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Abstract 

Metabolic diseases, such as type II diabetes (T2DM), atherosclerosis and other 

cardiovascular diseases, are prevalent and are important health issues in the modern 

world. T2DM contributes to the development of various metabolic diseases.  

Atherosclerosis is one of the major causes leading to multiple cardiovascular diseases. In 

order to develop therapeutic strategies, understanding the mechanisms of these metabolic 

diseases is crucial. It is known that the immune system is highly involved in initiation and 

progression of metabolic diseases.  

Macrophages are one of the major leukocytes in innate immunity. Macrophages 

have two major polarized phenotypes: classical/pro-inflammatory (M1) and 

alternative/anti-inflammatory (M2). It is widely accepted that M1-M2 switch in 

macrophage population is essential in disease progression or damage recovery; however, 

the detailed mechanism of macrophage phenotype switch has not been fully elucidated. 

In addition, the effect of altering the macrophage phenotype on treating metabolic 

diseases remains uncertain. 

Receptor-interacting protein 140 (RIP140) is a co-regulator of numerous nuclear 

receptors and transcription factors. RIP140 is expressed in various cell types including 

adipocytes, liver, muscle, heart, neurons, and cells in the monocyte–macrophage lineage. 

Studies showed that RIP140 expression is positively associated with the progression of 

metabolic disorders such as obesity, insulin resistance, and glucose intolerance. In 

addition, studies indicate that RIP140 acts as a co-activator of NFκB to promote 

macrophage M1 activation and pro-inflammatory responses. My studies further build on 
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this knowledge to uncover the role of RIP140 in the metabolic diseases. First, it was 

found that RIP140 elevates cholesterol content in macrophages by reducing expression of 

ABC transporters, which are responsible for cholesterol efflux. The elevated cytosolic 

cholesterol induces foam cell formation and further enhances progression of 

atherosclerosis. This study indicated that reducing RIP140 levels effectively ameliorates 

high-cholesterol  diet-induced atherosclerosis. Second, my study found that reducing 

RIP140 in macrophages leads to macrophage M2 polarization, resulting in adipose tissue 

remodeling to brown/beige adipose tissue. This further ameliorates high fat diet-induced 

T2DM associated metabolic disorders. Moreover, later studies address how RIP140 

mediates macrophage M2 activation and M1/M2 switch by its cytosolic function in a 

wound healing animal model. Final study is to identify a beneficial taxonomic repertoire 

from macrophage specific RIP140 knockdown (MφRIP140KD) mice. Fecal microbiota 

transplantation (FMT) from HFD-fed MφRIP140KD to wild type (WT) mice acquired the 

benefits from donors, which is resistant to development of HFD-induced metabolic 

diseases.  

Taken together, this thesis studies elucidate novel functions of RIP140 in 

polarization and inflammatory responses in macrophages, and identify the benefits of 

reducing RIP140 expression in macrophages. These findings contribute to our 

understanding of the relationship between immune and metabolic systems as well as 

provide a therapeutic target of resolving inflammation and preventing/improving 

metabolic profiles in T2DM, and atherosclerosis.  
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Innate immunity activation 

The immune system, comprised of adaptive and innate immune systems, is the 

crucial defense mechanism that protects the host against numerous pathogens from 

viruses to parasites, and toxins that are lethal or cause disease[1]. The adaptive immune 

system, also known as specific immune system, is composed of two types of adaptive 

immune responses: humoral immunity, mediated by antibodies produced by B 

lymphocytes, and cell-mediated immunity, mediated by T lymphocytes[2]. Adaptive 

immune system provides immunological memory responses after an initial exposure to a 

specific pathogen. After B and T cell initial activation by a specific pathogen, memory B 

and T cells develop and respond to repeat specific pathogen exposure throughout one’s 

life. This feature of adaptive immunity allows for a highly specialized, systemic and long 

lasting protection[3].   

 

The innate immune system, also known as non-specific immune system, is the 

first line and dominant defense against infection. Unlike the adaptive immune system, the 

innate immune system creates a rapid, but short lived and non-specific protection to 

infection[1]. The innate immune system also contributes to activation of adaptive 

immune system[4]. The major components of innate immune system are anatomical 

barriers, circulating plasma proteins, and innate leukocytes[5, 6]. Anatomical barriers 

mainly consist of epithelial surfaces including skin, gastrointestinal and respiratory tracts. 

Antimicrobial peptides are secreted by these epithelial surfaces, providing chemical 

protection against infection. Epithelial cell layers provide physical protection. Circulating 
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plasma proteins composed of the complement system are primarily synthesized in the 

liver. These proteins circulate in blood and lymphatic fluid in an inactive form and are 

rapidly activated upon sensing pathogens. These proteins play an important role in early 

stages of infection by lysing pathogens and in later stages of infection by recruiting and 

activating innate leukocytes[7] . Innate leukocytes, including macrophage, neutrophils, 

eosinophils, basophils, dendritic cells, mast cells, and natural killer (NK) cells, recognize 

non-self components or injured self-cells by pattern recognition receptors, leading to 

rapid inflammatory response[8].   

 

As a major component of innate leukocytes, macrophages play an important role 

in initiating inflammation to protect the host from pathogen infection or tissue damage[9, 

10].  Macrophage precursors originate from bone marrow as circulating monocytes 

before entering tissues and differentiating into tissue-resident macrophages[11]. Tissue-

resident macrophages such as brain microglia cells, liver Kupffer cells, peritoneal 

macrophages, adipocyte macrophage, lung alveolar macrophages, bone osteoclast, and so 

on are involved in maintaining tissue homeostasis and health[12, 13]. Macrophages are 

highly heterogeneous and exhibit diverse functional phenotypes in response to different 

environmental cues[11, 14]. Generally, macrophages are polarized into two types of 

activation, classical/pro-inflammatory activation (M1) and alternative/anti-inflammatory 

activation (M2)[15, 16]. M1 macrophages are activated by toll-like receptor ligands and 

interferon-γ. They produce high levels of pro-inflammatory cytokines, such as 

interleukin-1β (IL-1β), IL-6 and tumor necrosis factor-α (TNF-α), as well as reactive 
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nitrogen and oxygen intermediates[17]. M1 macrophages generally possess strong 

microbicidal and tumoricidal activities and initiate inflammation. M2 macrophages are 

activated by IL-4 or IL-13 to produce anti-inflammatory cytokines such as IL10, and 

transforming growth factor-β (TGF-β), arginase 1 and resistin-like molecule-α 

(RELMα)[18, 19]. They are involved in resolution of inflammation, parasite containment, 

tissue remodeling and homeostasis. Uncontrolled macrophage polarization is frequently 

implicated in diseases such as sepsis, autoimmune diseases, metabolic diseases, and 

cancers [20-23]. Thus, the population of macrophage subtype and their functional 

properties are crucial to modulate immune responses.  

 

Inflammation and metabolic diseases 

Metabolic syndrome, including obesity, high blood pressure, hyperglycemia, high 

levels of serum triglyceride level, and low levels of high-density lipoprotein (HDL), 

presents a serious health condition associated with metabolic diseases such as type 2 

diabetes mellitus (T2DM) and cardiovascular diseases[24]. The causes of metabolic 

diseases are complicated, however, emerging studies show that systemic and local 

inflammation is implicated in metabolic diseases[25-28]. Metabolic syndrome association 

with chronic inflammation was first reported in 1901[29]. Moreover, researchers have 

found that inflammatory cytokines inhibit insulin sensitivity and cause hyperglycemia 

which lead to deleterious immune responses[13]. These findings indicate that 

inflammatory responses and the immune system are highly associated with metabolic 

diseases. Macrophages have been identified to regulate important metabolic activities, 
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such as thermoregulation, cholesterol homeostasis and insulin sensitivity, and might be 

further involved in other metabolic pathologies[30-34]. Based on this information, it is 

clear that the population of macrophage phenotype plays an important role in metabolic 

diseases, however it remains unclear how the macrophage population is regulated and 

how that contribute to metabolic diseases development/progression.  

 

Receptor-interacting protein 140 (RIP140) 

Receptor-interacting protein 140 (RIP140, as known as NRIP1) is highly 

conserved among vertebrate species including rodent, chicken, zebra fish, and 

xenopus[35, 36]. RIP140 is expressed in various cell type s including adipocytes, liver, 

muscle, heart, neurons and cells of the monocyte–macrophage lineage[37-39]. RIP140 

was initially described as a co-repressor of various transcription factors and nuclear 

receptors, including ER, PPAR, PLXR, RAR, RXR, TR2, TR4, RelA and so on[40-42]. 

RIP140 modulates gene transcription mainly through its four repressive domains that 

interact with histone deacetylases (HDACs), C-terminal binding proteins (CtBPs), DNA 

modifying enzymes and other chromatin remodeling complexes[43-47]. Whole body 

RIP140-knockout or RIP140 knockdown transgenic mice exhibit reduced fat content, 

resistance to diet-induced obesity, infertility in females, cognitive impairment, and 

emotional regulation disorder[48-50]. These phenotypes demonstrate the importance of 

RIP140 in lipid and glucose metabolism, ovulation and neuron functions. In addition to 

the repressive activity, recent studies indicate that RIP140 acts as a co-activator of genes 

involving in inflammation, ovulation and lipogenesis[51-53]. Several studies have 
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demonstrated that post-translational modifications (PTMs) including acetylation, 

phosphorylation, methylation, sumoylation, pyridoxal 5’-phosphoate conjugation, play a 

critical role in regulating protein stability, repressive/active activities, interacting partners, 

and sub-cellular localization of RIP140[37, 42, 45, 54-59]. In addition to regulatory 

functions in the nucleus, RIP140 was also identified to interact with kinases or enzymes 

in cytoplasm involved in GLUT4 and adiponectin vehicle transport and lipolysis in 

adipocytes[60-62], as well as attenuation of ER stress to protect cells from death in 

neurons[63]. Emerging studies have suggested that RIP140 contributes to M1 

inflammatory responses by acting as a co-activator of nuclear factor-κB[64, 65]. Based 

upon the knowledge of RIP140 functions in macrophage activation, I am interested in 

understanding the unknown functional role of RIP140 in inflammation related diseases. 

In my studies, I used multiple diseases models including atherosclerosis, T2DM, and 

wound healing to address these questions. 
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Introduction 

Hallmarks of atherosclerosis are abnormal cholesterol metabolism and 

inflammation[66].  Macrophages are critically involved in cholesterol metabolism and 

inflammation in the progression of atherosclerosis [67]. Macrophages scavenge excess 

peripheral cholesterol by uptake of LDL, and transport intracellular cholesterol to high-

density lipoprotein (HDL), which can be stored or excreted by the liver through reverse 

cholesterol transport (RCT) [68]. However, when cholesterol levels are pathologically 

elevated, cholesterol-laden macrophages become inflammatory and turn to active foam 

cells [67, 69]. Macrophage-derived foam cell formation marks the initiation of 

atherosclerosis. Cholesterol retention in the macrophage promotes foam cell formation. In 

macrophages, the ATP-binding membrane cassette transporter A-1 (ABCA1) and ATP-

binding membrane cassette transporter G-1 (ABCG1) are the major transporters 

mediating RCT: ABCA1 regulates RCT to apolipoprotein A-I (ApoAI), and ABCG1 

regulates RCT to mature HDL [70].     

 

Receptor Interacting Protein 140 (RIP140) is a protein found in metabolic tissues, 

such as liver, muscle and adipose tissue [39, 40]. As a versatile co-regulator of various 

transcription factors, RIP140 regulates metabolism, such as fat accumulation in 

adipocytes, by affecting the expression of metabolic genes [60, 61, 71, 72]. RIP140 also 

exerts various regulatory functions through its extensive post-translational modifications, 

including various forms of phosphorylation, lysine-acetylation, lysine methylation, 

arginine methylation, vitamin B6 conjugation, and ubiquitination, etc [42, 54, 56-58]. 
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RIP140 is also known to be expressed in the monocyte-macrophage lineage and can 

regulate inflammatory responses [53, 64, 73]. Our recent study indicated that 

accumulation of intracellular cholesterol in the macrophage elevated RIP140 and that 

RIP140 expression was sufficient to enhance inflammatory cytokine production and the 

inflammatory potential of the macrophage [65].  

 

In this study, we provide novel data showing that RIP140 promotes foam cell 

formation by reducing cholesterol efflux. This process is mediated through the repression 

of ABCA1 and ABCG1. Further, cholesterol loading stimulates RIP140’s post-

translational modification that enhances its repressive activity. In vitro, augmenting 

RIP140 levels in the macrophage affects the efficiency of foam cell formation. Our 

preliminary study indicated that, fed a normal chow, mice with reduced RIP140 

expression in macrophages, such as by macrophage specific RIP140 knockdown 

(MφRIP140KD), exhibited no particular phenotypic changes. However, in ApoE null 

mice, lowering RIP140 levels specifically in the macrophage reduced the severity of 

western diet-induced atherosclerosis 
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Materials and Methods 

 

Animals 

All studies were approved under University of Minnesota Institutional Animal 

Care and Use Committee. MφRIP140KD transgenic mice were generated as described 

before[65], which carry a short hairpin RNA (shRNA)-expressing transgene driven by 

macrophage-specific human CD68 promoter. ApoE null mice were obtained from the 

Jackson Laboratory. Animals were maintained in the animal facilities in the University of 

Minnesota. Six-week-old male mice were fed with a western diet (0.2% w/w total 

cholesterol, #D12079B, Research Diets, NJ, USA) for 16 weeks. Six mice were studied 

for each group.   

    

Cell Culture and Chemicals 

The mouse macrophage cell line was purchased from American Type Culture 

Collection. Cells were maintained as described previously. Mouse primary peritoneal 

macrophage was obtained as described[65]. Briefly, 4% thioglycollate was IP injected 

into mice. After 4 days, peritoneal macrophages were collected by peritoneal lavage. 

Cells were incubated with 50ng/ml oxLDL or AcLDL (Intra Cel Resource, MD, USA) 

respectively to induce foam cell formation. GW3965 hydrochloride (G6295, Sigma-

Aldrich, MO, USA) at 5 mM was used for LXR agonist treatment [74].    
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Histology  

Aortic sinus tissues were collected after mice were sacrificed and perfused. 

Collected aortic sinus tissues were fixed in 4% paraformaldehyde overnight, transferred 

to 30% sucrose overnight and embedded in O.C.T. compound (Sakura Finetek, UK). 

Frozen sections were cut at 10 um thickness. Specific antibodies were applied for 

histological staining by using VECTASTAIN Elite ABC kit (PK-6101, Vector Labs, CA, 

USA) and DAB substrate kit (SK-4100, Vector Labs, CA, USA) according to 

manufacturer’s instructions. RIP140 (ab42126), a-smooth muscle actin (a-SMA, ab5694) 

and Mac2 (ab2785) antibodies were purchased from Abcam (Cambridge, UK).  

 

Sirius Red Staining 

Tissue sections were air-dried and stained with 0.1% picro-sirius red solution, 

which was prepared by dissolving 500 mg sirius red (365548, Sigma-Aldrich, MO, USA) 

in 500 mL saturated picric acid (SP9200, Fisher Scientific, MA, USA), for 1 hour. Slides 

were washed with acidified water prepared by adding 5 mL acetic acid to 1 L ddH2O, 

and images were acquired using microscope Zeiss (Axioplan 2 Upright).  

 

Oil Red O Staining 

Fixed cells or tissue sections were air-dried after incubated with 60% isopropanol 

at room temperature then stained with oil red O (O0625, Sigma-Aldrich, MO, USA) 

working solution. After 10 minutes staining, samples were washed with ddH2O and 

images were acquired by microscope (Zeiss Axioplan 2 Upright). Oil red O was eluted by 
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100% isopropanol and measured optical density at 500 nm to quantitate staining. Oil red 

O stock solution was prepared by dissolving 350 mg oil red O in 100 mL isopropanol. Oil 

red O working solution was prepared by mixing 6 mL oil red O stock solution and 4 mL 

ddH2O.  

Aortae from ApoE null or ApoE null/RIP140 KD male mice were fixed in 4% 

formaldehyde. Staining of the aortae was done according to established procedure [75]. 

After rinsing in water, the aortae were placed in 60% Isopropanol for 2 minutes, followed 

by staining in 60% Oil Red O in water for 1 h at room temperature. The excess stain was 

removed by placing the tissues in isopropanol followed by water for a few seconds. 

For quantification of plaque area, aortae were stained aorta were cut open, pinned 

down and imaged under a 1X objective on the Zeiss Stereoscope for analysis. The red 

stained areas representing atherosclerotic plaques were measured using the AxioVision 

software. Data is represented as percent ratio of total plaque area over total vessel area. 

 

Reverse Transcription and Quantitative PCR 

RNA was isolated and purified by Trizol reagent followed by manufacturer’s 

instruction. Reverse transcription was conducted by using High-Capacity cDNA Reverse 

Transcription Kit containing RNase Inhibitor (Applied Biosystems). Quantitative PCR 

(qPCR) was carried out as described previously[65]. Primer information is available upon 

request. Each expression analysis was performed triplicate and normalized to b-actin.    
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Cholesterol Fluorometric and Triglyceride Colorimetric Assay 

Cholesterol fluorometric assay and triglyceride colorimetric assay were performed 

using a commercial available assay kits according to the manufacturer’s instruction 

(10007640 and 10010303, Cayman, MI, USA). Plasma were isolated by using EDTA-

coated micro-container (365974, BD, NJ, USA). Intracellular cholesterol concentration 

was normalized to protein concentration.  

 

Cholesterol Efflux Assay 

Cholesterol efflux assay was followed and modified by established procedure[76]. 

Briefly, cells were incubated with 50ng/ml AcLDL and 10 m ci of H3-cholesterol 

(NET139001MC, Perkin Elmer, MA, USA) overnight to induce foam cell formation. 

Cells were then incubated with Apo A-I (SRP4693, Sigma-Aldrich, MO, USA) or HDL 

(L8039, Sigma-Aldrich, MO, USA) in DMEM medium with 0.2% cholesterol free BSA 

for 6 hours. Culture medium were collected after 14000 rpm to remove cells. Cells were 

lysed by 0.1N NaOH. Radioactivity in medium and cells was measured by scintillation 

counter. Cholesterol efflux rate was calculated as (medium cpm)/(medium + cell cpm) x 

100%.  

 

Western Blotting 

Protein isolation and Western blotting were performed as described before[61]. 

Antibodies purchased from Abcam (Cambridge, UK) are: RIP140 (ab42126), ABCA1 

(ab18180), ABCG1 (ab52617). Antibodies purchased from Santa Cruz Biotechnology 
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(TX, USA) are: b-actin (SC-47778), ERK1 (SC-93), ERK2 (SC-153). Antibodies 

obtained from Cell Signaling Technology (MA, USA) is phospho-ERK1/2 (9101).       

 

Chromatin Immunoprecipitation Assay 

Chromatin immunoprecipitation (ChIP) assay was performed as described[77] 

using the RIP140 antibody (ab42126, Abcam, Cambridge, UK). Primers for LXR-binding 

promoter regions of ABCA1 and ABCG1 in qPCR were: 5’-

GGGGAAAGAGGGAGAGAACAG-3’/5’- GAATTACTGGTTTTTGCCGC-3’ (for 

ABCA1) and 5’- TGCCCTGTAGTAACCTCTGTA-3’/5’- 

TCATGTGCGACTCCTCCCA-3’ (ABCG1) [78].  

 

Statistical Analysis 

Experiments were carried out at least twice and results were presented as means ± 

SD. Comparisons between groups were made by unpaired two-tailed Student’s t-tests, or 

1-way and 2-way ANOVA. P values of 0.05 were considered statistically significant. 

 

Results 

RIP140 promotes modified LDL induced macrophage foam cell formation 

To examine the effects of RIP140 on macrophage-derived foam cell formation, 

we altered the expression level of RIP140 in primary peritoneal macrophage by infection 

with lentivirus encoding RIP140 expression vector or RIP140-specific shRNA. Two 

modified forms of LDL, oxidized LDL (oxLDL) and acetylated-LDL (AcLDL), were 
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applied to cells to induce foam cell formation. Using oil red O staining to detect foam cell 

formation, we found that macrophages with elevated RIP140 levels were more 

susceptible to modified LDL-induced foam cell formation (Fig. 2-1A upper panel, S2-

1A), while macrophages with lowered RIP140 levels were more resistant to this 

induction (Fig. 2-1B upper panel, S2-1B). Quantification of intracellular total cholesterol 

(TC), free cholesterol (FC) and esterified cholesterol (CE) further validates our finding 

(Fig. 2-1A lower panel, 2-1B lower panel). Data from the macrophage cell line Raw 

264.7 showed consistent results (data not shown). 

 

RIP140 suppresses reverse cholesterol transport (RCT) by repressing the expression 

of ABC transporters 

ABC transporters mediated active RCT is critical to the removal of accumulated 

cholesterol from macrophages. To determine how RIP140 regulated LDL-induced 

macrophage-derived foam cell formation, we examined the expression of ABCA1 and 

ABCG1. The data show that elevating RIP140 repressed ABCA1 and ABCG1 expression 

(Fig. 2-2A), whereas lowering RIP140 enhanced ABCA1 and ABCG1 expression (Fig. 2-

2B). We further validated whether RIP140 altered the function of ABCA1 and ABCG1 in 

mice by employing transgenic murine lines with macrophage specific RIP140 

knockdown (MφRIP140KD)[65]. Peritoneal macrophages were isolated from wild type 

and MφRIP140KD mice, and cholesterol efflux functional assays were performed. Figure 

2-2C shows that MφRIP140KD macrophages exhibited an increased cholesterol efflux 

rate to Apo A-I, which indicates the function of ABCA1, and an increased cholesterol 
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efflux rates to HDL, which indicates the function of ABCG1. In sum, specific 

knockdown of RIP140 in primary macrophages increases cholesterol efflux, while 

increasing RIP140 expression in primary macrophages decreases cholesterol efflux.  

 

Oxidized LDL modifies RIP140 on lysine acetylation to repress LXR and suppress 

the expression of ABCA1 and ABCG1 

Various post-translational modifications on RIP140 regulate its versatile functions. 

We previously reported that extracellular-signal-related kinase 2 (ERK2) activation 

stimulates its Tyr204 phosphorylation, leads to its lysine acetylation and enhances its 

gene repressive activity[56]. We thus examined whether RIP140 could be post-

translationally modified by modified forms of LDL. The data show that oxLDL indeed 

enhanced lysine acetylation on RIP140 and promoted its HDAC3 recruitment – a 

hallmark of its gene repressive activity (Fig. 2-3A). We further employed RIP140 

K158/287Q mutant (mimicking its constitutive lysine acetylation, CP) and K158/287A 

mutant (mimicking a lack of lysine acetylation, CN) in Raw 264.7 cells to determine the 

effects of these post-translational modifications on RIP140 function[56]. It appears that 

cells with RIP140 CP mutant expressed less ABCA1 and ABCG1 (Fig. 2-3B), indicating 

that lysine acetylated RIP140 possesses more repressive activity on ABCA1 and ABCG1 

genes. Liver X receptor (LXR) is a key transcriptional factor to regulate ABCA1 and 

ABCG1 expression, and RIP140 can be a co-regulator for LXR[79]. We employed ChIP 

to examine the occupancy of RIP140 on these gene regulatory regions. The data show 

that oxLDL indeed enhanced the binding of RIP140 to LXR response element on the 



 

 18 

promoter of ABCA1 and ABCG1 (Fig. 2-3C). To further validate RIP140 indeed acted to 

suppress LXR activation of ABCA1 and ABCG1 expression, we tested the effects of 

LXR agonist, GW3965 hydrochloride. As shown in Fig. 2-3D, LXR agonist activated the 

expression of ABCA1 and ABCG1, but both their basal and induced expression levels 

were dramatically reduced when RIP140 level was elevated by over-expression. All 

together, these results validate that lysine acetylated RIP140 represses the expression of 

ABCA1 and ABCG1 via co-regulating (co-repressing) LXR on the promoters of these 

genes.        

     

Specific RIP140 knockdown in the macrophage attenuates western diet-induced 

atherosclerosis 

To assess the function of RIP140 in diseases where foam cells play a key role, we 

employed a well-established atherosclerosis animal model, ApoE null mice[80]. We 

crossed the MφRIP140KD mice, where RIP140 in the macrophage populations was 

specifically silenced, with the ApoE null mice to generate macrophage RIP140 

knockdown in the ApoE null background (ApoE null/RIP140KD). Right panel of Fig. 2-

4A shows that the macrophage RIP140 expression level in these ApoE null/RIP140KD 

mice was reduced as compared to the control ApoE null mice. The ApoE null and ApoE 

null/RIP140KD mice were fed with a western diet for 16 weeks to induce atherosclerosis. 

The body weight and plasma concentrations of triglyceride (TG) and cholesterol after 

normal diet feeding or western diet feeding were not affected by RIP140 knockdown in 

the macrophage (Figure S2-2), therefore we only focus on phenotype of animals with 
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western diet feeding. However, the lesion size in the aortic sinus of ApoE 

null/RIP140KD mice was reduced as compared to the ApoE null mice (p < 0.05) (Fig. 2-

4A, left and middle panel, Fig. S2-3). In addition, plaque composition was analyzed in 

histological staining for major constituents of atherosclerotic plaques: α-smooth muscle 

actin (α-SMA) for smooth muscle cells (SMC), MAC2 for macrophages, and sirius red 

for collagen (Fig. 2-4B-E). The expression of RIP140 was monitored in the plaque areas 

(Fig. 2-4D). Quantification of staining indicates that fewer macrophages and fewer 

collagens were found in the plaque areas of aortic sinus of ApoE null/RIP140KD mice, 

but no apparent change was detected for SMC (Fig. 2-4B-E). As compared to the ApoE 

null mice, the ApoE null/RIP140KD mice expressed significantly lower levels of pro-

inflammatory markers [tumor necrosis factor-α (Tnf-α), interleukin 1-β (Il1-β), 

interleukin 6 (Il6) and Monocyte Chemoattractant Protein-1 (Mcp-1)] in the aortic root 

(Fig. 2-4F). Furthermore, ApoE null/RIP140KD mice expressed significantly lower 

levels of endothelial adhesion molecules [intracellular adhesion molecule 1 (Icam1) and 

vascular cell adhesion molecule 1 (Vcam1)], as well as extracellular matrix [collagen 1 

(Col1) and collagen 3 (Col3)] in the aortic root (Fig. 2-4F).   

 

Taken together, these data support that reducing RIP140 levels in the macrophage 

can significantly inhibit the progression of atherosclerosis. 
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Discussion 

Cholesterol imbalance, especially in the macrophage, is a major culprit triggering 

atherosclerosis. Macrophages can engulf excess cholesterol via specific receptors and 

also exert reverse cholesterol transport to expel cholesterol[81, 82]. It has been suggested 

that reducing cholesterol retention in the macrophage can ameliorate atherosclerosis. The 

current study provides a proof of concept in animal models of atherosclerosis and 

identifies a new target, RIP140, for augmenting this disease. The study also determines 

the mechanism that RIP140 represses the expression of ABCA1 and ABCG1 to reduce 

RCT and that cholesterol can alter RIP140’s post-translational modification that further 

escalates its RCT-repressing effects. This current study also shows that reduction in 

macrophage’s RIP140 level lowers the expression levels of pro-inflammatory cytokines. 

This is in line with our previous report that RIP140 activates pro-inflammatory cytokine 

production by serving as a coactivator of NF-κB [65]. Thus, lowering the level of RIP140 

in the macrophage can reduce macrophage-derived foam cell formation and contribute to 

reduced inflammation, ultimately this helps to ameliorate atherosclerosis and dampen 

monocyte/macrophage accumulation in the plaque. Given that RIP140 affects steroid 

receptor inhibition, it would be interesting to see whether macrophage specific reduction 

in RIP140 level would similarly reduce foam cell formation and inflammation in female 

animals.  

 

Studies have indicated that LDL triggers p42/44 MAPK (ERK1/2) activation[83, 

84]. We previously reported that activated ERK1/2 stimulates RIP140 
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phosphorylation[56]. This current study shows that oxLDL activates ERK1/2, which can 

stimulate RIP140’s phosphorylation and subsequently induce its lysine-acetylation to 

enhance its transcriptional co-repressive activity, which is in line with previous 

observations, and validates that fat contents in the cell can affect RIP140’s biological 

activity. In the macrophage, RIP140 functions to repress the expression of ABCA1 and 

ABCG1 by co-repressing LXR-target genes such as ABCA1 and ABCG1. Thus, 

lowering RIP140 levels or altering RIP140 modification, such as blocking its 

phosphorylation or lysine-acetylation, can reduce its repressive effects on ABCA1 and 

ABCG1, and can be beneficial. In vivo animal study provides strong evidence that 

reducing RIP140 levels in the macrophage could be a therapeutic strategy for 

atherosclerosis.  

 

We previously reported that MiR-33 targets RIP140’s 3’UTR to repress its 

expression[73]. Other studies showed that MiR-33 also reduces the expression of ABCA1 

and ABCG1[85, 86]. It has also been shown that Mir-33 deficiency raised HDL to 

increase cholesterol efflux[87]. Thus, while MiR-33 can effectively reduce RIP140 levels, 

it may not be a therapeutically viable strategy in the case of atherosclerosis because of its 

broad effects. Currently, there is no specific compound that can directly repress RIP140 

levels or augment its post-translational modifications. Further worthy studies are needed 

such as to screen for compounds that can specifically target RIP140 to reduce its 

expression level or to augment its post-translational modifications. Furthermore, RIP140 
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can also serve as a disease maker, such as in assessing the risk or progression of 

atherosclerosis. 
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Figures 
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Fig. 2-1 RIP140 enhances oxidized LDL-promoted cholesterol accumulation in 

macrophages. (A) Upper panel: intracellular cholesterol accumulation was assessed by oil 

red O staining in primary peritoneal macrophages overexpressing RIP140. Lower panel: 

Quantification of TC, FC and CE. (B) Upper panel: intracellular cholesterol accumulation 

was assessed by oil red O staining in primary peritoneal macrophages with knockdown of 

RIP140. Lower panel: Quantification of TC, FC and CE. Data were presented as fold 

change. The concentration from the control group was arbitrarily set as 1, *P<0.05. 

Experiments were performed for three times. 
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Fig. 2-2 RIP140 suppresses reverse cholesterol transport in macrophages. (A) ABCA1 

and ABCG1 protein and mRNA levels of primary peritoneal macrophages with 

overexpression of RIP140. (B) ABCA1 and ABCG1 protein and mRNA levels of 

primary peritoneal macrophages with knockdown of RIP140. (C) Macrophages from 

MφRIP140KD mice exported more cholesterol to ApoA-I, via ABCA1, and HDL, via 

ABCG1. Data were presented as mean±SD, *P<0.05. Experiments were performed three 

times. 
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Fig. 2-3 Oxidized LDL modifies RIP140 on lysine acetylation to repress LXR. (A) 

Activation of ERK1/2, and lysine-acetylation of RIP140 and its interaction with HDAC. 

OxLDL induced ERK1/2 activation to promote lysine-acetylation on RIP140 and its 

interaction with HDAC3. (B) The effect of RIP140 mutants on ABCA1 and ABCG1 

expression. CP, RIP140 mutant mimicking constitutive lysine-acetylation; CN, RIP140 

negative mutation for lysine-acetylation; EV, control vehicle only. (C) CHIP assay. 

Binding of RIP140 to LXR response element on ABCA1 and ABCG1 promoter area was 

enhanced by oxLDL treatment. (D) Effects of LXR agonist on mRNA levels of ABCA1 

and ABCG1 in Raw 264.7 macrophages overexpressing RIP140. Data were presented as 

mean±SD, *P<0.05. Experiments were performed three times. 
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Fig. 2-4 RIP140 knockdown in macrophage ameliorates atherosclerosis in ApoE null 

mice. (A) Oil red O staining of aortic sinus (left panel) and quantitative relative lesion 

size (middle panel) after 16 weeks western diet feeding. Average lesion size of ApoE null 

mice was set as 1. Relative macrophagic RIP140 mRNA expression level is shown on the 

right panel. (B) Mac2 staining of plaques in aorta sinus area. (C) Quantification of 

macrophage infiltration areas. (D) α-SMA (a-smooth muscle actin), RIP140 and sirius 

red staining of plaques in aorta sinus areas. (E) Quantification of SMC (smooth muscle 

cells) and collagen areas. (F) mRNA levels of Tnf-α, Il1-β, Il6, MCP-1, Icam1, Vcam1, 

Col1 and Col3 in aortic root. Data show results from ApoE null mice crossed with 

MφRIP140KD mice. Experiments were performed two times.  
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Fig. S2-1 RIP140 enhances acetylated LDL-promoted cholesterol accumulation in 

macrophages. (A) Intracellular cholesterol accumulation was assessed by oil red O 

staining, presented by image and quantification, in primary peritoneal macrophages 

overexpressing RIP140. (B) Intracellular cholesterol accumulation was assessed by oil 

red O staining, presented by image and quantification, in primary peritoneal macrophages 

with knockdown of RIP140. Data were presented as fold change by mean±SD, and the 

concentration from the control group was set as 1, *P<0.05. Experiments were performed 

three times. 
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Fig. S2-2 Knockdown of RIP140 in the macrophage does not alter plasma cholesterol and 

triglyceride level in either normal or western diet fed mice. Cholesterol (left panel) and 

triglyceride (right panel) concentration in plasma of mice with normal diet or western diet 

feeding.  

 

Fig. S2-3 Knockdown of RIP140 represses atherosclerotic plaque formation. Right panel: 

representative oil red o staining in aortae. Left panel: quantification of en face oil red o 

staining in aorta. Data were presented in ratio of plaque area to total area, as mean±SD.   
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Chapter III 

Reducing RIP140 expression in macrophage facilitates white adipose tissue 

browning and prevents high fat diet-induced insulin resistance 
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Introduction 

 

Macrophages are found in all tissues and, when activated by various signals, 

mainly function in innate immunity such as to regulate inflammatory responses. 

Functionally, macrophages are binarily classified into classically activated (M1) and 

alternatively activated (M2) states[14]. Molecular determinants for certain specific 

macrophage phenotypes have been investigated[15, 16], and different tissue macrophages 

have diverse gene expression and transcriptional profiles[88]. In the white adipose tissue 

(WAT), both the number and state of activation of adipose tissue macrophages (ATMs) 

can be altered by various factors and usually reflect the WAT’ s metabolic state[89]. For 

instance, in a high-fat diet (HFD)-induced obesity model, ATM populations dramatically 

expand from a healthy 10– 15% of stromal cells (mostly in the M2 state that is suggested 

to maintain the homeostasis and insulin sensitivity of the adipose tissue) to a 45– 60% 

representation (mostly due to increased infiltration/recruitment of inflammatory 

monocytes that turn into M1 macrophages)[19]. This indicates a state of chronic low-

grade inflammation of the WAT. Concurrently, WAT enlarges and remodels to 

accommodate the demand in fat storage, and the substances released from these enlarged 

white adipocytes, especially fatty acids, further worsen the degree of inflammation, 

resulting in a vicious cycle of chronic inflammation in the WAT and leading to insulin 

resistance (IR)[25, 26]. 
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M2 ATMs predominate in lean mice, and obesity induces the accumulation of M1 

ATMs, leading to a pro-inflammatory state[90]. Recent studies have indicated that certain 

populations of circulating monocytes may be more susceptible to recruitment to AT[14]. 

In addition, other AT-derived molecules, such as chemokines and inflammatory 

mediators, have also been evaluated for their roles in recruiting and activating these 

monocytes/ATMs[91]. The mechanism behind the shift in ATM phenotypes may be 

related to changes in circulating monocyte populations and/or differential recruitment of 

various monocyte subtypes to AT. In mice, CCR2+Ly6C+ monocytes are preferentially 

recruited to the sites of tissue inflammation and precursors of classically activated M1 

macrophages. In contrast, CCR2-Ly6C- monocytes appear to be regulated by different 

stimuli and may play a role in patrolling non-inflamed tissues and give rise to resident 

tissue macrophages[11, 92]. Importantly, monocytes are generally expanded with the 

progression of obesity, suggesting that these monocytes may present inflammatory 

mediators of obesity-induced inflammation. Which monocyte population traffics to AT in 

HFD-induced obesity is not well defined[93].  

 

Receptor interacting protein 140 (RIP140; also known as Nrip1) is a wide-

spectrum transcription coregulator[36, 38] and highly expressed in various cell types, 

including adipocytes[37], neurons, and cells in the monocyte–macrophage lineage[73]. In 

differentiating adipocytes, RIP140 functions as a corepressor for heterochromatinization 

of gene loci that are to be silenced in mature adipocytes[94]; in fully expanded adipocytes, 

RIP140 undergoes sequential posttranslational modifications and translocates to the 
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cytoplasm to participate in cytosolic events such as GLUT4 vesicle transport, adiponectin 

vesicle transport, and lipolysis[60, 61]. A recent study[95] indicated that knockout of 

RIP140 in mice caused browning within white fat depots. RIP140 blocked the browning 

program through repression of the expression of brown AT (BAT) and beige genes and a 

triacylglycerol futile cycle in WAT. In M1 macrophages, RIP140 contributes to their 

inflammatory response by acting as a coactivator of nuclear factor-κB and regulates 

endotoxin tolerance[64, 65]. We also found that an HFD elevates RIP140 expression in 

peritoneal macrophages (PMs), which activates tumor necrosis factor-α and interleukin 

(IL)-1β expression and enhances macrophages’ inflammatory potential, thereby 

contributing to increased susceptibility to septic shock[73]. However, whether RIP140 

plays a functional role in monocytes and ATMs in obesity is unknown.  

 

In order to examine whether RIP140 is involved in ATM homeostasis, we 

generated transgenic mice with RIP140 knockdown (KD) in monocytes/macrophages, as 

well as using bone marrow transplantation (BMT) procedures. We detected a browning 

phenotype in AT of these mice in which RIP140 was reduced only in 

monocytes/macrophages. This phenotype was associated with increased thermogenesis 

and energy expenditure, as well as improved insulin sensitivity particularly under HFD. 

This was also correlated with reduced M1 circulating monocytes and their recruitment 

into WAT of these animals. 
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Materials and Methods 

Animal  

All studies were carried out using male C57Bl/6 mice from The Jackson 

Laboratory and maintained in the animal facility of University of Minnesota and 

approved by the University of Minnesota Institutional Animal Care and Use Committee. 

MφRIP140KD mice were generated as previously described. Mice were fed a normal diet 

(ND) containing 18% calories from fat and undetectable cholesterol (2018; Harlan 

Teklad, Madison, WI) or an HFD containing 60% calories from fat and 345 mg 

cholesterol/kg (F3282; Bio-Serv, West Chester, PA). 

 

Glucose Tolerance and Insulin Tolerance Tests 

Glucose tolerance test (GTT) or insulin tolerance test (ITT) was performed after 

overnight fasting. After baseline blood collection, mice were i.p. injected with D-glucose 

(2 g/kg) or insulin (0.75 units/kg). Blood glucose levels at indicated time points were 

measured with a standard glucometer. 

 

Metabolic Measurement 

Indirect calorimetry was performed at 12 weeks of age (n = 6 mice/group) to 

measure oxygen consumption (vO2). Animals were trained to habituate metabolic cages 3 

days before measurement and maintained in a 12-h light/dark cycle in individual 

chambers with free access to chow and water. vO2 measurement was recorded every 4 
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min for 2 days and normalized to body mass using Oxymax (Columbus Instrument, 

Columbus, OH). Food intake was monitored by weighing food hoppers. 

 

Insulin Signaling 

Mice were fed an HFD for 15 weeks and overnight fasted the night before. Mice 

were intraperitoneally administered with/without insulin. Ten minutes later, visceral 

WAT (vWAT) was collected for extracting protein. 

 

PM Isolation 

Mice were i.p. injected with 4% thioglycollate and killed 4 days later. PMs were 

collected by peritoneal lavage with 10 ml 13 PBS and plated with DMEM plus 10% FBS. 

Nonadherent cells were removed 24 h later. Adherent cells were 90% macrophages. 

 

Conditioned Medium of BM-Derived Macrophage Cells 

BM-derived macrophage (BMDM) cells were harvested from femurs and tibias of 

8-week-old mice and plated at 1×107 cells/plate in DMEM plus 10 mg/mL macrophage 

colony-stimulating factor plus 10% FBS for 8 days differentiation prior to use. 

Differentiated BMDMs were switched to 10% FBS-containing medium and stimulated 

with IL-4 for 12 h. IL-4 medium is then removed, and BMDM cells continue to be 

cultured for 12 h for the collection of conditioned medium (CM). 
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BMT 

BM cells were labeled with PKH26 (Red Fluorescent Cell Linker Mini Kit; 

Sigma-Aldrich) in vitro and retroorbitally injected into lethally irradiated recipient WT 

mice with a dose of 107 cells. Recipient mice were allowed 4 to 5 weeks to reconstitute 

their hematopoietic systems with wild-type (WT) or MφRIP140KD BM cells. PKH26 

expression in BM cells of the recipient mice was monitored to determine BMT efficiency. 

 

Plasma Measurements 

Blood was collected at the time of sacrifice, and fasting plasma insulin level in 

mice unfed for 16 h was measured using an insulin ELISA kit (catalog number EZRMI-

13K; Millipore). Plasma adiponectin levels were measured using an adiponectin ELISA 

kit (catalog number EZMADP-60K; Millipore). Total cholesterol levels were determined 

using a cholesterol assay kit (10007640; Cayman Chemical Company). Serum 

triglycerides and free fatty acids were measured using an L-type TG H kit and NEFA C 

kit (Wako Chemicals). 

 

Isolating Stromal Vascular Fraction of WAT 

WAT was minced and digested with type II collagenase (Sigma-Aldrich), filtered 

through a 100-mm nylon sieve, and centrifuged at 500 × g to separate floating adipocytes 

from the stromal vascular fraction (SVF) pellet. SVF was treated with an RBC lysis 

buffer (Sigma-Aldrich). 
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In Vitro Adipocyte Differentiation 

SVF was isolated and differentiated for 8 days as following: preadipocytes were 

isolated and cultured in medium containing 10% FBS, 0.5 mmol/L 

isobutylmethylxanthine, 0.125 mmol/L indomethacin, 1 mmol/L dexamethasone, 850 

nmol/L insulin, 1 nmol/L T3, and 1 mmol/L rosiglitazone for 2 days. Cells were switched 

to a maintenance medium containing 10% FBS, 850 nmol insulin, and 1 nmol/L T3 for 6 

days. Control- or MφRIP140KD BMDM-CM was added on day 2 in adipocyte 

differentiation for a total of 6 days. Following adipocyte differentiation, on day 8, cells 

were incubated with 10 mmol/L isoproterenol for 4 h for stimulate thermogenesis. 

 

Reagents 

Anti-phosphorylated insulin receptor substrate-1 (IRS-1; Ser307), anti-Akt, anti–

phosphorylated Akt (Ser473), anti–βactin (Santa Cruz Biotechnology), and anti–IRS-1 

(Upstate Biotechnology) were used in Western blotting. Rabbit anti-CD137 (Abcam), 

rabbit anti-TMEM26 (Imgenex), rabbit anti–UCP-1 (Abcam), and rat anti-perilipin A 

(Abcam) were used for immunofluorescence.  

 

RNA Isolation and Gene Expression Analyses  

Total RNA was isolated using TRIzol (Invitrogen). Reverse transcription of 2 mg 

RNA was performed with a High-Capacity cDNA Reverse Transcription Kit containing 

RNase Inhibitor (Applied Biosystems). Quantitative real-time PCR (qPCR) was 
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performed as described previously. Each gene-expression experiment was performed in 

triplicate. Primer sequence is available upon request.  

 

Mitochondrial DNA Content 

Genomic DNA was isolated from vWAT using the DNeasy Blood & Tissue Kit 

(Qiagen), and mitochondrial DNA (mtDNA) copy numbers were determined by qPCR 

using primers specific for mtDNA-encoded genes (CytB) and nuclear-encoded genes 

(H19). Relative mtDNA were measured and calculated by normalizing CytB expression 

level to H19 level. 

 

Immunohistochemistry 

Tissues samples were fixed, embedded in paraffin, and sectioned. A 

morphometric study was performed in vWAT sections stained with hematoxylin and 

eosin. 

 

Flow Cytometry 

Cell-surface antigens were blocked with Fc Block (20 mg/mL; BD Biosciences) 

and stained with fluorophoreconjugated antibodies or isotype control antibodies for 1 h. 

Fluorophore-conjugated primary antibodies used in these studies are F4/80-FITC, 

CD11c-phycoerythrin, and CD206–Alexa Fluor 647 (eBioscience); CD45-phycoerythrin 

(BD Biosciences), CD19-FITC (BD Biosciences), CD4-PerCP (eBioscience), CD3e-

FITC (eBioscience), CD115–Alexa Fluor 488 (BD Biosciences), and Ly6G–Alexa Fluor 
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647 (BD Biosciences). After incubation with antibodies, cells were washed and 

centrifuged at 500 × g for 5 min, resuspended in 1 mL washing buffer, and analyzed on 

an FACSCalibur using FlowJo 10.0.6 software. 

 

Statistical Analysis 

Experiments were performed at least twice, and results were presented as 

means±SD. Comparisons between groups were made by unpaired two-tailed Student t 

tests or one-way and two-way ANOVA. P values of #0.05 were considered statistically 

significant (*P , 0.05; **P , 0.01; ***P , 0.001). 

 

Results 

RIP140 Expression in ATM Is Elevated by HFD Feeding, and Lowering RIP140 

Expression in Monocytes/Macrophages Improves HFD-Induced IR 

To first examine the effects of HFD on the expression of RIP140 in macrophages, 

particularly ATMs, we collected ATMs from mice fed an ND or HFD for 3 or 15 weeks 

and determined RIP140 mRNA levels. As shown in Supplementary Fig. 3-1A, the 

RIP140 mRNA level in ATM is significantly elevated in the HFD-fed mice as compared 

with the ND-fed mice. To validate the functional role of RIP140 in 

monocytes/macrophage in vivo, we used a monocyte/macrophage-specific promoter, 

CD68[96], to express RIP140-specific inhibitory short hairpin RNAs[65] that mimic 

endogenous microRNAs to generate monocyte/macrophage-specific KD of RIP140 in 

transgenic mice (MφRIP140KD). We systemically analyzed two MφRIP140KD mouse 
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lines (KD-1 and -2) for which issue-specific KD efficiency was similar in PMs, BMDMs, 

and ATMs (Fig. S3-1B). Both lines also exhibited similar metabolic features. 

MφRIP140KD mice are healthy and fertile, resist HFD-induced weight gain and systemic 

IR (Fig. 3-1A and B), and have superior metabolic profiles in such parameters as fasting 

glucose level, fasting insulin level, serum adiponectin, cholesterol levels, free fatty acid, 

and triglycerides (Fig. 3-1C). Consistently, in vWAT, proinflammatory adipokine mRNA 

levels are significantly lower, while adiponectin mRNA levels are much higher for the 

MφRIP140KD mice (Fig. 3-1D). Also, the typical suppression (under HFD) of insulin-

stimulated Akt-IRS activation in vWAT is abolished in the MφRIP140KD mice (Fig. 3-

1E). According to these metabolic measures, we conclude that MφRIP140KD mice are 

healthy and resist HFD-induced systemic IR and adipose inflammation. 

 

Enhanced vWAT Browning in HFD-Fed MφRIP140KD Mice 

We conducted gross anatomical examination and found that typical expansion of 

WAT depots after a HFD feeding was reduced in MφRIP140KD mice for both inguinal 

WAT (iWAT) and vWAT (Fig. 3-2A). HFD-induced liver weight gain was also reduced 

in MφRIP140KD mice (data not shown). Interestingly, there was no apparent difference 

in other organs including interscapular BAT, muscle, and bone (not shown). Because the 

most profound change was detected in WAT depots, we then focused our attention to 

characterize vWAT and iWAT. It appears that the vWAT of MφRIP140KD mice has 

multilocular fat cells and shows no adipocyte enlargement even after 15 weeks of HFD 

feeding (Fig. 3-2B). Consistently, markers of brown fat (UCP-1) and beige fat (TMEM26 
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and CD137) are evident in the vWAT sections of MφRIP140KD mice even after HFD 

feeding (Fig. S3-2A); furthermore, mRNA levels of brown adipogenic markers (Pgc-1α, 

Ucp-1, and Prdm16)[97] and beige fat markers (Tmem26, Cd137, and Tbx 1)[98] are 

elevated in MφRIP140KD mice, and their vWAT contains significantly more 

mitochondria, consistent with increased mitochondrial activity markers (Fig. 3-2C and D). 

UCP-1 protein level is also elevated in vWAT of MφRIP140KD mice as compared with 

WT mice (Fig. S3-2B). Interestingly, the expression of estrogen-related receptor g, but 

not estrogen-related receptor a, is increased in the MφRIP140KD mice (data not shown). 

As in vWAT, iWAT of MφRIP140KD mice readily harvests multilocular fat cells (Fig. 

S3-3A) and expresses higher levels of brown fat (Ucp-1, Pgc-1α, and Prdm16) and beige 

fat (Tmem26, Cd137, and Tbx1) markers under an ND (Fig. S3-3B and C). But unlike 

vWAT, iWAT has no further increase in browning under HFD. While UCP-1 expression 

is readily high in the BAT of both WT and MφRIP140KD mice under ND, there is no 

further increase in browning in the BAT of MφRIP140KD mice under HFD (Fig. S3-3D–

F). These data show that the most dramatic change in MφRIP140KD mice is the 

browning of vWAT, particularly after an HFD feeding. We further examined whether 

CM of RIP140 KD macrophages could directly cause WAT browning. We collected WT 

and RIP140 KD macrophage CM to culture preadipocytes collected from vWAT depots 

of WT mice for in vitro adipocyte differentiation. As shown in Fig. 3-2E, RIP140 KD 

macrophage CM indeed enhances all the markers tested that are indicative of browning, 

such as Ucp-1, Pgc-1α, Cidea, Dio, Acsl, and Acoxl. It has been reported that cold stress 

or IL-4 induction can enhance M2 macrophage polarization to produce catecholamines in 
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BAT and WAT[30]. We found that MφRIP140KD ATM expresses higher levels of 

tyrosine hydroxylase (TH), the rate-limiting enzyme in catecholamine synthesis (Fig. 3-

2F, left panel), and that RIP140 KD also enhances TH mRNA level in macrophage 

stimulated with IL4 (Fig. 3-2F, right panel). We then investigated whether RIP140 KD 

mice would alter their energy expenditure. As shown in Fig. 3-2G, HFD-fed 

MφRIP140KD mice indeed have a higher level of energy expenditure (vO2 consumption) 

in both the dark and light phases. As shown in Fig. 3-2H, food uptake is not significantly 

altered in MφRIP140KD mice. Accordingly, we conclude that MφRIP140KD mice have 

dramatically altered their vWAT, indicative of browning that might be caused by factors 

secreted by RIP140 KD macrophages. These animals resist typical chronic HFD-induced 

vWAT remodeling and adipose inflammation. 

 

The promoter used to drive the short hairpin RNA, CD68, is most active in the 

monocyte–macrophage lineage, with negligible activity in other immune cells such as 

eosinophil, neutrophils, T, and B cells (Fig. S3-1C). To further rule out potential effects 

from other nonmacrophage cells and/or potential developmental factors, we used BMT to 

generate MφRIP140KD only in the adult stage and named these BM–restricted RIP140 

KD animals “KD→WT.” We then analyzed the vWAT of these KD→WT animals. 

Hematoxylin and eosin histology reveals that the vWAT of KD→WT mice apparently 

also contains multilocular fat cells (Fig. 3A), with similar elevation in brown fat (UCP-1) 

and beige fat (TMEM26) markers, particularly after HFD feeding (Fig. S3-4). 

Consistently, mRNA levels of brown adipogenic (Pgc-1α, Ucp-1, and Prdm16) and 
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beige fat (Tmem26, Cd137, and Tbx1) markers (Fig. 3-3B), mitochondria number (Fig.3- 

3C), mitochondrial activity markers (Fig. 3-3D), and TH levels (Fig. 3-3E) are all 

significantly increased in the vWAT of KD→WT mice under an HFD. Further, KD→WT 

mice gain less weight (Fig. 3-3F) and exhibit better systemic insulin sensitivity (Fig. 3-

3G) and superior serum metabolic parameters such as fasting glucose level, fasting 

insulin level, serum adiponectin, cholesterol, free fatty acid, and triglyceride levels (Fig. 

3-3H) as compared with WT→WT mice under an HFD. KD→WT mice also have a 

higher level of energy expenditure (vO2 consumption) in both the dark and light phases 

(Fig. 3-3I). As shown in Fig. 3-3J, food uptake is similar between the two types of BMT 

mice.  

 

These results confirm that reducing RIP140 levels in macrophage either from 

birth or during adult stages reduces adipose inflammation, facilitates vWAT browning, 

and improves systemic insulin sensitivity in mice under an HFD. 

 

Decrease in M1 and Increase in M2 ATMs in HFD-Fed MφRIP140KD Mice 

As described above, MφRIP140KD mice show vWAT browning and an improved 

metabolic profile even after a long-term HFD feeding. To determine how an HFD might 

impact on various cell populations in the SVF of vWAT, we analyzed leukocyte 

populations. As predicted, all immune cells in WT mice, including macrophages, 

neutrophils, eosinophils, and T and B lymphocytes are increased under HFD as compared 

with ND (Fig. S3-5). HFD fed MφRIP140KD mice have a significant increase only in 
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their macrophage population (Fig. 3-4A, left), but not neutrophils, eosinophils, or T or B 

lymphocytes (Fig. S3-5). Importantly, M1 expansion (Fig. 3-4A, middle) occurs to a 

lesser degree, and the M2 population is increased (Fig. 3-4A, right) in MφRIP140KD 

mice, suggesting that typical HFD-induced M1 expansion (mostly from recruitment) in 

vWAT is reduced in MφRIP140KD mice.  

 

We subsequently validated the gene expression profiles of SVF from vWAT. In 

WT mice, all of the examined M1 markers (Cd11c, Il1β, Il6, Nos2, and Tnfα) in the 

ATM of vWAT are dramatically elevated under an HFD, whereas such elevation is 

almost entirely abolished in the vWAT of MφRIP140KD mice (Fig. 3-4B). Moreover, in 

MφRIP140KD mice, all of the examined M2 markers (Arg1, Il10, Mgl1 [Cd301], Mgl2, 

Mrc1 [Cd206], and Mrc2) are already significantly elevated under ND, and most of these 

M2 markers become even further elevated upon HFD feeding (Fig. 3-4C). These data 

confirm that lowering the RIP140 level in macrophages reduces the inflammatory 

population and increases the anti-inflammatory population. Together, changes in ATM 

populations could contribute to the reduction in HFD-induced adipose inflammation. 

 

Decreased Circulating Proinflammatory Monocytes and M1 Recruitment in ATM 

of HFD-Fed MφRIP140KD Mice 

We analyzed the numbers of circulating CD115+Ly6C+ (proinflammatory) and/or 

Ly6C−  (anti-inflammatory) monocytes in WT and MφRIP140KD mice using FACS 

(gating strategy provided in Supplementary Fig. 6). As shown in Fig. 3-5A, left, 
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CD115+Ly6C+ and Ly6C−  circulating monocyte populations are comparable between 

WT and KD under an ND. But under an HFD, the CD115+Ly6C+ inflammatory 

monocyte number is higher in WT mice as compared with MφRIP140KD mice. By 

contrast, the CD115+Ly6C− anti-inflammatory monocyte number is higher in 

MφRIP140KD mice as compared with WT mice (Fig. 3-5A, right). The results 

demonstrate that lowering the RIP140 level in the monocyte/macrophage lineage affects 

the blood monocyte populations by reducing inflammatory monocytes, especially under 

HFD. ATMs are originally derived from BM and differentiated in AT from infiltrated 

monocytes[99]. Previous results (Fig. 3-4A) indicate that ATM infiltration in vWAT is 

decreased in HFD-fed MφRIP140KD mice. We thus examined whether RIP140 affects 

ATM dynamics also because of reduced monocyte recruitment. To directly monitor the 

infiltration of monocyte/macrophage into vWAT, we transferred PKH26-labeled BM 

(ATM progenitor) cells from WT and MφRIP140KD mice into normal mice and 

followed the distribution of these labeled cells in the vWAT of recipient mice after HFD. 

Fig. S3-7 depicts the experimental design and FACS data. Statistical analyses are shown 

in Fig. S3-5B. Under an ND, the recruitment of all PKH26-labeled ATMs is relatively 

constant (1.5% in WT and 2.6% in MφRIP140KD mice); but after an HFD, recruitment is 

significantly altered: 36.2% in WT and 25.8% in MφRIP140KD mice. This is consistent 

with the difference in the ATM profile between WT and MφRIP140KD (Fig. 3-4A). We 

then examined changes in the expression patterns of key cytokine receptors in the SVF 

and vWAT fraction. As expected, M1-specific CCR2 and its chemokine ligands are 

elevated in HFD-fed WT mice, but the elevation of these M1 molecular markers is 
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significantly reduced in MφRIP140KD mice (Fig. 3-5C), supporting that HFD-induced 

recruitment of M1 state ATMs is also retarded in MφRIP140KD mice. These data are 

consistent with the reduction of proinflammatory M1 ATM in HFD fed MφRIP140KD 

mice. 

 

Discussion 

Obesity-induced chronic inflammation is critical in the pathogenesis of IR and 

other metabolic diseases[100]. A significant advance in our understanding of obesity-

associated inflammation and IR is the recognition of the critical role of ATMs[25]. 

Evidence has accumulated that in obese mice and humans, there is an increase in M1 

ATMs and decrease in M2 ATMs. In this study, we found that RIP140 expression is 

increased in ATMs of HFD-fed mice, and it plays an important role in regulating HFD-

induced monocyte and ATM polarization that contributes to AT inflammation. 

 

It has been reported that cold stress or IL-4 can enhance M2 in BAT and 

WAT[30]. In WAT, M2 releases catecholamines to enhance lipolysis, which provides 

fuel to BAT for thermogenesis. Studies have suggested that converting white adipocytes 

into brown or brown-like (beige) adipocytes in WAT (stimulating WAT browning) can 

be a useful strategy in managing obesity and IR. In this study, we uncover a function of 

RIP140 in ATMs to regulate adipocyte phenotype. Reducing RIP140 results in fewer M1 

and more M2, which is beneficial to adipose tissue remodeling and improves its anti-

inflammatory status, particularly under an HFD feeding. Our data also provide evidence 
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that it is possible to enhance browning of WAT, even under an HFD feeding, by lowering 

RIP140 to reduce M1 and increase M2 polarization in ATMs, which improves insulin 

sensitivity. How RIP140 KD macrophage stimulates the browning of WAT remains to be 

elucidated. To this end, we detected browning effects caused directly by CM of 

MφRIP140KD macrophages and elevation in catecholamine-synthesizing rate-limiting 

enzyme, TH, in MφRIP140KD animal’ s ATMs. We also found that RIP140KD could 

enhance the expression of TH in IL-4–stimulated macrophages. RIP140 may regulate TH 

expression in macrophages, thereby modulating catecholamine production to affect 

vWAT browning. A recent study[95] showed ablating RIP140 in adipocytes stimulated 

browning, suggesting cell-autonomous repressive activity of RIP140 in the browning 

program of adipocytes. Our study indicates RIP140 also plays a negative role in adipose 

tissue browning through its action in ATMs. Accordingly, it is tempting to speculate that 

RIP140 can be a negative, physiological regulator of AT browning. 

 

Recent studies indicated that ATM arises from a lineage that includes BM 

precursors and blood monocytes[99]. M1 ATM increases by recruiting a population of 

Ly6C+ monocytes through CCR2– CCL2 signaling[101]. Our data support this idea. We 

observed that reducing RIP140 more significantly affects Ly6C+ circulating monocyte 

population and inhibits the M1-type ATM recruitment in AT. In mice, Ly6C+ monocytes 

accumulate in AT and elicit inflammation[102], whereas Ly6C− monocytes participate in 

resolving inflammation[103]. A predominance of the Ly6C− over Ly6C+ monocyte 

population was observed in the peripheral blood of HFD-fed MφRIP140 KD mice (Fig. 
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3-5A). The alteration of Ly6C+ and Ly6C− circulating monocyte subsets could contribute 

to the M2-dominant shift of ATMs in HFD-fed MφRIP140 KD mice. M2 ATMs could 

proliferate in situ during obesity-inducing inflammation[104]. Although Ly6C− 

monocytes have been suggested to give rise to M2 macrophages, this relationship has not 

been firmly established[105]. The dramatic reduction in M1 by lowering RIP140 levels 

with a relative increase in M2 would contribute to the overall dynamic changes in ATM 

populations seen in MφRIP140 KD mice. However, studies are required to determine 

whether and how lowering RIP140 may also enhance the M2-dominant shift. 

 

In our previous studies, we showed that regulating RIP140 levels in macrophages 

controls the inflammatory response, including endotoxin tolerance[65] and septic 

shock[73]. Under HFD feeding, although circulating monocyte/macrophage numbers are 

decreased in RIP140KD mice as compared with WT mice, RIP140KD mice in fact 

harvest fewer Ly6C+ pro-inflammatory monocytes, but more Ly6C− anti-inflammatory 

monocytes. Overall, it may be concluded that downregulating RIP140 in macrophages 

will reduce pro-inflammation and increase anti-inflammation. However, responses of 

these animals to various infectious agents remain to be examined. 

 

In conclusion, RIP140 is involved in regulating monocyte and ATM homeostasis. 

Reducing RIP140 correlates with attenuation in circulating M1 and reduction in M1 

recruitment to ATMs. The dynamic changes in these important innate immune cell 

populations impact the overall polarization pattern of ATMs in fat tissues. This particular 
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ATM phenotype is beneficial to the browning in vWAT and the improved metabolic 

phenotype of these animals. 
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Figures 
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Fig. 3-1 MφRIP140KD mice exhibit improved metabolic phenotypes. (A) The average 

body weight of WT and MφRIP140KD (KD) mice fed an ND or HFD for 15 weeks. (B) 

ITT and GTT determined after 15 weeks of ND or HFD feeding. (C) Serum insulin, 

glucose, adiponectin, cholesterol, free fatty acid, and triglyceride levels in ND- or HFD-

fed WT and KD mice. (D) qPCR results showing mRNA levels of pro- and anti-

inflammatory cytokines in the vWAT of ND- or HFD-fed WT and KD mice. (E) Insulin 

signaling components in ND- or HFD-fed WT and KD adipose tissues. For A and B, two-

way ANOVA test was performed. For C and D, Student test was used. All experiments 

were performed three times and presented as mean±SD; n = 5 to 6 mice/group. *P < 0.05; 

**P < 0.01; ***P < 0.001. 
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Fig. 3-2 MφRIP140KD mice show browning in vWAT. (A) Body weight–normalized 

iWAT, vWAT, and BAT tissue mass (WT: n = 6;KD: n = 6). (B) Left, histological 

staining of vWAT. Scale bars, 200 mm. Right, WT and KD mice were fed an ND or HFD 

for 15 weeks. Sections of vWAT were stained with hematoxylin & eosin, and adipocytes 

were counted and presented as numbers per millimeter. (C) qPCR results of mRNA levels 

in brown (left) and beige (right) fat markers in vWAT. (D) mtDNA content and 

mitochondrial activity markers in vWAT. (E) In vitro adipocyte differentiation using 

untreated (unconditioned medium), CM of WT, or RIP140 KD macrophage. (F) Left, 

qPCR of relative TH mRNA levels in ATM of vWAT. Right, qPCR of relative TH 

mRNA levels in macrophages from WT or RIP140 KD, with or without IL-4 treatment. 

(G) Analyses of energy expenditure of WT and KD mice. vO2 consumption was 

measured in the dark and light phases as described in Materials and Methods (WT: n = 

12; KD: n = 12). (H) Food intake was monitored and normalized to body weight. For A–

F and H, Student test was used and presented as mean±SD. For G, Student test was used 

and presented as mean±SEM. *P < 0.05; **P < 0.01; ***P < 0.001. 
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Fig. 3-3 Induction of browning phenotype in MφRIP140KD produced with BMT. (A) 

After BMT reconstitution, WT→WT and KD→WT mice were fed an ND or HFD for 15 

weeks. Histological staining of vWAT. Scale bars, 200 mm (WT: n = 6; KD: n = 6). (B) 

qPCR data showing mRNA levels of brown and beige fat markers in vWAT (WT: n = 6; 

KD: n = 6). mtDNA content (C) and mitochondrial activity markers (D) in vWAT were 

detected. (E) qPCR of relative TH mRNA levels in ATMs of vWAT. (F) Body weight 

ofWT→WT and KD→WT mice fed an ND or HFD for 15 weeks. (G) ITT and GTT 

determined after 15 weeks of ND or HFD feeding. H: Serum insulin, glucose, adiponectin, 

cholesterol, free fatty acid, and triglyceride levels in ND- or HFD-fed WT→WT and 

KD→WT mice. (I) Energy expenditure of WT→WT and KD→WT mice. vO2 

consumption was measured in the dark and light phases as described in Materials and 

Methods (WT: n = 6; KD: n = 6). (J) Food intake was monitored and normalized to body 

weight. For B–J, Student test was used and presented as mean±SD. Experiments were 

performed two times. *P < 0.05; **P < 0.01; ***P < 0.001. 
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Fig. 3-4 Decreased total ATM and altered M1/M2 profile in the vWAT of MφRIP140KD 

mice. (A) FACS evaluation of ATM population of the SVF in vWAT. The statistic results 

show the ATM population and M1/M2 distribution in vWAT of WT and KD, under ND 

or HFD, that is normalized to the vWAT mass. The analyzed cells are from the SVF as 

shown in Fig. S3-5A. (B) and (C) qPCR determining mRNA levels in the SVF of vWAT. 

Student test was used and presented as mean±SD. n = 5 to 6 mice/group. All experiments 

were performed two times. #P < 0.05 and ##P < 0.01 for comparison of ND-RIP140 mice 

with HFD-RIP140 KD mice. *P < 0.05; **P < 0.01; ***P < 0.001. 
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Fig. 3-5 Monocyte and macrophage recruitment. (A) Quantification of circulating 

CD115+Ly6C+ (pro-inflammatory) and/or Ly6C− (anti-inflammatory) monocyte analyzed 

by FACS. (B) Quantification of F4/80+PKH26+ (indicative of recruited ATM) in vWAT 

analyzed by FACS. (C) qPCR analyses of mRNAs of chemokines and their cognate 

receptors in the SVF or total vWAT. Data are presented as mean±SD; n = 4 mice/group 

and Student test was used. Data were performed in duplicate. *P < 0.05; **P < 0.01; 

***P < 0.001. 
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Fig. S3-1 RIP140 expression in macrophages (A) HFD elevates RIP140 levels in ATM. 

Total RNA was isolated from ATM (as F4/80 positive cells) collected from the SVF of 

ND and HFD-fed WT mice for 3 or 15 weeks. RIP140 mRNA levels were measured by 

qPCR. (B) Relative mRNA levels of RIP140 in peritoneal macrophages (PM), BMM 

(bone marrow derived macrophage) and ATM from two different RIP140 KD mouse 

lines (KD-1 and -2) were detected using qPCR. (C) Analysis of RIP140expression levels 

in macrophages (top, where KD shows a very dramatic reduction), eosinophils, 

neutrophils, T and B lymphocytes (all have RIP140 levels and are not affected by KD) by 

using FACS. Data are presented as mean±SD; n=5-6 mice per group and Student’s test 

was used. *P<0.05; **P<0.01;  
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Fig. S3-2 MφRIP140KD mice exhibit browning in vWAT. (A)WT and KD mice were fed 

a ND or a HFD for 15 weeks. Sections of vWAT were analyzed by immunological 

staining of UCP- 1 (green), TMEM26 (green), or CD137 (green), and co-stained with 

perilipin A (red) and DAPI (blue). (magnification x200) (B)The protein expression of 

UCP-1 in vWAT of ND- or HFD-fed WT and KD.  
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Fig. S3-3 Characterization of iWAT and BAT of MφRIP140 KD and WT mice. (A) 

Histological staining of iWAT. Scale bar=200 µm. (WT:n=6; KD:n=6) (B) Relative 

mRNA levels of brown and beige fat markers in iWAT. (C) Immunological staining of 

UCP-1 (green), TMEM26 (green), and co-staining with perilipin A (red) and DAPI (blue) 

(magnification x200). (D) Histological staining of BAT. (E) Relative mRNA levels of 

BAT markers in BAT. (F) Immunological staining of UCP-1 (green), co-staining with 

perilipin A (red) and DAPI (blue). Student’s test was used for B and E.Data were 

presented as mean±SD *P<0.05; **P<0.01; ***P<0.001. All data were performed two 

times. 
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Fig. S3-4 Induction of browning phenotype in RIP140 KD produced using BMT. 

WT→WT and KD→WT mice were fed a ND or a HFD for 15 weeks. Sections of vWAT 

were analyzed by immunological staining of UCP-1 (green), TMEM26 (green), and co-

stained with DAPI (blue), with PKH26 (red) as positive control for the donor cells. 

(magnification x200) (WT:n=6; KD:n=6)  
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Fig. S3-5 FACS analyses of cell populations in the SVF of WT and KD mice, and under 

ND and HFD.(A) The FACS gating strategy for immune cells in the SVF of mice. SVF 

was collected form vWAT, and mononuclear cells were gated for FSC/SSC. Dead cell 

fractions were removed. The gated CD45+CD11b+F4/80+ cells (macrophages) were 

examined with anti-CD11c (as M1) or anti-CD206 (as M2) antibody. Other cell types 

were gated and analyzed as indicated. (B) Macrophages are, but neutrophils, eosinophils, 

T and B cells are not, affected by KD or HFD. Quantification of immune cells in the SVF 

of WT and KD mice, under ND and HFD.  
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Fig. S3-6 The gating strategy of FACS analyses of monocyte population in the bloodof 

WT and KD mice.Blood sampleswere collected from WT and KD miceand 

circulatingCD115+Ly6C+ (pro-inflammatory) and/or Ly6C- (anti-inflammatory) 

monocytes were gated and analyzed by FACS.  
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Fig. S3-7 The experimental design to detect ATM recruitment in vivo. PKH26 labeled 

bone marrow cells were transplanted into recipient animals. After feeding a ND or HFD 

for 3 weeks, the sections and SVF of vWAT were obtained for florescence staining and 

FACS analysis. The gating strategy of FACS analyses of macrophages in the SVF of 

mice is shown at the bottom. Cells were stained with CD45 and F4/80 antibody (as 

macrophages marker), then detected by FACS. PKH-26+ cells were scored, representing 

recruited cells. 
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Chapter IV 

RIP140 orchestrates the dynamics of macrophage M1/M2 polarization 
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Introduction 

Macrophages belong to the innate immune cells and play a central role in 

inflammation and host defense; they are highly heterogeneous and exhibit diverse 

functional phenotypes in response to different environmental cues [11, 106]. In general, 

they undergo two types of polarized activation, classical pro-inflammatory activation 

(M1) and alternative anti-inflammatory activation (M2) [14, 20]. The M1 macrophage 

produces high levels of proinflammatory cytokines, reactive nitrogen and oxygen 

intermediates, and it generally harbors strong microbicidal and tumoricidal activities. The 

M2 macrophage is anti-inflammatory and primarily involved in resolving inflammation, 

parasite containment and tissue remodeling. When tissues are damaged following 

infection or injury, inflammatory monocytes are recruited from circulation and 

differentiated into macrophages as they migrate into the affected tissues. These recruited 

macrophages often first show M1 phenotype, producing proinflammatory cytokines such 

as interleukin-1 (IL-1) and tumor necrosis factor α (TNFα). Subsequently, the recruited 

macrophages then shift to more M2-like, producing regulatory cytokines such as 

interleukin-10 (IL-10) and transforming growth factor β (TGFβ). It remains unclear 

whether M1 to M2 phenotype switch occurs in the same macrophage, but it is widely 

accepted that M1-M2 switch among macrophage populations is an essential process 

during recovery [107]. This macrophage phenotype switch must be tightly regulated to 

maintain the homeostasis of innate immunity. Uncontrolled macrophage polarization is 

frequently implicated in diseases such as sepsis, autoimmune diseases, and cancers, etc 

[20-23]. Cytokines that stimulate M1 or M2 phenotype have been largely uncovered and 
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principal transcription factors for M1 versus M2 activation are also well characterized [16, 

108-110]; however, whether the dynamics of M1-M2 switch, or the homeostatic control 

of this phenotypic switch involves cell-autonomous factors in macrophages is unknown.   

 

Upon infection inflammation occurs as a defense mechanism; but uncontrolled 

inflammation leads to dangerous pathological states including septic shock [111, 112]. 

An important host adaptation to protect against septic shock is to establish a state of 

“endotoxin tolerance” (ET) where macrophages become transiently unresponsive and fail 

to produce inflammatory cytokines upon further endotoxin challenges [113, 114]. 

Molecules that may mediate ET by suppressing TLR signaling have been reported [115-

117]. Recently, we have reported that a nuclear coregulator, Receptor Interacting Protein 

140 (RIP140) [53] which is involved in various physiological processes [42], also plays a 

crucial role in the establishment of ET [65]. We found that RIP140 is the principal 

nuclear coactivator of NF-κB in endotoxin-challenged M1 macrophages, and that upon 

endotoxin challenge it is rapidly degraded by Syk-initiated ubiquitination, which renders 

NF-κB inactive [65]. Thus, reducing RIP140 protein level facilitates ET and protects 

against septic shock [65, 73]. Others have shown that endotoxin challenged M1 

macrophages, while unable to respond to further endotoxin stimulation, can still respond 

to stimuli for M2 polarization [118, 119]. Is a state of ET required for proceeding to M2 

polarization? Are there cellular factors regulating the progression of stimulated 

macrophages from M1, ET and then M2? These are central questions to be addressed in 

this study.  
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Numerous disease conditions involve the coordination of inflammatory and anti-

inflammatory responses [120]. Wound healing encompasses macrophage M1 polarization 

and transition to a state of ET and then to M2 phenotype. When this transition is out of 

control, macrophages could be locked into a specific phenotype, leading to chronic 

inflammation and tissue destruction. In this study, we uncover that RIP140 not only is 

crucial for M1-ET establishment, but also can negatively regulate the progression of 

macrophage switch to a M2 state during recovery. Interestingly, this particular function 

of RIP140 in M2-stimulated macrophages is executed by its cytosolic form, which 

activates a specific cytosolic phosphatase that inactivates the master regulator of M2 

polarization, pSTAT6. We employ both in vitro and in vivo wound healing models to 

demonstrate the dual functions of RIP140 in regulating the dynamics of macrophage M1-

M2 phenotypic switch and explain, at least partially, the plastic nature of macrophage 

polarization in various disease conditions.  

 

Materials and Methods 

Reagents 

Reagent sources are LPS (Sigma-Aldrich #L4391), IFN-γ (Invitrogen #PMC4031), 

IL-4 and IL-13 (Cell signaling #5208, 5242), antibodies for RIP140 (Abcam ab42126), 

CAPNS1 (ab28237), pSTAT6 (Cell signaling #9361), PTP1B (Santa Cruz sc-1718), 

STAT6 (M-20 sc-981), α-Tubulin (B-7 sc-5286), Lamin A/C (346 sc-7293), HA (SC-

7392), β-actin (C4, sc-47778), kinase inhibitor Staurosporine (S5921, Sigma), PTP 
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inhibitor I (sc-204220, Santa Cruz), PTP1B inhibitor XXII (593741, Calbiochem), 

SHP1/2 PTPase inhibitor (565851, Calbiochem), and Calpain inhibitor (03-34-0051, 

Calbiochem).  

 

Cell culture, lentivirus production and transduction 

RAW264.7 cells were cultured in DMEM medium supplemented with 10% FBS 

and 1% antibiotics. Cells were transfected using Lipofectamine LTX and PLUS reagent 

(Invitrogen). WT-RIP140 and Y3F-RIP140 expression and RIP140-shRNA lentivirus 

were as described [65]. PTP1B shRNA lentivirus constructs were from Genomic Center 

at the University of Minnesota: siRNA sequence: #1-GCGGCTATTTACCAGGACATT, 

#2- CTGCCTCTTACTGATGGACAA. 

 

Cell fractionation, Immunoblotting and Immunofluorescence 

Cells were suspended in a hypotonic buffer, lysed with RIPA [61] and the nuclear 

fraction was obtained from the pellet. Endoplasmic Reticulum Isolation Kit (Sigma, 

ER0100) was used for ER and cytosolic fractionation. Whole cell lysates were prepared 3 

days after virus transduction or 2 days after transfection in RIPA buffer. Protein was 

quantified with Bradford, separated by 8% SDS-PAGE and analyzed by immunoblotting. 

For immunofluorescence, cells fixed on coverslips were permeabilized for 5 min at RT 

and stained with antibodies, and mounted using a DAPI-contained mounting buffer. The 
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slides were imaged under a confocal microscope (Olympus FluoView 1000 BX2 Upright 

Confocal). 

 

RNA isolation and gene expression analyses 

Total RNA was isolated using TRIzol (Invitrogen). Reverse transcription (RT, 2 

µg) was performed using High-Capacity cDNA Reverse Transcription Kit (Applied 

Biosystems). Quantitative real-time PCR (qPCR) was performed with SYBR enzyme mix 

(Applied Biosystems). Each gene expression experiment was performed in triplicate. 

Expression levels were normalized to β-actin.  

 

 

Chromatin-immunoprecipitation (ChIP) assay  

Raw264.7 cells were cross-linked with 1% formaldehyde, lysed, sonicated and 

immunoprecipitated with antibodies against STAT6 (Santa Cruz) or RNA Pol II 

(Millipore) overnight. Following decrosslinking, DNA was isolated and analyzed by 

qPCR for STAT6-binding and non-binding regions. Arginase 1 promoter STAT6 binding 

site: (F) TGAACAGGCTGTAGCCAACA, (R) AGCACCCTCAACCCAAAGTG, 

STAT non-binding site: (F) TCTGATGATGCCAAGTAGCC (R) 

GGACAAGCCACAGTCAGAGA. 
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In vitro phosphatase activity assays 

RAW264.7 cells were infected with RIP140-trageting shRNA lentivirus followed 

by IL-4 stimulation. Cell lysates were prepared (50 mM HEPES, 0.1 mM EGTA, 0.1 mM 

EDTA, 120 mM NaCl and 0.5% NP-40) and incubated with immobilized capture 

antibody specific to PTP1B bound microplates and washed to remove unbound materials. 

A synthetic phosphopeptide substrate was added, and the free phosphate generated by 

PTP1B was detected using malachite green and molybdic acid, and determined by the 

absorbance at 620 nm. 

 

Animals   

All studies were carried out using male C57BL/6J mice from The Jackson 

Laboratory and maintained in the animal facility of University of Minnesota. Animal 

studies were approved by University of Minnesota Institutional Animal Care and Use 

Committee. MφRIP140KD transgenic mice were generated as previously described [65]. 

Peritoneal macrophages (PM) isolation and bone marrow transplantation were performed 

as described [121].  

 

Flowcytometry 

Macrophages in the wounds were isolated by enzymatic digestion [122]. Cell 

surface antigens were blocked with Fc block (20 ug/mL; BD Biosciences), incubated 

with fluorophore-conjugated antibodies or isotype control antibodies for 1h. Fluorophore-
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conjugated primary antibodies were from BioLegend: F4/80-FITC (#123122), CD11c-

phycoerythrin (#117308) and CD206-Alexa Fluor 647 (#141712). Cells were washed and 

centrifuged at 500 g for 5 minutes and re-suspended in 1 ml washing buffer for FACS 

Calibur analyses using WinMDI software and gating strategy was described as previous 

[28]. Briefly, wound macrophages were collected and mononuclear cells were gated for 

FSC/SSC. Dead cell fractions were removed. The gated CD11b+F4/80+ cells were 

examined with anti-CD11c (as M1) or anti-CD206 (as M2) antibody. 

 

In vitro Wound healing assay 

293TN cells monolayer on 6-well plates at a 90% confluence was scraped using a 

pipette tip to produce a wound, incubated with conditioned medium of primary 

macrophages transfected with a control, RIP140-knockdown or RIP140-overepresion 

vector. After 24h and 48h, photographs were taken and analyzed by Image J software to 

determine wound closure. 

 

In vivo Wound healing assay 

Cutaneous wounds were made on both sides of the shaved mice back (2 wounds 

per animal) with a 5mm round biopsy punch under anesthesia. Wound size was recorded 

daily until the wound was closed, and analyzed by Image J.  
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Statistical analysis 

Experiments were performed at least twice and results were presented as means ± 

SD. One way ANOVA and Student’s t-test was used. P values of 0.05 or less were 

considered statistically significant (*P<0.05; **P<0.01; ***P<0.001). 

 

Results 

Failure to establish RIP140 degradation-mediated endotoxin tolerance (ET) 

prevents macrophage M2 polarization  

We previously showed that RIP140 is required for macrophage M1 polarization 

but it then must be rapidly degraded in order to establish ET and prevent inflammatory 

storm such as sepsis. In this current study we first found that under the condition when 

ET fails to be established and RIP140 cannot be degraded, such as following stimulation 

with IFN-γ [123], subsequent M2 polarization is severely dampened. Fig. 4-1a shows that, 

as predicted, in LPS-treated M1 macrophage RIP140 protein is degraded without altering 

its mRNA level, which is abolished in IFN-γ pretreated cells. Fig. 4-1b shows that IL4-

stimulated M2 polarization, as shown in LPS-tolerated cells, is dramatically dampened in 

IFN-γ pretreated cells. We speculated that RIP140 might play a regulatory (negatively) 

role in macrophage polarization for transition to M2, and employed a non-degradable 

mutant RIP140, Y3F (Tyr364, Tyr418 and Tyr436 all mutated into phenylalanine to 

prevent degradation) (Fig. S4-1) [65] to test this possibility. Fig. 4-1C shows that indeed, 

expressing this non-degradable RIP140 (Y3F), but not the wild type RIP140 (WT), 

significantly diminishes the effect of IL4-stimulated M2 polarization as supported by the 
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significantly reduced the expression of M2 markers. These results demonstrate a pivotal 

role for RIP140 not only in promoting M1 polarization during an inflammatory response, 

but also in controlling phenotypic switch from M1 to M2 state.  

 

Reducing RIP140 level promotes wound healing by facilitating M1-M2 switch 

Macrophage M1-M2 phenotype switch is critical to wound healing. We then 

asked whether and how changing RIP140 levels might affect wound healing efficiency. 

We first employed a macrophage specific RIP140 knockdown (MφRIP140KD) mouse as 

an in vivo model [65] where RIP140 protein level in monocyte-macrophage populations 

is reduced for 90-95% (Fig. S4-2). As shown in Fig. 4-2a, wound closure in 

MφRIP140KD mice (two independent lines KD-1 and -2) is more efficient than that in 

WT mice. We then examined the dynamics of M1-M2 switch during wound healing 

process (Fig. 4-2b). In WT mice (closed markers), M1-M2 switch occurs approximately 

on the 5th day after the wound; whereas in MφRIP140KD KD (open markers), M1-M2 

switch occurs approximately on the 3rd day. Consistently, in the wounds, the levels of all 

the examined M1 marker genes (TNFα, iNOS and IL-1β) are lower in MφRIP140KD 

mice than in WT mice (Fig. 4-2c); whereas the levels of all the examined M2 marker 

genes (Arg I, TGFβ and VEGF) are significantly elevated in MφRIP140KD mice (Fig. 4-

2d). These data support the notion that RIP140 protein level is an important factor that 

regulates the kinetics of macrophage phenotypic switch in, and thus the efficiency of, 

wound healing process. 
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We then utilized in vitro primary macrophage (PM) culture to examine the effects 

of altering RIP140 protein levels in M2 polarization (Fig. S4-3a). Using lentivirus to 

over-express or knockdown RIP140 in primary PM, we found IL-4 induction of all 

characteristic M2 genes is significantly attenuated by over-expressing RIP140 (left), but 

it is significantly elevated by knocking down RIP140 (right). Further, the activity of 

arginase I (Arg I), a critical factor in M2 macrophages, is significantly elevated by 

knocking down RIP140 level and reduced by elevating RIP140 level (Fig. S4-3b). We 

further employed in vitro wound healing model of 293TN monolayer cultures 

supplemented with conditioned media of macrophage cultures where RIP140 level had 

been altered (Fig. 4-2e and Fig. S4-4). It appears that the conditioned medium of RIP140-

overexpressing, IL4-treated macrophage culture suppresses healing in the wounded 

293TN culture (top panel in Fig. 4-2e and left panel in Fig S4-4), whereas the 

conditioned medium of RIP140 knockdown, IL4-treated macrophage culture significantly 

improves wound closure (bottom panel in Fig. 4-2e and right panel in Fig S4-4). These 

results support that RIP140 regulates macrophage M1-M2 switch to affect wound healing 

both in vivo and in vitro. 

 

Preventing RIP140 degradation delays wound healing  

We next examined whether preventing RIP140 degradation in macrophages 

would delay wound healing in vivo. In order to specifically monitor the effects elicited by 

disturbing the dynamics of macrophage polarization in adult stages, we employed bone 

marrow transplantation (BMT) to replace animal’s endogenous macrophages with 
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myeloid cells carrying either GFP only, WT RIP140-GFP or the non-degradable mutant 

Y3F RIP140-GFP, and examined their wound healing processes. Comparable BTM 

efficiency was validated (Fig. S4-5). It appears that wound healing in mice receiving 

myeloid cells carrying WT RIP140 is slightly delayed as compared to those receiving 

GFP only (control), but complete healing (with 100% wound closure) occurs on day 12 

for both groups. Interestingly, wound closure in mice receiving Y3F-RIP140 is 

significantly less efficient; by day 12, their wounds close for only 70%. (Fig. 4-3a). 

Further, in the wounds of the Y3F-RIP140 group, M1 population is expanded but the M2 

population is reduced, as compared to the WT RIP140 group (Fig. 4-3b). Consistently, in 

the wounds of the Y3F-RIP140 group, along the course of healing the expression of all 

the monitored M1 marker genes (TNFα, iNOS and IL-1β) is significantly elevated and 

the expression of all the monitored M2 marker genes (Arg I, TGFβ and VEGF) is 

significantly lowered (Fig. 4-3c, 4-3d). These data further validate the notion that 

elevating RIP140 protein level such as by blunting its degradation in 

monocytes/macrophages during injury facilitates and locks these macrophages in their 

M1 state, resulting in impaired wound healing process. 

 

RIP140 suppresses M2 macrophage polarization by inhibiting activation of STAT6 

(phosphorylation) in the cytosol 

We noticed that the suppressive effect of RIP140 on M2 gene expression is 

evident only after treatment with M2 cues such as IL-4 (Fig. S4-3), indicating that 

RIP140 targets the downstream signaling pathway of IL-4. Interestingly, in IL-4 
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stimulated cells endogenous RIP140 is gradually translocated from the nucleus to the 

cytosol (Fig. 4-4a, 4-4b), which appears to be also true for the RIP140-Y3F mutant 

protein (fig. S6). Nuclear-cytosolic translocation of RIP140 also occurs in macrophages 

stimulated with other anti-inflammatory cytokines such as IL-13 (Fig. S4-7). To 

understand how RIP140 inhibits IL-4 signaling pathways, we examined several potential 

targets and found that RIP140 suppresses the activation of the master signal transducer 

for M2, STAT6 phosphorylation at Tyr641 (Fig. 4-4c), resulting in its decreased DNA 

binding, as well as RNA polymerase II recruitment to the promoter of its target genes 

such as Arg-1 (Fig. 4-4d). These results indicate that upon IL-4 stimulation, RIP140 is 

translocated from the nucleus to the cytosol where it suppresses the activation of the 

master regulator STAT6 (phosphorylation at Tyr641). M2 target gene expression is thus 

dampened.  

 

RIP140 targets Calpin1/2 to activate PTP1B to reduce STAT6 phosphorylation 

To examine how RIP140 suppresses the activation of STAT6, i.e. its 

phosphorylation at tyr641, we examined two possibilities - either impairing its kinase or 

enhancing its phosphatase activity, since RIP140 does not form complex with STAT6 

(Data not shown). It appears that RIP140 does not affect the kinase, because silencing 

RIP140 still affects the induction of pSTAT6 even though kinases are blocked by 

inhibitors like Staurosporine (Fig. S4-8a). In stead, it probably targets dephosphorylation 

of pSTAT6. PTP1B has been reported as a phosphatase for pSTAT6 [124]. Indeed, both a 

general phosphatase inhibitor and a PTP1B-specific inhibitor, but not the SHP-1/2 
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specific inhibitor, blocks RIP140-triggered reduction in pSTAT6 level (Fig. 4-5a). The 

specificity of RIP140 to PTP1B is further confirmed, because silencing PTP1B abolishes 

the suppressive effect of RIP140 (Fig. 4-5b). In vitro phosphatase enzyme assay 

substantiates that RIP140 regulates PTP1B activity that inactivates (de-phosphorylates) 

pSTAT6 (Fig. 4-5c) without affecting PTP1B mRNA levels (Fig. S4-8b). 

  

We found that RIP140 and PTP1B are co-localized in the cytosol of IL-4 treated 

macrophages (Fig. 4-5d). Further, the level of “active” PTP1B, typically cleaved from its 

precursors on the ER membrane, is increased by over-expressing RIP140 (Fig. 4-5e). We 

speculated that in IL4-treated cells, RIP140 is exported to the cytosol and translocated to 

ER to facilitate the activation of PTP1B precursors, and performed ER and cytosol 

fractionation to examine the distribution of the active and inactive forms of PTP1B 

protein. Elevating RIP140 level increases the active, cytosolic PTP1B and reduces the 

inactive, ER-associated PTP1B (Fig. 4-5f), supporting that RIP140 enhances PTP1B 

activity by facilitating the cleavage of its precursor. PTP1B precursor on the ER is 

cleaved by a calcium-dependent protease calpain. Interestingly, we found that RIP140 

forms complexes with the calpain regulatory subunit, CAPNS1, in the presence or 

absence of IL-4 (Fig. 4-5h); further, calpain inhibitor pre-treatment completely blocks 

RIP140-regulated PTP1B cleavage in IL-4-treated M2 PM (Fig. 4-5g). These data are 

consistent with previous reports that PTP1B is one of the targets of caplain1/2 [125, 126], 

and CAPNS1 is necessary for calpain1/2 activity [127, 128]. All together, the data 

demonstrate that in IL-4 treated macrophages, RIP140 is increasingly translocated from 
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the nucleus to become more associated with the calpain regulatory subunit to regulate 

calpain1/2 activity, which cleaves PTP1B precursor from ER, releasing active PTP1B to 

inactivate pSTAT6 in the cytosol. 

 

Discussion 

In this study we used ET and wound healing models to understand the regulation 

of M1/M2 polarization. While it has been reported that macrophages in the ET state 

exhibit M2-like features and they are more sensitive to M2 cues, the underlying 

mechanism was elusive [118, 119]. Here we demonstrate that the level of RIP140 protein 

is crucial – a) RIP140 suppresses the activation of the M2 master regulator STAT6, and b) 

for inflammatory macrophages to proceed to a state of ET, RIP140 level must be reduced. 

As such, ET macrophages generally have low RIP140 levels and are more sensitive to 

M2 activation.  

 

As wound healing progresses, macrophage phenotype switches from M1 to M2 

[107]. The transition from inflammatory, M1 polarization to alternative anti-

inflammatory M2 polarization is critical to the healing process. One critical molecular 

event in this transition is the rapid reduction of NF-κB coactivator RIP140 protein level, 

which allows timely dampening of inflammation (via inactivation of NF-κB). Lowering 

RIP140 level by rapid degradation is made possible by the action of a specific SCF E3 

ubiquitin ligase that ubiquitinates RIP140 [65]. The current study extends our previous 

finding and demonstrates a new function of RIP140, which is to regulate the dynamics of 
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M1 vs. M2 polarization. On the cellular level, M1 to M2 transition requires the 

establishment of ET, at least for TLR-4 mediated stimulation, which is also orchestrated 

by altering the level of RIP140 protein level (fig. 2b). We employed two animal models 

to support this conclusion, a MφRIP140KD transgenic mouse model where RIP140 level 

in macrophage is reduced from birth, and a bone marrow transplant generated 

macrophage replacement model where a non-degradable RIP140 mutant protein, Y3F, is 

introduced only during adult stages. Our data clearly show that the accumulated RIP140 

protein level, even only in adults, is crucial to the dynamics of macrophage phenotype 

transition.   

 

An unexpected finding in this in vivo wound experiment shown in fig. 3d is that 

Arg1 gene expression is higher in Y3F-RIP140 mice than wild type mice on day 10. It is 

important to note that gene regulation, especially in whole animals, can involve more 

complicated regulatory pathways. Y3F-RIP140 could possibly exert additional effects 

that might have disturbed Arg1 gene regulation, causing a higher level of ArgI gene 

expression in certain points of the wound healing process, as surprisingly observed on 

day 10 of this experiment. However, the expression of two additional M2 markers TGFβ 

and VEGF and the M2 population analysis from FACS all support the notion that 

preventing RIP140 degradation (to elevated RIP140 level) indeed delays wound healing, 

which involves inhibiting M1-M2 switch.  
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An interesting mechanistic finding is that the new M2-suppressive function of 

RIP140 is achieved by its cytosolic form, exported from the nuclei in M2 cue-stimulated 

macrophages. RIP140 was initially identified as a co-regulator of numerous transcription 

factors in the nucleus, but increasing studies reveal that in various cell types and 

stimulated by different signal inputs, nuclear RIP140 can be exported to the cytosol to 

regulate a wide variety of biological processes. Interestingly, all these events are highly 

cell type-selective and signal-specific. For instance, in mature adipocyte, lipid signal 

stimulates its export to the cytosol to regulate AS160 to modulate insulin sensitivity [61]. 

In differentiated neurons, ER stress stimulates RIP140 export to the cytosol and then to 

ER where it interacts with IP3R to modulate ER store calcium release, thereby protecting 

neurons from apoptosis [63]. In this current study, we uncover RIP140 exported to the 

cytosol in M2 cue-stimulated macrophage to suppress the efficiency of M2 polarization. 

Clearly, in macrophages RIP140 modulates the homeostasis of innate immunity via its 

dual functions in M1 and M2 states. With this dual control in place, macrophages may 

not over-react to either stimulus. A fault in this control may result in devastating 

situations such as sepsis or delayed wound healing (when RIP140 cannot be degraded or 

exported in time). Surprisingly, the cytosolic RIP140 suppresses the M2 master regulator 

pSTAT6 by targeting the regulatory step of a specific phosphatase of STAT6, PTP1B, in 

the ER/cytosol. This is achieved by its increasing association with the calpain’s 

regulatory subunit, CAPNS1, in IL-4 treated cells to further activate calpain1/2, that 

cleaves PTP1B precursor and renders its activation. Whether and how RIP140 association 



 

 88 

with CAPNS1 would alter calpain1/2 activity remain to be determined. Activated PTP1B 

then efficiently de-phosphorylate pSTAT6, thereby reducing M2 target gene activation.  

 

PTP1B is a negative regulator for insulin and leptin signaling pathways [129, 130]. 

Currently, a PTP1B inhibitor, Trodusquemine, and PTP1B specific antisense 

oligonucleotides are in phase 2 clinical trial for treating diabetes or obesity [131, 132]. 

Clearly, in innate immune cells, RIP140 protein expression level and its sub-cellular 

localization are critical to the maintenance of macrophage’s functional plasticity. Factors 

and molecules regulating its protein level and sub-cellular distribution can also be 

potential therapeutic targets. However, the mechanism underlying M2 cue (such as IL4 

and IL13)-stimulated nuclear export of RIP140 remains to be determined. Further, while 

RIP140 can be associated with the calpain regulatory subunit, CAPNS1, it remains 

unclear how this affects calpain activity. Rigorous biochemical studies are needed in 

order to understand molecular details of activation of this specific protease complex.   
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Figures 
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Fig 4-1 ET established by degrading RIP140 facilitates macrophage M2 polarization. a. 

Western blotting (top) and qPCR (bottom) analyses of RIP140 in primary peritoneal 

macrophages (PM) with or without IFN-γ pretreatment 16h followed by LPS (10ng/ml) 

treatment for 24 h. b qPCR analyses of M2 marker gene expression in PM with or 

without IFN-γ pretreatment followed by LPS stimulation, and then treated with (black 

bars) or without (open bars) IL4 for 6h. Results are presented relative to control (neither 

LPS nor IFN-γ). c qPCR analyses of M2 marker gene expression in either lentinvirus-

WT-RIP140 (WT) or lentivirus-Y3F-RIP140 (Y3F) infected (for 48 hours) PM that were 

then challenged with LPS for 18h and followed by control or IL4 stimulation for 6h. 

Results are presented relative to WT infected cells with control treatment. Data are 

representative of three experiments (means±s.d.), and Student’s t-test (n=3) was used 

(*P<0.05; **P<0.01; ***P<0.001). 
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Fig. 4-2 Reducing RIP140 level promotes wound healing by facilitating M1 - M2 switch  

a Daily record of wound closure on WT and MφRIP140KD mice. Data show three 

experimental results of two independent MφRIP140KD lines (means±s.d.). One way 

ANOVA test was used *P<0.05 (WT vs KD-1); †P<0.05 (WT vs KD-2). b FACS 

evaluation of M1 (F4/80+CD11C+, top panel) and M2 (F4/80+CD206+, bottom panel) 

populations on the wounds of WT and MφRIP140KD mice. The numbers of M1 and M2 

populations are normalized to the wound mass (cell numbers per mg). Data show three 

experimental results (means±s.d.). Student’s t-test (n=3) was used *P<0.05 (WT-M1 vs 

KD-M1); †P<0.05 (WT-M2 vs KD-M2). c and d shown qPCR analyses of mRNA levels 

of M1 and M2 marker genes, respectively, of the wounds in WT and MφRIP140KD mice. 

e In vitro wound healing assay. Data show three experimental results (means±s.d.). 

Student’s t-test (n=3) was used *P<0.05; **P<0.01; ***P<0.001. 
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Fig. 4-3 Preventing RIP140 degradation delays wound healing by inhibiting M1-M2 

switch 

a Daily record of wound closure from mice receiving (via BMT) WT-GFP, WT-RIP140 

or Y3F-RIP140 expressing cells. One way ANOVA test was used *P<0.05; **P<0.01 

(Ctrl-GFP vs Y3F-RIP140). b FACS analyses of M1 and M2 populations in the wounds. 

The results show the number of M1 and M2 populations normalized to the wound mass 

(cell numbers per mg). c and d show qPCR analyses of mRNA levels of M1 and M2 

marker genes, respectively, of the wounds. Data show three experimental results 

(means±s.d.). Student’s t-test (n=3) was used *P<0.05; **P<0.01; ***P<0.001 (WT-

RIP140 vs Y3F-RIP140). 
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Fig. 4-4 RIP140 translocates to the cytosol and suppresses M2 marker gene expression 

via reducing STAT6 phosphorylation. a Western blot analyses of endogenous RIP140 

from total cellular extracts (top) and the nuclear and cytosolic fractions (bottom) in IL-4-

treated RAW264.7 cells. b Immunofluorescence analyses of endogenous RIP140 (red) in 

IL-4-treated RAW264.7 cells. c Western blot analyses of phospho-STAT6 (pSTAT6) and 

STAT6 protein from total cellular extracts from RIP140-overexpression (RIP140) or -

knockdown (RIP140 KD) RAW264.7 cells, with or without IL-4 treatment (top). Western 

blot analyses of pSTAT6 and STAT6 protein from the nuclear and cytosolic fractions 

(bottom) in RIP140 overexpressed RAW264.7 cells with time-course IL-4 treatment. d 

ChIP assay of STAT6 and RNA pol II binding on endogenous Arg1 promoter, in the 

distal region without STAT6 binding sites and the -2.4 kb region containing the STAT6 

binding site, in IL-4-treated RAW264.7 cells. IL-4 was treated with 10ng/ml for 6hr (c-

top, b and d). Data show three experimental results (means±s.d.). Student’s t-test (n=3) 

was used (*P<0.05; **P<0.01; ***P<0.001). 
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Fig. 4-5 RIP140 suppresses STAT6 phosphorylation by targeting Calpain 1/2 to activate 

PTP1B phosphatase. a Western blot analyses of pSTAT6 and STAT6 protein in IL-4-

treated control vs. RIP140-overexpressing (left) RAW264.7 cells. Cells were pretreated 

with a general phosphatase inhibitor, PTP1B specific inhibitor or SHP-1/2 specific 

inhibitor before IL-4 stimulation (10ng/ml), and analyzed with specific antibodies. b 

Western blot analyses of PTP1B protein expression in RAW264.7 cells treated with 

control or PTP1B knockdown shRNA (left). Western blot analyses of pSTAT6 and 

STAT6 protein in IL-4-treated control or RIP140-overexpressing RAW264.7 cells after 

control or PTP1B knockdown (right). c PTP1B phosphatase activity in RAW264.7 cells 

treated with control or RIP140 knockdown, and with or without IL-4 treatment. d 

Immunofluorescence analyses of RIP140 (green), PTP1B (red) and DAPI (blue) in IL-4-

treated RAW264.7 cells. e Western blot analyses of PTP1B peptides in control or 

RIP140-overexpressing PM with IL-4 treatment. f Western blot analyses of FLAG-

RIP140, PTP1B, Tubulin and Calrecticulin in ER and cytosolic fractions of RAW264.7 

cells treated with control or IL-4, and with or without RIP140-overexpressing. g Western 

blot analyses of PTP1B in PM treated with control or IL-4, and with or without RIP140-

overexpressing, and in the presence (right) or absence (left) of calpain inhibitor. h Co-

immunoprecipitation (Co-ip) of Flag-RIP140 and endogenous calpain regulatory subunit 

(CAPNS1) in IL-4-treated RAW264.7 cells (left). Co-ip of Flag-RIP140 and HA-

CAPNS1 in 293TN cells (middle). Co-ip of Flag-RIP140 and HA-CAPNS1 in 

RAW264.7 cells with or without IL-4 (10ng/ml) treatment (right). Data show three 
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experimental results (means±s.d.). Student’s t-test (n=3) was used (*P<0.05; **P<0.01; 

***P<0.001). 
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Fig. S4-1 RIP140 expression in PM transfected with WT or Y3F mutant RIP140 

followed by control or LPS stimulation.  

Protein and mRNA level were analyzed by western blotting and qPCR. 

 

 

Fig. S4-2 Knockdown efficiency. The expression level of RIP140 protein (left) and 

mRNA (right) in WT and MφRIP140KD mice.  
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Fig. S4-3 Altering RIP140 levels affects IL4-induced M2 activation. 

a qPCR analyses of M2 gene expression in control vs. RIP140 over-expressing (left) or 

RIP140-knockdown (right) mouse PM, with or without IL-4 stimulation. b Arginase 

activity assay. Data are presented as urea concentrations, and show three experimental 

results (means±s.d.). Student’s t-test (n=3) was used (*P<0.05; **P<0.01; ***P<0.001). 
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Fig. S4-4 In vitro wound healing assay. 

In vitro wound healing was assessed using 293TN cells supplemented with conditioned 

medium of macrophage with RIP140 over-expression (Flag-RIP140) or RIP140-

knockdown (RIP140siRNA). IL-4 was used to trigger M2 polarization of macrophages 

whereas Ctrl denotes treatment with a control solution without cytokine. 

 

 

Fig. S4-5 Bone marrow transplantation efficiency validation. 

GFP intensity in bone marrow cells of the receiving mice following BMT with cells 

carrying either Ctrl-GFP, WT-RIP140 or Y3F-RIP140. 
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Fig. S4-6 Non-degradable mutant RIP140 (RIP140-Y3F) can also translocate to the 

cytosol in macrophages upon IL-4 treatment.   

a Western blot analyses of FLAG-RIP140 Y3F from total cell lysate in IL-4 (10ng/ml) 

treated RAW264.7 cells. b Western blot analyses of FLAG-RIP140 Y3F from the 

cytosolic/nuclear fractions of IL-4 (10ng/ml) treated RAW264.7 cells. Data show three 

experimental results. 
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Fig. S4-7 Endogenous RIP140 translocates to the cytosol in macrophages upon IL-13 

treatment. 

a Western blot analyses of endogenous RIP140 from total cell lysate in IL-13 (10ng/ml) 

treated RAW264.7 cells. b Western blot analyses of RIP140 from the cytosolic/nuclear 

fractions of IL-13 (10ng/ml) treated RAW264.7 cells. Data show three experimental 

results. 
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Fig. S4-8 RIP140 knockdown still increases pSTAT6 levels in macrophages treated with 

kinase inhibitor, but fails to affect PTP1B gene expression. 

a Western blot analyses of phospho-STAT6 and STAT6 levels in IL-4-treated (10ng/ml) 

control vs. RIP140 knockdown RAW264.7 cells, with or without pretreatment with 

kinase inhibitor Staurosporine (50ng/ml). b qRT-PCR analyses of RIP140 and PTP1B 

mRNA levels in control (flag) vs. RIP140-overexpressing RAW264.7 cells with or 

without IL-4 treatment (10ng/ml, 6hr). Data show three experimental results (means±s.d.). 

Student’s t-test (n=3) was used (*P<0.05; **P<0.01; ***P<0.001). 
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Chapter V 

Gut microbiota from metabolic disease-resistant, macrophage-specific RIP140 

knockdown mice improves metabolic phenotype and gastrointestinal integrity 
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Introduction 

Metabolic syndrome, including obesity, high blood pressure, hyperglycemia, high 

levels of serum triglyceride level, and low level of high-density lipoprotein (HDL), 

presents a serious health condition associated with metabolic diseases such as type 2 

diabetes and cardiovascular diseases [24]. Recent studies have demonstrated that 

intestinal homeostasis, harmonious interactions between the microbiota and the host 

immune system, is critical to the maintenance of normal physiology, metabolism and 

immune regulations [133, 134], and that the gut microbiota are involved in the 

development of numerous diseases [135]. The diversity and composition of intestinal 

microbiota could be altered by the host’s diet and/or genome, and is associated with the 

host’s systemic and local inflammatory responses that are critically important in the 

development of metabolic diseases [135-138]. Manipulation of the gut microbiota by 

fecal microbiota transplantation (FMT) has been applied in various disease models and 

clinical trials, such as inflammatory bowel diseases (IBD), Clostridium difficile infection 

(CDI) and neurodevelopmental disorders[139-142]; however, the specific taxonomic 

repertoire for protection, particularly under a disease-prone condition such as high fat diet 

(HFD) feeding, has never been identified. Further, the underlying mechanism remains 

elusive.  

 

Receptor interacting protein 140 (RIP140, also known as NRIP1) is a wide-

spectrum nuclear coregulator involved in various biological processes leading to diseases 

[42, 53]. Specifically related to metabolic regulation where inflammation plays a key role, 
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RIP140 is a critical regulator of innate immunity, mediated by its functions in 

macrophage polarization. RIP140 is a M1 activator by co-activating NF-κB [65], and a 

M2 repressor through suppressing STAT6 [143]. We previously generated mice with 

macrophage-specific knockdown of RIP140 (MφRIP140KD) [65] where the M2 

macrophage population is dramatically expanded and the M1 macrophage population is 

reduced. These mice are protected against endotoxin shock [65] and HFD-induced 

metabolic diseases [121, 144], and exhibit improved wound healing [143]. Further, their 

local innate immunity, such as anti-inflammatory potential in adipose tissues, is 

dramatically improved [121, 145]. We therefore speculated possible beneficial shifts in 

their gut microbiota and intestinal innate immune status, and tested the potential to 

transfer, via FMT, their protective phenotype to recipient wild type (WT) animals also 

under HFD feeding.  

 

We first determined the repertoire of intestinal microbiota affected by genotype, 

i.e., MφRIP140KD mice vs. WT mice, and then carried out FMT, reciprocally, to validate 

efficacy of the transfer of gut microbiota. We found that FMT, from MφRIP140KD to 

WT, transferred not only the specific taxonomic repertoire of MφRIP140KD to WT 

recipient but also their intestinal innate immune feature (elevated M2 anti-inflammatory 

population) and tissue integrity. Both of these transferred features are associated with 

protection against HFD-induced metabolic abnormality in recipient animals. This study 

defines a specific taxonomic repertoire that confers protection against diet-induced 

metabolic diseases, and validates the efficacy of FMT in treating metabolic syndrome. 
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The study also suggests a protective mechanism via transferring microbiome-associated 

intestinal innate immunity and tissue integrity. 

 

Materials and Methods 

Animals and FMT procedure 

Male C57Bl/6 mice were purchased from the Jackson Laboratory and maintained 

in the animal facility of University of Minnesota on a 12-h light/dark photocycle. All 

animal studies were approved and conducted according to guidelines of the University of 

Minnesota Institutional Animal Care and Use Committee. MφRIP140KD transgenic mice 

were generated as described before[65]. For experiments in Fig. S5-1A, 18 WT and 18 

MφRIP140KD mice were used. For FMT experiments, we adopted a commonly used 

FMT experimental design where three individually housed animals had been used per 

group [146-151]. The procedure is descried as following. Briefly, eight-week-old male 

mice (6 WT and 6 KD) were housed individually and fed a high fat diet containing 60% 

calories from fat and 345 mg cholesterol/kg (F3282; Bio-Serv, West Chester, PA). After 

7-weeks HFD feeding, feces was collected and stored for microbiome analyses and FMT 

later (pre-FMT samples). Fresh ampicillin solution (0.5g/L) was added in drinking water 

every 3 days for a week[152]. FMT was then performed using pre-FMT samples, daily 

for three days, starting from 8-weeks of HFD feeding (one week post antibiotics 

treatment). Fecal samples were then collected, one week after FMT, for four more weeks. 

Metabolic measurement (see later) was performed. Animals were then sacrificed for 
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collecting blood, colons and visceral white adipose tissues. Detailed sequence analyses 

and statistical analyses were provided in supplemental information.  

 

16S rRNA gene amplification and sequencing  

Fecal samples were kept frozen at -80˚C until they were processed. After fecal 

DNA isolation (MoBio, Carlsbad, CA fecal DNA kit), amplicons spanning the variable 

region 4 of bacterial 16S rRNA were generated and sequenced using Illumina Mi-seq 

platform at the University of Minnesota Genomic Center, Twin Cities, MN. The 16S 

rRNA sequencing data from the Illumina runs were trimmed and chimera filtered using 

Quantitative Insights Into Microbial Ecology (QIIME) 1.9.1 [153] with default 

parameters which include several quality filtering steps for sequence lengths, end-

trimming, and minimum quality score. We performed operational taxonomic units (OTUs) 

assignment using ‘NINJA-OPS’ against the Greengenes 13.8 database as a reference 

[154]. 

 

Hematoxylin and Eosin (H&E) Staining 

After mice were sacrificed, colon tissues were fixed, embedded in paraffin, 

sectioned and stained as described previously [121]. Images were taken and analyzed by 

Zeiss Axioplan 2 Upright Microscope in University Imaging Centers in U. of Minnesota. 

Hemotoxylin and eosin staining kit was purchased from Fisher Scientific.  
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Metabolic Measurement 

Indirect calorimetry was performed as described previously[121] to measure 

volumetric oxygen consumption (vO2) on mice. Briefly, animals were housed in 

individual chambers with free access to food and water in a 12-h light/dark cycle. vO2 

was recorded and normalized to body weight using Oxymax (Columbus Instrument, 

Columbus OH.) 

 

Glucose tolerance test (GTT) and insulin tolerance test (ITT) 

GTT and ITT were performed after overnight fasting. Animal baseline blood 

samples were collected. D–glucose (2 g/kg) or insulin (0.75 units/kg) was i.p. injected 

into animals. Blood glucose levels were measured at indicated time points with a 

glucometer (OneTouch Ultra). 

 

Gut permeability assay 

In vivo gut permeability assay was performed as described previously [155]. 

Briefly, mice were fed 0.6 mg/g FITC-labeled dextran (Sigma) after fasting for 5 hrs. 

Serum samples were collected at indicated time points and analyzed (485nm/535nm) 

using a microplate reader (Tecan Infinite M100 pro).  

 

RNA isolation and quantitative real-time PCR 

RNA was isolated using Trizol. Reverse transcription was performed using a 

High-Capacity cDNA Reverse Transcription Kit containing RNase Inhibitor (Applied 
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Biosystems). Quantitative real-time PCR (qPCR) was carried out with Maxima SYBR 

Green qPCR Master Mixes (Thermo Scientific) as described previously [144]. Primers 

for Tnfα (QT00104006), Arg1 (QT00134288), Ucp1 (QT00097300) and Cd137 

(QT00147266) were purchased from Qiagen.. Each analysis was performed triplicate and 

normalized to β-actin. 

 

Flow Cytometry 

Fc Block (20 mg/mL; BD Biosciences) was used to block cell-surface antigens. 

After blocking cells were stained with fluorophore conjugated antibodies or isotype 

control antibodies. Fluorophore-conjugated primary antibodies were purchased from 

BioLegend:  F4/80-Alexa Fluor 488, CD11b-PerCP/Cy5.5, CD11c-phycoerythrin, and 

CD206-Alexa Fluor 647. After incubation with antibodies, cells were washed and 

centrifuged, re-suspended in a washing buffer, and analyzed on a FACSCalibur using 

FlowJo 10.0.6. 

 

Results 

Genotype alters the composition and functional repertoire of intestinal microbiota 

We first confirmed that HFD affected the composition of the gut microbiota (Fig. 

S5-1A). Interestingly, when comparing the effect of genotype, we found that the effect 

was most profound under HFD feeding, based on 16s rRNA sequences of unweighted 

UniFrac distance metric (Fig. 5-1A, S5-1B and S5-1C) (PERMANOVA, p = 0.04). 

Moreover, supervised learning using Random Forests, a machine learning method using 
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OTUs as predictive features, accurately assigned samples to their source population based 

on taxonomic profiles at the OTU level (83.3% accuracy, 3 times better than the baseline 

error rate for random guessing).  

 

Using LEfSe [156], we found that 6 genera were significantly different between 

WT and MφRIP140KD mice fed a HFD (LDA log10 score >2). Specifically, 

MφRIP140KD profile was associated with a significant gain in Odoribacter, 

Coprococcus, Lautropia, Luteimonas, Candidatus Arthromitus and Pseudomonadaceae 

when compared to WT mice. (Fig 5-1B, S5-1D). We then constructed a KD microbiome 

index from this panel of taxa that highly differentiated between WT and MφRIP140KD 

mice under HFD. This KD index corresponded to the sum of relative abundances of the 6 

differentiating taxa. We found that the median KD index was 0.30 (IQR= 0.05) in 

MφRIP140KD mice and 0.17 (IQR= 0.01) in WT mice (Mann-Whitney U test, p= 0.002) 

(Fig. 5-1C, right panel). Moreover, ROC curve analysis showed that our KD index was a 

strong predictor of the genotype, with an area under the curve of 0.91 (Fig. 5-1D). In 

order to determine the KD index threshold that best predicts genotype, we performed 

leave-one-out cross-validation on our KD indices. Each held-out KD index was treated as 

a new sample, independently from the initial cohort, on whom we tested and 

subsequently refined the optimal index cutoff to separate WT and MφRIP140KD. This 

Leave-one-out (LOO) cross-validation procedure demonstrated that the taxon panel was 

able to predict the genotype in a new sample, with an accuracy of 83% at a specificity of 

80%. Thus, our LOO analysis predicted genotype with reasonable accuracy and identified 
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taxa associated with resistance to diet induced metabolic diseases that can serve as future 

biomarkers. These data demonstrated that genotype, that is WT vs. MφRIP140KD profile, 

is strongly associated with a specific taxonomic repertoire in mice fed a HFD and that 

only 6 taxa can be used to predict the genotype of a mouse  

 

Using PICRUSt [157], we found that the gut microbiota functional repertoire is 

significantly different between WT and MφRIP140KD mice. This algorithm estimates the 

functional potential of microbial communities given the current 16S rRNA gene survey 

and a set of currently sequenced reference genomes. PICRUSt predictions in human and 

mouse gut microbiomes are expected to have 80-90% accuracy. First, beta-diversity plots 

generated from Bray–Curtis distance matrices showed a separation between WT and 

MφRIP140KD mice fed a HFD (PERMANOVA, p = 0.041) (Fig. 5-1E). Moreover, 

supervised learning using Random Forests, with the predicted metagenome table 

collapsed at level 3 KEGG Orthology groups as predictive features, accurately assigned 

samples to their source population based on predicted metagenomic profiles (75% 

accuracy, 2 times better than the baseline error rate for random guessing). We also 

identified significant differences in microbial functional pathways in the fecal samples of 

WT and MφRIP140KD mice fed a HFD (level 3 KEGG Orthology groups, Mann-

Whitney U test, False Discovery Risk corrected p-value <0.20). The fecal microbiome of 

MφRIP140KD mice is enriched in functional categories associated with fatty acid 

metabolism, lysine, valine, leucine and isoleucine degradation, caprolactam degradation, 

styrene and atrazine degradation, and depleted in categories associated with galactose 
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metabolism, purine metabolism, cysteine and methionine metabolism, D-Glutamine and 

D-glutamate metabolism, nicotinate and nicotinamide metabolism, amino sugar and 

nucleotide sugar, thiamine metabolism and primary bile acid biosynthesis (Table S5-1).  

 

Using CAZY GH assignments, we found that 5 glycoside hydrolase families were 

increased in MφRIP140KD mice as compared to WT mice, including GH17, PL5, GT4, 

GT9 and AA1, whereas 10 glycoside hydrolase families showed a loss of abundance in 

KD mice as compared to WT mice, including GT14, GH36, GH3, GH18, GH115, GH78, 

GH65, GH130, GT32 and GH127 (LDA score (log10) >2) (Fig. 5-1F)Together, these 

findings demonstrate that, in addition to a change in taxonomy, the genotype is associated 

with marked change in functional profile and glycoside hydrolase repertoire in animals 

fed a HFD. 

 

Fecal microbiota transplantation transfers gut microbiota from donor to recipient 

mice 

Our previous studies showed that MφRIP140KD mice are resistant to diet-

induced metabolic diseases[144, 158]. Since gut microbiota are strongly associated with 

hosts’ health, we proposed that gut microbiota in MφRIP140KD mice could be associated 

with their metabolic protection features particularly under HFD. We thus performed 

reciprocal FMTs, from WT or MφRIP140KD fed a HFD into WT or MφRIP140KD mice 

in four groups: WT⟶WT (WT receiving WT), KD⟶WT (WT receiving KD), 
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WT⟶KD (KD receiving WT) and KD⟶KD (KD receiving KD). The experimental 

design is depicted in Fig. 5-2A.  

 

To first validate FMT efficiency, we examined changes in the diversity of 

recipient KD mice receiving FMT from donor WT mice (WT⟶KD). Unweighted 

UniFrac based PCoA showed differences between fecal samples collected from recipient 

MφRIP140KD mice before FMT (i.e. native MφRIP140KD mice) and four weeks after 

FMT (WT⟶KD) (PERMANOVA, p = 0.04), but did not show significant differences 

between fecal samples of WT⟶KD mice four weeks after FMT and native WT mice 

(PERMANOVA, p = 0.19). Moreover, fecal samples of recipient MφRIP140KD mice 

after FMT (WT⟶KD) differed in terms of overall diversity when comparing to fecal 

samples of native MφRIP140KD mice (PERMANOVA, p = p 0.048), but did not differ 

when comparing to fecal samples of native WT mice (PERMANOVA, p = 0.192) (Fig. 5-

2B, left panel). We also examined changes in diversity of recipient WT mice receiving 

FMT from donor MφRIP140KD mice (KD⟶WT). Unweighted UniFrac PCoA showed 

differences between fecal samples of recipient WT mice before FMT (i.e. native WT 

mice) and four weeks after FMT (KD⟶WT) (PERMANOVA, p = 0.02), but did not 

show significant differences between fecal samples of KD⟶WT mice and native 

MφRIP140KD mice (PERMANOVA, p = 0.06). Moreover, fecal samples of recipient 

WT mice after FMT (KD⟶WT) differed in terms of diversity when comparing to fecal 

samples of native WT mice (PERMANOVA, p = p 0.043), but did not differ when 
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comparing to fecal samples of native MφRIP140KD mice (PERMANOVA, p = 0.071) 

(Fig. 5-2B, right panel). 

 

Using the KD microbiome index described above, we found that WT⟶KD mice 

acquired a WT fecal microbiota signature; KD⟶WT mice acquired a KD fecal 

microbiota signature. The KD index differed between native MφRIP140KD mice (i.e. 

fecal sample collected before FMT) and WT⟶KD mice post FMT (MWU test, p = 0.012) 

but the KD index did not differ between native WT mice and WT⟶KD mice post FMT 

(MWU test, p = 0.28) (Fig. 5-2C, left panel). Following the same trend, the KD index 

differed between native WT mice (i.e. fecal sample collected before FMT) and KD⟶WT 

mice post FMT (MWU test, p = 0.0018) but the KD index did not differ between native 

KD mice and KD⟶WT mice post FMT (MWU test, p = 0.28) (Fig. 5-2C, right panel).  

 

To further explore this trend, we performed Bayesian source tracking on each of 

the post FMT fecal samples. This allows us to estimate the contribution of bacteria from 

the native WT mice, native MφRIP140KD mice or from ‘unknown’ sources (one or more 

sources absent from the training data) in the post FMT samples. We found that the fecal 

samples of WT⟶KD mice were dominated by bacteria, predicted genes or CAZY GH of 

native WT mice (Fig. 5-2D, left panel); on the other hand, fecal samples of KD⟶WT 

mice were dominated by bacteria, predicted genes or CAZY GH of native MφRIP140KD 

mice (Fig. 5-2D, right panel).  
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Based on these findings, we conclude that WT⟶KD mice post FMT acquired the 

microbiota signature of the WT genotype and KD⟶WT mice acquired that of the KD 

genotype.  

 

Healthy gut microbiota ameliorate diet-induced metabolic syndrome. 

To determine if gut microbiota from MφRIP140KD mice could benefit recipient 

mice under HFD, we performed a series of metabolic tests on post-FMT mice. 

MφRIP140KD typically have elevated anti-inflammatory activities in their adipose 

tissues [121, 159]. We therefore first examined if adipose innate immunity was affected 

by FMT. It appeared that mice receiving FMT from MφRIP140KD mice (KD⟶WT) 

indeed have reduced M1 inflammatory marker (Tnfα) and elevated level of M2 anti-

inflammatory marker (Arg1) in white adipose tissue (Fig. 5-3A). Furthermore, these mice 

express stronger beige (Cd137) and brown (Ucp1) fat markers (Fig. 5-3B). Mice 

receiving FMT from KD mice (KD⟶WT or KD⟶KD) were resistant to HFD-induced 

weight gain and insulin resistance compared to mice receiving FMT from WT mice 

(WT⟶WT or WT⟶KD) (Fig. 5-3C, Fig. S5-2). KD⟶WT mice show a higher rate of 

energy expenditure (O2 consumption) in both the light and dark phases (Fig. 5-3D). 

Taken together, our data show that FMT could transfer not only the “good” gut 

microbiota, but also the HFD-resistant, protective phenotype of the donor, MφRIP140KD. 

 

To gain insights into the possible mechanism, we examined the innate immune 

potential and tissue integrity of the gastrointestinal (GI) tract, because gut microbiota 
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make direct contact with GI tract, affecting the microenvironment. We first monitored 

intestinal permeability (Fig. 5-4A) and found that both KD⟶WT and KD⟶KD mice 

have decreased intestinal permeability, indicating that they are less susceptible to low-

grade inflammation that could contribute to the development of metabolic syndrome 

[160]. These mice also exhibit fewer pathological features in the colon, with apparently 

decreased hyperplasia (Fig. 5-4B). In terms of local (intestinal) innate immunity as 

monitored by M1 vs. M2 ratio (Fig. 5-4C), these mice have elevated M2 and lowered M1 

markers and a reduced M1/M2 ratio indicative of improved anti-inflammation in the GI 

tract. 

 

Discussion 

Our study is the first to identify microbiota-associated biomarkers that correlate 

with protection against diet-induced metabolic syndrome. The study also uncovers a 

specific taxonomic repertoire in mice with an elevated anti-inflammatory potential under 

HFD feeding, and validates the efficacy of FMT to transfer protection against HFD-

induced metabolic diseases. The study also elucidates the mechanism involving 

augmentation in GI innate immune status and its tissue integrity. 

 

Several taxa associated with MφRIP140KD mice were previously found 

protective against insulin resistance or dyslipidemia. Thus our findings of specific 

intestinal microbiota enriched in MφRIP140KD mice are consistent with a proposed role 

in glucose homeostasis for these commensal bacteria. In the present study, we found the 
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specific taxonomic repertoire consists of 6 genera of bacteria enriched in MφRIP140KD 

mice, which are correlated with resistance to diet-induced metabolic syndrome: 

Odoribacter, Coprococcus, Lautropia, Luteimonas, Candidatus Arthromitus and 

Pseudomonadaceae. Odoribacter splanchnicus was previously reported to be associated 

with a healthy fasting serum lipid profile, defined as a positive correlation with HDL 

cholesterol and a negative correlation with total- or LDL cholesterol. Importantly, 

Odoribacter splanchnicus was also positively correlated with HbA1c [161]. Another 

study reported that eradicating Candidatus arthromitus in the mouse gut microbiota 

resulted in metabolic changes that led to obesity [162]. A study also showed that non-

caloric artificial sweeteners drove the development of glucose intolerance through 

induction of compositional and functional alterations to the intestinal microbiota 

including a decrease in Candidatus arthromitus [163]. Moreover, a study in humans 

reported a substantial reduction in abundance of Coprococcus in obese and nonalcoholic 

steatohepatitis (NASH) subjects as compared to healthy subjects [164]. Furthermore, 

Pseudomonadaceae was found increased in zebrafish larvae following probiotic 

supplementation that resulted in a down-regulation of the expression of genes that 

decrease glucose levels in the blood [165]. Thus the presence of some taxa could be 

helpful in assessing risk of developing diet-induced metabolic syndrome. 

 

In addition, we found suggestive evidence that microbiota-associated functional 

modules are significantly different between WT and MφRIP140KD mice using PICRUSt. 

Importantly, several of the KEGG modules differentiating WT and MφRIP140KD mice 
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are implicated in lipid and glucose metabolism. Nicotinamide, found depleted in 

MφRIP140KD, was previously reported to be involved in the development of type 2 

diabetes, through an increase in reactive oxygen species, subsequent oxidative stress and 

insulin resistance [166]. Purine, found depleted in MφRIP140KD mice, could modulate 

insulin sensitivity and was associated with the development of diabetic microvascular 

complication [167]. D-Glutamine and D-glutamate metabolism, found depleted in 

MφRIP140KD mice, was found strongly associated with insulin resistance in a previous 

study in humans [168]. Other investigations have highlighted associations of branched-

chain amino acids (i.e., isoleucine, leucine, and valine) with obesity, impaired glucose 

tolerance, and insulin resistance, which is consistent with our findings that isoleucine, 

leucine, and valine degradation pathways are enriched in MφRIP140KD mice [169-171]. 

Valine, of which degradation module was found increased in MφRIP140KD mice, was 

associated with insulin resistance [172]. Cysteine and methionine metabolism, found 

decreased in MφRIP140KD mice, were also previously associated with obesity and 

insulin resistance. In mice, cysteine intake decreases glucose tolerance, with up-

regulation of lipogenic and diabetogenic enzymes that induce fat gain [173]. In humans, 

increased plasma total cysteine was associated with obesity and insulin resistance [174, 

175]. A study in rats showed that long-term exposure to atrazine caused obesity in those 

fed a HFD, leading to diabetes. This is also consistent with our findings that styrene and 

atrazine degradation are enriched in MφRIP140KD mice [176]. Furthermore, amino 

sugar and nucleotide sugar metabolism, found decreased in MφRIP140KD mice, was 

reported to have a direct linkage with diabetes and metabolic syndrome [177].  
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We also found that several glycoside hydrolase families are correlated with 

MφRIP140KD mice and protection against diet-induced metabolic syndrome. GH18, 

found decreased in MφRIP140KD mice was reported to be a biomarker for endothelial 

dysfunction, atherosclerosis, insulin resistance, and Type 2 Diabetes Mellitus [178, 179]. 

Thus the presence of some microbiota-associated glycoside hydrolase families could also 

assess risk in developing diet-induced metabolic syndrome. 

 

We also demonstrated here that FMT can be performed reciprocally and 

effectively. WT mice receiving FMT from MφRIP140KD mice acquired the 

MφRIP140KD phenotype, and MφRIP140KD mice receiving FMT from WT mice 

acquired the WT phenotype. Using Bayesian source tracking [180], we showed that the 

taxonomy and functional modules associated with MφRIP140KD were transferred to WT 

mice, suggesting that commensal bacteria and microbiota-associated modules correlated 

with resistance to diet-induced metabolic syndrome are substantially transferred to the 

diseased animals and augment disease outcome. Mechanistically, we found that FMT 

effectively transferred the protective innate immune phenotype (enhanced M2, anti-

inflammatory potential) of the donor animals to the recipients under HFD, which also is 

associated with the improved GI tissue integrity in the recipients (Fig. 4C). These results 

provide a proof-of-concept that innate immunity affects gut microbiota, and vise versa, 

and that the protection can be effectively transferred by FMT. How microbiota affects 

host innate immunity, either systemically or locally, remains to be examined. 
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A small, randomized, double-blind controlled study showed that FMT, using stool 

from lean donors, significantly improves insulin sensitivity in obese male individuals, 

with butyrate-producing intestinal bacteria increasing in intestinal samples [139]. Our 

results validate the therapeutic efficacy of FMT from animals resistant to diet-induced 

metabolic syndrome, particularly those with improved innate immunity.   
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Figures 
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Fig. 5-1 Macrophage RIP140 level alters the composition and functional repertoire of 

intestinal microbiota 

(A) Beta diversity comparisons of the gut microbiomes of the fecal samples collected 

from WT and MφRIP140KD mice receiving High Fat Diet. Analyses were 

performed on 16S rRNA V4 regions data with a rarefaction depth of 66677 reads per 

sample. Principal coordinates analysis of Unweighted UniFrac distances. Proportion 

of variance explained by each principal coordinate axis is denoted in the 

corresponding axis label. The plot shows a separation between samples from WT and 

MφRIP140KD mice receiving High Fat Diet (PERMANOVA, p = 0.04). 

(B) Summary of the taxa that differentiate WT from MφRIP140KD mice receiving HFD 

using Linear discriminant analysis Effect Size analysis (LEfSe). 

(C) Left: KD microbiome index corresponding to the sum of number of genera among the 

differentiating taxa. Data were presented with Mann–Whitney U test: p-value = 

0.007. Right: KD microbiome index corresponding to the total relative abundance of 

the differentiating taxa. Data were presented with Mann–Whitney U test: p-value = 

0.002. 

(D) ROC curve analysis for KD microbiome index. 

(E) Beta-diversity plots from Bray-Curtis distance matrices for genome analysis. 

(F) CAZY GH assignments for glycoside hydrolase families analysis. 
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Fig. 5-2 FMT transfers gut microbiota from donor to recipient.  

(A) A scheme showing FMT experiment. 

(B) Left: Unweighted UniFrac based PCoA from MφRIP140KD mice receiving FMT 

from WT (WT⟶KD) mice. Right: Unweighted UniFrac based PCoA from WT mice 

receiving FMT from MφRIP140KD (KD⟶WT) mice.  

(C) Left panel: KD microbiome index in MφRIP140KD mice receiving FMT from WT 

(WT⟶KD) mice. Right panel: KD microbiome index in WT mice receiving FMT 

from MφRIP140KD (KD⟶WT) mice. 

(D) Representative pie chart of Bayesian source-tracking analysis of taxonomy, predicted 

metagenome and predicted GH of WT⟶KD mice post FMT 4 weeks (left panel) 

and KD⟶WT mice post FMT 4 weeks (right panel). Source contributions were 

averaged across samples within the population.  

WT⟶WT: WT receiving WT, KD⟶WT: WT receiving KD, WT⟶KD: KD 

receiving WT and KD⟶KD: KD receiving KD. 

 

 

 

 

 

 

 

 



 

 129 

 

 

 



 

 130 

Fig. 5-3 Receiving FMT from MφRIP140KD mice ameliorates diet-induced diabetic 

traits.  

(A) qPCR of Tnfa (M1) and Arg1 (M2) in visceral white adipose tissues. Student test 

(n=3) was used and presented as mean±SD, *P < 0.05.  

(B) qPCR of Ucp1 (brown fat) and Cd137 (beige fat) in visceral white adipose tissues. 

Student test (n=3) was used and presented as mean±SD, *P < 0.05; **P < 0.01. 

(C) GTT (left) and ITT (right) determined after 14 weeks of HFD feeding Student test 

(n=3) was used and presented as mean±SD, *P < 0.05, **P < 0.01 (WT⟶WT vs. 

KD⟶WT); †P < 0.05 (WT⟶KD vs. KD⟶KD). 

(D) Energy expenditure of FMT mice. O2 consumption was measured in the dark and 

light phases and presented as vO2 (ml/kg/hr) (n=3 in each group). Student test was 

used and presented as mean±SEM. *P < 0.05; **P < 0.01; ***P < 0.001 (WT⟶WT 

vs. KD⟶WT), †P < 0.05; ††P < 0.01; †††P < 0.001 (WT⟶KD vs. KD⟶KD). 
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Fig. 5-4 Receiving FMT from MφRIP140KD mice improves colon health. 

(A) Serum levels of FITC-dextran in FMT mice. Student test was used and presented as 

mean±SD. *P < 0.05; **P < 0.01 for comparison of WT⟶WT mice with KD⟶WT 

mice. †P < 0.05 for comparison of WT⟶WT mice with KD⟶WT mice. (n=3 in 

each group). 

(B) Representative H&E staining of colon sections.  

(C) FACS analysis of gut macrophage population in colon. Student test was used and 

presented as mean±SD. *P < 0.05; **P < 0.01. (n=3 in each group). 
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Fig. S5-1 Taxonomic profile of the gut microbiome  

(A) Taxonomic profile of the gut microbiome of the fecal samples collected from WT 

and MφRIP140KD mice receiving ND and HFD. Relative taxa abundance plots 

summarized at family level. Mice are represented along the horizontal axis, and relative 

taxa frequency is denoted by the vertical axis. (N=9 in each group). 

(B) Taxonomic profile of the gut microbiome of the fecal samples collected from WT and 

MφRIP140KD mice receiving HFD. Relative taxa abundance plots summarized at family 

level. Mice are represented along the horizontal axis, and relative taxa frequency is 

denoted by the vertical axis. (N=6 in each group). 

(C) Beta diversity comparisons of the gut microbiomes of the fecal samples collected 

from wildtype and knockdown mice receiving High Fat Diet. Analyses were performed 

on 16S rRNA V4 regions data with a rarefaction depth of 66677 reads per sample. 

Principal coordinates analysis of Unweighted UniFrac distances with principal 

coordinates 1 and 2. Proportion of variance explained by each principal coordinate axis is 

denoted in the corresponding axis label. This plot showed a separation between samples 

from WT and MφRIP140KD mice receiving High Fat Diet (PERMANOVA, p = 0.04). 

(D) Relative abundance of the taxa that differentiate WT and MφRIP140KD mice 

receiving HFD using Linear discriminant analysis Effect Size analysis (LEfSe). 
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Table S5-1 Gut microbiome metagenome prediction 

Gut microbiome metagenome prediction. Black color represents genes increased in WT 

mice. Red color represents genes increased in MφRIP140KD mice.  

 

Fig. S5-2 Body weight of mice  

Body weight of mice after HFD before sacrifice. Student test was used and presented as 

mean±SD. *P < 0.05, n=3 in each group. 

 



 

 135 

Summary and future direction 

RIP140 plays a critical role in regulating metabolism in metabolic tissues and 

inflammatory responses in macrophages[36, 53]. RIP140 PTMs and subcellular 

localization are associated with its functions and activities[36, 42]. The doctoral studies 

examined the functional role of RIP140, linking innate immunity and metabolic diseases. 

In collaboration with colleagues, these studies investigated how RIP140 regulates 

macrophage phenotype polarization and formed a major hypothesis that reducing RIP140 

in macrophage ameliorates inflammation and metabolic diseases. Several animal disease 

models were applied to validate the hypothesis.  

 

The first model examined was atherosclerosis. In this study, it was identified that 

cholesterol loading stimulates RIP140's PTMs that enhance RIP140’s repressive activity. 

In addition, this study demonstrated that RIP140 represses the expression of ABC 

transporters ABCA1 and ABCG1 via its co-repressive activity on LXR, resulting in 

cholesterol accumulation in macrophages and formation of foam cells, which is the 

initiation step of atherosclerosis pathology progression[66]. This study showed that 

reducing RIP140 levels by crossing MφRIP140KD mice with ApoE null mice effectively 

ameliorates high-cholesterol diet-induced atherosclerosis, because of reduced foam cell 

formation, inflammation, and macrophage accumulation in plaques.  This study provides 

a proof-of-concept for RIP140 as a risk biomarker and a therapeutic target for 

atherosclerosis. 
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In collaboration with Dr. Pu-Ste Liu, the second model applied was HFD-induced 

T2DM and associated metabolic disorders. It has been showed by numerous studies that 

adipose tissue browning ameliorates diet-induced metabolic disorders, such as insulin 

resistance and glucose intolerance[98, 181-187]. This study demonstrated that the 

phenotype of the macrophage is associated with an adipose tissue phenotype. To be more 

specific, this study found that reducing RIP140 in ATM, by either transgenic or bone 

marrow transplantation, facilitates ATM M2 polarization (increasing anti-inflammation) 

and represses ATM M1 polarization (decreasing pro-inflammation), resulting in white 

adipose tissue remodeling into beige/brown adipose tissue. This study suggests that 

RIP140 is involved in regulating macrophage homeostasis and adipose tissue phenotype. 

Furthermore, reducing RIP140 expression in monocytes/macrophages can be a new 

therapeutic strategy in treating HFD-induced and inflammation-related diseases.  

 

In collaboration with Dr. Bomi Lee, the third animal model used was a wound-

healing model. Macrophages are critical in repair of damaged tissue[107]. Macrophage 

phenotypes are heterogeneous and switch dynamically during wound-healing 

progression[107]. This study first identified that RIP140 is critical for M1-ET 

establishment by TLR ligand-induced RIP140 degradation. Then we further showed that 

RIP140 would be transported into the cytoplasm to negatively regulate macrophage M2 

activation. This repressive effect is from complex formation of RIP140 with CAPNS1 to 

activate calpain 1/2. This activates PTP1B phosphatase[125, 126]. The activated PTP1B 

then reduces STAT6 phosphorylation, thereby suppressing the efficiency of M2 
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polarization. This study suggests that RIP140 is not only a M1 enhancer by its nuclear 

activity, but also a M2 suppressor by its cytosolic activity.  

 

Finally, in collaboration with Dr. Emmanuel Montassier, the latest study found a 

beneficial taxonomic repertoire in MφRIP140KD mice. Using FMT from MφRIP140KD 

to WT mice, this study demonstrated that FMT effectively transferred the taxonomic 

repertoire to from donors to recipients. This study indicates that FMT can be performed 

reciprocally and effectively. The results we found show recipient WT animals acquired 

the anti-inflammatory status of MφRIP140KD donor animals and avoid HFD-induced 

insulin resistance. This provides a therapeutic strategy and validates the efficacy of FMT 

from animals with less inflammation in resisting diet-induced metabolic syndrome.  

 

Taken together, RIP140 not only regulates cholesterol transport involved in 

atherosclerosis progression, but also modulates macrophage polarization involved in 

inflammatory responses that are related to metabolic diseases and wound healing. RIP140 

modulates macrophage polarization through two major pathways. The first, RIP140 

enhances M1 macrophage polarization through acting as a co-activator of NFκB in the 

nucleus. The second, RIP140 represses M2 macrophage polarization through regulating 

calpain/PTP1B signaling pathway in the cytoplasm to deactivate STAT6.  
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Based on my studies, the evidence supports the hypothesis that reducing RIP140 

in macrophage ameliorates inflammation and metabolic diseases. The studies provided 

within this thesis provide convincing evidence that RIP140 is a potential therapeutic 

target for curing metabolic diseases including atherosclerosis and T2DM. However, a 

specific reagent that targets RIP140 directly still awaits development. Small molecules 

that target and reduce RIP140 levels may be a valuable area of discovery. Moreover, it 

may be interesting to examine the role of RIP140 in other immune and metabolic 

complications.   
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