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Abstract of the Dissertation

The Role of Circadian Disruption in Mediating Non-Alcoholic Steatohepatitis in the
Streptozotocin/High-Fat Diet Murine Model

by

Kelly Anne Fogelson

Doctor of Philosophy in Biomedical Sciences

University of California San Diego, 2022

Professor Rob Knight, Co-Chair
Professor Amir Zarrinpar, Co-Chair

Non-alcoholic fatty liver disease (NAFLD) has rapidly emerged as the most prevalent

liver disease in westernized countries, affecting approximately 1 in 3 adults in the US and

roughly 25% of adults globally [1,2]. NAFLD can progress to nonalcoholic steatohepatitis

(NASH), a progressive form of the disease characterized by inflammation, hepatocyte injury,

and increased risk for hepatology-related morbidity and mortality [3]. It is unclear why only a

subset of patients with NAFLD progress to NASH. One of the leading explanations is the

“multiple parallel hits hypothesis”, which considers multiple insults such as hepatic steatosis,
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inflammation, and insulin resistance that act in unison to trigger the progression of NAFLD to

NASH [4]. However, a very significant element of this hypothesis that is missing is circadian

rhythms, which play a role in modulating every insult or “hit”. Our objective is to elucidate the

role of circadian rhythms in the liver and intestines, which can be entrained by the gut

microbiome, in the pathophysiology and progression of NAFLD to NASH. Previous research

indicates that certain feeding patterns, such as time-restricted feeding (TRF), prevent a variety

of NASH risk factors, including hepatic steatosis and circadian rhythm disruption in the liver and

intestines [5,6]. We hypothesize that NASH onset results from altered gut microbiome dynamics

and disrupted hepatic circadian rhythms, which can be manipulated with feeding pattern to

ameliorate disease. To test this hypothesis, we used the streptozotocin + high-fat diet

(STAM/HFD) murine model of NASH, which recapitulates key aspects of human NASH

pathogenesis, including hepatic steatosis, inflammation, and fibrosis on a hyperglycemic

background [7]. STAM/HFD mice underwent 8-hour TRF or had access to food ad libitum

(adlib). Importantly, STAM/HFD mice are hypoinsulinemic and do not become insulin resistant

[7]. This allowed us to specifically investigate whether TRF can prevent NASH via the

modulation of circadian rhythms, without the confounding factor of TRF affecting insulin

signaling. Our results demonstrate that TRF is not capable of preventing NASH in the

STAM/HFD model. Surprisingly, STAM/HFD mice with adlib access to food have a maintenance

of rhythmic feeding patterns, as well as a maintenance of ileal and hepatic gene expression

patterns. TRF was capable of preventing disruptions to diurnal fluctuations in gut microbiome

composition. However, this was not capable of preventing the onset of NASH in the STAM/HFD

model. Results from this study suggest that STAM/HFD-induced NASH does not result from

circadian rhythm disruption, and that insulin may be a crucial element to mediating the

protective effects of TRF.
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Introduction

Non-alcoholic fatty liver disease (NAFLD) is the most prevalent liver disease in

westernized countries and affects approximately 1 in 3 adults in the US [1,2]. NAFLD presents

as a spectrum of liver diseases and is characterized by hepatic fat accumulation in the absence

of other causes of steatosis (e.g., alcohol, hepatitis B/C virus) [1]. NAFLD is thought to be the

hepatic manifestation of metabolic syndrome (MetS), and thus, is closely associated with

obesity, type 2 diabetes, and cardiovascular disease [8]. Approximately 1 in 4 people with

NAFLD, or about 6% of the US population, develops non-alcoholic steatohepatitis (NASH), a

progressive form of NAFLD that is characterized by fat plus inflammation and scarring [3].

NASH is an important turning point in the NAFLD disease spectrum. NASH greatly increases

the risk of developing advanced stages of disease, such as cirrhosis and hepatocellular

carcinoma (HCC), which cause irreversible liver damage and increase hepatology-related

mortality risk [3]. Despite its prevalence, there are no therapies designed specifically for the

treatment of NASH. Typically, treatments that address comorbid conditions, such as weight loss

and lifestyle changes for obesity and type 2 diabetes (e.g., physical exercise, diet modification)

are recommended for individuals suffering from NASH [8]. However, long-term weight loss of

sufficient quantity to reverse NASH has proven to be unachievable for the majority of patients in

clinical studies [9]. Furthermore, pharmacological interventions capable of reversing NASH

through weight loss, or the lowering of blood glucose, lipids, or inflammation have also shown

little efficacy [8]. Hence, NASH is a serious chronic condition with treatments that either lack

efficacy or are unattainable for most patients.

It is widely unknown why only a subset of patients with NAFLD progress to NASH. One

of the leading explanations is the “multiple parallel hits” hypothesis, which considers multiple

insults acting in unison to trigger the progression of NAFLD to NASH [4]. Some of the hits

included in this hypothesis are dietary, environmental, and genetic factors, insulin resistance,

1
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inflammation, hepatic steatosis, and changes to the gut microbiome [4]. However, a very

significant element of this hypothesis that is missing is the effect of circadian rhythms. Circadian

rhythms are a core set of cellular processes and physiological behaviors under the regulation of

circadian clock proteins. Circadian rhythms play a key role in regulating every insult, or “hit”,

included in the multiple parallel hits hypothesis. In humans, disruption of circadian behaviors, as

in shift-work, have been linked to dysmetabolic states that increase NASH susceptibility (e.g.,

obesity, type 2 diabetes, hypertension) [10]. The pathophysiological mechanisms of NASH are

multifactorial, but occur in the context of dysregulated metabolic processes such as glucose,

lipid, and bile acid dysmetabolism [11]. These metabolic processes are modulated by master

metabolic regulators in the liver (e.g., CREB, mTOR, AMPK) that have cyclical activity, and can

regulate, and be regulated by, circadian clock proteins (e.g., CLOCK:BMAL1, PER, CRY) [12].

Importantly, previous research demonstrates that the gut microbiome is required for normal

circadian cycling of these metabolic regulators and of the hepatic circadian clock [13]. Further,

mouse and human studies demonstrate that NASH is associated with compositional changes in

the gut microbiome [14,15]. However, 24hr changes in gut microbiome composition during

NASH have yet to be characterized, and the precise mechanisms of how dysregulated circadian

rhythms in the liver and intestines contribute to the pathophysiology of NASH remain widely

unknown.

Consolidating food intake to a defined period of the day with time-restricted feeding

(TRF) is a powerful metabolic tool that has been shown to prevent a variety of risk factors for

NASH. Recent human studies indicate that TRF improves a cluster of conditions that could

reduce NASH susceptibility, including weight, blood pressure, and atherogenic lipid profiles [10].

Further, studies in murine models of diet-induced obesity show that TRF reduces insulin

resistance, adiposity, inflammation, liver steatosis, and corrects circadian dyssynchrony across

multiple sites in the host [5,6,16]. Although the mechanisms of TRF are not well understood, it is
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hypothesized that TRF could exert its therapeutic effects through modulation of the gut

microbiome and restoration of circadian rhythms [5,6,16]. Thus, our central hypothesis is that

NASH pathogenesis is associated with disrupted host circadian rhythms, including feeding

rhythms, gut microbiota dynamics, as well as hepatic and intestinal transcriptional rhythms,

which can be manipulated with TRF to ameliorate disease. To address this hypothesis, we

investigated the diurnal dynamics of feeding, transcriptional, and gut microbiota rhythms under

ad libitum (adlib) and 8-hour TRF in mice with streptozotocin + high-fat diet

(STAM/HFD)-induced NASH. Our goal was to characterize circadian rhythms across multiple

sites in the host before and during NASH onset under adlib and TRF, and determine how

circadian dyssynchrony correlates with disease outcomes. Importantly, STAM/HFD mice are

hypoinsulinemic and therefore do not become insulin resistant [7]. This enabled us to

specifically investigate whether TRF can prevent NASH via the modulation of circadian rhythms,

without the confounding effects of TRF affecting insulin signaling.

Our results demonstrate that mice with STAM/HFD-induced NASH have a maintenance

of rhythmic feeding patterns, as well as a maintenance of ileal and hepatic gene expression

patterns. TRF is capable of preventing disruptions to diurnal fluctuations in gut microbiome

composition in mice with STAM/HFD-induced NASH. However, TRF is not capable of preventing

NASH in the STAM/HFD model. Results from this study suggest that STAM/HFD-induced NASH

does not result from circadian rhythm disruption, and that insulin may be critical to mediating the

protective effects of TRF.
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Chapter I

Research Premise: Non-Alcoholic Steatohepatitis,
the Gut Microbiome, and Circadian Rhythms

4



1.1. The Importance of the Clinical Problem and Barriers to Progress

NAFLD presents as a spectrum of liver diseases that can generally be grouped into two

categories: non-progressive simple steatosis (NAFL), and NASH, a progressive form of NAFLD

which is characterized by inflammation and hepatocyte injury [17]. Although NAFL carries little

risk of advancing to progressive stages, NASH greatly increases the risk of irreversible liver

damage as well as the risk of hepatology-related mortality from cirrhosis and HCC [18].

Approximately 20 million people in the US, or ~6% of the population, suffer from NASH [3].

NASH is one of the last reversible stages of the NAFLD disease spectrum [8]. Thus, the

development of novel therapeutics capable of preventing and/or treating NASH could greatly

reduce hepatology related morbidity and mortality. NASH is associated with MetS, a cluster of

conditions including obesity, insulin resistance, hypertension, and dyslipidemia [8]. Currently,

there are no treatments designed specifically for NASH. Instead, individuals are treated for the

symptoms associated with NASH, such as excess weight (e.g., physical exercise, diet

modification). However, long-term weight loss of sufficient quantity to reverse NASH has proven

difficult for most patients in clinical studies [9]. Thus, novel therapeutics for the treatment of

NASH are needed.

It is widely unknown why only a subset of patients with NAFLD progress to NASH. The

leading explanation for what triggers this progression is the “multiple parallel hits hypothesis”,

which considers multiple insults acting in unison to trigger the advancement of NAFLD to NASH

[4]. Some of the insults, or “hits”, included in this hypothesis are dietary, environmental, and

genetic factors, insulin resistance, inflammation, hepatic steatosis, and changes to the gut

microbiome [4]. However, a very significant element that is missing is the effect of circadian

rhythms, which play a crucial role in regulating every insult included in the multiple parallel hits

hypothesis.

5
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1.2. Filling Knowledge Gaps and Scientific Premise

1.2.a. The Streptozotocin + High Fat Diet Model of NASH

In our studies, we will use the streptozotocin (STAM) + high-fat diet (HFD) model

(STAM/HFD) of NASH. In this model, neonatal C57BL/6 male mice are injected subcutaneously

with low-dose STAM [7]. STAM is an alkylating agent that is clinically used to treat pancreatic

beta cell carcinoma in humans [19]. In mice, low-dose STAM administered postnatally is toxic to

pancreatic beta cells, which rapidly proliferate during the neonatal period [19]. STAM is similar to

glucose in structure. Thus, STAM is transported into pancreatic beta cells via the glucose

transport protein GLUT2, which is highly expressed in this tissue. Destruction of pancreatic beta

cells postnatally results in hypoinsulinemia and hyperglycemia, effectively leaving mice with a

type I diabetes phenotype. At 4 weeks old, STAM-primed mice begin HFD (60% Kcal fat). The

combination of chemical and dietary insults induces sequential histological changes from simple

steatosis, to inflammation, fibrosis, and NASH, which recapitulates key stages of disease

progression that are observed in humans. In this model, male mice display NAFLD at 6-8 weeks

and NASH at 10-12 weeks. This model shows 100% reproducibility in male mice with a clear

disease time course that is short compared to other models of NASH [20,21].

In the STAM/HFD model, persistent hyperglycemia and HFD increases hepatic fat

deposition, leading to increased lipogenesis, fatty acid oxidation, and oxidative stress in the

mouse liver. Resulting hepatocyte injury leads to macrophage recruitment and the formation of

inflammatory foci that phagocytose lipid droplets [7]. This phenomenon decreases as the mice

age, which mirrors trends seen in human NASH where macrophage function is altered at later

stages of inflammation. Overall, this model recapitulates key aspects of NASH pathogenesis

that are observed in humans and presents a reliable model of NASH on a diabetic background

for use in this study.
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1.2.b. NASH and Circadian Rhythms

Circadian rhythms are a core set of cellular processes and physiological behaviors under

the regulation of circadian clock proteins (e.g., CLOCK:BMAL1, PER, CRY). They help

coordinate internal physiological processes with external environmental events [12]. Normal

functioning of the circadian clock is a required component of health [22]. Circadian clock

proteins maintain 24-hr rhythms under constant conditions, yet have the ability to be entrained

by environmental cues (e.g., feeding, temperature) [23]. In mammals, the suprachiasmatic

nucleus is the central circadian clock and is entrained by light [12]. However, circadian rhythms

are not restricted to the central circadian clock. In mammals, circadian clock proteins are

expressed in nearly every cell of the body [12]. Daily oscillations in circadian clock proteins are

active in peripheral tissues such as the liver. Feeding/fasting cycles are critical to the

entertainment of hepatic circadian rhythms.

The pathophysiological mechanisms of NASH are multifactorial, but occur in the context

of dysregulated metabolic processes such as glucose, lipid, and bile acid dysmetabolism [11].

These metabolic processes are modulated by master metabolic regulators in the liver (e.g.,

CREB, mTOR, AMPK) that have cyclical activity, and can regulate, and be regulated by,

circadian clock proteins [12]. Thus, the circadian clock is critically linked to host metabolic

processes. In humans, disruption of circadian behaviors, as in shift-work, has been linked to

dysmetabolic states that increase NASH susceptibility (e.g., obesity, type 2 diabetes,

hypertension) [10]. Altogether, dysregulated circadian rhythms have emerged as a key

contributor to NASH pathogenesis [12].

1.2.c. The Metabolic Effects of Circadian Dyssynchrony

Circadian dyssynchrony can be characterized as dampened and/or phase-shifted

expression of clock oscillator genes, along with their lack of synchronization with cellular

7
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metabolic regulators. Circadian dyssynchrony can also be quantified as dampened and/or

phase-shifted shifted oscillation of 24hr host rhythms, such as feeding patterns, energy

expenditure, and diurnal changes in gut microbiome composition. Circadian dyssynchrony is a

hallmark of MetS, cardiovascular disease, and inflammation, and is observed in animal models

where dysmetabolic states (e.g obesity, NAFLD, hyperlipidemia) are induced by diet (e.g.,

high-fat and high-sucrose diets) [6,16]. Thus, circadian dyssynchrony plays an important role in

dysmetabolic states that are closely associated with NASH.

1.2.d. The Gut Microbiome and Circadian Rhythms

The gut microbiota refers to a collection of organisms living in the gastrointestinal tract,

including bacteria, fungi, viruses, and other organisms, whereas the gut microbiome refers to

both the gut microbiota and the collective interacting genomes of various community members.

Recent estimates find that humans have approximately 1.3x more bacterial cells than human

cells, and a staggering 100x more microbial genes in the gut microbiome than the entire human

genome [24,25]. Weighing in at approximately 3-5 pounds of bacteria, the importance of the gut

microbial ecosystem on influencing human health and disease cannot be understated [26].

Importantly, the composition of the gut microbiome is not static, but rather, highly dynamic. The

gut microbiome exhibits diurnal patterns that are closely tied to and appear to be required for

maintenance of normal host circadian rhythms and metabolic homeostasis [5,27]. Indeed,

circadian disruption induced by jet-lag [28], genetic mutation of host circadian genes [28–30], or

by feeding high-fat diet (HFD) [5,27] are associated with disruptions in microbe-host circadian

dynamics that can result in increased adiposity, insulin resistance, and inflammation [31].

Peripheral circadian rhythms are perturbed in germ-free mice [27,32]. However, with a transplant

of a conventional gut microbiome, they gain circadian oscillation of at least their hepatic clock

components. Hence, it appears that the gut microbiome is required for maintenance of normal
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hepatic circadian rhythms and host metabolic homeostasis. In fact, luminal cues are better at

entraining hepatic circadian rhythms than the more canonical clock mechanisms [33].

1.2.e. The Gut Microbiome and Bile Acid Signaling

Mouse and human studies demonstrate that NASH is associated with compositional

changes in the gut microbiome [14,15]. However, 24hr changes in gut microbiome composition

during NASH have yet to be characterized. Additionally, the mechanisms by which the gut

microbiome affects NASH formation, and the signals used to mediate their effects, are largely

unknown. Bile acids (BAs) may serve as the signal linking luminal bacteria and host metabolic

processes during NASH. The BA signaling cycle is initiated in the liver (Fig 1). Conjugated BAs,

synthesized from cholesterol and released by the liver, are vital for micelle formation, lipid

solubilization and absorption, and cholesterol homeostasis [34,35]. BAs are produced in the

liver by de novo conversion of cholesterol to cholic acid (CA) and chenodeoxycholic acid

(CDCA) by cholesterol 7-α-hydroxylase (CYP7A1). In rodents, CDCA is further metabolized to

muricholic acids (MCAs) [36]. Before excretion into bile, BAs are primarily conjugated with

taurine or glycine in humans, although many new conjugated BAs and microbes that conjugate

or deconjugate them have recently been discovered through the combination of untargeted

mass spectrometry based metabolomics, genome sequencing, and lab experiments on

individual strains [37–42].

Because of their detergent properties, BAs can damage bacterial cell walls and modify

the microbiome by restricting growth or survival of specific bacterial taxa. Many gut bacterial

species in the proximal small intestine are BA resistant or have developed strategies to modify

BAs to protect themselves [35,43]. Bile salt hydrolase (BSH), an enzyme specific to bacteria,

deconjugates BAs and thereby weakens their detergent properties [44]. Although the host has a

dedicated BA transporter for conjugated BAs, the apical sodium–BA transporter (ASBT),
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deconjugated BAs do not have transporters and are reabsorbed with more difficulty through

passive diffusion [36]. Thus, bacterial deconjugation of primary conjugated BAs promotes the

excretion or retention of deconjugated BAs in the lumen to the distal colon where other bacteria

can use them as substrates. Deconjugated BAs become available for further biotransformations

by other bacteria, yielding secondary BAs including deoxycholic acid (DCA), ursodeoxycholic

acid (UDCA), and lithocholic acid (LCA) [43,45]. Although much of this hydrophobic pool of

secondary BAs is excreted, enough is absorbed through passive diffusion to change the serum

BA pool and act as signaling molecules [46]. Deconjugated and secondary BAs are absent in

germ-free mice [47–50], and heavily decreased in antibiotic-treated, microbiome-depleted mice

[51], proving that the microbiome produces them.

Deconjugated and secondary BAs serve as important signaling molecules that affect a

number of physiological processes, including cholesterol, lipid, and glucose homeostasis [36].

BAs act as agonists and antagonists to BA receptors (Fig 1). BA signaling pathways, including

the nuclear hormone receptor farnesoid X receptor (FXR) [52] and the G protein-coupled BA

receptor 1 (TGR5) [53], are potent metabolic regulatory pathways that are highly conserved

between mouse models and humans (Table 1). BAs also activate other nuclear hormone

receptors, including pregnane-x-receptor (PXR), constitutive androstane receptor (CAR), vitamin

D receptor (VDR), liver-X-receptor α and β (LXRα/β, NR1H3), RAR-related orphan receptor γt

(RORγt), and G-protein-coupled receptors including the sphingosine 1-phosphate receptor 2

(S1PR2) [54], broadening their functional reach. FXR is most highly expressed in the liver,

ileum, and kidneys, and to a lesser extent in peripheral tissues such as the heart, ovary, thymus,

eye, spleen, immune cells, neural tissue, and testes [36]. Although FXR has broad impacts on

host metabolic processes, its most well-studied roles relate to its regulation of primary BA

synthesis from cholesterol by the liver [52]. TGR5 is found in intestinal L-cells, immune cells

such as Kupffer cells, and muscle and brown adipose tissue (BAT) [36]. Additionally, TGR5 is
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highly expressed in the gallbladder, lungs, spleen, liver, bone marrow, and placenta [36].

Broadly, BA-activated TGR5 in peripheral tissues is most well-studied for its role in modulating

host energy homeostasis. Importantly, BAs have highly disparate diurnal fluctuations,

particularly BAs in the ileum [55], and are potential entrainment signals of intestinal and hepatic

circadian rhythms [13,56,57]. Thus, they can have an outsized role in a wide array of

homeostatic and physiological processes, as well as conditions where circadian rhythms have a

pathophysiological role. Hence, deconjugated and secondary bile acids are prime candidates for

being entraining agents of peripheral circadian rhythms and may play an important role in

mediating the metabolic effects of the gut microbiome during NASH.

1.2.f. Bile Acid Signaling and NASH

Dysregulation of bile acid homeostasis has been observed in patients along the disease

spectrum of NAFLD to HCC [58,59]. The expression of FXR has been found to be

down-regulated during NASH development [60], and knocking out the FXR receptor in mice

results in cholestasis (i.e., reduced bile flow from the liver), disrupted cholesterol homeostasis,

increased NASH development, and spontaneous HCC formation [61]. Thus, FXR has become

an important therapeutic target in battling NASH and its advancement to HCC. FXR activation in

the liver inhibits the expression of cholesterol 7-alpha hydroxylase (Cyp7a1), the rate limiting

enzyme in the de novo synthesis of BAs from cholesterol [36]. Further, FXR activation in the

murine ileal enterocytes induces expression of fibroblast growth factor 15 (Fgf15; FGF19 in

humans) which also suppresses Cyp7a1 [62,63]. In addition to bile acid homeostasis, other key

functions of FXR include regulation of inflammation, and the modulation of glucose, cholesterol,

and lipid homeostasis [36]. Overall, these findings suggest that NASH may promote a luminal

environment with a greater proportion of BAs that function as FXR antagonists. Therapeutic

interventions that could modulate the ratio of antagonists:agonists, such as BSH, could play a

therapeutic role in treating NASH.
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1.2.g. The Impact of Time-Restricted Feeding on Host Physiology

For the purpose of this study, time-restricted feeding (TRF) can be defined as restricting

food intake to a defined period of the active phase. Time-restricted feeding (TRF) is a powerful

metabolic tool that is capable of modulating host circadian rhythms [5]. In mice fed a high-fat

diet (61% Kcal fat), TRF (Zeitgeber Time [ZT] 13-21) prevents obesity, improves insulin

sensitivity, decreases serum cholesterol, triglycerides, and inflammation, increases exercise

tolerance, and restores diurnal oscillations in gut microbiome composition [5,6]. Recent human

studies indicate that TRF (10-hour restricted eating) is capable of reducing weight, blood

pressure, and atherogenic lipid profiles in individuals with MetS [10]. Importantly, in multiple

murine models of diet-induced dysmetabolism (e.g., high-fat diet, high-fructose + high-sucrose

diet), TRF (ZT13-22) protects against hepatic steatosis and liver damage, which are key

precursors to NASH development [16]. Additionally, TRF is a powerful modulator of BA

metabolism. TRF is associated with increased expression of hepatic Cyp7a1, an increase in

hepatic BAs, and reductions in serum cholesterol [6]. As TRF protects against a variety of

metabolic insults and disease states that are closely associated with NASH, we suspect that

therapies targeted at correcting circadian dyssynchrony hold great potential for treating

diseases along the spectrum of NAFLD to NASH.

It is important to note that previous studies that find TRF to prevent NASH risk factors,

including steatosis and disrupted circadian rhythms, were conducted in mouse models of

diet-induced obesity where mice are insulin resistant. Insulin is an important aspect of NASH

pathogenesis, and one of the key insults included in the multiple parallel hits hypothesis [4]. For

the purposes of our study, we specifically want to investigate whether TRF can prevent the

development of NASH via the modulation of circadian rhythms. Thus, in the STAM/HFD model

where mice are hypoinsulinemic, and therefore do not become insulin resistant, we can study
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the true effect that TRF has on circadian rhythms during NASH without the confounding factor of

TRF also affecting insulin signaling.
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Figure 1. Bacterial Bile Acid Biotransformations
Cholesterol is converted to primary bile acids in the liver. Primary bile acids are conjugated 
with primarily taurine in mice or glycine in humans before being transported to the gallbladder 
for storage in the form of bile. Upon ingestion of dietary fats, primary conjugated bile acids 
(within bile) are released into the gut lumen to aid lipid absorption. Bacteria with bile salt 
hydrolase deconjugate bile acids, thereby weakening their soap-like qualities. This allows 
other microbiome members to further modify them into secondary bile acids. Some 
secondary bile acids can be transported back to the liver, where they are then conjugated. 
Thus, the interaction between the gut microbiome and bile acids leads to modulation of FXR 
and TGR5 agonists and antagonists, and thus, allows the gut microbiome to affect host 
metabolism. (T= taurine, G= glycine, In humans: TCA= taurocholic acid, CA= cholic acid, 
TCDCA= taurochenodeoxycholic acid, DCA= deoxycholic acid, UDCA= ursodeoxycholic acid, 
In mice: TaMCA= tauro-ɑ-muricholic acid , TbMCA= tauro-β-muricholic acid, FXR= farnesoid 
X receptor, TGR5= G-protein-coupled bile acid receptor). Graphic Illustration Source: 
BioRender.

Kelly Fogelson
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Physiological 
Process

Receptors Action

Glucose 
homeostasis

FXR ● Intestinal FXR activation induces FGF-15/FGF-19 
secretion, which increases glycogenesis, and 
inhibits GLP-1 production 

● Intestinal FXR modulates glucose absorption and 
postprandial glucose utilization

TGR5 ● TGR5 increases GLP-1 release in intestinal L-cells, 
resulting in increased energy expenditure in brown 
adipose tissue and muscle

Bile acid
 homeostasis 

FXR ● Activation of hepatic FXR inhibits de novo bile acid 
synthesis in the liver.

● FXR activation in the gastrointestinal tract inhibits 
de novo bile acid synthesis in the liver via 
FGF-15/FGF-19 signaling. Inhibition of de novo bile 
acid synthesis increases hepatic cholesterol

Lipid homeostasis FXR ● FXR activation increases WAT browning

TGR5 ● TGR5 increases energy expenditure in BAT through 
the TGR5–cAMP–D2 signaling pathway

Insulin Signaling FXR ● Pancreatic FXR positively regulates insulin 
synthesis and glucose-induced insulin secretion 

TGR5 ● Pancreatic TGR5 positively regulates insulin 
synthesis and glucose-induced insulin secretion 

● Intestinal TGR5 activation improves glycemic 
control by GLP-1 release in intestinal L-cells, which 
increases postprandial insulin secretion from 
pancreatic beta cells

Inflammation FXR ● FXR activation inhibits inflammatory cytokine 
production in the gastrointestinal tract 
and improves intestinal barrier integrity

TGR5 ● TGR5 activation protects against LPS-induced 
inflammation

Table 1. Physiological Processes Affected by Bile Acid Receptor Signaling

Kelly Fogelson
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Chapter 1 includes portions of text that are in review for publication: “Fogelson, Kelly;

Dorrestein, Pieter; Zarrinpar, Amir; Knight, Rob. The Gut Microbial Bile Acid Modulation and its

Relevance to Digestive Health and Diseases. (In review at Gastroenterology)”. The dissertation

author is the primary investigator and author of this paper.
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Chapter II

The Effect of NASH on Feeding, Gut Microbiome,
and Gut Microbial Metabolome Rhythms
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2.1. Research Design

The overall goal of this study is to elucidate the role of hepatic circadian rhythms and gut

microbiome dynamics in the pathophysiology and progression of NAFLD-associated NASH. Our

central hypothesis is that NASH pathogenesis is associated with disrupted host circadian

rhythms, including feeding rhythms, gut microbiome and metabolome rhythms, as well as

hepatic and intestinal transcriptional rhythms, which can be manipulated with TRF to ameliorate

disease. To address this hypothesis, we investigated the diurnal dynamics of behavioral,

transcriptional, and microbiota luminal rhythms under adlib and TRF in mice with

STAM/HFD-induced NASH (Fig 2). Our goal was to characterize circadian rhythms across

multiple sites in the host before and during NASH onset under adlib and TRF, and determine

how circadian rhythm disruption correlates with disease outcomes.

2.2. Time-Restricted Feeding Does Not Protect Against STAM/HFD-Induced NASH

Previous studies demonstrate TRF protects against a wide variety of metabolic insults

and disease states that are closely associated with NASH, including (in mouse studies) 1)

hepatic steatosis and liver damage, 2) obesity, 3) insulin resistance, 4) elevated serum

cholesterol, triglycerides, and inflammation, 6) disruptions to diurnal gut microbiome rhythms,

and (in human studies in individuals with MetS) 7) excess weight, 8) elevated blood pressure,

and 9) atherogenic lipid profiles (Chapter 1.2.g) [5,6,10,16]. However, whether TRF can prevent

NASH remains unknown.

Previous research demonstrates that the STAM/HFD model develops NASH by roughly

12 weeks of age, whereas STAM mice on normal chow diet (STAM/NCD) do not [7]. Thus, to

investigate the effects of TRF on STAM/HFD-induced NASH, the phenotype of STAM/HFD mice

with TRF access to food from ZT1-ZT13 (FT) was compared to mice with STAM/HFD mice with

adlib access to food (FA) and STAM/NCD mice with adlib access to food (NA) (Experimental

design Chapter 1, Fig 2). Cage-averaged food consumption and individual mouse weights were
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recorded over the duration of the experiment (Fig 3a, Fig 3b). Mice in the FT condition have

access to food from ZT1-ZT13, and mice are physically removed to a cage without access to

food for the remainder of the day. To control for handling, mice in FA and NA conditions are also

physically moved between cages at ZT1 and ZT13. We observed that both conditions with adlib

access to food (FA and NA) consumed more kcal on average than mice in the FT condition (Fig

3a). Given that the mice in all three conditions are unable to produce adequate amounts of

insulin in fasting and fed conditions, their insulin-targeted tissues are not effectively able to take

up glucose as an energy source. This may result in animals having excess hunger, and as a

result, greater food consumption if given the opportunity for adlib access. Thus, we hypothesize

that FA and NA mice consume more kcal than the FT mice due to this hunger and their having

unlimited access to food. Although NA mice consume more kcal than the FA and FT mice, they

have significantly lower weight gain. Again, this is possibly because the FT and FA mice can

gain weight from the elevated amounts of fat components in their chow, which do not require

insulin for uptake into storage sites. FT and FA conditions do not have significantly different

body weight gain from each other over the duration of the experiment (other than on week 6

after wean) (Fig 3b).

Low serum insulin concentration in combination with high serum glucose concentration

at the time of sacrifice confirms successful streptozotocin injections were achieved across all

three conditions (Fib 3c, Fig 3d). Notably, the NA condition has significantly higher serum

glucose concentration than the FA and FT conditions at the time of sacrifice (Fig 3d). This is

likely due to the fact that the composition of NCD (Teklad Diet LM-48) is 44% kcal

carbohydrates, versus HFD (Research Diets, D12492i), which is only 20% kcal carbohydrates.

As expected, the FA condition develops NASH, and the NA condition does not (Fig 3e).

Surprisingly, TRF did not protect against STAM/HFD-induced NASH (Fig 3e). FA and FT

conditions have over 50% of mice with histological scoring of NAFLD activity Score (NAS) of 3

or greater, whereas 100% of mice in the NA condition have a NAS score of 2 or lower (Fig 3e).
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Importantly, NAS scores of 2 or less are largely considered not diagnostic of NASH [64]. Further,

50% or more of mice in the FA and FT conditions develop fibrosis, whereas NA mice do not (Fig

3f). Fibrosis, which requires repeated attempts at wound healing, is an important marker of liver

injury and disease progression. Natural history studies in human populations demonstrate that

the severity of fibrosis is the sole histological measure that can independently predict

hepatology-related morbidity (e.g., liver-related illness, liver transplantation) and mortality in

individuals with NAFLD [65].

Although TRF does not protect against STAM/HFD-induced NASH, the remainder of our

experiments aimed to elucidate critical information about how circadian dyssynchrony

contributes to NASH in the FA condition, and what blocks TRF from preventing NASH in the

STAM/HFD model. This information will provide valuable insight to new discoveries on the

disease mechanisms of NASH.

2.3. STAM/HFD-Induced NASH Does Not Disrupt Feeding Rhythms

To investigate the effects of STAM/HFD-induced NASH on behavioral rhythms such as

food consumption patterns and energy expenditure, mice were individually housed in metabolic

cages that are capable of continuously measuring animal weight, food consumption, total daily

movement, and energy expenditure. Surprisingly, despite the consumption of HFD, FA mice

maintain rhythmic food consumption patterns (Fig 4a, S1a) and consume the same percentage

of food in the dark phase as NA mice (Fig 4b, S1b). Additionally, FA mice have a maintenance

of energy expenditure rhythms (Fig 4c, S1c).

2.4. Mice with STAM/HFD-Induced NASH on Adlib Feeding Have Disrupted Diurnal
Fluctuations in Stool Microbiota Composition

Food consumption patterns are one of the strongest drivers of diurnal fluctuation in gut

microbiome composition. Due to the surprising finding that FA mice have a maintenance of
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rhythmic food consumption patterns, we wanted to investigate whether FA mice have normal

diurnal fluctuations in gut microbiota composition. To accomplish this, two time point stool

collections (ZT1 and ZT13) were completed at week 8 (pre-NASH development) and week 12

(NASH development) (Chapter 1, Fig 2) to measure diurnal changes in gut microbiota

composition (16S sequencing). Although previous research indicates that mice with

STAM/HFD-induced NASH have abnormal gut microbiome composition [14], the effects of

STAM/HFD-induced NASH on diurnal fluctuations in gut microbiome composition have never

been characterized.

Overall, the global composition of the stool microbiome is driven by diet type (weighted

UniFrac Principal Coordinates Analysis) (Fig 5a). PC1 accounts for the greatest amount of

variance in the data, and is correlated with diet type: there is no overlap seen between samples

from NA vs FA and FT mice. Although there is substantial overlap between FA and FT mice, FT

mice have a higher degree of separation between samples collected at ZT1 vs ZT13 along PC2.

Similarly, NA mice have clear separation between ZT1 and ZT13 microbiota composition along

PC2. Compared to condition and time of sample collection, disease stage at the time of sample

collection is a weaker driver of global stool microbiome composition. There are no significant

between-group differences in Pre-NASH vs NASH samples for any of the three conditions

(weighted UniFrac PERMANOVA, p < 0.05). There were not significant differences in stool

microbiome species richness (Faith’s PD) between ZT1 and ZT13 across conditions before or

during NASH (S2a). However, at the time of NASH onset, FT and NA conditions have greater

differences in species richness between ZT1 and ZT13 than FA mice (S2a).

To investigate diurnal fluctuations in stool microbiome composition, we measured

differences in weighted UniFrac beta diversity between ZT1 and ZT13 for each condition (Fig

5b, Fig 5c). Surprisingly, despite having a maintenance of food consumption patterns (Fig 4a,

Fig 4b), which is a strong driver of diurnal gut microbiome rhythms, FA mice have disruptions to

diurnal fluctuations in stool microbiome composition between ZT1 and ZT13 before (Fig 5b) and
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at the time of NASH onset (Fig 5c). In contrast, NA mice have significant differences in stool

microbiome composition between ZT1 and ZT13 before (Fig 5b) and during NASH onset (Fig

5c), as measured by significant differences in weighted UniFrac beta diversity. Similarly, FT

mice also have significant differences in stool microbiome composition between ZT1 and ZT13

before and during NASH onset (Fib 5b, Fig 5c). Overall, our results show that diurnal changes

in stool microbiome composition are disrupted before and during the onset of

STAM/HFD-induced NASH. Although TRF is capable of restoring diurnal fluctuations, this

restoration is not sufficient to prevent the development of NASH.

2.5. Mice with STAM/HFD-Induced NASH on Adlib Feeding Have Disrupted Diurnal
Fluctuations in Ileal Microbiota Composition

In addition to quantifying diurnal changes in stool microbiome composition, which is most

closely associated with the large intestine microbiome, we next quantified diurnal changes in

ileum microbiome composition. The ileum plays a critical role in metabolic and immune

processes that affect the function of both the gastrointestinal environment and the host

systemically. For example, the ileum has high expression of the bile acid receptors farnesoid X

receptor (FXR) and G protein-coupled bile acid receptor 1 (TGR5), which have various

far-reaching effects on metabolism and immune processes (Chapter 1, Table 1). Additionally,

previous studies demonstrate that diurnal rhythms in the small intestine microbiome are

essential for the maintenance of barrier function and immune homeostasis in the gastrointestinal

tract [66]. Our previous research indicates that HFD-induced obesity dampens diurnal rhythms

of the ileal microbiome and transcriptome [55]. However, the effects of STAM/HFD-induced

NASH on diurnal changes in ileal microbiome composition remain unknown.

To measure diurnal changes in ileum microbiome composition, ileal tissue (with ileal

contents) was harvested at two time points (ZT1 and ZT13) at the time of NASH onset (Chapter

1, Fig 2). Global ileal microbiome composition is most strongly driven by condition (i.e., diet type

+ feeding pattern) (Fig 6a). All three conditions have significantly different weighted UniFrac
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beta diversity (Fig 6a). PC1 accounts for variance in the data that can be attributed to condition,

with PC3 resolving the clear separation in FA and FT conditions.

Overall, diurnal fluctuations in ileum microbiome composition followed the same patterns

as stool microbiome composition (Fig 6b). FA mice have disruptions to diurnal fluctuations in

ileum microbiota composition between ZT1 and ZT13, whereas NA mice do not (Fig 6b). FT

mice have slightly disrupted fluctuations in ileum microbiome composition, but clear separation

in weighted UniFrac beta diversity for samples collected at ZT1 vs ZT13, suggesting that these

differences are trending towards significance. In contrast to the stool microbiome, NA mice have

significantly higher species richness (Faith’s PD) in the ileum than FA and FT mice (Fig S3a),

which is consistent with previous studies in our lab [55].

2.6. Mice with STAM/HFD-Induced NASH Have Disrupted Diurnal Fluctuations in Stool

Metabolome

The gut microbiota exerts its effects on the gut and extraintestinal organs through the

modulation and production of numerous microbially-derived metabolites. Thus, disruption to

diurnal changes in gut microbiome composition can result in disruptions to the gut microbial

metabolome [67]. In contrast to 16S sequencing, which provides information about the

taxonomic composition of the microbiome, metabolomic profiling provides direct information on

the functional activity and products of the gut microbiome. Thus, investigating the gut microbial

metabolome of mice with STAM/HFD-induced NASH can help us gain a mechanistic

understanding of how disruptions to diurnal changes in gut microbiome composition affect

disease pathogenesis through the modulation of bacterially-produced metabolites. To

accomplish this, we completed untargeted metabolomics on stool collected at the same time as

samples analyzed in Fig 5. Overall, the global composition of the stool metabolome is driven by

condition (Fig 7a): there are significant differences between the stool metabolome of all three

conditions as measured by Bray Curtis beta diversity. To quantify the diurnal shifts in the stool
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metabolome, we identified the proportion of significantly increased and decreased features at

ZT13 pre-NASH (Fig 7b), and during NASH onset (Fig 7c).

Pre-NASH onset, the magnitude of diurnal shifts in the stool metabolome between ZT1

and ZT13 are disrupted in FA and FT conditions (Fig 7b). Compared to the NA condition, FA

and FT mice have a greater proportion of metabolites decreased at ZT13 (FA= 22.9%, FT=

16.9%, NA= 2.7%) (Fig 7b). Interestingly, ~20% of the metabolites significantly decreased in FA

and FT mice are the same in both conditions (Fig S4b). In contrast, mice in the NA condition

have very few metabolites decreased at ZT13, but rather, a greater proportion of features

increased at ZT13 (FA= 0.4%, FT= 10.6%, NA= 13.5%) (Fig 7b). Similarly, at the time of NASH

onset, FA and FT mice have a greater proportion of metabolites decreased at ZT13 than NA

mice (FA= 8.7%, FT= 9.0%, NA= 7.6%), although this difference is more modest than

Pre-NASH (Fig 7c). Further, the greatest discrepancy between conditions that develop NASH

(FA and FT mice) vs those that don’t (NA mice), is in the proportion of metabolites that are

increased at ZT13 (FA= 2.3%, FT= 4.7%, NA= 14.8%) (Fig 7c). Additionally, NA mice have a

greater diversity of metabolites (alpha diversity, as measured by the Shannon Index) than FA

and FT mice Pre-NASH and at the time of NASH onset, (S4a).

The differences in the proportion of metabolites significantly increased during the ZT13

phase in FA and FT mice in comparison to NA mice suggests that disrupted fluctuation of these

metabolites may be associated with disease. Thus, we next characterized the molecular

subclass assignment and fold change differences of metabolites that are significantly increased

at ZT13 in NA mice Pre-NASH (Fig 7d) and during NASH (Fig 7e) across all three conditions.

Pre-NASH and at the time of NASH onset, the top two most abundant subclasses of metabolites

that are significantly increased at ZT13 in NA mice are 1) bile acid, alcohols, and derivatives, 2)

amino acids, peptides, and analogues (Fig 7d, Fig 7e). Next, we investigated the ZT13/ZT1 fold

change of the features in these two subclasses across all conditions to determine if the

24



fluctuations of these metabolites are different in mice that develop NASH (FA and FT conditions)

vs mice that do not (NA condition) (Fig 7d, Fig 7e). Pre-NASH and at the time of NASH onset,

FA and FT conditions have significantly lower fold change of these metabolites compared to NA

mice. This suggests that stool metabolome fluctuations that are occurring in NA mice (don’t

develop NASH) are disrupted in FA and FT conditions (develop NASH). Interestingly, pre-NASH,

the fold changes of these metabolites are significantly different between FA and FT conditions,

whereas at the time of NASH onset they are not. This suggests that pre-NASH, differences in

the fluctuation of these metabolites in HFD-consuming conditions may be driven by feeding

pattern (adlib vs TRF) whereas at the time of NASH onset, the similarly in the fluctuation of

these metabolites may be driven by the manifestation of NASH pathology.

2.7. Discussion

Our results demonstrate that TRF is not capable of protecting against

STAM/HFD-induced NASH, and that STAM/HFD mice with adlib access to food maintain

rhythmic food consumption patterns. It is important to note that previous studies in our lab, as

well as published studies from other research groups, have found TRF to protect against

precursors of NASH, (e.g., hepatic steatosis and liver damage) in murine models that develop

diet-induced obesity and insulin resistance [6,16]. Further, previous studies demonstrate that

consumption of a HFD completely eliminates 24hr feeding patterns in murine models of

diet-induced obesity that develop insulin resistance [6,68]. However, STAM-injected mice are

hypoinsulinemic and do not become obese. Therefore, the requirement of insulin in mediating

the protective effects of TRF warrants further investigation. To our knowledge, the effect of HFD

on 24hr feeding patterns has never been investigated in murine models that do not develop

insulin resistance. Thus, the requirement of insulin in mediating the disruptive effects of HFD on

24hr feeding rhythms requires further investigation.
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Overall, our results show that diurnal fluctuations in stool and ileal microbiome

composition between ZT1 and ZT13 are disrupted in STAM/HFD mice with adlib access to food

(FA condition) (Fig 5, Fig 6). This suggests that although FA mice have a maintenance of

rhythmic feeding patterns (Fig 4 a), even as little as 25% of HFD consumption in the light phase

(Fig 4b) may be enough to disrupt diurnal fluctuations in stool and ileum microbiome

composition. This may explain why FT mice have a robust maintenance of diurnal fluctuations in

stool and ileum microbiome composition between ZT1 and ZT13, as they consume 0% of their

HFD food during the light phase. Further research is needed to elucidate the mechanisms

driving differences in the diurnal fluctuation of ileum and stool microbiome composition in FT

and FA mice despite the overall maintenance of feeding patterns and manifestation of NASH

liver pathology in both conditions.

Interestingly, we found that both FA and FT conditions have disruptions to diurnal shifts

in stool metabolome between ZT1 and ZT13, despite the fact these conditions had different

trends in disrupted fluctuations of gut microbiome composition. Overall, our results suggest that

disruptions to the magnitude diurnal shifts in the stool metabolome between ZT1 and ZT13 track

wtih disease progression (Fig 7a, Fig 7b). Additionally, we find that in mice that develop NASH

(FA and FT conditions) there are disrupted fluctuations of metabolites that are significantly

increased at ZT13 in the NA condition, suggesting that these metabolites may play a role in

driving STAM/HFD-induced NASH pathogenesis. The top two molecular subclasses of features

that are significantly increased in NA mice at ZT13 are 1) bile acid, alcohols, and derivatives,

and 2) amino acids, peptides, and analogues (Fig 7d,e). Previous research demonstrates that

these molecular subclasses play crucial roles in NASH pathogenesis.

BA homeostasis is dysregulated during NASH [58,59]. For example, compared to

healthy controls, patients with NASH have higher levels of total fecal BAs, CA, chenodeoxy

cholic acid, and BA synthesis, and an increased ratio of primary to secondary fecal BAs [58]. In
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a study of individuals with biopsy-proven NAFLD, total unconjugated serum BAs were lower in

individuals with NASH and fibrosis, and total serum BAs are elevated during fibrosis, when

compared to individuals with NAFLD [59]. Dysregulation of BA homeostasis during NASH can

affect disease pathophysiology via dysregulation of host metabolic processes that are

modulated by the BA receptors FXR and TGR5 (Chapter 1, Table 1). Disruptions in BA

homeostasis may perturb these metabolic processes via deregulation of their receptors. The

expression of the BA receptors Fxr and Tgr5 are down-regulated during NASH [60]. Overall,

these findings suggest that NASH may promote a luminal environment with a greater proportion

of BAs that function as FXR and TGR5 antagonists.

Additionally, gut microbially-derived metabolites resulting from the metabolism of the

amino acids are also implicated in NASH pathogenesis [67]. For example, tryptophan

metabolism is disrupted during NASH. Studies demonstrate that changes in gut microbiome

composition during NASH are associated with tryptophan dysmetabolism, resulting in

dysregulated metabolism of tryptophan’s downstream metabolites such as indole and

kynurenine [67]. Indole is decreased during NASH, which results in increased inflammation,

decreased gut barrier function, and decreased lipogenesis. Additionally, the kynurenine pathway

is overactivated during NASH, which increases inflammation. The amino acid phenylalanine and

its derivative phenylacetic acid are also implicated in NASH pathogenesis. Previous human

microbiome metagenomic and metabolomic studies demonstrate that hepatic steatosis is

associated with increased abundance of phenylacetic acid production, as well as microbial gene

pathways that promote its synthesis [69]. This result is supported in murine studies, where

chronic phenylacetic acid administration is associated with hepatic steatosis.

It is important to note that since our results measuring changes to the gut microbiome

and metabolome have two collection time points over a 24hr period, it is not possible to

ascertain whether there are rhythmic changes that ultimately increase or decrease the
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amplitude or phase of cycling for the microbes and metabolites being investigated. Two time

point collections are able to capture differences seen between ZT1 and ZT13, and compare how

these differences vary across each condition. However, since conditions may be phase-shifted

in relation to each other, it's impossible to know whether these two time points are capturing the

maximum amplitude of observed differences over a 24hr period. For example, the greater

differences seen in the ZT13/ZT1 fold change of bile acid and amino acid metabolites in the NA

condition relative to the FA and FT conditions (Fig 7) may be the result of FA and FT mice being

phase-shifted, or having different amplitudes, related to NA mice. Thus, our overall conclusions

drawn from this data show that there are 1) disruptions to diurnal fluctuations in gut microbiome

composition between ZT1 and ZT13 for STAM/HFD mice with adlib access to food, and 2)

disruptions to diurnal fluctuations in gut microbial metabolome between ZT1 and ZT13 for mice

that develop NASH (FA and FT conditions) compared to mice that don’t (NA condition).

However, our results cannot determine the definitive rhythmic changes (e.g., amplitude or hours

phase shifted) of circadian disruptions.

2.8. Research Methods

2.8.a. Experimental Methods

Animal Model: The streptozotocin (STAM) + high-fat diet (HFD) murine model of NASH

was used for this study [7]. C57BL/6 male mice were injected with 0.2 mg of STAM (Cayman

chemical item no. 13104) per day for five consecutive days starting at 10-12 days after birth.

Male mice born within a week of each other were considered as a single cohort for the study.

Mice were housed three to a cage, with each mouse coming from a different dam to prevent

pre-wean cage effects that could bias the data. Only male mice were used for the experiment

because female STAM/HFD mice do not develop NASH. At 4-5 weeks of age (post-wean),

hyperglycemia (>200 mg/dl) was confirmed by colorimetric urinalysis strips [70]. After

hyperglycemia was confirmed, mice were maintained on a high-fat diet (60% kcal fat, Research
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Diets, D12492i) or normal chow diet (Teklad Diet LM-48) depending on condition assignment for

the duration of the study (see “Feeding Pattern Manipulation” below for conditions).

Weight and Food Intake: Individual animal weights and cage-averaged food intake were

measured once per week following weaning at the same time for the duration of the study using

a standard digital scale.

Feeding Pattern Manipulation: Mice were maintained on a 12-hour light (ZT0-12) 12-hour

dark (ZT12-24) light cycle. Mice either had ad libitum (adlib) access to food, or time-restricted

access to food from ZT13-21 (TRF). From ZT13-21, mice in the TRF group were physically

moved from a cage without food to a cage with access to food. Mice with adlib access to food

were also moved between cages at the same times as the TRF group to control for handling.

For this study, we used 12 mice in each of the 3 conditions (36 mice total): 1) STAM + HFD +

adlib access to food (FA), 2) STAM + normal chow diet (NCD) + adlib access to food (NA) and,

3) STAM + HFD + TRF access to food from ZT13-ZT21 (FT).

Fecal Collection: Prior to starting a high-fat diet, we collected a single time point stool

sample from all mice to rule out founder effects in our microbiome research. Two time point stool

was collected from mice before NASH pathology (8 weeks) and at the time of NASH onset (12

weeks) at ZT1 (light phase) and ZT13 (dark phase) to quantify diurnal changes in gut

microbiome composition. For the experiment, we used a subset of 6 mice in each of the 3

conditions. Every mouse came from a different home cage, as each individual cage is only

considered as an n=1 for microbiome characterization. Single-housed mice were placed in clean

cups at ZT1 and ZT13, and a minimum of 3 pellets of fresh stool were collected at each time

point before returning mice to their home cage. Stool was stored at -80°C and later processed

for 16S rRNA gene amplicon (16S) sequencing and untargeted metabolomics.

Metabolic Cage Phenotyping: At 13 weeks old, a separate cohort of mice underwent

metabolic cage phenotyping (FA and NA, n=3/condition, FT, n=8). Single housed mice were

placed in Promethion metabolic cages that are capable of continuously measuring animal
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weight, food consumption, total daily movement, wheel running activity, and respiratory

exchange rate (RER) [71]. Animals underwent metabolic cage phenotyping for five days total,

with 2 days allotted at the start of the experiment for cage acclimation.

Sacrifice: Mice were sacrificed at the time of NASH onset (week 12). A two time point

sacrifice was completed at ZT1 and ZT13, with half of the mice in each condition sacrificed at

each timepoint. Prior to euthanasia, a submandibular bleed was completed to collect blood for

serum insulin and glucose quantification (see “Serum Insulin and Glucose Quantification”

below). Liver and ileum tissue was harvested at the time of sacrifice. A section of the right

medial lobe was harvested for liver histology, and a section of the left medial lobe was

harvested for transcriptomics analysis (Chapter 3). Liver and ileum tissue samples for

RNA-sequencing analysis (Chapter 3) were flash frozen in liquid nitrogen and then stored at

-80℃.

Histology: Prior to histological preparation, photos were taken to catalog macroscopic

liver appearance. Next, a section of the right medial lobe was placed in 4% paraformaldehyde

until being sectioned for histology. Liver sections underwent H & E (hematoxylin and eosin) and

sirius red staining. Histological features were scored by a pathologist using the NAFLD activity

score (NAS), a semi-quantitative scoring system which quantifies the extent of steatosis (0-3),

lobular inflammation (0-3), and hepatocellular ballooning (0-2).

16S Sample Extraction: For stool samples, DNA extraction was completed using the

Earth Microbiome Project 16S Illumina Amplicon Protocol [72,73]. For ileum samples, a total

nucleic acid extraction was completed using MagMAX Microbiome Ultra (catalog #A42357) on

powderized tissue (mortar and pestle on dry ice) as previously described [74] (Chapter 3).

LC-MS/MS Sample Extraction: flash frozen (liquid nitrogen) tissue samples were

powderized (by mortar and pestle on dry ice) and stored at -80°C until extraction. At the time of

extraction, samples were thawed on ice, weighed, and a clean/sterile stainless steel bead was

added to each sample. Extraction was performed with 50% MeOH/water (10-20 µL of solvent
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were added for each 1 mg of sample), samples were homogenized at 25 Hz for 5 min, then

centrifuged at max speed for 15 min. Supernatants were concentrated using a centrifugal low

pressure system then stored at -80°C once dry. Samples were reconstituted using reconstitution

solvent (80% MeOH/20% water + 1μM sulfadimethoxine), centrifuged, and supernatant was

removed for analysis.

LC-MS/MS Data Acquisition: 5 µL were injected into a Vanquish UHPLC system coupled

to a Q-Exactive orbitrap mass spectrometer (Thermo Fisher Scientific, Bremen, Germany). For

the chromatographic separation, a C18 porous core column (Kinetex C18, 150 x 2 mm, 1.8 um

particle size, 100 A pore size, Phenomenex, Torrance, USA) was used. For gradient elution, a

high-pressure binary gradient system was used. The mobile phase consisted of solvent A H2O

+ 0.1 % formic acid (FA) and solvent B acetonitrile (ACN) + 0.1 % FA, unless otherwise

specified. The flow rate was set to 0.5 mL/min, unless otherwise specified. After injection, the

samples were eluted with the following linear gradient: 0-1 min, 5% B, 1-4 min 5-60% B, 4-10

min 60-99%, followed by a 3 min washout phase at 99% B and a 3 min re-equilibration phase at

5% B. Data-dependent acquisition (DDA) of MS/MS spectra was performed in positive mode.

Electrospray ionization (ESI) parameters were set to 53 L/min sheath gas flow, 14 L/min

auxiliary gas flow, 0 L/min sweep gas flow, and 400°C auxiliary gas temperature; the spray

voltage was set to 3.5 kV and the inlet capillary to 320°C and 50 V S-lens level was applied. MS

scan range was set to 150-1500 m/z with a resolution at m/z 200 (Rm/z 200) of 17,500 with one

micro-scan. The maximum ion injection time was set to 100 ms with an automated gain control

(AGC) target of 1.0E6. Up to 5 MS/MS spectra per MS1 survey scan were recorded DDA mode

with Rm/z 200 of 17,500 with one micro-scan. The maximum ion injection time for MS/MS scans

was set to 100 ms with an AGC target of 5E5 ions . The MS/MS precursor isolation window was

set to m/z 1. The normalized collision energy was set to a stepwise increase from 20 to 30 to

40% with z = 1 as default charge state. MS/MS scans were triggered at the apex of

chromatographic peaks within 2 to 15 s from their first occurrence. Dynamic precursor exclusion
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was set to 5 s. Ions with unassigned charge states were excluded from MS/MS acquisition as

well as isotope peaks.

Serum Insulin and Glucose Quantification: Serum insulin and glucose concentrations

were calculated from serum collected at the time of sacrifice. Serum insulin was quantified using

Crystal Chem’s Ultra Sensitive Mouse Insulin ELISA Kit (cat. 90080). Serum glucose was

quantified using Crystal Chem’s Mouse Glucose Assay Kit (cat. 81692).

2.8.b. Data and Statistical Analysis

Metabolic Cage Analysis: Data was collected for 5 days, and the first two days were

eliminated to account for the acclimation period. Raw file outputs from Promethion metabolic

cages were converted to .xml format using MacroInterpreter software (v2.38). Data was was

binned into 1 hour intervals per animal for data analysis and graphing in R Studio. Averages of

each behavior (e.g., food consumption, energy expenditure) were calculated for each condition.

Differences between conditions were determined using Kruskal Wallis test with FDR correction

(alpha = 5%) and comparisons of area under the curve.

16S Sequencing: 16S rRNA sequencing was completed using the Earth Microbiome

Project 16S Illumina Amplicon Protocol [72,73]. Raw sequencing data was uploaded to Qiita

(https://qiita.ucsd.edu/) [75]. Raw sequences were demultiplexed, trimmed to 150, and

processed using Deblur 2021.09 with default parameters on Qiita. 16S feature tables

pre-processed in Qiita as described were analyzed using QIIME2 version 2022.2 [76]. After

rarefying the samples to the same sequencing depth, α-diversity (within-group species

diversity), β-diversity, and differential abundance analysis was performed. Ileum samples were

rarefied to 4,800, resulting in 1 sample lost per condition. Stool samples were rarefied to

>10,000 with 100% sample retention. α-diversity measures were compared between conditions

using a pairwise Kruskal Wallis test, and corrected for multiple hypothesis testing using the FDR

method. β-diversity measures were compared using pairwise PERMANOVA, which tests for
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differences between group centroids for non-parametric datasets having two or more groups.

Previous studies show that 3-4 mice per time point is minimally sufficient to identify changes in

gut microbiome composition [5]. Thus, 6 mice per condition is more than sufficient to detect

perturbations (power= 80%, alpha= 5%).

LC-MS/MS Feature Finding: An in-house modified version of MZmine2.37, corr.17.7

available at https://mzmine.github.io/iin_fbmn was utilized to perform all feature finding steps.

Feature tables (csv) and MS/MS spectra files (mgf) were exported, uploaded to MassIVE, and

submitted to GNPS [77] for feature-based molecular networking analysis. MS/MS spectra were

converted to .mzML files using msConvert (ProteoWizard). MS1 feature extraction and MS/MS

pairing were performed with MZmine. An intensity threshold of 5E4 for MS1 spectra and of 5E2

for MS/MS spectra was used. MS1 chromatogram building was performed within 10 ppm mass

windows and a minimum peak intensity of 5E4. Extracted Ion Chromatograms (XICs) were

deconvoluted using the local minimum search algorithm with a chromatographic threshold of

80%, a search minimum in RT range of 0.2 min, and a median m/z center calculation with m/z

range for MS2 pairing of 0.01 and RT range for MS2 scan pairing of 0.2 min. MS1 feature lists

were joined using an m/z tolerance of 10 ppm and retention time tolerance of 0.3 min; alignment

was performed by placing a weight of 75 on m/z and 25 on retention time. Feature areas and

feature correlation pairs were exported as .csv files. The corresponding consensus MS/MS

spectra were exported as an .mgf file. For spectral networking and spectral library matching, all

files were uploaded to the feature-based molecular networking workflow (FBMN) on GNPS

(gnps.ucsd.edu) [77].

Feature Based Molecular Networking: The precursor ion mass tolerance was set to 0.01

Da and the MS/MS fragment ion tolerance to 0.01 Da. A molecular network was then created

where edges were filtered to have a cosine score above 0.70 and more than 6 matched peaks.

Further, edges between two nodes were kept in the network if and only if each of the nodes

appeared in each other’s respective top 10 most similar nodes. Finally, the maximum size of a
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molecular family was set to 100, and the lowest scoring edges were removed from molecular

families until the molecular family size was below this threshold. The spectra in the network

were then searched against GNPS spectral libraries and NIST17. The library spectra were

filtered in the same manner as the input data. All matches kept between network spectra and

library spectra were required to have a score above 0.7

and at least 5 matched peaks.

Compound Class Prediction Using SIRIUS and CANOPUS: Molecular formulas were

assigned using the SIRIUS GUI [78]. mgf outputs were imported into SIRIUS, and SIRIUS,

CSI:FingerID, and CANOPUS [79] analyses were performed with the following parameters.

SIRIUS parameters

Instrument Orbitrap

Filter by isotope pattern yes

MS/MS isotope scorer Score

MS/MS mass accuracy 10 ppm

Candidates stored 10

Min candidates per ion 1

Use heuristic above m/z 300

Use heuristic only above m/z 650

CSI:Finger ID parameters

Fall back adducts all

Score threshold yes

Search databases all

Tag lipids yes

Metabolomics Comparative Analysis: Metabolomics β-diversity and α-diversity were

calculated using QIIME2 [76]. β-diversity measures were compared using pairwise
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PERMANOVA. For volcano plots, statistical significance was assessed using a t-test (a = 5%),

then corrected for multiple hypothesis testing with the FDR method. Significance thresholds for

significantly increased and decreased metabolites were set at +/-1 Log2(FoldChange) and p <

0.05. Previous studies show that 3-4 mice per time point is minimally sufficient to identify

changes in gut microbial metabolome composition [5]. Thus, 6 mice per condition is more than

sufficient to detect perturbations (power= 80%, alpha= 5%).

For all other comparative analyses (e.g., animal weight and food consumption, glucose

and insulin concentration, log ratio comparisons) we used a Kruskal Wallis test (alpha= 0.05)

and corrected for multiple hypothesis testing using the FDR method.
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Figure 2. Experimental Design
All three experimental groups are injected with streptozotocin (STAM) during the early 
postnatal phase, resulting in hyperglycemia and hyperinsulinemia. FA, NA, and FT 
conditions (n=12/condition) vary by diet type and access to food. FA and FT mice consume 
high-fat diet, and NA mice consume normal chow diet. FA and NA mice had access to  
24hrs/day (adlib), and FT mice had time-restricted access to food from ZT13-ZT21 (TRF) 
starting at 4 weeks of age. FA mice develop NASH at 12 weeks, and NA mice do not 
develop NASH (control). FT mice are the treatment condition. Two 2 time point stool 
collections (ZT1 and ZT13) were completed at week 8 (pre-NASH development) and week 
12 (NASH development). A week 12, a two time point sacrifice was completed (ZT1 and 
ZT13) with half of each condition being sacrificed at each ZT time. Two time point stool 
collections and sacrifices were completed to measure diurnal gut microbiota changes (16S, 
metabolomics), and gene expression (liver and ileum transcriptomics) between ZT1 and 
ZT13. NASH liver pathology was determined via histological analysis. Successful 
establishment of streptozotocin model (hyperglycemia and hyperinsulinemia) was 
determined by immunoassay on blood serum collected at the time of sacrifice. A separate 
cohort of mice was used for metabolic phenotyping at week 13 (FA and NA, n=3/condition. 
FT, n=8.). Graphic Illustration Source: BioRender.

Kelly Fogelson
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3a. 3b. 

3c. 3d. 

3e. 3f. 

Figure 3. Time-Restricted Feeding Does Not Prevent STAM/HFD-Induced NASH
Average cumulative food intake (A) and body weight (B) per mouse per condition 
(n=12/condition). Low serum insulin (C) and high serum glucose concentration (D) at the 
time of sacrifice (12 weeks) across all three conditions confirms successful streptozotocin 
injections. FA and FT mice develop NASH, whereas NA mice do not (E), as measured by 
histology NAFLD Activity Score (NAS). (F) NA mice do not develop fibrosis. (A, B, C, * = p < 
0.05, Pairwise Mann-Whitney U test, FDR correction) 

* *

Non-
NASH

NASH

Fisher exact 
probability 

~0.001

Fisher exact 
probability 
~0.0015
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4a. 4b. 

4c. 

Figure 4. STAM/HFD-Induced NASH Does Not Disrupt Feeding Rhythms
Food consumption (A), percent daily food consumption (B), and mean energy expenditure 
(C), averaged over 72 hours in one hour bins. FA mice have a maintenance of behavioral 
rhythms, including food consumption and mean energy expenditure. FT mice had access to 
to food from ZT13-ZT21 (gray). FA and NA, n=3/condition. FT, n=8.  

Kelly Fogelson
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S1a. 

Supplemental Figure 1. Individual Animal Traces for Behavioral Rhythms
Individual recordings of food consumption (A), percent daily food consumption (B), and 
energy expenditure (C), for results displayed in main Figure 4. FA and NA, n=3/condition. FT, 
n=8. 

S1.c. 

S1b. 
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5a. 

5b. 

5c. NASH 16S

Pre-NASH 16S

FA FT NA

16S: All Stool Data 

FA FT NA

Figure 5. FA Results in Disrupted Diurnal Fluctuations in Stool Microbiome Composition 
(A) Stool 16S weighted UniFrac beta diversity across all data (all collection time points 
included). Global microbiome composition is driven by diet type. (B, C) ZT1 vs ZT13 at week 
8 (pre-NASH development) (B) and week 12 (NASH development) (C) per each condition 
(n=6 mice/condition). Despite having a maintenance of feeding pattern (Figure 4a, 4b), FA 
mice have disruptions to diurnal compositional changes between ZT1 and ZT13 (B, C). 

PERMANOVA pseudo-F pval

NA vs FA 36.65 .001

NA vs FT 42.52 .001

FA vs FT 1.52 .177

PERMANOVA pseudo-F pval

ZT1 vs ZT13 0.068 0.547

PERMANOVA pseudo-F pval

ZT1 vs ZT13 6.47 0.008

PERMANOVA pseudo-F pval

ZT1 vs ZT13 3.76 0.033

PERMANOVA pseudo-F pval

ZT1 vs ZT13 0.28 0.896

PERMANOVA pseudo-F pval

ZT1 vs ZT13 4.08 0.018

PERMANOVA pseudo-F pval

ZT1 vs ZT13 4.65 0.023
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Supplemental Figure 2. Additional 16S Composition Measurements – Stool
(A) Faith’s PD alpha diversity before and at the time of NASH onset (B) Relative abundance 
of bacterial taxa, separated by condition, ZT time, and collection disease stage. 

S2a. 

S2b.

NASHPre-NASH
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6a. 

6b. 

16S: All Ileum Data 

FA FT NA

PERMANOVA pseudo-F pval

NA vs FA 10.54 .001

NA vs FT 13.70 .001

FA vs FT 3.66 .009

PERMANOVA pseudo-F pval

ZT1 vs ZT13 1.00 0.371

PERMANOVA pseudo-F pval

ZT1 vs ZT13 3.65 0.058

PERMANOVA pseudo-F pval

ZT1 vs ZT13 2.48 0.035

Figure 6. FA Results in Disrupted Diurnal Fluctuations in Ileum Microbiome Composition 
(A) Ileum 16S Weighted Unifrac beta diversity across all data (all collection time points 
included). (B) Weighted UniFrac ZT1 vs ZT13 per each condition. Global microbiome 
composition is driven by condition (diet type and feeding schedule) (n=6 mice/condition). FA 
mice do not have compositional changes in overall ileum microbiome composition between 
ZT1 and ZT13. 
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S3a. 

Supplemental Figure 3. Additional 16S Composition Measurements – Ileum
(A) Faith’s PD alpha diversity. (B) Relative abundance of bacterial taxa, separated by 
condition and ZT time. 

S3b.
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Two-Paged Figure
Figure 7. STAM-Induced NASH Results in Disrupted Fluctuations in Stool Metabolome
(A) Stool metabolomics Bray Curtis beta diversity across all data (all collection time points 
included). Global stool metabolome composition is driven by condition (diet type and feeding 
schedule). (B, C) Metabolites identified as significantly increased at ZT13 (red) or 
significantly decreased at ZT13 (blue) at week 8 (pre-NASH development) (B) and week 12 
(NASH development) (C). Significance thresholds set at +/-1 log2(FoldChange) and p-value 
of 0.05 (t-test, FDR correction). Tables below volcano plots indicate the proportion of 
metabolites within each category, per condition. (D) Pre-NASH, the molecular subclass of 
features identified as significantly increased at ZT13 in the NA condition. Bottom: The 
Log2FoldChange(ZT13/ZT1) of features identified as significantly increased in the NA 
condition, grouped by subclass. Top two subclasses shown. (E) As in D, but at NASH onset. 
For metabolomics, n=6 mice/condition per ZT (1 or 13) per disease stage (Pre-NASH or 
NASH). *= p < 0.05 (Mann-Whitney U Test, FDR correction)
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Metabolomics: All Stool Data7a. 

7b. 

Decreased 
at ZT13 Same Increased 

at ZT13

747
(22.9%)

2,509 13
(0.4%)

Decreased 
at ZT13 Same Increased 

at ZT13

93
(2.7%)

2,849 470
(13.5%)

Decreased 
at ZT13 Same Increased 

at ZT13

546
(16.9%)

2,348 342
(10.6%)

Pre-NASH

FA FT NA

7c. NASH

FA FT NA

Decreased 
at ZT13 Same Increased 

at ZT13

280
(9.0%)

2,683 147
(4.7%)

Decreased 
at ZT13 Same Increased 

at ZT13

272
(8.7%)

2,787 73
(2.3%)

Decreased 
at ZT13 Same Increased 

at ZT13

257
(7.6%)

2,621 498
(14.8%)

Figure 7 Page 1 of 2

PERMANOVA pseudo-F pval

NA vs FA 58.58 .001

NA vs FT 57.38 .001

FA vs FT 5.12 .001
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NASH
Top 5 Significantly Increased at ZT13 in  NA

7d. 

7e. 

Pre-NASH
Top 5 Significantly Increased at ZT13 in  NA

Figure 7 Page 2 of 2
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Three-Paged Figure
Supplemental Figure 4. Additional Stool Metabolomics Measurements 
(A) Shannon index alpha diversity Pre-NASH and at the time of NASH onset. (B) The 
number of overlapping features that are significantly increased or decreased at ZT13 (as 
identified in Figure 7b & 7c) Pre-NASH and at the time of NASH onset. (C) Pre-NASH, the 
molecular class of features identified as significantly increased at ZT13. (D) Pre-NASH, the 
molecular class of features identified as significantly decreased at ZT13. (E) At NASH, the 
molecular class of features identified as significantly increased at ZT13. (F) At NASH, the 
molecular class of features identified as significantly decreased at ZT13. 
Significance thresholds set at +/-1 log2(FoldChange) and p-value of 0.05 (t-test, FDR 
correction)
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S4a. 

S4b.

NASHPre-NASH

NASHPre-NASH

S4c. Pre-NASH, Increased

FA FT

NA

Supplemental Figure 4 Page 1 of 3 
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S4d. Pre-NASH, Decreased

FA FT

NA

S4e. NASH, Increased

FA FT

NA

Supplemental Figure 4 Page 2 of 3 
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S4f. NASH, Decreased

FA FT

NA

Supplemental Figure 4 Page 3 of 3 
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Chapter III

The Effect of NASH on Diurnal Transcriptional Patterns
in the Ileum and Liver
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3.1. Diurnal Transcriptional Patterns are Maintained in the Ileum During
STAM/HFD-Induced NASH

Gut microbially-modified metabolites can impact the host through the modulation of gene

expression patterns in the gastrointestinal tract, as well as in peripheral organs such as the liver.

Gut microbially-modified metabolites can reach the liver to affect gene expression through the

hepatic portal vein, and to a lesser extent, through passive diffusion into systemic circulation.

Thus, since our result demonstrated that mice with STAM/HFD-induced NASH (FA and FT

conditions) have disruptions to diurnal fluctuations in the gut microbial metabolome, we next

investigated the impact that these disruptions may have on transcriptional rhythms in the

gastrointestinal tract and liver at the time of NASH onset. To accomplish this, we sacrificed

groups of mice at each of two timepoints near NASH onset (12 weeks) to investigate diurnal

shifts in transcriptional patterns in the liver and ileum between ZT1 and ZT13 (Chapter 1,

Figure 2).

First, we investigated global transcriptional patterns in the ileum with principal

component analysis (PCA) (Fig 8a). In the ileum, global transcriptional patterns are driven by

diet type (FA and FT = HFD, NA= NCD) and the time of sacrifice (ZT1 or ZT13), with FA and FT

conditions having a high degree of overlap in transcriptional patterns (Fig 8a). PC1

demonstrates that the greatest differences in gene expression are driven by the time of sacrifice

(Fig 8a). Within each condition, there is no overlap between samples that were harvested at

ZT1 vs ZT13. PC2 separates ileum samples based on condition (Fig 8a). Although there is a

high degree of overlap between FA and FT conditions, PC3 resolves some of this overlap,

demonstrating that FA and FT have between group differences in global transcriptional patterns

and clear separation based on the time of sacrifice. Overall, results from PCA reveal that global

transcriptional patterns in the ileum are driven most strongly by the time of sacrifice (ZT1 or

ZT13) and condition (i.e., diet + feeding schedule).
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Next, we investigated diurnal shifts in transcriptional patterns in the ileum between ZT1

and ZT13 (Fig 8b). To accomplish this, we completed differential gene expression analysis for

ileum samples collected at ZT1 or ZT13 for each condition. In the ileum, FT mice have the

greatest number of genes with significant differential gene expression between ZT1 and ZT13

(Fig 8b). Approximately 5% of genes in the ileum are significantly differentially expressed

between ZT1 and ZT13 in FT mice, compared to 3% or less in the ileum of FA and NA mice (Fig

8b). However, it should be noted that NA mice have slightly greater diurnal shifts in

transcriptional patterns between ZT1 and ZT13 than FA mice.

Next, we performed gene enrichment analysis on genes significantly differentially

expressed between ZT1 and ZT13 for each condition (Fig 8c). In the ileum, “rhythmic”,

“biological”, and “metabolic process” stand out as enriched top level biological processes

affected by time of sample collection across conditions (Fig 8c). Broadly, many of the gene

ontology biological processes identified through enrichment analysis fit within the modulation of

host biological, cellular, immune, and signaling processes. Although this information is useful in

providing a broad overview of biological processes affected in the ileum by time across all three

conditions, it does not provide the resolution necessary to ascertain mechanistic information

about differentially expressed genes and pathways, and how transcriptional patterns may varry

between conditions. Thus, we next identified differences in the fluctuation of genes of interest

between ZT1 and ZT13.

Genes sets of interest were identified using three primary strategies: 1) differentially

expressed genes involved in biological processes of interest, identified via enrichment analysis,

2) genes previously identified to be involved in NASH pathogenesis, and 3) genes involved in

pathways that may be affected by metabolite subclasses identified in (Fig 7d and Fig 7e). To

examine differences in diurnal expression patterns, we compared the

Log2FoldChange(ZT13/ZT1) for genes of interest across conditions. Surprisingly, we observed
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that mice with STAM/HFD-induced NASH (FA and FT conditions) have a maintenance of

rhythmic expression patterns relative to mice that don’t develop NASH (NA condition) for genes

involved in the regulation of circadian rhythms (Fig 8d), bile acid reabsorption and

transcriptional regulation (Fig 8e), and GLP-1 signaling (Fig 8f). Overall, genes involved in

these biological processes have the same directionality in Log2FoldChange(ZT13/ZT1) across

all three conditions, indicating that changes in differential expression are occurring in the same

phase of the day. Although there are some minor differences between conditions, circadian

patterns of ileal gene expression are not not disrupted during NASH in the STAM/HFD model.

3.2. Diurnal Transcriptional Patterns are Maintained in the Liver During
STAM/HFD-Induced NASH

The liver is a hub for the regulation of master metabolic regulators involved in a variety of

host homeostatic processes, including glucose, lipid, and bile acid homeostasis. Importantly,

master metabolic regulators in the liver, such as FXR, Ppar, and Sirt1, can regulate, and are

regulated by, the circadian clock [12]. Gut microbiome rhythms can entrain gene expression

patterns in the liver through secondary metabolites and nutrients such as bile acids [56,57,80].

Thus, since our result demonstrated that mice with STAM/HFD-induced NASH (FA and FT

conditions) have disruptions to diurnal fluctuations in the gut microbial metabolome, we aimed to

determine the effect of these disruptions on diurnal gene expression patterns in the liver at the

time of NASH onset. To accomplish these, we investigated differences in hepatic transcriptional

patterns between ZT1 and ZT13 across conditions from liver samples collected at the same time

as animals sacrificed in Fig 8/Chapter 3.1.

In the liver, global transcription patterns are most strongly driven by condition (i.e., diet +

feeding schedule) with clear separation between all three conditions along PC1 (Fig 9a).

Although there is some overlap between FA and FT conditions, PC3 resolves this overlap and

demonstrates that there are distinct differences between the global transcriptome of these two
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conditions. Within each condition, there is no overlap in liver samples collected at ZT1 vs ZT13

along PC2. Overall, results from PCA reveal that global hepatic transcriptional patterns are

distinct for each condition and strongly influenced by the time of sacrifice.

Differential gene expression analysis demonstrates that FT mice have the greatest

number of genes with significant differential expression between ZT1 and ZT13 (Fig 9b).

Approximately 7% of genes in the liver are significantly differentially expressed between ZT1

and ZT13 in FT mice, compared to less than 4% in FA and NA mice (Fig 9b). As in the ileum,

NA mice have slightly stronger diurnal shifts in hepatic transcriptional patterns between ZT1 and

ZT13 than FA mice (NA= 3.9%, FA=3.5%).

Gene enrichment analysis was performed on genes significantly differentially expressed

between ZT1 and ZT13 for each condition. Analysis identified “rhythmic”, “metabolic”, and

“cellular process” as top level biological processes that are influenced by the time of sample

collection across conditions (Fig 9c). Next, we identified gene sets of interest for relative

expression and pathway analysis using the same approaches to identify genes as described in

the previous section (3.1).

As in the ileum, we observed that mice with STAM/HFD-induced NASH (FA and FT

conditions) have a maintenance of rhythmic expression patterns relative to mice that don’t

develop NASH (NA condition) for genes involved in the regulation of circadian rhythms (Fig 9d),

bile acid synthesis (Fig 9e). Overall, genes involved in these biological processes have the

same directionality in Log2FoldChange(ZT13/ZT1) across conditions that develop NASH (FA

and FT) and those that don’t (NA), indicating that changes in differential expression are

occurring in the same phase of the day. Although there are some minor differences between

conditions, overall circadian patterns of hepatic gene expression are not not disrupted during

NASH in the STAM/HFD model.
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3.3. Discussion

Our results demonstrate that diurnal fluctuations in ileal and hepatic gene expression

patterns are not disrupted in mice with STAM/HFD-induced NASH. Gene enrichment analysis

on genes that are significantly differentially expressed between ZT1 and ZT13 reveals that

similar biological processes are affected by time across all three conditions. Biological

processes involved in rhythmic, metabolic, and cellular processes have differential expression

between ZT1 and ZT13 in the liver and ileum in mice that develop NASH (FA and FT), as well

as those that do not (NA). This suggests that these processes are not involved in the

development of NASH in the STAM/HFD model.

Comparison of the Log2FoldChange(ZT13/ZT1) values for genes of interest across

conditions revealed that rhythmic expression patterns for genes involved in the regulation of

circadian rhythms, bile acid synthesis, and ileal GLP-1 signaling are maintained during

STAM/HFD-induced NASH. This suggests that the disruption of hepatic and ileal transcriptional

rhythms is not implicated in STAM/HFD-induced NASH pathogenesis. We hypothesize that the

maintenance of rhythmic feeding patterns in mice with STAM/HFD-induced NASH (Chapter

2.3/Fig 4) may be the primary entrainment signal of circadian rhythms in the liver and the ileum,

trumping disruptions that were observed in gut microbiome and metabolome rhythms (Chapter

2.4-2.6/Fig 5-7). Overall, our results demonstrate that TRF is not capable of preventing NASH in

the STAM/HFD model via the modulation of circadian rhythms. Given that STAM-injected mice

are hypoinsulinemic, our findings suggest that insulin may be required to mediate the protective

effects of TRF that have been observed across previous studies.

3.4. Research Methods

3.4.a. Experimental Methods

Animal Model, Weight and Food Intake,Feeding Pattern Manipulation, and Sacrifice: the

same animals and methods were used as in Chapter 2.8.a.
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RNA-Sequencing Sample Extraction: Ileum and liver tissue samples were flash frozen in

liquid nitrogen and stored at -80℃ until preparation for RNA extraction. Frozen tissue samples

were powderized using a mortar and pestle on dry ice prior to completing RNA extractions. For

ileum samples, a total nucleic acid extraction was completed on powderized tissue as described

in (Chapter 2). For liver samples, RNA extractions were completed using the MagMAX

mirVana™ Total RNA Isolation Kit (Thermo Fisher Scientific catalog #A27828) on the MagMAX

Express 96 Instrument (protocol number: AM1830DW).

3.4.b. Data and Statistical Analysis

RNA-Sequencing: For ileum samples, quality control and library preparation was

performed in the Knight Lab at UC San Diego. Sequencing was performed on the Illumina

NovaSeq S4 platform using 150PE reads. For liver samples, quality control and library

preparation was performed at the Institute for Genomic Medicine core at UC San Diego.

Sequencing was performed on the Illumina NovaSeq S4 platform using 100PE reads. Reads

were mapped to the mouse genome (GRCm38.p5) using hisat2 v2.2.1 [81], and genes and

transcripts were quantified using stringtie v2.1.7 [82]. Gene-level counts were used in all

downstream analyses. Differential expression analysis between ZT1 and ZT13 for each

condition was performed using DESeq2 [83], with fold changes determined using the normal

method for all transcripts whose counts were greater than 100 in at least three samples (per

each tissue type). For volcano plots, statistical significance thresholds were set at

Log2Foldchange at least +/- 2 for ileum samples and at least +/-1 for liver samples, and an

adjusted p-value of at least 10e-6 (Wald, Benjamini-Hochberg correction). Gene enrichment

analysis was performed with Metascape [84], and additional graphing was completed in R

Studio.
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Three-Paged Figure
Figure 8. Diurnal Transcriptional Patterns in the Ileum are Maintained During 
STAM/HFD-induced NASH
(A) PCA Analysis across all data (all collection time points included). Differences in ileal 
transcriptome are driven by time of sacrifice and diet-type. (B) Volcano plots of 
Log2Foldchange(ZT13/ZT1) per each condition. Genes significantly increased (up) or 
decreased (down) at ZT13 are shown in red. Percentage of transcripts in each category 
shown on the right. Significance thresholds set at  Log2Foldchange at least +/- 2 and 
adjusted p-value of at least 10e-6 (Wald, Benjamini-Hochberg correction). (C) Top-level 
gene ontology biological process for significantly increased and decreased genes per each 
condition, determined by Metascape. Log2FoldChange(ZT13/ZT1) for (D) circadian rhythm, 
(E) bile acid, and (F) GLP-1 signaling genes. 
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Ileum Transcriptomics : All Data8a. 

8b. 8c. Top-Level Gene Ontology 
Biological ProcessLog2FoldChange(ZT13/ZT1)

Figure 8 Page 1 of 3
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8d. 

8e. 

Figure 8 Page 2 of 3
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Figure 8 Page 3 of 3

8f. 

Kelly Fogelson
62



Two-Paged Figure
Figure 9. Diurnal Transcriptional Patterns in the Liver are Maintained During 
STAM/HFD-induced NASH
(A) PCA Analysis across all data (all collection time points included). Differences in liver 
transcriptome are driven by condition and time of sacrifice. (B) Volcano plots of 
Log2Foldchange(ZT13/ZT1) per each condition. Genes significantly increased (up) or 
decreased (down) at ZT13 are shown in red. Percentage of transcripts in each category 
shown on the right. Significance thresholds set at  Log2Foldchange at least +/- 1 and 
adjusted p-value of at least 10e-6 (Wald, Benjamini-Hochberg correction). (C) Top-level 
gene ontology biological process for significantly increased and decreased genes per each 
condition, determined by Metascape. (D) Log2FoldChange(ZT13/ZT1) for circadian rhythm 
genes of interest (E) Log2FoldChange(ZT13/ZT1) for bile acid and bile salt synthesis genes. 
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Liver Transcriptomics : All Data9a. 

9b. 9c. Top-Level Gene Ontology 
Biological ProcessLog2FoldChange(ZT13/ZT1)

Figure 9 Page 1 of 2
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9d. 

Figure 9 Page 2 of 2

9e. 
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Supplemental Figure 5. Liver Transcriptomics Heat Map
Heat maps per each condition and ZT. Genes were filtered for based on normalized 
expression (BaseMean) and high differential expression between ZT1 and ZT13. The top 
and bottom 15 genes are shown with Base Mean >100 and Log2Foldchange of +/-2. 
Columns to the right of each heatmap display log2Foldchange and BaseMean(AveExpr) for 
the indicated gene. 

ZT1 ZT13 ZT1ZT13

FA Condition FT Condition NA Condition

ZT1 ZT13
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Summary

The overall objective of this study was to elucidate the role of circadian dyssynchrony in

the pathophysiology and progression of NAFLD-associated NASH. We hypothesized that NASH

results from altered gut microbiome dynamics and disrupted hepatic and intestinal circadian

rhythms, which could be manipulated with TRF to ameliorate disease. Utilization of the

STAM/HFD murine model of NASH, in which mice are hypoinsulinemic, allowed us to

specifically investigate whether TRF could prevent NASH via the modulation of circadian

rhythms, without the confounding factor of TRF affecting insulin signaling. Findings from this

study reveal that TRF is capable of preventing disruptions to diurnal fluctuations in gut

microbiome composition in STAM/HFD mice with adlib access to food. However, TRF is not

capable of preventing NASH in the STAM/HFD model. Surprisingly, STAM/HFD mice with adlib

access to food have a maintenance of rhythmic feeding patterns, as well as an overall

maintenance of ileal and hepatic gene expression patterns. Altogether, this suggests that the

maintenance of rhythmic feeding patterns in mice with STAM/HFD-induced NASH may be the

primary entrainment signal of circadian rhythms in the liver and the ileum, trumping disruptions

that are observed in gut microbiome and/or metabolome rhythms. Results from this study

suggest that STAM/HFD-induced NASH does not result from circadian rhythm disruption, and

that insulin may be a crucial element to mediating the protective effects of TRF.
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