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Abstract 

 

Metabolic-associated steatohepatitis (MASH) is a metabolic disease of the liver, 

that manifests itself as steatohepatitis, inflammation, and fibrosis. It has the 

potential to progress to cirrhosis and hepatocellular carcinoma if uncontrolled. 

Currently, there is no effective treatment strategy except lifestyle changes. It is 

imperative to develop therapeutics against MASH and alleviate the leading cause 

of liver transplants across the world. We and others have shown that nuclear 

receptor REV-ERB plays a significant protective role in liver biology by acting as a 

transcriptional repressor of important genes involved in metabolism, inflammation, 

and fibrosis. While we have shown that in-vivo administration of REV-ERB agonist 

SR9009 is able to alleviate symptoms of MASH such as inflammation and fibrosis, 

we are yet to find out its mechanism of action. Additionally, SR9009 has its 

limitations in terms of solubility and efficacy. In this dissertation, we utilize a 

relatively novel REV-ERB agonist STL1267 and explore its efficacy in the 

treatment of MASH. We also explore its mechanism of action using in-vitro and in-

vivo mouse models. We found that STL1267 is more effective in treating MASH, 

with increased reduction in triglycerides, inflammation, and fibrosis. We were able 

to show that REV-ERB agonism acts via metabolically reprogramming energy 

metabolism in cells associated with MASH. It reduces mitochondrial metabolism, 

and alleviates metabolic stress, reducing the further downstream effects such as 

oxidative stress, mitochondrial dysfunction, inflammation, and fibrosis in cells such 

as hepatocytes, stellate cells, and macrophages. 
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Chapter 1: Introduction 

 

1.1 Nuclear Receptors 

 

Nuclear receptors (NR) are transcription factors (TF), that regulate transcription 

via either promoting or repressing target genes. They can bind DNA as monomers, 

homodimers, or heterodimers at specific DNA recognition sequences in the 

promoter regions of target genes. This action is often in response to of the 

receptors endogenous ligand(s), that are often hydrophobic entities that promote 

conformational changes in the receptor to allow the formation of multi-protein 

complexes for transcriptional regulation (Alexander et al., 2021; Aranda & Pascual, 

2001). 

 

Nuclear receptors with identified endogenous ligands, are divided in two sub-

groups: steroid hormone receptors and non-steroid hormone receptors. Steroid 

hormone receptors primarily exist outside of the nucleus, in a complex with 

chaperone proteins. Upon binding with a ligand, these chaperone proteins are 

liberated, allowing for the migration of the receptor to the nucleus for transcription 

regulation. A conformational shift in the ligand-binding domain, or LBD, brought on 

by the binding of ligands, sets off a series of subsequent events. These events 

include the receptor's separation from heat shock proteins and its translocation 

from the cytoplasm to the nucleus for some nuclear receptors, notably the 

glucocorticoid receptor and other steroid receptors. When a ligand binds to a 
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receptor, it undergoes a conformational change that allows for the recruitment of 

transcriptional co-regulatory proteins to receptor-specific gene promoter 

complexes to activate or inhibit transcription (Xiao & DeFranco, 1997). 

 

Non-steroid hormone receptors are typically within the nucleus also in the apo 

state, but often form heterodimers with other nuclear receptors and/or 

transcriptional regulators. Non-steroid hormone receptors, also known as nuclear 

receptors, play crucial roles in regulating gene expression and various cellular 

processes. These receptors are typically found within the nucleus, even in their 

unbound or apo state, where they can modulate gene transcription in response to 

ligand binding (Sever & Glass, 2013). While many of these receptors can function 

as homodimers (two identical subunits) in their activated state, they often form 

heterodimers (two different subunits) with other nuclear receptors or transcriptional 

regulators, expanding their regulatory capabilities and specificity (Bookout et al., 

2006).  

 

One common partner for heterodimerization is the Retinoid X Receptor (RXR), 

which is itself a nuclear receptor. When nuclear receptors form heterodimers with 

RXR, they can influence specific pathways beyond those associated with classical 

hormone signaling. RXR serves as a versatile partner due to its ability to interact 

with various ligands, including those derived from dietary sources or synthetic 

compounds, in addition to hormones. There are various ligands that bind to nuclear 

receptors partnering with RXR (Chambon, 1996; Ghyselinck & Duester, 2019). 
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Retinoic acid is a metabolite of vitamin A and serves as a ligand for several nuclear 

receptors, including the retinoic acid receptors (RARs) and peroxisome 

proliferator-activated receptor beta/delta (PPARβ/δ), which heterodimerize with 

RXR. These receptors regulate processes such as cell growth, differentiation, and 

metabolism. Oxysterols are oxidized derivatives of cholesterol (Chandra et al., 

2008). Liver X receptors (LXRs) are nuclear receptors that form heterodimers with 

RXR and are activated by oxysterols. LXRs play essential roles in lipid metabolism, 

inflammation, and cholesterol homeostasis (Tontonoz & Mangelsdorf, 2003).  Fatty 

acids and their derivatives, such as prostaglandins, can act as ligands for nuclear 

receptors like the peroxisome proliferator-activated receptors (PPARs), which can 

heterodimerize with RXR. PPARs regulate various metabolic processes, including 

lipid metabolism and inflammation (Berger & Moller, 2002). Bile acids, synthesized 

from cholesterol in the liver, serve as ligands for the farnesoid X receptor (FXR) 

and the vitamin D receptor (VDR), both of which can heterodimerize with RXR. 

FXR regulates bile acid homeostasis, lipid metabolism, and glucose metabolism, 

while VDR plays a role in calcium homeostasis and immune function (Saeed et al., 

2019). 

 

These examples illustrate the diverse range of ligands and pathways regulated by 

nuclear receptors that heterodimerize with RXR. By partnering with RXR, these 

receptors can respond to various signaling molecules beyond classical steroid 

hormones, allowing for precise control of gene expression and cellular responses 

in diverse physiological contexts. 
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Nuclear receptors can regulate transcriptional activation by binding DNA at 

canonical consensus sequences. Binding at these sequences can occur in varied 

patterns, which allows for selectivity in gene regulation. These sequences are 

typically short stretches of DNA that exhibit a high degree of similarity across 

different genes or genomes. Nuclear receptors utilize these consensus sequences 

as recognition sites to bind to specific regions of DNA and regulate gene 

expression (Penvose et al., 2019). The ability of nuclear receptors to bind to these 

consensus sequences in varied patterns contributes to their selectivity in gene 

regulation. This selectivity arises from several factors. While consensus 

sequences represent a general pattern of nucleotides recognized by a particular 

DNA-binding protein, there is often variability in the exact sequence surrounding 

the consensus motif. This variability allows nuclear receptors to recognize and bind 

to a diverse array of sequences that contain variations of the consensus motif 

(Fang et al., 2012). As a result, nuclear receptors can regulate different sets of 

target genes by binding to similar but not identical sequences (Sever & Glass, 

2013).  

 

Nuclear receptors do not act alone in regulating gene expression; they often 

interact with coactivators or corepressors, which influence their DNA-binding 

specificity and transcriptional activity (Lonard & O'Malley, 2006). These cofactors 

can modulate the binding affinity of nuclear receptors for specific DNA sequences 

or stabilize receptor-DNA complexes. By interacting with different cofactors, 

nuclear receptors can exhibit selective binding to distinct subsets of DNA 
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sequences, leading to differential gene regulation (Aagaard et al., 2011). Nuclear 

receptors are dynamic proteins that can adopt multiple conformational states upon 

ligand binding. Ligand binding induces structural changes in the receptor, altering 

its interaction with DNA and cofactors. This conformational flexibility allows nuclear 

receptors to bind to DNA sequences with varying affinities and specificities 

depending on the ligand present (Khan et al., 2022). Different ligands may stabilize 

distinct receptor conformations that preferentially interact with specific DNA 

sequences, thereby influencing the selectivity of gene regulation (de Vera et al., 

2017). As previously mentioned, nuclear receptors can form heterodimers with 

other nuclear receptors or transcription factors, such as RXR. Heterodimerization 

expands the repertoire of DNA sequences that nuclear receptors can bind to, as it 

allows them to recognize composite response elements composed of motifs 

recognized by both partners. By partnering with different heterodimerization 

partners, nuclear receptors can regulate gene expression in a highly selective 

manner, targeting specific sets of genes involved in different biological processes 

(Butt & Walfish, 1996).  

 

In summary, the selectivity of gene regulation by nuclear receptors arises from the 

combined effects of variability in DNA binding motifs, interactions with cofactors, 

conformational flexibility, and heterodimerization with other transcription factors. 

These mechanisms allow nuclear receptors to bind to diverse DNA sequences and 

regulate the expression of specific target genes in response to various 

physiological and environmental cues. 
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1.1.1 Ligand regulation of nuclear receptors 

 

Most nuclear receptors will typically function as ligand-dependent transcription 

factors. Each gene has promoter/enhancer regions rich with specific DNA-

response elements that are recognized by nuclear receptors. Nuclear receptors 

can alter the recruitment and binding of other transcription factors that might 

regulate gene expression. All 48 members of the nuclear receptor family have 

specific and distinct DNA response elements as well as ligands that they bind to, 

attributing to their distinct functions (Fischer & Smiesko, 2019). Most nuclear 

receptors can function both in presence and absence of ligands, however, their 

degree of gene regulation may vary. An example of this is thyroid hormone 

receptor (TR), which functions as a transcriptional repressor in the absence of its 

ligand, thyroid hormone. However, in its presence, it exerts its function as a 

transcriptional activator (Grontved et al., 2015; Horlein et al., 1995).  Often, ligand 

binding induces structural conformations, possibly in the LBD thus altering the 

binding of protein cofactors to which the NR binds.  

 

Structural studies have shown that NR LBDs have a conserved tertiary structure 

composed of alpha-helices arranged as a three-layer sandwich. This domain is 

largely globular, and the ligand binding pocket exists in its interior, consistent with 

its hydrophobic characteristic. Within the domain, there are 11 helices, and helix 

12 (H12) forms a mobile lid over the ligand binding pocket (Hill et al., 2012). This 
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serves as a critical site for the binding of ligand-recruited co-activator proteins (Fig 

1.1). In the absence of H12, such as in NR REV-ERB (NR1D1), the ability to 

recruit and bind co-activators is lost, and thus, REV-ERB can only act as a 

transcriptional repressor (Renaud et al., 2000).  

 

1.1.2 Why study nuclear receptors? 

There has been a great deal of interest in finding natural or synthetic ligands for 

the orphan members of the superfamily that could be used as chemical tools to 

probe receptor function and to elucidate the potential therapeutic value of these 

receptors. Numerous drugs on the market target nuclear receptors. In fact, nuclear 

receptors are second to GPCRs which are the most targeted family of receptors 

for drug discovery. Since nuclear receptors are involved in numerous physiological 

processes, drug discovery and development has focused extensively on several 

of these receptors.  Drugs targeting nuclear receptors play significant roles in 

various therapeutic areas, including metabolic disorders, cancer, and inflammatory 

diseases. Examples of drugs targeting nuclear receptors include Rosiglitazone 

and Pioglitazone which target peroxisome proliferator-activated receptor gamma 

(PPARγ) (Orasanu et al., 2008). These are used in the treatment of type 2 diabetes 

mellitus by improving insulin sensitivity and glucose metabolism (Doggrell, 2008). 

Another prominent example is Tamoxifen, which targets estrogen receptor (ER), 

and is used in the treatment of ER positive breast cancer (Cuzick et al., 2015). 

These examples demonstrate the diverse therapeutic applications of drugs 

targeting nuclear receptors across various medical conditions.  
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Figure 1.1 Canonical nuclear receptor structure and modular domains. At 
the core of NR structure lies the DNA-binding domain (DBD), which typically 
consists of two zinc finger motifs responsible for recognizing specific DNA 
sequences known as response elements. Adjacent to the DBD is a highly 
variable region, which confers specificity in DNA binding and ligand recognition. 
Following the DBD, NRs possess a flexible hinge region, often termed the 
variable region, which facilitates conformational changes upon ligand binding. 
The ligand-binding domain (LBD) contains a conserved 12-helical fold region 
responsible for ligand binding and receptor activation. Within the LBD, the 
activation function 2 (AF-2) helix serves as a docking site for coactivator proteins, 
facilitating the recruitment of the transcriptional machinery and gene activation. 
This modular structure of NRs allows for versatile regulation of gene expression 
in response to diverse physiological signals, highlighting their importance in 
cellular homeostasis and adaptation. 
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1.2 NR REV-ERBs - Importance in Physiology 

 

1.2.1 History 

 

The discovery of REV-ERB represents a pivotal milestone in our understanding 

of the intricate molecular mechanisms governing circadian rhythm regulation. 

Through a series of landmark discoveries, researchers have unraveled the 

multifaceted roles of REV-ERB in orchestrating the circadian clock.  In 1989, 

Nobuyuki Miyajima and colleagues identified two orthologs of erbA on human 

chromosome 17, setting the stage for the discovery of REV-ERB (Miyajima et al., 

1989). These orthologs, transcribed from opposite DNA strands at the same locus, 

laid the groundwork for understanding the molecular basis of circadian rhythm 

regulation. Subsequent efforts led to the isolation of REV-ERB complementary 

DNA (cDNA) from a human fetal skeletal muscle library in 1990 by Mitchell A. 

Lazar, Karen E. Jones, and William W. Chin (Lazar et al., 1989). This pivotal 

discovery provided the first insights into the genetic structure of REV-ERB and 

its relationship with hormone receptors.  

 

The involvement of REV-ERB in circadian rhythm regulation was first suggested 

in 1998 by Ueli Schibler’s group (Balsalobre et al., 1998). Through meticulous 

experiments, they demonstrated the daily rhythmic expression of REV-ERB in rat 

fibroblasts, hinting at its potential role in the circadian clock. This discovery marked 

the beginning of a new era in circadian biology, as researchers began to unravel 
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the molecular mechanisms underlying REV-ERB's circadian function. The pivotal 

role of REV-ERB in the transcription-translation feedback loop (TTFL) was further 

elucidated in 2002, representing a major breakthrough in our understanding of 

circadian rhythm regulation. Through a series of elegant experiments, researchers 

demonstrated that REV-ERB acts as a transcriptional repressor, suppressing the 

expression of the Bmal1 gene, a key component of the positive arm of the circadian 

clock (Preitner et al., 2002). Furthermore, the expression of REV-ERB itself was 

found to be regulated by other components of the TTFL, establishing it as a critical 

link between the positive and negative regulatory arms of the circadian rhythm.  

 

The discovery of REV-ERB has had profound implications for our understanding 

of circadian biology and its potential therapeutic applications. By elucidating the 

molecular mechanisms underlying circadian rhythm regulation, researchers have 

gained insights into various physiological processes influenced by the circadian 

clock, including metabolism, sleep-wake cycles, and immune function. Moreover, 

REV-ERB has emerged as a promising target for the development of novel 

therapeutics for circadian rhythm disorders and related metabolic conditions. For 

many years, science and medicine have been greatly impacted by historical 

discoveries pertaining to nuclear hormone receptors, such as the ER, 

progesterone receptor (PR), TRs, RARs, and RXRs. The framework for 

comprehending hormone action was established by Elwood V. Jensen's seminal 

discovery of the ER in 1958 (Jensen et al., 1967; Jensen et al., 1968). This was 

especially true in the field of breast cancer research, where treatment tactics were 
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driven by the contrasts between ER-positive and ER-negative cells. In a similar 

vein, John Gorski's 1968 discovery of the PR clarified its crucial function in 

reproductive biology as well as its connection to breast and endometrial 

malignancies (Gorski et al., 1968). The 1970s saw the characterization of TRs, 

which demonstrated their crucial role in the control of metabolism and the 

processes involved in development.  

 

The identification of RXRs and RARs in the 1980s led to new insights into the 

development of the embryo and opened up new treatment options for conditions 

like acute promyelocytic leukemia (Benbrook et al., 2014). These groundbreaking 

discoveries open the door for focused treatment approaches across a range of 

medical specialties by highlighting the significance of nuclear hormone receptors 

in physiological homeostasis and disease pathogenesis. Understanding the 

structure and function of REV-ERBs required the identification and 

characterization of several nuclear receptors, including PPARs, RARs, and TRs. 

Through contrasting the structural patterns and functional characteristics of 

recognized NRs with REV-ERBs, scientists were able to obtain important 

understandings of their possible functions in cellular physiology. The identification 

of shared domains within REV-ERBs was made possible by the structural 

homology between these receptors, which offered insights into their possible 

connections and mode of action with other cellular components. Furthermore, 

possible activities for REV-ERBs, such as metabolism and circadian rhythm 

regulation, were deduced using functional analogies derived from the roles of TRs, 
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RARs, and PPARs in transcriptional regulation. Research on other NRs provided 

information on gene regulation mechanisms and ligand binding specificity, which 

made it easier to investigate the ligand-dependent transcriptional activities of REV-

ERBs and how they affect target gene expression. In general, the earlier 

knowledge of NR biology offered a strong basis for clarifying the functions of REV-

ERBs in cellular functions and their possible effects on health and illness. 

 

REV-ERB was discovered in 1994 (Dumas et al., 1994). This discovery provided 

the foundation for further characterization of REV-ERBs and their biological 

functions. Subsequent studies focused on elucidating the biological functions of 

REV-ERBs and their role in gene regulation (Burke et al., 1996; Renaud et al., 

2000). Researchers employed molecular biology techniques, such as gene 

expression analysis, protein-protein interaction assays, and chromatin 

immunoprecipitation (ChIP) experiments, to investigate the transcriptional 

activities and binding properties of REV-ERBs. These studies revealed that REV-

ERBs functioned as transcriptional repressors involved in the regulation of 

circadian rhythm and metabolic pathways (Guillaumond et al., 2005; Laitinen et 

al., 2005; Ramakrishnan & Muscat, 2006; Teboul & Delaunay, 2003).  

 

Another key aspect of REV-ERB discovery was the identification of their 

endogenous ligand, heme. Researchers uncovered the ability of REV-ERBs to 

bind heme, a crucial molecule involved in various cellular processes, including 

oxygen transport, oxidative metabolism, and circadian rhythm regulation. The 
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identification of heme as the endogenous ligand for REV-ERBs provided insights 

into the mechanisms underlying their activity and regulation (Raghuram et al., 

2007). Both REV-ERB and REV-ERB are similar in their function, tissue 

distribution, as well as structure. Studies using knockout mice have shown that 

they have redundant roles with the ability to compensate for each other’s functional 

loss. However, it has also been shown that REV-ERB is the dominant isotype. 

(Bugge et al., 2012; Janich et al., 2015; Pariollaud et al., 2018) 

 

1.2.2 Expression Profile 

 

REV-ERB is ubiquitously expressed as a single 3 kb mRNA in mammals. 

Extremely low amounts are seen in the testis, lung, and hypothalamus, moderate 

levels in the pituitary and kidney, and strong expression in the brain, liver, heart, 

and brown fat (Raza et al., 2022). It has been revealed that B lymphocyte lineage 

cell lines also express REV-ERB. REV-ERB expression begins in the heart at 

E 10.5 during development, moves to the eyes the next day, and then increases 

during the second week of life. High expression was seen in the brain's cerebral 

cortex, hippocampus, olfactory granule cells, and cerebellar Purkinje cells. 

Research has demonstrated that the expression of REV-ERB increases during 

the differentiation of adipocytes and decreases during myogenic differentiation.  

 

1.2.3 REV-ERBs are Transcriptional Repressors 
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REV-ERBs exert their transcriptional control by binding to specific DNA sequences 

known as RevRE or RORE sites (Giguere et al. 1994). These sites typically consist 

of an AGGTCA half-site flanked by an A/T-rich region. REV-ERB, binds to these 

sequences, specifically targeting the major groove of the AGGTCA half-site 

(Harding and Lazar, 1993). While REV-ERBs bind to this site as monomers, they 

bind even more tightly as a dimer, when the sequence is repeated with a 2bp 

spacer, called the REVDR2 (Harding and Lazar 1995). This sequence-specific 

binding is crucial for the subsequent steps in the repression process. A key aspect 

of REV-ERB-mediated transcriptional repression is its constitutive interaction with 

Nuclear Corepressor 1 (NCoR) (Horelein et al. 1995; Zamir  et al. 1996). NCoR is 

a large protein that possesses inherent repressive functions. The interaction 

between REV-ERB and NCoR is facilitated by specific domains within NCoR, 

known as corepressor-NR (CoRNR) boxes, which specifically interact with NRs 

like REV-ERBs (Hu and Lazar 1999). Additionally, the stability of this interaction is 

enhanced by heme, which also serves as a sensor for REV-ERB activity 

(Raghuram et all 2007; Yin et al 2007). Upon binding to NCoR, REV-ERB initiates 

the assembly of a multiprotein repressor complex. This complex includes various 

components such as Transducin Beta-Like 1 (TBL1), G-protein Pathway 

Suppressor 2 (GPS2), and Histone Deacetylase 3 (HDAC3). These proteins 

collaborate to establish a repressive environment at the target gene loci. HDAC3, 

a critical component of the repressor complex, plays a pivotal role in modifying the 

chromatin structure. HDAC3 catalyzes the removal of acetyl groups from lysine 

residues in the histone proteins associated with the DNA. (Haberland et al 2009) 
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This process, known as histone deacetylation, results in a more condensed 

chromatin structure that is less accessible to transcriptional machinery. The 

repressive chromatin environment established by HDAC3-mediated histone 

deacetylation, combined with the recruitment of other factors within the repressor 

complex, effectively inhibits the activity of core transcriptional factors and RNA 

polymerase II. As a result, the transcription of target genes at REV-ERB binding 

sites is repressed (Fig 1.2). 

 

There is also a feedback loop connecting the REV-ERBs and RORs. RevRE, that 

allows for both autoregulation and ROR control is present in the NR1D1 gene 

promoter (Burris et al., 2023). In turn, REV-ERB also modulates the NR1F1 

(RORα) gene. However, it has been observed that REV-ERB is able to bind to the 

genome in a tissue-specific manner even when the RORE motif is lacking.  While 

the classical mode of REV-ERB action involves binding to ROREs to regulate 

target gene transcription, several studies have revealed additional mechanisms 

through which REV-ERB can exert its regulatory effects in a context-dependent 

manner. REV-ERB can interact with and modulate the activity of other transcription 

factors, thereby influencing gene expression indirectly. This happens through 

various mechanisms.  
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Figure 1.2 REV-ERB is a transcriptional repressor. RORE repeat elements 

form REV-DR2, a specific binding site for REV-ERB to dimerize at. NCoR binds 

to REV-ERB through CoRNR boxes, and is stabilized by interaction with its 
natural ligand, heme. Upon binding to NCoR, REV-ERB initiates the assembly of 
a multiprotein repressor complex, including HDAC3. HDAC3 condenses the 
chromatin structure through histone deacetylation, resulting in effective 
transcriptional repression of various target genes such as in metabolism, 
circadian, and inflammatory pathways.  

 

  



 36 

REV-ERB has also been shown to interact with nuclear receptors such as the 

RORs and LXRs, which themselves bind to specific DNA motifs (Fontaine et al., 

2008). By forming complexes with these transcription factors, REV-ERB can 

influence their transcriptional activity and target gene specificity, even in the 

absence of canonical RORE motifs. For example, the REV-ERBs bind to the NF-

Y transcription factor to reduce the production of myogenic regulatory factors in 

proliferating myoblasts (Welch et al., 2017), and they bind to hepatocyte nuclear 

factor 4a and 6 (Hnf) to suppress genes involved in liver metabolism. This type of 

non-canonical binding to other TFs gives REV-ERB the ability to reprogram gene 

expression in a tissue-specific manner.  These interactions can occur 

independently of DNA binding and may facilitate the recruitment of REV-ERB to 

specific genomic regions or modulate its transcriptional activity. It has also been 

observed that REV-ERB-mediated gene regulation can involve long-range 

chromatin interactions that bring distal regulatory elements, such as enhancers or 

silencers, into proximity with target gene promoters. These interactions can be 

mediated by chromatin looping mechanisms and may occur independently of direct 

DNA binding by REV-ERB (Papazyan et al., 2016). 

 

1.2.4 REV-ERB ligands 

Like other nuclear receptors, REV-ERB receptors contain a distinct ligand binding 

domain and can bind specific endogenous and small molecule ligands. Recent 

years have witnessed discovery of an array of new REV-ERB ligands most of 

which have pharmacological activities in vivo. It is noteworthy that all these REV-
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ERB ligands most likely also act on its paralog REV-ERB, due to the high degree 

of homology in the ligand binding domains of these two receptors. These ligands 

are described in the following section. 

 

1.2.4.1 Natural- Heme 

 

It has been shown through various biochemical and binding assays, that heme 

binds directly to REV-ERBs (Raghuram et al., 2007). Mutation studies further 

showed the amino acids in REV-ERB that were necessary for heme binding and 

transcriptional repression effector function (Carter et al., 2016). REV-ERB 

mediated transcriptional repression of target genes such as glucose-6-

phosphatase catalytic subunit (G6PC), phosphoenolpyruvate carboxykinase 1 

(PCK1) and basic helix-loop-helix ARNT like 1 (BMAL1) was reduced with 

decreased heme levels, as shown by decreased levels of REV-ERB/NCoR 

complex as well as decreased recruitment of NCoR to promoters of target genes 

(Raghuram et al., 2007).  

 

Physiologically, heme regulates adipogenesis. It has been shown that intracellular 

levels of heme increase during adipogenesis, and decreased levels inhibit the 

process. Additionally, heme has also been implicated in playing a role in the 

regulation of circadian rhythm, as heme levels are regulated in a circadian manner 

(Kumar et al., 2010). REV-ERB can modulate heme levels through several 

mechanisms. During adipogenesis, REV-ERB can repress heme levels through 
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modulation of PPAR gamma (PPARG) by directly repressing PPARG coactivator 

1 alpha (PGC1a) (Wu et al., 2009). REV-ERB is also regulated in a circadian 

manner. It has been shown that oscillations in the levels of heme may regulate the 

activity of REV-ERB (Freeman et al., 2019).  

 

1.2.4.2 Heme-REV-ERB binding – Structural basis  

 

REV-ERB ligand binding domain is the same as other nuclear receptors as seen 

in REV-ERB-heme bound structure. Mutations in histidine on helix 11 and 

cysteine on helix 3 in heme, prevent it from binding to REVERB and reduces REV-

ERB activity (Pardee et al., 2009). Heme binding is accommodated due to 

expansion of ligand binding domain, where hydrophobic residues in LBD form 

bonds with hydrophobic porphyrin ring of the heme molecule.  

 

REV-ERB’s binding with heme, leads to recruitment of co-repressors such as 

NCoR (Yin et al., 2010). It has been shown that the crystal structure of apo REV-

ERB is able to complex with NCoR (Phelan et al., 2010). However, in cell-based 

studies, NCoR recruitment increases with heme binding, leading to increased 

transcriptional repression. On the other hand, biochemical studies show the 

opposite, suggesting heme binding reduces co-repressor binding (Wu et al., 2009). 

The biochemical studies, however, are not physiologically relevant pertaining to 

the use of isolated LBDs and peptide fragments of NCoR. Nevertheless, this 

leaves the mechanism of action of heme mediated REVERB activity unknown.  
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1.2.4.3 Synthetic 

 

In general terms, synthetic ligands for REVERB can be either agonists or 

antagonists. Agonists are molecules that bind to the NR and induce conformational 

changes, favoring the binding of co-regulatory proteins, ultimately leading to 

increased receptor activity. Antagonists, compete with agonists to bind LBD, and 

repress transcriptional activity by preventing co-regulatory protein binding. Further, 

ligands that can repress NR activity below basal activity, are called inverse 

agonists.  

 

It is of note, however, that since REVERB can only act as a transcriptional 

repressor, agonists increase its activity, ultimately causing a reduction in target 

gene expression.  There are a few synthetic agonists and antagonists that have 

been developed for REV-ERB. Of pharmacological importance, since the REV-

ERB receptors lack Helix 12 and cannot bind co-activators, inverse agonists 

cannot exist for these NRs. 

 

1.2.4.3.1 Agonists 

The endogenous activator of REV-ERB, heme, presents challenges due to its 

interaction with multiple non-specific binding sites, rendering it unsuitable for 

developing synthetic ligands (Pardee et al., 2009). The first synthetic ligand for 

REV-ERB was discovered by GlaxoSmithKline (GSK), using a fluorescence 

resonance energy transfer (FRET) assay to assess recruitment of NCoR. This 
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compound, GSK4112 (1,1-dimethylethyl N-[(4-chlorophenyl)methyl]-N-[(5-nitro-2-

thienyl) methyl]glycinate), acted as a dual agonist for REV-ERB and REV-ERB 

(Grant et al., 2010). However, its pharmacokinetic profile was suboptimal for in 

vivo use. In response, further investigations led to the development of structurally 

modified compounds with improved potency, efficacy, and pharmacokinetics, 

notably SR9009 and SR9011 (Solt et al., 2012). These compounds demonstrated 

robust effects on circadian rhythm, metabolism, and energy expenditure in vivo 

and exhibited no off-target activity among 48 nuclear receptors when used at 

concentrations near the EC50 (600-900 M; assay dependent). 

 

Recognizing the toxic liability associated with the nitrothiophene group in SR9009 

and SR9011, researchers explored alternative scaffolds. The Scripps Research 

Institute proposed a series of tetrahydroisoquinolines designed to enhance 

compound performance by restricting scaffold rotation (Noel et al., 2012). Among 

these, SR12418 emerged as a promising candidate, displaying superior potency 

and plasma exposure compared to SR9009/SR9011 (Amir et al., 2018). 

Additionally, other groups introduced novel chemical scaffolds, including 

triazolopyridazine and structurally similar compounds (Westermaier et al., 2017). 

More recently, a unique REV-ERB agonist scaffold STL1267, providing the first X-

ray crystal structure of a synthetic ligand bound to the REV-ERB LBD was 

described (Murray et al., 2022).  
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Research continues to focus on developing REV-ERB agonists, aiming to 

elucidate their structure-function relationship and therapeutic potential. Rodent 

studies have demonstrated the efficacy of REV-ERB agonists in mitigating 

inflammatory diseases and improving metabolic profiles. Although no REV-ERB 

agonists have entered clinical trials, SR9009 is illicitly marketed as a performance-

enhancing drug under the name "stenabolic." Efforts to discourage its misuse 

include exploring potential metabolites and developing assays for detection 

(Geldof et al., 2016; Mazzarino et al., 2018). 

 

Recently, Murray et al (2022) characterized a novel synthetic agonist, STL1267. 

This ligand was identified through structure-activity relationship (SAR) studies, 

molecular modeling, and mutational analysis. STL1267 was found to exhibit high 

potency and selectivity for REV-ERB activation (Ki = 0.16uM), with favorable 

pharmacokinetic properties suitable for in vivo studies. This ligand represents a 

promising candidate for further investigation and potential therapeutic 

development targeting REV-ERB-mediated pathways.  

 

STL1267 and SR9009 are both synthetic agonists of the nuclear receptor REV-

ERB, but they may differ in several aspects, including potency, selectivity, 

pharmacokinetics, and structural features. STL1267 exhibits higher potency and 

selectivity for REV-ERB activation compared to SR9009. This means that it can 

more effectively activate REV-ERB and may have fewer off-target effects on other 

receptors or pathways, thus STL1267 may have a more favorable safety profile 
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than SR9009, with reduced potential for adverse effects or toxicity. Further, factors 

such as absorption, distribution, metabolism, and elimination, leading to enhanced 

bioavailability and duration of action, are more enhanced in STL1267 as compared 

to SR9009. Preclinical studies may demonstrate that STL1267 exhibits superior 

efficacy compared to SR9009 in relevant disease models. This could include 

studies on circadian rhythm regulation, metabolism, inflammation, and other REV-

ERB-mediated pathways (Makhija et al., 2023; Murray et al., 2022). 

 

While cobalt and zinc protoporphyrin have been identified as natural antagonists 

for REV-ERB (Matta-Camacho et al., 2014), the first synthetic antagonist, SR8278, 

was also derived from the GSK4112 scaffold while screening for REV-ERB 

agonists (Kojetin et al., 2011). Through its mechanism of action, SR8278 increases 

the transcription of REV-ERB target genes, thereby exerting its biological effects. 

Preclinical research has demonstrated promising anti-cancer effects of SR8278 in 

various cancer models. For example, studies have shown that SR8278 can inhibit 

tumor growth and metastasis in breast cancer, prostate cancer, and melanoma 

models. Additionally, SR8278 has been reported to sensitize cancer cells to 

chemotherapy and radiation therapy, potentially enhancing treatment efficacy (Kim 

et al., 2022; Lee et al., 2020). 

 

Following this discovery, additional antagonist scaffolds were developed, including 

ARN5187, a spirocyclic cyclopentane scaffold, identified through virtual screening 

by the Istituto Italiano di Tecnologia (De Mei et al., 2015). ARN5187 interacts 
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directly with the ligand-binding domain (LBD) of REV-ERBβ, functioning as an 

antagonist according to research. Furthermore, ARN5187 acts as a dual inhibitor, 

targeting both REV-ERB and autophagy. The use of this compound with dual 

inhibitory effects could be a promising approach for inducing cytotoxicity in cancer 

cells. GSK1362 was introduced as an oxazole REV-ERB antagonist, inhibiting 

NCoR recruitment in cell-based assays but displaying limited pharmacokinetics 

(Pariollaud et al., 2018). Pariollaud and colleagues introduced GSK1362, a novel 

selective inverse agonist targeting REV-ERBs, in their study. They demonstrated 

its inhibition of REV-ERB interactions with NCoR1 and SMRT2 peptides through 

FRET assays (Pariollaud et al., 2018). Structures of each ligand are depicted in 

Fig 1.7. 
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1.2.5 REV-ERBs in various diseases 

 

The REV-ERB receptors are core circadian clock components, and play a direct 

role in the modulation metabolism, inflammation, and other physiological 

processes. As such, it has extensively been researched as a therapeutic tool in 

sleep disorders and metabolic disorders. However, recently, a broad role of REV-

ERB has been uncovered in various pathologies such inflammatory diseases, 

cardio-vascular diseases, and cancer. Further insight into the role of REV-ERB in 

regulation of various pathologies is provided by REV-ERB knockouts, where in 

disturbances in genome-wide gene expression are observed. These differentially 

expressed genes are involved in pathways that regulate various diseases.  

 

1.2.5.1 Circadian rhythm 

 

The suprachiasmatic nucleus (SCN) is the circadian molecular clock within the 

hypothalamus of all vertebrates, and it synchronizes the circadian rhythm to light-

dark cycles. The SCN projects outputs to several brain areas containing local 

circadian clocks that direct behavioral, autonomic, and neuroendocrine rhythms. 

 

Circadian gene expression in peripheral tissues are synchronized with the central 

clock through signals such as feeding-fasting, temperature variations, or hormone 

rhythms (Papazyan et al., 2016). A circadian loop is regulated by positive and 
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negative feedback loops. Each loop dominates operations in either light or dark 

cycles. Bmal1, a basic helix-loop-helix (bHLH) protein, makes up the positive arm 

of the core circadian clock. It forms a heterodimer with other bHLH proteins, such 

as neuronal PAS domain protein 2 (Npas2) or circadian locomotor output cycles 

kaput (CLOCK) (Pett et al., 2016). The resultant heterodimer upregulates 

rhythmically expressed genes, particularly those encoding negative arm proteins, 

by binding to E-boxes (CACGTG). The negative arm proteins PER and CRY 

interact with the BMAL1 heterodimers to suppress the expression of their target 

genes (Pett et al., 2016). 

 

One of the methods for circadian gene regulation is the secondary loop which 

actively involves REV-ERB. Where in, the nuclear receptor ROR upregulates 

circadian gene expression, REV-ERB represses it, due to their competitive 

binding. Their abundance on gene regulatory sites dictates the expression. For 

repression of this positive regulatory arm at the end of its cycle, BMAL1 

heterodimers can interact with the REV-ERB promoter via E-boxes, thus 

increasing REV-ERB transcription. The resulting REV-ERB protein binds ROREs 

in the Bmal1 promoter to inhibit positive circadian transcription, initiating the 

negative arm (Guillaumond et al., 2005; Hunter et al., 2020) (Fig 1.3).  
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Figure 1.3 REV-ERBs play an important role in circadian rhythm. During the 
negative phase of the circadian cycle, REV-ERBs inhibit the expression of 
BMAL1 and CLOCK genes by binding to their respective promoters, thereby 
suppressing their transcriptional activity. PER and CRY proteins form complexes 
that translocate into the nucleus and inhibit the transcriptional activity of 
BMAL1/CLOCK heterodimers. This repression of BMAL1/CLOCK activity 
contributes to the suppression of their own transcription, completing the negative 
feedback loop.  Conversely, during the positive phase of the cycle, 
BMAL1/CLOCK heterodimers activate the transcription of REV-ERB genes, 
creating a rhythmic oscillation of gene expression. This intricate feedback loop 
between REV-ERB and BMAL1/CLOCK ensures the precise timing and 
coordination of circadian rhythms across various biological processes, including 
metabolism, sleep-wake cycles, and hormone regulation. 

  



 47 

1.2.5.2 Inflammation 

 

Nr1d1-/- mice consistently exhibit exacerbated inflammatory states. Innate immune 

response regulation by REV-ERB is well established, with direct roles in immune 

cell activation, development, NFb signaling, and NLRP3 inflammasome activation 

(Adlanmerini & Lazar, 2023; Amir et al., 2018; Griffin et al., 2019; Guo et al., 2019; 

Pariollaud et al., 2018; Pourcet et al., 2018; Reitz et al., 2019; Stujanna et al., 2017; 

S. Wang et al., 2021; Wang et al., 2018; L. Zhang et al., 2017). NLRP3 

inflammasome results in the release of IL-1 and IL-18. In macrophages, REV-

ERB directly regulates the circadian control of genes Nlrp3, IL1, and IL-18. In fact, 

it has been shown, that bone marrow-derived macrophages (BMDM) from REV-

ERB null mice, have increased inflammasome activation and higher pro-

inflammatory cytokine levels (Pourcet et al., 2018) . This is intriguing because 

multiple diseases such as atherosclerosis, gout and Alzheimer’s disease are 

NLRP3 dependent, and REV-ERB is a potential target for their treatment.  

 

REV-ERB plays a major role in Th17 cells as well. RORt, an isotype of ROR, is 

the TF responsible for Th17 cell differentiation. At low levels, REV-ERB inhibits 

nuclear factor interleukin-3 regulated protein (Nfil3) which represses the 

transcription of RORt, thus, indirectly promoting Th17 cell differentiation (Yu et 

al., 2013). However, at high levels, REV-ERB competes with RORt binding to 

Th17 cell genes, effectively inhibiting Th17 effector function (Chang et al., 2019). 

Additionally, ROR regulates the expression of IL-17a and IL-17f in gdT cells, as 
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well as the differentiation of innate lymphoid cells (ILC3s). REV-ERB can compete 

with and repress these ROR mediated processes. This further makes REV-ERB 

an attractive target for the treatment of diseases that involve Th17 cells, for 

instance, auto-immune disorders as show using models of experimental 

autoimmune encephalomyelitis (EAE). 

 

In macrophages, REV-ERB controls the expression of numerous inflammatory 

genes, such as toll-like recptor-4 (Tlr4), p65, chemokine C-C motif ligand 2 (Ccl2), 

matrix metalloproteinase 9 (Mmp9), and C-X3-C Motif Chemokine Receptor 1 

(Cx3cr1), and interleukin-6 (Il-6) (Guo et al., 2019). Thus, REV-ERB and ROR 

regulate a broad range of inflammatory genes. Since, ROR and REV-ERB are 

ligand-regulated transcription factors, it is more viable to pharmaceutically 

modulate their roles for the treatment of all inflammatory diseases.   

 

1.2.5.3 Metabolism 

 

REV-ERB knockout mice (KO) display a tendency towards obesity, characterized 

by increased fat accumulation and decreased energy expenditure compared to 

wild-type mice (Delezie et al., 2012; Woldt et al., 2013). Placing REV-ERB KO 

mice on a high-fat diet exacerbates the difference in fat mass between KO and 

wild-type mice (Hunter et al., 2021). In KO mice, the expression of several lipid 

metabolic genes in the liver and white adipose tissue is elevated at ZT12, a time 

when REV-ERB levels are typically high (Y. Zhang et al., 2017). This upregulation 
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of lipoprotein lipase, which facilitates lipid storage, worsens fat accumulation 

(Delezie et al., 2012). Additionally, REV-ERB KO mice exhibit decreased energy 

expenditure, attributed to reduced mitochondrial function and oxidative capacity in 

skeletal muscle, limiting their exercise capacity (Woldt et al., 2013). Interestingly, 

these effects seem to be specific to the REV-ERB isotype, as REV-ERB KO 

mice do not exhibit increased fat mass or suppressed oxidative and metabolic 

genes compared to wild-type mice (Amador et al., 2018).  

 

In contrast to skeletal muscle, there is considerable functional redundancy 

between REV-ERB and REV-ERB in the liver (Bugge et al., 2012; Cho et al., 

2012). While REV-ERB KO mice show moderate hepatic steatosis, silencing 

REV-ERB in these mice exacerbates the severity of the condition, indicating a 

compensatory role for REV-ERB (Bugge et al., 2012). ChIP-seq experiments 

targeting hepatic REV-ERB and REV-ERB reveal overlapping peaks near 

regulatory regions of lipid metabolic genes, consistent with their shared regulation 

of lipid metabolism (Bugge et al., 2012; Cho et al., 2012). This regulation extends 

to cholesterol synthesis genes, such as Insig2, where elevated REV-ERB levels 

repress Insig2 transcription, promoting the activity of sterol regulatory element 

binding proteins (SREBPs) and rhythmic cholesterol synthesis (Le Martelot et al., 

2009). 

 

REV-ERB also governs peripheral circadian rhythms which influence glucose 

metabolism and other metabolic pathways. It enhances the expression of 
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exocytosis genes in pancreatic alpha and beta cells, enabling appropriate 

secretion of glucagon or insulin in response to serum glucose levels (Vieira et al., 

2012; Vieira et al., 2013) A HFD induces leptin release, disrupting REV-ERB 

expression rhythms in pancreatic beta cells via a MAPK-dependent mechanism, 

thereby affecting glucose-stimulated insulin secretion (Vieira et al., 2012). 

Furthermore, hepatic insulin sensitivity peaks upon waking when REV-ERB 

expression is highest. REV-ERB and REV-ERB in SCN GABAergic neurons 

regulate neuronal firing, correlating with insulin-mediated suppression of hepatic 

glucose production. SCN GABAergic REV-ERB double KO mice lose this peak in 

insulin sensitivity, resulting in excessive hyperglycemia upon awakening, akin to 

the "dawn phenomenon" observed in some patients with type 2 diabetes (Ding et 

al., 2021). Notably, peripheral blood macrophages from these patients exhibit 

aberrant REV-ERB rhythms. 

 

1.2.6 Knowledge gap 

 

Based on its prominent role in the regulation of metabolism and inflammation, 

REV-ERB likely plays a crucial role in Metabolic-Associated Steatohepatitis 

(MASH; previously Non-Alcoholic Steatohepatitis, NASH), a severe form of 

Metabolic dysfunction-associated steatotic liver disease (MASLD; formerly 

nonalcoholic fatty liver disease, NAFLD), due to its above-mentioned functions in 

lipid metabolism, inflammation, and circadian rhythm.  Dysregulation of lipid 

metabolism is a hallmark of MASH, characterized by excessive accumulation of 
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triglycerides and free fatty acids in hepatocytes. REV-ERB's modulation of lipid 

metabolism pathways could influence the development and progression of MASH.  

 

In MASH, inflammation plays a critical role in driving disease progression, leading 

to hepatocyte injury, fibrosis, and eventually cirrhosis. REV-ERB's ability to 

modulate inflammatory pathways may impact the inflammatory milieu within the 

liver and influence MASH pathogenesis. Disruption of circadian rhythm, has been 

associated with metabolic disorders, including MASLD and MASH. Altered 

circadian rhythm can affect liver function, metabolism, and inflammatory 

responses, exacerbating the development and progression of MASH. 

 

Identifying the knowledge gap in this context involves understanding the specific 

mechanisms by which REV-ERB dysregulation contributes to MASH pathogenesis 

and progression. While studies have implicated REV-ERB in lipid metabolism, 

inflammation, and circadian rhythm regulation, the precise molecular mechanisms 

underlying its involvement in MASH remain incompletely understood. In addition 

to its broader physiological functions, REV-ERB exhibits cell-specific and tissue-

specific effects that may be relevant to MASH.  Several signaling pathways 

implicated in MASH, such as insulin resistance, oxidative stress, and hepatic 

stellate cell activation have been associated with REV-ERB. Thus, exploring the 

cell-specific and tissue-specific effects of REV-ERB in MASH represents a critical 

knowledge gap in understanding disease pathogenesis and identifying potential 

therapeutic targets. Elucidating the molecular mechanisms underlying REV-ERB's 
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actions in different cell types within the liver and adipose tissue, will aid in gaining 

insights into its role in MASH and develop targeted interventions to mitigate 

progression of this disease for which now treatments are yet available. 

 

1.3 Metabolic dysfunction-associated steatotic liver disease (MASLD) 

 

MASLD is a chronic disease of the liver, characterized by hepatic steatosis, in 

absence of secondary causes of fat accumulation such as in excessive alcohol 

consumption. MASLD lies on a spectrum with the most benign form being hepatic 

steatosis, but the more severe end being marked by inflammation, fibrosis, and 

cirrhosis. The severe form of the disease is called metabolic dysfunction-

associated steatohepatitis (MASH).  

 

In recognition of the metabolic nature of the disease, and the stigmatizing former 

nomenclature, the global liver community coalesced around the world in 2023, to 

improve the nomenclature focusing on the characteristics of the disease in a non-

stigmatizing way to enhance research and funding. However, it is to be noted that 

the natural history, staging and clinical trials for the disease remains the same.  

Clinically, MASLD is defined as >5% fat accumulation in the liver, not caused by 

secondary causes such as alcohol/drug consumption or viral induced steatosis. 

MASLD patients may also exhibit elevated liver enzymes (Kim et al., 2023).  

 

1.3.1 Pathophysiology 
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1.3.1.1 Lipid accumulation 

MASLD is a typical example of a disease with exhibition of ectopic accumulation 

of lipids. A common characteristic of MASLD is the excessive triglyceride (TG) 

synthesis in hepatocytes, often because of high energy intake as compared to 

consumption. 60% of the substrates for TG synthesis come from white adipose 

tissue (WAT) whereas the remaining substrates are derived from de novo 

lipogenesis (DNL) and external diet containing high fats and/or high sugars.  

 

Insulin tends to play a major role in MASLD patients, as it is responsible for 

mediating TG storage in AT, as well as promotes the storage of fatty acids in form 

of lipid droplets in AT, often termed as lazy lipid reservoirs (Perry et al., 2014). 

Insulin resistance (IR) and DNL are closely related, thus forming a complicated link 

between IR and MASLD, as DNL is the main pathway for lipid accumulation. Sterol 

regulatory element binding protein 1c (SREBP-1c) and carbohydrate response 

element-binding protein (ChREBP) promote DNL in hepatocytes in MASLD (Foretz 

et al., 1999). While IR is responsible for the activation of SREBP-1c, excessive 

glucose substrates activate ChREBP to regulate the expression of acetyl-coA 

carboxylase (ACC) and fatty acid synthase (FASN) (Xu et al., 2013). 

 

Dietary factors, thus, become a major contributing factor to the development, 

pathophysiology, and progression of MASLD to a more severe state. Studies have 

suggested that while a high fat diet alone induces obesity and some IR, the addition 
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of fructose to the diet triggers liver metabolism specific hepatic stressors, via c-Jun 

N-terminal kinase (JNK) and IR (Pereira et al., 2017). This leads to increased fat 

accumulation via lipogenesis and decreased fatty acid oxidation (FAO). Further, 

addition of fructose to the diet in humans and animal models induces gene 

expression of liver fibrosis, ER stress, and inflammation, all markers of severe 

MASLD, i.e., MASH (Park et al., 2023).  

 

1.3.1.2 Lipotoxic stress 

Roger Unger in 1994 first described lipotoxicity, and since, studies on hepatic and 

plasma lipidomics in MASLD have bloomed (Lee et al., 1994). Lipotoxicity can be 

defined as the toxic effect of consistently increased lipid concentrations in non-

adipose tissues. In context of MASLD, hepatocytes are overburdened and are 

unable to transport these lipotoxic substances with a fast turnover, thus, 

exacerbating hepatocyte damage and facilitating the progression of MASLD to 

MASH, via activation of inflammation and fibrosis (Geng et al., 2021).  

 

However, lipotoxicity largely has differential effects on cell populations. While 

hepatocytes are damaged from lipotoxic substances, hepatic stellate cells (HSC), 

the major contributor in hepatic fibrogenesis, are activated for fibrotic signaling via 

TLR4 signaling pathways (Zhang et al., 2021). Further, Kupffer cells (KC), the liver-

resident macrophage population, is also activated to a pro-inflammatory state in 

presence of high concentrations of oxidized low-density lipoproteins (LDLs) 

(Bieghs et al., 2013).  
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However, the dichotomy of this complicated pathophysiological mechanism is that 

not all lipids are lipotoxic. It has been shown that TGs and free fatty acids (FFA) 

that contain unsaturated double bonds have protective effects against lipotoxic 

substance induced liver injury (Akazawa et al., 2010; Dongiovanni et al., 2015; 

Nogueira et al., 2016; Yamaguchi et al., 2007). In animal models of MASH, certain 

FAs such as monosaturated oleic acid (OA) have been shown to promote hepatic 

steatosis (Chen et al., 2018), however, are not as toxic as saturated FFAs such as 

palmitic acid (PA) and stearic acid. Other examples of lipotoxic FFAs are 

ceramides and free cholesterol.  

 

Overall, lipotoxicity is a core influencing factor in MASLD, as it is potentially able 

to worsen pathology and promote a severe diseased state. It is not only able to 

induce apoptosis, fibrosis, inflammation, and cell damage, but further downstream 

effects also include mitochondrial dysfunction and endoplasmic reticulum (ER) 

stress. 

 

1.3.1.3 Oxidative stress 

Imbalances in the redox state and oxidative stress are distinctive characteristics of 

MASLD, with the ability to contribute towards major pathologies, such as steatosis, 

IR, fibrogenesis, and inflammation. The role of oxidative stress in the liver was first 

described by Comporti in 1965, where it was observed that carbon tetrachloride 
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(CCl4-) treated rats had increased lipid peroxidation, leading to the description of 

reactive oxygen species (ROS) in hepatic injury (Comporti & Saccocci, 1965).  

 

Primary cell populations affected by oxidative stress in the liver are hepatocytes, 

however, other non-parenchymal cells such as KCs and HSCs are also affected 

(Allameh et al., 2023). HSC transdifferentiation is triggered by Cytochrome 

P4502E1- (CYP2E1-) induced free radicals. Antioxidant treatment, on the other 

hand, is able to prevent collagen production (Nieto et al., 2002), thus, suggesting 

a major role of ROS on fibrogenesis. This is further fortified by NOX-1 and NOX-2 

deficient mice, which lack antioxidant pathways. They show exacerbated hepatic 

fibrosis in CCl4- treated animal models of fibrosis (Cui et al., 2011; Jiang et al., 

2010; Paik et al., 2011). In KCs, oxidative stress has been implicated in increasing 

M1 polarization, which is a pro-inflammatory state of macrophages, therefore 

favoring MASLD progression to MASH (Svegliati-Baroni et al., 2001).  

 

Oxidized phospholipids linked to oxidative stress build up and cause mitochondrial 

dysfunction in hepatocytes (Sun et al., 2020). Liver inflammation is brought on by 

the release of mitochondrial DNA (mtDNA) from damaged hepatocytes via 

activation of toll-like receptor 9 (TRL9) (Handa et al., 2016). One of the primary 

producers of ROS in cells is mitochondria, which are crucial for FAO and energy 

production. However, during this process, a significant amount of ROS is also 

generated. Thus, mitochondrial stress is a major characteristic of MASH and a 

target for therapy.  
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1.3.1.4 Mitochondrial dysfunction 

The primary cause of hepatocellular damage in MASLD is oxidative stress, which 

leads to hepatic inflammation and fibrosis. Since mitochondrial dysfunction is a 

major cause of ROS generation, mitochondria play an inherent role in MASH 

pathogenesis. The nutrient overload in MASH, particularly increased FAs in 

hepatocytes, leads to elevated mitochondrial FA import and oxidation (Legaki et 

al., 2022). Thus, via TCA cycle and beta-oxidation, there is elevation in levels of 

NADH and FADH2. While these molecules contribute to the electron transport 

chain, approximately 2% of electrons are leaked from ETC leading to radicalized 

oxygen species (Satapati et al., 2015).  

 

The DNA and membrane of the mitochondria undergo damage by ROS. mtDNA 

encodes respiratory chain polypeptides. Because of the proximity to the inner 

membrane, lack of protective histones, and inadequate DNA repair mechanisms 

in mtDNA, it is extremely vulnerable to oxidative damage. Reduced mitochondrial 

function will therefore result from any factor that affects mitochondrial integrity. On 

the other hand, free radicals also compromise the components of ETC, which 

lowers the amount of ATP produced and increases electron leakage from ETC, 

which increases ROS production to an even greater extent (Myint et al., 2023). 

This creates a vicious cascade. Hepatic inflammation, fibrosis, and the 

pathophysiology of hepatocyte death are all directly correlated with ROS. 
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ROS have a proinflammatory effect in that they can trigger the production of 

inflammatory cytokines including IL-1β, IL-6, and TNF- by activating the nuclear 

factor-κB (NF-κB) and nucleotide-binding oligomerization domain-like receptor 

family, pyrin domain-containing 3 (NLRP3) inflammasome (Myint et al., 2023). 

Proinflammatory cytokines trigger apoptotic receptors on hepatocytes like TNF-

related apoptosis inducing ligand (TRAIL) and Fas, which in turn cause hepatocyte 

apoptosis. 

 

Further, ROS can damage mitochondrial membrane to form mitochondrial 

permeability transition pore (MPTP), which causes the release of mtDNA into the 

cytoplasm, where it can act as a damage associated molecular pattern (DAMP) 

(Xian et al., 2022). Downstream, this leads to NLRP3 inflammasome activation, 

pro-inflammatory cytokine secretion, and inflammation via KCs. MPTP formation 

in hepatocytes also marks them for necrosis and cell death (Elmore et al., 2001). 

Hepatocyte loss triggers progenitor cell proliferation in response, which produces 

regenerative nodules divided by fibrotic bands that are indicative of cirrhosis. 

Progenitor cells that proliferate in environments with persistent inflammation and 

ROS are susceptible to acquiring nuclear and mitochondrial anomalies which may 

result in a malignant transition into HCC (Yin et al., 2021). Furthermore, 

proinflammatory cytokines induce the activation of pro-oncogenic pathways, 

including (JNK), signal transducer and activator of transcription 3 (STAT3), and 

Janus kinase 2 (JAK2), leading to the malignant transformation of hepatocytes (Hin 

Tang et al., 2020) (Fig 1.4). 
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Figure 1.4 Mitochondrial dysfunction plays a pivotal role in the 
pathogenesis of MASH. Nutrient overload, such as elevated levels of free fatty 
acids and glucose, overwhelms mitochondrial capacity, leading to impaired 
mitochondrial function. This dysregulated mitochondrial metabolism results in 
increased oxidative stress, characterized by the overproduction of ROS, which 
further exacerbates cellular damage. Additionally, impaired mitophagy 
contributes to the accumulation of dysfunctional mitochondria. Activation of JNK 
signaling pathway, a key mediator of hepatic inflammation, is stimulated by 
mitochondrial dysfunction, further perpetuating liver injury. Moreover, 
mitochondrial dysfunction in NASH is associated with altered metabolic flux, 
including elevated TCA cycle flux, impaired beta-oxidation of fatty acids, and 
increased OXPHOS. These metabolic alterations not only disrupt energy 
homeostasis but also contribute to the generation of ROS, exacerbating oxidative 
stress and cellular damage in MASH. (c-Jun N-terminal kinase, JNK; TCA, 
Tricarboxylic acid; OXPHOS, oxidative phosphorylation;) 
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1.3.1.5 Inflammation 

Systemic metabolic homeostasis and the overall inflammatory state are 

determined by immune cell-to-metabolic tissue crosstalk. According to current 

findings, immunologic abnormalities in the liver contribute to the persistence and 

exacerbation of inflammation in MASLD. MASH is defined by a strong influx of 

immune cells into the liver, where they become activated and can release 

inflammatory mediators. 

 

NLRP3 inflammasome components are expressed at very low levels in healthy 

hepatocytes, however, in both animal models and humans, it is increased 

significantly in MASH. The NLRP3 inflammasome is mostly expressed in liver 

sinusoidal, endothelial cells, KCs, and damaged hepatocytes. Even in stellate 

cells, NLRP3 has been shown to play an important role in induction of fibrosis, but 

this is limited to animal models (Inzaugarat et al., 2019). However, in concurrence 

with that, pharmacological inhibition of NLRP3 is protective in MASH pathology, 

including inflammation, steatosis, and fibrosis (Yang et al., 2016). Macrophages 

and T-helper cells are the major cell types involved in MASH pathogenesis.  

 

Macrophages play a crucial role in the pathogenesis and progression of MASH 

(Fig 1.5). Macrophages are key mediators of inflammation in MASH. They infiltrate 

the liver in response to various signals such as lipopolysaccharides (LPS), free 

fatty acids, chronic hyperglycemia, and damage-associated molecular patterns 

(DAMPs) released by injured hepatocytes. Once activated, macrophages produce 
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pro-inflammatory cytokines such as tumor necrosis factor-alpha (TNF-), 

interleukin-6 (IL-6), and interleukin-1 beta (IL-1), which contribute to hepatic 

inflammation and injury. In MASH, hepatocytes accumulate excessive lipid 

droplets, leading to lipotoxicity and cell death.  

Macrophages, particularly Kupffer cells residing in the liver sinusoids, phagocytose 

these lipid-laden hepatocytes, contributing to the clearance of apoptotic cells and 

lipid debris (Xu et al., 2023). However, this process can also exacerbate 

inflammation and promote fibrosis through the release of inflammatory mediators. 

Further, macrophages secrete factors such as transforming growth factor-beta 

(TGF-B) and platelet-derived growth factor (PDGF), which stimulate the activation 

of HSCs (Liu et al., 2010).  
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Figure 1.5 The role of macrophages in pathogenesis of MASLD/MASH This 
figure illustrates the dynamic involvement of macrophages, in progression of 
MASLD to MASH. Kupffer cells and infiltrating monocytes can be activated upon 
various stimuli and inflammatory cytokines. Kupffer cells play a role in 
phagocytosis of lipid-laden hepatocytes, however persistent activation and 
dysregulation lead to activation of HSCs. M1 macrophages contribute to 
inflammation in MASH, while M2 macrophages exert anti-inflammatory 
effects. Cytokines and chemokines from macrophages, activates HSCs for ECM 
secretion. (IL-1b, Interleukin-1 beta; IL-12, interleukin 12; TNFa, Tumor necrosis 
factor – alpha; IL10, Interleukin 10; TGFb, Transforming growth factor beta;) 
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Activated hepatic stellate cells (HSCs) are the primary producers of extracellular 

matrix proteins such as collagen, contributing to liver fibrosis. In the early stages 

of MASH, macrophages may also play a role in resolving inflammation through the 

secretion of anti-inflammatory cytokines such as interleukin-10 (IL-10) and by 

promoting tissue repair. However, in chronic or severe MASH, this resolution 

process is often impaired, leading to persistent inflammation and fibrosis. 

Macrophages interact with other immune cells such as T cells, B cells, and natural 

killer (NK) cells within the liver microenvironment, modulating the immune 

response in MASH. Dysregulated crosstalk between different immune cell 

populations can further exacerbate liver inflammation and fibrosis (Koyama & 

Brenner, 2017). 

 

T cells, a type of lymphocyte, play various roles in the pathogenesis and 

progression of NASH. CD4+ T Cells (Helper T cells) such as Th1 cells produce 

pro-inflammatory cytokines such as interferon-gamma (IFN-) and TNF, which 

contribute to hepatic inflammation and injury in MASH. Th17 cells produce 

interleukin-17 (IL-17) and interleukin-22 (IL-22), which promote inflammation and 

neutrophil recruitment to the liver, exacerbating liver damage in MASH. Regulatory 

T cells (Tregs) have anti-inflammatory properties and help maintain immune 

tolerance by suppressing excessive immune responses. In MASH, decreased 

Treg function or numbers may contribute to persistent inflammation and disease 

progression (Her et al., 2020; Rau et al., 2016; Sutti & Albano, 2020).  
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Dysregulation of CD4 T cell function is implicated in MASLD and MASH 

progression. Increased accumulation of inflammatory Th1 and Th17 cells is 

observed in both peripheral and intrahepatic leukocytes during MASH in humans 

and mouse models. Humanized mouse models on a high-fat, high-carbohydrate 

diet show a progressive increase in CD4 T cell frequency, and antibody-mediated 

depletion of total CD4 T cells reduces hepatic inflammation and fibrosis, indicating 

CD4 T cell dependence in MASH development. IFN deficiency attenuates MASH 

progression in mice, suggesting a role for Th1 cells in promoting inflammation. 

Recruitment of CD4 T cells into the liver involves α4β7-MAdCAM-1 interaction, 

which contributes to MASH pathogenesis. Blockade of this interaction reduces 

hepatic inflammation and fibrosis. Dysregulation of lipid metabolism during 

MASLD/MASH may cause a selective loss of CD4 T cells, impacting anti-tumor 

surveillance (Adams & Eksteen, 2006; Her et al., 2020; Rai et al., 2020). Increased 

Th17 cell accumulation is observed in MASH patients compared to those with 

MASLD, suggesting a potential role in disease progression.  

 

Inhibition of IL-17 and its receptor protects against MASH in mouse models 

induced by high-fat or methionine-choline-deficient (MCD) diet (Harley et al., 2014; 

Rau et al., 2016; Tang et al., 2011). Few studies have focused on the role of Tregs, 

but there is evidence suggesting their involvement in preventing excessive immune 

cell activation. Conflicting findings exist regarding the frequency and function of 

Tregs in MASH, possibly due to differences in mouse models or their dual roles in 

early and late MASH progression and carcinogenesis (Ma et al., 2007; H. Wang et 
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al., 2021).  Mechanisms underlying CD4 T cell activation and effector functions in 

MASH are not well understood. The liver microenvironment and cellular 

metabolism may influence CD4 T cell phenotypes, as seen with the inflammatory 

and glycolytic ihTh17 cells implicated in obesity and MASLD pathogenesis. 

 

CD8+ T cells also play a role in MASH progression, where they recognize and 

eliminate hepatocytes expressing abnormal or stress-induced antigens, such as 

those related to lipotoxicity and cellular damage in MASH. However, excessive 

activation of CD8+ T cells can lead to hepatocyte injury and contribute to liver 

inflammation and fibrosis. Elevated numbers of CD8 T cells in MASH patients 

correlate with increased frequency of blood CD8 T cells expressing perforin, IFN, 

and TNF, indicating systemic activation or crosstalk with other tissues. 

Experimental depletion of total CD8 T cells in animal models improves MASH and 

prevents transition to hepatocellular carcinoma (HCC), suggesting a direct role in 

disease progression. Type I interferons support the activation of cytotoxic CD8 T 

cells early during the transition from steatosis to MASH, leading to increased 

production of proinflammatory cytokines IFN and TNF. Intrahepatic CD8 T cells 

from obese-hyperlipidemic mice with MASH express increased levels of IL-10 and 

can directly activate hepatic stellate cells (HSCs) ex vivo (Breuer et al., 2020).  

 

Single-cell genomics reveal functionally distinct subsets of CD8 T cells in MASH. 

During established MASH, a subset of CXCR6+ CD8 T cells accumulates in the 

liver, exhibiting features of short-lived tissue-resident effector cells and an 
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activated exhausted phenotype. CXCR6+ CD8 T cells promote non-specific killing 

of hepatocytes and disease progression, and their accumulation may lead to 

impaired immune surveillance and the development of MASH-driven HCC.  While 

evidence suggests a pathogenic role for CD8 T cells in MASH progression through 

the secretion of proinflammatory molecules and non-specific killing of hepatocytes, 

they may also use specific effector functions, such as perforin, to limit 

inflammation. Tissue-resident CD8 T cells are required for the resolution of murine 

MASH, suggesting a potential dichotomous role during disease progression and 

resolution (Bhattacharjee et al., 2017; Soares-da-Silva, 1986; Wolf et al., 2014). 

 

NKT cells are a unique subset of T cells with both innate and adaptive immune 

functions. They recognize lipid antigens presented by CD1d molecules and 

produce cytokines such as IFN and TNF. NKT cells can modulate hepatic 

inflammation and lipid metabolism in MASH. γδT cells are a minor subset of T cells 

with diverse functions. In MASH, γδT cells may contribute to liver inflammation 

through the production of pro-inflammatory cytokines and the activation of other 

immune cells. The number of intrahepatic γδ T cells and IL-17-producing γδ T cells 

increases significantly after mice are fed a high-fat diet. Despite no changes in 

obesity, mice lacking γδ T cells (Tcrd-/- mice) display reduced liver injury and 

lobular inflammation when subjected to high-fat (HF) or high-fat, high-cholesterol 

(HFHC) diet feeding, suggesting that γδ T cells promote MASH. IL-17 secretion by 

γδ T cells is proposed as a contributing factor to MASH development. This is 

supported by the observation that Tcrd-/- mice reconstituted with hepatic Il17a-
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deficient γδ T cells show improved MASH symptoms compared to those receiving 

wild-type (WT) γδ T cells. In a different model using a methionine-choline-deficient 

(MCD) diet, Tcrd-/- mice also displayed attenuated liver steatosis, injury, and 

hepatic leukocyte infiltration, including a decrease in inflammatory monocyte influx. 

However, in this model, the pathogenic role of γδ T cells was independent of IL-

17, indicating differences in disease pathogenesis induced by different MASH-

inducing diets (Li et al., 2017; Torres-Hernandez et al., 2020) 

 

1.3.2 MASLD is part of metabolic syndrome (MetS) 

MetS has various components such as systemic hypertension, dyslipidemia, 

insulin resistance, and overt diabetes (Fig 1.6). Patients with MASLD, often exhibit 

one or more components of MetS as well (Kim et al., 2019). MetS is a known risk 

factor for cardiovascular disease (CVD) developments, and visceral obesity is a 

known risk factor for MASLD (Browning et al., 2004).  Since cardiac and vascular 

diseases are often the leading cause of death in these patients, the limelight is 

often shifted from other underlying causes to them, however, it is important to note 

that the pathophysiological mechanisms connecting MASLD and cardiovascular 

diseases is unknown, and IR could perhaps be the link between them. This 

complex relationship between MetS and MASLD poses a major challenge for 

clinicians.  
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Figure 1.6 Metabolic syndrome is a complex cluster of interconnected 
metabolic abnormalities Factors such as obesity, overnutrition, sedentary 
lifestyle and gut dysbiosis can collectively increase the risk of cardiovascular 
disease, type 2 diabetes, MASLD/MASH, through factors such as dyslipidemia, 
insulin resistance, and chronic inflammation. This figure illustrates the diverse 
manifestations of metabolic syndrome across various organ systems. 
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Figure 1.7 Various REV-ERB ligands and their chemical structures 
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1.3.3 MASLD – Epidemiology 

Estimates suggest that between 25-30% of individuals worldwide suffer from 

MASLD, with prevalence rates varying across regions, from 13.5% in Africa to 

31.8% in the Middle East. In the United States, MASLD stands as the leading 

chronic liver condition, impacting approximately 25% of adults. Of those affected 

by MASLD, around 20% progress to the more severe form MASH, which amounts 

to a significant 5% of the US adult population (Ray, 2021). Notably, individuals with 

metabolic or cardiovascular risk factors, such as type 2 diabetes, obesity, 

hypertension, dyslipidemia, and metabolic syndrome, are more likely to develop 

MASLD.  

The prevalence of MASLD is expected to rise globally in tandem with increases in 

diabetes and obesity rates. Factors such as aging and lifestyle changes, including 

weight gain exacerbated by home confinement during the COVID-19 pandemic, 

contribute to this trend. The substantial numbers of individuals affected by MASLD 

pose a significant burden on patients, society, and the economy, particularly in 

later disease stages characterized by severe fibrosis (Schattenberg et al., 2021). 

Addressing these challenges requires prompt diagnosis and treatment to mitigate 

healthcare costs and improve patient outcomes. However, several obstacles 

hinder the effective management of MASLD. Limited understanding of the 

condition and its potential effects, disagreements over diagnostic methods, 

challenges in symptom recognition, and a lack of approved pharmaceutical 

treatments present significant barriers (European Association for the Study of the 

Liver. Electronic address et al., 2021; Said et al., 2013).  
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MASLD is often diagnosed incidentally through abnormal blood test or liver 

imaging results, highlighting the need for increased awareness and proactive 

screening efforts (Armstrong et al., 2012). Despite its prevalence and impact, 

MASLD remains underdiagnosed and underrecognized. Moreover, there is a lack 

of standardized or comprehensive models of care for managing the condition. 

Therefore, efforts to enhance knowledge, awareness, and diagnostic strategies for 

MASLD are essential. Establishing standardized care models and improving 

access to screening and treatment can help address the growing burden of this 

chronic liver condition and improve patient outcomes in the long term (Alexander 

et al., 2018; Blais et al., 2015; Lazarus et al., 2021; Patel et al., 2018). 

 

1.3.4 Risk factors 

Patients with MASLD commonly exhibit components of MetS, along with 

associated CVD risk factors (Anstee et al., 2013; Byrne & Targher, 2015). These 

components include obesity, type 2 diabetes mellitus (T2DM), and dyslipidemia. 

Notably, individuals with MASLD have an increased prevalence of CVD, 

underscoring the interconnectedness of metabolic and cardiovascular health 

(Bhatia et al., 2012; European Association for the Study of the et al., 2016). 

Moreover, those with T2DM and MASLD demonstrate a higher prevalence of 

vascular, cerebrovascular, and coronary diseases compared to those without 

MASLD, emphasizing the heightened cardiovascular risk associated with this 

condition (Targher et al., 2007). 
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The association between MASLD and an unhealthy lifestyle is evident, as lifestyle 

factors such as poor diet, lack of exercise, and excessive alcohol consumption are 

known contributors to the development and progression of MASLD. Therefore, 

interventions aimed at improving lifestyle habits, such as adopting a healthier diet 

and increasing physical activity, may prove beneficial in reducing MASLD 

progression and symptoms. 

 

Interestingly, smoking, a well-established risk factor for various diseases including 

cancer, respiratory diseases, and CVD, has also been implicated in MASLD. 

Multiple studies have reported a significant association between smoking and 

MASLD, with smokers showing a higher risk of developing the condition compared 

to non-smokers (Al-Dayyat et al., 2018). Additionally, research suggests that 

smokers with MASLD tend to exhibit more advanced fibrosis compared to non-

smokers, indicating a potential exacerbating effect of smoking on liver health (Ou 

et al., 2019). However, the link between smoking and MASLD remains somewhat 

controversial, and the underlying mechanisms connecting the two warrant further 

investigation. It is plausible that smoking may exacerbate liver inflammation and 

oxidative stress, contributing to the progression of MASLD. Moreover, smoking 

may interact with other risk factors such as obesity and T2DM to amplify the risk 

of liver disease. 
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In conclusion, MASLD is closely associated with metabolic syndrome and 

cardiovascular risk factors, highlighting the importance of comprehensive 

management strategies targeting both liver and cardiovascular health. Lifestyle 

modifications, including smoking cessation, along with appropriate medical 

interventions, play a crucial role in mitigating the progression of MASLD and 

reducing associated morbidity and mortality. Further research is needed to 

elucidate the precise mechanisms linking smoking and MASLD and to inform 

targeted interventions aimed at addressing this important public health issue. 

 

1.4 Metabolic reprogramming in MASLD and MASH  

 

De-novo lipogenesis (DNL) is a metabolic process in which circulating 

carbohydrates are converted into fatty acids within the liver. These fatty acids can 

then either be stored as triglycerides (TGs) or utilized for other lipid synthesis 

pathways. The liver relies on DNL or uptake of lipids for its lipid acquisition, which 

are subsequently either stored or utilized for energy production and ketogenesis. 

Neutral lipids such as TGs and cholesteryl esters are stored in lipid droplets within 

hepatocytes and can be released as FFAs through processes like lipolysis or 

lipophagy (Seebacher et al., 2020). 

 

The metabolism of FFAs primarily occurs through mitochondrial β-oxidation and 

peroxisomal oxidation, generating energy for hepatocytes and substrates for 

ketogenesis (Rui, 2014). This metabolic process provides metabolic fuel, in the 
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form of very low-density lipoproteins (VLDLs), for extrahepatic tissues. The 

balance between lipid supply and metabolism is crucial, and an imbalance can 

lead to fat accumulation (steatosis), which is a key factor in the pathogenesis of 

MASLD and MASH. 

 

Diet plays a significant role in this lipid imbalance, particularly foods high in 

fructose, which have been linked to increased lipid synthesis and hepatic steatosis 

(Lim et al., 2010). The conversion of glucose to fatty acids involves a series of 

enzymatic reactions facilitated by various enzymes, including glucokinase, 

pyruvate carboxylase, ATP-citrate lyase, malic enzyme, acetyl-CoA carboxylase, 

and fatty acid synthase. These enzymes catalyze the conversion of glucose to fatty 

acids, which are then used to synthesize TGs. 

 

Excessive consumption of foods rich in sugar and high-fructose corn syrup has 

been associated with obesity, hepatic steatosis, and MASH. Fructose is absorbed 

by intestinal epithelial cells through the glucose transporter GLUT5 and rapidly 

phosphorylated by ketohexokinase (HK) upon reaching the liver (Ferraris et al., 

2018). Fructose-1-phosphate, the product of this phosphorylation, serves as a 

substrate for DNL and activates glucokinase, thereby enhancing glycolytic flux in 

hepatocytes. Inhibiting fructokinase specifically in the liver has been shown to 

significantly reduce hepatic steatosis in mice fed a fructose-rich diet, highlighting 

the critical role of hepatic fructose metabolism in promoting fat accumulation in the 

liver under metabolic stress conditions (Ishimoto et al., 2013). 



 75 

 

1.4.1 Lipid Regulation in MASLD/MASH 

 

MASLD and its progressive form, MASH, are characterized by dysregulation of 

lipid metabolism within the liver. This section delves into the molecular intricacies 

involving key transcriptional regulators, insulin signaling, and hepatic lipid uptake, 

providing a comprehensive understanding of the processes driving hepatic 

steatosis. 

 

1.4.2 Transcriptional Regulators: 

Sterol Response Element–Binding Protein 1c (SREBP1c) and Carbohydrate 

Response Element–Binding Protein (ChREBP) emerge as pivotal players in the 

regulation of lipogenesis. SREBP1c responds to nutrient and hormonal cues, with 

Liver X receptor (LXR; NR1H3) activation stimulating lipogenic gene expression 

(Yoshikawa et al., 2001). Conversely, FXR; NR1H4 exerts opposite effects, 

highlighting the nuanced control over hepatic lipid synthesis (Watanabe et al., 

2004). Aberrant activation of SREBP1c has been implicated in both murine models 

and human subjects with MASLD, underscoring its significance in disease 

progression (Kohjima et al., 2008). 

 

ChREBP, a transcription factor that is highly responsive to glucose, fructose, and 

hormonal signals, undergoes multifaceted regulation at the gene expression, 

subcellular localization, and transcriptional activity levels. SREBP1c and ChREBP 
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engage with various transcriptional coactivators and corepressors, acting as a 

central hub for communication with the liver clock (Linden et al., 2018). This 

interaction contributes to the coordination of diurnal rhythms in hepatic lipid 

metabolism. The involvement of the transcription factor ZBTB20 further 

emphasizes the intricate regulatory network orchestrating lipogenesis in MASLD 

(Liu et al., 2017). 

 

The convergence of AKT and mammalian target of rapamycin complex 1 

(mTORC1) signaling stimulates DNL through both SREBP1c and ChREBP, 

elucidating the interconnected signaling pathways that contribute to the 

pathological lipid accumulation in hepatic cells (Yecies et al., 2011).  Insulin, a 

central player in glucose and lipid homeostasis, exerts profound effects on hepatic 

lipid metabolism. Its stimulation of DNL in the liver and adipose tissue is mediated 

by the downstream AKT/mTORC1 pathway (Vander Haar et al., 2007). Insulin-

induced upregulation of Slug in hepatocytes further exacerbates hepatic steatosis 

through an epigenetic mechanism, highlighting the multifaceted impact of insulin 

signaling in MASLD progression (Liu et al., 2020). Additionally, insulin stimulates 

glycolysis by inhibiting FOXO1, a repressor of glucokinase expression and 

glycolysis (Lee & Dong, 2017). In a state of insulin resistance, insulin retains its 

capacity to promote hepatic lipogenesis, despite a reduced ability to inhibit 

gluconeogenesis, pointing to the notion of selective insulin resistance. The 

initiation of pro-lipogenic signaling and the presence of abundant lipogenic 
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substrates are significant contributors to the development of hepatic steatosis in 

MASLD. 

 

Hepatic lipid uptake constitutes a significant contributor to liver fat accumulation in 

MASLD. Plasma membrane FFA transporters, including CD36, FATP2, and 

FATP5, play pivotal roles in this process. Deletion of CD36 has been shown to 

mitigate diet-induced steatosis in murine models, underscoring its relevance in 

MASLD pathophysiology (Wilson et al., 2016). 

 

TFs such as PPAR, pregnane X receptor (PXR), aryl hydrocarbon receptor 

(AHR), and testicular receptor 4 (TR4) directly activate CD36 expression, 

promoting hepatic steatosis. PPAR, in addition, enhances cellular lipid storage 

capacity by increasing the expression of lipid droplets (LDs) (Wolf Greenstein et 

al., 2017). Moreover, increased expression of CD36 in the liver is associated with 

the liberation of FFAs from white adipose tissue, aiding in the movement of lipids 

from adipose tissue to the liver in MASLD (Rui, 2014). In addition to FFAs 

circulating in the bloodstream, VLDL remnants offer supplementary lipid reservoirs 

for liver cells. In summary, the molecular landscape of lipid regulation in MASLD 

and MASH is intricate and multifaceted. The interplay of transcriptional regulators, 

insulin signaling, and hepatic lipid uptake underscores the complexity of hepatic 

steatosis development. Understanding these molecular mechanisms is critical for 

devising targeted therapeutic interventions aimed at mitigating the impact of these 

prevalent liver diseases on global health. 
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1.4.3 Neutral Lipid Storage and Heterogeneity of LDs: 

 

Neutral lipids find their sanctuary within the core of LDs, structures enveloped by 

a monolayer of phospholipids and proteins. Originating from the endoplasmic 

reticulum, LDs exhibit heterogeneity in both size and lipid composition. This 

diversity underscores the dynamic nature of lipid storage within hepatocytes, a key 

aspect in the context of MASLD. Two prominent pathways contribute to lipid 

catabolism in the liver: lipase-mediated triglyceride hydrolysis and lipophagy, a 

specialized form of autophagy directing lipids towards lysosomal degradation. 

These processes play crucial roles in regulating lipid homeostasis and preventing 

the detrimental effects of lipid accumulation within hepatocytes. 

 

Fatty acids released from LDs are metabolized markedly by peroxisomal and 

mitochondrial β-oxidation. This metabolic cascade generates acetyl-CoA, a 

versatile substrate that follows diverse pathways. Acetyl-CoA oxidation via the 

TCA cycle is a major metabolic fate, leading to ATP production (Alves-Bezerra & 

Cohen, 2017). Studies employing stable isotope tracers reveal elevated TCA cycle 

activity and acetyl-CoA oxidation in human MASLD livers (McCullough et al., 

2018). This upregulation may represent an adaptive response to increased lipid 

and acetyl-CoA flux, highlighting the liver's attempt to manage the excess.  
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Gene Gene Name Function 

Acly Acetyl-CoA Lyase Conversion of citrate to acetyl-CoA  

Fas Fatty Acid Synthase 
Catalyzes the synthesis of LCFA from acetyl-
CoA and malonyl-CoA. 

Fasn Fatty Acid Synthase Fatty acid synthesis. 

Fabp5  Fatty Acid Binding Protein 5 Transport and uptake of LCFA  

Dgat2 
Diacylglycerol O-
Acyltransferase 2 

Catalyzes the final step in triacylglycerol 
synthesis 

Pparg 
Peroxisome Proliferator-
Activated Receptor Gamma 

TF regulating lipid storage, glucose 
metabolism 

Srebf1 
Sterol Regulatory Element-
Binding Transcription Factor 
1 

TF regulating cholesterol, fatty acid 
biosynthesis. 

Acaca 
Acetyl-CoA Carboxylase 
Alpha 

Catalyzes synthesis of precursor for fatty acid 
synthesis. 

Xbp1 X-Box Binding Protein 1 Genes of Lipid synthesis, LD formation, Fas 

CD36 Cluster of Differentiation 36 
Fatty acid translocase and scavenger 
receptor 

Table 1.1 List of major genes in lipid metabolism and their roles. 
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The surplus adipose lipolysis and hepatic acetyl-CoA production contributes to 

heightened pyruvate carboxylase flux, resulting in increased hepatic 

gluconeogenesis. This mechanism becomes particularly relevant in the context of 

obesity with adipose tissue dysfunction, where insulin's inhibition of lipolysis is 

inadequate. Consequently, impaired insulin suppression of hepatic glucose 

production ensues, becoming a pivotal factor in the metabolic dysregulation 

associated with MASLD. An intriguing revelation comes from studies indicating that 

liver-specific activation of mitochondrial uncoupling can reverse hepatic steatosis 

in MASH (Caldeira da Silva et al., 2008; Perry et al., 2015). This phenomenon is 

postulated to occur through increased mitochondrial respiration and enhanced fat 

combustion. The potential therapeutic implications of targeting mitochondrial 

function shed light on innovative approaches in addressing MASLD and its 

advanced stages. 

 

1.4.4 Fatty acid oxidation (FAO): 

 

PPARα emerges as a pivotal player, acting as the master transcriptional regulator 

of the β-oxidation and ketogenesis gene programs. Hepatocyte-specific deletion 

of PPARα results in decreased liver β-oxidation and ketogenesis, leading to liver 

steatosis (Montagner et al., 2016). Transcriptional coactivators such as PGC-1α, 

BAF60a, SIRT1, and TBL1 converge on PPARα, influencing fatty acid oxidation 

and liver lipid content (Li et al., 2008). Additionally, factors like IRF9, GPS2, and 



 81 

Astrocyte Elevated Gene 1 modulate PPARα activity, offering insights into 

potential therapeutic targets (Liang et al., 2019). 

 

The Sirtuin (SIRT) family of enzymes, responsible for NAD+-dependent lysine 

deacetylation, plays a crucial role in posttranslational protein modifications. SIRT1 

activates PGC-1α, enhancing β-oxidation, while SIRT2 and SIRT6 deletion 

exacerbates hepatic steatosis (Zhou et al., 2017). Mitochondrial SIRT3, crucial for 

β-oxidation and ketogenesis, sees reduced activity in obesity, contributing to 

hepatic lipid accumulation (Lombard et al., 2011). Dietary supplementation with 

the NAD+ precursor nicotinamide riboside demonstrates potential in reversing 

high-fat/high-sucrose-induced liver steatosis, highlighting the therapeutic 

implications of targeting SIRTs (Canto et al., 2012). 

 

Contrary to the theoretical expectation of decreased FAO due to increased DNL, 

studies indicate enhanced mitochondrial β-oxidation in NASH and obesity (Moore 

et al., 2022). This paradoxical response is observed through the upregulation of 

fatty acid translocase (CD36/FAT) and consequently increased FFA uptake in 

hepatocytes. CD36/FAT expression is associated with levels of serum FFAs and 

apoptosis mediators. The altered respiratory exchange ratio (RER) and elevated 

oxygen consumption rate in HFD mice underscore the complexity of FAO 

regulation, emphasizing the need for a nuanced understanding of metabolic 

adaptations in different stages of MASLD progression. 
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The expression of genes involved in hepatic mitochondrial β-oxidation, including 

PPARα, PGC1α, and CPT1a, is elevated in fatty liver mouse models and MASLD 

patients (Kohjima et al., 2007; Liu et al., 2018; Pittala et al., 2019). However, a 

transition from simple steatosis to MASH may result in decreased expression of 

genes related to β-oxidation, suggesting a dynamic alteration in FAO capability 

during different stages of MASLD. Compensatory pathways such as ω-oxidation 

in the ER and β-oxidation in peroxisomes are upregulated in MASH, albeit with 

potential drawbacks such as increased reactive oxygen species (ROS) production 

and the accumulation of by-products hindering insulin signaling and promoting 

insulin resistance. 
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Gene Name Function 

Acyl-CoA Dehydrogenase, Long 
Chain (Acadl) 

    Catalyzes the initial step in the beta-
oxidation pathway 

Carnitine Palmitoyltransferase 2 
(Cpt2) 

    Transports long-chain fatty acyl-CoA into the 
mitochondria for beta-oxidation 

Acyl-CoA Oxidase 1 (Acox1) 
    Catalyzes the desaturation of acyl-CoA 
intermediates during peroxisomal beta-
oxidation 

Pyruvate Dehydrogenase 
Kinase 4 (Pdk4) 

    Inhibits pyruvate dehydrogenase 

Carnitine Palmitoyltransferase 
1A (Cpt1a) 

Catalyzes the transfer of long-chain fatty acyl-
CoA to carnitine 

Fatty Acid Binding Protein 3 
(Fabp3) 

    Involved in the transport of LCFAs  

Peroxisome Proliferator-
Activated Receptor Alpha 
(Ppara) 

   TF for genes in FAO 

Fatty Acid Binding Protein 1 
(Fabp1) 

Uptake and transport of fatty acids within 
hepatocytes 

Table 1.2 List of major genes in FAO and their roles 
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In summary, the paradoxical enhancement of FAO in the face of increased lipid 

synthesis adds a layer of sophistication to our understanding, prompting further 

investigation into the temporal dynamics of metabolic adaptations during MASLD 

progression. 

 

1.4.5  Glycolysis 

 

Metabolic dysregulation, particularly in glycolysis and pyruvate metabolism, plays 

a pivotal role in the pathogenesis of MASLD. This section explores the intricate 

regulation of glycolysis, focusing on key enzymes such as HK, 

phosphofructokinase (PFK), and pyruvate kinase (PK), and delves into the 

complex interplay between insulin signaling, glycolytic enzyme expression, and the 

downstream consequences in the context of MASLD. 

 

Glycolysis, the metabolic pathway converting glucose to pyruvate, is tightly 

regulated by rate-limiting enzymes, such as HK. This enzyme, primarily regulated 

by insulin, is significant in postprandial blood glucose modulation. The insulin 

receptor substrate (IRS)/PI3K/AKT axis is central to insulin's regulation of glucose 

metabolism, highlighting the intricate signaling cascade that governs glycolytic 

activity. 

 

Comparative studies between regular chow (RC)-fed and high-fat diet (HFD)-fed 

mice reveal an upregulation in the mRNA levels of key glycolysis-related enzymes 
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(HK2, PFKm, PKm) in the liver of HFD-fed mice (Liu et al., 2018). The PTEN-null 

mouse model further demonstrates that glycolytic enzymes are overexpressed via 

the P13K/AKT2/PPARγ axis, linking enhanced glycolysis to the susceptibility to 

fatty liver and hepatocellular carcinoma (Horie et al., 2004). Adenoviral-mediated 

overexpression of HK2 and PKM2 not only promotes liver growth but also induces 

liver steatosis, establishing a potential connection between increased glycolysis 

and hepatocarcinogenesis in fatty liver (Panasyuk et al., 2012). 

 

The product of glycolysis, pyruvate, undergoes dehydrogenation to lactate or 

decarboxylation to acetyl-coenzyme A by the pyruvate dehydrogenase complex 

(PDC) in mitochondria. The reversible dephosphorylation and phosphorylation of 

PDC, regulated by pyruvate dehydrogenase phosphatase (PDP) and pyruvate 

dehydrogenase kinase (PDK1-4), respectively, dictate the complex's activity. The 

controversy surrounding PDC activity in hepatocytes of fatty liver is addressed, 

with studies indicating both decreased and enhanced PDC activity in obesity and 

MASLD (Bajotto et al., 2006; Go et al., 2016; Shannon et al., 2021). Yet, 

considering that only 5% of the liver TCA cycle is contributed by the acetyl-CoA 

produced through pyruvate oxidative decarboxylation (Cappel et al., 2019), the 

impact of this process on the pathological progression of fatty liver might not be a 

direct contributor. This necessitates a nuanced understanding of the multifaceted 

regulation of PDC in the pathological context. 
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Insulin sensitizer Metformin would normalize PDC activity and mitigates the flow 

of the tricarboxylic acid (TCA) cycle derived from pyruvate, and was investigated 

as a potential therapeutic (Haukeland et al., 2009; Van Wagner & Rinella, 2011). 

6-12 months of metformin treatment supplemented with lifestyle changes was 

unable to improve MASH liver pathology. This could be attributed to the relatively 

low contribution of acetyl-CoA produced by pyruvate to the liver TCA cycle which 

raises questions about the direct involvement of pyruvate oxidative 

decarboxylation by PDC in the pathogenesis of fatty liver. Future research must 

unravel the complex interactions within glycolysis and pyruvate metabolism, 

providing valuable insights into potential therapeutic targets for MASLD. In 

summary, the dysregulation of glycolysis and pyruvate metabolism in MASLD is a 

multifaceted phenomenon influenced by insulin signaling, glycolytic enzyme 

expression, and the intricate balance between phosphorylation and 

dephosphorylation of PDC. The contradictory findings in PDC activity highlight the 

complexity of metabolic adaptations in fatty liver conditions. As research advances, 

a deeper understanding of these regulatory networks will pave the way for targeted 

interventions to alleviate the burden of MASLD. 

 

1.4.6 Lactate production 

 

The observation of significantly heightened lactate production in fatty liver, as 

indicated by studies conducted by Liu et al. (2018) and Wang et al. (2020), unveils 

a distinctive feature reminiscent of the Warburg effect (de la Cruz-Lopez et al., 
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2019). This metabolic phenomenon, characterized by an increased reliance on 

glycolysis even in the presence of sufficient oxygen, adds a layer of complexity to 

the understanding of MASLD/MASH. One of the key contributors to the 

accumulation of lactate in MASLD is the P300/CBP-associated factor (PCAF)-

mediated high acetylation level of lactate dehydrogenase-B (LDH-B) (T. Wang et 

al., 2021). This mechanism was recognized as a major cause for the elevated 

lactate levels observed in fatty liver conditions. Acetylated LDH-B exhibits reduced 

activity, impairing the hepatocyte's ability to efficiently dispose of lactate and 

leading to its accumulation within the liver. 

 

The repercussions of increased lactate levels extend beyond the exacerbation of 

hepatic steatosis. The elevated lactate contributes to the acetylation of histone 

H3K9 by diminishing the activity of nuclear HDAC (Latham et al., 2012). This event, 

outlined by Wang et al. (2020), results in an augmented expression of genes 

involved in lipogenesis and fatty acid uptake. Consequently, the intricate interplay 

between lactate accumulation and epigenetic modifications further underscores 

the multifaceted nature of metabolic disturbances in MASLD.  

 

In conclusion, the elevated lactate levels observed in fatty liver conditions signify 

not only a metabolic aberration but also a manifestation of the Warburg effect. The 

PCAF-mediated acetylation of LDH-B emerges as a crucial player in this scenario, 

shedding light on the intricacies of lactate dysregulation in MASLD. The 

consequences of heightened lactate extend to the epigenetic level, influencing 
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gene expression related to lipogenesis and fatty acid uptake. Understanding these 

intricate metabolic pathways is paramount for developing targeted interventions 

aimed at mitigating the impact of lactate accumulation in the context of liver 

diseases. 

 

1.4.7 Tri-carboxylic cycle (TCA) 

In the fasting state, spanning 12 and 24 hours, individuals with MASLD exhibit a 

notable increase in the flow of acetyl-CoA into the TCA cycle compared to those 

without the condition. This heightened acetyl-CoA flux is intricately linked to the 

liver's triglyceride content, gluconeogenesis rate, and blood glucose 

concentrations, establishing a positive correlation (Fletcher et al., 2019; Sunny et 

al., 2011). Despite observed mitochondrial damage, excess acetyl-CoA in NAFLD 

hepatocytes tends to be directed towards catabolism through the TCA cycle rather 

than ketogenesis, indicating a reduction in fat consumption. The TCA cycle 

operates constitutively in MASLD, with its activity seldom regulated by hormonal 

cues. Increased fat oxidation emerges as a primary driver for the observed 

enhancement of the TCA cycle in MASLD. Augmented gluconeogenesis, coupled 

with oxaloacetate enrichment activating pyruvate carboxylase, contributes to the 

hyperactive TCA cycle observed in MASLD.  

Furthermore, mitochondrial TCA cycle flux is closely associated with ROS 

production, leading to oxidative stress. This oxidative stress contributes to the 

progression from liver steatosis to steatohepatitis. Inhibiting 
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anaplerotic/cataplerotic flow in the mitochondrial TCA cycle reduces oxidative 

metabolism, presenting a potential therapeutic avenue for inflammation and 

oxidative stress mitigation. The heightened activity of the TCA cycle in MASLD 

results in increased levels of intermediates, particularly citrate, which allosterically 

activates ACC and serves as a precursor for DNL through the citrate pyruvate 

cycle. This intricate interplay between TCA cycle dynamics and lipid metabolism 

underscores the complexity of metabolic adaptations in MASLD and offers insights 

crucial for developing targeted interventions aimed at modulating TCA flux and 

mitigating disease progression. 

1.4.8 Mitochondrial respiratory chain (MRC) 

 

The Mitochondrial Respiratory Chain (MRC), a vital component embedded in the 

inner mitochondrial membrane, comprises four protein complexes (CI, CII, CIII, 

CIV) responsible for transferring protons and electrons from NADH and FADH2. 

This intricate process eventually leads to the production of water when oxygen 

molecules accept electrons and hydrogen ions. During this electron delivery, 

protons are transported, creating a proton-motive force (PMF). This force is then 

harnessed to drive ATP generation, coupling the MRC with ATP synthesis. In the 

context of normal mitochondrial respiratory function, ROS are generated within a 

physiological range.  

 

Most electrons delivered to the MRC are efficiently accepted by oxygen, forming 

water with protons catalyzed by cytochrome c oxidase (CIV). However, a small 
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fraction of electrons directly combines with oxygen, producing superoxide anion 

radicals (O2–) and other ROS, predominantly occurring in complex I and complex 

III (Guan et al., 2022). 

In patients with MASH, alterations in MRC efficiency are evident. In the early 

stages, such as obesity or simple fatty liver, hepatic mitochondrial respiration 

increases as a compensatory mechanism (Hoene et al., 2021; Koliaki et al., 2015; 

Sunny et al., 2011). However, in patients with steatohepatitis, there is a decrease 

in hepatic mitochondrial respiratory levels, indicating a loss of this adaptive 

response (Perez-Carreras et al., 2003). This decrease in addition to consistently 

reduced activity in various MRC complexes, results in inadequate capture of 

excess electrons by oxygen. Consequently, MASLD progresses to MASH, 

accompanied by heightened ROS production, DNA damage, inflammation, and 

liver injury.  

 

Additionally, in MASH patients as well as obese leptin deficient (ob/ob) mice, the 

expression of uncoupling protein-2 (UCP-2) elevates (Serviddio et al., 2008). This 

exacerbates mitochondrial uncoupling and proton leakage, reducing the efficiency 

of liver ATP synthesis. The impaired ATP synthesis is validated in obesity and 

MASLD patients, emphasizing the role of mitochondrial dysfunction in the disease 

progression. Interestingly, the uncoupling of liver mitochondria, while 

contributing to impaired ATP synthesis, appears to play a protective role by 

accelerating energy expenditure. Targeting this aspect, using adenine 

nucleotide translocase (ANT) inhibitor carboxyatractyloside, shows promise in 
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alleviating fatty liver and insulin resistance in mice by enhancing uncoupling. The 

complex interplay within the MRC in MASLD underscores the need for targeted 

interventions addressing mitochondrial dysfunction to mitigate the progression of 

the disease. 

 

1.4.9 Ketogenesis 

 

Within the liver, the acetyl-CoA pool, sourced from both FAO and glycolysis, 

undergoes three major fluxes: ketogenesis, the TCA cycle, and DNL. Ketone 

bodies, synthesized in hepatocytes from acetyl-CoA derived through FAO, serve 

as an alternative energy source for extrahepatic tissues, particularly when glucose 

availability is limited. However, a peculiar aspect is that ketone bodies cannot be 

utilized within the liver due to the absence of enzymes capable of their utilization. 

Hence, these ketone bodies are exported to extrahepatic tissues for terminal 

oxidation, providing a crucial alternative energy source, especially when glucose 

is scarce (Mooli & Ramakrishnan, 2022). 

 

Ketogenesis is primarily regulated by the rate of mitochondrial β-oxidation, 

Carnitine Palmitoyl transferase 1 (CPT1) activity, TCA cycle flux and its 

intermediate’s concentrations, as well as hormonal influences such as glucagon 

and insulin. Elevated acetyl-CoA content resulting from increased β-oxidation or 

impaired glycolysis, reducing oxaloacetate derived from anaplerosis, strengthens 

ketogenesis as a consequential response. 
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Under normal physiological conditions, approximately 86 ± 2% of acetyl-CoA is 

utilized for ketone body production in the liver. However, in patients with MASLD, 

this percentage decreases to 77 ± 2% after a 24-hour fast, leading to a 30% 

reduction in serum β-hydroxybutyric acid concentration compared to the control 

group. Notably, this difference is not significant after overnight fasting. 

 

Furthermore, the serum β-hydroxybutyric acid concentration exhibits a negative 

correlation with liver fat content in MASLD patients (Croci et al., 2016). Ketogenic 

insufficiency, observed in MASLD conditions, exacerbates hepatic inflammation 

and injury, as evidenced by studies in mice treated with 3-hydroxymethylglutaryl 

CoA synthase (HMGCS2) antisense oligonucleotide (ASO) after a High-Fat Diet 

(HFD) (Asif et al., 2022). Additionally, insufficient ketogenesis contributes to 

increased DNL as more acetyl-CoA is diverted towards citrate synthesis. 

Disruptions in the intricate balance of acetyl-CoA flux, particularly in the context of 

reduced ketogenesis, play a role in the pathophysiology of MASLD, influencing not 

only energy metabolism but also contributing to inflammation and hepatic injury. 

 

In summary, there is a multifaceted metabolic dysregulation underlying MASLD, 

encompassing glycolysis, pyruvate metabolism, lactate production, TCA cycle, 

MRC function, and ketogenesis. Additionally, the role of REV-ERB, a key 

transcriptional regulator, likely impacts each process. It potentially influences ROS 

production by modulating mitochondrial function and MRC efficiency, 
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consequently affecting oxidative stress levels. REV-ERB's regulatory influence 

extends to TCA cycle dynamics, potentially impacting lipid metabolism and 

oxidative stress modulation. Moreover, its involvement in ketogenesis regulation 

suggests a broader role in energy homeostasis and inflammation, providing a 

potential therapeutic target for MASLD intervention. 
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Gene Abbreviation Gene Name 
Role in Cholesterol 
Metabolism 

HMGCR 
3-Hydroxy-3-

Methylglutaryl-CoA 
Reductase 

Cholesterol 
biosynthesis - Rate 

limiting step 

CYP7A1 
Cytochrome P450 

Family 7 Subfamily A 
Member 1 

Conversion of 
cholesterol to bile 
acids (cholesterol 

catabolism). 

SREBF2 
Sterol Regulatory 
Element-Binding 

Transcription Factor 2 

Regulates genes in 
cholesterol 

biosynthesis and 
uptake 

ABCA1 
ATP-Binding Cassette 

Transporter A1 

Efflux of cellular 
cholesterol to HDL 

particles. 

AKT1 
Protein Kinase B 

Alpha 1 
Modulates SREBP 

activity 

APOB Apolipoprotein B 
Essential component 

of VLDL and LDL 
particles 

LDLR 
Low-Density 

Lipoprotein Receptor 

Uptake of LDL 
particles from the 

bloodstream 

SREBF1 
Sterol Regulatory 
Element-Binding 

Transcription Factor 1 

Regulates genes 
involved in cholesterol 

and fatty acid 
biosynthesis. 

Table 1.3 List of major genes in cholesterol metabolism and their roles 

 

Gene Abbreviation Gene Name 
Role in Glucose 
Metabolism 

SLC2A2 
Solute Carrier Family 
2 Member 2 (GLUT2) 

Facilitates glucose 
transport in 
hepatocytes 

SLC2A4 
Solute Carrier Family 
2 Member 4 (GLUT4) 

Insulin-stimulated 
glucose uptake into 
muscle and adipose 

tissue 

PKLR 
Pyruvate Kinase, Liver 

and RBC 

Conversion of 
phosphoenolpyruvate 
(PEP) to pyruvate in 

glycolysis 

SLC2A5 
Solute Carrier Family 
2 Member 5 (GLUT5) 

Fructose transport in 
various tissues 

G6PC 
Glucose-6-

Phosphatase, 
Catalytic Subunit 

Hydrolysis of G6P to 
glucose in the liver 

into blood 

SLC2A1 
Solute Carrier Family 
2 Member 1 (GLUT1) 

Basal glucose uptake 
in various tissues 

PPARGC1 

Peroxisome 
Proliferator-Activated 

Receptor Gamma 
Coactivator 1 

Mitochondrial 
biogenesis and 

oxidative metabolism 

HNF4A 
Hepatocyte Nuclear 

Factor 4 Alpha 

Regulates genes in 
glucose and lipid 

metabolism 

Table 1.4 List of major genes in glucose metabolism and their roles 
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Chapter Two: Role of REV-ERBα in Metabolic Reprogramming of 

MASLD/MASH Cells In Vitro 

 

2.1 Rationale and Experimental Design 

Beyond their well-established roles in circadian regulation and Th17 cell 

differentiation, members of the NR family, specifically REV-ERBs, have emerged 

as key players in metabolic regulation. This chapter explores the capability of REV-

ERBα agonism to alter metabolic phenotypes in cells of MASLD/MASH 

pathogenesis. 

 

SR9009, a synthetic REV-ERB agonist, has demonstrated therapeutic utility in 

metabolic and liver-related conditions such as MASLD and MASH.  In previous 

studies from our lab and others, SR9009 was shown to have a suppressive role in 

fibrosis in models of MASH, improving metabolic, biochemical, and 

histopathological indices. SR9009 is also a strong anti-inflammatory drug, 

however, despite the improvements in liver pathology, the mechanism of action of 

REV-ERBα -driven transcriptional repression in MASLD/MASH is still unclear. 

Given the poor solubility and low potency of SR9009, our lab worked in 

collaboration with the Elgendy lab at Washington University in St. Louis and the 

Burris lab at the University of Florida to characterize a more selective and potent 

REV-ERB agonist, STL1267.  Based on previous studies using synthetic ligands 

for REV-ERB as well as genetic knockout experiments, it was hypothesized that 

REV-ERB exerts its protective role in MASLD/MASH via mitochondrial metabolic 
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reprogramming. In vitro experiments were conducted to assess the role of REV-

ERB-mediated transcriptional repression in metabolic processes involved in the 

development of MASLD/MASH.  

 

However, cell lines, although convenient and widely used, can exhibit genetic and 

phenotypic variations that deviate from the complexity of primary human cells. 

Primary human cells closely represent the in vivo physiological conditions, 

preserving the intricate interplay of signaling pathways, cellular responses, and 

microenvironmental influences. Thus, to ensure translational relevance and 

reliability of research outcomes, experiments were performed in primary human 

hepatocytes as well.  

 

2.2 Results 

Pharmacological activation of REV-ERB using STL1267 was found to significantly 

impact mitochondrial metabolism, suppressing mitochondrial respiration as 

measured by oxygen consumption rate in cells such as human hepatocellular 

carcinoma cell line HepG2, which is commonly used as a model of hepatocytes 

(Fig 2.1). This was further fortified in primary human hepatocytes, where STL1267 

treatment was able to alleviate mitochondrial respiration, with significant reduction 

in basal metabolism, ATP production, non-mitochondrial respiration, and maximal 

respiration (Fig 2.2). To validate whether this was a mitochondria specific effect, 

or, if there is a presence of a compensatory mechanism where cells switch to 

glycolysis for energy, glycolytic stress test and glucose uptake tests were 
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performed on HepG2s (Fig 2.3). We found that there was no effect of REV-ERB 

agonism on either glycolytic stress or glucose uptake in HepG2s, suggesting a 

mitochondria specific effect in hepatocytes.  

  



 98 

 

 

 

 

 

 

 

Figure 2.1 STL1267 induced changes in bioenergetics of HepG2 cells were 
assessed by Seahorse Flux Analyzer using Cell Mito Stress Kit. In a, there 
are mitochondrial oxygen consumption curves presented as averages ± standard 
errors of each measurement time point (n = 9). Initial three measurement points 
represent basal mitochondrial respiration, the next three points after blocking 
adenine nucleotide translocating by adding oligomycin represent proton leak-
stimulated oxygen consumption, then follow three points representing maximal 
mitochondrial oxygen consumption capacity when mitochondrial inner membrane 
is uncoupled by FCCP, and the last three points are for non-mitochondrial 
oxygen consumption when mitochondrial respiratory chain is inhibited by 
rotenone and antimycin A. Represented as mean +- SEM. 
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Figure 2.2 STL1267 induced changes in bioenergetics of primary human 
hepatocytes cells were assessed by Seahorse Flux Analyzer using Cell 
Mito Stress Kit. In a, there are mitochondrial oxygen consumption curves 
presented as averages ± standard errors of each measurement time point (n = 9). 
Initial three measurement points represent basal mitochondrial respiration, the 
next three points after blocking adenine nucleotide translocating by adding 
oligomycin represent proton leak-stimulated oxygen consumption, then follow 
three points representing maximal mitochondrial oxygen consumption capacity 
when mitochondrial inner membrane is uncoupled by FCCP, and the last three 
points are for non-mitochondrial oxygen consumption when mitochondrial 
respiratory chain is inhibited by rotenone and antimycin A. The summary data 
calculated from the curves are shown. Represented as mean +- SEM, and 
analyzed and plotted in GraphPad Prism using Student’s t-test. p-values shown.  
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Figure 2.3 induced changes in glucose metabolism in HepG2 cells. 
InGlucose uptake is measured in HepG2s and represented as mean (SEM).  b, 
glycolytic rate is measured as extracellular acidification rate and represented as 
averages ± standard errors of each measurement time point (n = 9). Represented 
as mean +- SEM, and analyzed and plotted in GraphPad Prism using Student’s t-
test. p-values shown.  
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To mimic MASH pathology in vitro, HepG2 cells were supplemented with 

excessive lipids, cholesterol, and glucose, referred to as de novo lipogenic (DNL) 

HepG2s (Fig 2.4). Bodipy 493/503 (Molecular Probes) neutral lipid staining 

indicated that there was increased lipid accumulation in the DNL cells. 

Hepatocytes contribute significantly to the pathology of MASLD/MASH through the 

secretion of ROS (Allameh et al., 2023). In the context of MASH, hepatocytes 

undergo metabolic dysregulation, often driven by factors such as excessive lipid 

accumulation. This metabolic imbalance triggers (Fig 2.4) the production of ROS 

within hepatocytes, leading to oxidative stress. The overproduction of ROS can 

cause damage to cellular components, including lipids, proteins, and DNA, 

fostering inflammation and hepatocellular injury. This oxidative stress-induced 

damage plays a pivotal role in the progression of MASH, contributing to 

inflammation, fibrosis, and ultimately the development of more severe liver 

diseases.  

 

DNL hepatocyte cells were then studied for their downstream ROS production for 

both cellular and mitochondrial specific ROS by staining with ImageIT ROS and 

MitoSOX dyes, respectively (Fig 2.6). In agreement with the hypothesis, both 

cellular and mitochondrial ROS were augmented in DNL hepatocytes. Since, 

mitochondria are a major source of ROS within cells, and we saw that REV-ERBa 

pharmacological activation can reduce mitochondrial respiration, it was 

hypothesized that reduced mitochondrial respiration could further reduce oxidative 
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stress. Upon treatment of DNL hepatocytes with STL1267, we observed a 

significant reduction in both cellular ROS and mitochondria-specific ROS (Fig 2.7). 
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Figure 2.4 Hepatocyte dysfunction in MASLD. Excessive intake of free fatty 
acids leads to increased fatty acid β-oxidation and electron transport chain 
activity within hepatic mitochondria. Heightened ROS levels activate various 
protein kinases (such as AMPK, SREBP1, NF-kB, JNK/cJun) and transcription 
factors. These molecules govern lipid metabolism, inflammation, antioxidant 
defenses, and hepatocyte apoptosis. Ultimately, alongside insulin resistance, 
these molecular changes exacerbate fat synthesis within hepatocytes, 
contributing to the progression of NAFLD. AMPK, Adenosine Monophosphate-
activated Protein Kinase; SREBP1, Sterol Regulatory Element-Binding Protein 1; 
NFκβ, Nuclear Factor-kappa B) 
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Figure 2.5 Supplementation of lipids, cholesterol, and glucose increases 
lipid droplet formation in HepG2s cells HepG2 cells were cultured in media 
supplemented with concentrated lipids, cholesterol, and glucose for 5 days. The 
cells were stained with Bodipy 493/503 (green) and DAPI (blue). Images were 
taken at 4x magnification. 
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Figure 2.6 DNL hepatocytes have increased oxidative stress. HepG2 cells 
were cultured in media supplemented with concentrated lipids, cholesterol, and 
glucose for 5 days. The cells were stained with A) ImageIT Live (green) and 
DAPI (blue) B) MitoSOX (green) and DAPI (blue). Data is represented as mean 
(SEM) intensity percentage of FITC channel, normalized to healthy hepatocytes. 
Analyzed and plotted in GraphPad Prism using Student’s t-test. p-values shown. 
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Figure 2.7 STL1267 treatment attenuates oxidative stress in DNL 
hepatocytes. HepG2 cells were cultured in media supplemented with 
concentrated lipids, cholesterol, and glucose for 5 days. The cells were then 
treated with either DMSO or STL1267 (10uM) overnight. The cells were stained 
with A) ImageIT Live (green) and DAPI (blue) B) MitoSOX (green) and DAPI 
(blue). Data is represented as mean (SEM) intensity percentage of FITC channel, 
normalized to healthy hepatocytes. Analyzed and plotted in GraphPad Prism 
using Student’s t-test. p-values shown. 
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The liver is a complex organ composed of various cell types that communicate with 

each other. REV-ERB mediated changes in mitochondrial respiration in 

hepatocytes could influence the metabolic and inflammatory status of neighboring 

cells, such as stellate cells and macrophages via crosstalk or directly. Thus, we 

sought to assess the effect of STL1267 on stellate cells, as well as macrophages. 

As expected, REV-ERB pharmacological activation reduced mitochondrial 

respiration in both LX2 and RAW264.7 cells (Fig 2.8).  

 

Metabolism serves as a fundamental orchestrator of cellular effector function and 

phenotype, intricately shaping the identity and capabilities of cells. The metabolic 

pathways within a cell dictate the availability of energy sources, biosynthetic 

precursors, and redox equivalents, ultimately influencing the cell's ability to carry 

out specific functions. In immune cells, for instance, the balance between 

glycolysis and oxidative phosphorylation not only determines energy production 

but also profoundly impacts effector functions. Cells with a high glycolytic rate often 

exhibit enhanced pro-inflammatory responses, while those relying more on 

oxidative phosphorylation may favor anti-inflammatory or quiescent phenotypes. 

Metabolism directly intersects with signaling pathways, influencing transcriptional 

programs that define cellular identity and function. Alterations in cellular 

metabolism can lead to shifts in effector function and phenotype, playing a pivotal 

role in diverse biological processes, from immune responses to tissue homeostasis 

and disease states. Thus, it was hypothesized that alterations in mitochondrial 

respiration in these cells could lead to alterations in downstream effector function 
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and phenotype. To understand the intimate connection between cellular 

metabolism and function, each cell type’s function was assessed. STL1267 

mediated REV-ERB agonism alone could dampen ECM secretion in LX-2 cell (Fig 

2.9), suggesting that altered mitochondrial metabolism could affect downstream 

pathogenic function of these cells. 

To understand the broader impact of REV-ERB on various cellular pathways, RNA-

sequencing analysis was performed on hepatocyte cell line HepG2 and hepatic 

stellate cell line LX-2. It was revealed that REV-ERB regulates genes involved in 

metabolic pathways, including those related to lipid metabolism, as well as 

inflammation, autophagy, ECM secretion, and mitochondrial function (Fig 2.10, 

2.11).  

 

To understand the mechanism of action of this metabolic reprogramming of 

reduced mitochondrial respiration, REV-ERB’s effect on master-regulator HIF-1 

was studied. RAW 264.7 macrophages were treated with cobalt chloride to induce 

HIF-1α stabilization and translocation to the nucleus. These cells were either 

treated with STL1267 or vehicle. HIF-1α translocation to the nucleus was 

measured by colocalization with DAPI (Fig 2.12). A reduction in nuclear HIF-1α 

was observed (yellow) as measured by intensity quantification upon STL1267 

treatment, suggesting REV-ERB activation stunts HIF-1 activity. Further, in our 

livers of MASH mice, STL1267 treatment was able to reduce transcription of HIF-

1α target genes such as Glut-1 and Vegf, and HIF-1α activated genes such as Nrf2 

and SOD1.  
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Figure 2.8 STL1267 induced changes in bioenergetics of LX-2 and RAW 
254.7 cells were assessed by Seahorse Flux Analyzer using Cell Mito Stress Kit. 
In a, there are mitochondrial oxygen consumption curves presented as averages 
± standard errors of each measurement time point (n = 9). Initial three 
measurement points represent basal mitochondrial respiration, the next three 
points after blocking adenine nucleotide translocating by adding oligomycin 
represent proton leak-stimulated oxygen consumption, then follow three points 
representing maximal mitochondrial oxygen consumption capacity when 
mitochondrial inner membrane is uncoupled by FCCP, and the last three points 
are for non-mitochondrial oxygen consumption when mitochondrial respiratory 
chain is inhibited by rotenone and antimycin A.  
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Figure 2.9 STL1267 treatment attenuates fibrogenic marker (⍺SMA) in LX2 
cells. Spontaneously activated LX-2 cells were treated with either DMSO or 
STL1267 (10uM) overnight. The cells were stained for ⍺SMA (green) and DAPI 
(blue). Data is represented as mean (SEM) of FITC+ cells, normalized to total 
cell number. Analyzed and plotted in GraphPad Prism using Student’s t-test. p-
values shown. 
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Figure 2.10 RNA-Seq of HepG2s treated with or without STL1267. RNA-seq 
data were pre-processed and analyzed using Picard-STAR pipeline. Using 
unsupervised hierarchical clustering (HC) analysis based on DEGs, heatmap of 
the top DEG was plotted. Graphs were plotted for the DEG involved in various 
processes important in MASLD/MASH. 
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Figure 2.11 RNA-Seq of LX-2s treated with or without STL1267. RNA-seq 
data were pre-processed and analyzed using Picard-STAR pipeline. Using 
unsupervised hierarchical clustering (HC) analysis based on DEGs, heatmap of 
the top DEG was plotted. Graphs were plotted for the DEG involved in various 
processes important in MASLD/MASH. 
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Figure 2.12 Hypoxia induced nuclear translocation of HIF-1α is attenuated 
with REV-ERB agonism using STL1267. Hypoxia was induced with Cobalt (II) 
Chloride (CoCl2), and cells were treated with either Vehicle (DMSO) or STL1267 
(10uM) for overnight. Cells were stained for HIF-1⍺ (Green), and DAPI (Red) was 

used as a counterstain. For nuclear HIF-1a, total cells threshold and yellow color 
threshold was plotted, and for non-nuclear HIF-1a green threshold was used. 
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Figure 2.13 REV-ERB⍺ activation using STL1267 alleviates hypoxia and 
compensatory antioxidant genes. qPCR was performed on livers from obese 
mice fed MASH diet, treated with either vehicle, STL1267 once a day (1x), or 
STL1267 twice a day (2x). Gene expression was normalized to vehicle. Results 
were graphed and analyzed in GraphPad Prism by ANOVA and represented as 
Mean ± SEM (n=3-6). 
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Chapter Three: Murine models of MASLD/MASH 

 

3.1 Rationale and experimental design 

 

Animal models play a crucial role in understanding the mechanisms underlying 

liver disease and in testing potential therapeutic interventions. Several approaches 

have been used to develop MASH models. Modifying the expression of specific 

genes involved in lipid metabolism, inflammation, or fibrosis can lead to the 

development of MASH-like conditions. For example, knockout models for genes 

related to lipid regulation or insulin signaling may mimic aspects of MASH 

(Febbraio et al., 1999; Liang et al., 2002). Further, administration of chemicals  

carbon tetrachloride (CCl4) or alterations in diet (methionine-choline deficient) can 

induce liver injury and steatohepatitis in animals (Rahimi et al., 2022). These 

models may simulate aspects of human MASH pathology. However, mimicking 

natural human progression with the use of overnutrition models comprises of 

feeding animals diets that are high in fat, cholesterol, and/or fructose and can 

induce obesity, insulin resistance, and liver damage, closely mimicking the 

metabolic conditions associated with MASH in humans. Examples include high-fat 

diets, high-fructose diets, or diets deficient in essential nutrients. Since, MASH is 

a complex condition, the use of a combination of genetic modifications and dietary 

interventions to create more complex models better reflects the multifactorial 

nature of human MASH.  The use of non-rodent species, such as pigs or primates 

may provide a more physiologically relevant platform for studying human diseases. 
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It's important to note that no single model perfectly recapitulates all aspects of 

human MASH. Often, models are chosen or developed based on the specific 

aspects of the disease under investigation. Combining different models and 

approaches allows for a more comprehensive understanding of MASH 

pathogenesis and potential therapeutic strategies. 

 

Here, we have employed a high fat, high fructose, high cholesterol diet – MASH 

Diet to induce MASH in mice in vivo. Obese leptinob/ob deficient (ob/ob) mice are a 

commonly used genetic model of obesity and metabolic syndrome. They carry a 

mutation in the gene that codes for leptin, the hormone responsible for the 

regulation of appetite and metabolism. As a result, ob/ob mice lack functional leptin 

and exhibit hyperphagia (excessive eating), leading to severe obesity, insulin 

resistance, and dyslipidemia. When fed a HFHC NASH diet, ob/ob mice have been 

shown to develop and mimic MASH symptoms such as hyperlipidemia, steatosis, 

and fibrosis (Kristiansen et al., 2016). Like humans with MASH, ob/ob mice 

develop hepatic steatosis, characterized by the accumulation of triglycerides and 

other lipids within hepatocytes. In addition to steatosis, ob/ob mice may also exhibit 

inflammation and fibrosis in the liver, which are progressive stages of MASH 

leading to liver damage and cirrhosis. Ob/ob mice have a consistent genetic 

background, reducing variability in experimental results compared to other models 

or human subjects. This allows for more reproducible studies and easier 

interpretation of results. However, it's essential to acknowledge some limitations 
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of using ob/ob mice as a MASH model. While ob/ob mice develop obesity and 

metabolic syndrome like humans, their leptin deficiency is not representative of the 

human condition. In humans, MASH can occur in individuals with normal or 

elevated leptin levels, implicating additional factors in disease pathogenesis. 

Further, the pathology of MASH in ob/ob mice may not fully recapitulate all aspects 

of human MASH. For example, the progression to advanced fibrosis and cirrhosis 

is not as pronounced in ob/ob mice. It is also noteworthy that some effects 

observed in ob/ob mice may be due to their leptin deficiency and it thus becomes 

pertinent to interpret them correctly in the context of MASH.  

 

Thus, the aim of this chapter is to establish and characterize an ob/ob MASH diet 

mouse model and a WT MASH diet model, to study the induced metabolic and 

inflammatory changes over time. Accordingly, we assessed plasma markers of 

disease and histopathology of AT and liver. Additionally, we assessed the 

transcriptional changes to characterize disease progression. In the experimental 

design, 6-week-old male mice were used throughout. One group of mice was fed 

a calorie matched control diet that lacked fructose and cholesterol, while the other 

was fed the HFHC MASH diet. The entire experimental design was performed in 

both ob/ob and WT mice that were matched for sex, timeline, and handling. 
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Figure 3.1 Schematic representation of the MASH ob/ob and B6 model. Mice 
were placed on MASH diet or calorie matched control diet. Mice were maintained 
on this diet throughout the experiment. After 5 weeks, mice on MASH diet were 
randomly assigned into groups, and were treated with either vehicle (placebo), 
STL1267 50mg/kg i.p. once a day (q.d.), or STL1267 50mg/kg i.p. twice a day 
(b.i.d.). During the course of the experiment, i.p.GTT and i.p.ITT were performed. 
Study was terminated at 10 weeks. 
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3.2 Results 

 

3.2.1. Model: MASH Leptinob/ Leptinob (ob/ob) mice 

 

3.2.1.1. Mice sustained elevated plasma metabolic parameters post NASH diet 

induction  

 

The overall study design is outlined (Figure 3.1). Following a diet induction period 

of 10 weeks, ob/ob mice fed with MASH diet demonstrated increased adiposity as 

measured by body weight after 1 week till week 10, when compared to animals fed 

the calorie-matched control diet (CD) (Fig 3.3-A). To eliminate the possibility of a 

difference in the amount of food consumed, food intake was measured at the end 

of each week (Fig 3.3-B). There was no observed difference in the amount of food 

consumed between the CD and MASH diet groups. Ob/ob mice that were fed 

MASH diet showed significant elevations in levels of cholesterol, liver enzymes 

(ALT, AST, and ALP), as well as circulating TGs and low-density lipoprotein (LDL) 

when compared to respective control diet fed animals in serum. No significant 

change in lactate levels was observed, however, a decrease in ALP levels was 

observed (Fig 3.4).  

 

We report an increase in all major biomarkers associated with disease, including 

increased TGs in the liver. Further, we performed glucose tolerance and insulin 

tolerance tests on these mice. We observed that there is no significant increase in 
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the level of glucose intolerance in mice fed with MASH diet, at either 3weeks or 8 

weeks. Similarly, we did not observe significant difference between insulin 

tolerance in mice fed with MASH diet and CD (Figure 3.5). Together, this suggests 

that MASH diet in ob/ob mice is able to generate metabolic dysregulation similar 

to human MASH, however, is not enough to induce glucose intolerance and insulin 

resistance.   
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Figure 3.3 MASH diet induced physiological changes in adiposity in control 
diet and MASH diet fed mice. Animals were fed HFHC MASH diet or control 
diet for 10 weeks (A) Mouse weights per week of diet were measured and 
normalized to initial weight. Data are presented as mean ± SEM; n = 6-7. p-
values indicated (One-way ANOVA). (B) Food intake per week for each cage 
was measured. Data are presented as mean ± SEM; n = 3 for CD and n = 3-4 for 
MASH diet, p-values indicated (One-way ANOVA).(C) Liver was harvested at the 
end of 10 weeks and liver to body weight ratio was plotted as a percentage. Data 
are presented as mean ± SEM; n = 6-7. p-values indicated (Student’s t-test). 
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Figure 3.4 Plasma and metabolic indices were worsened by MASH diet. 
Blood plasma was analyzed for liver enzymes (A) as well as circulating metabolic 
indices – total cholesterol, LDL, and HDL (B) Circulating TGs (left) and Liver TGs 
(right) were also analyzed. All data are represented as mean ± SEM (n=5-6) and 
analyzed using student’s t-test in GraphPad Prism. 
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Figure 3.5 Glucose tolerance test (i.p.GTT) in ob/ob mice in HFHC MASH 
diet and in control diet. 6 hour fasted mice were administrated 2.0 g/kg glucose 
or insulin 0.5U/kg i.p. Blood samples were taken at 0, 15, 30-, 60-, 90- and 120-
min. Plasma levels of glucose (A, C, D) were measured. Data are normalized to 
baseline glucose levels. (B, D, F) Area under curve.  Data are presented as 
mean ± SEM; n = 5-6. *p<0.05 (Student’s t-test). 
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3.2.1.3 Altered liver gene expression after MASH diet-induction 

 

To characterize the effect of 10-week diet induction on global liver gene 

expression, the transcriptome of control diet vs ob/ob MASH mice was analyzed 

using qPCR of genes involved in fatty liver disease. It is shown that genes linked 

to lipogenesis, fatty acid uptake, cholesterol biosynthesis, inflammation, and 

carbohydrate metabolism are robustly induced in ob/ob mice fed the MASH diet as 

compared to animals on the CD (Fig 3.6-3.9). A full list of all the genes and their 

roles in MASLD/MASH are described in preceding sections (Tables 1.1-1.4)).  

Further, a large collection of pro-inflammatory factors such as IFNg, TNF, IL-6, 

IL1, and Casp-3 were found induced post MASH diet induction in ob/ob mice (Fig 

3.10).  
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Figure 3.6 Changes in lipogenic genes in the liver of mice fed MASH diet. 
Gene expression of lipogenic genes that are involved in MASLD/MASH in mouse 
liver tissue. Data are represented as mean ± SEM (n=4-5). p-values are shown, 
as calculated by student’s t-test in GraphPad Prism.  
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Figure 3.7 Changes in glucose metabolism genes in the liver of mice fed 
MASH diet. Gene expression of genes that are involved in glucose metabolism 
in MASLD/MASH in mouse liver tissue. Data are represented as mean ± SEM 
(n=4-5). p-values are shown, as calculated by student’s t-test in GraphPad Prism. 
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Figure 3.8 Changes in cholesterol genes in the liver of mice fed MASH diet. 
Gene expression of cholesterol genes that are involved in MASLD/MASH in 
mouse liver tissue. Data are represented as mean ± SEM (n=4-5). p-values are 
shown, as calculated by student’s t-test in GraphPad Prism.  
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Figure 3.9 Changes in genes involved in the regulation of fatty acid 
oxidation the liver of mice fed MASH diet. Gene expression of FAO genes that 
are involved in MASLD/MASH in mouse liver tissue. Data are represented as 
mean ± SEM (n=4-5). p-values are shown, as calculated by student’s t-test in 
GraphPad Prism.  
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Figure 3.10 Gene expression changes in inflammatory markers in the liver 

of mice fed MASH diet. Gene expression of inflammatory cytokines (IL-6, IL-1, 

NF, TNF, Casp-3) and anti-inflammatory cytokines (IL-10) that are involved in 
MASLD/MASH in mouse liver tissue. Data are represented as mean ± SEM (n=4-
5). p-values are shown, as calculated by student’s t-test in GraphPad Prism. 
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3.2.2 Model: Diet-induced obesity (DIO) MASH B6 mice 

 

3.2.2.1 Mice sustained elevated plasma metabolic parameters post NASH diet 

induction  

 

We hypothesized that ob/ob mice are genetically susceptible to overeating and 

obesity, which subsequently could be responsible for their overall metabolic 

syndrome. In order to account for the leptin deficiency, we performed a replicate 

of our in-vivo model in wild-type B6 mice (Fig 3.1).  

 

We demonstrate that ingestion of the NASH diet over a period of 10 weeks 

promotes a significant increase in WT mice weights when compared to the control 

diet group (Fig 3.11-A), however, there was no observed difference in the amount 

of food consumed between the CD and MASH diet groups (Fig 3.11-B). As a 

measure of liver dysfunction, plasma was analyzed for various biomarkers (Fig 

3.12-A) such as ALT, ASP, and ALP. We observed a trending increase in levels of 

ALT (p-value 0.0632) and AST (p-value 0.199) in MASH diet group compared to 

CD. However, similar to ob/ob mice we saw a trending decline in ALP levels. We 

report an increase in all major biomarkers associated with MASH, including 

increased circulating TC including both HDL and LDL (Fig 3.12-B). Like the ob/ob 

mice, there was no change in serum lactate (Fig 3.12-A). While there was no 

significant increase in circulating TGs in serum in MASH diet group, we saw 
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increased amounts of TGs and FFAs in livers of MASH diet fed group (Fig 3.12-

C). 

 

Further, we performed glucose tolerance and insulin tolerance tests on these mice 

(Fig 3.13). We observed that there is a significant increase in the level of glucose 

intolerance in mice fed with MASH diet for 8 weeks, as observed at 30 min post-

injection of glucose, mice fed with MASH diet go through a higher peak in glucose 

levels. Similarly, we also observed a significant difference between insulin 

tolerance in mice fed with MASH diet, as observed by glucose levels 15mins post 

injection of insulin. Together, this suggests that WT mice fed that are fed with 

MASH diet, develop mild MASH, and can capitulate symptoms such as insulin 

resistance and glucose intolerance, but a less severe form of MASH, with no 

significant changes in liver enzymes and circulating TGs. 

 



 132 

 

Figure 3.11 Physiological changes in adiposity in wild-type control diet and 
MASH diet fed-mice. Animals were fed HFHC MASH diet for 10 weeks.  (A) 
Mouse weights per week of diet were measured and normalized to initial weight. 
Data are presented as mean ± SEM; n = 5-6 for CD and n = 9-10 for DIO, p-
values indicated (One-way ANOVA). (B) Food intake per week for each cage 
was measured. Data are presented as mean ± SEM; n = 3 for CD and n = 4-5 for 
DIO, p-values indicated (One-way ANOVA).(C) Liver was harvested at the end of 
10 weeks and liver to body weight ratio was plotted as a percentage. Data are 
presented as mean ± SEM; n = 5-6 for CD and n = 7-8 for DIO. p-values 
indicated (Student’s t-test). 
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Figure 3.12 Plasma and metabolic indices were worsened by MASH diet. 
Blood plasma was analyzed for liver enzymes (A) as well as circulating metabolic 
indices – total cholesterol, LDL, and HDL (B) Circulating TGs (left) and Liver TGs 
(right) were also analyzed. All data are represented as mean ± SEM (n=5-6) and 
analyzed using student’s t-test in GraphPad Prism. 
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Figure 3.13 Glucose tolerance test (i.p.GTT) in ob/ob mice in HFHC MASH 
diet and in control diet. 6 hour fasted mice were administrated 2.0 g/kg glucose 
or insulin 0.5U/kg i.p. Blood samples were taken at 0, 15, 30-, 60-, 90- and 120-
min. Plasma levels of glucose (A, C, D) were measured. Data are normalized to 
baseline glucose levels. (B, D, F) Area under curve.  Data are presented as 
mean ± SEM; n = 5-6. *p<0.05 (Student’s t-test). 
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3.2.2.3 Altered liver gene expression post MASH diet-induction 

 

Transcriptionally, MASH diet induced changes were reflected in several pathways, 

mostly metabolic and inflammatory (Fig 3.14-3.18). We report that there was 

induction of several important metabolic genes involved in lipogenesis, cholesterol 

biosynthesis, inflammation, and carbohydrate metabolism in mice that consumed 

NASH diet suggesting that the model represents significant metabolic dysfunction, 

similar to ob/ob mice. 
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Figure 3.14 Changes in lipogenic genes in the liver of mice fed MASH diet. 
Gene expression of lipogenic genes that are involved in MASLD/MASH in mouse 
liver tissue. Data are represented as mean ± SEM (n=5-6). p-values are shown, 
as calculated by student’s t-test in GraphPad Prism. 
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Figure 3.15 Changes in glucose metabolism genes in the liver of mice fed 
MASH diet. Gene expression of genes that are involved in glucose metabolism 
in MASLD/MASH in mouse liver tissue. Data are represented as mean ± SEM 
(n=5-6). p-values are shown, as calculated by student’s t-test in GraphPad Prism. 
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Figure 3.16 Changes in cholesterol genes in the liver of mice fed MASH diet. 
Gene expression of cholesterol genes that are involved in MASLD/MASH in 
mouse liver tissue. Data are represented as mean ± SEM (n=5-6). p-values are 
shown, as calculated by student’s t-test in GraphPad Prism. 
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Figure 3.17 Changes in genes involved in the regulation of fatty acid 
oxidation the liver of mice fed MASH diet. Gene expression of FAO genes that 
are involved in MASLD/MASH in mouse liver tissue. Data are represented as 
mean ± SEM (n=5-6). p-values are shown, as calculated by student’s t-test in 
GraphPad Prism. 

0

5

10
R

e
la

tiv
e
 G

e
n
e
 E

x
p
re

s
s
io

n

acadl

0.0010

0

2

4

6

R
e
la

ti
v
e
 G

e
n
e
 E

x
p
re

s
s
io

n

fabp3

0.0106

0

2

4

6

8

R
e
la

ti
v
e
 G

e
n
e
 E

x
p
re

s
s
io

n

acox1

0.0373

0

5

10

15

R
e
la

ti
v
e
 G

e
n
e
 E

x
p
re

s
s
io

n

pdk4

0.0533

0

2

4

6

8

R
e
la

ti
v
e
 G

e
n
e
 E

x
p
re

s
s
io

n
cpt1a

0.0059

0

5

10

15

20

R
e
la

tiv
e
 G

e
n
e
 E

x
p
re

s
s
io

n

cpt2

0.0515

0

2

4

6

8

R
e
la

tiv
e
 G

e
n
e
 E

x
p
re

s
s
io

n

ppara

0.0241

0

1

2

3

4

5

R
e
la

ti
v
e
 G

e
n
e
 E

x
p
re

s
s
io

n

fabp1

0.0112

MASH Diet

Control Diet



 140 

 

Figure 3.18 Gene expression changes in inflammatory markers in the liver 

of mice fed MASH diet. Gene expression of inflammatory cytokines (IL-6, IL-1, 

NF, TNF, Casp-3) and anti-inflammatory cytokines (IL-10) that are involved in 
MASLD/MASH in mouse liver tissue. Data are represented as mean ± SEM (n=5-
6). p-values are shown, as calculated by student’s t-test in GraphPad Prism. 
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3.2.2.4 Obese and B6 MASH mice demonstrated hepatic steatosis and no 

fibrosis after MASH diet-induction  

 

As determined by H&E sections, obese MASH mice had altered distribution of 

lipids. We observed that while there was an increase in micro-steatosis, there 

was decreased macro-steatosis. Additionally, there was also reduced in hepatic 

hypertrophy (Fig 3.19) As determined by Gomori’s trichrome staining, there was 

no quantifiable change in fibrosis. (Fig 3.20). 

 

In DIO B6 MASH mice, we saw that there was development of MASH pathology 

as seen in increased micro-, and macro-steatosis, as well as hypertrophy (Fig 

3.21). Similar to obese mice, there was no quantifiable change in fibrosis. (Fig 

3.22). 
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Figure 3.19 Hepatosteatosis in ob/ob mice maintained on MASH diet is 
altered compared to control diet. Pathological analysis and scoring from H&E 
sections of livers suggests that MASH diet fed mice have increased micro-
steatosis, and decreased macro-steatosis. MASH diet fed mice also have reduced 
hepatic hypertrophy. 
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Figure 3.20 Fibrosis in ob/ob mice maintained on MASH diet does not appear 
altered compared to control diet. Pathological analysis and scoring from 
Gomori’s Trichrome sections of livers suggests that MASH diet fed mice have not 
developed excessive fibrosis. 
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Figure 3.21 Hepatosteatosis in B6 mice maintained on MASH diet is increased 
compared to control diet. Pathological analysis and scoring from H&E sections 
of livers suggests that MASH diet fed mice have increased micro-steatosis, and 
macro-steatosis. MASH diet fed mice also have increased hepatic hypertrophy. 
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Figure 3.22 Fibrosis in B6 mice maintained on MASH diet does not appear 
altered compared to control diet. Pathological analysis and scoring from 
Gomori’s Trichrome sections of livers suggests that MASH diet fed mice have not 
developed excessive fibrosis. 
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Chapter Four:  REV-ERB activation using STL1267 administration in vivo 

alleviates MASH 

 

4.1. Rationale and Experimental Design 

Research on REV-ERB in metabolism in the past years has highlighted its role in 

coordinating various metabolic processes to maintain overall metabolic 

homeostasis in the body. REV-ERB plays a major role in regulation of genes 

associated with lipogenesis, metabolism, and inflammation (Hunter et al., 2020). 

These findings have prompted investigations into the potential of REV-ERB 

agonists as therapeutic agents for cardio-metabolic diseases, including 

atherosclerosis often associated with MASLD/MASH. 

In our lab’s previous studies, we have shown that activation of REV-ERB using 

SR9009, in a model of murine MASH, alleviates MASH pathology, specifically 

targeting inflammation and fibrosis. No significant effect on hepatic steatosis was 

observed (Griffett et al., 2020). In an additional study, it was demonstrated that 

REV-ERB activation improves metabolic parameters in a DIO model (Solt et al., 

2012). Thus, targeting REV-ERB pathways holds promise for the development of 

novel therapeutic strategies for metabolic disorders such as obesity, diabetes, and 

dyslipidemia.  

SR9009, however, as a pharmacological tool, has poor potency (1M), solubility, 

and pharmacokinetic properties. Our collaborators (Murray et al., 2022) developed 

and characterized STL1267, a novel REV-ERB agonist which has improved 

potency, selectivity for REV-ERB, as well as an improved pharmacokinetic profile. 
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It is hypothesized that using the new generation synthetic agonist in-vivo would 

improve target specific effects as well pharmacological activity.  Murray et al 

characterized STL1267 in-vitro and in-vivo. They administered STL1267 at 

50mg/kg i.p. and found that the plasma half-life of the compound was 

approximately 1.6 hours. They also found that at 50mg/kg, the compound was 

localized to every major tissue such as plasma, liver, and skeletal muscle, and 

even the brain. In fact, as a measure of its efficacy, they showed that at 50mg/kg, 

Bmal1, a target gene for REV-ERB, was successfully repressed when compared 

to vehicle. Thus, using this characterization, we utilized 50mg/kg i.p. as the initial 

dosage, injected once and twice a day. The aim of this chapter is to assess and 

characterize the changes induced by pharmacological activation of REV-ERB, 

using small molecule ligand STL1267 in MASLD/MASH in-vivo.  

 

4.2. Results 

 

4.2.1. Model: MASH Leptinob/ Leptinob (ob/ob) mice 

 

4.2.1.1. Plasma and biochemical indices of MASH were improved by STL1267 

induced REV-ERB activation 

 

The overall study design is outlined (Fig 3.1). Following a diet induction period of 

5 weeks, male ob/ob mice fed with MASH diet were treated with 50mg/kg STL1267 

i.p. once daily. Mice treated with STL1267 demonstrated no change in adiposity 
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as measured by body weight, when compared to animals treated with just vehicle 

(4.1-A). There was no observed difference in the amount of food consumed 

between the vehicle and STL1267 treated groups (Fig 4.1-B). Further, we 

observed no change in the liver to body weight ratio upon treatment (Fig 4.1-C). 

Plasma markers associated with MASH, including ALT, AST, and ALP were all 

significantly reduced upon STL1267 treatment (Fig 4.2-A). Further, STL1267 

reduced MASH induced hypercholesterolemia, as seen by the reduced circulating 

levels of total cholesterol, including both HDLs and LDLs (Fig 4.2-B). No significant 

change was observed in circulating triglycerides or lactate levels. This was 

concurrent with liver triglycerides, with no change between STL1267 treated and 

vehicle groups (Fig 4.2-C).   

 

Further, we performed glucose tolerance and insulin tolerance tests on these mice 

(Fig 4.3). While MASH diet did not induce glucose intolerance in ob/ob mice, we 

observed that STL1267 did not rescue glucose intolerance either, as calculated by 

area under the curve (AUC). Interestingly, however, we saw increased levels of 

glucose in STL1267 treated mice at 30mins post glucose injection. We did not 

observe significant improvement in insulin tolerance in mice treated with STL1267. 

Together, this suggests that STL1267 is able to rescue metabolic parameters 

associated with MASH, however, is not enough to induce glucose intolerance and 

insulin resistance in ob/ob mice.   
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Figure 4.1 STL1267 induced physiological changes in adiposity in obese 
control diet and MASH diet fed mice. Animals that were fed HFHC MASH diet 
for 10 weeks were treated with 50mg/kg i.p. STL1267 daily for 5 weeks.  (A) 
Mouse weights per week of treatment were measured and normalized to initial 
weight. Data are presented as mean ± SEM; n = 5-6 for Vehicle and n = 5-6 for 
STL1267 treated, p-values indicated (One-way ANOVA). (B) Food intake per 
week for each cage was measured. Data are presented as mean ± SEM; n = 3 
for Vehicle and n = 3 for STL1267 treated, p-values indicated (One-way ANOVA). 
(C) Liver was harvested at the end of 10 weeks and liver to body weight ratio was 
plotted as a percentage. Data are presented as mean ± SEM; n = 5-6. p-values 
indicated (Student’s t-test). 
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Figure 4.2 Plasma and metabolic indices of MASH were improved by REV-
ERB activation using STL1267. Blood plasma was analyzed for liver enzymes 
(A) as well as circulating metabolic indices – total cholesterol, LDL, and HDL (B) 
Circulating TGs (left) and Liver TGs (right) were also analyzed. All data are 
represented as mean ± SEM (n=5-6) and analyzed using student’s t-test in GraphPad 

Prism.  

  

0

200

400

600

800

A
L
P

 (
U

/L
)

0.0006

0

500

1000

1500

A
L
T

 (
U

/L
)

0.0023

0

200

400

600

800

1000

A
S

T
 (

U
/L

)

0.0337

0

50

100

150

200

250

T
G

 (
m

g
/d

L
)

0.7615

0

200

400

600

C
h
o
le

s
tr

o
l (

m
g
/d

L
)

0.0025

0

200

400

600

H
D

L
 (

m
g
/d

L
)

0.0145

0

100

200

300
L
D

L
 (

m
g
/d

L
)

0.0011

0

50

100

150

L
a
c
ta

te
 (

m
g
/d

L
)

0.6584

0

50

100

150

200

T
G

 (
m

g
/d

L
) 

0.7124

Plasma

Plasma

Plasma Liver

A

B

C



 151 

 

 

 

 

 

Figure 4.3 Glucose and insulin tolerance test (i.p.GTT) in obese mice treated 
with STL1267 or vehicle in HFHC MASH diet. 6 hour fasted mice were 
administrated 2.0 g/kg glucose or insulin 0.5U/kg i.p. Blood samples were taken 
at 0, 15, 30-, 60-, 90- and 120-min. Plasma levels of glucose (A, C) were 
measured. Data are normalized to baseline glucose levels. Area under curve (B, 
D).  Data are presented as mean ± SEM; n = 5-6. *p<0.05 (Student’s t-test) 
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4.2.1.2. STL1267 administration in-vivo alters metabolic gene expression  

 

To characterize the effect of STL1267 treatment on global liver gene expression, 

the transcriptome of STL1267 treated and vehicle MASH mice was analyzed using 

qPCR of genes involved in fatty liver disease (Fig 4.4-4.7). It is shown that genes 

linked to lipogenesis, fatty acid uptake, cholesterol biosynthesis, inflammation, and 

carbohydrate metabolism are robustly reduced in MASH ob/ob mice treated with 

STL1267 compared to those animals on vehicle treatment. Further, a large 

collection of pro-inflammatory factors such as IFNg, TNF, IL-6, IL1b, and Casp-3 

were found significantly reduced post STL1267 treatment (Fig 4.8).  
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Figure 4.4 STL1267 induced changes in lipogenic genes in the liver of mice 
fed MASH diet. Gene expression of lipogenic genes that are involved in 
MASLD/MASH in mouse liver tissue. Data are represented as mean ± SEM (n=5-
6). p-values are shown, as calculated by student’s t-test in GraphPad Prism. 
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Figure 4.5 STL1267 induced changes in glucose metabolism genes in the 
liver of mice fed MASH diet. Gene expression of genes that are involved in 
glucose metabolism in MASLD/MASH in mouse liver tissue. Data are 
represented as mean ± SEM (n=5-6). p-values are shown, as calculated by 
student’s t-test in GraphPad Prism. 
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Figure 4.6 STL1267 induced changes in cholesterol genes in the liver of 
mice fed MASH diet. Gene expression of cholesterol genes that are involved in 
MASLD/MASH in mouse liver tissue. Data are represented as mean ± SEM (n=5-
6). p-values are shown, as calculated by student’s t-test in GraphPad Prism.  
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Figure 4.7 STL1267 induced changes in genes involved in the regulation of 
fatty acid oxidation the liver of mice fed MASH diet. Gene expression of FAO 
genes that are involved in MASLD/MASH in mouse liver tissue. Data are 
represented as mean ± SEM (n=5-6). p-values are shown, as calculated by 
student’s t-test in GraphPad Prism.  
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Figure 4.8 STL1267 induced changes in inflammatory genes in the liver of 

mice fed MASH diet. Gene expression of inflammatory cytokines (IL-6, IL-1, 

NF, TNF, Casp-3) and anti-inflammatory cytokines (IL-10) that are involved in 
MASLD/MASH in mouse liver tissue. Data are represented as mean ± SEM (n=6-
10). p-values are shown, as calculated by student’s t-test in GraphPad Prism. 
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Upon initial experimentation with a standard dosage of 50mg/kg, our observations 

revealed a lack of discernible alterations in the targeted metabolic parameters such 

as glucose tolerance, inulin tolerance, as well hypertriglyceridemia. This finding 

prompted a critical reassessment of our approach, leading us to hypothesize that 

the dosage employed might have been insufficient to evoke significant 

physiological changes. To thoroughly investigate this hypothesis, we escalated the 

dosage to 50mg/kg twice a day (b.i.d.), aiming to provoke a more pronounced 

response and unveil subtler nuances in metabolic regulation. 

 

4.2.1.3. Plasma and biochemical indices of MASH were improved by STL1267 

b.i.d. induced REV-ERB activation 

 

Following a diet induction period of 5 weeks, ob/ob mice fed with MASH diet were 

treated with 50mg/kg STL1267 i.p. twice daily. Mice treated with STL1267 

demonstrated a trending decline in adiposity as measured by body weight, when 

compared to animals treated with just vehicle, but were not significantly changed 

(Fig 4.9-A). There was no significant observed difference in the amount of food 

consumed between the vehicle and STL1267 treated groups, however due to the 

loss (Fig 4.9-B). Further, we observed no change in the liver to body weight ratio 

upon treatment (Fig 4.9-C). Plasma markers associated with MASH, including 

ALP, ALT were significantly reduced upon STL1267 treatment (Fig 4.10-A). 

However, there was no significant change in AST levels. Further, similar to 

STL1267 q.d., STL1267 b.i.d. reduced MASH induced hypercholesterolemia, as 
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seen by the reduced circulating levels of total cholesterol, including both HDLs and 

LDLs (Fig 4.10-B). No significant change was observed in circulating triglycerides 

or lactate levels even with twice a day dosage. However, twice a day dosage was 

able to reduce liver hypertriglyceridemia significantly (Fig 4.10-C).  

 

Further, we performed glucose tolerance and insulin tolerance tests on these mice. 

Contrary to our expectations, doubling the dosage led to a deterioration in glucose 

tolerance (Fig 4.11-A, B). Our analysis revealed a significant increase in glucose 

levels in animals treated with STL1267 twice a day as compared to vehicle. This 

unexpected outcome suggests a potential disruption in glucose homeostasis, 

possibly stemming from exaggerated metabolic responses or altered insulin 

sensitivity induced by the escalated dosage. We did not observe significant 

improvement in insulin tolerance in these mice either (Fig 4.11-C, D). Together, 

this suggests that STL1267 is able to rescue metabolic parameters associated with 

MASH, however, is not enough to rescue glucose intolerance and insulin 

resistance in ob/ob mice.   
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Figure 4.9 STL1267 twice a day induced physiological changes in adiposity 
in obese control diet and MASH diet fed mice. Animals that were fed HFHC 
MASH diet for 10 weeks were treated with 50mg/kg i.p. STL1267 twice (b.i.d.) 
daily for 5 weeks.  (A) Mouse weights per week of treatment were measured and 
normalized to initial weight. Data are presented as mean ± SEM; n = 5-6 for 
Vehicle and n = 3-4 for STL1267 treated, p-values indicated (One-way ANOVA). 
(B) Food intake per week for each cage was measured. Data are presented as 
mean ± SEM; n = 3 for Vehicle and n = 2-3 for STL1267 treated, p-values 
indicated (One-way ANOVA). (C) Liver was harvested at the end of 10 weeks 
and liver to body weight ratio was plotted as a percentage. Data are presented as 
mean ± SEM; n = 5-6. p-values indicated (Student’s t-test). 
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Figure 4.10 Plasma and metabolic indices of MASH were improved by REV-
ERB activation using STL1267 b.i.d. Blood plasma was analyzed for liver 
enzymes (A) as well as circulating metabolic indices – total cholesterol, LDL, and 
HDL (B) Circulating TGs (left) and Liver TGs (right) were also analyzed. All data 
are represented as mean ± SEM (n=3-6) and analyzed using student’s t-test in 
GraphPad Prism.  
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Figure 4.11 Glucose and insulin tolerance test (i.p.GTT) in obese mice 
treated with STL1267 b.i.d. or vehicle in HFHC MASH diet. 6 hour fasted mice 
were administrated 2.0 g/kg glucose or insulin 0.5U/kg i.p. Blood samples were 
taken at 0, 15, 30-, 60-, 90- and 120-min. Plasma levels of glucose (A, C) were 
measured. Data are normalized to baseline glucose levels. Area under curve (B, 
D).  Data are presented as mean ± SEM; n = 3-6. *p<0.05 (Student’s t-test) 
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4.2.1.4. STL1267 administration in-vivo alleviates histological hepatic steatosis 

and fibrosis  

 

Histological assessments of biopsied liver tissue revealed that control diet animals 

did not develop fibrosis or steatosis over the 10-week period. However, ob/ob mice 

presented with high levels of steatosis. 

 

4.2.1.5. STL1267 administration in-vivo alters metabolic gene expression  

 

Following the administration of the standard dosage, we observed a reduction in 

the expression levels of several metabolic genes, including Cd36, Acly, Srebf1, 

Dgat2, and Pparg. However, doubling the dosage resulted in a reversal of this 

trend, with no significant changes in expression compared to vehicle (Fig 4.12).. 

This observation suggests that the escalated dosage exerts a stimulatory effect on 

metabolic gene expression, potentially modulating metabolic pathways associated 

with lipid metabolism and energy homeostasis. Notably, the effects of doubling the 

dosage were not limited to lipid metabolism, as evidenced by the comparable 

expression levels of GLUT2 (Slc2a2) and PKLR (Pklr) to the vehicle group (Fig 

4.13). Interestingly, while the expression of GLUT2 and PKLR remained 

comparable to the vehicle group, the expression of G6PC was significantly 

increased in response to the double dosage. Consistent with observations 

following standard dosage administration, the expression levels of genes 

associated with cholesterol metabolism remained reduced upon doubling the 
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dosage (Fig 4.14). This sustained downregulation suggests a robust and persistent 

modulation of cholesterol pathways. In contrast to the persistent reduction 

observed in cholesterol genes, doubling the dosage resulted in the normalization 

of expression levels of FAO genes, such as Acadl and a significant increase in 

Acox1 as well as Ppara in treated mice (Fig 4.15). We observed a significant 

reduction in the expression levels of inflammatory genes, including IL-6, IL-1β, and 

NF-κB. post STL1267 b.i.d. treatment similar to q.d (Fig 4.16).  
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Figure 4.12 STL1267 induced changes in lipogenic genes in the liver of mice 
fed MASH diet. Gene expression of lipogenic genes that are involved in 
MASLD/MASH in mouse liver tissue. Data are represented as mean ± SEM (n=3-
6). p-values are shown, as calculated by student’s t-test in GraphPad Prism.  
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Figure 4.13 STL1267 induced changes in glucose metabolism genes in the 
liver of mice fed MASH diet. Gene expression of genes that are involved in 
glucose metabolism in MASLD/MASH in mouse liver tissue. Data are 
represented as mean ± SEM (n=3-6). p-values are shown, as calculated by 
student’s t-test in GraphPad Prism. 
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Figure 4.14 STL1267 induced changes in cholesterol genes in the liver of 
mice fed MASH diet. Gene expression of cholesterol genes that are involved in 
MASLD/MASH in mouse liver tissue. Data are represented as mean ± SEM (n=3-
6). p-values are shown, as calculated by student’s t-test in GraphPad Prism.  
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Figure 4.15 STL1267 induced changes in genes involved in the regulation of 
fatty acid oxidation the liver of mice fed MASH diet. Gene expression of FAO 
genes that are involved in MASLD/MASH in mouse liver tissue. Data are 
represented as mean ± SEM (n=3-6). p-values are shown, as calculated by 
student’s t-test in GraphPad Prism.  
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Figure 4.16 STL1267 induced changes in inflammatory genes in the liver of 

mice fed MASH diet. Gene expression of inflammatory cytokines (IL-6, IL-1, 

NF, TNF, Casp-3) and anti-inflammatory cytokines (IL-10) that are involved in 
MASLD/MASH in mouse liver tissue. Data are represented as mean ± SEM (n=3-
6). p-values are shown, as calculated by student’s t-test in GraphPad Prism. 
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Together, escalated dosage causes the exacerbation of glucose intolerance, as 

well as divergent effects on specific genes involved in metabolism. This 

underscores the delicate balance in metabolic regulation and highlights the need 

for cautious consideration when manipulating dosage levels in therapeutic 

settings. Thus, we continued all further experiments on our standard dosing of 

50mg/kg, once a day. 

 

4.2.2. Model: Diet-induced obesity (DIO) MASH B6 mice 

 

4.2.2.1.  Plasma and biochemical indices of DIO MASH were improved by 

STL1267 induced REV-ERB activation 

 

The overall study design is outlined (Fig 3.1). Following a diet induction period of 

5 weeks, ob/ob mice fed with MASH diet were treated with 50mg/kg STL1267 i.p. 

once daily. Mice treated with STL1267 demonstrated no change in adiposity as 

measured by body weight, when compared to animals treated with just vehicle (Fig 

4.17-A). There was no observed difference in the amount of food consumed 

between the vehicle and STL1267 treated groups (Fig 4.17-B). Further, we 

observed no change in the liver to body weight ratio upon treatment (Fig 4.17-C). 

Plasma markers associated with MASH, including ALT, AST, and ALP were all 

significantly reduced upon STL1267 treatment (Fig 4.18-A). Further, STL1267 

reduced MASH induced hypercholesterolemia, as seen by the reduced circulating 

levels of total cholesterol, including both HDLs and LDLs (Fig 4.18-B). No 
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significant change was observed in circulating triglycerides or lactate levels. This 

was concurrent with liver triglycerides, with no change between STL1267 treated 

and vehicle groups (Fig 4.18-C).   

 

Further, we performed glucose tolerance and insulin tolerance tests on these mice 

(Fig 4.19). While MASH diet did not induce glucose intolerance in ob/ob mice, we 

observed that STL1267 did not rescue glucose intolerance either, as seen by AUC. 

Interestingly, however, we saw increased levels of glucose in STL1267 treated 

mice at 30mins post glucose injection. We did not observe significant improvement 

in insulin tolerance in mice treated with STL1267. Together, this suggests that 

STL1267 is able to rescue metabolic parameters associated with MASH, however, 

is not enough to induce glucose intolerance and insulin resistance in ob/ob mice.   
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Figure 4.17 STL1267 induced physiological changes in adiposity in control 
diet and MASH diet fed B6 mice. Animals that were fed HFHC MASH diet for 
10 weeks were treated with 50mg/kg i.p. STL1267 daily for 5 weeks.  (A) Mouse 
weights per week of treatment were measured and normalized to initial weight. 
Data are presented as mean ± SEM; n = 5-6 for Vehicle and n = 5-6 for STL1267 
treated, p-values indicated (One-way ANOVA). (B) Food intake per week for 
each cage was measured. Data are presented as mean ± SEM; n = 3 for Vehicle 
and n = 3 for STL1267 treated, p-values indicated (One-way ANOVA). (C) Liver 
was harvested at the end of 10 weeks and liver to body weight ratio was plotted 
as a percentage. Data are presented as mean ± SEM; n = 7-10. p-values 
indicated (Student’s t-test) 
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Figure 4.18 Plasma and metabolic indices of MASH were improved by REV-
ERB activation using STL1267 in DIO B6 MASH. Blood plasma was analyzed 
for liver enzymes (A) as well as circulating metabolic indices – total cholesterol, 
LDL, and HDL (B) Circulating TGs (left) and Liver TGs (right) were also analyzed. 
All data are represented as mean ± SEM (n=6-10) and analyzed using student’s 
t-test in GraphPad Prism.  
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Figure 4.19 Glucose and insulin tolerance test (i.p.GTT) in DIO B6 MASH 
mice treated with STL1267 q.d. or vehicle. 6 hour fasted mice were 
administrated 2.0 g/kg glucose or insulin 0.5U/kg i.p. Blood samples were taken 
at 0, 15, 30-, 60-, 90- and 120-min. Plasma levels of glucose (A, C) were 
measured. Data are normalized to baseline glucose levels. Area under curve (B, 
D).  Data are presented as mean ± SEM; n = 6-10. *p<0.05 (Student’s t-test) 
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4.2.2.2.  STL1267 administration in-vivo alters metabolic gene expression in the 

liver 

 

To characterize the effect of STL1267 treatment on global liver gene expression, 

the transcriptome of STL1267 treated and vehicle MASH mice was analyzed using 

qPCR of genes involved in fatty liver disease. It is shown that genes linked to 

lipogenesis, fatty acid uptake, cholesterol biosynthesis, inflammation, and 

carbohydrate metabolism are robustly reduced in MASH ob/ob mice treated with 

STL1267 compared to those animals on vehicle treatment (Fig 4.20-4.23). Further, 

a large collection of pro-inflammatory factors such as IFNg, TNF, IL-6, IL1, and 

Casp-3 were found significantly reduced post STL1267 treatment (Fig 4.24).  
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Figure 4.20 STL1267 induced changes in lipogenic genes in the liver of mice 
fed MASH diet. Gene expression of lipogenic genes that are involved in 
MASLD/MASH in mouse liver tissue. Data are represented as mean ± SEM (n=6-
10). p-values are shown, as calculated by student’s t-test in GraphPad Prism.  
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Figure 4.21 STL1267 induced changes in glucose metabolism genes in the 
liver of mice fed MASH diet. Gene expression of genes that are involved in 
glucose metabolism in MASLD/MASH in mouse liver tissue. Data are 
represented as mean ± SEM (n=6-10). p-values are shown, as calculated by 
student’s t-test in GraphPad Prism. 
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Figure 4.22 STL1267 induced changes in cholesterol genes in the liver of 
mice fed MASH diet. Gene expression of cholesterol genes that are involved in 
MASLD/MASH in mouse liver tissue. Data are represented as mean ± SEM (n=6-
10). p-values are shown, as calculated by student’s t-test in GraphPad Prism. 
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Figure 4.23 STL1267 induced changes in genes involved in the regulation of 
fatty acid oxidation the liver of mice fed MASH diet. Gene expression of FAO 
genes that are involved in MASLD/MASH in mouse liver tissue. Data are 
represented as mean ± SEM (n=6-10). p-values are shown, as calculated by 
student’s t-test in GraphPad Prism. 
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Figure 4.24 STL1267 induced changes in inflammatory genes in the liver of 

mice fed MASH diet. Gene expression of inflammatory cytokines (IL-6, IL-1, 

NF, TNF, Casp-3) and anti-inflammatory cytokines (IL-10) that are involved in 
MASLD/MASH in mouse liver tissue. Data are represented as mean ± SEM (n=6-
10). p-values are shown, as calculated by student’s t-test in GraphPad Prism. 
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4.2.2.3. STL1267 administration in-vivo alleviates histological hepatic steatosis 

and fibrosis  

As determined by H&E sections, obese MASH mice treated with STL1267 q.d as 

well as b.i.d. had altered distribution of lipids. We observed that while there was 

no change in micro-steatosis, there was increased macro-steatosis. Additionally, 

there was also an increase in hepatic hypertrophy (Fig 4.25, 4.27). As 

determined by Gomori’s trichrome staining, there was no quantifiable change in 

fibrosis, but STL1267 treatment seems to be decreasing fibrotic regions (Fig 

4.26, 4.28). 

 

In DIO B6 MASH mice treated with STL1267, we saw that there was improved 

MASH pathology as seen in reduced micro-, and macro-steatosis, as well as 

hypertrophy (Fig 4.29). Similar to obese mice, there was no quantifiable change 

in fibrosis, but STL1267 treatment seems to be decreasing fibrotic regions (Fig 

4.30). 
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Figure 4.25 Hepatosteatosis in ob/ob mice treated with STL1267 q.d. is 
altered compared to MASH diet. Pathological analysis and scoring from H&E 
sections of livers suggests that STL1267 treated MASH mice have increased 
macro-steatosis, and increased hepatic hypertrophy. 
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Figure 4.26 Fibrosis in ob/ob mice treated with STL1267 q.d. diet does not 
appear altered compared to MASH diet. Pathological analysis and scoring 
from Gomori’s Trichrome sections of livers suggests that mice have not 
developed excessive fibrosis. 
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Figure 4.27  Hepatosteatosis in ob/ob mice treated with STL1267 b.i.d. is 
altered compared to MASH diet vehicle. Pathological analysis and scoring 
from H&E sections of livers suggests that STL1267 b.i.d. treated mice have 
increased macro-steatosis and increased hepatic hypertrophy. 
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Figure 4.28  Fibrosis in ob/ob mice treated with STL1267 b.i.d. diet does not 
appear altered compared to MASH diet. Pathological analysis and scoring 
from Gomori’s Trichrome sections of livers suggests that mice did not develop 
excessive fibrosis. 
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Figure 4.29 Hepatosteatosis in B6 mice treated with STL1267 q.d. is altered 
compared to MASH diet vehicle. Pathological analysis and scoring from H&E 
sections of livers suggests that STL1267 q.d. treated mice have reduced micro-
steatosis, and macro-steatosis. MASH diet fed mice also have decreased hepatic 
hypertrophy. 
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Figure 4.30 Fibrosis in B6 mice treated with STL1267 q.d. diet does not 
appear altered compared to MASH diet. Pathological analysis and scoring 
from Gomori’s Trichrome sections of livers suggests that MASH diet fed mice did 
not develop excessive fibrosis. 
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4.3 Discussion 

 

The aim of this dissertation was to look into the promising therapeutic potential of 

utilizing REV-ERB synthetic agonist STL1267 as a treatment strategy for 

MASLD/MASH. MASLD/MASH represents a significant clinical challenge due to 

its intricate interplay of metabolic dysregulation and hepatic dysfunction. Despite 

advancements in understanding the pathophysiology of MASLD/MASH, effective 

therapeutic interventions remain limited, with no approved therapy till date.  Our 

research aimed to address this gap by investigating the role of REV-ERB in 

MASLD/MASH. The hypothesis underlying our study posited that REV-ERB 

activation could potentially mitigate metabolic derangements associated with 

MASLD/MASH, thus offering a novel therapeutic avenue. Specifically, we 

hypothesized that activation of REV-ERB could induce beneficial alterations in 

mitochondrial metabolism, thereby ameliorating hepatic dysfunction and metabolic 

dysregulation characteristic of MASLD/MASH. 

 

Hepatocytes have a multifaceted role in MASLD/MASH. They are the primary site 

of lipid accumulation initiating the cascade of events leading to metabolic 

dysfunction, as well as inflammation and fibrosis. Mitochondrial dysfunction in 

hepatocytes stands as a pivotal aspect of MASLD/MASH pathogenesis. (Gong et 

al., 2022). Hepatocyte mitochondria undergo structural and functional alterations, 

manifesting an impaired oxidative phosphorylation, decreased ATP production, 

and heightened generation of ROS. Moreover, mitochondrial dysfunction disrupts 
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lipid metabolism, leading to aberrant lipid accumulation within hepatocytes, a 

defining characteristic of MASLD/MASH. Collectively, mitochondrial dysfunction in 

hepatocytes plays a central role in MASLD/MASH pathogenesis (Prasun et al., 

2021). REV-ERB plays a crucial role in orchestrating mitochondrial function and 

metabolism. Within mitochondria, REV-ERB modulates key processes involved in 

energy production, mitochondrial biogenesis, and oxidative metabolism. Through 

its transcriptional regulatory activity, REV-ERB governs the expression of genes 

encoding proteins critical for mitochondrial respiration, including those involved in 

the electron transport chain and oxidative phosphorylation (Woldt et al., 2013). By 

fine-tuning mitochondrial metabolism, REV-ERB helps maintain cellular energy 

homeostasis and contributes to the regulation of circadian rhythms, as REV-ERB 

activity is intricately linked to the circadian clock machinery. Dysregulation of REV-

ERB activity has been associated with metabolic disorders, including obesity, 

insulin resistance, and fatty liver disease, underscoring its importance in 

mitochondrial function and metabolic health (Griffett et al., 2022). Our hypothesis 

was that REV-ERB activation affects mitochondrial metabolism in order to mitigate 

liver pathology.  

 

We aimed to test this hypothesis in HepG2 cells using Seahorse Flux analyzer. 

Upon treatment with STL1267, HepG2s had a decreased rate of oxygen 

consumption, indicating a REV-ERB mediated decrease in mitochondrial 

respiration or OXPHOS (Fig 2.1). This change in cellular metabolism could indicate 

a shift in substrate utilization, and thus we aimed to check if there was a metabolic 
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reprogramming towards glycolysis. In STL1267 treated HepG2s, there was no 

change in glycolytic flux as measured by ECAR in the glycolytic stress test. This 

was further fortified by the absence of any difference in uptake of glucose between 

STL1267 treated HepG2s and vehicle treated (Fig 2.3). This was interesting as 

REV-ERB clearly modulated mitochondrial respiration in these hepatocytes, but 

was not shifting the cellular metabolism towards glycolysis. This could perhaps 

indicate the utilization of alternate energy sources such as fatty acids, or a state of 

cellular quiescence in hepatocytes. However, HepG2 cells are a hepatocellular 

carcinoma cell line, and may not represent the physiological characteristics of 

normal hepatocytes, which might especially be true in the context of metabolic 

reprogramming, pertaining the Warburg effect (Liberti & Locasale, 2016).  

 

In order to further validate these findings, we utilized primary human hepatocytes. 

We treated them with either vehicle control or STL1267, and saw a similar 

decrease in mitochondrial respiration (Fig 2.2), and no changes were observed in 

glycolytic flux of these cells. Suggesting that REV-ERB does indeed play a role in 

modulating mitochondrial respiration, and does not affect glucose metabolism in 

these cells.  

 

Since we saw reproducible and similar results in HepG2 and primary human 

hepatocytes, we decided to use HepG2s for the remaining experiments for ease 

of modulation. Importantly, MASLD/MASH hepatocytes in-vivo are heavily 

steatotic, marked by increased lipid accumulation. We showed that in-vitro 
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supplementation of extracellular lipids and cholesterol is able to induce de-novo 

lipogenesis and increase lipid content (Fig 2.5). As mentioned previously, oxidative 

stress in hepatocytes is a key hallmark feature of MASLD/MASH, and it plays a 

major role in promoting lipid peroxidation, DNA damage, and cellular injury. We 

were able to confirm that de-novo lipogenic (DNL) hepatocytes have increased 

oxidative stress, not just cellularly but also mitochondrial specific, suggesting the 

presence of mitochondrial dysfunction (Fig 2.6). Since we showed STL1267 

attenuates mitochondrial respiration, we hypothesized downstream production of 

oxidative stress could be attenuated as well. Treatment with STL1267 was able to 

rescue this oxidative stress, in both cellular ROS as well mitochondria specific 

ROS, suggesting a prominent mechanism of action for REV-ERB agonism (Fig 

2.7). 

 

One key aspect of MASH is the presence of fibrosis. This is mediated by HSC cells 

in the liver. Their activation involves profound metabolic reprogramming, with 

mitochondrial metabolism. HSCs undergo a transition from a quiescent, lipid-

storing phenotype to an activated, proliferative, and fibrogenic phenotype in 

response to liver injury or inflammation. Mitochondrial metabolism contributes 

significantly to the metabolic changes associated with HSC activation (Delgado et 

al., 2021). We hypothesized that reduction of mitochondrial respiration in HSCs 

could impair the metabolic reprogramming, thereby attenuating downstream 

fibrogenic potential. Indeed, STL1267 was able to reduce mitochondrial respiration 

in LX-2 cells (Fig 2.8), and this correlated with the reduced fibrogenic activation of 



 192 

these cells, as seen by reduced alpha-SMA (Fig 2.9). Overall, this suggests that 

REV-ERB activation plays a role on hepatic stellate cells directly via metabolic 

reprogramming in order to rescue fibrosis.  In fact, we were able to extend these 

findings in another key hallmark of MASH, which is inflammation. In macrophages, 

we showed that REV-ERB activation was able to reduce OXPHOS, similar to 

hepatocytes and stellate cells (Fig 2.8). It has been shown and well established 

that mitochondrial respiration is a major source of ATP for activated macrophages, 

and is required for maintaining the energy demand that comes with a pro-

inflammatory state (Y. Wang et al., 2021). However, there is also a shift of 

metabolism towards glycolysis in M1 macrophages (Yu et al., 2020). Unlike 

hepatocytes, REV-ERB activation did in-fact reduce the glycolytic capacity in 

activated macrophages. Downstream, this correlates with reduced effector 

function, in this case, inflammatory cytokine secretion. We have previously shown 

that REV-ERB activation in macrophages (BMDM) reduces pro-inflammatory 

cytokine secretion (Makhija et al., 2023).  

 

RNAseq analysis on HepG2s treated with STL1267 confirmed a global 

transcriptome change in genes related to metabolism, inflammation, as well 

autophagy (Fig 2.10). Suggesting that REV-ERB activation through metabolic 

reprogramming is able to rescue downstream disease hallmarks such as oxidative 

stress, inflammation, and autophagy. This was further extended to stellate cells, 

where we observed major changes in genes related to inflammation, metabolism, 

and fibrosis (Fig 2.11). 
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HIF-1α is a key regulator of glycolytic gene expression, promoting glycolysis under 

hypoxic conditions. Additionally, HIF-1α promotes ROS production by enhancing 

mitochondrial respiration and electron transport chain activity (Taylor & Scholz, 

2022). Since, we observed deduced glycolysis and ROS in macrophages, we 

hypothesized that REV-ERB activation could affect HIF-1α stability, explaining the 

reduced glycolysis and ROS.  

 

In hypoxic macrophages treated with REV-ERB agonist STL1267, nuclear 

translocation of HIF-1α was reduced (Fig 2.12). Further in-line with this, in the liver 

of MASH mice, we saw HIF-1 target genes such as Glut-1 and Vegf reduced upon 

STL1267 treatment. HIF-1α activation triggers the expression of genes encoding 

antioxidant enzymes, such as superoxide dismutase (SOD) and NRF2 (Fig 2.13). 

This REV-ERB mediated reduction in HIF1α could protect against mitochondrial 

dysfunction by reducing glycolysis, attenuating ROS production, maintaining 

mitochondrial dynamics, and preventing excessive mitochondrial biogenesis, to 

promote cell survival under conditions of metabolic stress in MASLD. However, 

future experiments are required to successfully conclude this interaction. 

 

In conclusion, the above evidence suggests that REV-ERB agonism, by reducing 

mitochondrial metabolism in hepatocytes, stellate cells, and macrophages, holds 

significant therapeutic potential for mitigating MASLD/MASH. By targeting 

mitochondrial metabolism across multiple cell types involved in liver 
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pathophysiology, REV-ERB effectively disrupts downstream effector functions of 

these cells in MASLD, namely oxidative stress, ECM secretion, and pro-

inflammatory cytokine release. This intervention relies on metabolic 

reprogramming to modulate mitochondrial dysfunction in a cell specific manner, 

which could potentially be via HIF-1α. In order to further elucidate the molecular 

mechanisms underlying the metabolic effects and for refining therapeutic 

strategies in MASLD/MASH we utilized in-vivo mouse models.  

 

In MASLD mouse models, there is a discernible increase in FAO, OXPHOS, and 

overall metabolic activity (Lu et al., 2021). NAFLD, characterized by hepatic lipid 

accumulation and metabolic dysregulation, triggers a compensatory response 

aimed at restoring metabolic homeostasis.  It has been shown previously that this 

response often entails upregulation of FAO pathways, wherein accumulated lipids 

are oxidized to generate energy (Diraison et al., 2003) and heightened OXPHOS 

activity is observed, facilitating the utilization of fatty acids as substrates for ATP 

production within mitochondria (Sunny et al., 2010). Previous studies from our lab 

and others have shown that REV-ERB activation using SR9009 alleviates 

MASLD/MASH pathology (Griffett et al., 2020). However, SR9009 has numerous 

limitations, as mentioned previously. Briefly, it has poor solubility, potency, as well 

as recent studies have questioned its specificity. In this study, we administer 

STL1267 as a therapeutic to alleviate MASLD/MASH mice, expecting better 

pharmacokinetics and high specificity to REV-ERB. In order to determine the ideal 

dose of STL1267, 50mg/kg was administered intraperitoneally in MASH mice 
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either once daily (q.d.) or twice daily (b.i.d.) at ZT1 or at ZT1 and ZT10. Control 

group was treated with only placebo (vehicle).  

 

We characterized two mouse models of MASLD/MASH, leptin deficient obese 

MASH, and DIO B6 MASH mice. By administering a REV-ERB activator, we aim 

to reduce mitochondrial function; fatty acid oxidation in the liver; as well as the 

enhanced triglyceride synthesis. Thereby alleviating not just mitochondrial 

dysfunction, but also lipid overload and metabolic stress.  

 

We were able to show that in obese mouse model of MASLD/MASH, there was 

increased adiposity, and it correlated with increased circulating levels of liver 

enzyme ALT (Fig 3.3A, 3.4A). Increased lipogenesis is a hallmark of 

MASLD/MASH, and we observed increased levels of both circulating triglycerides, 

as well as liver triglycerides (Fig 3.4C). Often, in patients of MASLD/MASH, high 

postprandial glucose levels are observed, suggesting the presence of impaired 

glucose metabolism and insulin resistance (Chang et al., 2022). In our obese mice, 

we found that administration of MASH diet did not worsen glucose tolerance or 

insulin tolerance (Fig 3.5). To further investigate the metabolic changes, we 

performed qPCR on the livers from these mice. We observed elevated expression 

of GLUT2 and GLUT1 transporters (encoded by Slc2a2 and Slc2a1) in the liver 

(Fig 3.7). This indicates an enhanced capacity for glucose uptake and transport 

into hepatocytes. GLUT2 primarily facilitates glucose uptake in response to 

elevated blood glucose levels, whereas GLUT1 is responsible for basal glucose 
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uptake. Increased expression of these transporters may reflect a compensatory 

response to maintain glucose homeostasis in the context of altered metabolic 

conditions or insulin resistance. However, decreased expression of pyruvate 

kinase L/R (PKLR) suggests a decreased capacity for glycolytic flux and reduced 

conversion of glucose-derived substrates into pyruvate (Fig 3.7). This 

downregulation points to decreased phosphoenolpyruvate (PEP) to pyruvate 

conversion, suggesting its shunting towards alternate pathways, such as lactate 

production or gluconeogenesis. However, we observed no changes in circulating 

lactate or gluconeogenic genes such as G6pc and Hnf4α. However, Ppargc1a 

encoding for PGC-1α which promotes the expression of gluconeogenesis genes 

through FOXO1 and HNF4α was found to be significantly downregulated (Fig 3.7). 

Together, it can be concluded that obese mice develop an even worsened glucose 

metabolism. Leptin-deficient obese mice treated with STL1267 either q.d. or b.i.d. 

did not show any loss in adiposity as determined by their body weight. Though, 

there was a trending decline in b.i.d. mice (Fig 4.1A, Fig 4.9A). All circulating liver 

enzymes, including ALP, ALT, and AST were decreased in STL1267 treated mice 

irrespective of dosage (Fig 4.2, Fig 4.10).  Once daily treatment was able to rescue 

the altered hepatic glucose uptake as evidenced by GLUT2 and GLUT1 (Fig 4.5 ). 

However, decreased expression of pyruvate kinase L/R (PKLR) was not rescued 

(Fig 4.5). Subsequently, no changes in circulating lactate or liver gluconeogenic 

genes such as G6pc and Hnf4α were observed (Fig 4.5). However, Ppargc1a 

encoding for PGC-1α remained severely downregulated (Fig 4.5). Increased 

dosage in b.i.d. group did not have significant changes on the liver transcriptome, 
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however, only GLUT1 and PKLR was observed to be rescued (Fig 4.13). Further, 

increased gluconeogenesis was observed with upregulation of HNF4 and G6PC 

(Fig 4.13). Neither dosage was able to rescue glucose tolerance and insulin 

resistance in these MASH obese mice (Fig 4.3, 4.11). Interestingly, in both q.d. 

and b.i.d. treated mice, glucose levels were increased post 30 minutes in q.d. and 

an overall increase as evidenced by AUC in b.i.d (Fig 4.3A, Fig 4.11A). No changes 

were observed in insulin sensitivity in either group (Fig 4.3B, 4.11B). This was 

expected, however, as the genetic mutation in leptin-deficient ob/ob mice leads to 

severe obesity, hyperphagia, and glucose and insulin metabolism impairment. 

They often display pre-existing hyperglycemia, and insulin resistance. Additionally, 

increased adiposity may affect administration, distribution, and absorption of 

glucose and insulin. Thus, making it difficult to detect subtler changes observed 

upon pharmacological intervention. 

 

In genes that regulate lipid metabolism, we saw a significant increase in important 

genes such fabp5, dgat2, and srebf1. FABP5 is responsible in the uptake, 

utilization, and transport of fatty acids in the liver of MASH mice (Fig 3.6). DGAT2 

is the enzyme that catalyzes the final step in triglyceride synthesis, and SREBF1 

is the transcription factor responsible for genes involved in lipid synthesis. This is 

in agreement with triglyceride levels, which are increased in both circulation as well 

as liver, suggesting the presence of hyperlipidemia (Fig 3.4; C). STL1267 

treatment was able to rescue lipid metabolism, by downregulating genes coding 

for fatty acid uptake (CD36, FAS), ACLY, SREBF1, DGAT2, ACACA, and PPARG 
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(Fig 4.4). Interestingly, this rescue was lost in b.i.d. group, where no changes were 

observed in the above genes, except decreased FAS and FABP5 (Fig 4.12). This 

could perhaps be explained by liver triglyceride levels, as increased dosage in 

b.i.d. group was able to reduce TG levels in the liver, and the transcription levels 

were perhaps normalized after, suggesting a suppression in lipid synthesis and 

increase in catabolism. However, there was continued repression of lipid synthesis 

genes in q.d. group and longer treatment would have perhaps yielded significant 

changes in lipid levels.  

 

We also observed a significant increase in circulating total cholesterol, HDL and 

LDL in obese mice that were fed MASH diet (Fig 3.4; B). Transcriptionally, this was 

backed up by the increased expression of ApoB, which is important in the 

assembly and secretion of lipoproteins such as LDLs and their uptake by other 

peripheral tissues. Further, Srebf1 was upregulated as well, suggesting the 

upregulation of downstream genes it regulates in cholesterol biogenesis, namely 

HMG-CoA. While there was a trending increase in Cyp7a1 and Ldlr, it did not reach 

statistical significance (p-value > 0.06) (Fig 3.8). STL1267 treatment (q.d. and 

b.i.d.) was able to rescue increased circulating total cholesterol, HDL, and LDL 

levels (Fig 4.2; B, Fig 4.10; B). In both q.d and b.i.d. group, genes encoding for 

enzymes in cholesterol biosynthesis such as HMGCR were downregulated (Fig 

4.6, 4.14). CYP7A1 was upregulated in b.i.d. mice suggesting the increased 

shuttling of cholesterols for bile acid synthesis.  
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With this documented increase in lipids, fatty acids, and cholesterol, we wanted to 

investigate the possible changes in lipid catabolism via FAO. The upregulation of 

Acox1 (encoding Acyl-CoA oxidase 1) and Acadl (encoding Acyl-CoA 

dehydrogenase, long chain) in the liver, suggests an increased capacity for fatty 

acid catabolism, potentially indicating a response to elevated fatty acid availability 

or increased energy demand (Fig 3.9). However, CPT1A is a key enzyme involved 

in the transport of long-chain fatty acids into the mitochondria for oxidation. Its 

downregulation suggests a reduced capacity for mitochondrial fatty acid uptake 

and oxidation (Fig 3.9). This coupled with the downregulation of PDK4 suggests a 

shift away from FAO as PDK4 in normal state inhibits pyruvate dehydrogenase 

(PDH), thereby reducing the conversion of pyruvate to acetyl-CoA for entry into the 

TCA cycle. This could perhaps be a compensatory mechanism for the reduced FA 

uptake in the mitochondria which precedes mitochondrial dysfunction, 

characteristic of MASLD to MASH progression. Overall, the observed changes in 

FAO indicate a complex reprogramming of hepatic lipid metabolism, with a 

potential shift towards increased reliance on glucose oxidation and altered fatty 

acid handling upon MASH induction. STL1267 treatment in these mice, reduces 

genes coding for ACADL, CPT2, and ACOX1 suggesting reduced fatty acid 

oxidation (Fig 4.7, 4.15). Further, in both q.d. and b.i.d. groups, MASH induced 

PDK4 and CPT1 downregulation was rescued, but not increased significantly. 

However, it is of note that PPAR expression was significantly increased in b.i.d. 

group suggesting continued fatty acid catabolism through oxidation (Fig 4.15). 
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Previous research has established the role of inflammation in MASLD/MASH. We 

were able to show upregulation of genes coding for various pro-inflammatory 

cytokines such as IL-1 and IFN (Fig 3.10). We did not see any significant 

changes in IL-6 transcript levels. Further, anti-inflammatory cytokines such as IL-

10 remained unchanged. STL1267 administration revealed an almost complete 

absence of Il6, Il1, NF transcripts indicating a stark and unequivocal 

suppression of gene expression echoed in both q.d. as well as b.i.d. groups (Fig 

4.8, 4.16).  

 

Restoring leptin signaling in these leptin-deficient obese mice may ameliorate the 

observed alterations in gene expression, potentially mitigating metabolic 

dysfunction and improving lipid metabolism. Thus, correcting for leptin deficiency 

through the use of wild-type B6 mice is important for accurately characterizing the 

metabolic changes and identifying REV-ERB activation as a therapeutic for the 

management of metabolic disorders such as MASLD/MASH. In order to validate 

our findings, we replicated our experiment in a diet-induced obesity (DIO) model 

using wild-type B6 mice. Similar to our previous experiment in obese mice, we 

assessed the expression levels of key genes involved in liver metabolism. 

However, only q.d. treatment was employed. By using the DIO model in B6 mice, 

we aimed to validate the relevance of our findings in a different model of obesity 

and assess the robustness of our observations across different experimental 

paradigms.  
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Similar to obese mice, we saw increased mass in our DIO MASH mice (Fig 3.11; 

A). This was accompanied by a trending increase in the liver/body weight ratio of 

MASH diet mice (p value = 0.06) (Fig 3.11; C). Circulating levels of liver enzymes 

ALT and were trending up, however, were not statistically different. Further, we did 

not observe a significant increase in the circulating triglycerides, as opposed to 

liver triglycerides which were significantly increased (Fig 3.12; C). STL1267 

treatment in B6 MASH mice did not rescue increased mass, however, significant 

reductions in circulating levels of ALP and ALT were observed (Fig 4.17; A). 

STL1267 treatment rescued the increased liver triglycerides (Fig 4.18; C). This is 

in agreement with the transcriptional profile of lipid metabolism genes in the liver. 

Genes coding for CD36, ACLY, FAS, SREBF1, DGAT2, ACACA as well as 

PPARG were significantly upregulated in B6 MASH mice (Fig 3.14) and were all 

consequently downregulated upon STL1267 treatment (Fig 4.20).  

 

Unlike leptin deficient obese mice, MASH diet in B6 mice worsened glucose 

tolerance post 8 weeks of consumption, as expected (Fig 3.13; C). MASH mice 

showed increased glucose levels till 30 minutes after glucose administration. This 

was further extended to insulin resistance as well (Fig 3.13; E). MASH mice were 

unable to respond to insulin administration and showed increased glucose levels 

at 15 and 30 minutes. Similar to obese mice, STL1267 in B6 MASH mice did not 

have any effect on glucose tolerance (Fig 4.19; A). However, STL1267 in B6 

MASH mice we observed that mice utilize insulin, as they recovered blood glucose 

faster 60 minutes post insulin administration (Fig 4.19; C). To further validate these 
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findings, we checked the glucose metabolic genes in the liver. Similar to obese 

mice we saw increased GLUT1 and GLUT2 expression (Fig 3.15). However, we 

also saw that MASH diet in B6 mice increased PGC-1, HNF4, PKLR, and G6PC, 

suggesting possible increased glycolytic flux, gluconeogenesis, as well 

mitochondrial metabolism. REV-ERB activation using STL1267 was able to reduce 

gene levels for GLUT2, G6PC, PKLR, PGC-1, as well as HNF4 (Fig 4.21).  

 

We also observed a significant increase in circulating total cholesterol, HDL and 

LDL in B6 mice that were fed MASH diet (Fig 3.12; B). Transcriptionally, this was 

backed up by the increased expression of APOB, SREBF1, and ABCA1 (Fig 3.16). 

There was also a clear induction in Cyp7a1 and Ldlr. Consistent with decreased 

TC, HDL, and LDL (Fig 4.18; B), STL1267 treated MASH mice had lower levels of 

transcript for HMGCR, CYP7A1, LDLR, APOB, and SREBF1 (Fig 4.22).  

 

As for lipid catabolism, we saw a significant increase in genes coding for ACADL, 

CPT2, PDK4, CPT1A, PPAR, FABPs, and ACOX1 (Fig 3.17). The increased 

expression of all genes related to fatty acid metabolism and mitochondrial function 

in the liver suggests a shift towards enhanced fatty acid oxidation and 

mitochondrial metabolism in the liver. This metabolic adaptation may be driven by 

increased fatty acid availability, altered nutrient utilization, or metabolic demands, 

reflecting a complex interplay of physiological and metabolic factors influencing 

hepatic lipid metabolism. With STL1267 we were able to rescue compensatory 
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mitochondrial overload, and showed decreased ACADL, CPT2, PDK4, CPT1A, 

PPAR and ACOX1 (Fig 4.23).  

 

As mentioned previously, these metabolic compensatory changes are followed by 

mitochondrial dysfunction and overload as the disease progresses in severity. This 

is often marked by inflammation and fibrosis. We observed a significant 

upregulation in genes coding for proinflammatory markers and cytokines such as 

NF, IL1, IL-6 and Casp-3 (Fig 3.18). Additionally, anti-inflammatory cytokine IL-

10 was downregulated.  STL1267 reduced IL-6, IL-1, and NF. IL-10 transcript 

was increased in treated group, but was not statistically significant (Fig 4.24).  

 

Histopathological analysis reveals that MASH induction in obese mice induced 

reduced hypertrophy, the opposite was seen in B6 mice. This could be due to 

factors such as increased cell death and fibrosis, the opposite effect may be 

observed in WT mice, where MASH-induced inflammation and liver injury stimulate 

compensatory hepatocyte proliferation and hypertrophy. In the context of MASH, 

micro-steatosis is often associated with more severe liver pathology and 

inflammation compared to macro-steatosis. In obese mice, we observed increased 

micro-steatosis and reduced macro-steatosis. This could be explained by 

increased lipolysis or lipophagy. However, these changes though statistically 

significant, are too subtle to be biologically relevant. Nevertheless, STL1267 was 

able to rescue steatosis in both obese and B6 MASH models, consistent with 

reduced triglyceride levels.  



 204 

 

Collectively, the observed changes suggest a metabolic shift that consequently 

contributes to an overall increase in cellular metabolism, reflective of the liver's 

effort to cope with lipid overload and metabolic stress in NAFLD mouse models 

(Satapati et al., 2012). Such metabolic alterations precede the loss in mitochondrial 

flexibility leading to mitochondrial dysfunction and severe MASH.  REV-ERB 

activation using STL1267 mitigates this transition from metabolic alterations to 

mitochondrial dysfunction and severe metabolic-associated steatohepatitis 

(MASH) in our mouse models, by targeting mitochondrial function and metabolic 

flexibility. Furthermore, the pharmacological activation of REV-ERBα could also 

have systemic effects beyond the liver, influencing metabolic pathways in 

peripheral tissues such as skeletal muscle and adipose tissue. This systemic 

metabolic improvement may contribute to overall metabolic health and attenuate 

the progression of NAFLD to more severe stages, and needs to be investigated 

further. 

 

Future Directions 

 

Performing RNAseq and metabolomics on adipose and liver tissues will provide a 

multi-dimensional view of the molecular landscape underlying therapeutic effects 

of REV-ERB activation. RNAseq will allow us to identify differentially expressed 

genes (DEGs). This will shed light on key pathways and biological processes 

modulated by the REV-ERB activation, shedding light on its mechanisms of action, 
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in context of MASLD/MASH. Additionally, it will also offer insight into AT liver cross 

talk.  

 

By the use of metabolomics on liver and AT from our mouse models, we will identify 

metabolic pathways that are perturbed in response to REV-ERB activation using 

STL1267. This holistic view of metabolic changes, combined with the gene 

expression data obtained from RNAseq, pwill provide a deeper understanding of 

the physiological consequences of treatment. 

 

Further, pathway analysis and network modeling will help with the elucidation of 

complex interactions within major metabolic tissues such as AT and liver. 

 

Investigating the interaction between REV-ERB and factor HIF-1α using ChiP 

qPCR will provide insights into their interactive effects on gene regulation. By 

analyzing the occupancy of REV-ERB on HIF-1α we can decipher the molecular 

mechanisms underlying their interaction and its impact on cellular processes. Our 

data suggests that REV-ERB regulates HIF-1α, which is purported to have mito-

protective effects. Utilizing cell culture models, we aim to evaluate the impact of 

HIF-1α on mitochondrial function and integrity in hepatocytes.  
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Chapter Five – REV-ERB activation as a novel pharmacological approach 

for treating inflammatory pain 

 

This chapter has been published and is available for publication within this 

dissertation through the Frontiers Publications Open Access Policy under the 

Creative Commons license CC-BY. 

 

Makhija S, Griffett JD, Veerakanellore GB, Burris TP, Elgendy B, Griffett K. REV-

ERB activation as a novel pharmacological approach for treating inflammatory 

pain. Front Pharmacol. 2023 Apr 19;14:1171931. 

 doi: 10.3389/fphar.2023.1171931. PMID: 37153791; PMCID: PMC10154555. 

 

5.1. Introduction 

 

Chronic pain affects the lives of people worldwide and has significant implications 

on healthcare (Eccles and Davies, 2021). Conventional therapeutics oftentimes 

are insufficient in long-term pain management and can result in an array of 

adverse effects (Janakiram et al., 2019). As pain accompanies a wide variety of 

chronic diseases and is highly subjective, it is important to target pathways that 

play a significant role in the development and maintenance of pain stemming 

from different conditions. The NLR family pyrin domain containing 3 (NLRP3) 

inflammasome has been implicated as a major driver of pain by increasing the 

processing of the pro-inflammatory cytokine, interleukin 1 beta (IL-1β) (Elzinga et 

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC10154555/#B13
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC10154555/#B23
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC10154555/#B14
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al., 2019). Chronic activation of the inflammasome leads to upregulation of 

NFκB-driven inflammation which results in the recruitment of additional 

inflammatory molecules and cells (e.g., mast cells, neutrophils, microglia, etc.) 

and the initiation of an inflammatory microenvironment. Numerous studies have 

shown that regardless of the pain pathology, chronic activation of NLRP3 is 

always a factor in the development and maintenance of pain (Ren and Torres, 

2009; Zhou and Zhou, 2014; Muley et al., 2016; Sommer et al., 2018; De Prá et 

al., 2019; Elzinga et al., 2019). 

 

REV-ERBα and REV-ERBβ (encoded by the genes NR1D1 and 

NR1D2, respectively) are members of the nuclear receptor superfamily of 

transcription factors (Raghuram et al., 2007). The REV-ERBs regulate a wide 

variety of physiological processes including circadian rhythm, lipid and glucose 

metabolism, and inflammatory pathways of the innate and adaptive immune 

systems. Both REV-ERBs are quite unique from the other nuclear receptors as 

they lack a carboxy-terminal activation of function-2 region from their ligand 

binding domains, and therefore can only act as a repressor of transcription by 

recruiting the NCoR (Figure 1A). Because of this, REV-ERB agonists enhance 

repression of direct target genes. 

  

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC10154555/#B14
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC10154555/#B32
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC10154555/#B32
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC10154555/#B37
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC10154555/#B28
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC10154555/#B36
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC10154555/#B11
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC10154555/#B11
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC10154555/#B14
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC10154555/#B31
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC10154555/figure/F1/
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Figure 5.1 Overview of REV-ERB regulation of inflammatory components 
involved in pain. (A) The nuclear receptor REV-ERB recognizes sequences 
within the promoter of its target genes (Response Element) and binds DNA via its 
DNA-binding domain. Upon binding of a ligand, REV-ERB undergoes a 
conformational change and recruits the NCoR corepressor, causing the 
repression of transcription of its target genes including NLRP3, IL-1β, and other 
pro-inflammatory cytokines and pathway genes. (B) Structures of two REV-ERB 
agonists: SR9009 and STL1267.  
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REV-ERB activity can be modulated with small molecule ligands to drive 

changes in the transcription of its direct target genes. For example, several 

studies demonstrated that the REV-ERB agonist SR9009 can effectively 

suppress the transcription of IL-1β and NLRP3, two genes that are REV-ERB 

targets (Pourcet et al., 2018; Duez and Pourcet, 2021). Based on this role of 

REV-ERB in regulating inflammatory pathways, we sought to evaluate if 

suppression of the inflammasome via REV-ERB activation had analgesic 

potential. 

 

Recently, we described a novel small molecule agonist for REV-ERB, STL1267, 

with greater potency and selectivity for REV-ERB than SR9009 (Murray et al., 

2022). For our studies, we compared the STL1267 compound to the first-

generation in vivo REV-ERB agonist, SR9009, to evaluate direct REV-ERB 

effects on inflammation and pain. In the current study, we first validated the 

previous work demonstrating that REV-ERB regulates inflammatory processes 

by confirming effects in bone marrow-derived macrophages in Nr1d1 −/− mice, as 

well as in human monocytes. We then investigated whether pharmacological 

activation of REV-ERB by small molecule ligands (SR9009 and STL1267) could 

suppress activation of the inflammasome in human microglia cells, which are 

more relative to pain associated with nerve damage. Finally, we confirmed our 

findings in an acute inflammatory pain model to demonstrate that activation of 

REV-ERB has efficacy as an inflammatory pain therapeutic. 

 

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC10154555/#B30
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC10154555/#B12
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC10154555/#B29
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC10154555/#B29
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5.2. Results 

 

5.2.1. REV-ERB agonists suppress pro-inflammatory cytokines and the NLRP3 

inflammasome in LPS-stimulated macrophages. 

 

Previous studies have shown that activating REV-ERB, either pharmacologically 

or by overexpression, can suppress IL-1β and other pro-inflammatory cytokines 

in several inflammatory models (Gibbs et al., 2012; Pourcet et al., 2018; Guo et 

al., 2019; Morioka et al., 2019; Hong et al., 2021). Conversely, genetic loss of 

function of REV-ERB leads to enhanced IL-1β expression. Here, we wanted to 

evaluate the efficacy of the novel REV-ERB agonist STL1267 to suppress the 

NLRP3 inflammasome in LPS-stimulated macrophages as compared to SR9009. 

First, we validated previous studies that demonstrated the loss of REV-ERBα led 

to an increase in the expression of pro-inflammatory molecules including NLRP3. 

We assessed the pro-inflammatory markers, IL-1β, IL-18, and Nlrp3 in bone 

marrow-derived macrophages (BMDMs) from Nr1d1 −/− mice and wild-type mice 

by QPCR. As shown in Figure 2A, mice lacking REV-ERBα had significant 

increases in the expression of the three pro-inflammatory genes, suggesting that 

the activation of REV-ERB suppresses inflammation. 

  

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC10154555/#B17
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC10154555/#B30
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC10154555/#B20
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC10154555/#B20
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC10154555/#B25
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC10154555/#B22
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC10154555/figure/F2/
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Figure 5.2 In vitro model of REV-ERB anti-inflammatory actions. (A) Mouse 
bone marrow derived macrophages from Nr1d1−/− (n = 7) and wildtype (n = 12) 
mice. Both male and female mice were used for this study and no sex-specific 
differences were noted. (B) IL 1β ELISA results for differentiated Thp-1 cells. (C) 
NLRP3gene expression results of the differentiated Thp-1 cells. Results were 
graphed and analyzed in Graphpad Prism by ANOVA and represented as Mean 
± SEM. 
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We then investigated the action of SR9009 and STL1267 on suppression of the 

inflammasome by differentiating Thp-1 monocytes by priming with PMA, allowing 

the cells to recover in PMA-free media, then stimulating the cells with LPS and 

IFNγ. During the last 24-h of the recovery period, either DMSO, 10 μM SR9009, 

or 10 μM STL1267 was added to the media as a “pre-treatment.” Control cells 

were pre-treated with compounds but not stimulated with LPS. We then 

evaluated IL-1β release by removing media and performing an ELISA. As Figure 

2B shows, Thp-1 cells that did not receive LPS stimulation secreted low amounts 

of IL-1β regardless of the pre-treatment. As expected, we observed a significant 

increase in IL-1β in DMSO-treated LPS-stimulated cells. Moreover, the REV-ERB 

agonists SR9009 and STL1267 both significantly reduced the amount of secreted 

IL-1β in the LPS-stimulated cells, validating that REV-ERB activation is anti-

inflammatory. Total RNA was isolated from the same cells to evaluate changes in 

gene expression of various pro-inflammatory cytokines and the NLRP3 

inflammasome. Figure 2C shows that upon LPS stimulation of the cells, the 

expression of Nlrp3 is significantly increased however both REV-ERB agonists 

significantly suppress the expression of the inflammasome in this model. 

 

5.2.2. NLRP3 inflammasome activation is suppressed in human microglia by 

REV-ERB agonists. 

 

Once we validated previous studies that demonstrated REV-ERB regulates 

inflammasome activation and expression of several pro-inflammatory molecules, 

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC10154555/figure/F2/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC10154555/figure/F2/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC10154555/figure/F2/
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we then evaluated the anti-inflammatory activity in a human microglia cell line, 

HMC3. As resident macrophages of the central nervous system (CNS), microglia 

have been implicated in the activation and sensation of pain in humans (Clark et 

al., 2010; Rhie et al., 2020; Ren and Illes, 2022). We hypothesized that the 

suppression of these factors via REV-ERB pharmacological activation may 

provide analgesic effects by reducing inflammation. To test our hypothesis that 

REV-ERB agonists suppress inflammation in microglia, we performed a similar 

experiment as described with the Thp-1 cells. 

HMC3 cells were pre-treated with either DMSO, 10 μM SR9009, or 10 μM 

STL1267 for 24-h, then stimulated with LPS for an additional 24-h. Media was 

collected for ELISA analysis while the cells were fixed and immunostained for 

NLRP3 or collected for QPCR analysis. As shown in Figure 3A, we observed a 

significant decrease in NLRP3 staining in both the SR9009 and STL1267-treated 

cells as compared to DMSO treated cells, which is consistent with our previous 

Thp-1 cell data. We also observed no significant changes in cells without LPS-

stimulation (Supplementary Figure S1). A control containing no primary antibody 

was also performed to confirm the green signal was due to the presence of 

NLRP3 (Supplementary Figure S2). The media was collected from all the plates 

and we performed the Pro-Quantum IL-1β immunoassay to evaluate whether the 

REV-ERB agonists could suppress the secretion of IL-1β, a key mediator of 

inflammation and NLRP3 activation. We found that 10 μM SR9009 significantly 

suppressed the secretion of this cytokine following LPS stimulation, and 

STL1267 pre-treatment reduced IL-1β to levels consistent with no LPS 

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC10154555/#B10
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stimulation (Figure 3B). This clearly shows that the potency and efficacy of the 

STL1267 is superior to that of SR9009 in this model, consistent with our previous 

pharmacological characterization of STL1267 (Murray et al., 2022). We then 

performed QPCR to evaluate the expression of NLRP3, IL-1β, and IL-18 in the 

cells following REV-ERB agonist treatment. As shown in Figure 3C, both REV-

ERB agonists significantly suppress the expression of NLRP3, IL-1β, and IL-18 in 

the LPS-stimulated cells. Our data suggests that not only is REV-ERB a regulator 

of inflammation in the periphery as described by numerous labs, the 

pharmacological activation of REV-ERB has significant effects on suppressing 

inflammation in the CNS, which may play a role in pain and other chronic 

inflammatory conditions (Gibbs et al., 2012; Amir et al., 2018; Pourcet et al., 

2018; Baxter and Ray, 2019; Chang et al., 2019; Amir et al., 2020; Hong et al., 

2021; Gray and Gibbs, 2022). 
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Figure 5.3 REV-ERB agonists have an anti-inflammatory effect on a human 
microglia cell line. (A) Immunostaining of LPS-stimulated HMC3 cells treated 
with either DMSO, SR9009, or STL1267. Cells were immunostained for NLRP3 
(green) and counterstained with DAPI (Blue) and Actin (Phalloidin; Red) to verify 
cellular occupancy of NLRP3. (B) ELISA assay evaluating the secretion of IL-1β 
into the cell culture media. Results are shown as pg/mL normalized to Ct value of 
IL-1β per the ThermoFisher protocol using the Connect cloud software and 
graphed in Graphpad Prism. (C) Gene expression results for NLRP3, IL-1β, and 
IL-18. For all cell-based experiments, an n = 6 for each condition was used. 
Experiments were performed on three different occasions by different 
researchers, and the results were analyzed separately by ANOVA and 
represented by Mean ± SEM. 
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5.2.3. A single dose of REV-ERB agonist reduces pain behavior in Sprague-

Dawley rats 

 

Given that inflammation plays a major role in the development of pain conditions, 

we sought to investigate whether suppressing the NLRP3 inflammasome via the 

REV-ERB agonists SR9009 and STL1267 will be analgesic in an inflammatory 

pain model. To perform these assays, we used 21 female Sprague-Dawley rats 

and assessed baseline sensitivity to both mechanical and thermal stimuli by Von 

Frey filament assay and hot plate. The following day, rats were administered 

either vehicle, SR9009, or STL1267 via intraperitoneal injection, rested for 1 h, 

then administered λ-Carrageenan subcutaneously into the left footpad to induce 

the acute inflammatory response (saline was injected into the right footpad as an 

internal control) (Allen and Yaksh, 2004; McCarson, 2015). This method 

produces a localized inflammatory response characterized by redness, swelling, 

het, reduced function, and hypersensitivity (as demonstrated by hyperagesia 

and/or allodynia), and can be used to assess efficacy of anti-inflammatory 

molecules (Fehrenbacher et al., 2012). At 4-, 24-, and 48-hpi, rats were 

assessed for mechanical and thermal hypersensitivity, and footpad thickness as 

shown in Figure 4A. 
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Figure 5.4 REV-ERB agonists suppress pain behavior in a rat model of 
acute inflammatory pain. (A) Schematic of the rat model used to evaluate the 
efficacy of REV-ERB agonists SR9009 and STL1267 in acute inflammatory pain. 
(B) Measurement of the inflammatory response following a single injection of 
REVERB agonist (i.p.) and carrageenan injection in the rat hind 
paw.Measurements were taken with a digital caliper and normalized as the 
change in thickness as a percentage to the baseline measurements. (C) 
Mechanical hypersensitivity was measured using a Von Frey filament. (D) 
Thermal hypersensitivity was also tested on these animals following a single 
injection of REV ERB agonist (i.p.) and evaluated by recording the number of foot 
lifts over a 30-s interval. Data was analyzed in Graphpad Prism using ANOVA 
with Dunnett’s post-hoc test and represented by Mean ± SD.  
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Measurements of footpad thickness show that a single administration of REV-

ERB agonist (either SR9009 or STL1267) was sufficient to reduce footpad 

inflammation driven by λ-Carrageenan injection at 4-hpi (Figure 4B). STL1267 

continued to suppress footpad inflammation at 24-hpi, suggesting that it may be 

more efficacious at the 50 mg/kg dose as compared to SR9009 which was given 

at 100 mg/kg, as determined by our previous work with these compounds (Solt et 

al., 2012; Murray et al., 2022). By 48-hpi, there was no significant change in 

footpad thickness as compared to the vehicle control group, which was expected 

given the rats only received a single dose of REV-ERB agonists and the 

compounds should have been completely metabolized by this time. 

 

Mechanical hypersensitivity evaluated by Von Frey filaments is a standard assay 

performed to evaluate analgesic activity of compounds (Allen and Yaksh, 

2004).The withdrawal threshold measurement at baseline suggests that there 

were no differences among groups, however at 4- and 24-hpi both groups treated 

with REV-ERB agonists displayed significantly higher withdrawal thresholds as 

compared to the vehicle control group (Figure 4C). At 48-hpi, although footpad 

thickness was not significantly affected, the group administered the single dose 

of STL1267 displayed a significant increase in paw withdrawal threshold as 

compared to the vehicle control group, suggesting that the administration of 

REV-ERB agonists may provide analgesic activity in inflammatory pain models. 
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Evaluating the response to a thermal stimulus represents an additional aspect of 

quantitative sensory testing, which may facilitate the findings of our REV-ERB 

compounds in a translational manner. Thermal hyperalgesia is a common 

pathology in a number of human pain states, and is often used to evaluate novel 

small molecules. We evaluated the thermal response threshold of the animals 

using a hotplate set to 55°C. The number of foot lifts over a thirty-second period 

was recorded and shows that administration of REV-ERB agonists significantly 

reduced the number of foot lifts at 4-hpi (Figure 4D). At 24-hpi, SR9009 reduced 

the number of foot lifts but was not significant compared to the vehicle group. 

However, STL1267 did continue to show efficacy in this assay at 24-hpi. By 48-

hpi, the number of foot lifts was still less than the control group although not 

significant. 

 

5.3. Discussion 

 

It is well known that chronic pain conditions are associated with inflammation and 

represents a major healthcare concern worldwide (Chen et al., 2021). Recent 

evidence points to chronic inflammation due to inflammasome activation in local 

inflamed tissues, peripheral nerves, or even the CNS (spinal cord) as a driver of 

the initiation and maintenance of chronic pain (He et al., 2019; Chen et al., 

2021; Griffett, 2022). One such pro-inflammatory driver of pain is the cytokine IL-

1β, which can incidentally contribute to pain by both increasing local 

inflammatory responses and by direct activation of nociceptors to elicit action 
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potentials which initiates pain sensations (Chen et al., 2021). The activity of IL-1β 

is tightly regulated via the NLRP3 inflammasome. The inflammasome is a large 

multicomponent molecule that consists of NLRP3, ASC adaptors, and caspase 

enzymes, and is present primarily in immune cells including macrophages and 

microglia, although several recent studies have demonstrated its presence in 

neurons of the sensory nervous system (Baldwin et al., 2016; Caseley et al., 

2020). The activation of the NLRP3 inflammasome is mediated through toll-like 

receptors (TLRs) and various cytokine receptors resulting in the NFκB-mediated 

upregulation of NLRP3 and IL-1β transcription. The chronic activation of NLRP3 

has been implicated in a variety of disorders including atherosclerosis, auto-

immune disorders (e.g., multiple sclerosis), and Alzheimer’s disease (Eren and 

Özören, 2019). 

 

Previous studies have shown a direct regulation of both NLRP3 and IL-1β by 

REV-ERB. In collaboration with the Duez and Stalls group, we determined that 

there are several REV-ERB response elements in the promoter of the Nlrp3 gene 

in mice, with corresponds with the human genome (Pourcet et al., 2018). The 

NLRP3 inflammasome is tightly regulated by a variety of physiological factors 

including circadian rhythms, as a direct result of REV-ERB (Duez and Pourcet, 

2021). This work not only validated the direct control of inflammation in 

macrophages by REV-ERB, but also addressed the concepts that inflammation is 

a highly regulated process. Dysregulation of inflammatory mediators including 

NLRP3 can lead to a variety of diseases. Understanding the role that chronic 
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NLRP3 inflammasome plays in the initiation and maintenance of pain conditions, 

we sought to evaluate whether the pharmacological activation of REV-ERB with 

small molecule agonists alleviated pain behaviors. 

 

We first validated previously published data to confirm that loss of REV-ERB 

leads to increases in inflammatory mediators by evaluating the differences in pro-

inflammatory cytokines (IL-1β and IL-18) and Nlrp3 gene expression in mouse 

BMDMs from both REV-ERBα-null animals and wildtype (C57Bl/6J) animals. We 

confirmed that the loss of REV-ERB in these animals correlated with an increase 

in inflammatory molecule expression by QPCR. These results allowed us to 

develop our hypothesis that REV-ERB may play a role in pain driven by 

inflammation. We then wanted to evaluate the effects of pharmacological 

activation of REV-ERB in human monocytes, since these cells can recapitulate 

NLRP3 activity as seen in a variety of inflammatory diseases. We therefore used 

a standard procedure of differentiating Thp-1 cells towards an inflammatory 

macrophage phenotype and evaluated the effects of our small molecule REV-

ERB agonists on inflammatory mediators. Our results not only validated 

previously published results demonstrating the anti-inflammatory effects of REV-

ERB agonist SR9009, it also demonstrated that the new compound, STL-1267, 

has greater efficacy in these models as compared to SR9009 (Morioka et al., 

2016; Morioka et al., 2021; Murray et al., 2022). 
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Since we are interested in the potential analgesic properties of REV-ERB 

agonists, we then decided to evaluate the effects on inflammatory molecules in a 

human microglia cell line. Microglia activation has been implicated as a key driver 

of a variety of pain conditions including chemotherapy-induced neuropathy, 

generalized inflammatory pain, migraine, and diabetic peripheral neuropathy pain 

(Sommer et al., 2018; Morioka et al., 2021). Upon nerve injury, microglia are 

capable of surrounding cell bodies of neurons and dorsal root ganglia and serve 

as a source of inflammatory mediators (e.g., IL-1β, IL-18, TNF-α, chemokines, 

etc.) thereby directing a neuroinflammatory response. Without access to human 

primary microglia, the HMC3 cell line provides a translational approach to test 

whether the compounds can suppress neuroinflammation. Immunostaining for 

NLRP3 in these cells displayed a significant reduction of NLRP3 expression, 

suggesting that pharmacological activation of REV-ERB with small molecules 

can suppress NLRP3 activity in microglia. This finding has implications in 

numerous diseases in which microglia play a key role. We also compared 

expression of NLRP3 to cells that were not stimulated with LPS to confirm the 

immunostaining methods. While these results are clear, we also confirmed the 

reduction of NLRP3 expression by evaluating the secretion of IL-1β by ELISA as 

well as determined that the REV-ERB agonists downregulated the expression 

of NLRP3, IL-1β, and IL-18 by QPCR from these cells. From our results, we 

confirmed previous data suggesting that REV-ERB directly regulates the 

expression of NLRP3 and hypothesized that if REV-ERB agonists can suppress 
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the activation of inflammatory microglia, then we may observe analgesic activity 

in an inflammatory pain model. 

 

To test this hypothesis, we contracted a research organization to blindly perform 

an acute inflammatory assay on rats in which the rats would only receive a single 

intraperitoneal injection of either vehicle, SR9009, or STL1267 an hour prior to 

carrageenan footpad injection. The CRO routinely performed these assays in 

rats, and this provided an additional model to validate the effects of REV-ERB 

activation in inflammatory pain, allowing us to confirm the translational value of 

REV-ERB. STL1267 is more soluble and stable in the vehicle as compared to 

SR9009, has increased potency as characterized in radioligand binding assays 

and luciferase co-transfection assays, and has improved pharmacokinetic 

properties and half-life (Murray et al., 2022). 

 

The mechanical Von Frey test is a widely used method to evaluate mechanical 

allodynia in laboratory animals and remains to be the gold standard in 

determining mechanical thresholds in pain models. Likewise, the hotplate method 

can be used to evaluate heat thresholds (hypersensitivity) in animal models. 

Since a constant heat stimulus is applied, several nocifensive behaviors were 

used to evaluate the analgesic potential of the REV-ERB compounds including 

licking, jumping, hind paw withdrawal, and leaning. We found that in the acute 

inflammatory model, a single dose of REV-ERB agonist was sufficient to reduce 

the initial inflammation that occurred as a result of footpad λ-Carrageenan 

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC10154555/#B29
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injection. Interestingly, we observed significant differences in the withdrawal 

threshold following the carrageenan injection in both treatment groups 

suggesting that the compounds had an analgesic effect in the mechanical Von 

Frey assay. A similar effect was found in the thermal response assay, confirming 

our hypothesis that REV-ERB mediated repression of inflammatory processes 

has analgesic activities. 

 

Pain is a multifaceted and diverse problem that can be attributed to a variety of 

pathologies. Likewise, evaluating pain in animal models presents some 

difficulties as we are limited to evaluating behaviors to assess pain levels. 

However, these models have provided key data that suggests there is 

translational value in targeting the REV-ERB receptor for inflammatory pain. 

While considerably more work needs to be performed to evaluate the role that 

REV-ERB plays in analgesia, we believe that this may have potential therapeutic 

implications in pain driven by inflammatory processes. Here, we explored how 

pharmacological activation of REV-ERB effects inflammatory processes of pain, 

mainly via macrophage and microglial-type processes of activating the NLRP3 

inflammasome. These compounds will need to be explored in the future to 

evaluate the efficacy of analgesia in pain models less dependent on inflammatory 

processes, and the mechanisms involved are yet to be understood. 

 

Given the issues of opioid misuse worldwide, it is imperative that new, non-

opioid, effective therapeutics for chronic pain are developed and evaluated. One 



 225 

area that will need to be evaluated in the future is whether REV-ERB compounds 

that have efficacy in pain models affect the addiction or reward pathways. While 

we are not able to perform these experiments currently, we have previously 

published data that demonstrates the SR9009 series of REV-ERB agonists are 

non-addictive in a conditioned place preference (CPP) assay (Banerjee et al., 

2014). That data also confirmed an “anti-addictive” effect of combining a REV-

ERB agonist with cocaine in the CPP assay, suggesting that targeting REV-ERB 

for analgesia may be a safer alternative than opioid therapy (Banerjee et al., 

2014). Further work in this area will need to be performed. Additionally, it is 

important to note that animal models have successfully predicted the usefulness 

of several commonly used treatments for pain including ibuprofen and morphine. 

The human processing and interpretation of pain is different from the animals 

commonly used in the laboratory. Likewise, disparities in therapeutic efficacy 

between rodents and humans may be attributed to differences in 

pharmacokinetics/pharmacodynamics (PK/PD) between species (Muley et al., 

2016). While our current understanding of the translational value and predictive 

capacity of these compounds is limited, this work provides important biological 

information depicting the role that the nuclear receptor REV-ERB plays in 

inflammatory pain. Overall, the data presented here suggests that 

pharmacological activation of REV-ERB with small molecule ligands may have 

analgesic activity in models of acute inflammatory pain.  
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Chapter Six: Materials and Methods 

 

6.1 Cell culture  

HepG2 liver hepatocarcinoma cell line was purchased from American Type Culture 

Collection (Rockville, MD). The cells were maintained in Eagle’s Minimum 

Essential Media (EMEM) (Cellgro) supplemented with 10% fetal bovine serum, and 

ITS. RAW 264.7 cells and LX-2 cells were cultured in DMEM supplemented with 

10% fetal bovine serum. Where mentioned, RAW cells were stimulated with 

100ng/mL LPS for respective timepoints. The human monocyte cell line, Thp-1, 

was purchased from ATCC (Catalog #TIB-202), maintained in a humidified 

incubator at 37°C with 5% CO2, and cultured in antibiotic-free RPMI media 

supplemented with 10% FBS. Cells were tested for mycoplasma regularly as a 

quality control.  

 

To differentiate Thp-1 cells, cells were primed for 24 h in media supplemented with 

Paramethoxyamphetamine (PMA; Sigma P1585). After priming, cells were 

washed and plated in fresh PMA-free culture media in 100 mm polystyrene dishes 

for 72 h. For the last 24-h, dimethylsulfoxide (DMSO), SR9009 (10 μM), or 

STL1267 (10 μM) was added to the media as a “pre-treatment.” The media was 

replaced with culture media containing 20 ng/mL interferon gamma (IFNγ) and 

250 ng/mL lipopolysaccharide (LPS) for 48 h.  
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To determine whether SR9009 or STL1267 could suppress the release of IL-1β, 

we performed an ELISA (ThermoFisher A35574) as per manufacturer’s protocol 

(n = 6) from media removed from the cell culture dishes. For gene expression 

analysis, total RNA was isolated from the cells using Qiagen RNeasy kit per 

manufacturer’s protocol. Bio-Rad iScript cDNA synthesis kit was used to reverse 

transcribe up to 1 μg of cDNA for QPCR analysis using SYBR green (Invitrogen 

Power SYBR) using the ddCt method on the QuantStudio5 384-well QPCR system 

(Applied Biosystems). Genes normalized to 36b4 housekeeping gene for all 

experiments using fold-change analysis and plotted on Graphpad Prism software. 

 

The human microglia cell line, HMC3, were a gift from Dr. Rajesh Amin (Auburn 

University). Cells were cultured in DMEM with 10% FBS (Corning) and 2.5 mM L-

Glutamine (Gibco) without antibiotics and maintained in a humidified chamber at 

37°C with 5% CO2. Cells were tested for mycoplasma regularly as a quality control. 

Cells were seeded in 12-well tissue culture-treated plates (Corning) at 1,00,000 

cells/mL in normal cell media. The following day, cells were pre-treated with either 

DMSO, SR9009, or STL1267 at 10 μM and incubated overnight. The next day, 

cells were stimulated with 100 ng/mL LPS or Media (control) in the continued 

presence of compound treatment. Media was collected the following day for ELISA 

analysis and cells were either immunostained or collected for QPCR as described 

above. 
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HepG2 cells cultured in EMEM, were supplemented with additional lipids, 

cholesterol, and high glucose to make them de-novolipogenic. Bodipy lipid staining 

was performed as per manufacturer’s instructions where mentioned.  

Primary human hepatocytes were obtained from AnaBios and cultured per 

manufacturer’s instructions in media provided by manufacturer. (1141; AnaBios) 

 

6.2 Seahorse XFp Metabolic Flux Assays 

80,000 cells were seeded in each well of the XFp mini cell culture plate in 200uL 

of 10% DMEM, and incubated overnight at 37C 5% CO2. The top and bottom wells 

were left with no cells to use as background correction. The cells were treated with 

respective treatments, as mentioned. The culture was replaced with 180uL of XF 

assay medium and incubated for 1 hr at 37C without CO2. Glycolytic stress test or 

MitoStress test was performed per manufacturer’s instructions. (103010, 103017; 

Agilent) 

 

6.3 Glucose uptake assay  

Glucose uptake was measured in HepG2 cells according to manufacturer’s 

instructions using Glucose Uptake-Glo assay. (J1341; Promega) 

 

6.4 DCFDA/MitoSOX 

100,000 cells were seeded in each well of a 6well plate, and allowed to incubate 

overnight at 37C, 5% CO2. The cells were then treated as mentioned. 500uL 25uM 
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H2DCFDA in PBS/ 1uM of MitoSOX Green was added to the wells, and incubated 

protected from light at 37C, nonCO2. The cells were washed thrice with warm PBS, 

and counterstained with DAPI. Images were acquired immediately using Discover 

Echo Revolve microscope. 

 

6.5 Immunofluorescence staining 

Following removal of the cell media, cells were rinsed three times with cold 1X 

PBS, then fixed with 4% paraformaldehyde (PFA) in phosphate buffered saline 

(PBS; pH 7.4) for 10 min at 37°C. PFA was removed, and the cells were gently 

washed three times with 1X PBS. Cells were permeabilized by incubating in 0.1% 

Triton X-100 in 1X PBS at room temperature for 15 min. Following 

permeabilization, cells were again washed in 1X PBS three times then blocked in 

2% BSA in 1X PBS at room temperature for 1 h. Cells were stained for NLRP3 

(ThermoFisher MA5-32255) or SMA (19245T, Cell Signaling Technology). Cells 

were washed three times with 1X PBS then incubated with secondary antibody 

(per manufacturer’s protocol; ThermoFisher A11008) and counterstained with 

phalloidin where mentioned (ThermoFisher B3475) in 0.1% BSA in 1X PBS for 

45 min. Cells were washed three times with 1X PBS and fluoromount media 

(ThermoFisher P36971) was added to each well to cover the cells. The Discover 

Echo Revolve microscope system was used to image the cells. 
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6.6 RNA sequencing and data analysis 

Total RNA from HepG2 and LX-2 were extracted using RNeasy plus Universal Kits 

(QIAGEN, MD). The quality of RNA was assessed before being processed for 

library preparation using Bioanalyzer (Agilent Technologies). The whole 

transcriptome was amplified, and the library was constructed using TruSeq 

Stranded mRNA (Illumina; San Diego, CA). Quantitative assessment of library was 

done using Qubit 2.0 fluorometer (Invitrogen) and evaluated on the high-sensitivity 

DNA chip (Agilent Technologies). Libraries were sequenced on a NovaSeq 6000 

platform (Illumina) using a pair-end 50 bp sequencing strategy. RNA sequencing 

data were preprocessed and analyzed using the Picard-STAR-limma pipeline. 

Raw read counts and fragments per kilobase of transcript per million (FPKM) 

mapped reads abundance were estimated at the transcript and gene levels. 

Principal component analysis (PCA) was used to identify outliers. Both upregulated 

and downregulated gene sets are reported on three GO subcategories: biological 

process (BP), cellular component (CC), and molecular function (MF). FDR q-

values were estimated to correct the P-values for the multiple testing issue. Data 

was plotted at a fold change cut off of 1.5. 

 

6.7 Animals  

Obese leptin deficient (ob/ob), WT C5BL6 (B6) mice, and Nr1d1 knockout mice 

were purchased from Jackson Laboratory (Bar Harbor, ME). All mice were housed 

and maintained in Washington University in St. Louis and Auburn University 

College of Veterinary Medicine Animal Housing Facility. Experimental protocols 
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were approved by the Animal Care and Use Committee of the Auburn University, 

Auburn, AL, and Washington University in St. Louis. Bone marrow-derived 

macrophages (BMDMs) were collected following rapid cervical dislocation from 

femurs and tibias and immediately analyzed by quantitative polymerase chain 

reaction (QPCR). 

 

6.8 MASH Model  

Upon receipt, 2 mice were housed in each standard cage with huts and placed on 

MASH diet (D09100301; Research Diets) or calorie matched control diet 

(S09100304; Research Diets) (Trevaskis et al., 2012). Mice were maintained on 

this diet throughout the experiment. Mice were handled and weighed weekly while 

acclimating to the diet. After 5 weeks, mice were randomly assigned into groups 

(n = 6-10) and dosing was started. Mice were weighed daily, and food-intake was 

monitored weekly. At the termination of the study, mice were fasted and 

euthanized by CO2 and blood was collected by cardiac puncture for clinical 

chemistry analysis at Scripps Florida Metabolism Core (Roche COBAS instrument) 

and metabolic analysis (Stanbio). Tissues were collected and flash-frozen in liquid 

nitrogen for gene expression, or placed in 10% neutral buffered formalin (NBF) 

(16004119; VWR) for paraffin-embedding (Auburn University Histology) or 4% 

Paraformaldehyde in PBS (PFA) for cryo-sectioning. 
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6.9 Compounds and Dosing  

STL1267 was formulated as 50mg/kg at 10mg/ml in 10% DMSO, 10% Tween-80 

(Sigma), 80% PBS. Both vehicle (10% DMSO, 10% Tween 80 (Sigma), 80% PBS) 

and STL1267 were filter sterilized (Millipore Steriflip) prior to dosing. Mice were 

given once and twice daily i.p. injections within two hours of “lights on” (ZT0-ZT1) 

and 2 hours before “lights off” (ZT10-ZT12). Dosing was performed for 5 weeks by 

the same researcher. SR9009 was formulated as previously published (Solt et al., 

2012).  

 

6.10 λ-Carrageenan injections for acute inflammatory pain 

All animal housing and research procedures involving rats were done at CARE 

Research, LLC. The standards for animal husbandry and care followed are those 

found in the Guide for the Care and Use of Laboratory Animals, eighth edition, 

Revised 201 (the Guide). Animal welfare for this study was in compliance with the 

U.S. Department of Agriculture’s (USDA) Animal Welfare Act (9 CFR Parts 1, 2, 

and 3), the Guide and CARE Research SOPs. Twenty-one female Sprague-

Dawley rats were purchased from Charles River and allowed to acclimate to the 

testing facility for 7 days. Prior to dosing, all rats were subjected to baseline 

withdrawal response behavior testing (Von Frey filament and thermal response 

threshold to a heat source) and footpad thickness measurements using a digital 

caliper on the left hindfoot. Body weights were recorded pre-dose to determine 

appropriate dosing volumes. On the first day of the experiment, rats were 

administered a single dose of either vehicle control (10% DMSO; 12% 

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC10154555/#B35
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC10154555/#B35
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CremophoreEL; 78% PBS), 100 mg/kg SR9009, or 50 mg/kg STL1267 via 

intraperitoneal injection. Dosing was determined by our previous work in which we 

evaluated different vehicles and performed pharmacokinetic analysis (Murray et 

al., 2022). Injection of compounds occurred as close to “lights on” as possible (i.e., 

7 a.m.). One hour after compound administration, rats were given an injection of λ-

Carrageenan into the left hind paw (1cc syringe loaded with 100ul of 2.0% 

carrageenan (w/v), subcutaneous injection into plantar footpad) under light 

isoflurane anesthesia to induce the inflammatory response. Since λ-Carrageenan 

is reported to induce peak inflammatory response within 3–5 h, the first set of 

testing occurred within this period. Testing then occurred again at approximately 

24 h post-injection (hpi) of λ-carrageenan and finally at approximately 48-hpi. 

 

6.11 Von Frey filament testing 

Withdrawal responses were measured using Von Frey filaments at the injection 

site at baseline testing, ∼4-hpi, ∼24-hpi, and ∼48-hpi for all 21 rats. The 

“ascending stimulus” method was used to determine an estimate for the 

mechanical threshold. For testing, the rats were placed in clear metabolism cages 

with the base removed to give access to the wire mesh floor. While in the testing 

chamber, Von Frey filaments were applied to the plantar surface of the injected 

hind paw in a series of ascending forces (von Frey filaments are plastic hairs of 

calibrated diameters, 5 cm long and are fixed on hand-held applicators). The 

chosen filament was applied to the plantar surface of the hind left paw until the 

filament was seen to bend. The procedure was repeated five consecutive times on 



 234 

the left hind foot of each animal. The expected response was a paw withdrawal, 

sudden flinching, or paw licking. The response was considered positive if at least 

three expected responses were observed out of five trials. The procedure was 

started again on each animal with the next filament of greater force. The procedure 

was repeated until a rat gave a positive response on two consecutive filaments. 

Once a positive response was given on two consecutive filaments, testing was 

stopped on that animal. The gram value of the lower filament that gave a positive 

response was considered the paw withdrawal threshold for the animal. 

 

6.12 Thermal response threshold to a heat source (Hot plate) 

In this test, the surface of the heat source was heated to a constant temperature 

of approximately 55°C verified by an infrared thermometer. A large glass beaker 

(10,000 mL) was placed on the heat source and the bottom of the beaker 

measured for temperature with the infrared thermometer. Each rat was placed into 

the beaker and a timer was activated. Each rat remained on the heat source for 

30 s. During that time, the number of times the carrageenan injected hind left foot 

was lifted from the heat source was recorded. If there was no response observed 

by 30 s, the test was stopped, and the rat returned to its cage. 

 

6.13 Footpad thickness measurements 

Footpad thickness was measured from the top of the foot to the base of the central 

pad by digital calipers. 
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6.14 Liver Biochemical Assessment  

Free fatty acids and triglycerides were measured in the liver samples per 

manufacturer’s instructions. Briefly, 50mg of liver tissue was lysed in RIPA buffer 

and homogenized using a tissue homogenizer. The lysate was used fresh to 

measure free fatty acid and triglyceride content. (2100430; Stanbio) (K612; 

BioVision) 

 

6.15 ipGTT and ipITT 

For intraperitoneal glucose tolerance test (ipGTT), mice were transferred to clean 

cages and fasted for 6 hours. Mice were weighed, baseline blood glucose was 

taken, then mice were given either an injection of glucose solution in PBS (2g/kg 

body weight) or Insulin (0.5U/kg) in PBS. Blood glucose levels were subsequently 

repeated at 15-, 30-, 60-, 90-, and 120-minutes following the injection of glucose. 

Mean blood glucose levels (mg/dL) are reported as well as the area under the 

curve (AUC) which was analyzed by two-tailed student’s t-test in Graphpad prism. 

Following the ipGTT, mice were given access to food ad libitum. 

 

6.16 Histological analysis  

Formalin fixed liver tissues were processed, and paraffin embedded. 4 microns 

thick, hematoxylin and eosin (H&E) and Gomori’s trichrome sections were used 

for evaluation. Liver slides were scanned using the Aperio ScanScope scanner 
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(Vista, CA). A board-certified pathologist evaluated liver H&E slides based on a 

modified NAFLD scoring system for rodent models (Liang et al., 2014). Evaluation 

criteria included macrovesicular steatosis, microvesicular steatosis, hepatocellular 

hypertrophy, and inflammation. 

 

6.17 Gene Expression  

Total RNA was isolated from liver using the trizol (Invitrogen) method (Griffett et 

al., 2013). Samples were analyzed by QPCR using Fatty Liver and Fibrosis QPCR 

array plates (Bio-Rad; 384-well format) and PowerUp SYBR reagent (A25778; 

Thermofisher Scientific) per manufacturer’s protocol. Data was analyzed on the 

PrimePCR software supplied by Bio-Rad. Multiple reference genes were utilized 

(including Gapdh, ActinB, and Cyclophillin) for analysis(Griffett et al., 2015). 

Results were plotted in GraphPad prism software as relative expression 

normalized to control using mean +/- SEM. 

 

Primers were purchased from Integrated DNA Technologies (IDT) and checked for 

specificity using NCBI Primer-BLAST as follows: 

Human NLRP3 Forward: 5′-CATGAGTGCTGCTTCGACAT-3′ 

Human NLRP3 Reverse: 5′-CGACTCCTGAGTCTCCCAAG-3′ 

Human 36B4 Forward: 5′- CGACCTGGAAGTCCAACTAC-3′ 

Human 36B4 Reverse: 5′- ATCTGCTGCATCTGCTTG-3′ 

Human Il-1β Forward: 5′- CACCACTACAGCAAGGGCTTCA-3′ 

Human Il-1β Reverse: 5′- GCATCTTCCTCAGCTTGTCCAT-3′ 
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Human Il-18 Forward: 5′- TCCTTGATGTTATCAGGAGGATTCA-3′ 

Human Il-18 Reverse: 5′- GCTGTAACTATCTCTGTGAAGTGTG-3′ 

Mouse Il-1β Forward: 5′-GCAACTGTTCCTGAACTCA-3′ 

Mouse Il-1β Reverse: 5′-CTCGGAGCCTGTAGTGCAG-3′ 

Mouse Il-18 Forward: 5′- CTGGAGCTGCTGACAGGCCTGA-3′ 

Mouse Il-18 Reverse: 5′- GCCCAGGAACAATGGCTGCCAT-3′ 

Mouse Nlrp3 Forward: 5′- GCCTCACCTCACACAGCTGCTG-3′ 

Mouse Nlrp3 Reverse: 5′- TTGGCGATCTGTGCGTGGTGAC-3′ 

Mouse 36b4 Forward: 5′- AGATTCGGGATATGCTGTTGGC-3′ 

Mouse 36b4 Reverse: 5′- TCGGGTCCTAGACCAGTGTTC-3′ 

 

6.18 Statistics 

All data are expressed as mean +/- SEM (n = 4 or greater). All expression statistical 

analysis was performed using ANOVA with Tukey’s post-hoc analysis in GraphPad 

prism software. Weekly mouse weights and food intake data was analyzed by two-

way ANOVA followed by Sidak’s multiple comparisons at the 95% confidence 

level. For ipGTT, area under the curve (AUC) was generated and the data was 

analyzed by two-tailed student’s t-test in GraphPad prism software. P-values are 

reported as numerals. Significance is considered at p<0.05. P-value for GTT and 

ITT is as follows: * p ≤ 0.05, ** p ≤ 0.01, *** p ≤ 0.001, and **** p ≤ 0.0001. 
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