
 

This article has been accepted for publication and undergone full peer review but has not been 
through the copyediting, typesetting, pagination and proofreading process which may lead to 
differences between this version and the Version of Record. Please cite this article as doi: 
10.1111/bph.15479 

 
This article is protected by copyright. All rights reserved. 

Muccioli Giulio (Orcid ID: 0000-0001-8135-3737) 

 

The oxysterome and its receptors as pharmacological targets in inflammatory diseases 

 

Owein Guillemot-Legris* & Giulio G. Muccioli* 

 

Bioanalysis and Pharmacology of Bioactive Lipids Research Group, Louvain Drug Research 

Institute, Université catholique de Louvain, 1200 Bruxelles, Belgium 

 

* Correspondence:  

owein.guillemot@uclouvain.be or giulio.muccioli@uclouvain.be  

Bioanalysis and Pharmacology of Bioactive Lipids Research Group 

Louvain Drug Research Institute 

Université catholique de Louvain 

Av. E. Mounier, 72 (B1.72.01) 

1200 Bruxelles 

Belgium 

Tel : +32 2 764 7231   

 

 

Keywords: neuropathology, pulmonary disease, inflammation mediators, cytochrome P-450 

enzyme system, biomarkers,  

 

 

Running title : oxysterome and inflammation  

 

Data sharing not applicable – no new data generated for this review paper. 

 

 

 

mailto:owein.guillemot@uclouvain.be
mailto:giulio.muccioli@uclouvain.be


 

 
This article is protected by copyright. All rights reserved. 

Abstract  

Oxysterols have gained attention over the last decades and are now considered as full-fledged 

bioactive lipids. The study of their levels in several diseases, (e.g. atherosclerosis, obesity, 

neurodegenerative diseases) led to a better understanding of their involvement in 

(patho)physiological processes such as inflammation and immunity. For instance, the 

characterization of the cholesterol-7α,25-dihydroxycholesterol/GPR183 axis and its 

implication in immunity represents an important step in the oxysterome study. Besides this 

axis, others were identified as important in several inflammatory pathologies (such as colitis, 

lung inflammation, and atherosclerosis). However, the oxysterome is a complex system notably 

due to a redundancy of metabolic enzymes and a wide range of receptors. Indeed, deciphering 

oxysterol roles and identifying the potential receptor(s) involved in a given pathology remains 

challenging. Oxysterols properties are very diverse but most of them could be connected by a 

common component: inflammation. Here, we review the implication of oxysterol receptors in 

inflammatory diseases. 
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Abbreviation list   

 

ALI acute lung injury  

apoE apolipoprotein E 

ARDS acute respiratory distress syndrome 

BALF Bronchoalveolar lavage fluid  

CD Crohn’s disease  

CHD coronary heart disease 

Chol25OHase cholesterol-25-hydroxylase 

COPD chronic obstructive pulmonary disease  

CXCR2 C-X-C motif chemokine receptor 2 

diOHC dihydroxycholesterol  

DSS dextran sulphate sodium  

EBI2 
Epstein-Barr virus-induced G-protein coupled receptor 2 (also known as 

GPR183) 

epoxychol epoxycholesterol 

ER estrogen receptor 

GPER G protein-coupled estrogen receptor 

GPR17 G protein-coupled receptor 17 

GPR183 G protein-coupled receptor 183 (also known as EBI2) 

GR glucocorticoid receptor  

HFD high fat diet 

LPS lipopolysaccharides 

LXR liver X receptor 

MPO myeloperoxidase 

NAFLD non-alcoholic fatty liver disease  

NASH non-alcoholic steatohepatitis 

OHC hydroxycholesterol 

ROR retinoic acid receptor-related orphan receptors 

SIRT-1 sirtuin 1 

Smo smoothened 

T2D type II diabetes 

TNBS trinitrobenzene sulfonic acid 

UC ulcerative colitis 
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Over the years, oxysterols were shown to be directly involved in the etiopathology of several 

inflammatory diseases and their levels have been put forth as diseases biomarker. Indeed, as 

we will illustrate in the following sections, in many pathological situations characterized by 

inflammation, oxysterol levels were altered greatly both in clinical and preclinical settings. 

Oxysterols are oxygenated species derived from cholesterol and their metabolism is quite 

complex and intricate as one given oxysterol can be formed through the action of more than 

one enzyme and/or through reactive oxygen species (ROS)-induced reactions (Figure 1). 

Moreover, one enzyme can have different oxysterols as substrates hence greatly complexifying 

oxysterol study (Mutemberezi et al., 2016). As for many endogenous metabolites, determining 

whether changes in their levels are simply consequences or causal factors (or merely associated 

with disease evolution) is no easy task.  

Over the last decades, several receptors were found to be targets of oxysterols such as the liver 

X receptors (LXR) (Fu et al., 2001; Janowski et al., 1999), retinoic acid receptor-related orphan 

receptors (ROR) (Bitsch et al., 2003; Wang et al., 2010a), estrogen receptor α (ERα) (DuSell 

et al., 2008; Lappano et al., 2011), G protein-coupled receptor 183 (GPR183) (also known as 

Epstein-Barr virus-induced G-protein coupled receptor 2 (EBI2)) (Hannedouche et al., 2011; 

Liu et al., 2011), C-X-C motif chemokine receptor 2 (CXCR2) (Raccosta et al., 2013), G 

protein-coupled receptor 17 (GPR17) (Sensi et al., 2014), smoothened (smo) (Nachtergaele et 

al., 2012) or glucocorticoid receptor (GR) (Voisin et al., 2017). Interestingly, these receptors 

are involved in very different (patho)physiological processes and some of which do not seem 

to be related at first glance. These receptors also bind other endogenous ligands (some of which 

remain to be identified) and in (patho)physiological conditions it is difficult to   distinguish 

which ligands is directly involved in a given process. However, because they share oxysterols 

as ligands, these receptors and the process they regulate can reveal new interesting 

interconnections. One such interconnection is the ability of the aforementioned receptors to 

https://www.guidetopharmacology.org/GRAC/FamilyDisplayForward?familyId=89
https://www.guidetopharmacology.org/GRAC/FamilyDisplayForward?familyId=89
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https://www.guidetopharmacology.org/GRAC/ObjectDisplayForward?objectId=88
https://www.guidetopharmacology.org/GRAC/ObjectDisplayForward?objectId=88
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https://www.guidetopharmacology.org/GRAC/ObjectDisplayForward?objectId=625
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control inflammatory processes whether directly or indirectly and to a different extent. Another 

important connection lies in the fact that inflammation is also associated with an increase in 

ROS production that can lead to oxidative stress. This specific (patho)physiological process is 

of importance as it is responsible for the synthesis and degradation of several oxysterol species 

that do not rely on enzymatic reactions. 

As we will illustrate in this review, one strategy to assess whether oxysterols are involved in 

the pathophysiology of diseases is to interfere with their signalling either by altering their 

metabolism or by interacting directly with their molecular targets. As targeting metabolism 

often lead to changes in several oxysterol levels and because different oxysterols bind a given 

receptor with different functionalities (agonist, antagonist…) (Table 1), in this review, we 

chose to focus on studies using a pharmacological approach to decipher the role(s) of oxysterol 

receptors in the etiopathology of several diseases with an inflammatory component (even 

though we do not discuss the inflammatory aspects of the diseases presented) (Table 2). In the 

present review, we will focus on four main systems (cardiovascular, respiratory, and 

enteroendocrine) and several associated inflammatory diseases, we will focus on oxysterol 

level variations in humans and on the effect(s) of pharmacological tools targeting oxysterol 

receptors in a preclinical and clinical settings. 

 

1. CARDIOVASCULAR SYSTEM 

Due to the associations found between plasma cholesterol and cardiovascular events, 

cardiovascular diseases were logically the first pathologies where oxysterols were studied.  

Atherosclerosis and coronary heart disease 

Atherosclerosis is an inflammatory pathology affecting the arteria wall and is characterized by 

a deposition of calcium, lipids and inflammatory cells forming a plaque that narrows the artery 
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lumen and decreases blood flow. Both innate and adaptive immunity were shown to be directly 

involved in its pathogenesis. Coronary heart disease (CHD), or coronary artery disease, is 

related to atherosclerosis but affecting coronal arteries and therefore can lead to a decrease in 

oxygen and nutrients supply and further cause myocardial infarction. Interestingly, the severity 

and the prognosis of coronary heart disease relies on inflammatory marker levels such as IL-6 

or C-reactive protein.  

In plasma from atherosclerotic patients, 5α,6α-Epoxychol, 5β,6β-Epoxychol, 7β-OHC, and 7-

KC levels (abbreviations can be found in Table 1) were significantly increased compared to 

control patients while levels of 7α-OHC and 27-OHC remained unchanged (Zhou et al., 2000). 

Levels of oxysterols were measured in the plasma of patients with stable CHD compared to 

patients with a similar atherogenic profile but with normal coronary arteries and levels of 7-

KC were found to be increased (Hitsumoto et al., 2009). Moreover, comparing patients with 

stable CHD compared to healthy patients most of the plasma oxysterol levels measured (i.e. 

5α,6α-Epoxychol, 5β,6β-Epoxychol, 7α-OHC, 25-OHC, and 27-OHC) were not significantly 

altered while levels of the levels of 7β-OHC were found to be increased (Rimner et al., 2005). 

In another study, plasma levels of 7β-OHC, 25-OHC and 27-OHC were increased in patients 

displaying advanced CHD with an important stenosis (Yasunobu et al., 2001). Moreover, levels 

of 7-KC were found to be directly linked to an increase in fatal outcome in patients suffering 

from stable CHD (Song et al., 2017) and to both the progression of coronary atherosclerosis 

and the associated inflammation (Hitsumoto et al., 2009). Conversely, 27-OHC levels were not 

found to be linked with increased risk of CHD (Rossouw et al., 2012). 

In coronary artery plaques, 5α,6α-Epoxychol, 5β,6β-Epoxychol, 7α-OHC, 7β-OHC, 7-KC and 

27-OHC levels increased compared to a directly adjacent plaque free region (Vaya et al., 2001).  

Interestingly, the oxysterol profile was slightly different in atherosclerotic plaques coming 

from the carotid as the same variations were observed except for 7α-OHC that was not detected 
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and 5α,6α-Epoxychol that remained unaltered compared to a directly adjacent plaque-free 

region (Vaya et al., 2001).  

According to an anatomopathological classification of atheroma plaques, 27-OHC levels 

increased with the progression in severity of the plaque which was not the case for 7β-OHC 

(Carpenter et al., 1995). For instance, 27-OHC was more abundant in advanced lesions 

compared to intermediate lesions. This oxysterol levels were also increased in macrophage-

rich lesions compared to fibrous ones (Carpenter et al., 1995). Finally, a topographic analysis 

of plaque demonstrated a different repartition of oxysterols. Indeed, both 7β-OHC and 27-OHC 

were more abundant in the core compared to the fibrous cap (Garcia-Cruset et al., 1999).  

Because LXRs are directly involved in cholesterol and lipid homeostasis, their involvement 

was studied in several animal model of atherosclerosis in order to explore new therapeutic 

avenues. In LDLR-/- mice fed a “western diet”, administration of T0901317 (LXRα and β 

agonist and RORα and γ inverse agonist, see Table 2) significantly reduced atherosclerosis in 

two distinct arterial regions compared to the untreated group albeit to a different extent 

according to specific regions  (Peng et al., 2009). In the same animal model, T0901317 was 

shown to decrease both lesion size and foam cell formation. In the aorta, the treatment 

decreased IL-6, TNFα and MCP-1 levels and significantly reduced the number of macrophages. 

Furthermore, the authors assessed the polarization of these plaque-associated macrophages and 

found that T0901317 converted them towards a M2-like polarization type (Dou et al., 2019).  

In a model of APOE*3 Leiden mice, two LXRα and β agonists, AZ876 and GW3965, both 

significantly decreased lesion area, the number of plaque-adhering monocytes, and IL-1β and 

TNFα plasma levels (van der Hoorn et al., 2011).  

RORs have been much less studied in this context. However, Billon et al. administered the 

ROR inverse agonists SR1001 to LDLR-/- mice and showed that this treatment led to a 

https://www.guidetopharmacology.org/GRAC/LigandDisplayForward?tab=summary&ligandId=2755
https://www.guidetopharmacology.org/GRAC/LigandDisplayForward?tab=summary&ligandId=2754
https://www.guidetopharmacology.org/GRAC/LigandDisplayForward?ligandId=10143
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significant decrease in plaque formation and a reduction of the inflammatory profile of the 

animals. The treatment also decreased LDL levels, without affecting HDL, and enhanced 

cholesterol excretion by the intestine (Billon et al., 2016). 

The protective effects of ERα has long been documented in this setting. For instance, in ApoE-

/- mice, treatment with the ER agonist estradiol significantly decreased the size of 

atherosclerotic lesions and their histological complexity and decreased plasma total cholesterol. 

These beneficial effects were abolished for ApoE-/- mice lacking ERα supporting the role of 

this receptor (Hodgin et al., 2001). ERα can be located at either the cell membrane or in the 

nucleus. In an elegant study, Guivarc’h et al. used mice which ERα sequence was mutated for 

a key amino acid allowing for membrane anchoring and ERα mutated mice where nuclear 

action were disrupted. Using these two ERα mutant mice, they demonstrated that the ERα 

nuclear pathway was responsible for the vasculoprotective effects of ERα as mice mutated for 

the nuclear response were much more susceptible to atheroma (Guivarc'h et al., 2018).  

Interestingly, the oxysterol 27-OHC has been directly implicated in atherosclerosis through its 

binding to ERα. Indeed, using the ApoE-/- model, the administration of 27-OHC increased 

atherosclerosis while no such effect was observed in ApoE-/-; ERα-/- mice. The authors also 

showed that 27-OHC stimulated NF-κB activation and increased leukocyte-endothelial 

adhesion in vivo in an ERα-dependent manner as co-treatment with an ER antagonist (ICI 

182780, Table 2) decreased the adhesion (Umetani et al., 2014).  

In aorta plaque from LDLR-/- mice, the secretions of macrophage inflammatory protein-2 

(MIP-2) and keratinocyte-derived chemokine (KC) (both endogenous ligands of CXCR2) were 

significantly increased compared to control animals (Mihara et al., 2007). Moreover, the 

administration of the CXCR2 antagonist SB225002 to ApoE-/- mice was able to decrease 

significantly aorta plaque formation (Wu et al., 2011). Finally, a human trial focusing on CHD 

https://www.guidetopharmacology.org/GRAC/LigandDisplayForward?tab=summary&ligandId=833
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patients and investigating the effects of AZD5069 (a CXCR2 antagonist) is currently ongoing 

(eudraCT number 2016-000775-24). 

Thrombosis 

Platelets are key elements regulating haemostasis, thrombosis, and inflammation. They play an 

active role in immune responses and are responsible for the secretion of many pro- and anti-

inflammatory mediators and several factors regulating thrombogenesis and vascular 

inflammation. 

In a rabbit model of plaque erosion leading to atherothrombotic occlusions, treatment with 

ezetimibe (reducing cholesterol absorption by targeting the NPC1 Like Intracellular 

Cholesterol Transporter 1 (NPC1L1)) decreased plasma levels of 7α-OHC, 7-KC, 25-OHC and 

27-OHC compared to vehicle-treated animals. This was concomitant with a reduction of 

circulating levels of IL-1β, IL-6 and TNFα and was accompanied by decreased thrombotic 

occlusion, an improved re-endothelialisation and an increase in survival (Honda et al., 2018). 

In human platelets, several oxysterols, i.e. 5α,6α-Epoxychol, 5β,6β-Epoxychol, 7α-OHC, 7-

KC and 27-OHC, significantly increased thrombin- or ADP-induced aggregation and 

decreased aggregation lag time (Selley et al., 1996). 

Despite being anucleate cells, platelets were shown to express LXRβ. The incubation of human 

platelets with T0901317 (LXRα and β agonist and RORα and γ inverse agonist) or GW3965 

(LXRα and β agonist) led non-genomically to an inhibition of both platelet aggregation and 

calcium mobilization when stimulated with either collagen, C-reactive protein or thrombin. 

Using a tail bleeding assay in mice, GW3965 significantly increased the time needed to observe 

bleeding cessation. Moreover, using a laser-induced injury leading to thrombus formation in 

vivo, GW3965 displayed antithrombotic effects as a significantly lower number of platelets 

was recruited to the forming thrombus (Spyridon et al., 2011). Whether oxysterols (e.g. 27-

https://www.guidetopharmacology.org/GRAC/LigandDisplayForward?ligandId=8948
https://www.guidetopharmacology.org/GRAC/ObjectDisplayForward?objectId=2629
https://www.guidetopharmacology.org/GRAC/ObjectDisplayForward?objectId=2629
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OHC) can modulate platelet aggregation through LXR remains to be determined. 

Thrombomodulin is an important vasoprotective effector acting on vascular endothelial cells 

by suppressing circulating cell adhesion and inflammatory response. In HUVEC, incubation 

with T0901317 increased the expression of thrombomodulin and decreased levels of IL-1β and 

TNFα (Ding et al., 2016).  

Two oxysterols, 25-OHC and 27-OHC, are well known modulators of ERα (Table 1). 

Activation of this receptor, for instance using 17α-ethinylestradiol, results in a decrease of the 

activity and expression of most coagulating factors. Using either, ERα-/- or ERβ-/- mice, it was 

shown that ERα was necessary for the observed alterations of coagulation factor profile 

(Cleuren et al., 2010). Consistent with this finding, the administration of estetrol (ER agonist) 

protected wild-type but not ERα-/- mice, from both venous and arterial thrombosis and led to a 

significant decrease in thromboembolism-induced mortality in the wild type mice (Valera et 

al., 2018). Using hematopoietic cell transfer lacking either membrane ERα or nuclear ERα, it 

was shown that either membrane or nuclear ERα could mediate estradiol effect on bleeding 

time, however with a prominence for hematopoietic nuclear ERα. Concerning 

thromboembolism-induced mortality, both knockout types led to a protection when treated with 

estradiol. However, it seemed that the protection from thromboembolism was mainly mediated 

through hematopoietic nuclear ERα compared with hematopoietic nuclear ERα (Valera et al., 

2015). Whether these mechanisms can be affected by the oxysterols binding to ERα remains 

to be established. 
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2. RESPIRATORY SYSTEM 

The respiratory system can be affected by several acute or chronic inflammatory conditions. 

As discussed here, several elements point to the oxysterols as impotent players in these 

diseases. 

Chronic obstructive pulmonary disease  

Chronic obstructive pulmonary disease (COPD) is defined as a chronic inflammation of lung 

parenchyma and of peripheral airways associated with airway obstruction and emphysema 

resulting in a severe decline in lung function. In clinical settings, patients suffering from COPD 

displayed increased levels of 27-OHC in their sputum compared to control patients. Moreover, 

two lung function parameters (forced vital capacity (FVC) % predicted and the forced 

expiratory volume 1 (FEV1) % predicted) used to diagnose the COPD severity were found to 

be inversely correlated with 27-OHC sputum levels (Kikuchi et al., 2012). In the lung 

parenchyma of COPD patients, cholesterol-25-hydroxylase (Chol25OHase) expression was 

found to be significantly higher compared to control (Jia et al., 2018; Sugiura et al., 2012) and 

this enzyme expression in the lungs was also directly correlated with two distinct markers of 

COPD severity (namely the FEV1% and the diffusing capacity of the lungs for carbon 

monoxide). Chol25OHase expression was further studied in human small airways and was 

found to be increased in COPD patients presenting emphysema compared to COPD patients 

without emphysema (Jia et al., 2018). Interestingly, sputum 25-OHC was significantly 

increased in COPD patients as well as IL-8 sputum levels and neutrophil count, while 25-OHC 

levels remained unchanged in the plasma of the same patients compared to control. Here again, 

25-OHC sputum levels were directly correlated with three different parameters used to assess 

the disease severity and were also shown to correlate with IL-8 and neutrophil count in the 

sputum (Sugiura et al., 2012).  
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The interest of LXR in the context of COPD has not been studied extensively and remains to 

be fully explored. However, the expression of both LXRα and LXRβ was found to be increased 

in the lung parenchyma of COPD patients compared to control even though their expression 

remained unchanged in lung macrophage. In an ex vivo setting, the incubation of GW3965 

(LXRα and β agonist) with lipopolysaccharides (LPS)-activated alveolar macrophage pooled 

from smoking patients and COPD patients was able to significantly decrease the expression of 

CXCL10, CCL5, and IL-6 (Higham et al., 2013).  

In a mouse model of COPD using tobacco smoke exposure, Jia et al. put forth the GPR183-

7α,25-diOHC axis as central in the disease pathogenesis. Indeed, they showed that wild-type 

mice exposed to cigarette smoke developed emphysema and inducible bronchus-associated 

lymphoid tissue (iBALT) (formation of a secondary lymphoid-like structure within the lung 

parenchyma). However, in either mice lacking Chol25OHase or mice lacking GPR183, both 

emphysema and iBALT were significantly decreased. Finally, using clotrimazole (a CYP450 

inhibitor, used here to target Cyp7B1) to decrease the formation of 7α,25-diOHC in vivo, the 

authors evidenced also a significant decrease in emphysema and iBALT development along 

with a decrease in macrophages and neutrophils in the broncholaveolar lavage fluid (BALF) 

(Jia et al., 2018). However, the observed effects using clotrimazole could also result from the 

inhibition of other cytochromes. 

In the context of pulmonary diseases, of the different identified oxysterol receptors, CXCR2 

has clearly attracted most of the attention. In a clinical trial designed to assess the safety and 

tolerability of AZD5069 (a CXCR2 antagonist, see Table 2), blood neutrophil count was 

significantly decreased compared to placebo-treated patients. Despite the trial short duration 

and the small sample size, a trend towards an improvement of lung function was observed but 

still need to be confirmed (Kirsten et al., 2015). In another human study, healthy patients were 

treated with either AZD8309 (another CXCR2 antagonist) or a placebo for three days before a 
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LPS challenge and their sputum was recovered. The total cell number as well as the neutrophil 

count and inflammatory mediators (CXCL1, LTB4) were significantly decreased by the 

treatment.  AZD8309-treated volunteers also displayed a quicker recovery of lung function as 

several markers started to normalize 6 hours following LPS challenge while this was not the 

case for placebo-treated patients (Leaker et al., 2013). Another study further demonstrated the 

interest of CXCR2 antagonists, this time using an ozone challenge in healthy volunteers. The 

sputum of SB-656933-treated volunteers showed a significant decrease in neutrophil count and 

myeloperoxidase activity compared to placebo-treated volunteers (Lazaar et al., 2011).  

Acute lung injury and acute respiratory distress syndrome  

Acute lung injury (ALI) and its more severe form acute respiratory distress syndrome (ARDS) 

can occur as the result of direct or indirect insults to the lungs. These pathologies are 

characterized by lung oedema, alveolar and surfactant dysfunctions, and by inflammation that 

lead to severe hypoxia. Several pro-inflammatory cytokines (e.g. IL-6, TNFα, IL-8) are 

proposed as biomarkers predicting both morbidity and mortality in these pathologies. In 

patients, oxysterol levels were not assessed and, therefore, their variations could potentially 

become an interesting research topic in order to better decipher the pathogenesis of these 

diseases. In animal models, oxysterol effect(s) are starting to be unravelled. In a LPS-induced 

ALI mouse model, intraperitoneal pre-treatment with 25-OHC was shown to decrease both 

lung injury and mortality and to decrease pro-inflammatory mediator levels (e.g. IL-6, TNFα, 

KC) in the BALF (Ouyang et al., 2018). Beneficial effects on lung inflammation were also 

observed following intratracheal administration of 25-OHC (Bottemanne et al., 2021). In 

another study, the effects of 25-OHC and its two sulphated metabolites (25-

hydroxycholesterol-3-sulfate and 25-hydroxycholesterol-3,25-disulphate) were studied in a 

LPS-induced systemic inflammation model. Histological assessment of lung injury and its 

scoring were much higher in LPS-treated mice compared to control animals and characterized 
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with neutrophil infiltration, oedema, and marked structural loss. Pre-treatment with 25-OHC 

or either of its sulphated forms led to a significant decrease in lung injury score. Interestingly, 

25-hydroxycholesterol-3-sulfate and 25-hydroxycholesterol-3,25-disulfate (25-OHC-3-diS) 

were able to decrease further the lung injury score compared to treatment with 25-OHC. Indeed, 

mice treated with either the sulfate or the disulfate metabolite of 25-OHC displayed a 

normalized lung structure despite the presence of few neutrophil infiltrates (Ning et al., 2017).  

In a rat model of LPS-induced ALI, BALF pro-inflammatory cytokines levels (IL-1β, IL-6, 

TNF) neutrophil count as well as the histological lung injury score were all significantly 

decreased with T0901317 (LXRα and β agonist and RORα and γ inverse agonist)  (Wang et 

al., 2011). In a paraquat-induced ALI mouse model, T0901317 was able to dose-dependently 

reduce the histological lung injury score as well as both IL-1β and TNFα levels and 

myeloperoxidase (MPO) activity in the BALF at several time-points. The authors also studied 

the effects of T0901317 treatment on NF-κB pathway and found that T0901317 was able to 

dose-dependently decrease NF-κB and increase IκB-α lung levels (Hu et al., 2017). The 

protective effects of T0901317 were also confirmed in a carrageenan model of ALI where it 

reduced lung injury as well as cytokine levels and immune cell number in the pleural exudate 

(Crisafulli et al., 2010). Zhao et al. studied the effects of the activation of LXR either through 

pharmacological means or through genetic means (using a VP-LXRα knock-in, resulting in a 

constitutively active LXRα) in an oleic acid mouse model of ARDS. They found that both mice 

expressing the constitutively active LXRα or treated with GW3965 displayed a significant 

reduction in oleic acid-induced lung permeability and oedema. Both approaches (genetic and 

pharmacological) led to a significant decrease in neutrophil count in the BALF and to a 

decrease in IL-6 and TNFα levels in both the plasma and the BALF. Finally, both approaches 

aimed at increasing LXR signalling led to an increased activity of enzymes involved in ROS 

quenching (i.e. superoxide dismutase and catalase) in the lung (Zhao et al., 2016). 
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In the context of ALI or ARDS, the potential role(s) of ER remain largely to be explored. 

Nevertheless, in a rat model using laparotomy and/or controlled haemorrhagic shock in order 

to elicit ALI, the involvement of ER receptors was studied. The administration of estradiol or 

diarylpropionitrile (or DPN, a ERβ agonist) was able to fully reverse lung permeability, MPO 

levels in the BALF as well as iNOS expression in the lungs while propylpyrazoletriol (or PPT, 

a ERα agonist) was only partially protective (Doucet et al., 2010).  

As for other inflammatory pathologies of the respiratory tract, CXCR2 represents one of the 

major targets compared to other oxysterol receptors. In an LPS-induced ALI mouse model, 

mice treated with the antagonist SB225002 displayed a decreased histological lung injury and 

decreased lung MPO levels. Moreover, the CXCR2 antagonist was able to reduce lung 

permeability assessed using Evan’s blue. Pro-inflammatory cytokines and chemokines were 

studied in the BALF and SB225002 significantly reduced their levels compared to vehicle-

treated animals (Cao et al., 2018). Reparixin (a CXCR2 allosteric modulator) was shown to 

significantly reduce CXCL1-induced leukocyte adherence in vivo. In a LPS-induced ALI 

model, this compound was also able to dose-dependently decrease neutrophil count in the 

BALF. Interestingly, within the lung parenchyma, the Reparixin-induced decrease in 

neutrophil recruitment was localized to the interstitial compartment while no such decrease 

was found in the intravascular compartment. Here again, animals treated with Reparixin 

showed a decrease in lung permeability compared to vehicle-treated (Zarbock et al., 2008). 

Overall similar results were also observed in a rat model using the antagonist AZD5069 

(Nicholls et al., 2015). 

Asthma 

 

Asthma is characterized by bouts of coughing, wheezing and by breathing difficulties. This 

disease is accompanied by chronic inflammation of airways including during asymptomatic 

https://www.guidetopharmacology.org/GRAC/LigandDisplayForward?ligandId=2825
https://www.guidetopharmacology.org/GRAC/LigandDisplayForward?tab=summary&ligandId=2819
https://www.guidetopharmacology.org/GRAC/LigandDisplayForward?ligandId=8498
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phases. Its pathogenesis stems from an aberrant immune reaction towards allergens that leads 

to an airway hyper-responsiveness and to airway remodelling. 

In patients with mild asthma, levels of several oxysterols were quantified before and 48 hours 

after an allergen challenge. 7α-OHC, 27-OHC, and 7α,27-diOHC were significantly increased 

in the BALF after the allergen challenge. Moreover, the levels of these oxysterols were 

correlated with immune cell counts in the BALF. More specifically, 7β,27-diOHC BALF levels 

correlated with the eosinophil count, 25-OHC and 27-OHC both correlated with neutrophil 

count and both 7α,27-diOHC and 27-OHC correlated with lymphocyte count in the BALF of 

asthmatics (Shen et al., 2017).  

Regarding oxysterol receptors, only two were studied using a pharmacological approach in 

animal models of asthma. Conversely to the other respiratory tract inflammatory pathologies 

addressed here, LXR activation would seem to exert some detrimental effects. Indeed, in a 

house dust mite mouse model, oral administration of GW3965 led to an increase of the 

inflammatory response as total cell count and eosinophil count were significantly increased in 

the BALF of these mice. Within the lung parenchyma, GW3965 treatment led to a higher 

expression of IL-4, IL-5 and IL-13. The detrimental effects of LXR activation in this animal 

model were further confirmed with the use of LXRαβ-/- animals (Smet et al., 2016). On the 

other hand, in an ovalbumin asthma mouse model, T0901317 (LXRα and β agonist and RORα 

and γ inverse agonist)  administration changed neither the immune cells present in the BALF 

nor IL-4 and IL-13 levels in the BALF compared to vehicle-treated mice. However, it was able 

to significantly decrease circulating ovalbumin-specific IgE as well as mucus hyper-production 

and peri-bronchial fibrosis (Shi et al., 2014). Finally, in a rat model of ovalbumin-induced 

asthma, GW3965 treatment failed to reduce eosinophil count in the BALF, increased airway 

responsiveness and increased smooth muscle thickness in both asthmatic and healthy rats even 

though no change was measured regarding lung inflammation (Birrell et al., 2008). 
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The interest of CXCR2 in the context of asthma has led to clinical trials. AZD5069 (CXCR2 

antagonist) was used at three different doses in patients with uncontrolled persistent asthma. 

Despite the observed dose-dependent decrease in circulating neutrophils between placebo- or 

AZD5069-treated patients, no clinical benefits were observed regarding the number of asthma 

exacerbation or in key breathing parameters (O'Byrne et al., 2016). In another clinical trial, 

experimenters elected to study the effects of the antagonist SCH527123 in patients with severe 

asthma. Patients treated with this CXCR2 antagonist displayed a significant decrease in both 

neutrophil and eosinophil counts in the sputum at the end of the study while no change was 

found in placebo-treated patients. Blood neutrophil count was also significantly decreased in 

SCH527123-treated patients. However, despite the fact that the treatment induced fewer mild 

exacerbations compared to placebo patients, no other significant improvement was observed 

regarding lung function (Nair et al., 2012). Therefore, CXCR2 antagonism in the context of 

asthma seems to lead to some consistent effects regarding immune cells count but, so far, does 

not translate into strong clinical effects. 

 

Obesity and metabolic syndrome 

Obesity and metabolic syndrome are accompanied by a chronic low-grade inflammation that 

affects the entire organism and is directly linked to several associated comorbidities. The 

specific inflammatory state associated with obesity or metabolic syndrome is not as extreme as 

it can be observed in other diseases. However, this low-grade inflammation extends over a long 

period of time and is associated with the development of several comorbidities such as 

hypertension, type 2 diabetes or dyslipidaemias.  

To date, contrary to the preclinical data, there are limited clinical reports on the consequences 

of obesity on oxysterol levels (Guillemot-Legris et al., 2016). In patients suffering from obesity 

https://www.guidetopharmacology.org/GRAC/LigandDisplayForward?ligandId=8497
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or metabolic syndrome, plasma levels of 4β-OHC were found to be significantly decreased 

compared to control patients for both female and male subjects. Levels of the isomer 4α-OHC 

were only significantly increased in patients suffering from metabolic syndrome compared to 

control patients for both female and male subjects. Interestingly, in female subjects, more 

oxysterols were altered by obesity or metabolic syndrome. Indeed, plasma levels of 5α,6α-

epoxychol were decreased for obese and female patients with metabolic syndrome compared 

to healthy controls while levels of 24(S)-OHC were only decreased obese female patients. 

Finally, plasma levels of 7α-OHC, 7β-OHC, 7-KC and 25-OHC were only increased for female 

patients suffering from metabolic syndrome compared to control (Tremblay-Franco et al., 

2015). Interestingly, patients suffering from anorexia nervosa displayed the opposite variation 

with regards to plasma levels of 4β-OHC as it was increased in such patients compared to 

normal weight control subjects (Hole et al., 2018).  

In this context, pharmacological tools were employed to target LXR in animal models of 

obesity. The administration of T0901317 (LXRα and β agonist and RORα and γ inverse 

agonist) resulted in decreased body weight gain and decreased fat mass development in mice 

fed a high fat diet (HFD). Interestingly, while the epididymal and visceral adipose depots 

displayed a decreased expansion, the brown adipose tissue depot remained unaltered by 

T0901317 compared to vehicle-animals (Gao et al., 2013). Besides an increase in fat mass, 

obesity is also characterized by macrophage and lymphocyte infiltration of the adipose tissue. 

In the ob/ob mice, the LXRα and β agonist GW3965 decreased the number of macrophages 

and lymphocytes in the visceral and subcutaneous adipose tissue, respectively. The treatment 

also decreased the inflammatory tone of both fat depots (Archer et al., 2013).   

Contrary to the LXR agonist, administration of the ROR agonist SR1078 led to an increase in 

plasma and epididymal adipose tissue expression of IL-6 and TNFα (Liu et al., 2017). 

Conversely, treatment with a RORγ inverse agonists exerted beneficial effects in this context. 
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Indeed, SR1555 administration or SR1903 administration to mice in a diet-induced obesity 

model led to a significant decrease in weight gain and fat mass development as well as 

circulating lipid levels (Chang et al., 2019; Chang et al., 2015). The important role of RORα in 

the context of obesity was also confirmed by the fact that RORα knockout mice were partly 

protected against obesity and display decreased weight gain and fat mass (Lau et al., 2008).  

The potential role of smoothened and of CXCR2 in obesity was only recently addressed. In a 

study using db/db mice, treatment with the CXCR2 antagonist G31P (antagonist of both 

CXCR1 and CXCR2) decreased body weight and fat mass. It also reduced the weight of 

different white adipose tissue depots and circulating levels of IL-6, TNFα and CXCL8 

compared to vehicle-treated animals (Cui et al., 2019). G31P administration also significantly 

reduced the expression of MCP-1 and TNFα in the subcutaneous adipose tissue and reduced 

the presence of crown-like structures (Cui et al., 2019). Finally, using a genetic construct 

leading to the constitutive activation of adipose tissue smoothened, the authors found that 

activation of smoothened reduced body weight gain under HFD (Shi et al., 2017). Conversely, 

mice lacking smoothened in the myeloid cell line displayed a higher body weight gain 

compared to wild type animals and an increased recruitment of macrophages in the adipose 

tissue further supporting the role of this receptor in the context of obesity (Braune et al., 2017).   

NAFLD and NASH 

Obesity and metabolic syndrome are often accompanied by severe alterations of the liver. Non-

alcoholic fatty liver disease (NAFLD) aetiology is still not fully understood however it is linked 

to obesity, high circulating triglycerides and insulin resistance. NAFLD is characterized by an 

ectopic deposition of fat within hepatocytes that leads to lipotoxicity and inflammation 

alterations of hepatic functions. Non-alcoholic steatohepatitis (or NASH) represents a more 
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serious pathology as hepatocytes are not only inflamed but dying and liver fibrosis can also be 

observed.  

Levels of oxysterols were measured directly in the liver of NASH patients. Levels of 7α-OHC, 

7β-OHC, 7-hydroxycholestenone, 7α,27-diOHC and 24(S)-OHC were increased compared to 

healthy subjects while levels of 25-OHC and 27-OHC remained unchanged. Furthermore, 

correlations were also established between 7α-OHC, 7β-OHC, 24(S)-OHC and 7-

hydroxycholestenone levels and the anatomopathological score of patient’s livers (Raselli et 

al., 2019a).  

As the liver represent a key organ with regards to lipid and glucose metabolisms, the role of 

LXR was investigated. Patients with NAFLD were shown to display higher levels of LXRα in 

the liver compared to healthy subjects and these levels were associated with increased 

inflammation and fibrosis (Ahn et al., 2014).  

In a NASH mouse model, SR9238 administration led to a significant decrease in liver weight 

and steatosis. Treatment with the LXR agonist also decreased the hepatic expression of pro-

inflammatory markers as well as the expression of CD68 supporting  a decrease in macrophage 

infiltration (Griffett et al., 2015). Interestingly, in a mouse model of NAFLD, the LXR inverse 

agonist SR9238 decreased liver steatosis, macrophage recruitment, and levels of inflammation-

associated hepatic enzymes (ALT, ALP and AST). This LXR antagonist also decreased the 

expression of IL-1β and TNFα in the liver (Griffett et al., 2013). Finally, oral administration of 

the oxysterol 22(S)-OHC (reported to be a LXR antagonist) to HFD fed rats led to a decrease 

in hepatic triglycerides compared to vehicle-treated animals (Tranheim Kase et al., 2012). As 

both LXR agonism and antagonism seem to exert some beneficial effects in the context of 

NAFLD and NASH, further studies are clearly needed to decipher the underlying mechanisms 

at play. However, one pharmacological avenue that is still being explored relies on the 

https://www.guidetopharmacology.org/GRAC/LigandDisplayForward?ligandId=8692
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development of isoform-specific drugs. Indeed, LXRα is the major LXR isoform expressed in 

hepatocytes. Therefore, selectively targeting LXRβ would allow to circumvent lipogenesis 

induction. 

In a diet-induced NASH mouse model, treatment with the RORα activator JC1-40 significantly 

reduced hepatic triglyceride levels and increased liver expression of antioxidant enzymes 

(superoxide dismutase 2 and Glutathione peroxidase 1). The treatment also decreased liver 

inflammation (i.e. expression of IL-1β and TNFα) and macrophage infiltration (Han et al., 

2014). In a follow up study, the authors found that JC1-40 administration was able to decrease 

circulating GPT and GOT along with liver triglyceride levels. It also decreased the expression 

of IL-1β, IL-6 and TNFα in Kupffer cells and further skewed Kupffer cell polarization towards 

a M2-like phenotype (Han et al., 2017).  

The involvement of the 7α,25-diOHC receptor GPR183 has been studied only through genetic 

approaches. Mice with genetic deletion of either GPR183, or Chol25OHase or Cyp7b1 

(enzymes involved in 7α,25-diOHC production) were studied in a diet-induced NASH model. 

Wild-type mice fed a HFD developed NASH as they displayed increased NAFLD activity score 

along with fibrosis compared standard diet-fed animals. Interestingly, no effect of either 

GPR183 deletion, Chol25OHase deletion or Cyp7b1 deletion was observed on these 

parameters suggesting that GPR183 or the enzymes responsible for the metabolism of its 

endogenous ligands are involved in NAFLD and NASH pathogenesis in this animal model 

(Raselli et al., 2019a). Of note, of these three genetic deletions, only GPR183-/- mice displayed 

increased serum AST and ALT levels compared to wild type animals for mice fed a HFD 

(Raselli et al., 2019a). 

In patients, ERα positive immunostaining in liver biopsies of NASH patients was significantly 

lower compared to patients with simple steatosis and with healthy subjects. ERα positive 
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staining was also found to be lower in patients with simple steatosis compared with healthy 

patients (Erkan et al., 2013). In diet-induced NAFLD, treatment of mice with the selective 

oestrogen receptor modulator tamoxifene decreased circulating levels of ALT and AST and 

decreased liver steatosis. Hepatic inflammatory marker (TNFα and MCP-1) expression and 

levels of endoplasmic reticulum stress markers (Bip and eIF2α) were also significantly reduced 

in the liver of mice treated with tamoxifen (Miyashita et al., 2012). In a NAFLD mice model, 

Raloxifene, another selective estrogen receptor modulator, decreased circulating levels of ALT 

and free fatty acids. Even though this treatment did not change liver steatosis score or liver 

triglycerides levels, it was able to decrease the lobular inflammation scores, liver fibrosis as 

well as the expression of IL-1β and IL-6 (Luo et al., 2015). Finally, the interest of hepatic ERα 

was addressed using liver-specific ERα knockout mice. The mice were fed a HFD and were 

treated with either estradiol (ER agonist), tamoxifen (selective estrogen receptor modulator) or 

vehicle. Wild-type mice receiving estradiol or tamoxifen displayed decreased liver steatosis 

and decreased liver triglyceride and cholesterol ester liver contents. In liver-specific ERα 

knockout mice, no beneficial effect was observed for these molecules supporting a central role 

for liver ERα in mediating estradiol and tamoxifen effects in the context of diet induced 

NAFLD. Interestingly, vehicle treated mice presenting the liver specific deletion of ERα did 

not display any alteration in triglyceride and cholesterol ester liver contents, compared to wild 

type animals, showing that liver ERα deletion alone is not sufficient to modify these parameters 

in the context of diet-induced obesity (Guillaume et al., 2019).  

Using mice with a conditional hepatocyte-specific deletion of Smo, Matz-Soja et al. assessed 

the potential role of this receptor in NAFLD. Such mice developed a liver steatosis under 

normal diet as well as increased VLDL levels compared to wild type mice. Smoothened 

hepatocyte-specific deletion also led to a disruption in both expression and levels of key 

lipogenic transcription factors and enzymes, namely by up-regulating among others 

https://www.guidetopharmacology.org/GRAC/LigandDisplayForward?ligandId=1016
https://www.guidetopharmacology.org/GRAC/LigandDisplayForward?ligandId=2820
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carbohydrate response element binding protein (ChREBP), peroxisome proliferator-activated 

receptor (PPAR) α, PPARγ or sterol regulatory element-binding protein 1 (SREBP1) (Matz-

Soja et al., 2016). Another research group also used liver-specific Smo knockout mice and fed 

them a HFD. No change was observed for several NAFLD parameters (e.g. liver triglycerides, 

hepatic enzymes) compared to wild-type animals. However, hepatocyte-specific Smo knockout 

mice displayed a lower macrophage recruitment in the liver as well as lower pro-inflammatory 

cytokine and chemokine expression compared to wild-type animals when fed a HFD. The 

authors also explored the effects of smo pharmacological inhibition in HFD induced NAFLD. 

The two smo antagonists tested, GDC-0449 or LDE225, were able to decrease hepatic steatosis 

and circulating cholesterol levels compared to vehicle-treated mice. GDC-0449 was able to 

decrease circulating triglyceride levels but not liver triglyceride levels and the opposite was 

true for LDE225. Finally, both smo antagonists inhibited macrophage recruitment and 

decreased proinflammatory cytokine and chemokine expression in the liver (Kwon et al., 

2016). 

 

Type II diabetes 

Type II diabetes is a chronic condition characterized by insulin resistance that leads to profound 

alterations in glucose metabolism. T2D is often associated with overweight or obesity. It has 

been demonstrated that chronic inflammation plays a central role in T2D onset and in the 

alteration of insulin secretion. 

Type II diabetes patients were shown to have increased plasma and serum levels of 7-KC 

compared to healthy subjects (Abo et al., 2000; Samadi et al., 2019). Moreover, a difference in 

plasma 7-KC levels between patients suffering from type I diabetes and type II diabetes was 

also put forth. This oxysterol levels were increased in diabetic patients of both types compared 

https://www.guidetopharmacology.org/GRAC/FamilyDisplayForward?familyId=86
https://www.guidetopharmacology.org/GRAC/FamilyDisplayForward?familyId=86
https://www.guidetopharmacology.org/GRAC/LigandDisplayForward?tab=summary&ligandId=6975
https://www.guidetopharmacology.org/GRAC/LigandDisplayForward?tab=summary&ligandId=8199
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to control patients and 7-KC levels were significantly higher in type II diabetes patients 

compared to patients with type I diabetes. Furthermore, correlations were found between 7-KC 

levels and glycemia, HbA1c, or total cholesterol levels in both types of diabetes (Samadi et al., 

2019). Finally, 7-KC levels in erythrocytes were increased in T2D patients compared to control 

subjects and were found to be negatively correlated with HDL levels (Abo et al., 2000). 

Concerning other oxysterols, plasma levels of 7β-OHC, 5α,6α-epoxychol and 5β,6β-epoxychol 

were found to be increased in T2D patients compared to lean subjects (Ferderbar et al., 2007). 

In the omental visceral adipose tissue, levels of both 25-OHC and 7α,25-diOHC remained 

unchanged between obese T2D patients and obese non-diabetic male patients. Despite this 

absence of variation, Chol25OHase expression was found to be increased in obese T2D patients 

compared to obese non-diabetic controls (Russo et al., 2020).  

In a HFD mouse model, deletion of Chol25OHase led to an improvement in several parameters 

associated with insulin resistance such as insulin levels, post-prandial glucose levels and in the 

insulin tolerance test (Russo et al., 2020). In another study, a large cohort of mice was fed a 

HFD and was further divided between insulin-sensitive or insulin-resistant groups. Hepatic 

levels of Chol25OHase were decreased in insulin-resistant mice compared to insulin-sensitive 

animals. Interestingly, adenovirus-mediated hepatic Chol25OHase overexpression resulted in 

lower glucose and insulin levels during oral glucose and insulin tolerance tests. (Noebauer et 

al., 2017). 

The involvement of LXR was studied in the context of insulin resistance and T2D using 

different pharmacological tools. In a diet induced obesity model, treatment with GW3965 

improved glucose tolerance in mice compared to vehicle-treated HFD fed animals. In this 

study, the authors dissected further the LXR-dependent mechanisms leading to this beneficial 

effect. Indeed, they demonstrated that GW3965 treatment inhibited the gluconeogenic response 

in the liver and induced glucose utilization. Furthermore, the authors evidenced hallmarks of 
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improved peripheral glucose uptake in the adipose tissue (Laffitte et al., 2003). In ob/ob female 

mice, treatment with GW3965 also improved insulin tolerance and reduced insulin levels albeit 

no change in fasted glycaemia were measured in mice (Archer et al., 2013). Interestingly, the 

LXR inverse agonist SR9238 did not alter insulin or glucose levels in ob/ob mice compared to 

vehicle-treated ob/ob animals (Griffett et al., 2015).  

Treatment of ob/ob mice with the ROR inverse agonist SR1001 improved both glucose and 

insulin tolerance tests. These beneficial effects were also accompanied by decreased 

endoplasmic reticulum stress in the epididymal adipose tissue (Liu et al., 2017). Using a diet-

induced obesity model, the administration of either SR1555 or SR1903, two RORγ inverse 

agonists, was shown to reduce fasting insulin levels and to significantly improve both glucose 

and insulin tolerance tests (Chang et al., 2019; Chang et al., 2015). 

In male patients, low testosterone levels alone were not associated with an increased risk of 

T2D. However, individuals presenting low total or free testosterone and presenting the single 

nucleotide polymorphism rs2207396 of the ESR1 gene (ERα) displayed an increase of 7.3 or 

15.9 times of odds ratio of presenting T2D (Linner et al., 2013). A meta-analysis of genetic 

studies examining two ERα polymorphisms found that the PvuII polymorphism (intron 1 

polymorphism PvuII-rs2234693: T.C) was associated with a decreased risk of T2D in the 

Chinese population while the XbaI polymorphism (intron 1 polymorphism XbaI-rs9340799: 

A.G) was linked to a reduction in T2D susceptibility in Caucasians (Yang et al., 2018). Besides 

these genetic studies implicating ERα and T2D risks, animal studies using pharmacological 

modulation targeting this receptor were conducted. Using a diet induced obesity model, 

treatment with either estradiol (an ER agonist), PPT (ERα agonist) or DPN (an ERβ agonist) 

did not change insulin levels or glucose levels (Tang et al., 2019). However, in a study using 

Zucker diabetic rats, treatment with estradiol led to a significant decrease in blood glucose at 

several time points (from 7 to 16 weeks). It also led to a clear improvement in glucose tolerance 
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and was accompanied by a normalization of β-cells mass and in insulin pancreatic levels (Tiano 

et al., 2011). In mice fed a standard diet, treatment with estradiol led to a significant decrease 

in blood glucose levels for both male and female animals. This treatment was also able to 

improve both glucose and insulin tolerance test for animals of both sexes (Yan et al., 2019). 

Finally, estradiol or tamoxifen (selective estrogen receptor modulator) administration in a diet-

induced obesity mouse model was able to improve glucose tolerance and insulin resistance. 

However, in liver-specific ERα knockout mice fed a HFD, only estradiol treatment was still 

able to improve glucose and insulin levels while tamoxifen treatment no longer improved these 

parameters (Guillaume et al., 2019). 

In db/db mice, G31P (antagonist of both CXCR1 and CXCR2) administration was able to 

reduce fasting insulin levels but not fasting glucose levels. This treatment also significantly 

improved glucose and insulin tolerance tests. The authors further demonstrated that G31P 

administration improved hepatic insulin sensitivity through the modulation of gluconeogenesis 

and the Akt pathway (Cui et al., 2019). 

Using a genetic construct leading to the constitutive activation of smoothened in the adipose 

tissue, mice fed a HFD displayed significant improvements in both glucose and insulin 

tolerance tests (Shi et al., 2017). The implication of smoothened expressed in myeloid cells 

was also investigated using specific myeloid smoothened knockout mice fed a HFD. These 

mice displayed a significant decrease in insulin sensitivity (Braune et al., 2017).  

 

Inflammatory bowel diseases  

Crohn’s disease (CD) and ulcerative colitis (UC) represent the two major inflammatory bowel 

diseases. Their etiopathologies are still not fully understood but they are characterized by 

chronic inflammation and by periods of flares and remissions. In CD, ulcerations can extend 
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to all layers of the bowel wall and may occur in any part of the gastrointestinal tract. Ulcerations 

in UC are localised to the colon and rectum.    

Oxysterol levels were measured in patients suffering from CD or UC in colon biopsies. Most 

of the variations were very similar in the two pathologies compared to colon biopsies from 

non-inflammatory bowel disease subjects. Levels of 7α-OHCnone and 25-OHC were increased 

in UC and CD patients compared to control while levels of 27-OHC were decreased. 4β-OHC 

levels were significantly decreased for CD patients only compared to control. More marked 

differences between these two types of IBD were found in the colon expression of enzymes 

involved in oxysterol metabolism. While the expression of CYP3A4, CYP3A5 and CYP27A1 

were decreased in colon biopsies from both pathologies compared to control, the expression of 

CYP7A1, CYP8B1 and Chol25OHase were increased only for patients suffering from UC 

(Guillemot-Legris et al., 2019). Interestingly, in another study focusing on the ileum of CD 

patients, the expression of Chol25OHase was increased compared to non-IBD patients and 

further increased in fibrotic ileum tissue from CD patients compared to non-fibrotic ileum 

tissue from CD patients (Raselli et al., 2019b).  

In a dextran sulphate sodium (DSS) mouse model of colitis, oral administration of GW3965 

was able to significantly decrease body weight loss. The authors also characterized the 

recruitment of immune cells in the lamina propria and found that CD11b+ cells as well as 

Ly6C/G+/CD11b+ cells were less recruited when mice were treated with the LXR agonist. 

Finally, the use of LXR knockout mice allowed to further implicate them in the pathogenesis 

of the DSS mouse model of colitis as the loss of either LXR isoforms proved to be deleterious 

in this context (Jakobsson et al., 2014). Another study used three different pharmacological 

tools in the DSS mouse model: T0901317 (LXRα and β agonist and RORα and γ inverse 

agonist), DMHCA (LXR agonist) and MePipHCA (LXR agonist). Interestingly, in this study, 

T0901317 administration exerted no beneficial effects. However, DMHCA and MePipHCA 
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decreased the expression of IL-1β and MCP-1 in the colon compared to vehicle-treated DSS 

mice and only MePipHCA was able to significantly reduce the histological score (Yu et al., 

2016).  

In a model of colon bacterial infection using mice infected with C. rodentium, oral GSK805 

(RORγ inverse agonist) administration led to a reduction in IL-17A- and IL-22-producing 

TH17 cells in the lamina propria and mesenteric lymph node compared with vehicle-treated 

animals. However, GSK805 administration did not alter the number of IL-17A- and IL-22 type 

3 innate lymphoid cell (immune cells notably important in the maintenance and protection of 

the intestinal epithelial barrier) in these two tissues. The authors also tested GSK805 effects in 

another model of colitis (IL-10-/- mouse) and evidenced a significant reduction in colon 

shortening, reduced histologic hallmarks of inflammation as well as a reduction in IL-17A- and 

IL-22-producing TH17 cells in the lamina propria and mesenteric lymph node but not in type 

3 innate lymphoid cells (Withers et al., 2016). 

In a trinitrobenzene sulfonic acid (TNBS) mouse model of colitis, estradiol administration led 

to a protection against weight loss and to a reduction of the colon histological inflammatory 

score. Estradiol treatment also significantly reduced colon levels of several proinflammatory 

cytokines (Armstrong et al., 2017). In another study, administration of 17β-estradiol 

significantly reduced both macroscopic and histological scores and MPO activity while 17α-

estradiol exerted no such effects (Verdu et al., 2002). Administration of a novel selective 

estrogen receptor modulator (named SERM2) significantly reduced weight loss, the disease 

activity index and rectal bleeding compared with vehicle-treated DSS mice. However, this 

treatment did not alter the expression of pro-inflammatory cytokines or chemokines in the 

colon or their circulating levels (Polari et al., 2019).  
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CXCR2 implication in animal models of colitis has been studied through the use of CXCR2-/- 

mice. Such animals were shown to be protected from DDS-induced colitis as they displayed a 

reduced weight loss, a significant decrease of the histological score index as well as lower pro-

inflammatory cytokines and chemokines in colon and in plasma compared to wild type animals 

(Ranganathan et al., 2013). In a TNBS colitis mouse model, treatment with SB225002 (CXCR2 

antagonist) was shown to rescue weight loss, increase survival, and decrease colon 

macroscopic damage. SB225002 administration was also able to decrease colon MPO activity 

and histological damage. Finally, this treatment decreased colon levels of pro-inflammatory 

cytokines and chemokines and increased anti-inflammatory cytokine levels (i.e. IL-4 and IL-

10) (Bento et al., 2008). 

 

Conclusions and perspectives 

Oxysterols are a complex yet very interesting family of bioactive lipids. As discussed in this 

review, they appear to be involved in key inflammatory processes in several pathologies. 

However, concerning their level quantification, opposite variations are sometimes reported for 

the same oxysterol in the same pathology. Some potential explanations could reside in 

differences in the analytical methodology employed or to the fact that the sampling is not 

always performed at a similar stage of the disease. Besides, for some diseases, it is not always 

easy to exclude potential confounding factors, such as drugs affecting oxysterol metabolism or 

the presence of unknown comorbidities. Moreover, in human most of the oxysterol 

quantification is performed in the blood (plasma or serum) as tissues are never easily 

accessible. However, oxysterol levels at the site of action (e.g. specific tissue, intracellular,… 

) could be very different than in the systemic circulation. Indeed, depending on the main site 

of production, barrier crossing, or local metabolism the local oxysterol content could be higher 

or lower compared to the one found in the systemic circulation.  
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As outlined in this review, ascribing an effect to a given oxysterol and a specific receptor is 

extremely complex. For instance, the use of animal models where one metabolic enzyme has 

been invalidated will most likely lead to changes in multiple oxysterol levels. If we consider 

cyp27a1, Cyp27a1-/- mouse could see the levels of 27-OHC, 7α,27-diOHC, 7β,27-diOHC, 7-

KC,27-OHC, 24(S),27-diOHC altered. Similarly, the genetic invalidation of Cyp7b1 could 

result in altered levels of 7α,25-diOHC, 7α,27-diOHC or 27-cholestenoic acid. Besides, as 

multiple enzymes can catalyse similar reactions, enzyme invalidation could result in only mild 

changes in lipid levels. Case in point, if we consider specifically the Chol25OHase, its 

invalidation can obviously lead to a decrease in 25-OHC levels but Cyp27a1 has been shown 

as being able to produce 25-OHC as well which could explain that 25-OHC is still detected in 

these animals. These difficulties are also true for inhibitors of enzymes involved in oxysterol 

metabolism such as clotrimazole used in some animal experiments as a Cyp inhibitor.  

Moreover, one oxysterol can often act on several receptors therefore increasing the complexity 

of their study. Furthermore, it is not easy to relate oxysterol levels at the site of action and the 

affinity of the oxysterol for a given receptor. To date, one of the approaches used to study 

oxysterol impact in pathophysiological conditions relies mostly on the use of knockout models 

for an enzyme responsible for its metabolism or on the use of knockout models for one of the 

oxysterol receptors. This approach is clearly helpful and provides an interesting framework to 

decipher further the roles of these bioactive lipids. However, the use of such models is not 

devoid of limitations, for instance compensatory mechanisms could take place, and can only 

rarely lead to the identification of the oxysterol - receptor(s) pathway(s) at play. A 

pharmacological approach can clearly help underline the existing pathophysiological 

mechanisms involving the oxysterome. Using highly selective antagonists/agonists of 

oxysterols’ target receptors allow for pinpointing which one is involved in the 

pathophysiological process studied. However, identifying the actual oxysterol responsible is 
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more delicate. One potential way to address this point could be to administer the oxysterol of 

interest along with a receptor antagonist (or agonist). Thus, the pharmacological profile of the 

pharmacological tools is of great importance in order to draw the proper conclusions. Case in 

point, the widely used T0901317 is able to act as a LXR agonist and as a ROR inverse agonist. 

However, its actions on ROR are very often overlooked despite being almost equipotent on 

ROR and LXR. In specific settings, the use of both pharmacological tools and oxysterol 

receptor knockout models are extremely useful as it allows for the unequivocal identification 

of the specific receptor isoform(s) (LXRα or LXRβ, ERα or ERβ…) involved in the observed 

effects when the molecule used does not show enough specificity towards one specific isoform.   

Hence, in (patho)physiological conditions, identifying which component of the oxysterome is 

directly involved is no easy task and represents a challenging aspect of future studies. However, 

by combining different approaches (quantification methods, genetic, and particularly 

pharmacological approaches) and bearing in mind their respective limitations, the identification 

of the oxysterol and receptor at play becomes within reach.  

The studies we discussed in this review point to interconnections between different 

pharmacological systems thought to be completely unrelated (for some of them) thanks to the 

oxysterols. While much remains to be explored within the oxysterome in the context of 

inflammatory pathologies, one of its receptors seems to be quite promising but remains much 

less studied. Indeed, GPR17 was shown to be implicated (through knockout models) in 

inflammatory pathologies such as asthma (Maekawa et al., 2010). However, in order to gain 

more insights in its function(s), the development of more specific pharmacological tools will 

be necessary.  

In conclusion, it appears clearly that oxysterols, by binding to multiple molecular targets, are 

important lipid mediators in the context of inflammation and inflammatory diseases. We 
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discussed the effects of exogenous compounds in the context of diseases characterized by an 

inflammatory component which allow for a better understanding of the receptors’ 

pathophysiological implications. However, the role(s) of several oxysterols in these 

pathologies remain(s) to be fully and the receptor(s) mediating their effects remain(s) to be 

investigated     

 

Nomenclature of Targets and Ligands  

Key protein targets and ligands in this article are hyperlinked to corresponding entries in 

http://www.guidetopharmacology.org, the common portal for data from the IUPHAR/BPS 

Guide to PHARMACOLOGY (Harding et al., 2018), and are permanently archived in the 

Concise Guide to PHARMACOLOGY 2019/20 (Alexander et al., 2019). 
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Figure 1. Simplified overview of oxysterol metabolism.  

Oxysterol can be formed from cholesterol or from cholesterol precursors such as desmosterol or 2,3(S)-

monooxidosqualene (MOS). Oxysterol metabolism relies on enzymatic reactions catalysed by 

cytochromes P450 (CYP), cholesterol 25-hydroxylase (CH25H), squalene epoxidase (SQLE), hydroxy-

delta-5-steroid dehydrogenase, 3 beta- and steroid delta-isomerase 7 (HSD3B7), hydroxysteroid 11-

beta dehydrogenase 1 (HSD11B1), cholesterol epoxide hydrolase (ChEH) and on chemical reactions 

mediated by reactive oxygen species (ROS). Sulfation reactions are mediated mainly by enzymes from 

the sulfotransferase 2B family (SULT2B). For oxysterol deriving directly from cholesterol, the result 

of the oxidation process is indicated in blue. These oxysterols can be further oxidized and the new 

chemical function is indicated in red. Most of the enzymes and reactions depicted are similar between 

human and rodent. However, human CYP3A4 and CYP3A5 do not exist in mice but the same reaction 

can be catalysed by their orthologues Cyp3a11 and Cyp3a13 respectively. 7α,27-diOHC is shown twice 

as it can be formed from two distinct pathways. 

4β-OHC: 4β-hydroxycholesterol; 5α,6α-epoxychol: 5α,6α-epoxycholesterol; 5β,6β-epoxychol: 5β,6β-

epoxycholesterol; 7α-OHC: 7α-hydroxycholesterol; 7β-OHC: 7β-hydroxycholesterol; 7-KC: 7-

ketocholesterol; 22(R)-OHC: 22(R)-hydroxycholesterol; 24(S)-OHC: 24(S)-hydroxycholesterol; 25-

OHC: 25-hydroxycholesterol; 27-OHC: 27-hydroxycholesterol; 4β,27-diOHC: 4β,27-

dihydroxycholesterol; 5α,6β-diOHC: 5α,6β-dihydroxycholesterol; 7α,27-diOHC: 7α,27-

dihydroxycholesterol; 7α-OHCnone: 7α-hydroxy-4-cholesten-3-one; 7β,27-diOHC: 7β,27-

dihydroxycholesterol; 7-K-27-OHC: 7-keto-27-hydroxycholesterol; 7-KC-3-sulfate: 7-ketocholesterol-

3-sulfate; 7α,24(S)-diOHC: 7α,24(S)-dihydroxycholesterol; 24(S),27-diOHC: 24(S),27-

dihydroxycholesterol; 24(S)-OHC-3-sulfate: 24(S)-hydroxycholesterol-3-sulfate; 7α,25-diOHC: 7α,25-

dihydroxycholesterol; 25-OHC-3-sulfate: 25-hydroxycholesterol-3-sulfate; 27-CA: 3β-hydroxy-(25R)-

cholest-5-en-27-oic acid 
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Figure 2. Oxysterol receptor pharmacomodulations in inflammatory diseases 

 Effects of pharmacological (A) agonists or (B) antagonists on different oxysterol receptors in 

inflammatory diseases of the cardiovascular system (salmon), the respiratory system (yellow), 

and the entero-endocrine system (green). Despite being involved in immune and inflammatory 

processes, the GPR183 receptor is not reviewed here as no pharmacological tools has been 

fully characterized yet. 

ALI: acute lung injury; ARDS: acute respiratory distress syndrome; NAFLD: nonalcoholic 

fatty liver disease; NASH: nonalcoholic steatohepatitis; IBD: inflammatory bowel disease; 

BALF: bronchoalveolar lavage fluid; LXR:  liver X receptor; ROR: Retinoic acid receptor-

related orphan receptor; Erα: estrogen receptor α; CXCR2: CXC chemokine receptor 2; 

GPR17: G protein-coupled receptor 17; Smo: smoothened 
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Table 1: Oxysterols and their receptors. This table presents the main endogenous oxysterols and their receptors. The pharmacological parameters 

are presented as pKi (i.e. -log Ki), pEC50 (i.e. -log EC50), or pIC50 (i.e. -log IC50) depending on the data reported in the literature. ND: not 

determined; SERM: selective estrogen receptor modulator  

Oxysterol 
 

Target 
Functionalit

y 

Pharmacological 

parameters 
References 

4β-hydroxycholesterol 4β-OHC 
LXRα agonist ND (Nury et al., 2013) 

LXRβ agonist ND (Nury et al., 2013) 

5α,6α-epoxycholesterol 5α,6α-epoxychol 
LXRα antagonist 

pIC50=7.1 

pEC50=5.8 
(Berrodin et al., 2010) 

LXRβ /  (Berrodin et al., 2010) 

6-oxo-cholestan-3β,5α-diol  OCDO 

GR ligand * pKi=6.5 

(Voisin et al., 2017) LXRα ligand pKD=4.1 

LXRβ ligand pKD=4.9 

7α-hydroxycholesterol 7α-OHC 

GPR17 agonist 
pIC50=9.1 

pEC50=9.2 
(Sensi et al., 2014) 

GPR183 agonist 
pIC50=5.9  (Liu et al., 2011)   

pIC50=5.5 (Hannedouche et al., 2011) 

LXRα / pKi <5 (Janowski et al., 1999) 

LXRβ / pKi<5 (Janowski et al., 1999) 

RORα 
inverse 

agonist 
pIC50=5.9 (Wang et al., 2010c) 

RORγ 
inverse 

agonist 

pKi ~ 7.6                   

pECβ0=5.8 
(Wang et al., 2010c)  

7β-hydroxycholesterol 7β-OHC 

RORα 
inverse 

agonist 

pKi ~ 7.7 

pEC50=6.2 
(Wang et al., 2010c) 

RORγ 
inverse 

agonist 

pKi ~ 7.6 

pEC50=5.7 
(Wang et al., 2010c) 

7-ketocholesterol 7-KC 
LXRα / pKi<5.3  (Janowski et al., 1999) 

LXRβ / pKi<5.3 (Janowski et al., 1999) 
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RORα 
inverse 

agonist 

pKi ~ 7.7 

pEC50=5.9 
(Wang et al., 2010c) 

RORγ 
inverse 

agonist 

pKi ~ 7.6 

pEC50=6.2 
(Wang et al., 2010c) 

22(R)-hydroxycholesterol 22(R)-OHC 

CXCR2 agonist pEC50=5.9 (Raccosta et al., 2013) 

GPR17 agonist 
pIC50=9.0 

pEC50=9.7 
(Sensi et al., 2014) 

LXRα agonist 
pKi=6.4 (Janowski et al., 1999) 

pEC50=5.4-5.6 (Berrodin et al., 2010) 

LXRβ agonist 
pKi=6.9 (Janowski et al., 1999) 

pEC50=5.9-6.2 (Berrodin et al., 2010) 

RORγ agonist pEC50=7.4-7.7 (Jin et al., 2010) 

24(S)-hydroxycholesterol 24(S)-OHC 

LXRα agonist 
pKi=7.0 

pEC50=5.4 
(Janowski et al., 1999) 

LXRβ agonist 
pKi=7 

pEC50=5.5 
(Janowski et al., 1999) 

NMDAR 
allosteric 

modulator 
 (Paul et al., 2013) 

RORα 
inverse 

agonist 

pKi=7.6 

pEC50=6.2 
(Wang et al., 2010a) 

RORγ 
inverse 

agonist 

pKi=7.6 

pEC50=5.9 
(Wang et al., 2010a) 

24(S),25-epoxycholesterol 
24(S),25-

epoxychol 

LXRα agonist 
pKi=6.4-6.7 (Janowski et al., 1999) 

pEC50=5.4-6.1 (Berrodin et al., 2010) 

LXRβ agonist 
pKi=6.4-6.7 (Janowski et al., 1999) 

pEC50=5.5-6.1 (Berrodin et al., 2010) 

RORγ 

agonist pEC50=5.8 (Soroosh et al., 2014) 

Inverse 

agonist 

pKi=7.7  

pEC50=6.6 
(Wang et al., 2010a) 

25-hydroxycholesterol 25-OHC Erα agonist pIC50 ~6.8 (Lappano et al., 2011) 
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GPR183 agonist 
pIC50=5.9 (Liu et al., 2011) 

pIC50<5 (Hannedouche et al., 2011) 

LXRα agonist 
pKi=6.7 (Janowski et al., 1999) 

pEC50=4.7-5.2 (Berrodin et al., 2010) 

LXRβ agonist 
pKi=6.5 (Janowski et al., 1999) 

pEC50=5.5 (Berrodin et al., 2010) 

RORα ligand pKd=8.5 (Kumar et al., 2010) 

RORγ agonist 
pKi=6.6 (Soroosh et al., 2014)  

pEC50=6.0-7.7 (Jin et al., 2010) 

Smoothened 
allosteric 

modulator 
ND (Nachtergaele et al., 2012) 

25-hydroxycholesterol-3-

sulfate 
25-OHC-3-sulfate 

LXRα antagonist ND (Ma et al., 2008) 

LXRβ antagonist ND (Ma et al., 2008) 

27-hydroxycholesterol 27-OHC 

Erα SERM pKi=5.9 (DuSell et al., 2008) 

GPR17 agonist 
pIC50=9.2 

pEC50=8.3 
(Sensi et al., 2014) 

LXRα 
partial 

agonist 
pEC50=7.0 (Fu et al., 2001) 

LXRβ 
partial 

agonist 
pEC50=7.2 (Fu et al., 2001) 

RORγ agonist 
pKd= 7.1 

pEC50=6.1 
(Soroosh et al., 2014) 

7α,25-

dihydroxycholesterol 
7α,25-diOHC 

GPR183 agonist 
pIC50=9.6 (Liu et al., 2011) 

pIC50=7.2 (Hannedouche et al., 2011) 

RORγ / pKd= 6.5 (Soroosh et al., 2014) 

7α,27-

dihydroxycholesterol 
7α,27-diOHC 

GPR183 agonist  
pIC50=9.1  (Liu et al., 2011) 

pIC50=6.4 (Hannedouche et al., 2011) 

RORγ agonist  pKd= 6.34 (Soroosh et al., 2014) 



 

 
This article is protected by copyright. All rights reserved. 

pEC50=6.1 

7β,25-

dihydroxycholesterol 
7β,25-diOHC GPR183 agonist  

pIC50=8.4 (Liu et al., 2011)  

pIC50=5.6 (Hannedouche et al., 2011) 

7β,27-

dihydroxycholesterol 
7β,27-diOHC 

GPR183 agonist  
pIC50=6.5 (Liu et al., 2011) 

pIC50<5 (Hannedouche et al., 2011) 

RORγ agonist  
pKd= 7.6 

pEC50=6.2 
(Soroosh et al., 2014) 

7-keto,27-

hydroxycholesterol 
7-keto,27-OHC RORγ **  pKd= 7.1 (Soroosh et al., 2014) 

 

*  OCDO and glucocorticoids act through GR but have different mechanisms of action on GR transcriptional targets (Voisin et al., 2017)  ** The 

functional activity is unclear as different results are obtained depending on the construct used to measure RORγ activity (LBD vs full length ROR 

γ) (Soroosh et al., 2014)
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Table 2: Pharmacological tools used to interact with oxysterol receptors. The table presents several exogenous compounds used to target 

specific oxysterol receptors. The pharmacological parameters are presented as p (-log) of Ki EC50, IC50. GPR183 does not appear in the table as 

no synthetic ligand have been developed to date (7α,25-dihydroxycholesterol or 7α,27-dihydroxycholesterol (endogenous ligands, refer to table 1) 

are sometimes used to this end. 

Target Compound 

CAS 

registry 

number 

Other name(s) Target(s) Functionality 
Pharmacological 

parameters 
Other described targets References 

LXR 

22(S)-OHC 22348-64-7 / 
LXRα antagonist ND 

/ 
(Kase et al., 2006) 

(Hessvik et al., 2012) LXRβ antagonist ND 

AZ876 898800-26-5 / 

LXRα agonist 
pKi=8.1   

pEC50=8.2 
/ 

(van der Hoorn et al., 

2011) 
LXRβ agonist 

pKi=8.0   

pEC50=7.2 

DMHCA 79066-03-8 / 
LXRα agonist pEC50=7.6 

/ (Yu et al., 2016) 
LXRβ agonist pEC50=8.2 

Geranylgeranyl 

pyrophosphate 
6699-20-3 GGPP 

LXRα antagonist pIC50=9.2 
/ (Gan et al., 2001) 

LXRβ antagonist pIC50=9.1 

GW3965 405911-09-3 
C473027; 

GW-3965 

LXRα agonist pEC50=6.7 
/ (Collins et al., 2002) 

LXRβ agonist pEC50=7.5 

Methylpiperidinyl-

3β-

hydroxycholenami

de 

/ MePipHCA 

LXRα agonist pEC50=7.0 

/ (Yu et al., 2016) 
LXRβ agonist pEC50=7.4 

SR9238 
1416153-62-

2 
SR-9238 

LXRα 
inverse 

agonist 
pIC50=6.7 

/ (Griffett et al., 2013) 

LXRβ 
inverse 

agonist 
pIC50=7.4 

T0901317 293754-55-9 T-0901317 

LXRα agonist pEC50=7.3 RORα inverse agonist: 

pKi=6.9; 

RORγ inverse agonist: 

pKi=7.3 

(Schultz et al., 2000) 

(Kumar et al., 2010) LXRβ agonist pEC50=7.3 
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ROR 

GSK805 
1426802-50-

7 
/ RORγ 

inverse 

agonist 
pIC50=8.3 / (Wang et al., 2015) 

JC1-40 / / RORα activator / / (Kim et al., 2012)  

SR1001 
1335106-03-

0 
/ 

RORα 
inverse 

agonist 
pKi=6.8 

/ (Solt et al., 2011) 

RORγ 
inverse 

agonist 
pKi=6.9 

SR1078 
1246525-60-

9 
/ 

RORα agonist / 
/ (Wang et al., 2010b) 

RORγ agonist / 

SR1555 
1386439-51-

5 
/ RORγ 

inverse 

agonist 
pIC50=6 / (Solt et al., 2012) 

SR1903 
1414248-06-

8 
/ RORγ 

inverse 

agonist 
pIC50=7.0 LXRα agonist: pEC50=8.8 (Chang et al., 2019) 

ER 

17α-estradiol 57-91-0 α-estradiol 
Erα agonist pIC50=7.3 

 (Zhu et al., 2006) 
ERβ agonist pIC50=6.6 

17β-estradiol 50-28-2 E2 
Erα agonist pKi=9.8 

GPER agonist: pKi~8.3 
(Kuiper et al., 1997) 

(Revankar et al., 2005) ERβ agonist pKi=9.3 

Diarylpropionitrile 1428-67-7 DPN 

Erα agonist pEC50=7.2 

/ 
(Meyers et al., 2001; 

Stauffer et al., 2000) ERβ agonist 
pEC50=9.1; 

pKi=8.6 

Ethinylestradiol 57-63-6 

17α-

ethynylestradio

l 

Erα agonist pIC50=8.7 

/ (Jain et al., 2006) 
ERβ agonist pIC50=8.1 

Estetrol 15183-37-6 
15-

Hydroxyestriol 

Erα agonist pIC50=6.6 
/ (Zhu et al., 2006) 

ERβ agonist pIC50=6.5 

ICI 182780 129453-61-8 
Fulvestrant; 

ZD-9238 

Erα antagonist pKi=9.0 
GPER agonist: pKi=7.0 

(Schmidt et al., 2003) 

(Thomas et al., 2005) ERβ antagonist pKi=8.9 

Propylpyrazoletriol 263717-53-9 PPT Erα agonist pKi=9.6 /  (Stauffer et al., 2000) 

Raloxifene 84449-90-1 LY-156758 
Erα modulator pKi=9.5 

GPER agonist: pKi=7.0 
(Kuiper et al., 1997) 

(Stauffer et al., 2000)   ERβ modulator pKi=8.0 

Tamoxifen 10540-29-1 ICI-46474 Erα modulator pKi=7.2-7.8 GPER agonist: pKi=6.0 



 

 
This article is protected by copyright. All rights reserved. 

ERβ modulator pKi=7.2-7.8 
(Kuiper et al., 1997) 

(Thomas et al., 2005) 

WAY-202041 524684-52-4 
Prinaberel; 

ERB-041 

Erα agonist pIC50=5.9 
/  (Malamas et al., 2004) 

Erβ agonist pIC50=8.3 

CXCR2 

AZD5069 878385-84-3 / CXCR2 antagonist pIC50=9.1 

CXCR1 antagonist: pIC50=6.9; 

CCR2: pEC50=5.2; CCR5: 

pEC50=4.9 

(Nicholls et al., 2015) 

AZD8309 333742-48-6 / CXCR2 antagonist pIC50=9.0 CXCR1 antagonist: pIC50=6.6 (Nicholls et al., 2015) 

Compound 2 / / CXCR2 antagonist 
pIC50=8.1; 

pIC50=6.8 or 9.2 
/  (Xu et al., 2016) 

Compound 22 / / CXCR2 antagonist pIC50=8.8 / (Xu et al., 2016) 

G31P / 
CXCL8(3-72) 

K11R/G31P 
CXCR2 antagonist / CXCR1 antagonist 

(Cui et al., 2019) (Li et 

al., 2002) 

Reparixin 266359-83-5 DF 1681Y CXCR2 
allosteric 

modulator 
pIC50=6.4 

CXCR1 allosteric modulator: 

pIC50=9.0 
(Bertini et al., 2004) 

SB225002 182498-32-4 / CXCR2 antagonist pIC50=7.7 / (White et al., 1998) 

SB332235 276702-15-9 / CXCR2 antagonist pIC50=8.0 CXCR1: pIC50=5.0 (Podolin et al., 2002) 

SB656933 688763-64-6 
Elubirixin; 

SB-656933 
CXCR2 antagonist pIC50=7.7 / 

(Bachelerie et al., 

2014) 

SCH527123 473727-83-2 
Navarixin;  

MK-7123 
CXCR2 antagonist pIC50=10.3 CXCR1 antagonist: pIC50=8.4 

(Bachelerie et al., 

2014) 

(Dwyer et al., 2006) 

GPR17 

MDL29951 130798-51-5 / GPR17 agonist pEC50=6.3-7.3 NMDAR antagonist: pKi=6.9 
(Hennen et al., 2013) 

(Baron et al., 1992) 

Pranlukast 103177-37-3 ONO RS-411 GPR17 antagonist pIC50=7.5-8 

CysLT1R antagonist: 

pIC50=8.1-10.0; CysLT2R 

antagonist: pIC50=5.4 

(Ciana et al., 2006) 

(Lynch et al., 1999)  

(Heise et al., 2000) 

GPR183 NIBR189 
1599432-08-

2 
/ GPR183 antagonist pIC50=7.8-8 / (Gessier et al., 2014) 

Smo 

GDC-0449 879085-55-9 Vismodegib smo antagonist pKi=7.8 / (Wang et al., 2012) 

LDE225 
1218778-77-

8 

Sonidegib; 

Erismodegib 
smo antagonist pKi=8.2 / (Wang et al., 2012) 




