva et al., 2019). Therefore, timing
feeding intervals during the active phase of the mice can synchronize feeding-fasting rhythms with

output of circadian clocks such that circadian physiology of metabolism is optimized to process
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food (Panda, 2016). TRF can also likely improve rhythms in central regulation of metabolic
hormones and nutrient homeostasis, thereby improving transmission of feeding-fasting signals to
peripheral clocks. This, in turn, allows for better anticipation of feeding-fasting periods by the

peripheral clocks thus priming metabolic responses suitably.

Moreover, benefits of TRF on body composition can also be explained through fasting-
mediated adaptations on whole-body physiology and fat mobilization. Extended fasting (15h in
our study) can support fatty acid utilization (Chaix et al., 2014) by increasing mobilization of free-
fatty acids and upregulating beta-oxidation (Hatori et al., 2012) subsequently shifting the source
of energy substrate from glucose to fat (Owen et al., 1979). This likely explains the demonstrated
reductions in adiposity with TRF in both young and old mice. Baseline lean mass was not
measured, but we observed higher lean mass in mice on TRF compared to their ALF counterparts.
Although changes in gene expression explained the preservation of lean mass observed with TRF
(see section 2), fasting-mediated hormonal changes such as upregulation of growth hormone
(Vendelbo et al., 2010; Nerrelund et al. 2001) along with autophagy (Masiero et al., 2009) might

have a role to play in lean mass differences between ALF and TRF.

Interestingly, we observed a greater effect of TRF on body compositional changes in the
old mice. A possible hypothesis accounting for the differences in efficacy of TRF between the
young and the old might be found in age-related alterations in the circadian timing system. Aging
is associated with an increased susceptibility to circadian dysfunction (Brown et al., 2011).
Circadian dysfunction, in turn, is linked with detrimental effects on body weight and composition
(Shi et al., 2013; Baron et al., 2017). TRF is a circadian intervention that has been shown to
improve circadian clock function down to the molecular level (Hatori et al., 2012). Therefore, a

circadian modulator like TRF is likely to be more effective at preventing the combined detriments
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of age-related circadian dysfunction and a high fat/high sucrose diet on body weight and
composition in old mice. Young mice, on the other hand, are also protected from the harmful
effects of the western diet; however, since they do not undergo age-related alterations in circadian

function, the effects of TRF are less pronounced than in the old.

Aging, obesity, and the loss of lean mass are also associated with the development of
glucose intolerance and insulin resistance (Shou et al., 2020; Luca and Olefsky, 2007). Since TRF
could prevent age-related alterations in body composition on the western diet, we assessed the
protective effects of TRF against sarcopenia- and obesity-associated insulin resistance. We used a
meal tolerance test (MTT) to determine whether TRF impacted whole-body glucose regulation
when mice were confronted with the nutritional challenge of a whole-meal that not only contains
carbohydrates but also lipids and proteins. We chose this method over traditional intraperitoneal
or oral glucose tolerance test (ipGTT/oGTT) to simulate a real-life feeding scenario, since most
consumable food items will likely contain more than just glucose. ALF resulted in impairments in
glucose regulation and both young and old ALF mice. Feeding a high fat diet ad libitum can induce
circadian disruption (Kohsaka et al., 2007) which is linked to insulin resistance and obesity (Shi
et al., 2013), thus resulting in impaired glucose tolerance observed in mice on ALF. TRF, on the
contrary, resulted in better glucose tolerance in both young and old TRF mice. TRF-mediated
improvements in glucose regulation can be partially explained by underlying circadian regulation
of glycemic control. It has been shown that glucose tolerance and insulin sensitivity are under
circadian control (Fleur et al., 2001). In mice, glucose uptake shows a peak at the beginning of the
dark/active phase and a trough at the beginning of the light/inactive phase. 24 h rhythms in insulin
sensitivity contribute to the 24 h rhythms in glucose uptake such that, peaks in insulin sensitivity

are correlated with peaks in glucose uptake. Therefore, the impact for endogenous circadian
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rhythms on glucose regulation might be mediated through improved beta-cell response during the
active phase (Morris et al., 2015). Mice on TRF have food access restricted to a 9h window in
dark/active phase, which means that they consistently feed at times when glucose uptake is
optimized via heightened insulin sensitivity and strong beta-cell response. Thus explaining
improved glycemic control in mice on TRF during the meal tolerance tests.

Another hypothesis for TRF-mediated improvements in glycemic control is that
differences in body composition between ALF and TRF resulted in improved glucose regulation.
Fat mass was significantly higher in ALF mice compared to TRF mice. Increased fat mass, obesity,
and obesity-induced inflammation contribute to the pathogenesis of insulin resistance and
metabolic diseases (Luca and Olefsky, 2007; Kahn and Flier, 2000). This was reflected through
the poor glucose response in the fatty ALF mice. Conversely, mice on TRF had lower fat mass
which is correlated with the demonstrated improvements in glucose tolerance. TRF mice also had
higher lean mass or the muscle tissue mass than the ALF mice. Since the skeletal muscle is the
largest organ responsible for post-prandial glucose uptake and decreased muscle mass is associated
with impaired glucose tolerance (Kalyani et al., 2012), having a higher lean mass can result in
improved glucose response. These observations pointed at the benefits of TRF on muscle function

and its therapeutic implications for sarcopenia.

Benefits of TRF on Muscle Function and Implications for Sarcopenia

Sarcopenia is a complex disorder that is characterized by age-related loss of muscle mass
and muscle function. Current strategies to combat this loss of muscle mass and function are
primarily focused on quality and quantity of caloric intake as well as physical exercise. Since the

primary anabolic stimuli for preservation of skeletal muscle mass and upregulation of muscle
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protein synthesis are mechanical tension and dietary protein intake (Traylor et al., 2018), the
aforementioned interventions make intuitive sense for treatment of sarcopenia. However, age-
related functional restrictions limit the feasibility of exercise and social factors like
bereavement/social isolation paired with chronic illness and physiological changes as a function
of age affect nutritional quality (Leslie and Hankey, 2015). Benefits of maintaining regular and
consistent patterns of feeding-fasting have been explored for combating numerous age-related
diseases and for maintaining good health (Mattson et al., 2017; Longo and Panda, 2016). However,
the effects of controlling the timing of food intake and fasting as a preventative intervention for
sarcopenia have remained unclear. Previous TRF studies hinted at the therapeutic efficacy of TRF
in improving muscle physiology thus indicating its potential relevance for sarcopenia (Villanueva
et al., 2019). Moreover, sarcopenia is potentiated by obesity and TRF was effective at preventing
and even reversing obesity and metabolic disease, all while maintaining lean mass (Hatori et al.,
2012; Chaix et al., 2014). Since aging is associated with both sarcopenia and obesity, we explored

the effects of TRF on age-related alterations in physiology and skeletal muscle function.

Symptoms of sarcopenia start arising around middle age and worsen progressively. Thus,
we characterized the effects of TRF in middle-aged mice (which we refer to old mice for the sake
of simplicity) because we wanted to determine the efficacy of TRF as a measure to prevent the
exacerbation of sarcopenia. Moreover, we speculated that if TRF could help with delaying
sarcopenia in middle-aged mice then it might have implications for older mice as well. In
accordance with the revised European consensus (EWGSOP) regarding key characteristics of
sarcopenia (Cruz-Jentoft et al., 2019), we assessed effects of TRF on 1. muscle quantity (MRI), ii.
muscle strength (grip strength and inverted screen test), iii. endurance performance (treadmill test),

and iv. muscle quality (tissue physiology — couldn’t achieve due to covid-19).
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TRF-mediated preservation of lean mass (as determined through the MRI) along with
improved glucose tolerance (discussed above) were strong indicators of maintained muscle
quantity in the old TRF mice. Further, we looked at effects of TRF on muscle strength. Given that
muscle strength is a highly clinically relevant parameter (Wolfson et al., 1995), we utilized two
different approaches to fully understand variations in strength: grip strength test and Kondziela’s
inverted screen test. The grip strength test only measures the strength of the forelimbs, whereas
the inverted screen test measures the combined strength of all four limbs against their own
gravitational force. Interestingly, there were no differences in grip strength between ALF and TRF
mice, but TRF mice performed better than ALF mice on the inverted screen test. One interpretation
of the insignificant difference in forelimb grip strength and the significant difference in all four
limb grip strength could be that hindlimbs account for the true differences in strength between
ALF and TRF. Moreover, differences in the results of the inverted screen test might have resulted
due to underlying differences in muscle fatigue — defined as the exercise-induced reduction in
force production (Wan et al., 2017). Increased hang time as seen with TRF mice might be due to
an increased time to muscle fatigue. Another explanation might be that TRF mice perform better
on the inverted screen assay simply because they have lower body weights and a lower
consequential force of gravity against which their limbs are tested thus allowing them to hang for
longer durations than the heavier ALF mice. Regardless, we demonstrate that TRF exerts a positive
influence over certain parameters of muscle strength. Further investigation is required to determine

whether these effects are direct or indirect.

Next, we characterized the effects of TRF on endurance performance and motor
coordination, both of which are implicated in increased healthspans. While no differences in motor

coordination were observed, old mice on TRF had significantly better performance on the treadmill

43



run-to-exhaustion assay than the old mALF mice. We hypothesized that differences in endurance
performance could result as a function of (1) differences in skeletal muscle architecture, (2)
differences in skeletal muscle fuel sources, (3) differences in muscle metabolic capacity. First, to
compare skeletal muscle architecture between ALF and TRF, we planned to look at tissue anatomy
along with fiber type differences and mitochondrial content and activity. Unfortunately however,
histological assessments could not be executed due to the overlap between this thesis study and
the Covid-19 pandemic. Second, in order to get an insight into possible differences in fuel sources,
we measured glycogen and triglycerides stores. However, we found no differences in glycogen
and TG levels between ALF and TRF. Third, in order to get a molecular understanding of the
observed differences in muscle function, we examined gene expression signature of metabolic and

performance genes in skeletal muscle.

To characterize the effects of TRF on lipid metabolism in the skeletal muscle, we looked
at the de-novo lipogenesis (DNL) pathway. DNL is a complex and highly regulated metabolic
process wherein excess carbohydrates are converted into fatty acids and then esterified into
trigacylglycerols which can be broken down via beta-oxidation. The skeletal muscle is an active
site of DNL and is known to utilize stored IMTGs during exercise (Hollands and Cawthorne, 1981;
Goodpaster et al., 2001). Consuming a diet that is rich in both fat and sugars combined with
reduced physical activity leads to increased deposition of fat in muscle tissues as observed in
pronounced sarcopenic obesity. Ectopic deposition of fat in non-canonical fat storing tissues is
under the control of DNL, which itself is stimulated by presence of excess dietary fat and sugars.
Thus, we looked at the gene expression of fatty acid synthase (Fasn) and Stearoyl-CoA desaturase-

1 (Scdl) which are key enzymes of DNL.

44



Fasn is a key rate-limiting enzyme of DNL that converts malonyl-CoA to palmitate (Song
et al., 2018). Palmitate then undergoes elongation and desaturation to produce more complex fatty
acids like palmitoleic acid, stearic acid, and oleic acid. Stearoyl-CoA desaturase-1 (Scdl) is a
desaturase that converts palmitate to palmitoleic acid. Build-up of these fatty acids can have
detrimental consequences such as increased triglyceride stores, inflammation, steatosis, fibrosis
etc. There was no difference in Fasn and Scdl gene expression between ALF and TRF. This was
in accordance with the insignificant differences in muscle triglyceride content between ALF and
TRF. Although unexpected, these results suggest that there is was difference in skeletal muscle
DNL enzyme expression between old ALF and TRF.

Next, we assessed possible differences in lipolysis through fatty acid beta-oxidation (FAO).
FAO is metabolic process wherein long chain acyl-CoA molecules — the primary components of
fatty acids — are broken down to acetyl-CoA molecules and are used up for energy (Houten and
Wanders 2010). Studying the FAO pathway was particularly relevant for this study because fasting
is associated with lipolysis and utilization of fats as an energy source (Owen et al., 1979).
Moreover, in tissues with high energy requirements, such as the skeletal muscle, fats can serve as
efficient fuel sources. Thus, we looked at mRNA expression of carnitine palmitoyl transferase-1b
(Cptlb) and peroxisome proliferator-activated receptor delta (ppard).

Cptlb is a key rate-limiting component in FAO pathway in the skeletal muscle. It
encodes a mitochondrial transporter protein that modifies long-chain fatty-acyl-CoA to
acylcarnitine molecules and transports them across the mitochondrial membrane thus controlling
mitochondrial entry of activated fatty acids. Ppard is a master transcriptional regulator of
metabolic activity in the skeletal muscle that controls fat degradation by regulating expression of

genes involved in fatty acid transport, beta-oxidation and mitochondrial respiration (Takahashi et
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al., 2007). Surprisingly, as for FAO, there was no difference in mRNA expression of Cptlb or
Ppard between ALF and TRF. Further analysis would be necessary to evaluate differences in
enzyme expression and/or activity. The balance between DNL and beta-oxidation is regulated by
intermediary metabolites such as malonyl-CoA. Thus, measuring the activity of key regulatory
metabolites would provide a clearer picture regarding the dynamics of these pathways and
whether they are temporally affected by the feeding paradigm.

To analyze the contribution of glucose metabolism to the observed differences in muscle
physiology, we looked at key enzymes of glycolysis namely pyruvate dehydrogenase kinase 4
(Pdk4) and pyruvate kinase muscle isozyme (Pkm). Pdk4 encodes pyruvate dehydrogenase
kinase which is a mitochondrial protein that inhibits the pyruvate dehydrogenase complex (PDC
— key for glucose homeostasis during fed/fasted states) by phosphorylating one of its subunits,
thereby regulating glucose metabolism and controlling metabolic flux through the citric acid
cycle (Peterson et al., 2019; Bethesda, 2004). Pdk4 can also be coactivated by Pgcla to exert
transcriptional control over skeletal muscle glucose metabolism (Wende et al., 2005). Pkm, on
the other hand, expresses a key enzyme that catalyzes the conversion of phospoenolpyruvate to
pyruvate while generating ATP in the final and irreversible step of the glycolytic pathway. We
observed an increase in steady state levels of Pkm with TRF. Fasting-induced decrease in the
flux through the glycolytic pathway can elevate glucose levels in the skeletal muscle thus
explaining Pkm upregulation (Yamada and Noguchi, 1999). Interestingly, the relative level of
expression of Pdk4 was not different between ALF and TRF. However, it has been shown
previously that Pdk4 expression is affected by both meal timing and diet composition (Goede et
al., 2017). We observed similar changes in diurnal expression profile of Pdk4 : expression was

higher during the light/fasting phase under TRF whereas it was higher in the dark/feeding phase
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in ALF. Although, fat metabolism wasn’t different and carbohydrate metabolism was slightly
different in the skeletal muscle of ALF and TRF; we hypothesized that temporal aspect maybe
critical to muscle metabolism and function as suggested by phase shifted expression of Pdk4
(section 3).

Finally, to further gauge the differences in muscle performance as a function of differential
gene expression, we looked at mRNA levels of peroxisome proliferator-activated receptor gamma
co-activator 1 alpha (Pgcla). Pgcla is nuclear transcriptional coactivator that regulates essential
metabolic processes including mitochondrial biogenesis, adaptive thermogenesis, fatty acid
oxidation, angiogenesis, and insulin sensitivity by controlling expression of numerous
transcription factors. (Handschin and Spiegelman, 2006; Wu et al., 1999; Arany et al., 2008;
Bonen, 2009). Moreover, Pcgla expression has been shown to decrease with age and has great
implications age-related changes in muscle function (Gill et al., 2018; Anderson and Prolla, 2009).
Interestingly, we observed significantly elevated mRNA expression of Pgcla old TRF mice as
compared to old ALF mice. Upregulation of Pgcla in the skeletal muscle can potentially explain
observed benefits of TRF on (1) preservation of lean mass, (i1) endurance performance, and (ii1)
glucose tolerance.

Studies have suggested that certain fasting interventions can cause loss of lean mass and
skeletal muscle atrophy (Bak et al., 2018) while others suggest lean mass is preserved while
fasting and only fat mass is lost (Norren et al., 2015; Gotthardt et al., 2016). By subjecting mice
to a 15 h fasting window (predominantly in the inactive phase), we observed higher lean mass
compared to the ALF mice. The observed preservation of lean mass could be directly linked with
Pgcla upregulation through TRF. High levels of Pgcla during catabolic conditions can spare

muscle mass during fasting by suppressing FoxO-dependent loss of muscle mass (Sandri et al.,
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2006; Geng et al., 2011). It has been shown that Pgcla influences muscle protein turnover by
reducing protein degradation without affecting protein synthesis (Brault et al., 2010) thus
preventing muscle atrophy during fasted states. Additionally, Pgcla can induce skeletal muscle
remodeling resulting in an increased percentage of type I muscle fibers along with mitochondrial
biogenesis thus boosting oxidative capacity of the skeletal muscle (Zhang et al., 2017; Liang and
Ward, 2006). Skeletal muscle expression of Pcgla is also associated with increased exercise
capacity and peak oxygen uptake (Tadaishi et al., 2011). Therefore, endurance enhancements
with TRF might have resulted from downstream effects of Pgcla upregulation. Moreover, since
endurance exercise itself is a known stimulator of Pgcla and downstream influence on muscle
function, our results suggest that TRF can mimic exercise-induced physiology (to some degree)
through Pgcla upregulation. It should be noted that the contribution of other organs such as the
heart can also be involved in the observed enhancements in endurance performance with TRF
and it would be interesting to test whether similar upregulation of Pgc1 happens in cardiac
muscle. Finally, Pgcla-mediated switch in fiber-type to the more oxidative type I fibers can itself
influence glucose regulation by increasing skeletal muscle glucose uptake (Stuart et al., 2013;
Zhang et al., 2017). Although, overexpression (beyond physiologic limits) of Pgcla has
paradoxically been linked to insulin resistance (Choi et al., 2008), Bonen and colleagues showed
that overexpression of Pgcla, within physiologic ranges, can improve insulin sensitivity through
GLUT4 upregulation (Bonen, 2009). Moreover, Pgcla dysfunction is associated with impaired
glucose tolerance and type 2 diabetes (Lukaszuk et al., 2015; Mootha et al., 2003). Thus, we
speculate that improvements in glucose regulation seen with TRF might be linked to Pgcla-
dependent increments in type I muscle fibers and/or GLUT4 expression which are associated

with enhanced insulin stimulated glucose transport (Michael et al., 2001).
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Overall, TRF had numerous implications for skeletal muscle function and sarcopenia. TRF had
a positive influence on aspects of muscle function that are relevant for sarcopenia such as muscle
quantity, muscle strength, and endurance performance. TRF-mediated improvements in muscle
function were likely linked to underlying differences in skeletal muscle gene expression.
Specifically, Pgcla, a key regulator of energy metabolism, could play an important role in retention
of muscle mass, enhanced endurance, and improved glucose regulation. Previous studies have
shown that Pgcla regulates gluconeogenesis and other aspects of the fasting response in the liver
(Yoon et al., 2001; Herzig et al., 2001). Here, we show that benefits of fasting (9h TRF) on
physiology and performance could be mediated via upregulation of Pgcla in the skeletal muscle.
Increased Pgcla expression can also prove beneficial against age-related muscle loss and
dysfunction as well as whole-body metabolism. Pgcla upregulation and its numerous downstream
effects can prevent mitochondrial dysfunction, neuromuscular decline, and other degenerative
processes thus maintaining muscle integrity with age. Additionally, benefits of TRF on muscle
integrity protection resulted in improved glucose metabolism and prevented age-related obesity.
However, mechanisms through which TRF affects muscle function require further investigation.
Therefore, while TRF is effective at preventing obesity and holds promise for delaying sarcopenia,
a complete understanding of the mechanistic interaction between TRF and muscle physiology is

required before recommending TRF as a therapeutic intervention against sarcopenia.

Benefits of TRF on Maintenance of Skeletal Muscle Clock Function

Age-related dampening of circadian rhythms combined with poor nutritional intake (western
diet) can cause numerous diseases and contribute toward shorter healthspans. Aging and obesity

likely potentiate each other to produce dampened whole body circadian rhythms, as well as
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rhythms of the skeletal muscle. Given the importance of proper muscle function for whole-body
metabolism and given the recently described role of the clock in controlling many aspect of muscle
physiology, efficient functioning of molecular clocks in the skeletal muscle are essential for
healthy aging. This also has strong implications for cause and progression of muscle dysfunction
and sarcopenia (Miyazaki et al., 2011).

Age-related reduction in physical activity, the prevention of which is vital for sarcopenia, can
modulate the molecular clock in muscle by affecting both the phase and amplitude of circadian
rhythms (Wolff and Esser, 2012). Disruption of the core clock can also alter skeletal muscle
metabolism causing impairments in physical performance (Gabriel and Zierath, 2019). On the
other hand, exercise can optimize circadian entrainment of the muscle clock to improve muscle
performance (Chaix and Panda, 2019). This highlights the importance of maintaining muscle clock
function with age. TRF is linked with improved circadian rhythms and has been shown to
synchronize peripheral clocks in numerous tissues including liver and adipose thus increasing
metabolic efficiency (Hatori et al., 2012; Chaix et al., 2014). TRF was also effective at restoring
muscle function in drosophila models of obesity and circadian disruption (Villanueva et al., 2019)
thus making TRF a strong candidate to prevent age-related alterations in molecular clock function

in skeletal muscle of old mice.

We assessed effects of TRF on the rhythmicity of mRNA expression of core clock
components in skeletal muscle of young and old mice. In agreement with previous results from
our lab, we observed slight, but consistent improvements in rhythmicity of core clock components
at the mRNA level with TRF. Given that aging is associated with circadian deterioration, TRF-
mediated improvements in muscle clock rhythmicity were highly relevant for the old mice. In

particular, we observed a different temporal profile in Cry1 expression between old ALF and TRF.
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Cry 1 has been shown to suppress Ppard and its target genes including Pgcla thus limiting exercise
performance (Jordan et al., 2017). A temporal shift in Cryl expression, therefore, might contribute
to impaired physical performance in ALF mice. Additionally, mRNA level of core clock
component Bmall was dampened in old ALF mice. Bmall, a key component of the skeletal muscle
core clock, exerts transcriptional control over lipid and amino acid metabolism and depletion of
muscle-specific Bmall is associated with insulin resistance, decreased GLUT4, and obesity
(Schiaffino et al., 2016). Bmall deficiency is also associated with premature aging, age-related
pathologies and muscle wasting (Kondratov et al., 2006). Given the relevance of Bmall for muscle

function, we assessed differences in Bmall expression at the protein level.

Interestingly, the dampening of Bmall rhythmicity was even more obvious at the protein
level. In ALF mice there was a complete absence of rhythmic protein expression of BMALI in the
skeletal muscle. On the contrary, TRF mice demonstrated maintained rhythmicity of Bmall
expression at mMRNA and protein levels. These results prompted us to analyze whether some of the
mechanisms behind the benefits of TRF might be governed at the post-transcriptional level and
whether aging and/or obesity affected these mechanisms to produce circadian declension and
muscle dysfunction. Thus, we assessed Bmall expression at the protein level in the liver (central
to metabolic activity) of young mice. Interestingly, similar to observations made in skeletal muscle
of old mice, protein expression of Bmall displayed dampened rhythmicity despite rhythmic
mRNA expression in young mice on ALF. These results suggest that HFD-induced obesity, and
not necessarily aging, act at both the translational and post transcriptional level to blunt diurnal
rhythms in clock protein expression. TRF, on the other hand, can act both at the transcriptional
and post transcriptional level to improve rhythmicity at the protein level in both young and old

mice (in both liver and muscle samples).
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Altogether, we suggest that TRF-mediated improvements in skeletal muscle clock function
could prevent deteriorations in circadian rhythms with age. We demonstrated that TRF has a very
strong impact on BMALI protein oscillations both in the liver and the skeletal muscle. Our results
suggest that TRF mechanistically improves circadian rhythms and combats aging by enhancing
muscle clock rhythmicity both at the transcriptional and post-transcriptional level. We further
speculated that there might exist a link between improved muscle clock rhythmicity (as
demonstrated) and improved lean mass, glucose uptake, and physical performance. This study
indicates that benefits of TRF on physiology, muscle function, and performance are potent enough
to state TRF as a therapeutic intervention against aging, obesity, and circadian decline with

implications for sarcopenia.

CONCLUSIONS

In conclusion, our results demonstrate the therapeutic benefit of time-restricted feeding on age-
related physiological decline and skeletal muscle dysfunction. We show that TRF exerts
multifaceted influence over muscle biology including muscle metabolism, muscle circadian clock,
and muscle PGCla expression, all of which likely contribute to lean mass preservation and
improved muscle function. TRF-mediated protection against sarcopenia likely plays a key role in
the increased glucose tolerance of TRF mice. Further, we highlight age-independent benefits of
TRF on metabolic homeostasis and suggest that it holds promise to prevent obesity and attenuate
sarcopenia while preventing age-related circadian deteriorations. Further mechanistic analysis will

elucidate the mechanisms through which TRF influences muscle physiology.
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LIMITATIONS

The study presented in this thesis was a short-term study. To fully understand the mechanisms
and physiological impacts of a holistic intervention like TRF, a longer-term study would be more
revealing. It would also be informative to determine whether TRF can restore muscle function and
reverse sarcopenia, in older (18-24 months old) and/or sarcopenic mouse models and/or models of
muscle injury. Ideally, we would like to use or develop better techniques to assess differences in
muscle strength. Current methods (including the ones used) are limited in their ability to fully
characterize all aspects of muscle strength. This is important for assessing effects of TRF on
sarcopenia. Therefore, further work is required before qualifying TRF as a therapeutic intervention
against sarcopenia. Nonetheless, TRF has immense therapeutic potential for improving physiology
and is a unique intervention that can be easily inculcated in the lifestyle of individuals of all ages.
Thus rendering TRF a powerful intervention for reinstating health and vitality for both the young

and the old.

METHODS

Animals and Diets

All animal experiments were carried out in accordance with the guidelines of IACUC of the Salk
Institute. 32 one year old and 40 twelve weeks old male C57BI/6J mice from JAX labs were
acclimatized to a reverse night-dark cycle for 2 weeks on a normal chow diet. All mice were fed
the ‘western diet” (Research Diet-D12451 — 4.7 kcal/g — 45% fat, 20% protein, 35% carbohydrates

of which 17% was sucrose). At the starting point of the study, mice were randomly assigned to
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Time-Restricted Feeding (TRF) regimen (9 hours feeding window) or Ad-Libitum Feeding (ALF)
regimen (24 hour food access). TRF mice had food access restricted to a 9 hour window during
ZT13 —ZT22 for 7 days of the week. ALF mice had ad-libitum access to food for 24 hours of the
day, 7 days a week. Food intake and body weight were monitored weekly throughout the

experiments.

Animal Cohorts

2 independent animal cohorts for both young and old mice

Young Animals : 2018 and 2020 TRF Old Animals : 2019 and 2020 TRF

2018 TRF — Circadian take down, every 2 | 2019 TRF — Circadian take down, every 2

hours for 48h hours for 24h

2020 TRF — metabolic phenotyping 2020 TRF — metabolic phenotyping

Organ Collection

Within each feeding group, 2-4 mice were sacrificed every 2 hours for 48h or 24h (depending on
the cohort) after completion of study. Organs from individual mice were extracted and ground to

fine powder in liquid nitrogen and aliquots were used for RNA and protein analyses.

Body Composition

Body composition was analyzed via NMR relaxometry in live mice using a body composition

analyzer (EchoMRITM- 100H) during week 12 of the study.
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Performance Assay

The rotarod performance test was performed using the Rotamex rotarod (Columbus Instruments)
at ZT 15. On day 1 (training), first, mice were given 3 attempts to maintain position on non-rotating
rod up to 60 seconds. Second, mice were given 2 attempts to balance on rotating (3rpm) but non-
accelerating rod up to 60 seconds. Third, mice were given one attempt to balance on rotating
(3rpm) but non-accelerating rod up to 60 seconds and the time to fall during this attempt was
recorded as training values. On day 2 (testing), mice were placed on an accelerating rotating rod
(0-300rpm) and the time to fall was recorded. Mice were trained for 1 day and performance was
recorded on day 2. Data represent the average time spent on the rod for 5 trials on day 2. Rotarod

test was done during weeks 6 and 11 of the study.

The treadmill exhaustion test was performed using the Exer 6M first generation treadmill
(Columbus Instruments) at ZT 15. On day 1, mice were trained at low speed for 15 minutes with
speed ramping up every 5 minutes. On day 2, mice were trained for 15 minutes at intermediate
speed with 5 minutes of ramping. On day 3, maximal speed was reached by ramping up every 5
minutes. 5 degree angle of incline was applied to the treadmill when running time exceeded 1 hour
and 10 degree angle of incline was applied when running time exceeded 1 hour 30 minutes. Mice
were run until exhaustion, which was defined as the inability to continue running despite repeated

stimulation by brushes and compressed air. Treadmill test was done during week 10.

Grip strength was determined using a digital grip strength meter (Columbus Instruments). Each
animal was tested three times on 2 separate days at ZT16. Data represents the average of the 3

measurements on day 2. Grip strength test was done during week 12 of the study.
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Kondziela’s Inverted screen test was performed by placing mice on a flat wire-mesh screen and
inverting the screen such that mice have to use all 4 limbs to hang on to the screen against the force
of gravity. Time to fall off the screen was recorded and data was normalized to body weight.

Kondziela’s Inverted screen test was performed as described (Deacon, 2013) during week 12.

Triglyceride Quantification
Skeletal muscle tissue powder was homogenized in RIPA buffer, and triglyceride concentration
was measured using an enzymatic assay (Triglycerides LiquiColor, Stanbio). Data were

normalized to respective tissue weight.

Glycogen Quantification

Glycogen was quantified in skeletal muscle tissue powder using an enzymatic assay (Sigma)

according to the manufacturer’s instruction. Data were normalized to respective tissue weights.

MTT

Mice were gavaged with a constant bolus of 700 cal (approximately 5% of daily intake) of a
complete meal (5.5% protein, 21% carbohydrate, 5% fat) after 16h of fasting (ZT21-ZT13) nine
weeks into the feeding regimen. Blood glucose level was measured using OneTouch Ultra glucose

meter prior to gavaging and several times post meal bolus as indicated.

RT-qPCR
RNA and cDNA were prepared, and RT-qPCR (reverse-transcription-quantitative polymerase
chain reaction) was performed as described (Vollmers et al., 2009). Absolute transcript expression

was calculated using the standard curve method (using two technical replicates), normalized to
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HPRTI expression (which does not show circadian- or diet-dependent changes in mRNA levels),

and finally median normalized groupwise. Primer sequences can be found in Table 7.

Western Blotting

Total lysates were prepared in RIPA buffer (20 mM Tris-HCI (pH 7.5), 150 mM NaCl, 1 mM
EGTA, 1% NP-40, 1% sodium deoxycholate, 1 mM Na3VO4) supplemented with protease and
phosphatase inhibitor cocktails (cOmplete and PhosSTOP tablets, ThermoFischer). Western blots
were conducted as described (Vollmers et al.,, 2009). Membranes were cut and probed
simultaneously with antibodies directed against BMAL1 (A3012-616A - Bethyl Lab), ERK

(p44/42 MAPK [Erk1/2] Antibody #9102 — CST). Signals were quantified using Imagel.

Statistical Analyses

The Student’s test was used for pairwise comparisons, and ANOVA with post hoc tests was used
to compare to the control group. For time series, repeated- measured ANOVA with post hoc tests
was used to compare to the control group. For examining two variables, two-way ANOVA was
used. Statistics were calculated as appropriate using Prism. Throughout all figures, data are
presented as mean = SEM with statistical result of the statistical test, with *p < 0.05, **p < 0.01,

*Exp <0.001, ****p <(0.0001. Statistical significance was concluded at p < 0.05.
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FIGURES :

A Time-Restricted Feeding Study Timeline
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Figure 1 : Time-Restricted Feeding Study design and Timeline.

Schematic representation of complete (A) study timeline and (B) study design. (A) Mice were
acclimatized to a reverse light-dark cycle for 2 weeks on a normal chow diet. All mice were given
ad-libitum access to the ‘western diet’ 5 days prior to being randomly assigned to Time-Restricted
Feeding (TRF) or Ad-Libitum Feeding (ALF) groups. First rotarod assay was performed during
week 6 and the second was performed during week 11. Meal Tolerance test (MTT), treadmill test,
and grip strength test were performed during week 4, week 10, and week 12 respectively. (B) TRF
mice had food access restricted to a 9 hour window during the dark phase from ZT13 — ZT22
(where ZTO denotes lights on), 7 days a week. ALF mice had ad-libitum access to food for 24

hours of the day (ZT0 — ZT24), 7 days a week.

73



(i) Body Weight

A B
454 young mALF 554 old mALF
404 —* young mTRF 504 —+ old mTRF
© ©
T_E' 35 : 33 ?.E" 454
g) ___{___,,——f-—!'—i i - g’ _ — _é
2 03¢ S P S
3 25- 3 354
Q Q
0s) s
20+ 30+
15 1 1 1 1 I 1 25 1 1 1 1 1 1 1
0 2 4 6 8 10 12 0 2 4 6 8 10 12 14
(ii) Cumulative Food Intake
C D
g 1000~ young mALF . 15009 . old mALF
© X —_ ——
I= é 800 -+ young mTRF / é 3 old mTRF
T =2 o 1000+ "
SS9 600 ,,/ 83 *
= w— o0 /'
o 3 ~ v 3 "
= g 400+ // % = /"/
o = = % 5004
28 200 E S
Ex A 3
O 0- -~
1 T T T T T 1 0 T T T T T T 1
0 2 6 8 10 12 0 2 4 6 8 10 12 14
Weeks Weeks

Figure 2 : Body weight and cumulative food consumption of young/old mice on TRF/ALF.

(i) Body weight in grams of (A) young male ALF mice (young mALF) vs. young male TRF mice
(young mTRF) (mean + SD) and (B) old male ALF mice (old mALF) vs. old male TRF mice (old
mTRF) (mean + SEM). (ii) Cumulative food intake (mean = SD) represented as kcal/mouse/week

for (C) young mALF vs. young mTRF and (D) old mALF vs. old mTRF. Number of mice (n) for
each group was (A and C) n =20, (B and D) n = 16.
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Figure 3 : Body composition, fat mass, and lean mass of young/old mice on TRF/ALF.

(i) Body composition (mean + SD) for (A) young mALF vs. young mTRF and (B) old mALF vs.
old mTREF. (i) Body fat mass (C,E) and lean mass (D,F) as a percentage of total body weight for
young and old mice on ALF and TRF (mean + SEM). n = 20 for groups A,C,D and n = 16 for
groups B,E,F; Data presented as mean = SEM and *p < 0.05, **p <0.01, ***p < 0.001.
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Figure 4: Meal tolerance test (MTT) in young/old mice on ALF/TRF.

(A) fasting glucose (mg/dl) after 16h of fasting for young and old mice on ALF and TRF. (B)
Blood glucose measurements (mg/dL) taken every 10 minutes for 120 minutes post-bolus and (C)
quantification of area under curve (AUC) above baseline levels of glucose for young and old mice
on ALF and TRF. Mice were gavaged with a constant bolus of 700 cal (~ 5% of daily intake) of
complete meal (5.5% protein, 21% carbohydrate, 5% fat) nine weeks into feeding regimen. n = 8
for A,B,C,D (1-way ANOVA with Tukey’s multiple comparisons tests). Data presented as mean
+ SEM and *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.
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Figure 5 : Treadmill, rotarod, grip strength, wire hang assay in old mice on ALF/TRF.

(A) Running time (min) on treadmill in a run-to-exhaustion assay (n =9), (B) time to fall (latency
in sec) on accelerating rotarod (n = 8), (C) forelimb muscle grip force (g) applied on grip strength
meter (n = 16), (D) time to fall (latency in sec) on Kondziela’s inverted screen test (n = 15) for old
mice on ALF and TRF. Data presented as mean = SEM and *p < 0.05, **p <0.01, ***p <0.001.
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Figure 6 : Triglyceride and glycogen stores in skeletal muscle of old mice on ALF/TRF.

(A) Mg of triglyceride content per gram of skeletal muscle tissue in old mice on ALF and TRF (n
= 12). Mg of triglyceride content per gram of skeletal muscle tissue in old mice on ALF and TRF
(n = 12). Data presented as mean =+ SEM and *p < 0.05, **p < 0.01, ***p < 0.001 for ALF vs.

TRF
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Figure 7 : Metabolism- and performance-associated gene expression in skeletal muscle of old
mice of ALF/TRF.

mRNA levels of metabolism and performance genes Pgcla, Ppard, Cptlb, Scdl, Fasn, Pkm, and
Pdk4 in skeletal muscle determined via qPCR analysis. Pdk4 shown as a time series plot because
it demonstrates rhythmicity in mRNA expression. Absolute transcript expression was calculated
using the standard curve method, data was normalized to HPRT1 expression and median was
normalized group wise. n = 12 for ALF and TRF. Data presented as mean = SEM and *p < 0.05,
**p < 0.01, ¥**p < 0.001, ****p <0.0001.
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Figure 8 : Circadian clock gene expression in skeletal muscle of young mice on ALF/TRF.

Time series of mRNA expression of circadian clock genes Bmall, Clock, Cryl, Per2 in young
mTRF/mALF skeletal muscle determined via qPCR analysis double plotted for 48 hours. Absolute
transcript expression was calculated using the standard curve method, data was normalized to
HPRT1 and median was normalized group wise. Each time point shown as mean £ SEM; n =
2/time point/feeding group.

80



Bmal1
0.8+ old mALF  -= old mTRF

H

0.2- -/‘.L /,L
=4 =1
0.0

0 4 8 12 16 20 24 28 32 36 40 44 48
Hours
[ "N .

Relative mRNA expression
o
S
1

Clock
0.4+ oldmALF  —= old mTRF

0.3

0.2- .

0.1+

Relative mRNA expression

0'GO 4 8 12 16 20 24 28 32 36 40 44 48

Hours
[ T 9320

Cry1

0.08+ oldmALF  —= old mTRF

0.06-

7. ]
0.04- ” Vh - T

1
0.02-

Relative mRNA expression

0'OCO 4 8 12 16 20 24 28 32 36 40 44 48

Hours

Figure 9 : Circadian clock gene expression in skeletal muscle of old mice on ALF/TRF.
Time series of mRNA expression of circadian clock genes Bmall, Clock, Cryl in old
mTRF/mALF skeletal muscle determined via qPCR analysis double plotted for 48 hours. Absolute
transcript expression was calculated using the standard curve method, data was normalized to
HPRTI1 and median was normalized group wise. Each time point shown as mean £ SEM; n =
2/time point/feeding group.
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A Bmal1 mRNA Expression (QPCR)
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Figure 10 : mRNA/Protein expression of Bmall in liver of young mice on ALF/TRF.

(A) mRNA levels of BMALI1 over 48 hours in liver obtained via qRT-PCR; Absolute transcript
expression was calculated using the standard curve method, data was normalized to HPRTI
expression and median was normalized group wise. (B) Protein levels of BMALI in liver samples
obtained via western blotting. Data normalized to ERK expression (C) BMALI protein expression
was quantified by measuring the pixel intensity (AU) on imagel. Each time point shown as mean
+ SEM; n = 2/time point/feeding group.
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Figure 11 : mRNA/Protein expression of Bmall in skeletal muscle of old mice on ALF/TRF.
(A) mRNA levels of BMALI over 48 hours in skeletal muscle obtained via qPCR; Absolute
transcript expression was calculated using the standard curve method, data was normalized to
HPRTI1 expression and median was normalized group wise. (B) Protein levels of BMALI in
muscle samples obtained via western blotting. Data normalized to ERK expression (C) BMALI
protein expression was quantified by measuring the pixel intensity (AU) on imagel. Each time
point shown as mean £ SEM; n = 2/time point/feeding group.
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TABLES :
BODY WEIGHT

Table 1 : Mean body weight in grams (Mean), standard error of mean (SEM)/ standard deviation

(SD), and sample size (N) of young and old mice on ALF and TRF over 10-14 weeks.

Weeks young mALF young mTRF
X Mean SD N Mean SD N
0.000 | 28.995 | 1.718 20 | 29.165 | 2.560 20
1.000 | 30.125 | 1.940 20 | 29410 | 1.727 20
2.000 | 30.825 | 2.096 20 | 30.330 | 1.902 20
3.000 | 32.390 | 2.087 20 | 31.080 | 2.219 20
4.000 | 33.385 | 2.319 20 | 31.520 | 2.446 20
5.000 | 34.610 | 2.765 20 | 31.935 | 2.860 20
6.000 | 35.340 | 2.935 20 | 32.200 | 4.181 20
7.000 | 36.135 | 3.034 20 | 32.765 | 3.619 20
8.000 | 36.500 | 3.071 20 | 32.895 | 4.128 20
9.000 | 37.580 | 3.624 20 | 33400 | 4.033 20
10.000 | 38.214 | 3.867 14 | 33.121 4.270 14
Weeks old mALF old mTRF
X Mean SEM N Mean SEM N
0.000 | 38.584 | 0.827 50 | 38.920 | 0.695 50
1.000 | 41618 | 0.695 50 [ 39.002 [ 0.634 49
2.000 | 41902 | 0.788 50 | 37.967 | 0.677 48
3.000 | 43.144 | 0.859 50 | 38.208 | 0.701 48
4.000 | 43.410 1.039 50 [ 39.079 | 0.719 48
5.000 | 45.092 | 0.864 50 | 39.181 0.782 48
6.000 | 46.106 | 0.779 50 [ 39.727 | 0.816 48
7.000 | 45.935 | 0.841 49 | 40.157 | 0.826 47
8.000 | 46.369 | 0.932 49 | 40.221 0.900 47
9.000 | 46.284 1.077 49 | 39.832 | 0.964 47
10.000 | 47.494 | 0.879 49 | 39.779 | 0.833 47
11.000 | 47.402 | 0.921 49 | 40.474 | 0.862 47
12.000 | 47.979 1.068 48 | 40.631 0.901 45
13.000 | 49.281 1.001 48 | 40.938 | 0.947 45
14.000 | 49.706 | 0.984 48 | 41.396 | 0.963 45
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FOOD

Table 2 : Average food consumed in grams (Mean), standard deviation (SD), and sample size (N)

for young and old mice on ALF and TRF over 10-14 weeks.

Weeks young mALF young mTRF
X Mean SD N Mean SD
0.000 0.000 0.000 4 0.000 0.000 4
1.000 70.218 3.781 4 76.775 3.462 4
2.000 | 145.136 6.204 4 | 152.609 7.050 4
3.000 | 221.911 6.267 4 | 228.726 11.563 4
4.000 | 298.826 5.369 4 | 306.746 15.752 4
5.000 | 378.139 8.624 4 | 387.821 22.221 4
6.000 | 459.096 5.444 4 | 470.682 26.929 4
7.000 | 537.704 9.001 4 | 551.263 37.031 4
8.000 | 615.348 8.153 4 | 632.385 38.653 4
9.000 | 695.036 9.193 4 | 714.048 46.070 4
10.000 | 771.599 10.827 4 | 797.073 50.951 4
Weeks old mALF old mTRF
X Mean SD N Mean SD
0.000 0.000 0.000 12 0.000 0.000 1
1.000 91.807 14.565 12 61.903 7.922 1
2.000 181.870 35.010 12 139.767 12473 1
3.000 273.640 51.067 12 224.741 14.770 1
4.000 360.134 69.130 12 312.740 16.394 1"
5.000 450.676 83.813 12 403.487 18.993 1
6.000 539.099 95.656 12 497.318 20.586 1
7.000 623.958 111.626 12 590.169 22.109 1
8.000 708.499 124 559 12 680.686 22.857 1
9.000 792.048 139.470 12 770.001 26.636 1
10.000 881.174 147 .591 12 856.572 32.895 1
11.000 966.734 157.182 12 951.837 30.028 1
12.000 1045.402 156.365 12 1044.931 27.733 1
13.000 1130.222 151.872 12 1135.961 29.858 1
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BODY COMPOSITION (g)

Table 3 : Body composition (in grams), percent fat mass, and percent lean mass in young and old

mice on ALF and TRF over 10-14 weeks.

Lean Fat Rest
Mean SD N Mean SD N Mean SD N
young mALF | 24.171 1.361 15 | 10.865 4.285 15 | 4.090 | 0.253 15
young mTRF | 25.413 1.440 15 5.464 2.829 15 | 3.697 | 0.411 15
Lean Fat Rest
Mean SD N Mean SD N Mean SD N
old mALF | 26.261 1.437 8 | 20.357 1.552 8 | 3.995 | 0.371 8
old mTRF | 28.472 2.391 9 9.485 5.066 9 | 3.287 | 0.795 9
% FAT MASS % LEAN MASS
young mALF | young mTRF young mALF | young mTRF
Number of values 15 15 Number of values 15 15
Minimum 3.550 2.061 Minimum 51.93 64.26
Maximum 17.42 10.41 Maximum 75.63 82.04
Range 13.87 8.347 Range 23.70 17.78
Mean 10.87 5.464 Mean 62.40 74.01
Std. Deviation 4.285 2.829 Std. Deviation 7.508 5.777
Std. Error of Mean | 1.106 0.7303 Std. Error of Mean | 1.938 1.492
old mALF | old mTRF old mALF | old mTRF

Number of values 8 9 Number of values 8 9
Minimum 35.93 10.55 Minimum 48.79 58.41
Maximum 43.05 35.66 Maximum 55.10 82.30
Range 7.118 25.10 Range 6.309 23.89
Mean 40.21 22.18 Mean 51.89 69.82
Std. Deviation 2.299 9.583 Std. Deviation 1.886 9.767
Std. Error of Mean | 0.8128 3.194 Std. Error of Mean | 0.6668 3.256
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MEAL TOLERANCE TEST (MTT)

Table 4 : Values associated with the meal tolerance test (MTT) conducted on young and old mice

on ALF and TRF.
Fasting glc Young mALF | Young mTRF | Old mALF | Old mTRF

Number of values | 8 8 8 8

Minimum 95.00 96.00 166.0 151.0
Maximum 169.0 188.0 254.0 269.0
Range 74.00 92.00 88.00 118.0
Mean 144 .4 134.3 208.3 198.0
Std. Deviation 23.13 32.07 32.14 40.94
Std. Error of Mean | 8.179 11.34 11.36 14 .47

Old mALF Old mTRF Young mALF Young mTRF
X Mean SD N Mean SD N Mean SD N Mean SD N

144375 | 23.133
295.375 | 57.186
299.000 | 71.150
262.625 | 73.756
275.250 | 40.496
275125 | 47.843
203.625 | 37.894

134.250 | 32.066
247.000 | 37.940
227.625 | 23.573
214.375 | 15.445
202.000 | 20.445
198.875 | 30.489

0.000 | 208.250 | 32.137
10.000 | 356.125 | 58.740
20.000 | 294.000 | 45.707
30.000 | 276.375 | 49.379
45.000 | 277.875 | 50.400
60.000 | 287.000 | 64.790

120.000 | 208.375 | 35.108

198.000 | 40.935
321.250 | 36.796
195.500 | 45.717
199.750 | 48673
208.250 | 38.048
205.375 | 30.799

||| |00
||| 00|00

00|00 |00 00|00 00|00
Q0|00 |00 00|00 00|00
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PERFORMANCE ASSAY

Table 5 : Values associated with treadmill test, wirehang test (inverted screen assay), grip strength

test, and rotarod test conducted on old mice on ALF and TRF.

Treadmill old mALF | old mTRF Wirehang old mALF | old mTRF
Number of values | 9 9 Number of values | 15 15
Minimum 48.00 78.00 Minimum 3.333 4.333
Maximum 243.0 290.0 Maximum 8.333 96.67
Range 195.0 212.0 Range 5.000 92.33
Mean 97.89 200.2 Mean 4.889 24.22
Std. Deviation 63.76 80.38 Std. Deviation 1.307 29.26
Std. Error of Mean | 21.25 26.79 Std. Error of Mean | 0.3375 7.556

Grip old mALF | old mTRF Rotarod old mALF | old mTRF
Number of values | 16 15 Number of values | 8 8
Minimum 39.67 38.67 Minimum 66.88 51.20
Maximum 58.67 62.33 Maximum 1335 106.4
Range 19.00 23.67 Range 66.58 55.23
Mean 50.08 50.02 Mean 87.98 86.50
Std. Deviation 4.796 7.367 Std. Deviation 20.68 20.04
Std. Error of Mean | 1.199 1.902 Std. Error of Mean | 7.313 7.087
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SKELETAL MUSCLE PHYSIOLOGY

Table 6 : Values associated with triglyceride and glycogen quantification in skeletal muscle of old

mice on ALF and TRF.
TRIGLYCERIDE GLYCOGEN
old mALF | old mTRF old mALF | old mTRF

Number of values | 12 12 Number of values | 12 12
Minimum 1.341 2.050 Minimum 1.432 1.162
Maximum 7.634 6.538 Maximum 2.497 2.699
Range 6.293 4.487 Range 1.065 1.537
Mean 3.828 4171 Mean 2.207 1.955
Std. Deviation 1.675 1.291 Std. Deviation 0.3299 0.5090
Std. Error of Mean | 0.4836 0.3726 Std. Error of Mean | 0.09522 | 0.1469
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PRIMER SEQUENCES

Table 7 : Primer sequences used in qRT-PCR analysis.

Gene Symbol |Official full name mRNA Forward Primer Reverse Primer
Peroxisome Proliferative

Pgela Activated Receptor, NM_008904.2 GAAAGGGCCAAACAGAGAGA  |GTAAATCACACGGCGCTCTT
Gamma, Coactivator 1 alpha
Peroxisome Proliferat

Ppard eroxisome FTOMICTator —fyn 011145.3 CAAACCCACGGTAAAGGCAG  |TGGCTGTTCCATGACTGACC
Activated Receptor delta

Cptlb carnitine palmitoy] NM_009948.2 CCTGGTGCTCAAGTCATGGT ~ [CCATGACCGGCTTGATCTCT
transferase-1b

Scdl Stearoyl-CoA desaturase-1 |NM_009127.4 GTGCCGTGGGCGAGG AGCCCAAAGCTCAGCTACTC

Fasn Fatty acid synthase NM 007988.3 CGGATTCGGTGTATCCTGCT  [CCTCGGGTGAGGACGTTTAC

Pdkd ll:i’::::f dehydrogenase |\\) 001253283.1  |CCTGGTGCTCAAGTCATGGT — |CCATGACCGGCTTGATCTCT

Pkm ?s):;;;f kinase muscle NM 001253883.1 |CCACACAGATGCTGGAGAGC  |TTCAAACAGCAGACGGTGGA

Bmall Eir]‘:;nlAnd Muscle ARNT- |\ 1 007480.4 GCCCCACCGACCTACTCT TGTCTGTGTCCATACTTTCTTGG

ircadian Locomoter Output

Clock Circadian Locomoter Qutput|y ) 557715 5 CCAGTCAGTTGGTCCATCATT  [TGGCTCCTAACTGAGCTGAAA
Cycles Protein Kaput

Cryl g:gtl‘:f;:;";e Circadian NM_007771.3 ATCGTGCGCATTTCACATAC TCCGCCATTGAGTTCTATGAT
Period Circadian Regulator

Per2 5 NM 011066.3 TCCGAGTATATCGTGAAGAACG |CAGGATCTTCCCAGAAACCA
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