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Abstract

The nuclear receptors for heme, REV-ERBα and REV-ERBβ, play important roles in the 

regulation of metabolism and inflammation. Recently it was demonstrated that reduced REV-

ERBα expression in hematopoetic cells in LDL receptor null mice led to increased atherosclerosis. 

We sought to determine if synthetic REV-ERB agonists that we have developed might have the 

ability to suppress atherosclerosis in this model. A previously characterized synthetic REV-ERB 

agonist, SR9009, was used to determine if activation of REV-ERB activity would affect 

atherosclerosis in LDL receptor deficient mice. Atherosclerotic plaque size was significantly 

reduced (p < 0.05) in mice administered SR9009 (100 mg/kg) for seven weeks compared to 

control mice (n = 10 per group). SR9009 treatment of bone marrow-derived mouse macrophages 

(BMDM) reduced the polarization of BMDMs to proinflammatory M1 macrophage while 

increasing the polarization of BMDMs to anti-inflammatory M2 macrophages. Our results suggest 

that pharmacological targeting of REV-ERBs may be a viable therapeutic option for treatment of 

atherosclerosis.
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1. Introduction

Formation of atherosclerotic plaque is an intricate process involving lipid deposition, 

macrophage recruitment, smooth muscle cell proliferation and vascular wall remodeling. 

Both hyperlipidemia and inflammation are shown to have causal roles in the development of 

atherosclerosis [1–3]. Macrophages play key roles in various stages of plaque development 

by influencing the interplay between lipid metabolism and the inflammatory responses [3,4]. 
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Macrophages can be broadly classified into pro-inflammatory (M1) or anti-inflammatory 

(M2) subtypes [5,6]. Macrophages are known for their plasticity and polarization into 

various subtypes, which depends on the cytokine signals they receive and the tissue 

environment they occupy [7]. M1 macrophages promote a pro-inflammatory immune 

response and cytotoxicity and are characterized by the expression of high levels of 

interleukins IL-18, IL-6, iNos and TNF alpha. These macrophages also display increased 

expression of chemokines, including MIP-18, MIP-18, MCP-1, and MIF, and cell surface 

markers such as CD80 and CD86 [7]. On the other hand, M2 macrophages play regulatory 

roles in tissue repair and remodeling and express mannose receptor and proteins such Arg1, 

Ym1, Ym2 [8]. Macrophages within atherosclerotic plaques are heterogeneous and the 

balance between these macrophage populations is crucial in the progression of 

atherosclerosis [4,9].

REV-ERBs (REV-ERBα and REV-ERBβ [NR1D1 and NR1D2]) are members of the nuclear 

receptor (NR) superfamily and play important roles in the regulation of metabolism and 

inflammation [10–12]. REV-ERBs have been shown to regulate the expression of 

inflammatory cytokines interleukin-6 and Ccl2 [13,14]. REV-ERBs are widely expressed 

and it has been demonstrated that REVERBα is expressed in macrophages found in human 

atherosclerotic lesions [15]. This study also revealed that suppression of REV-ERBα 

expression in hematopoetic cells in LDL receptor-deficient mice resulted in increased 

atherosclerotic lesions in these mice without affecting plasma lipid levels. Additional 

knockdown and over-expression experiments in macrophages indicated that REV-ERB 

affects macrophage differentiation into M1/M2 states. These findings suggest that REV-

ERBα has anti-atherogenic function and may represent a novel target for prevention and 

treatment of atherosclerosis. While this study employed genetic manipulation to identify 

important roles for REV-ERBα and possible underlying mechanisms in the pathogenesis of 

atherosclerosis, further studies are needed to assess the roles of these NRs in atherosclerosis. 

Like most nuclear receptors, the REV-ERBs are ligand-dependent transcription factors and 

we have made considerable progress identifying both endogenous and synthetic ligands 

specific for these NRs [16]. The identification of heme as a physiological ligand for REV-

ERB suggested that synthetic ligands could be designed to modulate the activity of these 

receptors [17]. Since heme is not an ideal compound to investigate REV-ERB function due 

to its rapid metabolism and lack of specificity, other small molecule ligands with high 

specificity and efficacy have been developed and characterized. REV-ERB is a ligand-

regulated repressor of transcription and an agonist increases the transcriptional repressive 

activity of REV-ERB [18]. Use of REV-ERB-specific synthetic ligands that activate the 

receptor, in an atherosclerosis model would be beneficial in determining whether 

pharmacological modulation of these receptors holds potential utility in the treatment or 

prevention of atherosclerosis. In this study, we examined the utility of pharmacological 

modulation of REV-ERB activity on atherosclerosis and in altering macrophage phenotype.
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2. Materials and methods

2.1. Animals and treatment

All procedures were approved and conducted in accordance to the Scripps Florida 

Institutional Animal Care and Use Committee and Saint Louis University Institutional 

Animal Care and Use Committee. Twenty homozygous LDL receptor deficient (ldlr−/−) 

male mice were obtained from Jackson Laboratory (Bar Harbor, ME) at the age of 7 weeks 

and were housed individually in 12 h light/dark cycles. The mice were allowed to acclimate 

for a week and were maintained on standard chow diet. During the experiment the mice 

were fed Western diet containing 1.25% (w/w) cholesterol and 42% calories from fat (w/w) 

(Research diets, NJ). The REV-ERB agonist SR9009 was formulated in 15% cremophor. 

100 mg/kg SR9009 or vehicle was administered once a day intraperitoneally for seven 

weeks. Body weight and food intake was monitored daily.

2.2. Atherosclerotic lesion analysis

At the end of seven weeks, mice from both groups were sacrificed and the left ventricle was 

perfused with PBS. The aorta sections from aortic root to iliac artery were collected and 

fixed in 4% paraformaldehyde overnight and washed with PBS the next day. To carry out en 
face analysis of aorta, the connective tissues were removed and aorta was cut open 

longitudinally under dissecting microscope. Plaques in aorta sections were visualized by 

staining with Oil Red O (Sigma) and subsequent washing with 80% isopropanol (Fischer). 

Aortas were imaged with Leica S4E microscope and plaque area was quantified as 

percentage of total aortic surface area.

2.3. Plasma lipid and liver enzyme analysis

Mice were euthanized after 4–5 h fasting and blood was collected via cardiac puncture. 

Concentration of plasma total cholesterol, HDL cholesterol, LDL cholesterol, triglyceride, 

glucose and liver enzymes were assessed using COBAS clinical chemisrty analyzer (Roche).

2.4. Isolation and culture of bone marrow-derived macrophages (BMDM)

Eight to twelve week old C57BL/6 mice were euthanized according to the animal protocol 

approved by Scripps Research Institute and Saint Louis University. Tibia and femur were 

flushed with PBS and mononuclear phagocyte progenitor cells from bone marrow were 

collected and differentiated in Dulbecco’s minimum essential medium (DMEM, Life 

Technologies Inc., MD) supplemented with L929 cell-conditioned medium. Culture media 

was added on day 3 and day 6 and cells were collected and plated at the density of 4 × 

105/ml in twelve-well culture plates on day 7. Cells were treated with 100 ng/ml IFNg 

(Millipore) and 10 ng/ml LPS(Millipore) for M1 polarization. M2 differentiation was 

induced by incubating macrophages with 15 ng/ml IL-4 (Millipore).

2.5. Cell viability assay

The Nuclear-ID® Blue/Red cell viability reagent (Enzo life sciences) was used to determine 

the cell viability of BMDM during polarization and drug treatment. The live and dead cell 

populations were examined using fluorescent microscope. Additionally, Cell-Titer 96® 
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Aqueous One Solution Reagent (Promega) was used according to the manufacturer’s 

directions to determine viability and metabolic activity of cells via absorbance reading in 

plate reader.

2.6. Quantitative real-time PCR

Total RNA was isolated from BMDM using PureLink RNA mini kit (Ambion). RNA was 

reverse-transcribed to make cDNA using qScript™ cDNA Synthesis Kit (Quanta 

biosciences) according to the manufacturer’s instructions. Real-time PCR was performed 

using an SYBR-green PCR master mix kit (Roche). Primers purchased from Integrated DNA 

Technologies.

Relative mRNA levels were calculated using the 2−ΔΔCt method and normalized against 

m36B4. Each experiment was performed three times.

Primer sequences

mIL1R11 Forward – ACAGTGGGATTGTGGTTGTC

mIL1R1 Reverse – TTCCACTGTGGGGTATCAGT

m iNOS Forward – CACCTTGGAGTTCACCCAGT

m iNOS Reverse – ACCACTCGTACTTGGGATGC

mMR Forward – ATGCCAAGTGGGAAAATCTG

mMR Reverse – TGTAGCAGTGGCCTGCATAG

mCD86 Forward – TACGAGCACTATTTGGGCAC

mCD86 Reverse – GAGCCCATGTCCTTGATCTG

mCD80 Forward – AGAGGACTTCACCTGGGAAA

mCD80 Reverse – TATTACTGCGCCGAATCCTG

mMCP-1 Forward – ATCCCAATGAGTAGGCTGGA

mMCP-1 Reverse – CCATTCCTTCTTGGGGTCAG

mMIP1a Forward – CATGAAGGTCTCCACCACTG

mMIP1a Reverse – GTCAACGATGAATTGGCGTG

mMIP1b Forward – CCACTTCCTGCTGTTTCTCTT

mMIP1b Reverse – TCTGTCTGCCTCTTTTGGTC

mMIF Forward – GCTCCACGTAGTGTTCTGTG

mMIF Reverse – ACCATTTATTTCTCCCGGCT

mTNFa Forward – TCAGCCGATTTGCTATCTCAT

mTNFa Reverse – TGGAAGACTCCTCCCAGGTAT

mIL-1b Forward – TGACGGACCCCAAAAGATGA

mIL-1b Reverse – TCTCCACAGCCACAATGAGT

mIL-6 Forward – CTGCAAGAGACTTCCATCCAG

mIL-6 REVERSE – AGTGGTATAGACAGGTCTGTTGG

mYm1 Forward – AGAAGCAATCCTGAAGACACCA

mYm1 REVERSE – CTATTGGCCTGTCCTTAGCCC

mYm2 Forward – AGCCCTCCTAAGGACAAACAT

mYm2 Reverse – TTGGAATGTGGTTCAAAGTGGA
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Primer sequences

mBmal1 Forward – CTCCAGGAGGCAAGAAGATTC

mBmal1 Reverse – ATAGTCCAGTGGAAGGAATG

m36B4 Forward – ACCTCCTTCTTCCAGGCTT

m36B4 Reverse – CCCACCTTGTCTCCAGTCTTT

2.7. Statistical analysis

Data are expressed as mean ± SEM. A student’s two-tailed t-test was used to calculate 

statistical significance. P < 0.05 was considered significant.

3. Results

3.1. Reduced atherosclerotic lesions in LDL receptor deficient mice treated with a REV-
ERB agonist

Given the results from a recent study demonstrating that genetic REV-ERB deficiency in 

macrophages exacerbates atherosclerosis [15], the effect of pharmacologic activation of 

REV-ERB activity on atherosclerosis was examined in LDL receptor deficient mice. These 

mice were fed a western diet throughout the experiment and were treated with the REV-ERB 

agonist, SR9009 (100 mg/kg, q.d.), or vehicle for seven weeks. We previously identified 

SR9009 as a REV-ERB agonist with in vivo activity [18]. The expression of the REV-ERB 

target gene, Bmal1, was suppressed indicating effectiveness of the treatment (Fig. 1A). 

Plaque formation was assessed in the aorta at the end of the experiment using oil red o 

staining. As shown in Fig. 1B, SR9009 significantly lowered atherosclerotic plaque by 23% 

compared to vehicle-treated group. The treatment did not affect food intake or body weight 

in these mice (Fig. 1C). Elevated liver enzymes and protein in plasma are indicative of liver 

damage and were used in the study as parameters to assess any adverse effects of the 

treatment regimen on these mice [19]. The levels of liver transaminases, total albumin and 

protein in plasma were within the normal range in both groups demonstrating that the drug 

was well tolerated by the mice (Fig. 1D). We also assessed plasma lipids in these mice. 

Lipids were highly elevated in LDLR null mice on western diet. However, no significant 

changes were observed in total plasma cholesterol, HDL, LDL or triglycerides between the 

vehicle and SR9009-treated groups (Fig. 1E). Thus, our data indicating that gain of function 

(REV-ERB agonists treatment in LDLR null mice) decreases atherosclerotic plaque burden 

is consistent with that of Ma et al. [15] demonstrating that loss of function (hematopoetic 

REV-ERB knock down in LDLR null mice) increases atherosclerotic plaque burden. In both 

cases, no effect on plasma lipids was noted.

3.2. REV-ERB agonist impairs the appearance of pro-inflammatory M1 phenotype and 
enhances anti-inflammatory M2 phenotype

Macrophages are important components of atherosclerotic lesions. They play a key role in 

formation of plaque, inflammation and progression of atherosclerosis. Given the important 

role of macrophages during atherosclerosis as well as previous findings demonstrating the 

presence of REV-ERB in macrophages in atherosclerotic plaques [5,15] and our observation 
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that SR9009-treatment reduced plaque size without alteration in plasma lipid levels, we 

sought to evaluate the effect of pharmacological REV-ERB activation on macrophages.

First we examined the effect of M1 or M2 polarizing signals and SR9009 treatment on cell 

viability. Bone marrow cells were isolated from mice and differentiated in L929 cell-

conditioned medium for seven days. On day 7 these mouse bone marrow – derived 

macrophages (BMDMs) were plated and assays were carried out to determine metabolic 

activity and cell viability when treated with SR9009 and polarizing cytokines. The metabolic 

activity of BMDMs was increased in the presence of polarizing cytokines and SR9009 

suggesting no adverse effect of treatment on the cells (Fig. 2A). The number of dead cells 

was not altered in the treatment group compared to non-treatment group demonstrating that 

cell viability was not affected by cytokines or SR9009 treatment (Fig. 2B).

Polarization of macrophages into two subtypes, M1 and M2, are known to be associated 

with atherogenicity and the inflammatory state [5]. Using bone marrow - derived mouse 

macrophages (BMDM) we next investigated the role of REV-ERB during macrophage 

polarization into M1 or M2 subtypes. BMDMs were stimulated with IFNγ and LPS to 

induce M1 polarization and were co-treated with SR9009 for 24 h. Our data revealed that 

mRNA expression of markers of M1 macrophages such as iNos, Tnfa, CD80, CD86, 

inflammatory cytokines Il-6, Il-1b and chemokines Mif, Mip1a, Mip1b, Mcp-1 were 

significantly reduced in SR9009 treated BMDM cells (Fig. 3). These results indicate that 

REV-ERB impairs classical activation of macrophages. Many of these markers were also 

reduced when cells were treated with SR9009 alone without stimulation (Fig. 3 insets). 

These results suggest that the agonist alone, in the absence of LPS and IFNγ, suppresses the 

ability of macrophages to become M1 macrophages. These data also suggest that REV-ERB 

activation leads to stimulation of pathways that suppress macrophage M1 polarization and 

are consistent with studies indicating that the endogenous REV-ERB agonist, heme, behaves 

in a similar manner with regard to suppressing M1 macrophage polarization [15].

M2 macrophages are a more heterogeneous population [5]. Previously, it was demonstrated 

that knock-down of REV-ERBα led to decreased M2 polarization whereas overexpression of 

REV-ERBα resulted in increased M2 polarization [15]. To explore the effects of REV-ERB 

agonist (SR9009) treatment on M2 macrophage activation we stimulated BMDM with IL-4. 

Seven-day differentiated BMDMs were treated with DMSO, SR9009, IL-4 alone or with 

IL-4 in the presence of DMSO or SR9009 for 24 h. Our results show that a range of M2 

macrophage markers such as Ym1, Ym2 and Mr increase with cotreatment with SR9009 

(Fig. 4). One marker that we examined, Arg1, was unaffected by SR9009 cotreatment (data 

not shown). In summary, our data indicate that activation of REV-ERB by SR9009 results in 

reduced proinflammatory M1 macrophage polarization and increased anti-inflammatory M2 

polarization.

4. Discussion

REV-ERBs have been demonstrated to play important roles in regulation of metabolism and 

immune function [11,18,20–22]. We were particularly intrigued by a recent study 

demonstrating that hematopoetic knock down of REV-ERBα increases atherosclerosis in 
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LDLR null mice providing clear evidence that REV-ERB plays a role in atherosclerosis [15]. 

In this study, plaque burden increased and was attributed to an increase in proinflammatory 

M1 macrophages and a decrease in anti-inflammatory M2 macrophages [15]. Given our 

development of synthetic REV-ERB agonists [16,18], we were particularly interested in 

examining whether pharmacological activation of REV-ERB could inhibit or delay the 

development of atherosclerosis.

The focus of the current study was to use a previously characterized synthetic REV-ERB 

agonist, SR9009, in an identical mouse model of atherosclerosis as previously described. 

Our results demonstrate that pharmacological gain of function of REV-ERB results in 

reduced atherosclerosis, which is consistent with the genetic loss of function experiments 

indicating that hematopoetic knock-down of REV-ERB results in increased atherosclerosis 

[15]. In both of these cases, no alterations in plasma lipid levels were observed. However, we 

were surprised by these results since in our previous studies, significant effects on lipid 

levels were seen when mice were treated with SR9009 twice a day [18]. Thus, lack of 

change in plasma lipid levels in our present study could be due to once a day dosing with our 

compound vs. twice a day. However, given this recent study with REV-ERBα knock down, 

we believe that it was very important to determine if pharmacological activation of REV-

ERB would have an anti-atherogenic effect as predicted, and indeed it does. Our results 

examining alterations in macrophage polarization using pharmacological activation of REV-

ERB are also consistent with genetic gain- and loss-of-function studies by Ma et al. [15]. 

Regardless, we suspect that pharmacological modulation of REV-ERB activity may lead to a 

number of beneficial effects that may be anti-atherosclerotic and alteration of the M1/M2 

macrophage balance may only be one important effect. Given these effects, future studies 

investigating the use of this compound in immune function and inflammation would be 

valuable.

It has become increasingly evident that REV-ERB has important functions in metabolism, 

inflammation and cardiovascular disease. Developing synthetic ligands has allowed us to 

study the role of these nuclear receptors to a greater extent and in the context of therapeutic 

development. This study further demonstrates the utility of these compounds and potential 

therapeutic potential in the treatment of metabolic diseases such as atherosclerosis and other 

inflammatory conditions. Our findings demonstrate that targeting the REV-ERBs might be a 

viable therapeutic option for metabolic and inflammatory diseases such as atherosclerosis 

and the development of improved and optimized synthetic ligands may increase the effects 

observed with these compounds. In conclusion, our data suggests an important role of REV-

ERB in macrophage biology and atherosclerosis and indicates therapeutic potential of 

modulating this receptor in the treatment of metabolic diseases.
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Fig. 1. 
The REV-ERB ligand SR9009 reduces atherosclerotic plaque size in ldlr−/− mice. A) mRNA 

expression of Bmal1 in mouse liver. mRNA was normalized to cyclophilin. B) 

Atherosclerotic plaque stained with Oil Red O in ldlr−/− mice on western diet treated with 

vehicle or SR9009 for seven weeks. The data represents mean ± SEM (n = 10 per group) p < 

0.05 °C) Average body weight and food intake of ldlr−/− mice during the period of the 

experiment. D) Hepatic enzymes and proteins in ldlr−/− mice at the end of the seven week 

dosing. E) Plasma glucose and lipid levels of ldlr−/− mice on western diet at the end of the 

experiment. *, indicates p < 0.05.
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Fig. 2. 
Cell viability and metabolic activity of bone marrow derived macrophages were assessed 

using A) CellTiter 96® Aqueous One Solution assay and B) Blue/Green cell viability assay 

in non-treated bone marrow derived macrophages (BMDMs) (panel a) or BMDMs treated 

with DMSO (panel b), 10 uM SR9009 (panel c), 100 ng/ml IFNg, 10 ng/ml LPS and DMSO 

(panel d and 15 ng/ml IL-4 and DMSO (panel e) for 24 h.
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Fig. 3. 
Mouse bone marrow derived macrophages (BMDMs) stimulated with IFNγ and LPS to 

obtain M1 polarization were co-treated with SR9009 for 24 h mRNA expression was 

normalized to 36B4. The insets represent magnified portions of the larger graphs as 

indicated. *p < 0.05; **p < 0.001, ***p < 0.0001 NT – No treatment, D – DMSO, and SR – 

SR9009.
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Fig. 4. 
Mouse bone marrow derived macrophages (BMDMs) were either left unstimulated and 

treated with DMSO or 10 μM SR9009 only or to polarize to M2 macrophages BMDMs were 

stimulated with IL-4 alone or co-treated with SR9009 for 24 h mRNA expression was 

normalized to 36B4. *p < 0.05; **p < 0.001.
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