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ABSTRACT 

 

            One third of non-alcoholic fatty liver disease (NAFLD) progresses to its 

inflammatory subtype called non-alcoholic steatohepatitis (NASH). Liver macrophage-

mediated inflammation contributes to the pathogenesis of NASH. However, their 

associated pathophysiology and the molecular mechanisms remain unclear. Osr1 is a 

transcription factor containing four C2H2-type zinc finger motifs. Our previous data 

described that Osr1 could regulate hepatic inflammation and cell survival in the 

progression of NAFLD in a pre-cancer model. And Osr1 is strongly expressed in hepatic 

macrophages during NAFLD pathogenesis. In this study, we investigated the 

physiological function and possible hepatoprotection role of Osr1 in macrophages on 

NAFLD development in high-fat diet (HFD) and Methionine/Choline deficient diet 

(MCD) diet treated mice.  

            Specifically deleting Osr1 in myeloid cells promoted NASH development, 

evidenced by severer liver inflammation and steatosis, suggesting a protective effect of 

Osr1 against NASH. Deleting Osr1 in macrophages induced more inflammation both in 

vivo and in vitro, associated with phenotype switch towards inflammatory, suggesting 

Osr1 might maintain macrophages toward alternative M2 like profile. Our RNA 

sequencing of the wild type and Osr1 myeloid knockout mice liver showed Osr1-

dependent expression of genes and signaling pathways involved in macrophage 

polarization. In cultured bone marrow derived macrophages (BMDMs) for in vitro 

polarization study, Osr1 expression was found positively correlated with the M2 marker 



 

 iii 

genes such as PPAR-γ in macrophage phenotype switch (M0/M1/M2), confirmed the role 

of Osr1 in maintaining macrophage M2 polarization. We also investigated the role of Osr1 

in the macrophage metabolic reprogramming. Deleting Osr1 shift the macrophages to a 

glycolysis dependent ATP production profile. Further experiment also indicated that Osr1 

is highly involved in the palmitate oxidation. Additionally, PPAR-γ was identified as the 

downstream targets of Osr1 by CHIP-qPCR and luciferase reporter assays. While 

compound heterozygotes of macrophage PPAR-γ and Osr1 promoted NASH progression, 

PPAR-γ agonist treatment inhibited the NASH progression, suggesting the functional 

Osr1-PPAR-γ axis in the liver macrophages for NASH progression. Upon establishing the 

role of Osr1 in macrophage alternative polarization, we performed the macrophage- 

hepatocytes coculture experiment and confirmed the effect of Osr1-null macrophages in 

inducing the hepatocytes inflammation and fat deposition. 

            In summary, we demonstrated that macrophage Osr1 plays an important role in 

hepatic inflammation and NASH progression via mediating macrophage activation. 
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IDH                             Isocitrate dehydrogenase  

SDH                            Succinate dehydrogenase 

IC                                Immune Complex 
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ATM                           Adipose Tissue Macrophage  

TZD                            Thiazolidinedione  

VEGF                         Vascular Endothelial Growth Factor  

MAPK                        Mitogen-activated Protein Kinase  

JNK                            c-Jun N-terminal Kinase 

ERK                            Extracellular signal-regulated Kinase  

PAMP                         Pathogen Associated Molecular Pattern 

DAMP                        Damage Associated Molecular Patterns 
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CHAPTER I  

INTRODUCTION  

1.1 The Mechanistic Basis of Non-alcoholic Fatty Liver Disease (NAFLD)  

1.1.1 The prevalence of NAFLD   

NAFLD is a detrimental condition associated with metabolic syndrome, diabetes, 

obesity, hyperlipidemia, hyperinsulinemia, and hypertension. In recent years, NAFLD 

has become one of the most common chronic liver disease, affecting around 25% of the 

global population(1). With the prevalence and severity of obesity increasing at an 

alarming rate, the prevalence of all classifications of NAFLD is in a rising trend(2) 

.Among which, one third of NAFLD develops into a more inflammatory subtype, Non-

alcoholic steatohepatitis (NASH), and approximately a quarter of NASH with cirrhosis 

eventually develops hepatocellular carcinoma (HCC) (3). NASH is characterized by 

hepatic inflammation, steatosis, with or without fibrosis(4). Comparing to patients with 

simple fatty liver, those with NASH have an impaired survival due to the liver  or  

cardiovascular causes(5).  In United States, it has become the third leading cause of 

HCC and the second leading indication for liver transplantation (6).  

1.1.2 The “two-hit” and “multiple-hit” hypothesis of NAFLD 

Despite the high prevalence of NAFLD, only a small proportion of  patients develop to 

NASH(7). To understand the underlying mechanisms for the development of NASH, 

various theories have been formulated. Among which, the “two hits ” hypothesis has 

been accepted as the NASH pathogenesis model initially. According to this theory, the 

first hit refers to the sedentary lifestyle, dietary factors such as high fat diet, obesity, and 
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insulin resistance, leading to hepatic accumulation of lipids. Followed up by the ‘second 

hit’, which activates inflammatory and fibrogenesis responses(8). However, this view 

becomes too simplistic to explain the complexity of NAFLD considering multiple  

factors acting synergistically in the development and progression of NAFLD(9). 

Consequently, a “multiple-hit hypothesis” which incorporate dietary habits, 

environmental and genetic factors, obesity, insulin resistance, and changes in the 

intestinal microbiome has more widely accepted to explain the etiology of NAFLD(8, 9).  

 

Firstly, dietary or metabolic factors contribute to the pathogenesis of NAFLD. 

Specifically, the dietary patterns with high calorie intake leads to obesity and insulin 

resistance (IR). Both high calorie intake and IR result in the excess fatty acid storage 

capacity of adipose tissue, impaired inhibition of adipose tissue lipolysis, with 

consequent increased flux of fatty acids to the liver. Meanwhile, IR alters the production 

and secretion of adipokines and inflammatory cytokines, which also contribute to the 

development of NAFLD. The fat accumulation and increased lipotoxicity from high 

levels of free fatty acids, free cholesterol and other lipid metabolites induces the 

mitochondrial dysfunction and endoplasmic reticulum (ER) stress with oxidative stresses 

and the production of reactive oxygen species (ROS). 

 

Additionally, the altered gut flora increased the fatty acid absorption and circulating 

inflammatory cytokines, which contribute to the activation of inflammatory pathways in 

the liver, aggravating the pathogenesis of NAFLD(10). 
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 Genetic factors have been identified to play important roles in modulating the NAFLD 

occurrence, severity, and long-term prognosis. In terms of the “multiple-hit hypothesis”,  

genetic factors or epigenetic modifications could affect hepatocyte fat content and liver 

inflammatory environment. In which, the immunological facets involving macrophages 

have become one of the central mechanisms in the initiation and progression of NAFLD. 

A state of chronic hepatic inflammation would induce heterogeneous hepatocellular 

damage pathways, with progression to hepatocellular death and deposition of fibrous 

matrix(11).         

1.1.3 Innate inflammation and NASH 

The liver is the largest visceral tissue mass and with unique blood supply distinct from 

other organs. The hepatic artery brings oxygenated blood to the hepatic tissues and 

account for only 20% -25% of the total blood entering the liver. While the portal vein 

account for the remaining 75%-80%, collecting the deoxygenated blood from the 

gastrointestinal tract (GI tract), filtering it to eliminate toxins and process the nutrients 

during absorption. Thus, the liver is constantly exposed to antigenic loads from GI tract. 

Hence, the innate immune system is the first line of defense against invading pathogens 

that is critical for not just the liver but the overall survival of the host. Innate immune 

cells (such as monocytes, macrophages, dendritic cells, mast cells, neutrophils and 

natural killer (NK) cells) could recognize pathogen associated molecular patterns 

(PAMPs) released by microorganisms (such as lipopolysaccharide (LPS), flagellin, 

lipoproteins, external RNA or DNA) and endogenous ligands (such as heat shock 

proteins (HSPs) released by damaged cells) via their pattern-recognition receptors 
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(PRRs). Several PRRs have been recognized including Toll-like receptors (TLRs), 

nucleotide-binding and oligomerization domain (NOD)-like receptors (NLRs), RIG-I 

like receptors (RLRs), C-type lectin receptors (CLRs), and other non-specific 

sensors.(12-14) 

1.1.4 Cellular and molecular mechanisms in the pathogenesis of NASH 

The population of macrophages in the liver is highly heterogeneous containing the 

resident macrophages, Kupffer cells (KCs) and the recruited bone marrow derived 

macrophages (BMDMs). During infectious or other insults in the liver, the resident 

Kupffer cells are the first immune cells to detect the presence of invading pathogens. 

Upon activation, Kupffer cells release cytokines such as TNFα, IL-1, and IL-6 as well as 

chemokines including CXCL 1–3, CXCL-8, CCL-2–4 that initiate the inflammation 

response. At the same time, the activation of TLRs and NLRs by PAMPs and DAMPs in 

Kupffer cells as well as in HSCs leads to the secretion of pro- inflammatory cytokines to 

provoke the progression of NASH. Proinflammatory cytokines released from activated 

Kupffer cells coordinate with the upregulated adhesion molecules from LSECs (such as 

VCAM-1, ICAM1, MAdCAM etc.) to further stimulate the recruitment of circulating 

blood monocytes and neutrophils to the liver. B cells and T cells also accumulate during 

NASH and produce TNFα and IL‐6 or IFN-γ and IL‐17. Following the recruitment, the 

circulating monocytes derived from bone marrow undergo differentiation into tissue 

macrophages (Mφ), which release TNFα, IL-1β, G-CSF, and GM-CSF factors that 

crosstalk with neutrophils and lymphocytes to sustain their survival at the site of 

inflammation to perform the pathogen clearance(15-17). 
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During the late phase, for the inflammation to be resolved, the apoptotic neutrophils and 

the cytokines released by other cells are recognized by the receptors on macrophages. 

This process initiate macrophage phagocytosis and the transcriptional profile 

modification, which further increase the production of cytokines including IL-10 and 

TGF-b for resolving inflammation and tissue repair (16). 

Dysregulation of liver inflammation is a hallmark of NASH development, which is 

mediated by multiple overlapping pathways during the pathogenesis of NASH. 

Persistent activation of innate immune pathways, in response to MAMPs or DAMPs 

released due to excess consumption fat and tissue damage, leads to the pathological liver 

inflammation. The nuclear factor-kappa B (NF-κB) and MAPK signaling pathways 

(including c-Jun N-terminal kinase (JNK) as well as P38 MAPK pathways ) are among 

the key pro-inflammatory signaling pathways in NASH (18, 19). 

NF-κB signaling  

NF-κB is a nuclear transcription factor widely expressed in varied cells and is closely 

related with inflammation. In addition, NF-κB regulates a variety of cytokines 

expression involved in inflammation, cell adhesion and protease gene transcription both 

in vitro and in vivo. NF-κB activation promotes the expression of inflammatory 

cytokines, which further enhance the pro-inflammatory activity of NF-κB. Cytokines 

(TNF-α, IL-6, IL-1, etc.), bacteria products (LPS, etc.), growth factors (such as insulin), 

stress response (oxygenation, etc.), and other factors could induce NF-κB activation, 

initiating transcription of many genes such as TNF-α, IL-1, IL-6, IL-8. (12, 19, 20)These 

cytokines regulated by NF-κB are involved in the liver inflammation, liver fibrosis, liver 
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regeneration, apoptosis and insulin resistance (IR)(20, 21). Therefore, the NF-κB 

signaling pathway are highly involved in the pathogenesis of NAFLD(22). 

JNK signaling 

Mitogen-activated protein kinase (MAPK) is a class of serine/threonine protein kinase 

widely existed in a variety of cells and mediates signal conduction from the cell surface 

to the cell nuclei. The MAPK family has three members, extracellular signal-regulated 

kinases (ERKs), c-Jun N-terminal kinase (JNK) and p38 MAPK. The ERKs play a major 

role in the cellular response, and JNK and p38 are mainly related with stress and 

inflammation(19). The fat accumulation and cell injury in hepatocytes could activate the 

JNK(23). JNK is also activated in the adipocytes, macrophages, and striated muscle of 

HFD-fed mice(24). JNK is associated with the decreased whole-body insulin sensitivity 

due to its inhibitory role in insulin- stimulated Akt activation(25, 26). It has been 

established that inflammatory cytokines such as TNF-α, free fatty acids (FFAs), 

oxidative stress could lead to IR which is closely mediated by JNK signaling. A 

feedforward self-sustaining signaling pathway has been elucidated in liver models as the 

JNK amplification loop (P-JNK → Sab → Intramitochondrial pathway → ↑ ROS → ↑ 

P-ASK1 → ↑ P-MKK4 → ↑ P-JNK)(24).In normal liver, the activation of JNK is 

minimal or transient. Upon activation, the phosphorylated JNK translocates to 

mitochondria and binds with mitochondrial outer membrane protein Sab. This further 

leads to inhibition of mitochondrial respiration and electron transport, leading to ROS 

release from mitochondria and activation of MAP3K/MAP2K pathway sustaining JNK 

activation. In the liver, JNK is an important effector MAPK which catalyzes the 
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phosphorylation of nuclear AP1 transcription factors (c-Jun, etc) as well as other protein 

kinases and phosphatases such as scaffold proteins, and other functional proteins (27). 

JNK activation and substrate phosphorylation has two major direct consequences: 

regulation of gene expression through AP1 transcription factors and direct activation or 

inhibition of protein targets. The main effects about JNK activation include 

inflammation, hepatocyte apoptosis and mitochondria dysfunction, which contributes to 

the liver injury, NAFLD/NASH, obesity and insulin resistance were developed(24).  

P38 MAPK signaling 

The p38 MAPK family is comprised of four isoforms encoded by Mapk14 (p38α) 

Mapk11 (p38β), Mapk12 (p38γ) and Mapk13 (p38δ)(28). The most extensively studied 

and expressed are p38α and p38β MAPKs (29). In the liver, the predominately expressed 

isoform is p38α. The p38 MAPK was activated by the phosphorylation of MAPK 

kinases or autophosphorylation at pT180/pY182(30). Previous studies have 

demonstrated a role for p38αMAPK in the energy expenditure, glucose homeostasis and 

lipid metabolism. p38a expression was reported to be increased in livers of human 

patients with NAFLD and was implicated in many inflammatory related diseases 

including inflammatory bowel diseases (31, 32). p38 MAPK signaling pathway is also 

highly involved in the cell inflammatory response and apoptosis process under stress 

conditions and related with the release of a variety of inflammatory cytokines (such as 

IL-1, TNF-α and IL-6, etc.) after activation(33). In conclusion, obesity and the 

associated inflammation activate the stress-responsive MAPKs, such as the p38 MAPKs 
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and JNKs, making it a promising working hypothesis that these MAPKs drive hepatic 

metabolic dysfunction in the development of NAFLD.  

1.2 Macrophage polarization and the associated metabolic change  

1.2.1 Macrophage polarization and related mechanisms 

 

Macrophage is a highly heterogeneous cell population that respond and adapt to a variety 

of micro-environmental signals (34). As mentioned before, tissue infiltration by 

inflammatory macrophages is a major contributor to inflammation, insulin resistance and 

NASH development (35). The skewed macrophage differentiation status may have an 

important role in the pathogenesis of NASH.  

 

Macrophage activation and functions are profoundly affected by cytokines and microbial 

products within the microenvironment. In general, macrophages are classified into 

classically activated (pro-inflammatory or M1 macrophages), and alternatively activated 

(anti-inflammatory, or M2 macrophages) (36). Upon pro-inflammatory stimuli (i.e., LPS 

or IFN-γ), transcription of the transcription factors including NF-κB, STAT1，STAT3，

AP1 or HIF-1a are induced to drive a series of cell surface markers (i.e., CD80/86, MHCII) 

and cytokine (i.e., TNF-α， IL-6， IL-1β， IL-12) expression. However, for the M2 

polarization, the anti-inflammatory cytokines, IL-4 or IL-13, are always the drivers to 

induce the expression of transcription factors such as STAT6, SOCS1, PPARγ or GATA3, 
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which drive expression of a distinct series of cell surface markers (i.e., CD206, CD36, 

CD163) and cytokines (i.e., TGF-β, IL-10) expression. 

 

M2 macrophages can be sub divided into M2a, M2b, M2c, and M2d(37). M2a 

macrophages are activated by IL-4 or IL-13, leading to the increased expression of IL-

10, TGF-β, CCL17, CCL18, and CCL22. The M2a macrophages enhance the endocytic 

activity, promote cell growth and tissue repair. Activated by immune complex(IC), Toll-

like receptor (TLR) ligands and IL-1β , M2b macrophages release both pro- and anti-

inflammatory cytokines, such as IL-1β, IL-6, IL-10 and TNF-α. Based on the expression 

profiles of cytokines and chemokines, M2b macrophages regulate the breadth and depth 

of immune responses and inflammatory reactions which decided the overall 

inflammation degrees(38). M2c macrophages are considered as inactivated macrophages 

and can be induced by glucocorticoids, IL-10 and TGF-β. These cells secrete IL-10, 

TGF-β, CCL16, and CCL18 and play crucial roles in the phagocytosis of apoptotic cells 

(39). M2d macrophages are activated by TLR antagonists and are related with the 

release of IL-10 and vascular endothelial growth factors (VEGF) to promote 

angiogenesis and tumor progression(36, 37). (Fig.1) 
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 M1 M2 

Polarization stimuli LPS, IFN γ, LPS+IFN γ IL-4, IL-13, IL-10, TGF-b 

In vitro Morphology Round/oval Elongated, fibroblast-like 

Released cytokines and 

markers  

TNF-a, IL-1b, CXCL10, 

CD80, CD86, MHCII 

IL-10, TGF-b, CCL12, 

CD206, CD36, CD163 

Metabolic enzyme iNOS, PFKFB3, PKM2, 

ACOD1 

ARG1, CARKL, IDO 

Phagocytic activity/ 

Antigen presentation 

High/high Low/low 

Transcription factors NF-kB(p65), STAT1, 

STAT3, HIF1a, AP1, IRF3 

STAT6, SOCS1, PPARγ, 

GATA3 

Functions Bacterial killing, tumor 

resistance, pro-

inflammation 

Tissue remodeling, wound 

healing, anti-inflammation, 

immunoregulation, 

angiogenesis  

 

Figure 1.   Schematic summary of macrophage polarization.(40) (41) 

 

Both classically activated and alternatively activated macrophages undergo a complex 

activation status during obesity where classifying macrophages to M1 or M2 is 

oversimplified. Indeed, several studies have described a ‘mixed’ M1/M2 phenotype for 
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macrophages in adipose tissue in obese mice and humans, suggesting that macrophages 

adopt more complex states in vivo(42) . Mario Kratz et al reported a “metabolically-

activated” phenotype in macrophages that is distinct from classical activation by treating 

macrophages with glucose, insulin, and palmitate- conditions characteristic of the 

metabolic syndrome(43). Further analysis identified that the markers of metabolic 

activation are expressed by pro-inflammatory adipose tissue macrophages (ATMs) in 

obese humans/mice and are positively correlated with adiposity. They also stated that 

metabolic activation is driven by pro- and anti-inflammatory pathways distinct from the 

classical M1/M2 signaling. These data provide insights about the metabolic disease-

specific phenotype of macrophages. Considering the obesity is a whole-body disease 

which is the consequence of multiple organ dysregulation, and the recruited 

macrophages have the same origins (44) ,  it is reasonable to speculate that macrophages 

in other tissues/organs other than adipose tissue (such as liver or muscles) share same 

pro- or anti- inflammatory signaling pathway. Nonetheless, the metabolic disease-

specific pathways driving macrophages activation during NAFLD need to be further 

investigated.  

1.2.2 The role of metabolic change in macrophage reprogramming 

Macrophages can be activated by different metabolic factors and undergo a distinct 

“metabolically-activated” phenotype. On the other hand, macrophage polarization always 

companied by the metabolic change itself. The hallmark, and the most detailed metabolic 

difference between M1/M2 polarization is energy using difference. Briefly, M1 

macrophages rely mainly on glycolysis, while M2 cells are more dependent on oxidative 

https://www.ncbi.nlm.nih.gov/pubmed/?term=Kratz%20M%5BAuthor%5D&cauthor=true&cauthor_uid=25242226
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phosphorylation (OXPHOS) and fatty acid oxidation (FAO) for their energy production 

(45). In M1 cells, the TCA cycle is disrupted at two key steps: the accumulation of citrate 

due to a decrease in isocitrate dehydrogenase (IDH) expression and the accumulation of 

succinate due to a decrease in Succinate dehydrogenase (SDH) expression. Due to the 

present of two breaks on the TCA cycle, excess succinate leads to Hypoxia Inducible 

Factor 1α (HIF1α) stabilization that, in turn, activates the transcription of glycolytic genes. 

HIF1α is initially induced in hypoxia environment, and it has been shown that HFD could 

induce the hypoxia environment in the liver and adipose tissue. In macrophages, two main 

signaling pathways culminate in the regulation of HIF1α transcription independent of 

oxygen supply: the TLR/NF-κB and AKT/mTOR pathways(46-49).  The glycolytic M1 

metabolic adaptation favors rapid ATP production to sustain their phagocytic function and 

provides metabolic precursors to feed the pentose phosphate pathway and inflammatory 

mediators production. However, M2 cells’ TCA cycle is intact and provides the substrates 

for the complexes of the electron transport chain (ETC)(40). Thus, they have enhanced 

fatty acid oxidation (FAO) and OXPHOS. 

 

Although it was initially thought that M1 macrophages solely rely on glycolytic and that 

FAO and OXPHOS in M2 macrophages, recent findings support the need of glycolysis 

for M2 macrophages, and FAO has also been found to occur in M1 macrophages. 

Additionally, it has been established that targeting the metabolism in macrophages could 

determine the fate of macrophage polarization. Therefore, understanding the metabolic 
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changes during the polarization of macrophages will make a positive contribution for us 

to target macrophages to improve human health. (Fig.2) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

1.3 Targeting macrophage dysregulation as a therapeutic strategy in NASH 

The liver consists of several cell types that are responsible for the biophysiological 

functions of metabolism, coagulation, detoxification, and immune responses. Four major 

 

Figure 2. Metabolic signature of proinflammatory M1 and anti-inflammatory M2 macrophages  

M1 macrophages rapidly upregulate glycolysis (over oxidative phosphorylation) as a main source of 

ATP with disrupted TCA cycle. However, the oxidative metabolism in anti-inflammatory M2 

macrophages is normal with intact TCA cycle. 

 



 

 14 

liver cell types—hepatocytes, Kupffer cells (KCs), hepatic stellate cells, and sinusoidal 

endothelial cells (LSECs)—spatiotemporally cooperate to maintain the liver functions 

(11). Hepatocytes are primarily engaged in the fundamental functions of the liver, 

including lipid metabolism, protein production, blood glucose regulation. KCs serve as 

immune sentinels. During the pathogenesis of NAFLD, many circulating monocytes 

derived from bone marrow are recruited to liver and help maintain the microenvironment 

in the liver. A lot of immune-mediated hepatic responses, such as reactive metabolite 

production, infectious diseases, circulating cytokines, and gut-derived endotoxin 

inflammation, require interactions among hepatocytes and immune cells (12). 

 

Hepatic macrophages are mainly derived from resident KCs and circulating bone 

marrow-derived monocytes (BMDMs) (13, 14).  KCs regulate liver homeostasis by 

mediating immunity, leading to pathogen clearance and antigen presentation to 

lymphocytes present in the sinusoid. BMDMs infiltrate into the liver upon injury and are 

likely responsible for replenishing the macrophage population in homeostasis(50). 

Nowadays different populations of hepatic macrophages have been identified with 

distinct phenotypes and discrete functions explained by the classical central dogma of 

M1 and M2 macrophages. Upon nutrient overloading, KCs recruit additional immune 

cells including inflammatory blood monocytes, which differentiate towards the 

classically activated macrophages (M1 type) that have phagocytic activity and secrete 

pro-inflammatory cytokines and reactive oxygen species (ROS) (51-57) . In HFD-fed 

and MCD-fed mice, macrophage infiltration with a dominant M1 phenotype leads to 
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increased production of pro-inflammatory cytokines (58). The MCD-fed mice have 

peaked inflammatory cytokine production at 4-week and decrease thereafter, suggesting 

a phenotypic shift during the progression of NASH (59). M2 macrophage is associated 

with attenuated hepatic injury in NAFLD and improved insulin sensitivity (60). 

Consistently, macrophage polarization towards M2 phenotype is found to partially 

reverse the hepatic steatosis and apoptosis (60-62). Macrophage polarization is often 

associated with the pro-inflammatory state in liver. An increase of M1 macrophages 

number or decrease of M2 macrophages number resulted aberrant M1/M2 ratio, which 

further triggers the production and secretion of various pro-inflammatory signals.  

 

The upregulation of the immune regulatory pathways aims at minimizing excessive 

tissue damage. However, persistent inflammatory signals, produced by a range of 

immune cell and non-hematopoietic cell populations may lead to severe liver injury. In 

these situations, the dysregulated balance between inflammation and 

immunosuppression within the liver promotes the progression of liver NASH(63). In 

another word, lack of resolution for inflamed liver resulting chronic liver injury may 

lead to progressive liver fibrosis and permanent liver damage. 

 

Tissue infiltration by pro-inflammatory macrophages (M1) is a major contributor to 

inflammation and insulin resistance (35).  It has been reported that depletion of KCs 

attenuates methionine-choline-deficient (MCD) and HFD-induced 

steatohepatitis(12).However, the molecular mechanisms of liver macrophage activation 
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and polarization is not fully understood. Thus, the understanding of the role of hepatic 

macrophages provides more opportunities for understanding NAFLD pathogenesis. In 

terms of this, finding the directors in regulating macrophage polarization and its 

associated in vivo functions in obesity and NASH/NAFLD is the main aim of this study.  

1.4 The role of macrophage PPARγ in obesity and NAFLD and emerging 

pharmaceutical strategies to target PPARγ in the treatment of NAFLD. 

The peroxisome proliferator-activated receptor γ (PPAR γ) has been indicated to play an 

important role in the development of obesity, insulin resistance and NAFLD(64, 65). 

PPAR γ is a ligand-activated transcription factor that regulates genes important in cell 

differentiation, and lipid/glucose homeostasis(66). PPARγ represents a nuclear hormone 

receptor (NR) belonging to the steroid receptor superfamily. PPARγ has been the focus 

of intense scientific and clinical research because of its role in the treatment of type 2 

diabetes mellitus(64, 67). It is a target of the synthetic insulin sensitizers – 

thiazolidinediones (TZDs) (such as rosiglitazone and pioglitazone). The mechanism 

relies on that PPARγ plays a central role in adipogenesis and appears to be involved in 

the regulation of lipid metabolism(68). Adipose PPARγ protects non-adipose tissues 

against excessive lipid overload and maintains normal liver and skeletal muscle 

functions. Activated PPARγ in adipocytes maintains a balanced and adequate secretion 

of adipocytokines (such as adiponectin and leptin) so that the insulin sensitivity of the 

whole body is maintained(69). 
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In hepatocytes, PPARγ is a regulator of genes involved in de novo lipogenesis (DNL) 

and free fatty acid (FFA)import (70). In response to a HFD, the induced hyperlipidemia 

causes the liver to act as a secondary reservoir for the excess lipid, which further induces 

the expression of PPARγ. In hepatocytes, PPARγ promotes fatty acid binding protein 4 

(FABP4) and CD 36‐mediated FFA uptake and induces the DNL enzymes Fasn and 

Acc1, facilitating an increase in hepatic lipid content (70). It has been established that 

hepatocyte‐specific knockout of PPARγ mice showed a significant reduction in hepatic 

lipid vacuoles, as well as down‐regulation of proteins involved in lipogenesis, lipid 

transportation and storage, as well as their modulators and activators such as Srebp1c, 

Acc1, CD36 and Phosphoenolpyruvate carboxykinase (PEPCK) in response to a HFD 

treatment(71).  

 

PPAR γ is also a ligand-activated nuclear receptor and act as a transcription factor with 

anti-inflammatory properties that modulates cellular inflammatory response (72). PPAR 

γ is abundantly expressed in macrophages, where its expression is rapidly induced upon 

differentiation of monocytes into macrophages (73). It has been shown that PPARγ is 

required for polarization of alternatively activated macrophages with anti-inflammatory 

response by negatively interference with the nuclear factor κB (NF-κB), activating 

protein 1 (AP-1), and signal transducer and activator of transcription (STAT) signaling 

pathways (74). A switching to oxidative metabolism is an integral component of 

alternative macrophage polarization(40). In IL-4 stimulated PPARγ null macrophages, 

there was about 70% reduction in the rate of fatty acid oxidation (75). 
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Deletion of PPARγ in myeloid cells impairs alternative macrophage activation, thereby 

promoting the development of diet-induced obesity and insulin resistance(75). Kupffer 

cell‐specific PPARγ deficiency also caused increased hepatic M1 inflammatory 

cytokines expression and exacerbated liver fibrosis in CCL4-induced liver injury(76). A 

recent study found that macrophage PPARγ interact with NF-κB to modulate the 

macrophage M2 polarization and plays protective role in the pathogenesis of NAFLD 

under long-term HFD(65). This indicates that loss of macrophage PPARγ induces M1 

polarization and enhances liver injury.  

 

In the quest of treatment targets for NAFLD, PPARγ agonists TZD have attracted 

increasing attention. Rosiglitazone was expected to aggregate steatosis because PPARγ 

could activate the adipogenic gene expression in hepatocytes. However, clinical trials in 

NAFLD patients show significant reduction of hepatic steatosis when treated with the 

PPARγ agonists rosiglitazone or pioglitazone. (70). In murine models, it has also been 

established that  PPARγ agonist rosiglitazone could reduce the hepatic inflammation in 

the lipopolysaccharide (LPS)-treated precision-cut liver slices (PCLS)(77). In murine 

diet induced NAFLD model, researchers have reported that the treatment of 

rosiglitazone could decrease the number of M1 macrophages in the liver, attenuating the 

steatosis as well as inflammatory response(65) . 

 

 

https://www.sciencedirect.com/topics/medicine-and-dentistry/lipopolysaccharide
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1.5   The protective role of Osr1 in the development of NAFLD 

1.5.1 Overview of Osr1 in the embryonic development 

The Odd-skipped related 1 (Osr1) gene encodes a putative transcription factor 

containing four C2H2-type zinc finger motifs (78).  The Drosophila homolog, Odd-

skipped (Odd), was initially discovered as a pair-rule gene required for segmentation 

(79, 80).Odd also expresses in the Drosophila lymph gland, which can give rise to two 

mature types of hemocytes, plasmatocytes (Drosophila macrophages) and crystal 

cells(81). Odd-skipped has been reported to play the role in maintaining the 

prohemocyte population and blocked differentiation of plasmatocytes, indicating that 

Odd is involved in the gene regulatory model of prohemocyte cell fate choice(82). In 

murine model, Osr1 has multiple functions, and it is essential for the development of the 

intermediate mesoderm. Osr1 is first reported to regulate the cardiac precursors’ 

proliferation during embryonic heart and urogenital development(83). Our group has 

reported that Osr1 interacts with Tbx5 to regulate posterior second heart field cell cycle 

progression for cardiac septation(84). In addition, Osr1 also serves important roles in 

tongue development and regulates differentiation of embryonic limb mesenchyme and 

bone marrow mesenchymal stromal cells(85). Its expression is down regulated by Runx2 

and Ikzf1 transcription factors(86) and can be activated by Bone morphogenetic protein 

(BMP) , retinoic acid , and 1,25-dihydroxyvitamin D3(87).   
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1.5.2  Osr1 acts as a tumor suppressor in cancer 

Osr1 is also reported as a tumor suppressor in some types of cancer. OSR1 expression 

was significantly downregulated in primary gastric cancer tissues due to the promoter 

hypermethylation(88). During gastric cancer, OSR1 acts as a functional tumor 

suppressor through the activation of tumor suppressor p53 and repression of TCF/LEF. 

Overexpression of OSR1 significantly arrests the cell cycle and inhibits cell growth, as 

well as induces the cell apoptosis in the gastric cancer cell lines. Zhang et al 

demonstrated lower expression of Osr1 in renal cell carcinoma (RCC) cells(89). 

Depletion of OSR1 repressed the expression level of tumor suppressor genes p53 in 

RCC cells. Recently, OSR1 is reported to be downregulated in breast cancer tissue(90). 

Further cell culture experiments confirmed that OSR1 downregulated the activity of the 

Wnt signaling pathway and Epithelial-Mesenchymal Transition (EMT), which inhibits 

the proliferative and invasive abilities of breast cancer(91). Despite of the published data 

regarding to the role of Osr1 in cancer, to dates, the study of underlying mechanism of 

OSR1 is limited and has not been well characterized. 

1.5.3  Osr1 in the pathogenesis of NASH- a “pre-HCC” model 

To date, no in vivo experiments were performed to investigate the role of Osr1 in cancer. 

Our group has investigated the potential role of Osr1 in NASH development in a pre-

hepatocellular carcinoma (HCC) mouse model(92). In the study, NASH was induced in 

Osr1 heterozygote (Osr1+/-) male mice treated with HFD plus diethylnitrosamine 

(DEN), which is widely used to induce HCC. Upon treatment, Osr1+/- mice displayed 

severer NASH (Fig.4A) with higher serum ALT levels than the WT mice. The data also 
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shows that knocking down Osr1 promoted hepatic inflammation in the progression of 

NAFLD/NASH.  Overactivation of both JNK and NF-κB signaling, along with enhanced 

hepatic expression of Il-1b and Il-6 was also observed (Fig.4B and C). The data also 

indicated that Osr1 was strongly expressed in hepatic macrophages during NASH 

(Fig.3). This is consistent with the expression pattern of Odd in Drosophila 

prohemocytes, suggesting the developmental conserved function of Osr1 between 

different species.  

 

 

 

 

 

 

Figure 3. Osr1 is expressed in hepatocytes and macrophages in the liver 
(adapted from Yi Zhou et al., 2020) 

(A). IHC staining of Osr1 on WT liver tissue. White arrowhead indicates weak Osr1 expression in the 

hepatocytes. Black arrowhead indicates strong Osr1 expression in liver macrophages. (B). Co-IF 

staining of Osr1, F4/80 and DAPI on WT liver tissue. 
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1.5.4 Osr1 in hepatic steatosis and inflammation under HFD treatment. 

To investigate the potential role of Osr1 in the pathogenesis of NAFLD, HFD was given 

to Osr1+/- or its littermate control WT mice for 10 weeks. Upon HFD, both the Osr1+/- 

male and female mice had significantly severer steatosis (Fig.5A). In addition, qPCR 

result showed that Osr1+/- mice had increased expression of Il-1β and Tnf-α in the liver 

 

Figure 4. Osr1+/− mice displayed worsen liver injury and inflammation than WT 

upon HFD and DEN treatment (adapted from Yi Zhou et al., 2020) 
(A) Histology of the liver (HE staining) (B) Western blot of p-JNK (46/54) and p-NF-κB showed higher 

expression in Osr1+/− mice exposed to HFD and DEN.(C) Expression of key genes involved in 

inflammation was measured by RT-PCR in Osr1+/− and WT livers.  
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(Fig. 5B). Moreover, both the male and female Osr1 knockdown group displayed 

overactivation of JNK signaling, with a statistically significant increase of pJNK and 

pJNK/JNK ratio. Overactivation of NF-κB signaling was also observed in Osr1 

knockdown mice, evidenced by significantly higher ratio of p-NF-κB and p-NF-κB/NF-

κB (Fig. 5C). As mentioned before, both NF-κB and JNK pathway are highly related 

with inflammation. By combining with the qPCR result showing that the pro-

inflammatory cytokines are significantly increased in the Osr1+/- mice, the data indicated 

that Osr1 did play protective role in the pathogenesis in NAFLD/NASH. And the main 

function of Osr1 may rely on its regulation of liver inflammation. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5. Osr1+/- mice exhibited more liver steatosis and inflammation upon HFD 

treatment 
(A)Knocking down Osr1 induced more steatosis in the liver. (B) Expression of inflammation related 

cytokine genes by RT-PCR (C) Expression of JNK and NK-κB signaling by Western Blots (N=5, * 

P<0.05) 
 

A
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CHAPTER II  

METHODS 

 

Animal Models 

The Osr1fl/+ mice are kind gift from Dr. Rulang Jiang (Division of Developmental 

Biology, Department of Pediatrics, University of Cincinnati, Cincinati, US). The 

LysMCre/+ mice are from Dr. Chaodong Wu (Department of Nutrition, Texas A&M 

University, College Station, US). 

Mice were maintained in a C57BL/6 background. Crossing the Osr1flox/flox mice with the 

LysM-Cre transgenic mice resulted in Cre-mediated deletion of the loxP-flanked Exon2 of 

Osr1 in the Myeloid cells. Osr1fl/+ or Osr1fl/fl (labeled as Osr1fl) and LysMcreOsr1fl/fl 

(labeled as Osr1Δmac) mice were treated with either chow diet (CD), HFD (Research 

Diets, 60% fat, 20% carbohydrate, and 20% protein) or MCD diet (Research diets) from 

8 week of age for 4,8 or 14 weeks. Upon euthanizing and sacrificing, blood and liver 

samples were collected for later experiment. Mouse experiments were completed 

according to a protocol reviewed and approved by the Institutional Animal Care and Use 

Committee of the Texas A&M University in compliance with the US Public Health 

Service Policy on Humane Care and Use of Laboratory Animals. 

Intraperitoneal glucose tolerance test (IPGTT) 

For the intraperitoneal glucose tolerance test (IPGTT), mice were fasted overnight by 

transferring them to clean cages with no food in upper or bottom sections of the cage. 

Mice were weighed and injected intraperitoneally with 20% glucose solution (2 g/kg 
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body weight glucose). Blood from the tail vein was obtained at 0, 15, 30, 60, 90 and 120 

min after the injection for determining blood glucose level with glucose meter.  

Intraperitoneal insulin tolerance test (IPITT) 

For the intraperitoneal insulin tolerance test (IPITT), mice were fasted 4h by transferring 

them to clean cages with no food in upper or bottom sections of the cage. Mice were 

weighed and injected intraperitoneally with insulin (1 U /kg body weight). Blood from 

the tail vein was obtained at 0, 15, 30, 45, 60 and 90 min after the injection for 

determining blood glucose level with glucose meter.  

Tissue Dehydration and Sectioning 

Liver tissues were fixed in 10% buffered formalin at 4°C overnight. Tissues were 

washed in PBS for 15 minutes on an orbital shaker, then dehydrated in 50%, 70%, 80%, 

95% (×2), and 100% (×2) alcohol (Thermo Scientific) sequentially. Clearing was 

performed using two rounds of xylene and infiltration was performed using two rounds 

of paraffin. Tissues were embedded and sectioned serially at 5 μm. 

H&E, Sirius Red and Trichrome Masson staining 

Tissue sections were deparaffinized using two rounds of xylene and rehydrated in 100% 

(×2), 90%, 70% alcohol and water. Sections were subjected to hematoxylin-eosin 

staining for pathological and steatosis evaluation. For Sirius Red staining (Abcam), 

apply adequate Picro Sirius Red Solution to completely cover the tissue section and 

incubate for 60 minutes. Rinse slide quickly in 2 changes of Acetic Acid Solution and in 

absolute alcohol 1 change. Then the slide was dehydrated in 2 changes of absolute 

alcohol. After clearing, the slide was mounted in Permount Mounting Medium (Fishier 
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Scientific). For Trichrome Masson staining, the rehydrated sections were performed re-

fixation and serial staining according to manufacturer’s instructions (Newcomer supply, 

9179A). Briefly, the sections were deparaffinized thoroughly in three changes of xylene 

and rehydrated through series of alcohol to water. Then the sections were fixed again in 

Bouin Fluid and put in fresh-made hematoxylin for the cell nuclei staining. After that, 

the sections were further stained in Biebrich Scarlet-Acid, Phosphomolybdic-

Phosphotungstic Acid and Aniline Blue. Then the sections were washed in running water 

and 5% acetic acid and dehydrated and mounted. The Collagens, cytoplasm and nuclei 

were stained with blue, red, and black color respectively.  

Immunofluorescence (IF) and Immunohistochemical (IHC) Staining 

Deparaffinize sections if necessary and hydrate in distilled water similar with H&E 

staining. Antigen retrieval was performed by incubating with Antigen Unmasking 

Solution (Vector Laboratories) for 20 minutes at above 95°C. After the slides have 

cooled down to room temperature, endogenous peroxidase activity was quenched by 

incubating in 3% H2O2 for 5 minutes (IF staining does not need). Immunolabeling was 

performed using the VECTASTAIN ABC Kit (Vector Laboratories) according to 

manufacturer’s instructions. Sections were incubated with F4/80 (Invitrogen, Catalog # 

MA5-16624) antibody at 1:50 dilution or Osr1 (Santa Cruz Biotechnology, Catalog # sc-

376529) antibody at 1:200 dilution overnight. The sections were then washed and 

incubated in corresponding biotinylated secondary antibodies. After incubating for 30 

minutes with prepared VECTASTAIN Elite ABC reagent, sections were washed and 

incubated with ImmPACT DAB peroxidase substrate (Vector Laboratories) until desired 
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stain intensity develops. The sections were then counterstained with hematoxylin for 5 

seconds, dried and mounted. For IF staining, after the incubation with primary antibody 

overnight, the sections were washed and performed with secondary antibodies: F (ab’)2-

Goat anti-Rat IgG-Alexa 594 (Catlog#A11020, 1:800 dilution) and Goat anti-Rabbit 

IgG-Alexa 488 (Catlog#A31628, 1:800 dilution) from Thermo Fisher Scientific. Nuclei 

staining used were DAPI (Catlog#F6057) from Sigma-Aldrich (Oakville, ON, Canada). 

Frozen section and oil red O staining 

Embed the liver tissue in frozen section medium (Leica) in a plastic embedding box. 

Freeze it at -20 °C for 30 min. Cut it into 10-µm sections and mount the tissue on a slide. 

Then the sections were placed at room temperature for at least 30 min for air dry. Then 

the slides were fixed with 10% formalin for 10min. After fixation, the slides were 

quickly dipped in 60% isopropanol and stained in working Oil Red O solution for 

15min. The slides were then dipped in 60% isopropanol and DI water one time quickly 

and counterstained with hematoxylin for 5 seconds. The slides were washed by dipping 

the slides in DI water for 10 times quickly and mounted in aqueous mounting gel. 

Biochemical analyses 

The plasma levels of alanine aminotransferase (ALT), aspartate aminotransferase (AST), 

total cholesterol (TC), low-density lipoproteins cholesterol (LDL-c), high-density 

lipoprotein (HDL-c) and total bile acid (TBA)were measured with the biochemical 

analyzer (DxC 700 AU, Beckman Coulter). Serum and hepatic triglyceride was 

quantified using a Triglyceride test kit (Abcam). Briefly, the triglyceride was extracted 

in 5% NP-40/ddH2O at 80-100 °C. After lipase digestion, in the presence of the mix 
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provided by the manufacturer, the output was measured on a microplate reader at OD 

570 nm for colorimetric assay. 

Bile acid extraction and quantification 

We obtained the bile acid extraction protocol from Dr. John Y. L. Chiang, Department 

of Integrative Medical Sciences, Northeast Ohio Medical University. 

Briefly, approximately 100 mg frozen liver tissue were homogenized in 500ul 95% 

EtOH, followed by incubating in 60°C water bath for 3 hr or overnight. Centrifuge the 

samples at 3500 rpm for 10 min and collect the supernatant. Resuspend and vortex the 

pellet in 80% EtOH, extract by repeating the incubation and centrifuge step and combine 

the supernatant. Resuspend and vortex pellet in 2:1 (v:v) chloroform:MeOH. Extract by 

incubating at room temperature for 1 hr or overnight. Centrifuge at 3500 rpm for 10 min 

and combine supernatant. At last, centrifuge total extract at 3500 rpm for 10 min at room 

temperature to pellet debris. The concentration of bile acid was quantified using Bile 

Acid Assay Kit (Colorimetric) (Abcam, CA.# ab239702) by Using 5 µL bile acids for all 

samples and 80% EtOH as a blank. Briefly, the extracted samples were mixed with the 

bile acid probe and reaction mix provided by the manufacturer and the absorbance was 

measured at 405 nm in a kinetic mode at 37°C for 60 min, protected from light. 

RNA Extraction 

Tissues used for independent validation of gene expression were stored in RNAlater 

Stabilization Solution (Thermo Fisher) upon collection. Tissues were homogenized on 

ice and total RNA was extracted using EconoSpin® RNA Mini Spin Columns. Cell 

RNA was extracted according to the manufacturer’s instructions (Quick-RNA™ 
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Miniprep Kit, Zymo Research). Approximately 500ng RNA was used for reverse 

transcription using iScript reverse transcription supermix (Bio-rad).  

Quantitative PCR 

Quantitative PCR (qPCR) was performed using SYBR Green supermix (Bio-rad) on the 

CFX384 real-time system (Bio-Rad). After the cycling program, the melt curve analysis 

was performed immediately after amplification to confirm primer specificity. 3 or more 

biological replicates were used for each condition and 2 technical replicates were 

performed for each sample. 

Quantification data was analyzed using methods derived from the comparative CT 

method (93). For gene expression analysis, genes of interest were normalized to 

Cyclophilin and data was expressed as fold change against Cyclophilin (± SEM). For 

ChIP assay analysis, enrichment of a region of interest was determined by interpolating 

from a standard curve generated with serial dilutions of the input control and data was 

shown in percentage of input (% input). Student’s t-test was performed to determine 

statistical significance and p < 0.05 was considered significant. 

RNA Sequencing 

RNA from wild type and Osr1 Myeloid knockout mice liver tissues was extracted using 

Quick-RNA midi prep Kit (ZYMO RESEARCH) and suspended in 15 μl Elution Buffer. 

RNA quantification was performed on Bioanalyzer (Agilent Technologies). One 

nanogram (1 ng) was used as input for library preparation using Nextera XT DNA 

Library Prep Kit (Illumina) and Nextera XT Index Kit (Illumina). Libraries were 
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quantified, normalized to 4 nM, pooled and further diluted to be sequenced on the 

NextSeq (Illumina) using 75 bp paired-end sequencing.  

Western blot 

Proteins were extracted from either the liver tissue or cells. After averaging the 

concentration of each samples, the proteins were boiled with SDS and loaded to the 

SDS-PAGE gel. Then the proteins were transferred to membranes and blocked for 2 

hours in 5% milk in TBST. Membranes were incubated overnight with 1° antibody 

overnight (18 hours). The membranes were incubated with the following antibodies: 

Osr1 antibody (sc-376529X, Santa Cruz Biotechnology), c-Myc (ab32072,Abcam), 

PPARγ (#2430, Cell Signaling Technology),Cyp7a1(ab65596, Abcam),phosphorylated 

NF-κB p65 (#3033, Cell Signaling Technology), NF-κB p65 (# 8242, Cell Signaling 

Technology), phosphorylated JNK (#4668, Cell Signaling Technology), JNK (#3708, 

Cell Signaling Technology), phosphorylated p38 (#4511, Cell Signaling Technology), 

p38 (#9212, Cell Signaling Technology), phosphorylated Akt (#9271, Cell Signaling 

Technology), Akt (#9272, Cell Signaling Technology), phosphorylated STAT6 (#56554, 

Cell Signaling Technology), STAT6 (#5397, Cell Signaling Technology), and Gapdh 

(#2118, Cell Signaling Technology).  

Primary cell isolation, cell culture and treatment 

We follow the protocol previously describes with some modifications. Briefly, the 

primary hepatocytes were isolated from Osr1fl and Osr1Δmac mice. In situ liver perfusion 

was performed with ethylene glycol tetra acetic acid (EGTA) buffer followed by 

collagenase II (# 17101015, Thermo Fisher Scientific) digestion. After digestion, the 
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liver tissue was dissected, placed in a sterile petri dish containing cold Dulbecco's 

modification of Eagle medium (DMEM), and passed through a 70 µm cell strainer. The 

cell suspension was then centrifuged at 40 x g for 5 min at 4 °C. The supernatant was 

kept for macrophage isolation. The hepatocyte pellet was collected and resuspended with 

8 ml cold DMEM. The suspended hepatocytes were transferred to a tube with 9 ml cold 

Percoll (#17089102, GE Healthcare Life Sciences) and 1ml 10 x HBSS and then 

centrifuged at 1800 rpm for 6 min at 4°C. The supernatant kept before was collected 

after a further two cycles of centrifuge at 54 x g for 2 min at 4 °C. The supernatant was 

then transferred to a new collection tube and the cell suspension was centrifuged at 300 x 

g for 10 min at 4 °C. The liver macrophage pellet was re-suspended and taken for other 

experiments. 

Bone marrow progenitor cells were seeded in 12ml RPMI 1640 containing 50 ng/ml M-

CSF, 10% inactivated FBS, and 1x penicillin-streptomycin in polystyrene tissue culture 

dishes (Corning). After three days of stimulation, 6 ml of new prepared medium was 

added. At day seven, BMDMs (>99% macrophages based on flow cytometry using 

parameter F4/80) were collected for the experiments. BMDMs were stimulated with 

lipopolysaccharide (LPS, 0.1 μg/ml, Sigma-Aldrich) and interferon- (IFN-) γ (20 ng/ml, 

PeproTech) or with IL-4 (20 ng/ml, PeproTech) to induce polarization towards M1 or 

M2 phenotypes, respectively.   

For co-culture studies, primary hepatocytes from Osr1fl mice and BMDMs from the 

Osr1fl and Osr1Δmac mice were seeded on the co-culture chamber (Corning). Palmitic 
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Acid was added in the co-cultured system for the last 24 h. Hepatocytes were assayed for 

hepatocyte fat deposition and inflammatory responses. 

Fluorescence activated cell sorting (FACS) analysis 

Liver sections were collected, digested with collagenase II and filtered with a 70 μM cell 

strainer. Cell suspension was prepared after removal of red blood cells by Ammonium-

Chloride-Potassium (ACK) lysing buffer. The LIVE/DEAD™ Fixable Aqua Dead Cell 

Stain Kit (Thermo Fisher Scientific) was first used to determine the viability of cells. 

Cells were then subsequently stained with fluorochrome-conjugated monoclonal 

antibodies: Alexa Fluor 700 anti-mouse CD45 (#560510, BD Biosciences), PE anti-

mouse F4/80 (#123110, BioLegend), FITC anti-mouse CD11b (#557396, BD 

Biosciences), PerCP anti-mouse I-A/I-E (MHCII, #562363, BD Biosciences) and APC 

anti-mouse CD206 (#141708, BioLegend) antibodies. Samples were analyzed using 

Flow Cytometer (Beckman Coulter). Total macrophages were identified as 

CD45+F4/80+CD11b+, and M1 and M2-like macrophages were identified as 

CD45+F4/80+CD11b+MHCII+ and CD45+F4/80+CD11b+CD206+, respectively. 

Subsequent analysis was performed with FlowJo software. (Figure 6) 
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Chromatin Immunoprecipitation 

BMDMs were collected and pooled in PBS containing Complete Mini EDTA-free 

Protease Inhibitor Cocktail (Sigma-Aldrich) on ice. Cells were crosslinked in 1% 

formaldehyde in PBS on the rotator for 10 minutes. Crosslink was quenched by adding 

glycine to a final concentration of 0.125 M and incubating for 5 minutes. The 

crosslinked cells were pooled into Sonication Buffer (0.5% SDS, 20 mM Tris, pH 8.0, 2 

mM EDTA, 0.5 mM EGTA, with freshly added 0.5 mM PMSF and Protease Inhibitor), 

homogenized using Grinder and incubated for 30 minutes on ice for cell lysis. 

Chromatin was sheared and fragmented and then incubated with Osr1 antibody (sc-

376529X, Santa Cruz) with rotation at 4°C overnight. Chromatin-antibody complexes 

 

Figure 6.Gating strategy of macrophages separated from liver tissue 
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were captured using Dynabeads Protein G (Thermo Fisher Scientific) and washed with 

Low Salt Buffer, High Salt Buffer, LiCl Buffer and TE Buffer. Chromatin-antibody 

complexes were then eluted and reverse-crosslinked overnight at 65°C using NaCl. After 

RNA and proteins digestion with RNAse A and Proteinase K, DNA was then purified 

using phenol-chloroform followed by ethanol precipitation. 

Luciferase Reporter Assay 

Regulatory regions were cloned upstream of a firefly luc2 gene in the pGL4.23 reporter 

vector (Promega). 2×104 RAW264.7 cells were plated per well in a 96-well plate 

containing 100 µl culture media. After 24 h, reporter vectors were transfected into the 

cells, with Osr1 vectors or control vectors, using FuGENE HD Transfection Reagent 

(Promega). Cells were then lysed and assayed 24 h after transfection using the Dual-

Luciferase Reporter Assay System (Promega). Student’s t-test was performed to 

determine statistical significance and p < 0.05 was considered significant. 

Statistical analysis 

Data are presented as means± SD (standard deviation) or means ± SE (standard error) as 

indicated in the figures. Statistical significance was assessed by unpaired, two-tailed 

Student’s t tests or Analysis of variance (ANOVA). Differences were considered as 

significant at the two-tailed P < 0.05. Statistical difference was indicated as: *, P < 0.05; 

**, P < 0.01; ***, P < 0.001. 
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CHAPTER III  

MACROPHAGE OSR1 PREVENTED NUTRITIONAL STEATOHEPATITIS IN 

MICE UNDER HFD AND MCD DIET TREATMENT 

3.1 More fat deposition in Osr1Δmac mouse liver under long term normal chow diet 

feeding.  

Osr1 is expressed in both hepatocytes and macrophages in the liver, and Osr1+/- mice 

were reported to have more severe steatosis and inflammation(92).Thus we hypothesis 

that macrophage Osr1 plays important roles in the NASH development. To specifically 

investigate the role of macrophage Osr1 in the pathogenesis of NASH, we combined the 

Osr1flox/flox mice with the LysM-Cre transgenic mice to obtain the control (Osr1fl/+ or 

Osr1fl/fl mice, labeled as Osr1fl) as well as myeloid specific knock down (LysMcreOsr1fl/+ 

mice, labeled as Osr1Δmac/+) or knockout mice (LysMcreOsr1fl/fl mice, labeled as 

Osr1Δmac). We first examined liver pathophysiology of Osr1fl and the Osr1Δmac mice. The 

mice were treated with CD for 20 weeks. Surprisingly, even though we did not see the 

steatosis in either group, we did observe more fat deposited in Osr1Δmac mice liver with 

Oil red O staining (Fig.7A and B), which is the premise of the pathogenesis of NAFLD. 

The result indicated that macrophage Osr1 may play the important role in protecting fat 

accumulation in the liver. 
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Figure 7. More fat deposition in Osr1Δmac mouse liver under long term chow diet 

treatment 
Both the Osr1fl and the Osr1Δmac male mice at 8 weeks were treated with CD for 20 weeks. (A) Oil red 

O staining in frozen sections. (B) HE staining in paraffin embedded sections. n=6 

• Osrfl/fl                                                           Osr1Δmac
A.

B.
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3.2 Osr1 is expressed in human liver macrophages and its expression is increased in 

mouse models of NASH. 

To date, no clinical study has been reported about the role of Osr1 in NAFLD/NASH 

development. We first examined Osr1 expression in normal liver and the liver tissues of 

patient with NASH. As shown by IHC staining, Osr1 was widely expressed in 

hepatocytes and liver non-parenchymal cells, which strongly concentrated around 

sinusoids from patients with NASH by comparing to control (Fig.8A). To confirm that 

the Osr1 is still expressed in macrophages during NASH, we did IF staining co-labelled 

with F4/80 and Osr1. The result indicated that the Osr1 expression still can be found in 

macrophages (Fig.8B). Interestingly, when treating the mice with MCD diet, the Osr1 

expression congregated in the sinusoids by comparing to the CD group (Fig.8C). Then 

we further analyze the expression pattern of Osr1 in positive hepatic non-parenchymal 

cells and confirmed that Osr1 was strongly expressed in macrophages/or Kupffer cells 

by mouse macrophage marker F4/80 and Osr1 IHC staining on serial sections (Fig.8D). 

The IHC staining also showed the upregulated Osr1 protein level in macrophages in 

NASH mice liver tissues, which is consistent with observed in NASH patient liver 

samples (Fig.8D). 
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Figure 8. OSR1 was upregulated in liver macrophages of human NASH and murine 

steatohepatitis 

 

(A) OSR1 can be expressed in human normal and NASH liver macrophages and its expression is up regulated 

in non-parenchymal cells during NASH (arrowhead). (B) Immufluorescence staining indicates colocalization 

of Osr1 and F4/80 in murine NASH liver sections. (C) Osr1 expression congregates in liver sinusoid in NASH 

liver sections. (D) Osr1 expression is increased in mouse liver of NASH (arrowhead).  

A.
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C.Normal NASH Chow diet MCD diet
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3.3 Macrophage-specific Osr1 played an important role in protecing NASH 

pathogenesis  

3.3.1 Study model: HFD induced NAFLD and MCD diet induced NASH models 

To specifically study and investigate the potential role of Osr1 in F4/80+ macrophages, 

Osr1fl, Osr1Δmac/+ and Osr1Δmac mice were fed with either HFD or MCD diet to induce the 

progression of NAFLD or NASH, respectively (Fig.9A). Both feeding models are the most 

common models used in NAFLD/NASH research. To validate the knockout efficiency, 

we extracted peritoneal macrophages’ protein from both control and Osr1Δmac, the result 

showed that Osr1 expression was significantly down regulated in knockout macrophages 

(Fig.9B). 

 

Figure 9. Special diet treatment study design 

 

(A) special diet treatment design. (B) Expression of Osr1 was significantly lower in the isolated 

macrophages of Osr1∆mac mice than the Osr1fl mice. 

Study :

WeanBirth MCD End point
3 wks 5 wks 4 or 8 wks

Study :

WeanBirth Chow End point
3 wks 5 wks 20wks

Study :

WeanBirth HF End point
3 wks 5 wks 14 wks

A
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3.3.2 Macrophage Osr1 protected HFD-induced hepatic steatosis and inflammation 

response in mice  

Under HFD treatment, both the Osr1fl and Osr1Δmac mice significantly gained body 

weight. The Osr1Δmac group showed significantly higher body weight comparing to the 

Osr1fl group. Moreover, the Osr1Δmac mice exhibited heavier liver weight (Fig. 10A) and 

more severe glucose intolerance at 12w of HFD treatment (Fig. 10B) than the Osr1fl 

mice. The NAFLD phenotype was more advanced in Osr1Δmac mice, evidenced by more 

steatosis (HE and Oil Red O staining) and more collagen deposition (Fig. 10D). Next, 

we did western blot for the well-established NF-κB(p65) and MAPK(p38) signaling 

pathway. The results showed significantly increased phosphorylation level of NF-

κB(p65) and MAPK(p38) (Fig.10E), suggesting more inflammation in the Osr1Δmac liver. 

We further did F4/80 IHC staining and count the cell number of macrophages in both 

control and Osr1Δmac group and confirmed more macrophages infiltration in Osr1 

knockout group (Fig.10F). All of these indicated that Osr1 deletion in macrophages did 

cause worsen liver injury in mice. The following qPCR results also showed that there 

was increased lipogenesis in Osr1Δmac group evidenced by the upregulation of genes 

involved in de novo lipogenesis comparing to control (Fig.10G). In terms of immune-

mediated hepatic responses, we found increased expression level of Tnf-α and Il-1β ,as 

well as Adgre1(F4/80) in Osr1Δmac group(Fig.10G). We also tested the serum level of the 

parameters commonly used for clinical liver function diagnosis. Consistent with the 

pronounced steatohepatitis seen on histology, Aspartate Aminotransferase (AST) and 

low-density lipoproteins (LDLs) were significantly higher in Osr1Δmac mice compared to 
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control. Although serum alanine aminotransferase (ALT) levels and cholesterol levels 

were not significant different, we still can see the increased trend of them (Fig.10H). 

Collectively, these results indicate that macrophage Osr1 deletion induced more severe 

obesity and NASH phenotype and overactivated inflammatory response in the liver 

during HF diet treatment. 
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Figure 10. Deletion of macrophage Osr1 aggravated high fat diet (HFD)-induced 

hepatic steatosis and inflammation response 
Male Osr1fl and Osr1Δmac mice at 8 weeks of age, were fed with HFD for 14 weeks. (A) Body weight gain upon  
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HFD feeding. (B) Liver weight (C) Intraperitoneal glucose tolerance test (IPGTT) (D) Representative 

images of H&E, Oil Red-O and/or Sirius red staining for liver sections. (E) Liver proinflammatory 

signaling. (F) Representative images of liver F4/80 immunohistochemistry (IHC) staining. (G) 

Inflammation and de novo lipogenesis related genes. (H) Lipid metabolism and hepatocyte damage blood 

serum markers. 

For E, liver lysates were subjected to Western blot analysis. Bar graphs, quantification of blots. For G, 

gene expression was quantified by quantitative real time PCR (qRT-PCR). For H, serum levels were 

quantified by the biochemical analyzer (DxC 700 AU, Beckman Coulter). For A – F, numeric data are 

means ± SE. n = 8 – 12. For G – H, numeric data are means ± SE. n = 6 – 8. Statistical difference between 

Osr1fl and Osr1Δmac mice in A, B, C, E, F, G, H: *, P < 0.05 and **, P < 0.01. 
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3.3.3 Macrophage Osr1 protected MCD diet-induced hepatic steatosis and 

inflammation response in mice 

Under MCD diet treatment, the hepatic steatosis was much more severe in the Osr1Δmac 

mouse than the control mice (Fig.11A). There was also more macrovascular steatosis as 

well as microgranulomas present in the liver of Osr1Δmac mouse (Fig.11A), indicating large 

number of inflammatory cells congregated in the liver. The blood serum analysis indicated 

that the marker of liver injury, Alanine aminotransferase (ALT) also significantly 

increased in the Osr1Δmac mice (Fig.11B). Further qpcr and F4/80 IHC/IF staining 

indicated significantly increased macrophage infiltration in Osr1Δmacmice liver (Fig.11C 

and D). Consistent with this, increased level of inflammation cytokines (Tnf-α and Il-1β) 

expression was also detected in the Osr1Δmac mice (Fig.11C). Western blots of the proteins 

of JNK, NF-κB and P38 signaling pathways were performed to disclosure if these pro-

inflammatory signaling pathways were involved in steatohepatitis mediated by myeloid 

Osr1 deletion. The results showed that the protein expressions of phosphorylated-JNK, 

NF-κB subunits p-p65 as well as p-p38 were significantly enhanced in Osr1Δmac mice 

(Fig.11E1 and E2). Collectively, these results indicate that macrophage Osr1 deletion 

induced more severe NASH phenotype and over-activated inflammatory response in the 

liver of MCD diet treatment. 
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Figure 11. Deletion of macrophage Osr1 aggravated MCD diet-induced hepatic 

steatosis, early fibrosis and inflammation response 

 

Male Osr1fl and Osr1Δmac mice at 8 weeks of age, were fed with MCD diet for 4 weeks. (A) 

Representative images of H&E, Tri-Chrome Masson and Sirius red staining for liver sections. (B) 

Lipid metabolism and hepatocyte damage blood serum markers. (C) Inflammation and de novo 

lipogenesis related genes. 
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(D) Representative images of liver F4/80 immunohistochemistry (IHC) and immunofluorescence (IF) 

staining. (E) Liver proinflammatory signaling.  

For B, serum levels were quantified by the biochemical analyzer (DxC 700 AU, Beckman Coulter). 

For C, gene expression was quantified by quantitative real time PCR (qRT-PCR). For E, liver lysates 

were subjected to Western blot analysis. Bar graphs, quantification of blots. For A – E, numeric data 

are means ± SE. n = 8 – 12. Numeric data are means ± SE. n = 6 – 8. Statistical difference between 

Osr1fl and Osr1Δmac mice in B, C, E : *, P < 0.05 ; **, P < 0.01 ; ***, P < 0.001. 
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3.3.4 Macrophage Osr1 inhibit liver fibrosis under a long-term MCD diet 

treatment. 

 Liver fibrosis is featured of abnormally large amount of collagen or other extracellular 

matrix (ECM) proteins disposition in the liver, making it a key character of NASH 

differing from simple steatosis. In mice exposed to MCD for 4 weeks, early onset of 

fibrosis was observed in the Osr1Δmac mice, evidenced by more collagen deposition in liver 

through Masson and Sirius red staining (Fig.11A). To confirm that the deletion of myeloid 

Osr1 could induce liver fibrosis, mice were fed with MCD for another 4 weeks (8 weeks 

of MCD diet feeding in total). The Tri-Chrome Masson and Sirius red staining did show 

severer fibrosis in the Osr1Δmac mice (Fig.12A). Consistently, the expression level of the 

fibrosis related genes was found significantly increased in the Osr1Δmac mice (Fig.12B). 

 

 

Figure 12. Osr1Δmac mice were induced more liver fibrosis under longer MCD 

diet treatment 

 

Male Osr1fl and Osr1Δmac mice at 8 weeks of age, were fed with MCD diet for 8 weeks. (A) Tri-

Chrome Masson and Sirius red staining for liver sections.(B) Fibrosis  related genes. Numeric 

data are means ± SE. n = 6-8. *, P < 0.05. 
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CHAPTER IV 

DELETING OSR1 IN MYELOID CELLS LED TO THE ABNORMAL BILE ACID 

SYNTHESIS AND CHOLESTEROL TRAP IN LIVER UPON MCD TREATMENT 

 

In both HFD and MCD diet treatment mice, the myeloid Osr1 expression is negatively 

associated with the severity of the hepatic steatosis and inflammation. The de novo 

lipogenesis genes are significantly upregulated in HFD treated Osr1Δmac mice. Unlike the 

HFD model, we did not find the differences of de novo lipogenesis in MCD diet model 

between control and Osr1Δmac mice (Fig.10C), which could not explain the more severe 

steatosis in Osr1Δmac mice. To further explore the protecting mechanisms that are 

dependent on Osr1 for liver steatosis, we did RNA-seq analysis on the Osr1fl and Osr1Δmac 

livers treated with CD or MCD diet (4 weeks). Sequencing analysis from the liver sample 

of Osr1Δmac vs. Osr1fl identified differentially expressed genes (DEGs) including Cyp7a1 

and Cyp8b1, and significant KEGG pathways including primary bile acid biosynthesis, 

bile secretion and cholesterol metabolism (Fig.13A). To investigate if there is altered 

metabolisms of cholesterol and other related lipids metabolisms in Osr1Δmac mice liver, we 

first assessed the level of cholesterol, triglyceride, and bile acid (which is synthesized from 

cholesterol) in both control and Osr1Δmac mice liver tissue. We did find relatively high 

triglyceride level in Osr1Δmac mice liver (Fig.13B). However, there were significantly 

higher level of cholesterol (Fig.13C) and lower level of total bile acid (Fig.13D) in the 

liver of Osr1Δmac mice. The result indicated cholesterol trap in the liver of Osr1Δmac mice 



 

 49 

under MCD diet treatment. The hepatic free cholesterol accumulation in NAFLD is 

reported to correlate with the presence and severity of cytologic ballooning(94).In 

addition, inhibiting the cholesterol absorption has been shown to ameliorate non-alcoholic 

fatty liver disease (NAFLD) pathology (95). Therefore, the cholesterol accumulation in 

the Osr1Δmac mice liver might contribute to the aggregated steatosis in Osr1Δmac mice(96). 

Cyp7a1 is one of the two specific rate-limiting enzymes for bile acid synthesis and Cyp8b1 

is required for synthesis of cholic acid(97). Interestingly, it has been reported that 

disruption Cyp7a1 expression in the liver could induce hepatic inflammation and fibrosis, 

which is consistent with our observations. And it has been shown that down regulating 

Cyp7a1 did not alter the total bile acid pool which was determined as the total amount of 

bile acids in liver, intestine, and gallbladder(98). Additionally, our data also showed that 

MCD diet itself could disrupt bile acid biosynthesis by reducing the protein level of 

Cyp7a1 (Fig.13E). We believe that it could serve as a potential new mechanism of MCD 

diet induced hepatic steatosis and NASH. 

  

To establish the impact of macrophage Osr1 on liver cholesterol metabolism, we first 

confirmed the decreased protein level of Cyp7a1 in Osr1Δmac mice liver via western blot 

in Chow and MCD diet treated mice (Fig.13F and G). We also tested the hepatic levels of 

genes involved in bile acid synthesis including the Cyp7a1, Cyp8b1, Cyp27a1 and Cyp7b1, 

Cyp8b1, the low-density lipoprotein receptor (LDLr, which mediates the endocytosis of 

cholesterol-rich LDL), Hmgcr (rate-controlling enzyme of the mevalonate pathway, the 

metabolic pathway that produces cholesterol) and Srebp2(involved in cholesterol 
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synthesis and import) in the Osr1fl or Osr1Δmac liver. We could not find expression 

difference in these cholesterol synthesis and transportation controlling genes (Fig.13H). 

However, decreased expression of Cyp7a1, the key enzyme in primary bile acid synthesis 

was always detected in both Chow and MCD diet treated Osr1Δmac mice (Fig.13H). 

Collectively, these results indicated that macrophage Osr1 is involved in bile acid 

secretion and cholesterol metabolism. 
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Figure 13. Deleting Osr1 leads to the disruption of bile acid synthesis and 

cholesterol trap in the liver upon MCD diet treatment 
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(A) The GO analysis identified distinct KEGG pathways for bile acid synthesis, secretion, and 

cholesterol metabolism associated with Osr1 level on CD or MCD. In upper panel, any –logP 

value higher than the dotted line was identified as significance (n=3, P<0.05). In the lower panel, 

the y-axis indicates the percentage of DEGs in this signaling pathway. (B) Total triglyceride level 

in liver tissue (C) Total cholesterol level in liver tissue. (D) Total bile acid level in liver tissue. 

(E)Cyp7a1 protein level in CD and comparative MCD treated WT mice liver and the 

quantification. (F) Cyp7a1 protein level during CD treatment and the quantification. (G) Cyp7a1 

protein level during MCD diet treatment and the quantification. (H) Cholesterol and bile acid 

metabolic genes. For D, E, F, G, H, Numeric data are means ± SE.  *, P < 0.05. 
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CHAPTER V 

DELETING OSR1 IN MYELOID CELLS INDUCED HEPATIC PRO-

INFLAMMATORY RESPONSE BY REGULATING MACROPHAGE M2 

ALTERNATIVE POLARIZATION 

 

5.1 Deleting Osr1 in myeloid cells induced hepatic pro-inflammatory response  

5.1.1 Deleting Osr1 in myeloid cells induced more hepatic pro-inflammatory 

cytokine production in vivo 

We have shown the significantly increased hepatic macrophage infiltration and 

overactivation of inflammation related signaling in Osr1Δmac mice liver, associated with 

increased expression level of inflammatory cytokines. As shown in Fig.9G and Fig.10C, 

pro-inflammatory cytokines such as IL-1b and TNF-a were significantly induced in HFD 

and MCD diet-fed Osr1Δmac mice compared to corresponding Osr1fl mice. Altogether, 

these results suggests that the deleting Osr1 in myeloid cells induced more hepatic pro-

inflammatory cytokine production in vivo. 

5.1.2 RNA sequencing and macrophage population analysis identified that Osr1 

was required for macrophage alternative M2 polarization in vivo  

The gene ontology (GO) analysis of the RNA-seq data from the Osr1Δmac  liver vs the 

Osr1fl liver identified distinct KEGG (Kyoto Encyclopedia of Genes and Genomes) 

pathways associated with Osr1 level on CD or MCD (Fig. 14A). Specifically, we 

identified signaling pathways for macrophage differentiation and polarization, including 

PPAR signaling pathway, TGF-beta signaling pathway, JAK-STAT signaling pathway, 
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NF-κB signaling pathway and osteoclast differentiation pathway (Fig. 14A). These 

results suggested that Osr1 may be involved in maintaining macrophage plasticity and 

polarization. 

To test if Osr1 regulates the macrophage polarization, we identified the macrophage 

subtypes in MCD-induced NASH liver of the Osr1Δmac and Osr1fl mice. Specifically, we 

analyzed M2 (CD45+F4/80+CD11b+ CD206+) macrophages from liver tissues of Osr1fl 

and Osr1Δmac mice by flow cytometry. Compared to Osr1fl mice fed with the MCD diet, 

Osr1Δmac mice fed with the same diet showed significantly decreased M2 macrophage 

ratios (Fig. 14B). The result also indicated that, upon Osr1 deletion, the macrophages 

alternative polarization ability is affected in vivo during MCD diet treatment. 
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Figure 14. Osr1 was required for macrophage alternative M2 polarization in vivo 
 

(A)The GO analysis identified distinct KEGG pathways for macrophage differentiation and polarization 

associated with Osr1 level on CD or MCD. In upper panel, any –logP value higher than the dotted line was 

identified as significance (n=3, P<0.05). In the lower panel, the y-axis indicates the percentage of DEGs in 

this signaling pathway. (B) Representative flow cytometry picture of M2 polarization distribution and the 

related quantification. Results are shown as means ± SE of n = 4 independent experiments. *, P < 0.05. 
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5.2 Macrophage specific Osr1 expression increased during macrophage M2 

induction in vitro, while its deficiency blunted macrophage alternative polarization 

To further investigate the underlying mechanisms how Osr1 is involved in the 

macrophage polarization, we performed polarization assay using isolated primary bone 

marrow-derived macrophages (BMDMs) from Osr1fl and Osr1Δmac mice. Western blot 

analysis indicated that BMDMs expressed relatively low levels of the Osr1 at M0 status. 

However, sustained induction of Osr1 was observed after exposure to IL-4 alternative 

induction (Fig.15A). Western blot analysis confirmed higher expression of the Osr1 

protein in M2 cells compared with M0 (unstimulated) and M1 macrophages (Fig. 15A 

and B). In addition, Osr1 expression was reverted when polarized M2 cells are shifted to 

M1-polarizing conditions (Fig.15B). Similarly, Osr1 induction was restored by IL-4 after 

IFN-γ and LPS treatment. These results suggested that the Osr1-dependent 

transactivation might be part of the specific signature of alternative macrophage 

activation.  
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The functional relevance of Osr1 in alternative macrophage activation was investigated 

by comparing the expression of several M2 specific markers under IL-4 induction. 

During a total of 24h treatment, we set up a total of 5 time points and tested the gene 

expression level at each time point by quantitative real-time PCR. Interestingly, the 

results showed that Osr1 deletion decreased the ability of IL-4-induced M2 macrophage 

 

Figure 15.  Inhibition of Osr1 expression blocks the induction of Osr1 

dependent M2 markers 
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polarization, evidenced by down regulated M2 specific markers including Arg1, Mrc1, 

Ym1, and CD36 (Fig. 15C). 

 

 

 

 

 

 

5.3  PPAR-γ and c-Myc are direct targets of Osr1 for regulating macrophage 

alternative M2 polarization 

PPAR-γ is known to skew monocytes toward an M2 phenotype and down-regulates 

inflammatory pathways in macrophages(64). Animal model also showed that 

macrophage specific PPAR-γ knockout mice have higher body mass and more severe 

insulin resistance. Transcription factors c-MYC was also reported to be required for the 

M2 macrophage polarization (65, 99-106). To be noted, c-Myc and Pparγ have relatively 

similar expression pattern with Osr1 under the specific M1 or M2 induction. (Figure 

15B, Figure. 16A) Our RNA-Seq analysis identified several DEGs including c-Myc (CD 

treatment: 8.08 vs. 2.35, P=0.00005; MCD treatment: 14.08 vs. 7.89, P=0.001) and 

Pparγ (CD treatment: 4.53 vs. 2.32, P=0.0003; MCD treatment: 7.56 vs. 4.1, P=0.0056) 

and KEGG pathways including PPARγ signaling pathway are associated with Osr1 

expression on CD or MCD diet treatment. We first determined if PPAR-γ and c-Myc 

were associate with Osr1 dosage. As shown in figure. 16A, both PPAR-γ and c-Myc 

 (A) Expression levels of the Osr1 in resting macrophages (M0) and after exposure to 20 ng/mL 

of IL-4 at different time points.(B) Osr1 induction after exposure to 20 ng/mL of IL-4 is reverted 

when cells are shifted to M1-polarizing conditions (20 ng/mL of IFN-γ plus 10 ng/mL of LPS) 

for an additional 24 hours. (C) Expression levels relative to resting macrophages (M0) in 

macrophages exposed to 20 ng/mL of IL-4, in the presence of the presence or absence of Osr1, 

of Arg1, Mrc1, Ym2, CD36. Results are shown as means ± SE of n = 8 independent experiments. 

*, P < 0.05 ; **, P < 0.01 ; ***, P < 0.001. 
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expressions positively responded to IL-4 stimulation, while negatively responded to 

LPS+INF- γ, regardless of its original status. Their expression pattern was similar as that 

of the Osr1 during macrophage phenotype switch. (Fig. 15B). To be noted, comparing to 

that the WT M0 BMDMs was sensitive to IL-4 treatment, the Osr1Δmac BMDMs no 

longer responded to it (Fig. 16B). On the contrast, Osr1 overexpression experiment in 

RAW264.7 cells resulted in increased expression of PPARγ and c-Myc(Fig. 16C).  

These results suggested that both expression of PPARγ and c-Myc depended on Osr1 in 

macrophages. To determine if they are direct targets of Osr1 transcription, we analyzed 

the genome potential promoter region of PPARγ and c-Myc by bioinformatically 

incorporative analysis and found several putative clustered Osr1 specific binding sites 

upstream of PPARγ and c-Myc transcriptional starting sites as indicated in Fig.16D. 

CHIP-Qpcr was performed to determine the Osr1 responsive genomic region of PPARγ 

and c-Myc. Three potential genomic regions of c-Myc and one potential genomic region 

of PPARγ were identified (Fig.16D), which were further tested by Luciferase reporter 

assay. Region 2 of c-Myc and region 2 of PPARγ were confirmed to be responsible to 

Osr1 transactivation by CHIP-Qpcr and Luciferase reporter assay (Fig. 16E). Taken 

together, our results demonstrated that c-Myc and PPARγ are direct downstream targets 

of Osr1. 
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Figure 16. PPAR-γ and c-Myc are directly regulated by Osr1 in macrophages 
 

 

(A)WT resident BMDMs (M0) were treated with either IL-4 or IFN- γ plus LPS for 24h to 

induce M2 or M1 phenotype, then the induced cells were restimulated to M1 or M2 like 

macrophages with IL-4 or LPS and IFN- γ respectively. The expression level of PPARγ and c-

MYC were tested by western blot. (B) Expression levels of the PPARγ and c-MYC in resting 

macrophages (M0) and after exposure to 20 ng/mL of IL-4 at indicated time points in Osr1fl and 

Osr1Δmac BMDMs .(C) PPARγ and c-MYC expression level in control and Osr1 overexpression  

RAW264.7 cells.(D) CHIP-qPCR result indicated the directly binding motif of Osr1 in c-

MYC and PPARγ promoter regin.(E) Luciferase reporter assay find the Osr1 transactivation 

responsible sequence.*, P < 0.05 ; **, P < 0.01 . 
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To address the functional role of Osr1-PPARγ, we treated the BMDMs isolated from 

Osr1fl and Osr1Δmac mouse with IL-4 along with rosiglitazone. The result indicated that 

the addition of rosiglitazone recovered the ability of IL-4 to activate the expression of 

Arg1, Ym1 and CD36 in Osr1Δmac BMDMs (Fig.17A), indicating that these three M2 

markers might be regulated by Osr1 dosage through PPARγ transactivation. Indeed, it 

has been previously reported that Arg1 and CD36 can be directly regulated by PPARγ in 

macrophages (75, 107) . Rosiglitazone failed to recover the expression of c-Myc in the 

Osr1Δmac BMDMs (Fig.17A). This is within our expectation because c-Myc expression 

was not dependent on PPARγ.  Collectively, these results demonstrated that Osr1 

regulated macrophage alternative polarization largely through PPARγ.  

 

To determine functional Osr1-PPARγ in vivo, we generated the compound heterozygotes 

of Osr1 and PPAR-γ by crossing the Osr1fl/+, LysoM-Crefl/+ (Osr1ΔMφ/+) with PPAR-γfl/fl 

mice. The Osr1ΔMφ/+, PPAR-γ ΔMφ/+ and the PPAR-γ ΔMφ/+ mice were treated with HFD 

for 14 weeks to induce NAFLD phenotype. The level of liver injury markers AST and 

ALT in blood serum were not significantly different (data not shown). However, more 

steatosis and fibrosis were detected by liver H&E staining and Sirus red staining in 

Osr1ΔMφ/+, PPAR-γ ΔMφ/+ mice comparing to the control (Fig.17B and C). This indicated 

that Osr1 and PPARγ interacted with each other in vivo during the NASH pathogenesis. 
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Figure 17. The PPARγ ligand, rosiglitazone, rescued the downregulated M2 

markers in Osr1Δmac macrophages during M2 induction 

 
 (A) Expression levels relative to resting macrophages (M0) in macrophages exposed to 20 

ng/mL of IL-4 in Osr1fl and Osr1Δmac macrophages in the presence of 1 µM rosiglitazone. The 

expression level of Arg1, Mrc1, Ym2, CD36 and c-Myc were tested by quantitative real-time-

PCR. (B) H&E staining and (C) Sirus red staining in Osr1ΔMφ/+ PPAR-γ ΔMφ/+ mice and control 

mice. For A,results are shown as means ± SE of n = 8 independent experiments. *, P < 0.05. 
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CHAPTER VI                                                                                                                           

OSR1 IN MACROPHAGES METABOLIC PROGRAMMING 

 

6.1 Osr1 deletion shifted the macrophage towards the glycolysis dependent ATP 

production profile 

It has been established that a switch to oxidative metabolism is an essential component 

of alternative macrophage polarization. Interestingly, PPARγ was reported to be required 

for IL-4 induced increase in β-oxidation of fatty acids. Deleting PPARγ would reduce 

~70% in the rate of fatty acid oxidation under IL-4 treatment(75). Additionally, CD36 is 

a scavenger receptor expressed on macrophage membrane and plays an important role 

for fatty acid influx, which fuels β-oxidation(108). In this study, we have shown that 

PPARγ was a direct downstream target of Osr1 in macrophages and CD36 expression 

was significantly downregulated in Osr1Δmac macrophages. W hypothesis that Osr1 could 

modulate the macrophage metabolic change during the macrophage alternative 

polarization. We first treated primary BMDMs from Osr1fl and Osr1Δmac with LPS plus 

IFN-γ or Il-4 or for 24 h to induce the M1 or M2 phenotype respectively and assessed 

the ATP rate using a Seahorse extracellular flux analyzer. With glucose and pyruvate as 

substrates, the total ATP production rates were similar in control and Osr1Δmac 

macrophages. However, deleting Osr1 resulted in around 25% reduction in the rate of 

fatty acid oxidation (FAO) and upregulated about 50% of the ratio of glycolysis and 

oxidative phosphorylation (OXPHOS) during M1 induction (Fig. 18A). During M2 

induction, deleting Osr1 resulted in around 7% reduction in the rate of FAO and about 
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29.5 % increase of the ratio of glycolysis and OXPHOS (Fig. 18B). Importantly, with 

the presence of rosiglitazone, the increased ratio of glycolysis and OXPHOS was 

rescued to a similar level of the WT (p=0.07, Fig. 18B).  These experiments showed that 

Osr1 deletion inhibited glucose-fueled mitochondrial respiration, thereby trapping 

macrophages in a metabolic state with pro-inflammatory polarization.  

6.2  Osr1 is required for the palmitate oxidation during macrophage alternative 

polarization 

Lipids are oxidized primarily in the mitochondria in a multistep pathway called β-

oxidation (or fatty acid oxidation, FAO) (109). This process begins by importing long-

chain fatty acyl-CoAs into mitochondria, followed by a four-step reaction, generating an 

acyl-CoA shortened by two carbons. This shortened acyl-CoA continues through the 

reaction until the entire chain is oxidized into acetyl-CoA. A major result of metabolic 

shifts toward FAO is increased ATP production, and this is often associated with stress 

responses and survival (110).  Long chain fatty acids (LCFAs) are the primary substrate 

fueling mitochondrial metabolism and has a profound impact on cell fate, function, and 

fitness(111).  Based on this, to further figure out the underlying mechanism about how 

Osr1 deletion interrupt the ATP rate of the macrophages, we investigated if Osr1 

deletion affected the long chain FAO process. NAFLD/NASH is a systematic metabolic 

disorder associated with glucose and lipid metabolism and insulin resistance. To begin 

with, we tested if Osr1 expression level was regulated by the glucose, insulin and 

palmitic acid (PA), which are elevated in patients with metabolic 

disease(43).Interestingly, we found that the transcription of Osr1 can be significantly 
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induced by palmitic acid (Fig. 18C). PA has long been reported to induce ER stress, 

inflammation, and lipotoxicity, which is crucial for the pathogenesis of NAFLD(112). 

Considering this, we tested the requirement for Osr1 in the palmitic acid oxidation 

activities. To have an oversight of the palmitate oxidation in macrophages, we first 

examined the palmitate oxidative profile of the WT BMDMs with resident M0, pro-

inflammatory M1 or anti-inflammatory M2 phenotype with Seahorse XF Palmitate 

Oxidation Stress Test Kit. Oxygen consumption rate (OCR) was measured by XFe96 

Seahorse bioanalyzer with palmitate (BSA conjugated) and be used to determine the 

basal, and maximum respiration. We found that pro-inflammatory M1 macrophages had 

the lowest basal and maximum respiration, and the M2 the highest by comparing to the 

resident M0 (Fig. 18D). When using Palmitate as a long-chain fatty acid substrate, both 

basal and maximal (p=0.06) OCR were significantly decreased in the Osr1Δmac M2 group 

(Fig. 18E). To be noted, the rosiglitazone rescued the OCR level in the Osr1Δmac 

BMDMs (Fig. 18E). This suggested that Osr1 is indeed involved in maintaining the 

palmitate long-chain fatty acid oxidation (FAO), and the process largely depends on 

PPARγ. Altogether, these also come to the schematic diagram about the role of Osr1 in 

cell metabolisms during the macrophage alternative polarization. (Fig. 19) 
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Figure 18. Osr1 deletion shift the macrophage to a glycolysis like metabolism profile 

and disrupt the mitochondrial palmitate oxidation during M2 polarization 
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(A, B) BMDMs from Osr1fl or Osr1Δmac were cultured in Seahorse XF RPMI medium and seeded 

in Seahorse plates and stimulated with indicated drugs respectively for 24 hr. During real-time 

APT rate analysis, cells were sequentially treated with  oligomycin (OM) and rotenone (ROT) 

plus antimycin A (AA), to assess the ATP production from glycolysis and mitochondria 

simultaneously using label- free technology  in the BMDM cells. (C)Resident M0 BMDMs were 

treated with Glucose (30mM), insulin (10nM), or palmitate (0.4mM), the expression of Osr1 were 

detected by quantitative real-time PCR.  (D, E) Mitochondrial respiration function in assessed by 

Seahorse Mito Stress test using palmitate (BSA-conjugated palmitate) as substrates. OXPHOS 

parameters were assessed by recording the OCR values after sequential injection of OM, FCCP, 

and Rot+ AA. Calculated basal respiration, ATP production, and maximal respiration were plotted 

in bar graphs. OCR: oxygen consumption rate. Oligomycin (OM): ATP synthase inhibitor. FCCP: 

mitochondrial uncoupler. Rot/AA: rotenone and antimycin A, specific inhibitors for ETC complex 

I and III respectively. Ros: rosiglitazone. *, P < 0.05 ; **, P < 0.01 ; ***, P < 0.001. 

 

Figure 19. Schematic diagram of Osr1 in macrophage polarization and cell 

metabolic change(Created in BioRender.com) 

https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/extracellular-flux
https://www.sciencedirect.com/topics/neuroscience/oligomycin
https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/rotenone
https://www.sciencedirect.com/topics/neuroscience/antimycin-a
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6.3 The impairment of palmitate oxidation in Osr1 knockout macrophages is 

independent of the IL-4 and AKT signaling 

 

Lastly, we tested if Osr1 response to IL-4 stimulation via upregulation of STAT6 

signaling. Upon IL-4 treatment, the control and Osr1Δmac macrophages expressed 

equivalent levels of STAT6 phosphorylation, suggesting the impairment of FAO in 

Osr1Δmac macrophages was independent of IL-4-STAT6 signaling (Fig.20A). We also 

tested the AKT, as well as FOXO1 signaling, which are important for cellular lipid and 

glucose metabolisms. The FOXO1 signaling is also an indicator of AKT signaling 

activation status, considering AKT-TSC-mTOR signaling is highly involved in the 

macrophage polarization.(113) There were no different expression of FOXO1, p-

FOXO1, Akt and p-Akt between the Osr1fl and Osr1Δmac macrophages (Fig.20B), 

suggesting the impairment of PA oxidation caused by Osr1 deletion was independent of 

AKT signaling. 
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Figure 20. STAT6 and AKT activity are normal in Osr1Δmac macrophages and 

not involved in the macrophage metabolic profile change 

 

 (A) Immunoblot analysis of lysates from Osr1fl and Osr1Δmac BMDMs stimulated with IL-4 for 5-

120 min with the concentration of 10ng/ml.(B) Immunofluorescence staining of p-STAT6 in the 

BMDMs nuclei from Osr1fl and Osr1Δmac with IL-4.  
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CHAPTER VII 

DELETING MACROPHAGE OSR1 AGGRAVATED THE INFLAMMATION AND 

FAT DEPOSITION IN HEPATOCYTES 

7.1 Osr1 deletion aggravated macrophage proinflammatory activation. 

It has been established that, comparing to M1 macrophages, M2 macrophages are indeed 

highly plastic and easily adopt an M1-like inflammatory state (114). Considering that 

Osr1 expression was associated with a M2 phenotype, it is possible that blocking Osr1 

may shift the cells to a M1 like pro-inflammatory macrophages, mediated by NF-κB, 

JNK or MAPK pathways. To test this possibility, we isolated bone marrow cells from 

Osr1fl and Osr1Δmac mice, differentiated the cells into macrophages (BMDMs), and 

analyzed the pro-inflammatory responses of BMDMs. Under lipopolysaccharide (LPS) 

treatment conditions, the phosphorylation states of MAPK p38, JNK p46 and NF-κB 

p65, expression level of IL-Iβ, IL-6 and iNOS, were significantly increased in Osr1Δmac 

BMDMs compared with the BMDMs. (Fig.21 A1-A4, 21B). Because alternatively 

activated macrophages can counteract pro-inflammatory cytokines excessive secretion, 

we examined whether IL-4 could appropriately attenuate LPS-induced IL-Iβ, TNF-α, 

and IL-6 secretion. The results indicated that IL-4 failed to suppress the expression of 

IL-Iβ and IL-6 in macrophages deficient of Osr1 (Fig.21D, E, F), indicating that a subset 

of IL-4 dependent anti-inflammatory responses were regulated by Osr1. Palmitic acid 

(PA) is a long chain saturated fatty acid with elevated blood concentration in obese 

patients. It has been indicated that PA could induce cellular inflammatory responses 

through toll-like receptors 2 and 4(TLR2 and TLR4) and PA-induced endoplasmic 
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reticulum (ER) stress(115, 116) Our results confirmed that PA could induce more 

phosphorylation of NF-κB, which is consistent with reported (Fig.21 C). In addition, we 

also found that PA could induce more phosphorylation of p38 MAPK (Fig.21 C). Then 

we also tested if alternatively activated macrophages can also counteract the pro-

inflammatory responses PA. Similar with LPS, IL-4 failed to suppress the expression of 

Tnfα and IL-6 in macrophages deficient of Osr1(Fig.21D, E, F). To be noted, palmitic 

acid could induce the Osr1 expression in macrophages (Fig.21 C). This is consistent with 

the macrophage’s mRNA level of Osr1 during PA treatment (Fig.18 C). 



 

 72 

 

 

Figure 21. Osr1 disruption aggravates macrophage pro-inflammatory activation 
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BMDMs were prepared as described before. (A, B) Pro-inflammatory signaling (A) and cytokine 

production (B) BMDMS from Osr1fl and Osr1Δmac mice. For A, BMDM were treated with or without 

lipopolysaccharide (LPS, 100 ng/ml) for 30 min prior to harvest. Cell lysates were subjected to 

Western blot analysis. Bar graphs, quantification of blots. For B, Osr1Δmac macrophages gene 

expression levels were compared with Osr1fl macrophages with or with our LPS induction. (C) 

Immunoblot analysis of cell lysates from Osr1fl and Osr1Δmac BMDMs stimulated with BSA or BSA 

conjugated palmitic acid for 24h.  (D, E, F) BMDMS from Osr1fl and Osr1Δmac mice were pretreated 

with IL-4 (10 ng/ml) for 24h were stimulated with LPS (10 ng/ml, with or without) or palmitic acid 

(with or without). The RNA was extracted and expression level of Il-1β, Il-6 and TNF-α were 

quantified by qPCR. Il-1 β and Il-6 were harvested after exposure to LPS for 12h, TNF-α for 6h. For 

all of the Il-1β, Il-6 and TNF-α, expression level was detected after 24h exposure to palmitic acid.  For 

B, D, E, F, cytokine expression was quantified by quantitative real-time PCR in the indicated 

BMDMs. Numeric data are means ± SE. n = 4 – 6. For A, D, E, F, statistical difference between the 

indicated and B, between Osr1fl and Osr1Δmac, *, P < 0.05 and **, P < 0.01 in bar graphs. 
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7.2 Macrophage Osr1 deletion, via cytokine production, induced lipid accumulation 

and pro-inflammatory cytokine production in hepatocytes in vitro  

7.2.1 Macrophage Osr1 deletion induced more pro-inflammatory response in 

hepatocytes 

Considering Osr1Δmac mice had more severe NASH, we want to verify the direct role 

played by the Osr1 in macrophages in regulating lipid homeostasis and inflammation in 

hepatocytes. BMDMs were obtained from Osr1fl and Osr1Δmac mice and induced to M1 

or M2 macrophages by LPS+IFN-γ or IL-4 respectively. The stimulated macrophages 

were co-cultured with primary hepatocytes isolated from Osr1fl mice, and the activation 

of NF-κB and MAPK p38 signaling in the mixed co-culture system was examined. The 

result indicated that Osr1Δmac M2 macrophages could induce more phosphorylation of 

NF-κB p65 and MAPK p38 signaling in the co-cultured macrophage-hepatocytes mixed 

system (Fig. 22A).  To investigate if the macrophage induced inflammatory signaling 

was through directly cell-cell communication or cytokines secretion, we co-cultured 

primary Osr1fl hepatocytes with Osr1fl and Osr1Δmac BMDMs using a transwell system 

(Fig. 22B). Comparing to the hepatocytes co-cultured with Osr1fl BMDMs, the 

hepatocytes over phosphorylated NF- κB (P-p65/p65) when co-cultured with Osr1Δmac 

M1 BMDMs and overphosphorylated p38 signaling(P-p38/p38) when co-cultured with 

Osr1Δmac M2 BMDMs (Fig.22B and C). The results indicated that both Osr1Δmac M1 and 

Osr1Δmac M2 BMDMs induced more inflammation than the Osr1fl M1 or M2 did. Taken 

together, these results suggested that the Osr1 in macrophages protected macrophage 
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proinflammatory activation, which further acted on hepatocyte proinflammatory 

responses.  

 

 

Figure 22. Osr1 disruption aggravate the effects of macrophages on increasing 

hepatocyte inflammation signaling through cytokine excretion 

 

M1 or M2 BMDMs from Osr1fl and Osr1Δmac mice were induced, and Macrophage-hepatocyte co-

cultures were performed as described in Methods. (A)Macrophage-hepatocyte were co-cultured with 

the ratio 1:20 for 48h. Cell lysates were subjected to western blot analysis. Bar graphs, quantification 

of blots. (B, C) Macrophage-hepatocyte were co-cultured with the ratio 1:10 with the transwell (B) co-

culture system (Corning) and the inflammation signaling were detected by western blot. The cells 

were treated with palmitate (Pal, 250 μM, conjugated in bovine serum albumin (BSA)) or BSA for the 

last 24 hr of the 48 hr incubation period.For A,C,  bar graphs, quantification of the immune blot. *, P 

< 0.05. 
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7.2.2 Macrophage Osr1 deletion promoted hepatocyte steatohepatitic changes 

through the induction of cytokines 

To identify if the cytokines secreted by macrophages were responsible for macrophage 

inflammation and hepatocyte steatohepatitic changes, the cytokine profiles of the culture 

medium of BMDMs isolated from Osr1fl and Osr1Δmac mice were analyzed. We used the 

transwell system to co-culture the primary Osr1fl hepatocytes with the Osr1fl or Osr1Δmac 

in the presence of palmitic acid. We found that the lipid accumulation (Oil Red O 

staining, Fig.23A and B) in the hepatocytes co-cultured with Osr1Δmac was significantly 

increased. In terms of inflammation and de novo lipogenesis, we found that the 

expression of the pro-inflammatory cytokines (Tnfa, Il6 and Il-1b) and the de novo 

lipogenesis genes were significantly increased in hepatocytes co-cultured with Osr1Δmac 
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BMDMs in the presence of palmitic acid compared to those co-cultured with Osr1fl  

BMDMs (Fig.23C). 

 

Figure 23. Osr1 disruption aggravate the effects of macrophages on increasing 

hepatocyte fat deposition and inflammation related gene expression through 

cytokine excretion 

 

Primary hepatocytes were isolated from chow-diet-fed Osr1fl mice at 10 – 12 weeks of age. BMDMs 

from Osr1fl and Osr1Δmac mice were induced as described in the methods. (A)Representative pictures 

from Macrophage-hepatocyte co-culture with the ratio 1:10 for 48h. The cells were treated with 

palmitate (Pal, 250 μM, conjugated in bovine serum albumin (BSA)) or BSA for the last 24 hr of the 

48 hr incubation period. (A) Hepatocyte fat deposition. The hepatocytes were stained with Oil Red O 

for 1 hr. (B) Bar graphs, quantification of fat content levels from the co-cultured hepatocytes. (C) The 

mRNA levels of genes related to fat metabolism and pro-inflammatory cytokines were examined in 

the hepatocytes using quantative real-time RT-PCR. For B , numeric data are means ± SE, n = 6. For 

C, numeric data are means ± SE, n = 3.  *, P < 0.05, ***, P < 0.001. 
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                                                        CHAPTER VIII        

PHARMACOLOGICAL PPAR-Γ AGONIST ROSIGLITAZONE PREVENTED      

HFD INDUCED STEATOHEPATITIS IN OSR1ΔMAC MICE 

 

Previous experiment has confirmed that PPARγ was the direct target of Osr1 in 

macrophages and the anti-inflammatory effect of Osr1 in macrophages were dependent 

on PPARγ. The in vitro study also demonstrated that the PPARγ agonist rosiglitazone 

rescued expression of M2 related genes including Arg1, Ym1, CD36 and CD206 in the 

Osr1Δmac BMDMs. Therefore, we examined the effects of the PPARγ agonist 

rosiglitazone on the steatohepatitis development in Osr1Δmac mice in vivo. The 

rosiglitazone was given to the Osr1fl and Osr1Δmac mice during the last 4 weeks on 

HFD(started on week 10 and stopped on week 14).By the end of week14, the liver 

weight and liver-to-body weight ratio were not altered (data not show). However, the 

serum ALT levels (Fig.24A) were significantly down regulated in the Osr1Δmac mice 

receiving rosiglitazone comparing to those receiving DMSO. We also observed down 

regulated blood cholesterol and LDL level in rosiglitazone administrated Osr1Δmac mice 

comparing to the DMSO group (Fig.24A). In addition, liver steatosis was also improved 

as evidenced by liver histology revealed by H&E staining (Fig. 24B). Lipid 

accumulation was decreased in hepatocytes of HFD-fed Osr1Δmac mice treated with 

rosiglitazone as shown by Oil Red O staining (Fig.24C1, C2). Consistently, the hepatic 

triglyceride content was significantly lower in the Osr1Δmac group with rosiglitazone than 
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those with DMSO (Fig.24D). Taken together, these results suggested that the 

 

Figure 24. Pharmacological PPAR-γ agonist rosiglitazone prevent HFD induced 

liver injury in Osr1Δmac mice 

 

Starting from the 10th week of HFD treatment, Osr1fl and Osr1Δmac mice were injected with 

rosiglitazone (10mg/kg/day) or DMSO peritoneally for 4 weeks.  (A)  Lipid metabolism and hepatocyte 

damage blood serum markers. (B) Representative H&E staining of liver sections from HFD-fed mice 

treated with or without rosiglitazone. (C) Representative pictures and quantitation of Oil Red O staining 

in perfused hepatocytes from indicated groups. (D) Triglyceride level in the indicated mice liver. 
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rosiglitazone could prevent HFD-induced steatohepatitis in Osr1Δmac mice.  

 

 

 

 

 

 

Rosiglitazone is a clinically used antidiabetic drug and works as an insulin 

sensitizer(117). Therefore, we investigated if rosiglitazone could improve the glucose 

intolerance of the Osr1Δmac mice. IPGTT was performed in each group before (10w HFD 

treatment) and after rosiglitazone administration (14w HFD treatment) and the fasting 

blood glucose was monitored once for each week. Before rosiglitazone administration, 

mice of both groups were glucose intolerance and responded similarly to glucose 

challenge (Fig. 25A). However, the glucose intolerance was significantly improved after 

the 4-week rosiglitazone treatment (Fig. 25B), despite of no changes of the fasting 

glucose (Fig. 25C). Interestingly, response to insulin challenge during IPITT remained 

similar between the two groups (Fig. 25D). Further analysis of the insulin signaling in 

liver lysates indicated that the phosphorylation of insulin receptor phosphorylation and 

Akt (S473) upon insulin stimulation were significantly higher in rosiglitazone treated 

mice compared with control mice under HFD (Fig. 25E).  Collectively, these results 

suggested that rosiglitazone could partially rescue the glucose intolerance in the Osr1Δmac 

mice under HFD treatment and could sensitize the insulin signaling. 

For B, serum levels were quantified by the biochemical analyzer (DxC 700 AU, Beckman Coulter). 

Statistical difference between Osr1fl +DMSO and Osr1Δmac+DMSO: *, P < 0.05 and **, P < 0.01. 

Statistical difference between Osr1Δmac +DMSO and Osr1Δmac +rosiglitazone: #, P < 0.05 and ##, P < 

0.01. Marginal difference indicated p value were compared with Osr1fl +rosiglitazone group. For A – 

B, numeric data are means ± SE. n = 6-8. For D and E, statistical difference between Osr1fl and 

Osr1Δmac mice: *, P < 0.05 and ***, P < 0.001. H&E, hematoxylin & eosin; HFD, high-fat diet; Ros, 

rosiglitazone; DMSO, Dimethyl sulfoxide . 

 

https://www.sciencedirect.com/topics/medicine-and-dentistry/haematoxylin
https://www.sciencedirect.com/topics/medicine-and-dentistry/eosin
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Figure 25. Rosiglitazone improves insulin sensitivity and glucose tolerance in 

Osr1Δmac mice under HFD treatment 

 

(A) IPGTT result before rosiglitazone administration (HFD 10w) (B) IPGTT result and area under curve 

(AUC) bar graph after rosiglitazone and DMSO administration (HFD 14w) (C) Fasting blood glucose 

level during rosiglitazone and DMSO treatment in Osr1Δmac mice for each week. (D)  IPITT result after 

rosiglitazone administration (HFD 14w) (E) Insulin signaling in indicated liver lysates. Prior harvest, mice 

were injected with insulin peritoneally. 

For A – D, numeric data are means ± SE. Statistical difference among indicated groups were performed 

with t-test , n=6-8. For B, *, P<0.05; and compared with DMSO group. HFD, high-fat diet; Ros, 

rosiglitazone; DMSO, Dimethyl sulfoxide; IPGTT, intraperitoneal glucose tolerance test; IPITT, 

intraperitoneal insulin tolerance test; AUC, area under curve. 
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Furthermore, rosiglitazone treatment suppressed liver inflammation in the Osr1Δmac mice 

liver as shown by reduced number of macrophage infiltration (Fig.26A) and decreased 

phospho-p65, and MAPK c-Jun N-terminal kinase (JNK) and p38 protein levels and 

reduced Il-6 mRNA expression (Fig.26B). Notably, rosiglitazone also restored the ATP 

production rate in peritoneal macrophages (PMs, Fig.26C) and liver non-parenchymal 

cells (NPCs, Fig.26D) with anti-inflammatory macrophage polarization profile 

evidenced by reduced glycolysis and increased FAO rate (marginal significance, 

p=0.08). These results suggested that pharmacological PPARγ agonist might prevent 

HFD-induced steatohepatitis in Osr1Δmac mice by inducing PPARγ activation and 

suppressing inflammation. These results also suggested the protective role of Osr1- 

PPARγ axis in the macrophages during the NAFLD pathogenesis. 
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Figure 26. Pharmacological PPARγ agonist rosiglitazone prevents HFD-induced 

liver inflammation in Osr1Δmac mice 

 

 (A) Representative IHC staining of F4/80 and quantitation of macrophage numbers in liver sections from 

HFD-fed Osr1Δmac mice with or without rosiglitazone. (B) Phosphorylated NF-κB p65 and MAPK c-Jun 

N-terminal kinase (JNK) and p38 protein levels in liver of HFD-fed Osr1Δmac mice with or without 

rosiglitazone. (C) Peritoneal macrophages (PM) and (D) non-parenchymal cells(NPC)  from Osr1fl or 

Osr1Δmac were cultured in Seahorse XF RPMI medium and seeded in Seahorse plates and subject to real-

time APT rate analysis to assess the ATP production rate from glycolysis and mitochondria fatty acid 

oxidation. OCR: oxygen consumption rate. Oligomycin (OM): ATP synthase inhibitor. Rot/AA: 

rotenone and antimycin A, specific inhibitors for ETC complex I and III respectively. Ros: 

rosiglitazone. *, P < 0.05  
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CHAPTER IX 

DISCUSSION 

 

In this study, we established the role of Osr1 in the polarization of macrophages and the 

associated function of the inflammation-induced pathogenesis of NASH. We found the 

enhanced macrophage Osr1 expression in liver tissues of both clinical NASH patients and 

murine models. Osr1 is expressed in both macrophages and hepatocytes in mouse liver, 

while nuclear Osr1 expression was only found in macrophages. Using in vitro and in vivo 

study, we established the role of Osr1 in maintaining the macrophage alternative 

polarization. In HFD and MCD induced murine NAFLD/NASH model, specifically 

deleting myeloid Osr1 resulted in more severe steatohepatitis via activating the pro-

inflammatory signaling and enhancing the production of pro-inflammatory cytokines. 

Thus, we established the molecular mechanism underlying NASH onset and progression 

promoted by enhanced inflammation due to macrophage Osr1 deletion. 

 

Osr1 has been previously widely studied in organ development, however, its role in 

regulating macrophage polarization has never been reported. From a view of evolution, a 

conserved function for promoting prohemocyte differentiation and cell fate choice of odd 

in Drosophila lymph gland has been reported(82). Our RNA-seq results identified several 

KEGG signaling pathways for macrophage polarization depending on Osr1 dosage, 

including PPAR signaling, TGF-beta signaling, JAK-STAT signaling, NF-κB signaling 

and osteoclast differentiation signaling pathways, suggesting a role Osr1 in the 
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macrophage polarization. Indeed, M2 macrophages from liver tissues of Osr1Δmac mice 

were significantly reduced comparing to that of the Osr1fl mice. Induced by IL-4 in 

BMDMs, the expression of Osr1 were enhanced, which correlated with the expression of 

specific M2 markers (Arg1, Ym1, CD36 and Mrc1/CD206). Consistently, expression of 

the M2 marker genes in macrophages were repressed in primary BMDMs isolated from 

Osr1Δmac mice, while Osr1 overexpression induced expression of c-Myc and PPAR-γ, two 

important TFs regulating phenotype switch of macrophages.(75, 99) We further 

determined that Osr1 directly regulating the expression of PPAR-γ and c-Myc, whose 

upstream regulators are not fully identified. The functional role of Osr1-PPARγ axis in 

controlling the polarization of macrophages was confirmed by the fact that  treating 

rosiglitazone, a PPARγ agonist, rescued the population of M2 macrophage in the Osr1Δmac 

liver exposed to MCD diet. Collectively, our data support Osr1’s role in maintaining M2 

polarization and identify Osr1 as a novel TF targeting on PPAR-γ and c-Myc for 

macrophage plasticity.  

 

Macrophage polarization is always associate with the cell metabolic change. The signature 

difference between M1 and M2 polarization is the energy production,  in which M2 cells 

are more dependent on oxidative phosphorylation (OXPHOS) and fatty acid oxidation 

(FAO) for their energy production comparing to the M1 pro-inflammatory macrophages 

(45). Among the various regulators in the cell metabolism, PPARγ is a master regulator in 

the macrophage metabolism and was reported to be required for IL-4 induced increase in 

β-oxidation of fatty acids. CD36, as scavenger receptor, also plays the central role in the 
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fatty acid transportation which fuels β-oxidation(108). Upon establishing that PPARγ is a 

direct downstream target of Osr1 in macrophages and CD36 expression was significantly 

downregulated in Osr1Δmac BMDMs, it is necessary to investigate if Osr1 could modulate 

the macrophage metabolic change during the macrophage alternative polarization. With 

glucose and pyruvate as substrates, we found that deleting Osr1 resulted in around 25% 

reduction in the rate of FAO and upregulated about 50% of the ratio of OXPHOS and 

rosiglitazone could partially rescue the skewed ratio of glycolysis and OXPHOS. PA is a 

primary substrate fueling mitochondrial metabolism and has a profound impact on cell 

fate, function, and fitness(111). It has also been reported to be elevated in patients with 

NAFLD. Interestingly, PA significantly induced the Osr1 expression in the macrophages. 

Considering we have identified PPARγ as a direct target of Osr1, this consistent result 

explained the increasing level of macrophage PPARγ in the presence of palmitic acid. 

(43)When using Palmitate as a long-chain fatty acid substrate, both basal and maximal 

(p=0.06) OCR were significantly decreased in the Osr1Δmac BMDMs with increased ratio 

of Glycolysis/ FAO, possibly due to the reduced FAO. Collectively, the above results 

indicated that Osr1 plays an important role in the macrophage metabolism, especially 

OXPHOS and FAO.  

 

Upon activation, macrophage inflammation induced pro-inflammatory signaling 

pathways in the liver such as NF-κB and MAPK were also reported to play important role 

in the pathogenesis of NASH and related liver injury, accompanied with diabetes and 

glucose intolerance(20, 31). When treated with HFD or MCD diet, there were more 
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macrophages infiltrated to the Osr1Δmac liver tissue. Overactivated inflammatory signaling 

pathways such as NF-κB and MAPK, and increased mRNA levels of inflammatory genes 

were observed in the Osr1Δmac liver. These results indicated that specifically deleting Osr1 

in the myeloid cells would greatly inflame the liver. According to the two-hit hypothesis, 

enhanced inflammation initiates the second hit that promotes the progression of hepatic 

steatosis to hepatic fibrosis in NASH(8). In our model, the Osr1Δmac liver did exhibit an 

advanced phenotype of NASH with more collagen deposition in the liver and higher 

expression of fibrotic genes. 

 

Liver macrophages exhibit relatively high heterogeneity, especially under pathological 

conditions such as diet induced steatohepatitis(42). The intervention of macrophage 

polarization switching may cause a different effect on the crosstalk between macrophages 

and hepatocytes during steatohepatitis progression. And this is mainly mediated by the 

differences of inflammatory cytokine secretion of macrophages. We have shown 

significantly more LPS stimulated pro-inflammation with elevated Tnf-a and Il-1b 

expression in the macrophages when deleting Osr1, suggesting a higher pendency for 

proinflammatory cytokine secretion. When primary hepatocytes were co-cultured with 

primary Osr1Δmac macrophages, there were increased hepatocyte lipid accumulation and 

inflammatory injury in the presence of palmitic acid.  This might be due to more 

inflammatory cytokine secretion of the macrophages because more fat deposition and 

DNL gene expression were observed in primary hepatocytes cultured in Osr1Δmac 

macrophages conditioned medium. Thus, these results suggested that macrophage Osr1 
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deletion induced steatohepatitis by inducing a more inflamed microenvironment. Future 

study will be performed to identify the responsible cytokines for the liver injury and 

inflammation.  

 

It has been established that Inflammation could induce the de novo lipogenesis (DNL) 

gene expression in the liver as well as insulin resistance. In our study, we found 

significantly increased DNL gene expression and more severe insulin resistance in HFD 

induced Osr1Δmac mice. However, in a more severe NASH model induced by MCD diet, 

we did not see the same expression changes in Osr1Δmac mice, suggesting other 

mechanisms rather than DNL contribute to steatosis. RNA-seq analysis identified that the 

primary bile acid synthesis signaling was significantly disrupted in Osr1Δmac mice 

comparing to the control. Down regulated expression of Cyp7a1 were observed at both 

mRNA and protein levels in Osr1Δmac mice liver. Cholesterols serves as precursors for 

critical regulators of lipid homeostasis such as bile acids and Cyp7a1 is the key rate limit 

enzyme for the bile acid synthesis(97). In MCD diet treated Osr1Δmac mice deletion of Osr1 

in macrophages induced a cholesterol trap, which might be due to the lower expression of 

Cyp7a1 and its associated bile acid synthesis. 

 

Cholesterol is one of the important determinants in NAFLD pathogenesis and it is already 

established that cholesterol plays more important role in the pathogenesis of liver lesions 

than liver triglyceride(118, 119). The widely accepted mechanisms about MCD diet 

induced steatosis and NASH relies on its lack of methionine and choline, which are 
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indispensable for hepatic mitochondrial β-oxidation and VLDL(120). This means the main 

lipid excretion and oxidation pathways are blunted in MCD diet treated liver, which makes 

MCD diet a good model to test if other lipid accumulation and cytotoxicity pathways in 

the hepatic steatosis. However, the underling mechanisms about how MCD diet induce 

NASH is not fully understood. We found that the MCD diet could disrupt the bile acid 

synthesis and further induce the cholesterol trap in the liver by reducing Cyp7a1 

expression. In the myeloid Osr1-null model, disrupted Cyp7a1 and bile acid synthesis 

signaling could be due to overactivated NF-κB and JNK signaling, because both are 

reported to disrupt the expression of Cyp7a1(121, 122). Future study focusing on bile acid 

and cholesterol metabolism and liver inflammation would provide more evidence to 

support this mechanistic possibility. 

 

Pharmacological agonist of PPARγ has been proven to be effective in treating or 

alleviating diabetes and increasing insulin sensitivity(123). Elegant studies also found that 

rosiglitazone could improve the liver NASH even though sometimes the result seems 

controversial (124, 125). The debate of using rosiglitazone to treat NAFLD/NASH mainly 

focuses on the following two issues: i) rosiglitazone is positively associated with an 

increased expression of genes responsible for lipid accumulation in the liver such as Mgat1, 

Cd36, and Fabp4. ii) the relatively wide expression of PPARγ in different tissues and cell 

types such as adipose tissue and adipocytes. Thus, we cannot rule out the possibility that 

the rescue effects of rosiglitazone were via relived lipotoxicity and improved insulin 

sensitivity in adipocytes. However, the specific effect of rosiglitazone on the macrophage 
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PPARγ in the liver inflammation has not been determined. We found that rosiglitazone 

could partially rescue the Osr1 activity in macrophages by significantly reducing the 

macrophages number and the activation states of inflammatory signaling in the liver tissue, 

resulting in ameliorated experimental steatohepatitis and inflammation in Osr1Δmac mice. 

Additionally, the separated NPC from liver tissue exhibit more FAO ATP production 

profile under rosiglitazone treatment, which is the signature of the anti-inflammatory 

macrophage polarization. Consistent with previously reported, we also found that 

rosiglitazone could help improve the glucose intolerance in the Osr1Δmac mice. Thus, our 

study provides a potential cellular therapy via modifying the macrophage plasticity, which 

further improve the innate immunity of the body and thus treat or stop the progression of 

NASH. 

 

To be noted, we majorly used the male rodents for our in vivo studies considering that the 

male mice are more susceptible to the pathogenesis of NAFLD/NASH under special diet 

induction, which replicates the situation in humans that the incidence of NAFLD is higher 

in men than in women(126, 127). In terms of this, our in vivo study cannot rule out the 

possibility that female may exhibit different phenotypes from male mice. Thus, future 

studies will be performed with sex as a biological variance fully considered. 

 

In conclusion, this study identified a specific role of Osr1 in overload nutrition induced 

steatohepatitis. Macrophage Osr1 may play a preventive role in the pathogenesis of 

steatohepatitis by maintaining M2 macrophage polarization. Specifically deleting Osr1 in 
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myeloid cells impairs macrophage alternative activation and predisposes the mice to the 

development of diet-induced obesity and NASH. Further analysis indicated that the role 

of Osr1 was dependent on the PPARγ function. The Osr1-PPARγ axis activation in 

macrophages by PPARγ agonist rosiglitazone could rescue the overactivated 

inflammation and fat deposition during the in vitro experiment as well as in the Osr1 

myeloid knockout mice in vivo. Altogether, this study may provide a new approach 

targeting Osr1 for the treatment of steatohepatitis in the future and targeting Osr1 in the 

macrophages to suppress inflammation and lipogenesis is a potential and promising 

therapeutic strategy for the treatment of NASH in human liver diseases. 
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APPENDIX 

 

Table 1 Primers used for RT-qPCR 
Gene Forward primer (5’ to 3’)     Reverse primer (5’ to 3’) 

Osr1 CCATCCCTGCAGCTTACCAA GCATGAAGAGCGCTGAAACC 

c-Myc CCCTATTTCATCTGCGACGAG GAGAAGGACGTAGCGACCG 

Arg1 CAGAAGAATGGAAGAGTCAG CAGATATGCAGGGAGTCACC 

Mrc1 GCAAATGGAGCCGTCTGTGC CTCGTGGATCTCCGTGACAC 

Ym1 GATCTCAATATACACAGTGC GAGCTTAGCCAAAGCTGAC 

CD36 TGGAGGCATTCTCATGCCAG TTGCTGCTGTTCTTTGCCAC 

Srebp1 AGCAGTCACCAGCTTCAGTC GGTCATGTTGGAAACCACGC 

Srebp2 TGAAGGACTTAGTCATGGGGAC CGCAGCTTGTGATTGACCT 

Tnf-α CCCTCACACTCAGATCATCTTCT GCTACGACGTGGGCTACAG 

Il-1β CCTTCCAGGATGAGGACATGA TGAGTCACAGAGGATGGGCTC 

Il-6 GAGGATACCACTCCCAACAGACC AAGTGCATCATCGTTGTTCATACA 

Nos2 GGCAGCCTGTGAGACCTTTG GCATTGGAAGTGAAGCGTTTC 

Adgre1 CTTTGGCTATGGGCTTCCAGTC GCAAGGAGGACAGAGTTTATCGTG 

Fasn TTGCTGGCACTACAGAATGC AACAGCCTCAGAGCGACAAT 

Acc1 CCTCCGTCAGCTCAGATACA TTTACTAGGTGCAAGCCAGACA 

Scd1 CTGTACGGGATCATACTGGTTC GCCGTGCCTTGTAAGTTCTG 

Col1a1 ATGTGCCACTCTGACTGGAA TCCATCGGTCATGCTCTCTC 

Col1a2 TAGAAAGAACCCTGCTCGCA CGGCTGTATGAGTTCTTCGC 

Col3a1 GGTGGTTTTCAGTTCAGCTATGG CTGGAAAGAAGTCTGAGGAATG 

Col4a1 ACAACATCCGGCCCTTCATT CTGTGTACCGCCATCACCAT 

Vimentin ATGCTTCTCTGGCACGTCTT AGCCACGCTTTCATACTGCT 

Tgf-β TCGCTTTGTACAACAGCACC ACTGCTTCCCGAATGTCTGA 
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Cyp7a1 CTGGGGGATTGCTGTGGTAG GCACAGCCCAGGTATGGAAT 

Cyp7b1 AGCTGCTTACTGATGACGACC AGTGAGCCACAGAATGCAAAT 

Cyp27a1 AAGGACCACCGAGACCACAA TTAAGGCATCCGTGTAGAGCG 

Cyp8b1 CGGAACTTCCTGAACAGCTC   TGGCCTCTTTCACTTCTGCT 

Hmgcr CAAGGAACGTGCACCAAGAA AACACAGCACGGAAAGAACC 

Ldlr CCAATCGACTCACGGGTTCA CTCACACCAGTTCACCCCTC 

 

 

Table 2 Primers used for ChIP-qPCR 

 

Amplicon Forward primer (5’ to 3’) Reverse primer (5’ to 3’) 

c-Myc -R1 CAATGAGCTCGATGAAGGAAG CTCTCACTGCTACCCGGTTT 

c-Myc -R2 ATCTGATCAGGGCCGACTTT AAAGGGGGAGGAGTGAATTG 

c-Myc -R3 CTGCAAACTGGCTCCACAG CTGCGCAGTCCAGTAAAGTG 

c-Myc -R4 AACAACCGTACAGAAAGGGAAA GCTCCGGGGTGTAAACAGTA 

Pparγ  -R1 GGGCTGGCCTTAGGAGAATA ACTCCATTTCCATGCCTGTC 

Pparγ  -R2 TGTCTGGTGAGGATGGTTTG CACCAAAGGCCGTTCTTTTA 

 


