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Abstract

The response of immune cells to pathogens is often associated with changes in the flux through 

basic metabolic pathways. Indeed, in many cases changes in metabolism appear to be necessary 

for a robust immune response. The Liver X receptors (LXRs) are members of the nuclear hormone 

receptor superfamily that regulate gene networks controlling cholesterol and lipid metabolism. In 

immune cells, particularly in macrophages, LXRs also inhibit pro-inflammatory gene expression. 

This Review will highlight recent studies that connect LXR-dependent control of lipid metabolism 

to regulation of the immune response.
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Introduction

Over the last several years the importance of metabolic flux to the function of the immune 

system has become increasingly apparent. The liver X receptors, LXRα (NR1H3) and 

LXRβ (NR1H2), are members of the nuclear hormone receptor superfamily of ligand-

activated transcription factors [1]. Pharmacological and genetic studies indicate that LXRs 

function as a critical signaling node linking lipid metabolism, inflammation and immune cell 

function. This review will first describe the LXRs and genetic networks they control. Recent 

studies suggesting roles for LXRs in coupling cholesterol transport and fatty acid 

metabolism to inflammatory signaling will then be highlighted.

1. DNA Binding and Transcriptional Control

LXRs bind to DNA as heterodimers with a second sub-group of the nuclear receptor 

superfamily, the retinoid X receptors (RXRs) [1]. The two LXR subtypes, LXRα and LXRβ, 

are expressed in an overlapping but non-identical pattern. LXRα is the dominant subtype 

expressed in the liver and is also highly expressed in tissues that play roles in cholesterol 

metabolism including intestine, adipose, kidney and adrenals. On the other hand LXRβ is 

widely expressed [2]. In hematopoietic cells LXRα is restricted to the myeloid lineage while 

LXRβ can be found in all cell types [3]. Initial studies using electrophoretic shift mobility 

assays and promoter analyses identified direct repeats of the classic nuclear receptor binding 
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motif AGGTCA separated by 4 nucleotides (DR4) or inverted repeats of the same sequence 

separated by 1 nucleotide (IR1) as high affinity binding sites for LXR-RXR heterodimers 

[1]. These sequence preferences have largely been confirmed by genome-wide chromatin 

immunoprecipitation sequence experiments [4–6].

Studies in vitro and in vivo have identified cholesterol derivatives including oxidized forms 

of cholesterol (oxysterols), cholesterol precursors (e.g. desmosterol) and plant sterols (e.g. 

stigmosterol) as endogenous LXR agonists that directly bind to the LXR ligand binding 

domain (LBD) [7–9]. Binding of agonists to the LXR LBD mediates a conformational 

change largely driven by a mobile alpha helix at the carboxyl terminus (helix 12) that 

decreases the affinity of LXR for transcriptional corepressor proteins and increases the 

affinity for transcriptional coactivators [10, 11]. The transcriptional corepressors NCOR1 

and NCOR2 (also referred to as the silencing mediator of retinoid and thyroid receptors; 

SMRT) are the major ligand-dependent corepressors that interact with nuclear receptors. In 

biochemical assays LXRs demonstrate higher affinity for NCOR1 relative to NCOR2 [12]. 

A large number of transcriptional coactivator proteins including the steroid receptor 

coactivators [13], PPARgamma coactivator 1alpha [14] and nuclear receptor coactivator 6 

(NCOA6) [15, 16] have been shown to make ligand-dependent interactions with LXRs. Thus 

binding of agonist couples relief of repression via corepressor release to positive 

transcriptional activation via coactivator recruitment (Figure 1). Genetic studies in immune 

cells, however, suggest a more complex picture of LXR-dependent gene regulation. 

Depending on the particular LXR target gene, deletion of LXRα and LXRβ in bone marrow 

derived macrophages can result in up-regulation (the expected result if LXR deletion leads 

to decreased corepressor recruitment), down-regulation or no change (I. Schulman 

unpublished observations).

2. LXRs Function as Intracellular Cholesterol Sensors

As described above, oxysterols including 22-hydroxycholesterol, 24- hydroxycholesterol, 

25- hydroxycholesterol, 27- hydroxycholesterol and 24,25-epoxycholesterol as well as 

precursors in the cholesterol biosynthetic pathway such as desmosterol have been shown to 

bind directly to the LXR LBD in biochemical assays and to act as agonists in cell-based 

functional assays [7–9]. Experiments using mice with genetic deletion of oxysterol 

generating enzymes supports the function of these molecules as LXR agonists in vivo [17]. 

Disabling cholesterol biosynthesis in the liver by genetic deletion of steroid response 

element binding protein 2 (SREBP2) also leads to decreased expression of LXR target genes 

in hepatocytes [18] supporting a requirement cholesterol-derived LXR ligands. Importantly 

the binding affinities of cholesterol derivatives to LXR are close to the concentrations that 

these molecules achieve in cells [7–9]. Thus the LXRs are poised to regulate gene 

expression in response to changes in intracellular cholesterol levels. Binding studies and 

cell-based assays suggest that fatty acids can also directly bind to LXRs and function as 

agonists [19] or antagonists [20] depending on the particular study. The ability of LXRs to 

regulate fatty acid synthesis (section 3b) raises the possibility of feed-back or feed-forward 

control via direct fatty acid binding, however, no experiments have yet demonstrated a role 

for fatty acids as LXR ligands in vivo.
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3. Genetic Networks Controlled by LXRs

3a. Cholesterol transport

Studies using genetic knockouts and synthetic LXR agonists identified the genes encoding 

the ATP binding cassette transporters ABCA1 and ABCG1 as well as the gene encoding 

apolipoprotein E (APOE) as direct LXR target genes with one or more LXR binding sites in 

the promoters and transcriptional enhancers associated with all 3 genes [21–23]. In 

peripheral cells such as macrophages ABCA1 and ABCG1 function as cholesterol 

transporters that mediate the transfer of intracellular cholesterol to high density lipoprotein 

particles (HDL; Figure 2) [24–26]. APOE also facilitates this process [27, 28]. In contrast, 

direct LXR-dependent regulation of the gene encoding the inducible degrader of the LDL 

receptor (IDOL; gene symbol MYLIP) a protein that decreases the level of functional LDL 

receptors on the cell surface acts to limit cholesterol uptake [29] (Figure 2). Therefore in 

response to increases in intracellular cholesterol and a concomitant rise in cholesterol-

derived LXR ligands, LXRs promote a net movement of cholesterol out of cells to HDL 

particles. HDL traffics cholesterol to the liver where LXRα directly regulates expression of 

another pair of ATP binding cassette transporters, ABCG5 and ABCG8, which function as 

heterodimers to mediate excretion of cholesterol to the intestine [22, 30, 31] (Figure 2). In 

rodents, LXRα also regulates expression of cytochrome P450 7A1 (Cyp7a1) the gene 

encoding cholesterol 7-hydroxylase which is the rate limiting enzyme in the conversion of 

cholesterol to bile acids (Figure 2) [32]. Interestingly, the LXR binding identified in the 

mouse Cyp7a1 promoter is not conserved in humans [33]. Finally, in the intestine, up-

regulation of ABCG5 and ABCG8 by LXRs limits the absorption of cholesterol [34, 35] 

(Figure 2). Taken together LXRs stimulate the movement of cholesterol out of peripheral 

cells and ultimately out of the body; a process that is referred to as reverse cholesterol 

transport (RCT). Studies tracing the movement of labeled cholesterol from macrophages to 

the feces in animals treated with synthetic LXR agonists and in LXR knockout mice are 

consistent with the pathway described above [36–38]. The RCT pathway, particularly the 

ABCA1-dependent efflux of cholesterol out of macrophages to HDL may play an important 

role in the pathology of human cardiovascular disease. Analysis of samples from patients in 

the Dallas Heart Study indicates that the ability of an individual’s HDL to accept cholesterol 

from macrophages in an ABCA1-dependent manner (measured in vitro) is inversely 

correlated with the subsequent incidence of cardiovascular disease [39].

3b. Fatty acid synthesis

LXRs also directly regulate expression of many genes involved in fatty acid synthesis 

including the gene encoding the sterol regulatory element binding protein 1c (SREBP1c), 

the master transcriptional regulator of fatty acid synthesis. Fatty acid synthase (FASN), as 

well as several desaturases and fatty acid elongases required for the synthesis of long chain 

polyunsaturated fatty acids are also direct XR targets [32, 40–43] (Figure 2). The net effect 

of LXR activation is an increase in the levels of long chain polyunsaturated fatty acids 

(PUFAs), increased triglyceride synthesis and increased hepatic triglyceride secretion in the 

form of very low density lipoprotein (VLDL) particles (Figure 2) [44, 45]. Indeed treatment 

of animals including humans with potent synthetic LXR agonists can lead to 

hypertriglyceridemia and hepatic steatosis [46, 47]. LXRα is the major LXR subtype 
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expressed in the liver [2] and the analysis of single knockout mice indicates that 

hyperlipidemic effect of LXR agonists is mediated by this subtype [36, 38, 48, 49]. A 

number of ideas have been put forward to explain coupling of cholesterol mobilization to 

fatty acid synthesis via LXR activation. First, while free cholesterol is toxic to cells 

esterification with fatty acids allow for long term storage and may provide a buffer to protect 

against high intracellular cholesterol levels. Second, a major mechanism to remove 

cholesterol from the liver is to secrete cholesterol into the blood in VLDL particles which 

require triglycerides. Additionally, via direct LXR-dependent regulation of the gene 

encoding lysophosphatidylcholine acyl transferase (LPCAT3) LXR activation leads to 

increased incorporation of long chain fatty acids into phospholipids which could alter the 

cholesterol trafficking activity of lipoprotein particles [50–52]. For instance, Breevoort et al. 

[36] have shown that LXR agonist treatment improves the ability of HDL particles accept 

cholesterol from macrophages via a pathway that may involve the modulation of HDL 

phospholipid composition. The role for LXRs in regulating fatty acid synthesis is supported 

by both genetic knockouts and experiments with synthetic agonists. Nevertheless, increasing 

cholesterol levels only poorly if at all induce fatty acid synthesis at least in part because 

increasing cholesterol inhibits the proteolytic processing of SREBP1c to an active 

transcription factor [6, 53]. Therefore although elevated cholesterol may activate LXRs, the 

SREBP1c arm controlling fatty acid synthesis is inactive when cholesterol levels are high. 

Based on these observations it may be more appropriate to consider LXR-dependent 

regulation of fatty acid synthesis as a pharmacological response to potent synthetic ligands 

as opposed to a physiological response to elevated cholesterol levels.

4. LXRs and Metabolic Disease

The identification of LXRs as important regulators of lipid metabolism prompted 

investigations into the potential therapeutic potential of the receptors in diseases associated 

with dyslipidemia, particularly type II diabetes and cardiovascular disease.

4a. Type II diabetes

Synthetic LXR agonists exhibit significant anti-diabetic activity in well-established rodent 

models of type II diabetes including db/db mice and high fat diet fed animals. LXR agonists 

both decrease hyperglycemia and improve insulin sensitivity. Remarkably LXR anti-diabetic 

activity is manifest even in the face of severe agonist-dependent hyperglycemia [54–57]. A 

number of mechanisms for LXR-dependent anti-diabetic activity have been put forward 

including increases in energy utilization by brown adipose [58], regulation of insulin 

secretion in the pancreas [59] and direct up-regulation of GLUT4, the major insulin 

stimulated glucose transporter [56]. Perhaps the most definitive study performed by 

Commerford et al. [55] included euglycemic-hyperinsulinemic clamp measurements of high 

fat fed rats treated with vehicle or LXR agonist. This study concluded that LXR agonist-

dependent inhibition of hepatic glucose production accounts for the majority of LXR anti-

diabetic activity. Indeed treatment of animals with synthetic LXR agonists decreases the 

mRNA levels for phosphoenolpyruvate carboxykinase (PEPCK) and other gluconeogenic 

enzymes in the liver [54, 56]. The mechanistic basis for the LXR agonist-dependent 

repression of PEPCK expression remains to be determined. Although LXRs are widely 
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thought of as cholesterol sensors, the diabetes models raise the possibility of a larger role for 

LXRs in controlling the metabolic transition between fed and fasted states. In the liver LXR 

activation mimics the response to insulin by simultaneously stimulating fatty acid synthesis 

and inhibiting glucose production suggesting a potential contribution of LXRs in recognition 

of the fed state. LXRs have also been suggested to play a direct role in the insulin-dependent 

induction of fatty acid synthesis [60]. Interestingly, Mitro et al. [57] identified glucose itself 

as a possible LXR ligand and proposed that LXRs may also function as glucose sensors. 

This observation, however, has not been extended. Finally, to our knowledge the 

contributions of the individual LXR subtypes to anti-diabetic activity have not been well 

explored. LXRα is the major subtype expressed in the liver and thus one might predict that 

regulating hepatic glucose production is an LXRα-specific activity. As discussed in section 

3b, LXRα also selectively mediates the hyperlipidemic effects of synthetic agonists. If 

glucose lowering is in fact liver- and LXRα-selective, it is difficult to imagine a route to 

LXR anti-diabetic agents that is not compromised by hyperlipidemia. Chronic inflammation 

plays an important role the pathogenesis of type II diabetes [61] and as discussed in section 

5 LXRs can inhibit inflammation [62–64]. The contribution of anti-inflammatory activity to 

ability of LXR agonists to improve insulin sensitivity and to decrease hyperglycemia, 

however, has not been well explored.

4b. LXRs and atherosclerosis

A critical event in the development of atherosclerotic cardiovascular disease is the 

recruitment of macrophages to the underlying epithelial layer of blood vessel walls and the 

uncontrolled uptake of oxidized/modified forms of cholesterol. Continued accumulation of 

oxidized cholesterol by macrophages and an associated inflammatory response leads to foam 

cell formation and the initiation of atherosclerosis [65]. Reversing the process of 

macrophage cholesterol accumulation has been held out as a potential novel treatment for 

cardiovascular disease, however other than injectable forms of apolipoprotein A1 (APOA1) 

[66], no drugs that enhance the movement of cholesterol out of macrophages have been 

validated in the clinic. The ability of LXRs to promote macrophage cholesterol efflux and 

drive the RCT pathway (Figure 2) stimulated great interest in the therapeutic potential of 

LXR ligands for the treatment of cardiovascular disease. Studies using animal models of 

atherosclerosis, particularly Apoe−/− and Ldlr−/− mice, demonstrated that LXR agonists can 

reduce the development of atherosclerosis, block the progression of existing disease and 

even promote disease regression [44, 67–69]. Single knockout of LXRα in Apoe−/− or 

Ldlr−/− mice increases atherosclerosis while knockout of LXRβ has no effect, assigning all 

of the physiological anti-atherogenic activity defined genetically to the alpha subtype [44]. 

Nevertheless, depending on the study LXRβ alone is able to completely [70] or partially 

[44] compensate for the loss of LXRα in mediating the anti-atherogenic response to potent 

synthetic LXR agonists. The hyperlipidemic activity of LXR agonists has presented a major 

hurdle to successful progression of LXR agonists through clinical trials [47]. The finding 

that pharmacological activation of LXRβ alone is sufficient to reduce atherosclerosis while 

LXRα mediates the hyperlipidemic effects of LXR agonists has prompted the search for 

LXRβ-selective agonists. The identification of subtype-selective LXR ligands has proven 

difficult due to the high amino acid identity in ligand binding pocket of the two receptors 

(only 1 amino acid differs between the two). Nevertheless several small molecules with 
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selectively for LXRβ in biochemical and cell-based assays have been described [71, 72] 

although the specificity necessary to limit hyperlipidemia upon multiple dosing in humans 

has not been achieved [47].

Tissue-specific knockout of LXRs in the hematopoietic system (transplant of LXR null bone 

marrow into lethally irradiated Ldlr−/− mice) increases atherosclerosis and the anti-

atherogenic activity of LXR agonists is lost in these animals [68]. Notably, lipid-laden 

macrophages can be observed in the spleens of Ldlr−/− mice with LXR null hematopoietic 

cells after exposure to a high fat, high cholesterol Western diet [73]. On the other hand, 

transgenic over expression of LXRα selectively in myeloid cells [74] or treatment with 

nanoparticles targeting synthetic LXR ligands to macrophages [75] have been shown to 

reduce atherosclerosis in animal models. This combination of genetic and pharmacological 

studies suggests that activation of LXRs in macrophages is necessary and sufficient to 

reduce atherosclerosis, at least in pre-clinical models. Furthermore the requirement for 

macrophage LXR activity has led to the hypothesis that the ability of LXRs to promote the 

efflux of cholesterol from macrophages, the first step in the RCT pathway (Figure 2), 

accounts for the anti-atherogenic activity of LXR agonists.

Although promoting macrophage cholesterol efflux is an obvious mechanism for the anti-

atherogenic activity of LXR ligands, Kappus et al. [76] demonstrated that LXR agonists still 

reduce atherosclerosis when the major cholesterol transporters ABCA1 and ABCG1 are 

deleted from myeloid cells. Similarly, Zhang et al. found that LXR agonists still decrease 

atherosclerosis in liver-specific LXRα knockout mice even though the ability of LXR 

agonists to stimulate RCT is lost under these conditions [38]. Thus while enhancing LXR 

activity in hematopoietic cells can reduce atherosclerosis, the genetic pathways responsible 

for this activity remain to be determined. In this regard Tall and colleagues have uncovered a 

role for cholesterol metabolism in controlling the proliferation of hematopoietic stem cells. 

Decreased expression of APOE, ABCA1 or ABCG1 or prolonged hypercholesterolemia, all 

conditions that increase intracellular cholesterol levels, increases myelopoiesis resulting in 

an elevated number of macrophages that can contribute to atherosclerotic lesion formation 

[77–79]. A direct role for LXRs in myelopoiesis has not yet been explored. Nevertheless, we 

have not detected differences in circulating monocytes when LXR positive and LXR null 

mice are compared (I. Schulman unpublished observations). Bensinger et al. have also 

demonstrated a role for LXRβ-dependent regulation of ABCG1 expression in the control of 

T cell proliferation [80] raising the possibility that LXR activity in hematopoietic cells other 

than members of the myeloid lineage contributes to atherosclerosis. Such a proposal, 

however, is difficult to reconcile with genetic studies specifically linking LXRα and not 

LXRβ to atherosclerosis [44] and the absence of LXRα expression in B and T cells [3]. 

Chronic inflammation makes a significant contribution to atherosclerosis [65] and as 

described in section 5 LXRs interface with a number of pathways that limit inflammation in 

myeloid cells.
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5. Anti-inflammatory Activity

5a. In vitro and in vivo activity

Like many nuclear receptors including glucocorticoid receptors, and retinoic acid receptors, 

LXRs exhibit anti-inflammatory activity [81]. Studies in cell culture systems indicate that 

pre-treatment with LXR agonists can blunt the response to a subsequent pro-inflammatory 

challenge; for instance treatment with lipopolysaccharide (LPS). Gene expression analysis 

indicates that LXR agonist treatment can limit the transcriptional up-regulation of 

inflammatory genes such as tumor necrosis factor alpha (TNFα), cyclooxygenase 2 (COX2), 

inducible nitric oxide synthase (NOS2) and matrix metalloprotease 9 (MMP9) mediated by 

nuclear factor kappa beta (NFκβ) and activating protein 1 (AP1) [62, 63, 82, 83]. Conversely 

activating toll like receptors 3 and 4 (TLR3 and TLR4) via viral or bacterial infection 

acutely represses LXR transcriptional activity leading to decreased expression of LXR target 

genes [84]. TLR-dependent LXR inhibition requires the activity of interferon regulatory 

factor 3 (IRF3), an additional pro-inflammatory transcription factor. The mechanistic basis 

for the IRF3 inhibition of LXR activity, however, has not yet been defined. Taken together 

the in vitro studies have defined counter regulatory interactions or a ying and yang between 

LXR activity and pro-inflammatory signals with each acting to limit the other. Interestingly, 

lipidomic studies have shown that bacterial or viral infection of macrophages significantly 

increases the levels of the endogenous LXR agonist 25-hydroxycholesterol. Treatment of 

macrophages with 25-hydroxycholesterol also reduces inflammation, however, the anti-

inflammatory activity of 25-hydroxycholesterol has been reported to be LXR independent 

[85–87].

In vivo LXR knockout mice are more susceptible to challenge with LPS or to infection with 

agents such as Listeria monocytogenes and Salmonella typhimurium. Pre-treatment of mice 

with LXR agonists blunts the response to these agents as well [88]. Similarly, treatment with 

LXR agonists impairs infection by hepatitis C virus [89, 90] and by human 

immunodeficiency virus [91–93]. Agonists are also effective in murine models of dermatitis 

[63, 94, 95]. Finally, as discussed in section 4b, there is reason to suggest that anti-

inflammatory activity makes a major contribution to the ability of LXRs to limit diet-

induced atherosclerosis in animal models.

5b. Anti-inflammatory mechanisms

A number of mechanisms (described below) have been put forward to account for LXR anti-

inflammatory activity and it is likely that multiple pathways converge to broadly limit 

inflammatory signaling.

5b.i. Transrepression—Ghisletti et al. [62] have shown that pro-inflammatory gene 

expression is repressed in the absence of inflammatory signals by corepressor complexes 

containing NCOR1 and NCOR2 (SMRT), the same corepressors that interact with nuclear 

receptors (section 1). Pro-inflammatory signals lead to the release of corepressors via an 

actin-dependent mechanism that requires coronin 2A (CORO2A), an additional component 

of the corepressor complexes, binding of positively acting transcription factor such as NFκβ 
and recruitment of coactivators (Figure 3A) [96]. Treatment with LXR agonists results in the 
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SUMOylation of LXRs and recruitment of SUMO-LXR to the repressor complexes present 

on pro-inflammatory gene promoters by a SUMO-dependent interaction between LXR and 

CORO2A [83, 96]. The LXR-CORO2A interaction impairs the inflammatory signal-

dependent release of repressor complexes leading to decreased pro-inflammatory gene 

expression (Figure 3B). Since direct binding to DNA is not required in order to recruit LXRs 

to pro-inflammatory gene promoters this mechanism has been referred to as transrepression. 

Interestingly, in these studies LXR agonist-dependent transrepression is essentially lost in 

fetal liver derived macrophages prepared from Ncor1 knockout mice [62].

5b.ii. Linking Lipid Metabolism and Inflammation—The transrepression model 

(Figure 3) proposes a unique ligand-dependent mode of action for LXRs that is distinct from 

the classical mechanism of ligand-dependent gene regulation described in Figure 1. A 

number of studies exploring LXR anti-inflammatory activity, however, are not consistent 

with transrepression model. First, LXR anti-inflammatory can be reconstituted in LXR null 

macrophages using LXRs carrying mutations in the LXR SUMOylation sites demonstrating 

that modification with SUMOylation is not necessary for LXR anti-inflammatory activity 

[97]. Second, the transrepression studies described above suggest that NCOR1 plays a 

critical role in LXR-dependent anti-inflammatory activity [62]. Nevertheless, Li et al. found 

that macrophage-specific knockout of NCOR1 paradoxically decreases inflammation [41]. 

In Ncor1−/− macrophages increased expression of LXR target genes (via relief of repression; 

Figure 1) including ABCA1 and genes involved in fatty acid synthesis is observed. 

Furthermore Li et al. suggest up-regulation of LXR regulated genes encoding enzymes 

involved in the synthesis of long chain PUFAs with known anti-inflammatory activity 

including palmitoleic acid, eicospentaenoic acid (EPA) and docosahexaenoic acid (DHA) is 

essential for the anti-inflammatory phenotype observed in Ncor1 knockout mice [41]. The 

observation that treatment of macrophages with LPS in vitro transiently inhibits fatty acid 

synthesis [5] further supports the hypothesis that fatty acids may play important roles in 

limiting inflammation. The reestablishment of fatty acid synthesis observed at later stages 

after LPS administration has been proposed to play a role in the subsequent resolution of the 

inflammatory response [5]. Along with regulating fatty acid synthesis, LXRs also modulate 

the composition of phospholipids by directly regulating expression of LPCAT3 an enzyme 

that remodels phospholipids by exchanging fatty acids at the sn-2 position [50–52]. Thus the 

ability of LXRs to coordinately regulate fatty acid synthesis and LPCAT3 leads to increased 

incorporation of long chain PUFAs into phospholipids. Rong et al. have shown that 

LPCAT3-dependent changes in phospholipid composition can reduce inflammation both by 

regulating inflammatory kinase activation through changes in membrane composition and by 

affecting substrate availability for inflammatory mediator production [51]. Taken together 

the analysis of SUMO-defective LXR mutants, Ncor1−/− mice, and LXR-dependent 

regulation of LPCAT3 suggest that positive regulation of fatty acid synthesis contributes to 

LXR-dependent anti-inflammatory activity.

Along with regulation of fatty acid synthesis, increased expression of ABCA1 reduces 

inflammation in part by removing excess free cholesterol which can be toxic to cells [98, 

99]. Like LPCAT3-dependent membrane remodeling, ABCA1-dependent cholesterol efflux 

has been shown to alter plasma membrane organization and disrupt inflammatory signaling 
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[97]. Indeed Ito et al. have demonstrated that LXR-dependent up-regulation of ABCA1 is 

necessary for LXR agonists to decrease inflammation [97]. In contrast, genetic deletion of 

ABCA1 in macrophages has been shown to increase pro-inflammatory gene expression [99, 

100]. These studies defining cross-talk between ABCA1 and inflammatory signaling directly 

link the ability of LXRs to defend cholesterol homeostasis to the regulation of inflammation.

5b.iii. Macrophage phenotype—Macrophages can assume a number of different 

phenotypes or polarization states in response to environmental ques with inflammatory M1 

(classically activated) and anti-inflammatory M2 (alternatively activated) being two 

extremes [101]. Interestingly, over expression of ABCA1 induces expression of the anti-

inflammatory cytokine IL10, a marker of the M2 macrophage phenotype, via a protein 

kinase A-dependent pathway [98]. Activation of LXRs has also been shown to increase 

expression of arginase 1 and arginase 2, two additional markers of the M2 phenotype [102–

104]. These studies support the hypothesis that LXRs function to counter inflammation and 

favor resolution of the inflammatory response. Importantly, the ability of LXRs to influence 

macrophage polarization in mouse models may be sensitive to the genetic background [105].

A model unifying these studies (Figure 4) includes an initial decrease in LXR-dependent 

gene regulation mediated at least in part by IRF3 at early times after an inflammatory signal. 

Reactivation of LXRs at later times, perhaps in response to increased levels of 25 

hydroxycholesterol or other unidentified ligands, promotes the synthesis of anti-

inflammatory fatty acids, stimulates the efflux of free cholesterol and reorganizes 

membranes (via ABCA1 and LPCAT3) to decrease inflammation. Increased LXR activity 

may also alter macrophage polarization towards a more anti-inflammatory, pro-resolving 

phenotype. LXRs have also been shown to directly regulate the expression of Mer proto-

oncogene tyrosine kinase (MERTK), a cell surface receptor with known roles in the 

resolution of inflammation [106, 107]. Interestingly Choi et al have found that MERTK can 

reciprocally regulate LXR expression [106] identifying a potential feedback loop that may 

function to tip the balance from inflammation to resolution and tissue repair.

6. Conclusions and Perspectives

The LXRs have been well described as important transcriptional regulators of lipid 

metabolism. The ability of these receptors to coordinately limit inflammation, however, has 

important implications for understanding the cross-talk between lipid metabolism and 

inflammation and for drug discovery. The role of LXRs in the pathogenesis of 

atherosclerosis is perhaps still the most thoroughly explored therapeutic indication for 

synthetic LXR ligands. Studies utilizing tissue-specific knockouts indicate that LXR 

function in hematopoietic cells is necessary for the ability of LXR agonists to limit 

atherosclerosis in mouse models while LXR function in the liver, the major site for the 

regulation of reverse cholesterol transport and cholesterol excretion, is not [36, 38, 68]. Liver 

LXRα activity, however, is necessary for the hyperlipidemic effects of LXR agonists [38, 

48]. This dissociation between the sites of action for limiting atherosclerosis and for 

elevating lipid levels suggests that limiting or inhibiting the activity of LXR agonists in the 

liver could avoid a major on-target negative side effect of LXR-based therapeutics. Currently 

two approaches have been explored to tissue-restrict the activity of LXR agonists. First, 

Schulman Page 9

FEBS Lett. Author manuscript; available in PMC 2018 October 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



since LXRα mediates the hyperlipidemic activity of LXR agonists [38, 44, 48] the discovery 

of LXRβ-selective ligands have been pursued. Identifying LXRβ-selective ligands has 

proven to be challenging due to the high level of protein sequence homology between the 

ligand binding pockets of the two subtypes. While small molecules with LXRβ selectivity in 
vitro have been described [71, 72, 108, 109] we have tested several of these compounds in 
vivo and have been unable to identify a small molecule LXR ligand that does not regulate 

LXR target genes in LXRβ knockout mice (i.e. can activate LXRα. I. Schulman unpublished 

observations). It is likely that the reported ability of LXRβ-selective ligands to reduce 

atherosclerosis in rodent models without promoting hyperlipidemia [47, 110, 111] results 

from a combination of modest LXRβ selectivity and pharmacokinetic profiles that limit drug 

levels in the liver. Nevertheless, the most advanced of such compounds was shown to still 

increase plasma lipid levels upon multiple dosing humans [47]. A second approach that has 

shown some promise is the use of nanoparticles to specifically target LXR agonists to 

myeloid cells [75].

Analysis of mice with myeloid-specific knockout of the major LXR-regulated cholesterol 

efflux pumps, ABCA1 and ABCG1, as well as blocking LXR agonist stimulated reverse 

cholesterol transport indicates that stimulating the efflux of cholesterol out of macrophages 

to HDL particles is not required for the anti-atherogenic activity of LXR agonists [38, 76]. 

These studies point to the therapeutic potential of other LXR-regulated pathways, 

particularly the control of inflammation. As described in section 5 a number of anti-

inflammatory mechanisms have been proposed for LXRs including direct recruitment of 

LXRs to pro-inflammatory gene promoters (transrepression), alteration of macrophage 

phenotype, increased cholesterol efflux, changes in plasma membrane signaling systems via 

modulation of membrane lipid composition and increased synthesis of fatty acids with anti-

inflammatory activity. The finding that treatment of macrophages with LPS results in an 

acute inhibition of fatty acid synthesis and that the subsequent restoration of lipogenesis 

facilitates resolution of the immune response [5] supports a role for the positive regulation of 

lipogenesis by LXRs in inhibiting inflammation.

The ability of LXRs to coordinately regulate lipid metabolism and inhibit inflammation 

raises questions as to why these processes are linked. The engulfment of dead and dying 

cells by macrophages and other phagocytes (efferocytosis) is associated with acute changes 

in lipid levels that phagocytes must respond to. For instance increases in intracellular free 

cholesterol derived from engulfed cells can be toxic. Activation of LXRs during 

efferocytosis can promote the efflux of free cholesterol by activation of ABCA1 and 

ABCG1. Interestingly apoptotic cells induce macrophage expression of ABCA1 by both 

LXR-dependent [107] and LXR independent [112] pathways highlighting an important role 

for ABCA1 mediated cholesterol efflux in efferocytosis. Simultaneous LXR-dependent 

inhibition of the immune response may help to insure that efferocytosis does not lead to 

inappropriate activation of the immune system. Finally, inhibiting LXR activity until later 

stages of an inflammatory response may function to restrict the synthesis of fatty acid-

derived signaling molecules to times when resolution of immune responses and tissue repair 

dominate.
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Abbreviations

ABC ATP binding cassette

APOA1 Apolipoprotein A1

APOE Apolipoprotein E

CORO2A Coronin 2A

CYP7A1 Cytochrome p450 A1

DHA Docosahexaenoic acid

DR Direct repeat

EPA Eicospentaenoic acid

FASN Fatty acid synthase

HDL High density lipoprotein

IR Inverted repeat

IRF Interferon regulatory factor

LBD Ligand binding domain

LDL Low density lipoprotein

LPCAT3 Lysophosphatidylcholine acyl transferase

LPS Lipopolysaccharide

LXR Liver X receptor

MERTK Mer proto-oncogene tyrosine kinase

NCOA Nuclear receptor coactivator

NCOR Nuclear receptor corepressor

PEPCK phosphoenolpyruvate carboxykinase

RCT Reverse cholesterol transport

RXR Retinoid X receptor

SMRT Silencing mediator of retinoid and thyroid receptors

SREBP Sterol regulatory element binding protein
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Figure 1. Transcriptional regulation by LXR-RXR heterodimers
In the absence of ligands (bottom left) LXR-RXR heterodimers interact with nuclear 

receptor corepressors (NCOR) and actively repress transcription. Binding of agonists 

(orange triangle) to LXRs results in a conformational change that releases corepressors 

(relief of repression, middle) and promotes interactions with positively acting coactivators 

that increase transcription. The thickness of the arrows in front of RNA polymerase II (RNA 

Pol II) in the figure signifies the level of transcription.
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Figure 2. LXRs regulate reverse cholesterol transport (RCT)
Increased levels of cholesterol in peripheral cells such as macrophages results in LXR-

dependent up-regulation of genes encoding proteins such as ABCA1 and ABCG1 that 

facilitate the transport of intracellular cholesterol out of cells to HDL particles. Simultaneous 

regulation of IDOL leads to down-regulation of the LDL receptors and decreased cholesterol 

uptake. In the liver LXR-dependent regulation of the genes encoding ABCG5 and ABCG8 

promotes the excretion of hepatic cholesterol to the bile while induction of CYP7A, the gene 

encoding cholesterol 7α hydroxylase, increases the catabolism of cholesterol to bile. Hepatic 

regulation of the gene encoding SREBP1c as well as genes encoding other enzymes 

involved in fatty acid synthesis leads to increases in triglyceride levels and promotes 

secretion of VLDL. LXR regulation of ABCG5.ABCG8 in the intestine limits the absorption 

of cholesterol favoring a net movement to the feces.
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Figure 3. Transrepression
A) In the absence of inflammatory signals transcription of pro-inflammatory genes is 

inhibited by the recruitment of corepressor complexes containing CORO2. Inflammation 

results in the binding of NFκβ to the promoters of pro-inflammatory genes, release of 

corepressor complexes in a CORO2-dependent manner and recruitment of coactivator 

complexes. B) Agonist bound LXRs make SUMO-dependent interactions with CORO2 that 

block corepressor release upon inflammatory signaling inhibiting pro-inflammatory gene 

expression.

Schulman Page 22

FEBS Lett. Author manuscript; available in PMC 2018 October 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 4. LXR anti-inflammatory activities
Activation of TLRs inhibits LXRs via an IRF3-dependent mechanism during the early stages 

of the immune response. At later times activation of LXRs, perhaps due to increases in 25-

hydroxycholesterol or other unidentified LXR ligands, leads to increases in cholesterol 

efflux, polyunsaturated fatty acid synthesis (PUFA), modification of phospholipids with 

PUFAs and M2 polarization all of which contribute to anti-inflammatory activity. LXR 

activation also induces expression of MERTK a receptor that recognizes apoptotic cells and 

plays a role resolution of the inflammatory response. MERTK activation has also been 

shown to increase the level of LXRs.
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