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Nuclear receptors (NRs) are key regulators of multiple physiological functions and pathological changes in the liver in response to a variety of extracellular signaling changes. Retinoid X receptor (RXR) is a special member of the NRs, which not only responds to cellular signaling independently, but also regulates multiple signaling pathways by forming heterodimers with various other NR. Therefore, RXR is widely involved in hepatic glucose metabolism, lipid metabolism, cholesterol metabolism and bile acid homeostasis as well as hepatic fibrosis. Specific activation of particular dimers regulating physiological and pathological processes may serve as important pharmacological targets. So here we describe the basic information and structural features of the RXR protein and its heterodimers, focusing on the role of RXR heterodimers in a number of physiological processes and pathological imbalances in the liver, to provide a theoretical basis for RXR as a promising drug target.
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1 INTRODUCTION
The nuclear receptor superfamily (NR) is a family of ligand-activated transcription factors that are localized in the cytoplasm and nucleus of cells (Kininis and Kraus, 2008; Gustafsson, 2016). They activate or inhibit the expression of downstream genes by binding to various lipophilic small-molecule ligands (e.g., steroids, thyroid hormones, retinoids, lipids, etc.) and then binding to the corresponding DNA elements in the nucleus. NRs regulate a wide range of genes and are potent regulators of development, cell differentiation and organ physiology (Mangelsdorf et al., 1995; Tran et al., 2019) (Figure 1). NRs contain 48 superfamily members in the human proteome (Tata, 2002; Lonard and O'Malley B, 2007). These genes can be divided into seven subgroups, ranging from NR0 to NR6 (Gronemeyer et al., 2004; Germain et al., 2006b).
[image: Figure 1]FIGURE 1 | Physiological and pathological expression of retinoid X receptor and its common dimerization partners. (A) Nuclear receptor expression in organs and cells of the digestive system of normal human tissues. (B) Localization of nuclear receptors in subcellular structures. (C) Expression of nuclear receptors in tumors. The expression levels are expressed as four levels: high, medium, low, and not detected. N/A indicates that the data are not applicable. Data analysis was performed using the R package HPAanalyze to analyze data from The Human Protein Atlas. 
The retinoid X receptors (RXRs) were once classified as orphan receptors, but in vitro studies have identified their natural endogenous ligand, 9-cis retinoic acid (9cRA), a metabolite of retinol (vitamin A) (Mangelsdorf et al., 1990). Previous studies of NRs have been limited to identifying their ligands, clarifying signaling pathways and determining their biological functions. However, the discovery that RXRs are able to bind to other NRs to form heterodimers has led to new ideas in the study of NRs (Lefebvre et al., 2010; Evans and Mangelsdorf, 2014). With different partners, RXR can participate in a variety of physiological and pathological processes in the liver. In particular, its role in the prevention and development of metabolic diseases, such as insulin resistance, obesity, cholesterol metabolism disorders, and cholestasis, has attracted great attention from researchers (Yang et al., 2005; Klöting et al., 2007; Bobbert et al., 2009; Xia et al., 2013).
However, despite the increasing prominence of RXR in hepatic function regulation, the detailed mechanism has not been revealed. In this review, we aim to systematically review the structure and function of RXR and its heterodimers in liver function, with particular emphasis on their roles in the regulation of lipid metabolism, glucose metabolism, and cholesterol metabolism, and propose directions and challenges for future research.
2 STRUCTURE AND EXPRESSION
RXRs are widely expressed in several species and are organ specific. RXRs contain three isoforms, RXRα, RXRβ, and RXRγ (Figure 2), and their coding genes are located in different parts of chromosomes (9q34.2, 6p21.32, and 1q23.3 in humans and 2A3, 17, and 1 in mice) (Mangelsdorf et al., 1990). Like other NRs, RXR features several critical domains: a variable N-terminal domain, a DNA-binding domain (DBD), a ligand-binding domain (LBD), and a hinge region that links the DBD and LBD. Notably, the RXR structure contains two activation function domains (AF): AF1 in the N-terminal domain and AF2 in the LBD (Varadi et al., 2022; Varadi et al., 2024). DBD can bind to DNA response elements (REs) and contain two zinc finger structures, between which there is a nuclear localization signal (consisting of the sequence KRTVRK), which facilitates import protein-mediated target recognition and nuclear translocation (Prufer and Barsony, 2002; Fontes et al., 2003; Yasmin et al., 2005). The highly conserved LBD can mediate ligand binding, dimerization, and ligand-dependent transactivation and can bind to coactivators (CoAs) or corepressors (CoRs) to regulate the transcriptional activity of downstream target genes (Germain et al., 2006a; Dawson and Xia, 2012).
[image: Figure 2]FIGURE 2 | Structural characterization of retinoid X receptor proteins. (A) The basic structure of RXR proteins usually contains a N-terminal domain, a DBD that binds to a DNA response element, an LBD, and a hinge between the latter two. (B) The amino acid sequences of RXR are similar between the RXR isoforms of Homo sapiens and Mus musculus. The N-terminal sequence is usually highly variable, whereas the DBD and LBD regions are highly conserved. The following National Center for Biotechnology Information amino acid sequences were used for comparison: NP_001278849.01, NP_001257330.1, NP_001243499.1, NP_001277410.1, NP_001192143.1, and NP_001153203.1.
2.1 RXRα
RXRα (UniProt ID: P19793), also known as nuclear receptor subfamily 2 group B member (NR2B1) is encoded by the human gene located at 9q34.2. The RXRα protein consists of 462 amino acids with an approximate molecular weight of 51 kDa. RXRα can form homodimers (Germain et al., 2006a; Dawson and Xia, 2012) and interact with several other NRs, including peroxisome proliferator activated receptor α (PPARα) (Xu et al., 2001; Tsutsumi et al., 2002), PPARγ (Gampe et al., 2000a; Xu et al., 2001), Retinoic acid receptor α (RARα) (Rastinejad et al., 2000; Lee et al., 2017), RARβ (Chandra et al., 2017), farnesoid X receptor (FXR) (Wang et al., 2018), and vitamin D receptor (VDR) (Tamura et al., 2017). Complexes of RXRα are involved in steroid metabolism, lipoic acid metabolism, and bile acid and bile salt metabolism. It is widely expressed across various tissues, with particularly high levels in skeletal muscle, liver, skin and adipose tissue and is localized in the nucleus (Prufer and Barsony, 2002; Tsutsumi et al., 2002; Zhao et al., 2007; Lee et al., 2017), cytoplasm (Prufer and Barsony, 2002; Cao et al., 2004) and mitochondria (Zhao et al., 2007). It is important to note that the localization of RXRα may be altered. For example, its interaction with VDR may enhance RXRα′s nuclear localization, whereas interaction with nuclear receptor subfamily 4 group A member 1 (NR4A1) can lead to its translocation to the mitochondria (Zhao et al., 2007). Inactivation of the α isoform produces effects similar to vitamin A deficiency, indicating its crucial role in retinoid signaling (Germain et al., 2006a). Phosphorylation at Ser 260 regulates CoA recruitment to the RXR/VDR heterodimer (Macoritto et al., 2008). Phosphorylation on various Ser residues influences RXR’s interaction with RAR and is associated with the transcription of retinoic acid (RA) target genes and receptor degradation (Gianní et al., 2003).
2.2 RXRβ
RXRβ (UniProt ID: P28702) is encoded by a gene located on chromosome 6p21.32 in humans. The RXRβ protein contains 533 amino acids with a molecular weight of approximately 57 kDa. The RXRβ can form homodimers in vitro (Love et al., 2002a), as well as heterodimers with RAR and liver X receptor α(LXRα) (Leid et al., 1992; Svensson et al., 2003a). RXRβ has low tissue specificity and is widely expressed in various tissues and organs. It is mainly involved in intracellular lipid homeostasis and inflammatory regulation.
2.3 RXRγ
The gene of RXRγ (UniProt ID: P48443) is located on human chromosome 1q23.3. The RXRγ protein contains 463 amino acids with a molecular weight of approximately 51 kDa. RXRγ is predominantly found in the pituitary gland, brain, and muscle (Lee et al., 2017); and is involved in cellular adipogenic processes and the PPAR signaling pathway.
3 THE ACTIVATION PROCESS
The activation of RXR relies on highly dynamic interactions between its domains and is regulated at multiple levels. The diverse functions of RXR are influenced by changes in regulatory factors, including variations in the ligand, LBD, and DNA binding sites. These factors determine the recruitment of cell-specific heterodimerization partners and coregulators. In the absence of ligand, the RXR heterodimer interacts with CoRs but exchanges them for CoAs upon ligand binding. Subsequently, CoAs is recruited to the promoter-regulated region of the target gene by the activated RXR heterodimer. (Germain and Bourguet, 2013; Shao et al., 2021). CoAs then recruit histone-modifying enzymes, such as histone acetyltransferases and histone methyltransferases, which promote chromatin remodeling and facilitate RNA transcription.
3.1 Effective ligands
Most NR ligands are lipophilic small molecules, such as steroids, thyroid hormones, retinoids, and lipids. These ligands can either by diffuse through or be transported across the cell membrane to activate the cytoplasmic-resident NRs, which then bind to the ligands and translocate into the nucleus, or they can enter the nucleus directly and bind to NRs (with or without the presence of activating ligands, the NRs that form a dimers with RXR are usually retained in the nucleus) (Tata, 2002). The identification of endogenous physiological ligands for RXRs has been controversial, and several promising candidates have been proposed.
3.1.1 9cRA and 9-cis-DHRA
9cRA is an important intermediate in retinoid metabolism and was previously widely recognized as a potential physiological RXR ligand (Heyman et al., 1992; Kane et al., 2010; Kane, 2012; Evans and Mangelsdorf, 2014). However, under physiological conditions, the presence of endogenous 9cRA in vertebrate samples, including serum and tissue, has not been confirmed in sufficient quantities (Blomhoff and Blomhoff, 2006; Wongsiriroj et al., 2014;Ruhl et al., 2015; de Lera et al., 2016). As demonstrated in the original study (Heyman et al., 1992), 9cRA only activates RXRs at sufficient concentrations when high doses of natural retinoic acid are administered or when high levels of vitamin A derivatives are ingested (Arnhold et al., 1996; Ulven et al., 2001). Thus, 9cRA has been partially questioned as an endogenous ligand for RXRs (Blomhoff and Blomhoff, 2006; Ruhl et al., 2015).
Recent studies have suggested that 9-cis-13,14-dihydroretinoic acid (9-cis-DHRA) may best fulfill the criteria for an endogenous physiological ligand for RXRs (Ruhl et al., 2015; Krężel et al., 2019). This ligand is an active form of Vitamin A5/X, a novel class of vitamin A, which includes 9-cis-13,14-dihydroretinol and 9-cis-13,14-dihydro-β,β-carotene as its nutritional precursors (Krzyżosiak et al., 2021). 9-cis-DHRA can be distributed in serum as a lipid hormone of nutritional origin and is also synthesized in the liver (Prosser and Jones, 2004; Rühl et al., 2008). In vitro studies have shown that physiological concentrations of 9-cis-DHRA are able to bind RXR with high affinity. Crystallographic studies have demonstrated similarities between the binding mechanisms of 9-cis-DHRA and 9cRA, including interactions of the carboxylic acid moiety of the ligand with Arg316 and, in the case of β-turns, hydrogen bonding of the amide group of Ala327 (Egea et al., 2000; Pogenberg et al., 2005). Further transcriptomic analyses revealed a high degree of overlap in transcripts regulated by 9-cis-DHRA, 9cRA, and LG268, a synthetic RXR-specific ligand, suggesting that 9-cis-DHRA induces gene expression changes similar to those of induced by 9cRA (Sakhi et al., 1998; Szatmari et al., 2007; Széles et al., 2010). Therefore, it is reasonable to consider 9-cis-DHRA as a true endogenous and physiologically relevant RXR ligand in mammals. Future studies on 9-cis-DHRA will be crucial for understanding the physiological and pathological implications of retinoid synthesis and signaling pathways.
3.1.2 β-Apo-13-carotenone
There is evidence that β-apo-13-carotenone may act as antagonist involved in the RXR pathway (Eroglu et al., 2012; Bohn et al., 2017; Rodriguez-Concepcion et al., 2018; Bohn et al., 2019). Eroglu’s research team demonstrated that various eccentric cleavage products of β-carotene antagonize all-trans retinoic acid (ATRA)-induced transactivation of all three RAR isoforms and retinoid-responsive gene at nanomolar concentrations (Eroglu et al., 2012). β-Apo-13-carotenone antagonizes ATRA-induced transactivation of the RAR isoforms by directly interacting with the ligand binding site (Eroglu et al., 2012). β-Apo-13-carotenone can induce the tetramerization of RXRα into an inactive form by interacting with helix 11 of RXRα without affecting helix 12 (H12) or coactivator binding (Sun et al., 2014). However, this RXRα tetramer could be fully restored to an active dimer at higher concentrations of 9cRA (Eroglu et al., 2010; Sun et al., 2014). Molecular modeling experiments, using ATRA as a template to construct the docking structure of β-apo-13-carotenone with RXRα, support the conclusion that β-apo-13-carotenone acts as an antagonist of the RXRα protein (Eroglu et al., 2010). Notably, under in vitro conditions, β-apo-13-carotenone did not inhibit the recruitment of coactivators by the LBD of isolated RXR (Sun et al., 2014). In addition, β-apo-14-carotenal has been reported to inhibit NR transcriptional activation as a potential inhibitor of RXRα and its heterodimeric partners (PPARα, PPARβ/δ, LXRα, and LXRβ, but not RAR) (Ziouzenkova et al., 2007; Harrison and Quadro, 2018). Despite these surprising results, it is unlikely that these apo-carotenoids are related to endogenous RXR signaling, as they are not produced in mammals (Ziouzenkova et al., 2007).
3.1.3 Docosahexaenoic acid (DHA)
Fatty acids (FAs) are also considered to be an important class of endogenous ligands for RXRs and have been studied intensively in the nervous system. Initially, de Urquiza AM et al. purified and analyzed a FA from adult mice brain tissue by mass spectrometry (de Urquiza et al., 2000). It was finally determined that DHA, a long-chain polyunsaturated fatty acid, highly enriched in adult mammalian brains, activates RXR and binds directly to the LBD of this receptor (Lengqvist et al., 2004). At the same time, this binding is specific, and DHA does not activate RAR, the thyroid hormone receptor (TR), or VDR (de Urquiza et al., 2000). DHA (150 μM) activated all three isoforms of RXRs, but the activation rate was less than 50% of the 0.1 μM 9cRA level. However, 100 μM DHA was 1.5-fold more potent than 0.1 μM 9cRA in activating Rxr/nuclear receptor related 1 protein heterodimer (Nurr1). Another point of interest is that DHA is highly enriched in the retina, which is also an abnormally developed tissue in RXRα knockout mice (Kastner et al., 1994). Compared to DHA, other polyunsaturated fatty acids are less effective in activating RXRs. Docosatetraenoic acid (C22:4cis7,10,13,16), arachidonic acid (C20:4cis5,8,11,14) and oleic acid (C18:1cis9) induced RXR activation only at high concentrations (Goldstein et al., 2003; Calderon and Kim, 2007). Mass spectrometry and crystallographic analyses also provide compelling evidence for the direct interaction of DHA with the LBD (Egea et al., 2002; Lengqvist et al., 2004). Furthermore, crystallographic studies have revealed that crystals of mutant derivatives of RXR’s LBD also contain oleic acid (Bourguet et al., 2000b), which may offer structural insights into the interactions between RXR and FAs or their derivatives.
DHA has been shown to enhance the effects of RA and improve cognitive function in patients with Alzheimer’s disease and in aged rodents (Casali et al., 2015; Létondor et al., 2016). Notably, loss of RXR signaling similarly leads to altered mood and cognitive behavior in mice (Krzyzosiak et al., 2010; Wietrzych-Schindler et al., 2011). Importantly, the mood-improving effects of DHA were abolished in RXR knockout mice (Wietrzych-Schindler et al., 2011). Additionally, RXR antagonists (HX531 or PA452) have been shown to block the protective effect of DHA on photoreceptor degeneration, while RXR agonists (HX630 and PA024) protect photoreceptors from oxidative stress (German et al., 2013). However, it is important to note that the physiological concentrations of free DHA in mammalian serum or tissue samples range from 0.1 to 0.01 μM (Elabdeen et al., 2013; Szklenar et al., 2013), which are insufficient to induce RXR activation in vivo. Moreover, the effects of DHA metabolites on RXR remain underexplored.
3.2 The LBD is an important ligand binding domain
The LBD is crucial for transcriptional activation, serving as a key site for ligand binding and interaction with coactivators (Greschik et al., 2002). The LBD is a complex structure composed of four main regions: (1) a hydrophobic ligand-binding pocket (LBP), which interacts with various lipophilic small molecules; (2) an AF2 helix, responsible for ligand-dependent transcriptional activation; (3) a cofactor-binding surface, which associates with regulatory protein complexes that modulate transcriptional activity; and (4) a dimerization surface, which facilitates interactions with the partner LBDs. The activity of NRs requires intricate interactions among all four functional regions of the LBD.
The high evolutionary conservation of RXR-LBD homologs in humans and mice results in a shared LBP structure (Egea et al., 2000). This conservation suggests similar ligand specificity among different isoforms and the potential for overlapping protein interaction partners (Dawson and Xia, 2012). The LBD structure typically contains 12 α-helices, with the H12, also known as the activated functional helix, capable of ligand-induced repositioning next to helices 3/5. Together with helix 4 and helix 11, these helices form the AF2 surface (Nagy and Schwabe, 2004; de Lera et al., 2007). The AF2 surface recognizes LXXLL motifs in CoAs and LXXXLXXX [I/L] motifs in CoRs (where L = leucine, I = isoleucine, and X = any amino acid) in a ligand-dependent manner (Mangelsdorf et al., 1990; de Almeida and Conda-Sheridan, 2019). These interactions recruit histone-modifying factors that alter chromatin conformation, thereby allowing access to other regulatory proteins that either promote or inhibit downstream gene expression (Bourguet et al., 2000a; de Lera et al., 2007; Weikum et al., 2018). This process ultimately translates the physiological response to the ligand into a precise genetic program. Thus, AF2 in the LBD is a major part of the RXR ligand-dependent activation of structural domains (Varadi et al., 2022) (Figure 3).
[image: Figure 3]FIGURE 3 | Protein structures of the three isoforms of RXR in Homo sapiens from the AlphaFold protein structure database. pLDDT represents the confidence score for each amino acid residue in the AlphaFold prediction model, with >90 identifying very high regions and regions less than 50 likely to be isolated unstructured regions.
3.3 RXR usually functions as a heterodimer
The heterodimeric form of RXR is the main form that performs its physiological and pathological functions. Depending on the bound NR, RXR heterodimers can participate in various pathways and perform diverse functions. RXR heterodimers can be classified into three types based on their activation mode: permissive, nonpermissive, and conditionally permissive heterodimers (Thompson et al., 2001; Brtko and Dvorak, 2020; Leal et al., 2023). Permissive heterodimers indicate that they can be activated by either an RXR agonist, an agonist of the partner NR, or both. Examples include RXR/PPAR, RXR/LXR, and RXR/FXR. Nonpermissive heterodimers can only be activated by an agonist of the partner NR and not by an RXR agonist, such as RXR/TR or RXR/VDR (Széles et al., 2010; Leal et al., 2023). In this case, RXR usually remains silent and cannot be activated by RXR ligands (Forman et al., 1995). Exceptionally, when the heterodimer is activated by a partner NR ligand, the ligand for RXR can bind to RXR and enhance the overall activity of the heterodimer. These are known as conditionally permissive heterodimers, such as RXR/RAR (Shulman et al., 2004).
To explain this difference in binding mode, Shulman’s team identified the amino acid network theory of connecting NR ligands by analyzing sequence co-evolution o in the functional surface network of protein binding domains. (Shulman et al., 2004). This network regulates heterodimeric receptor activation, and mutations in these amino acid residues can selectively disrupt ligand permissiveness. For example, a mutation in LXR at position E296A converts RXR/LXR from permissive to conditionally permissive heterodimers, rendering the complex unresponsive to RXR ligands. Interestingly, this network also suggests that mutations in individual residues determine the receptor’s specificity for endocrine, dietary, and synthetic agonists (Chawla et al., 2001; Sun et al., 2023). Variations in RXR-NR heterodimer activation patterns may thus be related to changes in amino acid residues within the variant networks of the dimer components (Germain et al., 2002; Jin et al., 2022). Analysis of the crystal structure of the dimer interfaces of the RXR dimers may further elucidate the specific mechanisms by which the NR family responds to cellular signaling (Table 1).
TABLE 1 | Dimerization interface structure of retinoid X receptor with other NRs.
[image: Table 1]Specifically, ligand-free RXR tends to form homotetramers when bound to DNA in solution, a process that may be mediated by the LBD (Sun et al., 2014). Studies have shown that RXR tetramers are transcriptionally silent, but they rapidly dissociate into active dimers upon binding to an agonist, such as 9cRA, serving as a storage pool for RXR-active dimers (Sun et al., 2014; Belyaeva et al., 2024). This mechanism allows for rapid modulation of various hormone signaling pathways. This study provides an opportunity to develop novel RXR-based therapies by selectively stabilizing specific oligomeric states (Chen et al., 2017; Li et al., 2021c).
3.4 The DBD binding to DNA REs
The DBD is a characteristic structural domain of NRs and provides the structural foundation for their ability to specifically bind DNA REs, owing to its conserved amino acid sequences and structural features. DBD consists of two perpendicular zinc finger modules located at the C-terminal end, which are internally hydrophobic (Patel et al., 2023). The first zinc finger module interacts with the major groove of the DNA helix, forming specific amino acid‒base contacts, that underlie the recognition of response elements. The second zinc finger module is responsible for other less specific interactions (Lee et al., 1993; Sun et al., 2020). Moreover, the highly variable carboxy-terminal extension plays a crucial role in specific binding, forming additional dimerization interfaces that regulate spacing between dimer-binding partners or contribute to DNA interactions (Melvin et al., 2004; Evans and Mangelsdorf, 2014).
Specifically, NRs bind to the DNA response elements via their DBD structure at two direct repeat sequences (DRs), each consisting of a six base pair sequences (AGGTCA) known as a half-site (Dyar et al., 2018; Weikum et al., 2018) (Figure 4). Variations in the number of nucleotides between these two sites, such as in DR1, DR2, and DR3, confer specificity for NR binding to DNA. For example, the RXR homodimer typically binds to two half-sites separated by a single nucleotide, known as the DR1 element. In most cases, the number of nucleotides between the two half-sites follows the “1-5 rule”, includes DR1 (RXR/RAR, FXR/RXR, and RXR/PPAR), DR2 (RXR/RAR), DR3 (RXR/VDR), DR4 (RXR/TR, RXR/LXR), and DR5 (RXR/RAR) (Jiang et al., 2023). The binding orientation is polarized, with RXR usual binding to the upstream half-site of the DR element, except in the cases of RAR/RXR/DR1 and PPAR/RXR/DR1. RAR and PPAR are located at the 5′end, and RXR occupies the 3′position (Chandra et al., 2008; de Almeida and Conda-Sheridan, 2019; Ye et al., 2023). However, this rule is flexible. FXR/RXR dimers can also bind inverted repeat sequence (IR) motifs such as IR0, IR1 and the everted hexamer repeat spaced by 2 nucleotides. Similarly, RXR/RAR dimer can bind to DR1, DR2, DR5 and even DR4 (Osz et al., 2020; Jin et al., 2024). It's important to note that chromatin immunoprecipitation sequencing (ChIP-Seq) data for RXR-RAR dimers have revealed the presence of nonclassical sequences, such as DR0 and DR8 (Osz et al., 2020; Zolfaghari et al., 2023). However, in vitro experiments showed that DR0-bound RXR/RAR complex was unable to regulate gene expression (Moutier et al., 2012). Additionally, ligand-induced structural changes can affect the location of dimer-bound DNA. For instance, during RA-driven differentiation of mouse embryonic stem cells, the addition of RA shifted RAR’s binding preference from DR0 or DR1 to DR5 (Mahony et al., 2011). Although the crystal structure of heterodimer-DNA binding sites clarifies the molecular basis of these interactions, the classical DRs mode clearly fails to fully account for the binding specificity. Thus, the binding of individual receptor complexes to DNA may have temporal and spatial specificity and be influenced by changes in the complex intracellular environment (Evans and Mangelsdorf, 2014; Chen et al., 2024).
[image: Figure 4]FIGURE 4 | Retinoid X receptor regulate gene expression. Upon activation by a ligand, RXR and its dimerization partners bind to DNA response elements via DR sites to activate or repress the expression of downstream target genes.
Considering the impact of ligand binding to the LBD on DBD-DNA interactions, it may be possible to design selective modulators targeting specific DNA REs to regulate various physiological processes, rather than solely affecting CoAs binding (Basu et al., 2023).
4 SYNTHETIC AGONISTS
RXR has emerged as a validated target for drug development because of its ability to participate in a wide range of biological regulatory mechanisms. The classic approach to designing RXR-targeted drugs is to construct conformational analogs of 9cRA and 9-cis-DHRA. In this context, we introduce several representative synthetic ligands.
ALRT1057 is a classical RAR/RXR agonist. The serum levels of alanine aminotransferase (ALT) and aspartate aminotransferase (AST) were significantly reduced, and hepatic necrosis was markedly attenuated in bile duct-ligated mice administered 1 mg/kg ALRT1057 intravenously for 10 consecutive days (Yuan et al., 2018). This effect may be attributed to ALRT1057s ability to reduce RXRα sumoylation, promoted RXRα cytoplasmic localization, weaken the interaction between RXRα and RARα, and enhance expression of multidrug resistance-associated protein 3 (Yuan et al., 2018). In addition, ALRT1057 modulates the cell cycle, induces apoptosis, and exhibits anticancer, anti-inflammatory and neuroprotective effects (Manzano et al., 2000; Yang et al., 2019; Rosas et al., 2020; Agrawal et al., 2021). Extensive clinical trials involving ALRT1057 have been conducted (e.g., NCT03026946, NCT01261923, NCT03026907, NCT00002188).
The most widely used agonist is LG100268, which selectively binds to RXRs and is more efficient than 9cRA (Boehm et al., 1995; Lala et al., 1996; Yang et al., 2022a). According to in vitro studies, LG100268 treatment downregulated colony-stimulating factor 3 (CSF3), c-x-c motif chemokine ligand 2 (CXCL2), interleukin 6 (IL6), and interleukin 1 beta (IL-1β) mRNA expression in cells, demonstrating potent anti-inflammatory effects (Cao et al., 2016; Jiang et al., 2022; Yu et al., 2023b). In addition, one study showed that LG100268 also induced sex differentiation in flounder. When exposed to LG100268, the proportion of flounder differentiated into males increased by 21.4% (Zou et al., 2023). LG100268 showed less pronounced reductions in lipids levels and body weight gain, but adverse effects on the liver (e.g., hepatomegaly) were more pronounced than PPARγ agonists (Jiang et al., 2022; Chang et al., 2023).
Peretinoin is an oral noncyclic retinoid that targets RXR and RAR (Wang et al., 2023). Peretinoin has been shown in mouse studies to prevent the development of nonalcoholic steatohepatitis and hepatocellular carcinoma by increasing the colocalization of the microtubule-associated protein light chain 3-II and lysosome-associated membrane protein (Okada et al., 2017). Funaki’s research shows that peretinoin inhibits the transcription of sphingosine kinase by downregulating sphingosine-1-phospate, thereby preventing liver cancer (Funaki et al., 2017). The therapeutic use of cyclic retinoids such as ATRA is limited by their adverse effects, such as increased triglyceride levels due to the induction of the lipoprotein lipase inhibitor apolipoprotein-C III (APOC3), a molecule associated with adverse cardiovascular outcomes such as coronary artery calcification (Vu-Dac et al., 1998). In contrast, Peretinoin inhibits calcification in human cardiovascular cells without inducing APOC3 secretion in hepatocytes (Rogers et al., 2020). Therefore, Peretinoin may be more advantageous for the treatment of patients with atherosclerosis and heart valve disease.
Bexarotene (LGD1069) is a high-affinity selective RXR agonist (for RXRα, RXRβ and RXRγ isoform Kd values of 14 ± 2 nM, 21 ± 4 nM and 29 ± 7 nM, respectively) with low affinity for the RAR receptor and is approved for the treatment of cutaneous T-cell lymphoma (Lehmann et al., 1992; Abbott et al., 2009; de Almeida and Conda-Sheridan, 2019; Hristov et al., 2023; Izu-Belloso et al., 2024). Bexarotene has antiproliferative and proapoptotic effects upon activation of RXR, inhibits tumor cell growth and induces dose-dependent apoptosis in malignant lymphocytes (Knol et al., 2010). Hyperlipidemia and hypothyroidism were the most common dose-related adverse events, which were observed in 79% and 40% of patients, respectively. Patients usually require the prophylactic use of lipid-lowering agents and thyroid hormone replacement therapy (Izu-Belloso et al., 2024). Recently, optimized designs based on the structure of bexarotene have been effective in improving the specificity of activated RXR and reducing the incidence of adverse events (Lewandowski et al., 2024). Studies on a rat model of Parkinson’s disease have shown that bexarotene effectively slows the development of behavioral deficits and dopamine neuronal degeneration and significantly mitigates the effects on serum triglycerides and thyroid hormones (Liu et al., 2023). Moreover, bexarotene exhibited therapeutic effects on non-small cell lung cancer. It effectively inhibited tumor progression in mice with p53 and Ras mutations (Wang et al., 2006; Moerland et al., 2020). Bexarotene significantly downregulated the expression of cyclin-dependent kinase 1(CDK1) and synergistically strengthened the activity of docetaxel (Shen et al., 2019; Hu et al., 2020). Bexarotene has been extensively studied in a number of clinical studies (NCT05296304, NCT02061878, NCT01134341, NCT03323658, NCT00050960, etc.).
5 ROLE OF RXRS IN HEPATIC FUNCTION
5.1 Glucose metabolism and insulin resistance
Insulin is secreted by pancreatic β-cells upon glucose exposure and activated in other cells to promote glucose utilization and reduce blood glucose levels (Saltiel, 2021). Insulin signaling is initiated by the activation of insulin receptor α and β, which then recruit insulin receptors substrate family proteins to activate phosphoinositide 3-kinase (PI3K), protein kinase B (AKT), and AS160 to promote glucose transporter type 4 (GLUT4)-mediated glucose uptake. Impaired transmission between any of the components of the insulin cascade leads to reduced insulin sensitivity and diabetes (Martinez et al., 2020; Zhou et al., 2022a) (Figure 5).
[image: Figure 5]FIGURE 5 | RXR is involved in regulating multiple processes in the liver.
Activation of RXR signaling may be an effective strategy for increasing insulin sensitivity. Treatment of type 2 diabetic model mice with rexinoids, a class of selective ligands for RXRs, effectively lowered blood glucose and improved insulin resistance (Chen, 2021). Thiazolidinediones (TZDs) are well-recognized antidiabetic drugs that target the RXR/PPARγ heterodimer in adipocytes to activate fatty acid metabolism to reduce circulating free fatty acids levels (Lebovitz, 2019). However, the pharmacological mechanisms of the two may be different. Gene expression analysis revealed that the genes affected by rexinoids and TZDs exhibit large differences, with TZDs acting mainly in adipocytes, whereas the effects of rexinoids mainly involve the liver and skeletal muscle (Singh Ahuja et al., 2001; Szanto et al., 2004b). TZDs do not seem to affect tumor necrosis factor-alpha (TNF-a) or GLUT4 levels in the liver. The difference between the two effector genes may be due to the ability of the rexinoids to activate the more extensive RXR dimerization complex.
However, some studies have reported different results for RXR in the treatment of diabetes. Yang’s group reported that ATRA treatment worsened diabetic symptoms by increasing fasting blood glucose levels and impairing glucose homeostasis (Yang et al., 2022a). Further studies revealed that ATRA impaired glucose-stimulated insulin secretion by activating sterol regulatory element-binding protein 1c (SREBP-1c) and uncoupling protein 2 (UCP2) expression in pancreatic cells through upregulation of RXR.
Importantly, energy status also regulates the activation of the retinoid pathway. It has been shown that glucose can inhibit 9cRA biosynthesis in β-cells (Yoo et al., 2023). This inhibitory effect is independent of the action of insulin and may be related to a reduction in forkhead box O1 (Foxo1) nuclear translocation. This reduction in nuclear Foxo1 results in reduced transcription of RA biosynthesis pathway-associated enzymes. Sustained hyperglycemic stimulation produces glucotoxicity in β-cells by increasing ATP and cAMP levels, whereas 9cRA counteracts glucotoxicity by decreasing glucose transporter type 2 (GLUT2) and glucokinase activities through activation of RXR and by inhibiting the transcription of pancreatic and duodenal homeobox 1(PDX1) and hepatocyte nuclear factor 4 alpha (HNF4α) (Napoli, 2022; Yoo et al., 2023).
In addition, cellular autophagic homeostasis is an important mechanism for maintaining the survival and functional activity of β-cells (Nguyen et al., 2024). The E1-like ubiquitin-activating enzyme autophagy-related gene 7 (ATG7) is a core participating member of multiple pathways in the autophagic process (Collier Jack et al., 2021). Compared with low glucose, high glucose reduced ATG7 mRNA levels. However, 9cRA promotes ATG7 expression under high glucose conditions by activating RXR/RAR to induce autophagy, thereby preventing glucotoxicity (Brigger et al., 2015; Wang et al., 2021).
5.2 Lipid metabolism
The liver has an irreplaceable function in lipid metabolism. Hepatic lipid accumulation is regulated by several pathways, including the uptake of circulating FFAs, de novo lipogenesis, lipolysis, fatty acid oxidation, and the secretion of lipids from very-low-density lipoproteins or cholesterol into the bile (Tilg et al., 2021). Impaired hepatic retinoid signaling has been associated with human nonalcoholic fatty liver disease (Bawa and Zhang, 2023; Xu et al., 2024). The results of the analysis of genomic and transcriptomic data indicate that RA treatment produces unsaturated fatty acids that induce triglyceride catabolism (He et al., 2013). In contrast, RXRα deficiency induces fatty acid and triglyceride synthesis (Wan et al., 2000).
LXR regulates the hepatic lipogenesis pathway by modulating SREBP-1C and carbohydrate-responsive element-binding protein (ChREBP), which transcriptionally upregulate genes involved in fatty acid synthesis, including fatty acid synthase (FASN), stearoyl-CoA desaturase (SCD1), and acetyl-CoA carboxylase (ACC), which are key regulators of hepatic lipogenesis (Viscarra and Sul, 2020; Du et al., 2022; Bawa and Zhang, 2023; Lu et al., 2023). A large portion of the biological action of LXR depends on the heterodimer formed with RXR. LXR/RXR is involved in the high-fructose diet-induced decrease in long-chain acyl coenzyme synthase 3 (ACSL3). ACSL3 catalyzes the formation of fatty acyl coenzyme A from long-chain FAs, which is the first step in the oxidation of FAs. Impairment of ACSL3 leads to abnormal lipid metabolism and triggers hepatic steatosis. LXR agonists can reverse these changes (Dong et al., 2013). In vitro assays have shown that LXRα/RXR activates the expression of angiopoietin-like 3 (ANGPTL3), which inhibits lipoprotein lipase activity and promotes the accumulation of triglycerides and cholesterol (Gao et al., 2024). ANGPTL3 is mainly expressed in the liver, regulates triglyceride accumulation and promotes the development of hypertriglyceridemia (Wang and Musunuru, 2019; Wang et al., 2022a). Treatment of HepG2 cells with 9cRA, also significantly increased ANGPTL3 transcript levels (Gao et al., 2024). Studies have shown that fibroblast growth factor 21 (FGF21) improves hyperlipidemia and insulin resistance and increases energy expenditure in obese animals, leading to weight loss (Li et al., 2021a; Li et al., 2024). One study showed that the DR1 and DR5 sites of RARE are present in the FGF21 promoter region, and mutations in this site will result in the loss of induction of this promoter by RA (Li et al., 2013). Thus, hepatic expression of FGF21 is directly regulated by RAR/RXR. APOC3 is an important protein for the hepatic synthesis of VLDL. Studies have shown that retinoids modulate blood lipids by upregulating APOC3 expression through the activation of RXR (Vu-Dac et al., 1998). This effect may be related to the RAR/RXR DR1 site in the APOC3 promoter (Takahashi et al., 2009).
In addition to LXR/RXR and RAR/RXR, PPAR/RXR heterodimers are also important in lipid metabolism (Khuchua et al., 2018; Zhao et al., 2018; Zou et al., 2024). PPAR/RXR participates in cardiac energy metabolism through the regulation of genes involved in fatty acid oxidation, including carnitine palmitoyltransferase 1 (CPT-1), fatty acid transfer protein (FATP), ACC and other enzymes. Downregulation of these genes leads to impaired fatty acid oxidation and insufficient capacity supply in the heart, ultimately leading to heart failure (Lopaschuk et al., 2021; Li et al., 2023). In addition, in the liver, the RXR/PPAR signaling pathway is involved in hepatic lipogenesis and fatty acid β-oxidation. Upon ligand binding, PPARs are translocated to the nucleus and form heterodimers with RXR for the transcription of lipid metabolism-related target genes, including SREBP-1c, adenosine 5‘-monophosphate-activated protein kinase (AMPK), uncoupling protein (UCP1), and peroxisome proliferator-activated receptor γ coactivator 1-alpha (PGC1α) (Kamata et al., 2024; Zou et al., 2024). This is the theoretical basis for targeting the PPAR/RXRα signaling pathway for the treatment of hepatic steatosis in type 2 diabetes mellitus patients (Ezhilarasan, 2024). Therefore, the use of the PPAR-RXR signaling pathway agonist Dendrobium officinale enhanced fatty acid β-oxidation and ameliorated hepatocyte steatosis (Kamata et al., 2024), Furthermore, in a mouse model of diabetes, combined VDR and RXR agonists were more effective than monotherapy in controlling atheromatous plaques. This protective effect may be related to attenuation of intraendothelial reactive oxygen species (ROS) levels and plasma IL-6 and IL-10 levels (Lin et al., 2016). This effect is independent of the metabolic effects of VDR/RXR.
In addition, proteomic analyses have shown that RXR is involved in regulating nuclear factor erythroid 2-related factor 2 (Nrf2) pathway thereby modulating cholesterol metabolism and adipogenesis, and activate whole-body redox and energy homeostasis during a sharp decrease in the pO2 gradient (Paul et al., 2018).
5.3 Cholesterol metabolism
Cholesterol metabolism includes mainly exogenous cholesterol uptake, and endogenous cholesterol synthesis, exocytosis and esterification. Cholesterol synthesis occurs primarily in the liver, where acetyl coenzyme A is converted into cholesterol through a series of enzymatic reactions. The resulting cholesterol is effluxed to the extracellular compartment for binding to apolipoproteins via the ATP binding cassette subfamily A member 1 (ABCA1), subfamily G member 1 (ABCG1), ABCG5, and ABCG8 (the latter two are specifically expressed on the surfaces of hepatocytes and intestinal cells) (Luo et al., 2020). LXR is an important regulator of cholesterol metabolism, and its target genes include genes encoding ABC transporter protein and apolipoprotein E (APOE) (Ding et al., 2024). In vivo cholesterol clearance is severely impaired in LXR-deficient mice. In contrast, the use of LXR agonists in mice reduces cholesterol levels and enhances reverse cholesterol transport (RCT) (Minniti et al., 2020). LXR forms heterodimers with RXRs when LXR is activated by cholesterol metabolite-induced activation. LXR/RXR promotes cholesterol efflux from cells by inducing the expression of ABCA1, ABCG1 and SREBP (Matsuo, 2022; Fleishman and Kumar, 2024). Similarly, studies have shown that the combination of an RXR agonist and an LXR agonist increases the mRNA levels of ABCA1, ABCG1, and APOE more than either agonist alone, thereby increasing the efflux to apoA-1 and high density lipoproteins in macrophage (Mahler et al., 2019). In addition, unsaturated FAs inhibit the LXR/RXR pathway and thus inhibit the transcription of ABCA1 and ABCG1. This may be related to the fact that unsaturated FAs inhibit the LXRα/RXR DR4 element in exon 1 of ABCG1 (Uehara et al., 2007; Bhattarai et al., 2021).
Cytochrome p450 family 27 subfamily A member 1 (CYP27A1) regulates cholesterol metabolism by promoting the synthesis of intermediates (Yu L. et al., 2023). Previous studies have shown that retinoids regulate CYP27A1 to enhance cholesterol metabolism (Li et al., 2021b). Subsequent studies have identified the presence of an RXR binding site upstream of the promoter of the gene encoding CYP2A1. It also shows that this site is shared by PPAR/RXR and RAR/RXR. Retinoids may regulate CYP27A1 expression by activating this site (Szanto et al., 2004a). This finding suggested that CYP27A1 may be a result of the joint action of the RAR, PPAR and RXR (Szanto et al., 2004a; Jia et al., 2021). In addition, potential pregnane X receptor (PXR) binding sites containing DR4 or DR5 were identified in the human CYP27A1 promoter. Endogenous cholesterol metabolites and drugs in the intestine may activate PXR to feed-forward activate CYP27A1 for the detoxification of bile acids (BAs) and cholesterol metabolites, as well as promote cholesterol efflux and HDL synthesis (Itkonen et al., 2023).
5.4 BAs metabolism
BAs are cholesterol derivatives synthesized by the liver and undergo three main physiological processes in vivo: biosynthesis, metabolism and enterohepatic transport. Hepatic synthesis of BAs involves four main steps: 7α-hydroxylation, sterol ring modification, side chain truncation, and phase II coupling (Fleishman and Kumar, 2024). Impaired BA homeostasis leads to the retention of BAs in the liver and bloodstream, resulting in cholestasis and even progression to liver fibrosis, cirrhosis, and liver failure (Gong et al., 2023). The genes that control a variety of biological processes in vivo are precisely regulated by a number of BA-activated receptors, including FXR, PXR, VDR, constitutive androstane receptor (CAR) (Xiang et al., 2023). These receptors act as important molecules for BA involvement in lipid and glucose homeostasis, xenobiotic metabolism, and immunoregulatory pathways (Molinaro et al., 2018; Thibaut and Bindels, 2022).
A substantial body of research indicates that FXR plays a crucial role in the gene network regulation of BAs (Xiang et al., 2023). FXR regulates target genes primarily by forming heterodimers with RXR and then recruiting specific complexes. The bile salt export pump (BSEP) and multi-drug resistance protein 2 (MRP2) are the two primary efflux transporters on the canalicular membrane of hepatocytes for bile acids. BSEP-mediated bile salt secretion is the rate-limiting step in BA efflux and the main driving force for bile flow (Ren et al., 2021). This process is regulated by FXR/RXR. The FXR/RXR heterodimer binds to the IR1 site on the BSEP promoter to achieve transactivation of transcription. Mutations in this site result in reduced FXR-dependent expression of BSEP (Martínez-García et al., 2022). In vitro, treatment with the FXR agonists CDCA and GW4064 significantly induces BSEP expression in primary human hepatocytes and HepG2 cells but is ineffective in FXR-deficient mice (Yu et al., 2002). Similarly, an elements containing a FXR binding site have been identified in the Mrp2 promoter region and can be activated by BAs or GW4064 (Wang et al., 2022b; Xiang et al., 2023; Lu et al., 2024).
The sodium taurocholate cotransporting polypeptide (NTCP) and organic anion transporting polypeptides (OATP) are major proteins that mediate bile acid reabsorption by hepatocytes. NTCP expression was suppressed by BAs in wild-type mice but was not affected in FXR-deficient mice. This suggests that NTCP expression is regulated by the BA-FXR signaling axis (Robin et al., 2018; Tang et al., 2024). However, researchers have not identified an FXR binding site in the promoter of the NTCP gene. Subsequent studies have shown that FXR indirectly maintains NTCP expression by inducing small heterodimer partner (SHP) to block the RXR/RAR heterodimer (Denson et al., 2001; Robin et al., 2018). Similarly, FXR also inhibits OATP1B1 by inducing SHP (Xiang et al., 2023; Wei et al., 2024). However, FXR/RXR can directly activate the expression of OATP1B3 by directly binding to the IR-1 site in its promoter (Meyer Zu Schwabedissen et al., 2010; Liu et al., 2020).
The organic solute transporter alpha-beta (OSTα-OSTβ) are highly expressed in the basolateral exocytosis system of hepatocytes and are involved in the process of BA sinusoidal secretion. OSTα and OSTβ form heterodimeric efflux transporter proteins that transport BAs into the bloodstream (Fleishman and Kumar, 2024; Ni and Hong, 2024). FXR binding site has been identified in both the human and mouse OSTα/OSTβ promoters. In vivo and in vitro studies have similarly demonstrated a significant increase in hepatocyte OSTα/OSTβ expression following FXR agonist treatment. However, in FXR-deficient mice, BA or agonists failed to induce Ostα/Ostβ expression (Lee et al., 2006; Zollner et al., 2006; Cheng et al., 2024). FXR/RXR heterodimers stimulate OSTα/OSTβ expression, facilitating the exocytosis of bile acids into the sinusoidal blood, thereby reducing intracellular bile acid accumulation (Beaudoin et al., 2020). Moreover, OSTα/OSTβ are also highly expressed in the intestine, so FXR/RXR heterodimers may also promote intestinal translocation of BAs (Beaudoin et al., 2020; Tveter et al., 2023).
In addition, the apical sodium-dependent bile acid transporter (ASBT) is the major BA uptake transporter protein in the intestine and can transport BAs from the intestinal lumen to enterocytes (Dawson, 2017; Ticho et al., 2019). RAR binding sites were identified near the transcription start site of the human ASBT gene, suggesting that RAR/RXR plays a role in regulating human ASBT mRNA expression (Li et al., 2021a). Further studies have shown that the FXR-SHP pathway is able to repress ASBT transcription by antagonizing the RXR/RAR receptor. When FXR is activated, increased expression of SHP inhibits RXR/RAR activity during ASBT transcription, leading to this inhibitory effect (Neimark et al., 2004; Duane et al., 2007; Duane et al., 2008; Simbrunner et al., 2024).
The PXR/RXRα heterodimer is another complex involved in bile acid metabolism that is expressed primarily in the intestine and liver (Fleishman and Kumar, 2024). PXR binds BA with greater affinity than does FXR (Staudinger et al., 2001). Specific PXR agonists have been shown to attenuate cholestasis-associated liver injury (Zhao et al., 2024). The human OATP2 and SHP1 genes each contain two promoter regions containing PXR/RXRα-binding sequences, indicating that the OATP2 and SHP1 genes are the primary targets of PXR/RXRα and confirming the important role of PXR in human bile acid homeostasis (Staudinger et al., 2001; Frank et al., 2005). PXR is also a key regulator of the expression of the CYP3A subfamily. Members of this family metabolize a variety of xenobiotics and natural compounds in the liver, including steroids and BAs (Tebbens et al., 2018). Studies have shown that PXR can be activated by substances that induce CYP3A expression, which forms a heterodimer with RXR to bind response elements in the CYP3A11 promoter (Chai et al., 2020; Garcia-Maldonado et al., 2024). Similarly, another study showed that PXR acts as a sensor for bile acids and their metabolites, inhibiting the expression of CYP7A and promoting the expression of OATP2 and CYP3A11, thereby blocking BAs synthesis and promoting transport and metabolism (Cui et al., 2024; Fleishman and Kumar, 2024). CAR and PXR are highly homologous, and RXRα/CAR can induce the expression of enzymes responsible for the metabolism of bile acids, but the exact regulatory mechanism is not yet clear (Cai et al., 2021).
The VDR/RXRα heterodimer can be activated by vitamin D3. Subsequent studies revealed that the VDR may also be activated by lithocholic acid in response to BA signaling in the intestine (Nehring et al., 2007). Agonized VDR prevents CYP7A1 expression and function by reducing bile acid biosynthesis. In addition, inhibition of VDR induces the expression of metabolic enzymes such as CYP3A4 and ASBT to enhance bile acid metabolism and excretion (Ge et al., 2019; Fleishman and Kumar, 2024). Cholesterol overload can also enhance CYP7A1, ABCG5, and ABCG8 transcription through activation of LXR/RXR to increase cholesterol excretion and decrease its absorption (Bideyan et al., 2022).
Activation of PPARα is important for the maintenance of BA homeostasis. PPARα agonist treatment leads to a significant increase in circulating BA levels. However, to date, there are opposing views on the effect of PPARα activation on the expression and activity of CYP7A1, an enzyme important for BA synthesis (Xie et al., 2019; Zhou et al., 2022b). The regulation of BA homeostasis by PPARα may be related to competition for RXRα, as demonstrated by luciferase reporter gene assays and RXRα inhibition studies. Strong activation of PPARα by agonists leads to a significant reduction in the pool of unbound RXRα in hepatocytes (Xie et al., 2019). By preferentially binding RXRα over FXR, the activation of PPARα indirectly inhibits FXR signaling, which leads to a decrease in FXR-mediated regulation of BA target genes such as NTCP, OATP and BSEP (Matsubara et al., 2013; Zhou et al., 2022b).
5.5 Liver fibrosis
Hepatic stellate cells (HSCs) play a key role in liver fibrosis and hepatocellular carcinoma (Horn and Tacke, 2024). The resting HSC is a central site for the storage of retinoids in vivo, but during activation, the HSC loses retinoids and enhances the expression of different types of collagen, such as α-smooth muscle actin (α-SMA) and extracellular matrix (ECM) proteins (Trivedi et al., 2021). This is the central process by which HSCs lead to liver fibrosis. Several studies have shown that ATRA treatment prevents the shift of HSCs to a contractile myofibroblast-like phenotype and reduces type I collagen synthesis and cell proliferation (Wang et al., 2020). Considering the important role of retinoids in HSCs, this is thought to be related to the fact that retinoids may activate RXR to regulate HSC differentiation (Sato et al., 1995). The activation of RAR/RXR by ATRA inhibited hepatic fibrosis by downregulating myosin light chain 2 (MLC-2) expression (Cortes et al., 2019). Similarly, RAR/RXR directly regulates the expression of this gene by inhibiting collagen I alpha-2 chain (Col1a2) promoter activity through binding to nonclassical sites (Wang et al., 2002). Additional studies support this regulatory relationship from another perspective. Through protein‒protein interactions, RAR/RXR inhibits the activity of the transcription factor activator protein 1 (AP1), thereby blocking the expression of transforming Growth Factor Beta 1 (TGF-β1), collagenase, stromelysin, and TNF-α (Li et al., 2002; Bessone et al., 2020). Additional studies have also shown that activation of RAR/RXR inhibits collagen accumulation, thereby alleviating liver fibrosis in cholestatic mice (He et al., 2011; Gudas, 2022; Yang et al., 2022b; Zuo et al., 2023). However, genetic deletion of RARα in the liver has no effect on fibrosis (Cassim Bawa et al., 2022b).
Although the role of the retinoid pathway in hepatic fibers is well understood, the role of RXR activation has not been fully elucidated (Gudas, 2022; Cassim Bawa and Zhang, 2023). Earlier studies revealed that treatment with the RXR ligand 9cRA induced fibrinolytic-mediated activation of TGF-β, promoting collagen synthesis and inhibiting its degradation, thereby exacerbating liver fibrosis (Okuno et al., 1997). Additional studies have demonstrated that natural RA and synthetic RAR- or RXR-specific ligands have different effects on activated HSCs. 9cRA and synthetic RXR agonists reduced HSC proliferation and the synthesis of type I procollagen and fibronectin, whereas ATRA and RAR agonists reduced the synthesis of extracellular matrix proteins (Hellemans et al., 2004). Synthetic RAR agonists did not affect HSC proliferation, whereas RAR-specific antagonists enhanced HSC proliferation (Hellemans et al., 2004). Considering that 9cRA-activated RXR can form heterodimers with multiple NRs to exert its function, this seemingly contradictory result may be partially attributable to the complex heterodimeric interactions of RXR and the potential sharing of targets among the related heterodimers (Königshofer et al., 2021).
The VDR is another dimerization partner of RXR involved in liver fibrosis. Despite its low overall expression in liver tissue, VDR is highly expressed in HSCs. The spontaneous liver fibrosis of VDR-deficient mice may be associated with TGFβ1 signaling promoting profibrotic gene expression (Gascon-Barré et al., 2003). However, another report showed that activation of VDR did not improve the manifestation of preexisting pathology despite inhibiting the development of hepatic fibrosis by inhibiting collagen type I alpha 1 chain (COL1A1), tissue inhibitor of metalloproteinase (TIMP1) and α-SMA (Abramovitch et al., 2014). Subsequent studies have also indicated that p62 may exert antifibrotic and anti-inflammatory effects by regulating the formation of VDR/RXR heterodimers. p62 KO mice exhibited increased collagen deposition and α-SMA levels. This may be due to the selective binding of p62 to RXR/VDR heterodimers and its ability to regulate their dimerization. VDR/RXR heterodimers cannot form in p62-deficient HSCs (Duran et al., 2016; Gupta et al., 2019).
5.6 Immunomodulation
The RXR/NR plays an important role in the biological functions of immune cells such as dendritic cells, monocytes, and macrophages (Dawson et al., 2008; Erkelens and Mebius, 2017; Hao et al., 2021). Experiments have shown that RXR-α signaling inhibits the naive differentiation of CD4+ T cells into Th1 cells (Spilianakis et al., 2005). Treatment with RXR agonists significantly altered the characteristics of immune cell populations in the microenvironment of mouse tumors, increasing the proportion of CD8+ cytotoxic T cells, modulating the PD-1/PD-L1 pathway and reversing immune tolerance in tumors (Leal et al., 2019). RA exerts an anti-inflammatory effect that is partially dependent upon the RXR/RAR dimer. A novel RARα/β-specific synthetic retinoid, Am80, is able to downregulate Th1 and Th17 cell production and IL-6 signaling (Nishimori et al., 2012), reduce the severity and progression of inflammatory disease models and attenuate graft-versus-host responses (Takeda et al., 2006; Cassim Bawa et al., 2022a; Soongsathitanon et al., 2024).
In addition, the expression of phagocytic genes of macrophages lacking RXRα is reduced, resulting in impaired phagocytosis of apoptotic cells (Rőszer et al., 2013). Another important role of RXR in controlling macrophage immune function is to regulate the expression of the chemokines c-c motif chemokine ligand 6 (CCL6) and CCL9, which control leukocyte migration to sites of inflammation and participate in the innate inflammatory response (Núñez et al., 2010; Leal et al., 2023). These studies suggest that RXRα plays a key role in the regulation of macrophage involvement in innate immunity and has the potential to be a target for sepsis immunotherapy (Núñez et al., 2010; Czimmerer and Nagy, 2023).
6 CONCLUSION
This review explores the potential of RXR in regulating liver function and disease treatment, highlighting its important role in glucose metabolism, lipid metabolism, cholesterol and bile acid metabolism. By forming heterodimers with other NRs, RXR participates in the metabolic processes of lipids, carbohydrates and cholesterol in the liver. The RXR/PPARα- complex can activate the expression of genes related to fatty acid β-oxidation, promote the decomposition of fatty acids and energy generation. In addition, RXR is also involved in regulating the synthesis and transport of triglycerides in the liver, affecting lipid balance. RXR regulates the expression of gluconeogenesis-related genes by forming heterodimers with LXR, affecting glucose production and storage in the liver. At the same time, RXR and FXR collaborate to indirectly affect insulin sensitivity and blood sugar levels. RXR is also involved in the metabolic process of cholesterol and bile acids by LXR and FXR. RXR plays an important role in liver inflammation by regulating the expression of inflammatory factors and affecting macrophage polarization. In addition, RXR also plays a key role in regulating fibrosis by inhibiting the activation of hepatic stellate cells, thereby reducing the excessive deposition of extracellular matrix (such as collagen) and slowing the progression of fibrosis.
However, despite the great pharmacological potential of RXR, drug development still faces many challenges. The heterodimers formed by RXR and different NRs involve multiple cross-pathways, which not only reflects the versatility of RXR in liver physiological processes, but also shows its complexity in drug development. Although existing RXR-targeted drugs have achieved certain success in the treatment of skin diseases and blood diseases, their application in other diseases is still limited, mainly because these drugs are prone to induce a variety of adverse reactions. To address these problems, future studies should further analyze the interaction mechanism between RXR and different NRs. Advances in pharmacogenomics provide new opportunities for personalized treatment. Pharmacogenomics helps to identify genetic variants associated with RXR. These variants may affect the expression level, functional activity or interaction of RXR with other NRs. Analyzing how these genetic variants affect the structure and function of RXR will provide a molecular basis for drug design. Then, more personalized RXR-targeted treatment plans can be developed to improve the efficacy of drugs and reduce adverse reactions. This not only provides a wider range of possibilities for clinical treatment, but also opens up new directions for future RXR research.
In summary, although the research on RXR as a pharmacological target faces many challenges, its potential in the treatment of metabolic diseases cannot be ignored. Through in-depth research and innovative drug design, RXR research can not only promote our understanding of metabolic diseases, but also bring new hope and breakthroughs to the treatment of diseases.
AUTHOR CONTRIBUTIONS
RX: Writing–original draft, Conceptualization. LZ: Writing–original draft, Data curation. HP: Writing–original draft. YZ: Writing–review and editing.
FUNDING
The author(s) declare that no financial support was received for the research, authorship, and/or publication of this article. This research did not receive any specific grant from funding agencies in the public, commercial, or not-for-profit sectors.
ACKNOWLEDGMENTS
The figures have been created with Figdraw.com, Adobe illustrator 2022 and R version 4.4.1.
PUBLISHER’S NOTE
All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.
REFERENCES
 Abbott, R. A., Whittaker, S. J., Morris, S. L., Russell-Jones, R., Hung, T., Bashir, S. J., et al. (2009). Bexarotene therapy for mycosis fungoides and Sézary syndrome. Br. J. Dermatol 160 (6), 1299–1307. doi:10.1111/j.1365-2133.2009.09037.x
 Abramovitch, S., Sharvit, E., Weisman, Y., Bentov, A., Brazowski, E., Cohen, G., et al. (2014). Vitamin D inhibits development of liver fibrosis in an animal model but cannot ameliorate established cirrhosis. Am. J. Physiology-Gastrointestinal Liver Physiology 308 (2), G112–G120. doi:10.1152/ajpgi.00132.2013
 Agrawal, S., He, J. C., and Tharaux, P. L. (2021). Nuclear receptors in podocyte biology and glomerular disease. Nat. Rev. Nephrol. 17 (3), 185–204. doi:10.1038/s41581-020-00339-6
 Arnhold, T., Tzimas, G., Wittfoht, W., Plonait, S., and Nau, H. (1996). Identification of 9-cis-retinoic acid, 9,13-di-cis-retinoic acid, and 14-hydroxy-4,14-retro-retinol in human plasma after liver consumption. Life Sci. 59 (12), PL169–PL177. doi:10.1016/0024-3205(96)00408-0
 Basu, S., Martínez-Cristóbal, P., Frigolé-Vivas, M., Pesarrodona, M., Lewis, M., Szulc, E., et al. (2023). Rational optimization of a transcription factor activation domain inhibitor. Nat. Struct. Mol. Biol. 30 (12), 1958–1969. doi:10.1038/s41594-023-01159-5
 Bawa, F. N. C., and Zhang, Y. (2023). Retinoic acid signaling in fatty liver disease. Liver Res. 7 (3), 189–195. doi:10.1016/j.livres.2023.07.002
 Beaudoin, J. J., Brouwer, K. L. R., and Malinen, M. M. (2020). Novel insights into the organic solute transporter alpha/beta, OSTα/β: from the bench to the bedside. Pharmacol. & Ther. 211, 107542. doi:10.1016/j.pharmthera.2020.107542
 Belyaeva, O. V., Klyuyeva, A. V., Vyas, A., Berger, W. K., Halasz, L., Yu, J., et al. (2024). The retinoid X receptor has a critical role in synthetic rexinoid-induced increase in cellular all-trans-retinoic acid. PLoS One 19 (4), e0301447. doi:10.1371/journal.pone.0301447
 Bessone, M. I. D., Berardi, D. E., Cirigliano, S. M., Delbart, D. I., Peters, M. G., Todaro, L. B., et al. (2020). Protein Kinase C Alpha (PKCα) overexpression leads to a better response to retinoid acid therapy through Retinoic Acid Receptor Beta (RARβ) activation in mammary cancer cells. J. Cancer Res. Clin. Oncol. 146 (12), 3241–3253. doi:10.1007/s00432-020-03368-7
 Bhattarai, A., Likos, E. M., Weyman, C. M., and Shukla, G. C. (2021). Regulation of cholesterol biosynthesis and lipid metabolism: a microRNA management perspective. Steroids 173, 108878. doi:10.1016/j.steroids.2021.108878
 Bideyan, L., Fan, W., Kaczor-Urbanowicz, K. E., Priest, C., Casero, D., and Tontonoz, P. (2022). Integrative analysis reveals multiple modes of LXR transcriptional regulation in liver. Proc. Natl. Acad. Sci. U. S. A. 119 (7), e2122683119. doi:10.1073/pnas.2122683119
 Blomhoff, R., and Blomhoff, H. K. (2006). Overview of retinoid metabolism and function. J. Neurobiol. 66 (7), 606–630. doi:10.1002/neu.20242
 Bobbert, P., Weithäuser, A., Andres, J., Bobbert, T., Kühl, U., Schultheiss, H. P., et al. (2009). Increased plasma retinol binding protein 4 levels in patients with inflammatory cardiomyopathy. Eur. J. Heart Fail. 11 (12), 1163–1168. doi:10.1093/eurjhf/hfp153
 Boehm, M. F., Zhang, L., Zhi, L., McClurg, M. R., Berger, E., Wagoner, M., et al. (1995). Design and synthesis of potent retinoid X receptor selective ligands that induce apoptosis in leukemia cells. J. Med. Chem. 38 (16), 3146–3155. doi:10.1021/jm00016a018
 Bohn, T., Desmarchelier, C., Dragsted, L. O., Nielsen, C. S., Stahl, W., Rühl, R., et al. (2017). Host-related factors explaining interindividual variability of carotenoid bioavailability and tissue concentrations in humans. Mol. Nutr. Food Res. 61 (6). doi:10.1002/mnfr.201600685
 Bohn, T., Desmarchelier, C., El, S. N., Keijer, J., van Schothorst, E., Rühl, R., et al. (2019). β-Carotene in the human body: metabolic bioactivation pathways - from digestion to tissue distribution and excretion. Proc. Nutr. Soc. 78 (1), 68–87. doi:10.1017/S0029665118002641
 Bourguet, W., Ruff, M., Chambon, P., Gronemeyer, H., and Moras, D. (1995). Crystal structure of the ligand-binding domain of the human nuclear receptor RXR-alpha. Nature 375 (6530), 377–382. doi:10.1038/375377a0
 Bourguet, W., Vivat, V., Wurtz, J.-M., Chambon, P., Gronemeyer, H., and Moras, D. (2000a). Crystal structure of a heterodimeric complex of RAR and RXR ligand-binding domains. Mol. Cell 5 (2), 289–298. doi:10.1016/S1097-2765(00)80424-4
 Bourguet, W., Vivat, V., Wurtz, J. M., Chambon, P., Gronemeyer, H., and Moras, D. (2000b). Crystal structure of a heterodimeric complex of RAR and RXR ligand-binding domains. Mol. Cell 5 (2), 289–298. doi:10.1016/s1097-2765(00)80424-4
 Brigger, D., Schläfli, A. M., Garattini, E., and Tschan, M. P. (2015). Activation of RARα induces autophagy in SKBR3 breast cancer cells and depletion of key autophagy genes enhances ATRA toxicity. Cell Death Dis. 6 (8), e1861. doi:10.1038/cddis.2015.236
 Brtko, J., and Dvorak, Z. (2020). Natural and synthetic retinoid X receptor ligands and their role in selected nuclear receptor action. Biochimie 179, 157–168. doi:10.1016/j.biochi.2020.09.027
 Cai, X., Young, G. M., and Xie, W. (2021). The xenobiotic receptors PXR and CAR in liver physiology, an update. Biochimica Biophysica Acta (BBA) - Mol. Basis Dis. 1867 (6), 166101. doi:10.1016/j.bbadis.2021.166101
 Calderon, F., and Kim, H.-Y. (2007). Role of RXR in neurite outgrowth induced by docosahexaenoic acid. Prostagl. Leukot. Essent. Fat. Acids 77 (5), 227–232. doi:10.1016/j.plefa.2007.10.026
 Cao, M., Royce, D. B., Risingsong, R., Williams, C. R., Sporn, M. B., and Liby, K. T. (2016). The rexinoids LG100268 and LG101506 inhibit inflammation and suppress lung carcinogenesis in A/J mice. Cancer Prev. Res. (Phila) 9 (1), 105–114. doi:10.1158/1940-6207.Capr-15-0325
 Cao, X., Liu, W., Lin, F., Li, H., Kolluri, S. K., Lin, B., et al. (2004). Retinoid X receptor regulates Nur77/TR3-dependent apoptosis [corrected] by modulating its nuclear export and mitochondrial targeting. Mol. Cell Biol. 24 (22), 9705–9725. doi:10.1128/mcb.24.22.9705-9725.2004
 Casali, B. T., Corona, A. W., Mariani, M. M., Karlo, J. C., Ghosal, K., and Landreth, G. E. (2015). Omega-3 fatty acids augment the actions of nuclear receptor agonists in a mouse model of Alzheimer's disease. J. Neurosci. 35 (24), 9173–9181. doi:10.1523/jneurosci.1000-15.2015
 Cassim Bawa, F. N., Gopoju, R., Xu, Y., Hu, S., Zhu, Y., Chen, S., et al. (2022a). Retinoic acid receptor alpha (RARα) in macrophages protects from diet-induced atherosclerosis in mice. Cells 11 (20), 3186. doi:10.3390/cells11203186
 Cassim Bawa, F. N., Xu, Y., Gopoju, R., Plonski, N. M., Shiyab, A., Hu, S., et al. (2022b). Hepatic retinoic acid receptor alpha mediates all-trans retinoic acid's effect on diet-induced hepatosteatosis. Hepatol. Commun. 6 (10), 2665–2675. doi:10.1002/hep4.2049
 Cassim Bawa, F. N., and Zhang, Y. (2023). Retinoic acid signaling in fatty liver disease. Liver Res. 7 (3), 189–195. doi:10.1016/j.livres.2023.07.002
 Chai, S. C., Wright, W. C., and Chen, T. (2020). Strategies for developing pregnane X receptor antagonists: implications from metabolism to cancer. Med. Res. Rev. 40 (3), 1061–1083. doi:10.1002/med.21648
 Chandra, V., Huang, P., Hamuro, Y., Raghuram, S., Wang, Y., Burris, T. P., et al. (2008). Structure of the intact PPAR-gamma-RXR- nuclear receptor complex on DNA. Nature 456 (7220), 350–356. doi:10.1038/nature07413
 Chandra, V., Wu, D., Li, S., Potluri, N., Kim, Y., and Rastinejad, F. (2017). The quaternary architecture of RARβ-RXRα heterodimer facilitates domain-domain signal transmission. Nat. Commun. 8 (1), 868. doi:10.1038/s41467-017-00981-y
 Chang, R. C., Joloya, E. M., Li, Z., Shoucri, B. M., Shioda, T., and Blumberg, B. (2023). miR-223 plays a key role in obesogen-enhanced adipogenesis in mesenchymal stem cells and in transgenerational obesity. Endocrinology 164 (5), bqad027. doi:10.1210/endocr/bqad027
 Chawla, A., Repa, J. J., Evans, R. M., and Mangelsdorf, D. J. (2001). Nuclear receptors and lipid physiology: opening the X-files. Science 294 (5548), 1866–1870. doi:10.1126/science.294.5548.1866
 Chen, G. (2021). The interactions of insulin and vitamin A signaling systems for the regulation of hepatic glucose and lipid metabolism. Cells 10 (8), 2160. doi:10.3390/cells10082160
 Chen, J., Wang, R., Xiong, F., Sun, H., Kemper, B., Li, W., et al. (2024). Inhibition of O-GlcNAc transferase activates type I interferon-dependent antitumor immunity by bridging cGAS-STING pathway. Elife 13. doi:10.7554/eLife.94849
 Chen, L., Aleshin, A. E., Alitongbieke, G., Zhou, Y., Zhang, X., Ye, X., et al. (2017). Modulation of nongenomic activation of PI3K signalling by tetramerization of N-terminally-cleaved RXRα. Nat. Commun. 8, 16066. doi:10.1038/ncomms16066
 Cheng, Z., Chen, Y., Schnabl, B., Chu, H., and Yang, L. (2024). Bile acid and nonalcoholic steatohepatitis: molecular insights and therapeutic targets. J. Adv. Res. 59, 173–187. doi:10.1016/j.jare.2023.06.009
 Collier Jack, J., Guissart, C., Oláhová, M., Sasorith, S., Piron-Prunier, F., Suomi, F., et al. (2021). Developmental consequences of defective ATG7-mediated autophagy in humans. N. Engl. J. Med. 384 (25), 2406–2417. doi:10.1056/NEJMoa1915722
 Cortes, E., Lachowski, D., Rice, A., Chronopoulos, A., Robinson, B., Thorpe, S., et al. (2019). Retinoic acid receptor-β is downregulated in hepatocellular carcinoma and cirrhosis and its expression inhibits myosin-driven activation and durotaxis in hepatic stellate cells. Hepatology 69 (2), 785–802. doi:10.1002/hep.30193
 Cui, Q., Jiang, T., Xie, X., Wang, H., Qian, L., Cheng, Y., et al. (2024). S-nitrosylation attenuates pregnane X receptor hyperactivity and acetaminophen-induced liver injury. JCI Insight 9 (2), e172632. doi:10.1172/jci.insight.172632
 Czimmerer, Z., and Nagy, L. (2023). Epigenomic regulation of macrophage polarization: where do the nuclear receptors belong?Immunol. Rev. 317 (1), 152–165. doi:10.1111/imr.13209
 Dawson, H. D., Collins, G., Pyle, R., Key, M., and Taub, D. D. (2008). The Retinoic Acid Receptor-alpha mediates human T-cell activation and Th2 cytokine and chemokine production. BMC Immunol. 9, 16. doi:10.1186/1471-2172-9-16
 Dawson, M. I., and Xia, Z. (2012). The retinoid X receptors and their ligands. Biochimica Biophysica Acta (BBA) - Mol. Cell Biol. Lipids 1821 (1), 21–56. doi:10.1016/j.bbalip.2011.09.014
 Dawson, P. A. (2017). Roles of ileal ASBT and ostα-ostβ in regulating bile acid signaling. Dig. Dis. 35 (3), 261–266. doi:10.1159/000450987
 de Almeida, N. R., and Conda-Sheridan, M. (2019). A review of the molecular design and biological activities of RXR agonists. Med. Res. Rev. 39 (4), 1372–1397. doi:10.1002/med.21578
 de Lera, A. R., Bourguet, W., Altucci, L., and Gronemeyer, H. (2007). Design of selective nuclear receptor modulators: RAR and RXR as a case study. Nat. Rev. Drug Discov. 6 (10), 811–820. doi:10.1038/nrd2398
 de Lera, Á. R., Krezel, W., and Rühl, R. (2016). An endogenous mammalian Retinoid X receptor ligand, at last!. A. T. Last! ChemMedChem 11 (10), 1027–1037. doi:10.1002/cmdc.201600105
 Denson, L. A., Sturm, E., Echevarria, W., Zimmerman, T. L., Makishima, M., Mangelsdorf, D. J., et al. (2001). The orphan nuclear receptor, shp, mediates bile acid-induced inhibition of the rat bile acid transporter, ntcp. Gastroenterology 121 (1), 140–147. doi:10.1053/gast.2001.25503
 de Urquiza, A. M., Liu, S., Sjöberg, M., Zetterström, R. H., Griffiths, W., Sjövall, J., et al. (2000). Docosahexaenoic acid, a ligand for the retinoid X receptor in mouse brain. Science 290 (5499), 2140–2144. doi:10.1126/science.290.5499.2140
 Ding, J., Nguyen, A. T., Lohman, K., Hensley, M. T., Parker, D., Hou, L., et al. (2024). LXR signaling pathways link cholesterol metabolism with risk for prediabetes and diabetes. J. Clin. Invest 134 (10), e173278. doi:10.1172/jci173278
 Dong, B., Kan, C. F. K., Singh, A. B., and Liu, J. (2013). High-fructose diet downregulates long-chain acyl-CoA synthetase 3 expression in liver of hamsters via impairing LXR/RXR signaling pathway. J. Lipid Res. 54 (5), 1241–1254. doi:10.1194/jlr.M032599
 Du, D., Liu, C., Qin, M., Zhang, X., Xi, T., Yuan, S., et al. (2022). Metabolic dysregulation and emerging therapeutical targets for hepatocellular carcinoma. Acta Pharm. Sin. B 12 (2), 558–580. doi:10.1016/j.apsb.2021.09.019
 Duane, W. C., Xiong, W., and Lofgren, J. (2008). Transactivation of the human apical sodium-dependent bile acid transporter gene by human serum. J. Steroid Biochem. Mol. Biol. 108 (1-2), 137–148. doi:10.1016/j.jsbmb.2007.07.005
 Duane, W. C., Xiong, W., and Wolvers, J. (2007). Effects of bile acids on expression of the human apical sodium dependent bile acid transporter gene. Biochim. Biophys. Acta 1771 (11), 1380–1388. doi:10.1016/j.bbalip.2007.09.003
 Duran, A., Hernandez, E. D., Reina-Campos, M., Castilla, E. A., Subramaniam, S., Raghunandan, S., et al. (2016). p62/SQSTM1 by binding to vitamin D receptor inhibits hepatic stellate cell activity, fibrosis, and liver cancer. Cancer Cell 30 (4), 595–609. doi:10.1016/j.ccell.2016.09.004
 Dyar, K. A., Hubert, M. J., Mir, A. A., Ciciliot, S., Lutter, D., Greulich, F., et al. (2018). Transcriptional programming of lipid and amino acid metabolism by the skeletal muscle circadian clock. PLoS Biol. 16 (8), e2005886. doi:10.1371/journal.pbio.2005886
 Egea, P. F., Mitschler, A., and Moras, D. (2002). Molecular recognition of agonist ligands by RXRs. Mol. Endocrinol. 16 (5), 987–997. doi:10.1210/mend.16.5.0823
 Egea, P. F., Mitschler, A., Rochel, N., Ruff, M., Chambon, P., and Moras, D. (2000). Crystal structure of the human RXRalpha ligand-binding domain bound to its natural ligand: 9-cis retinoic acid. Embo J. 19 (11), 2592–2601. doi:10.1093/emboj/19.11.2592
 Elabdeen, H. R., Mustafa, M., Szklenar, M., Rühl, R., Ali, R., and Bolstad, A. I. (2013). Ratio of pro-resolving and pro-inflammatory lipid mediator precursors as potential markers for aggressive periodontitis. PLoS One 8 (8), e70838. doi:10.1371/journal.pone.0070838
 Erkelens, M. N., and Mebius, R. E. (2017). Retinoic acid and immune homeostasis: a balancing act. Trends Immunol. 38 (3), 168–180. doi:10.1016/j.it.2016.12.006
 Eroglu, A., Hruszkewycz, D. P., Curley, R. W., and Harrison, E. H. (2010). The eccentric cleavage product of β-carotene, β-apo-13-carotenone, functions as an antagonist of RXRα. Arch. Biochem. Biophys. 504 (1), 11–16. doi:10.1016/j.abb.2010.07.025
 Eroglu, A., Hruszkewycz, D. P., dela Sena, C., Narayanasamy, S., Riedl, K. M., Kopec, R. E., et al. (2012). Naturally occurring eccentric cleavage products of provitamin A β-carotene function as antagonists of retinoic acid receptors. J. Biol. Chem. 287 (19), 15886–15895. doi:10.1074/jbc.M111.325142
 Evans, R. M., and Mangelsdorf, D. J. (2014). Nuclear receptors, RXR, and the big bang. Cell 157 (1), 255–266. doi:10.1016/j.cell.2014.03.012
 Ezhilarasan, D. (2024). Deciphering the molecular pathways of saroglitazar: a dual PPAR α/γ agonist for managing metabolic NAFLD. Metabolism 155, 155912. doi:10.1016/j.metabol.2024.155912
 Fleishman, J. S., and Kumar, S. (2024). Bile acid metabolism and signaling in health and disease: molecular mechanisms and therapeutic targets. Signal Transduct. Target Ther. 9 (1), 97. doi:10.1038/s41392-024-01811-6
 Fontes, M. R. M., Teh, T., Jans, D., Brinkworth, R. I., and Kobe, B. (2003). Structural basis for the specificity of bipartite nuclear localization sequence binding by importin-alpha. J. Biol. Chem. 278 (30), 27981–27987. doi:10.1074/jbc.M303275200
 Forman, B. M., Goode, E., Chen, J., Oro, A. E., Bradley, D. J., Perlmann, T., et al. (1995). Identification of a nuclear receptor that is activated by farnesol metabolites. Cell 81 (5), 687–693. doi:10.1016/0092-8674(95)90530-8
 Frank, C., Makkonen, H., Dunlop, T. W., Matilainen, M., Väisänen, S., and Carlberg, C. (2005). Identification of pregnane X receptor binding sites in the regulatory regions of genes involved in bile acid homeostasis. J. Mol. Biol. 346 (2), 505–519. doi:10.1016/j.jmb.2004.12.003
 Funaki, M., Kitabayashi, J., Shimakami, T., Nagata, N., Sakai, Y., Takegoshi, K., et al. (2017). Peretinoin, an acyclic retinoid, inhibits hepatocarcinogenesis by suppressing sphingosine kinase 1 expression in vitro and in vivo. Sci. Rep. 7 (1), 16978. doi:10.1038/s41598-017-17285-2
 Gampe, R. T., Montana, V. G., Lambert, M. H., Miller, A. B., Bledsoe, R. K., Milburn, M. V., et al. (2000a). Asymmetry in the PPARgamma/RXRalpha crystal structure reveals the molecular basis of heterodimerization among nuclear receptors. Mol. Cell 5 (3), 545–555. doi:10.1016/s1097-2765(00)80448-7
 Gampe, R. T., Montana, V. G., Lambert, M. H., Miller, A. B., Bledsoe, R. K., Milburn, M. V., et al. (2000b). Asymmetry in the PPARgamma/RXRalpha crystal structure reveals the molecular basis of heterodimerization among nuclear receptors. Mol. Cell 5 (3), 545–555. doi:10.1016/S1097-2765(00)80448-7
 Gao, W. Y., Chen, P. Y., Hsu, H. J., Liou, J. W., Wu, C. L., Wu, M. J., et al. (2024). Xanthohumol, a prenylated chalcone, regulates lipid metabolism by modulating the LXRα/RXR-ANGPTL3-LPL axis in hepatic cell lines and high-fat diet-fed zebrafish models. Biomed. Pharmacother. 174, 116598. doi:10.1016/j.biopha.2024.116598
 Garcia-Maldonado, E., Huber, A. D., Chai, S. C., Nithianantham, S., Li, Y., Wu, J., et al. (2024). Chemical manipulation of an activation/inhibition switch in the nuclear receptor PXR. Nat. Commun. 15 (1), 4054. doi:10.1038/s41467-024-48472-1
 Gascon-Barré, M., Demers, C., Mirshahi, A., Néron, S., Zalzal, S., and Nanci, A. (2003). The normal liver harbors the vitamin D nuclear receptor in nonparenchymal and biliary epithelial cells. Hepatology 37 (5), 1034–1042. doi:10.1053/jhep.2003.50176
 Ge, M. X., Shao, R. G., and He, H. W. (2019). Advances in understanding the regulatory mechanism of cholesterol 7α-hydroxylase. Biochem. Pharmacol. 164, 152–164. doi:10.1016/j.bcp.2019.04.008
 Germain, P., and Bourguet, W. (2013). “Chapter 2 - dimerization of nuclear receptors,” in Methods in cell biology ed . Editor P. M. Conn ( Academic Press), 21–41.
 Germain, P., Chambon, P., Eichele, G., Evans, R. M., Lazar, M. A., Leid, M., et al. (2006a). International union of pharmacology. LXIII. Retinoid X receptors. Pharmacol. Rev. 58 (4), 760–772. doi:10.1124/pr.58.4.7
 Germain, P., Iyer, J., Zechel, C., and Gronemeyer, H. (2002). Co-regulator recruitment and the mechanism of retinoic acid receptor synergy. Nature 415 (6868), 187–192. doi:10.1038/415187a
 Germain, P., Staels, B., Dacquet, C., Spedding, M., and Laudet, V. (2006b). Overview of nomenclature of nuclear receptors. Pharmacol. Rev. 58 (4), 685–704. doi:10.1124/pr.58.4.2
 German, O. L., Monaco, S., Agnolazza, D. L., Rotstein, N. P., and Politi, L. E. (2013). Retinoid X receptor activation is essential for docosahexaenoic acid protection of retina photoreceptors. J. Lipid Res. 54 (8), 2236–2246. doi:10.1194/jlr.M039040
 Gianní, M., Tarrade, A., Nigro, E. A., Garattini, E., and Rochette-Egly, C. (2003). The AF-1 and AF-2 domains of RAR gamma 2 and RXR alpha cooperate for triggering the transactivation and the degradation of RAR gamma 2/RXR alpha heterodimers. J. Biol. Chem. 278 (36), 34458–34466. doi:10.1074/jbc.M304952200
 Goldstein, J. T., Dobrzyn, A., Clagett-Dame, M., Pike, J. W., and DeLuca, H. F. (2003). Isolation and characterization of unsaturated fatty acids as natural ligands for the retinoid-X receptor. Archives Biochem. Biophysics 420 (1), 185–193. doi:10.1016/j.abb.2003.09.034
 Gong, L., Wei, F., Gonzalez, F. J., and Li, G. (2023). Hepatic fibrosis: targeting peroxisome proliferator-activated receptor alpha from mechanism to medicines. Hepatology 78 (5), 1625–1653. doi:10.1097/hep.0000000000000182
 Greschik, H., Wurtz, J. M., Sanglier, S., Bourguet, W., van Dorsselaer, A., Moras, D., et al. (2002). Structural and functional evidence for ligand-independent transcriptional activation by the estrogen-related receptor 3. Mol. Cell 9 (2), 303–313. doi:10.1016/s1097-2765(02)00444-6
 Gronemeyer, H., Gustafsson, J. A., and Laudet, V. (2004). Principles for modulation of the nuclear receptor superfamily. Nat. Rev. Drug Discov. 3 (11), 950–964. doi:10.1038/nrd1551
 Gudas, L. J. (2022). Synthetic retinoids beyond cancer therapy. Annu. Rev. Pharmacol. Toxicol. 62, 155–175. doi:10.1146/annurev-pharmtox-052120-104428
 Gupta, G., Khadem, F., and Uzonna, J. E. (2019). Role of hepatic stellate cell (HSC)-derived cytokines in hepatic inflammation and immunity. Cytokine 124, 154542. doi:10.1016/j.cyto.2018.09.004
 Gustafsson, J. A. (2016). Historical overview of nuclear receptors. J. Steroid Biochem. Mol. Biol. 157, 3–6. doi:10.1016/j.jsbmb.2015.03.004
 Hao, X., Zhong, X., and Sun, X. (2021). The effects of all-trans retinoic acid on immune cells and its formulation design for vaccines. Aaps J. 23 (2), 32. doi:10.1208/s12248-021-00565-1
 Harrison, E. H., and Quadro, L. (2018). Apocarotenoids: emerging roles in mammals. Annu. Rev. Nutr. 38, 153–172. doi:10.1146/annurev-nutr-082117-051841
 He, H., Mennone, A., Boyer, J. L., and Cai, S. Y. (2011). Combination of retinoic acid and ursodeoxycholic acid attenuates liver injury in bile duct-ligated rats and human hepatic cells. Hepatology 53 (2), 548–557. doi:10.1002/hep.24047
 He, Y., Gong, L., Fang, Y., Zhan, Q., Liu, H. X., Lu, Y., et al. (2013). The role of retinoic acid in hepatic lipid homeostasis defined by genomic binding and transcriptome profiling. BMC Genomics 14, 575. doi:10.1186/1471-2164-14-575
 Hellemans, K., Verbuyst, P., Quartier, E., Schuit, F., Rombouts, K., Chandraratna, R. A. S., et al. (2004). Differential modulation of rat hepatic stellate phenotype by natural and synthetic retinoids. Hepatology 39 (1), 97–108. doi:10.1002/hep.20015
 Heyman, R. A., Mangelsdorf, D. J., Dyck, J. A., Stein, R. B., Eichele, G., Evans, R. M., et al. (1992). 9-cis retinoic acid is a high affinity ligand for the retinoid X receptor. Cell 68 (2), 397–406. doi:10.1016/0092-8674(92)90479-V
 Horn, P., and Tacke, F. (2024). Metabolic reprogramming in liver fibrosis. Cell Metab. 36, 1439–1455. doi:10.1016/j.cmet.2024.05.003
 Hristov, A. C., Tejasvi, T., and Wilcox, R. A. (2023). Cutaneous T-cell lymphomas: 2023 update on diagnosis, risk-stratification, and management. Am. J. Hematol. 98 (1), 193–209. doi:10.1002/ajh.26760
 Hu, L., Sun, Y., Luo, J., He, X., Ye, M., Li, G., et al. (2020). Targeting TR4 nuclear receptor with antagonist bexarotene increases docetaxel sensitivity to better suppress the metastatic castration-resistant prostate cancer progression. Oncogene 39 (9), 1891–1903. doi:10.1038/s41388-019-1070-5
 Itkonen, A., Hakkola, J., and Rysä, J. (2023). Adverse outcome pathway for pregnane X receptor-induced hypercholesterolemia. Arch. Toxicol. 97 (11), 2861–2877. doi:10.1007/s00204-023-03575-4
 Izu-Belloso, R., Gainza-Apraiz, I., Ortiz-Romero, P., Servitje-Bedate, O., Fernández de Misa-Cabrera, R., Peñate, Y., et al. (2024). Experience with bexarotene to treat cutaneous T-cell lymphomas: a study of the Spanish working group of cutaneous lymphomas. Actas Dermosifiliogr. 115, 547–554. doi:10.1016/j.ad.2023.12.007
 Jia, W., Wei, M., Rajani, C., and Zheng, X. (2021). Targeting the alternative bile acid synthetic pathway for metabolic diseases. Protein Cell 12 (5), 411–425. doi:10.1007/s13238-020-00804-9
 Jiang, L., Liu, X., Liang, X., Dai, S., Wei, H., Guo, M., et al. (2023). Structural basis of the farnesoid X receptor/retinoid X receptor heterodimer on inverted repeat DNA. Comput. Struct. Biotechnol. J. 21, 3149–3157. doi:10.1016/j.csbj.2023.05.026
 Jiang, X. Y., Yang, P. S., Xiao, O., Yu, K., Wang, S. Y., Yang, S. J., et al. (2022). Effects of PPAR-γ and RXR-α on mouse meibomian gland epithelial cells during inflammation induced by latanoprost. Exp. Eye Res. 224, 109251. doi:10.1016/j.exer.2022.109251
 Jin, X., Shang, B., Wang, J., Sun, J., Li, J., Liang, B., et al. (2024). Farnesoid X receptor promotes non-small cell lung cancer metastasis by activating Jak2/STAT3 signaling via transactivation of IL-6ST and IL-6 genes. Cell Death Dis. 15 (2), 148. doi:10.1038/s41419-024-06495-y
 Jin, X. C., Peng, D. Q., Kim, S. J., Kim, N. Y., Nejad, J. G., Kim, D., et al. (2022). Vitamin A supplementation downregulates ADH1C and ALDH1A1 mRNA expression in weaned beef calves. Anim. Nutr. 10, 372–381. doi:10.1016/j.aninu.2022.06.007
 Kamata, S., Honda, A., Kashiwagi, N., Shimamura, A., Yashiro, S., Komori, Y., et al. (2024). Different coactivator recruitment to human pparα/δ/γ ligand-binding domains by eight PPAR agonists to treat nonalcoholic fatty liver disease. Biomedicines 12 (3), 624. doi:10.3390/biomedicines12030624
 Kane, M. A. (2012). Analysis, occurrence, and function of 9-cis-retinoic acid. Biochimica Biophysica Acta (BBA) - Mol. Cell Biol. Lipids 1821 (1), 10–20. doi:10.1016/j.bbalip.2011.09.012
 Kane, M. A., Folias, A. E., Pingitore, A., Perri, M., Obrochta, K. M., Krois, C. R., et al. (2010). Identification of 9-cis-retinoic acid as a pancreas-specific autacoid that attenuates glucose-stimulated insulin secretion. Proc. Natl. Acad. Sci. 107 (50), 21884–21889. doi:10.1073/pnas.1008859107
 Kastner, P., Grondona, J. M., Mark, M., Gansmuller, A., LeMeur, M., Decimo, D., et al. (1994). Genetic analysis of RXR alpha developmental function: convergence of RXR and RAR signaling pathways in heart and eye morphogenesis. Cell 78 (6), 987–1003. doi:10.1016/0092-8674(94)90274-7
 Khuchua, Z., Glukhov, A. I., Strauss, A. W., and Javadov, S. (2018). Elucidating the beneficial role of PPAR agonists in cardiac diseases. Int. J. Mol. Sci. 19 (11), 3464. doi:10.3390/ijms19113464
 Kininis, M., and Kraus, W. L. (2008). A global view of transcriptional regulation by nuclear receptors: gene expression, factor localization, and DNA sequence analysis. Nucl. Recept Signal 6, e005. doi:10.1621/nrs.06005
 Klöting, N., Graham, T. E., Berndt, J., Kralisch, S., Kovacs, P., Wason, C. J., et al. (2007). Serum retinol-binding protein is more highly expressed in visceral than in subcutaneous adipose tissue and is a marker of intra-abdominal fat mass. Cell Metab. 6 (1), 79–87. doi:10.1016/j.cmet.2007.06.002
 Knol, A. C., Quereux, G., Brocard, A., Ballanger, F., Khammari, A., Nguyen, J. M., et al. (2010). About the cutaneous targets of bexarotene in CTCL patients. Exp. Dermatol 19 (8), e299–e301. doi:10.1111/j.1600-0625.2009.00995.x
 Königshofer, P., Brusilovskaya, K., Petrenko, O., Hofer, B. S., Schwabl, P., Trauner, M., et al. (2021). Nuclear receptors in liver fibrosis. Biochim. Biophys. Acta Mol. Basis Dis. 1867 (12), 166235. doi:10.1016/j.bbadis.2021.166235
 Krężel, W., Rühl, R., and de Lera, A. R. (2019). Alternative retinoid X receptor (RXR) ligands. Mol. Cell Endocrinol. 491, 110436. doi:10.1016/j.mce.2019.04.016
 Krzyżosiak, A., Podleśny-Drabiniok, A., Vaz, B., Alvarez, R., Rühl, R., de Lera, A. R., et al. (2021). Vitamin A5/X controls stress-adaptation and prevents depressive-like behaviors in a mouse model of chronic stress. Neurobiol. Stress 15, 100375. doi:10.1016/j.ynstr.2021.100375
 Krzyzosiak, A., Szyszka-Niagolov, M., Wietrzych, M., Gobaille, S., Muramatsu, S., and Krezel, W. (2010). Retinoid x receptor gamma control of affective behaviors involves dopaminergic signaling in mice. Neuron 66 (6), 908–920. doi:10.1016/j.neuron.2010.05.004
 Lala, D. S., Mukherjee, R., Schulman, I. G., Koch, S. S., Dardashti, L. J., Nadzan, A. M., et al. (1996). Activation of specific RXR heterodimers by an antagonist of RXR homodimers. Nature 383 (6599), 450–453. doi:10.1038/383450a0
 Leal, A. S., Hung, P.-Y., Chowdhury, A. S., and Liby, K. T. (2023). Retinoid X Receptor agonists as selective modulators of the immune system for the treatment of cancer. Pharmacol. & Ther. 252, 108561. doi:10.1016/j.pharmthera.2023.108561
 Leal, A. S., Zydeck, K., Carapellucci, S., Reich, L. A., Zhang, D., Moerland, J. A., et al. (2019). Retinoid X receptor agonist LG100268 modulates the immune microenvironment in preclinical breast cancer models. npj Breast Cancer 5 (1), 39. doi:10.1038/s41523-019-0135-5
 Lebovitz, H. E. (2019). Thiazolidinediones: the forgotten diabetes medications. Curr. Diab Rep. 19 (12), 151. doi:10.1007/s11892-019-1270-y
 Lee, D. Y., Lin, T. E., Lee, C. I., Zhou, J., Huang, Y. H., Lee, P. L., et al. (2017). MicroRNA-10a is crucial for endothelial response to different flow patterns via interaction of retinoid acid receptors and histone deacetylases. Proc. Natl. Acad. Sci. U. S. A. 114 (8), 2072–2077. doi:10.1073/pnas.1621425114
 Lee, H., Zhang, Y., Lee, F. Y., Nelson, S. F., Gonzalez, F. J., and Edwards, P. A. (2006). FXR regulates organic solute transporters alpha and beta in the adrenal gland, kidney, and intestine. J. Lipid Res. 47 (1), 201–214. doi:10.1194/jlr.M500417-JLR200
 Lee, M. S., Kliewer, S. A., Provencal, J., Wright, P. E., and Evans, R. M. (1993). Structure of the retinoid X receptor alpha DNA binding domain: a helix required for homodimeric DNA binding. Science 260 (5111), 1117–1121. doi:10.1126/science.8388124
 Lefebvre, P., Benomar, Y., and Staels, B. (2010). Retinoid X receptors: common heterodimerization partners with distinct functions. Trends Endocrinol. Metab. 21 (11), 676–683. doi:10.1016/j.tem.2010.06.009
 Lehmann, J. M., Jong, L., Fanjul, A., Cameron, J. F., Lu, X. P., Haefner, P., et al. (1992). Retinoids selective for retinoid X receptor response pathways. Science 258 (5090), 1944–1946. doi:10.1126/science.1335166
 Leid, M., Kastner, P., Lyons, R., Nakshatri, H., Saunders, M., Zacharewski, T., et al. (1992). Purification, cloning, and RXR identity of the HeLa cell factor with which RAR or TR heterodimerizes to bind target sequences efficiently. Cell 68 (2), 377–395. doi:10.1016/0092-8674(92)90478-u
 Lengqvist, J., Mata de Urquiza, A., Bergman, A.-C., Willson, T. M., Sjövall, J., Perlmann, T., et al. (2004). Polyunsaturated fatty acids including docosahexaenoic and arachidonic acid bind to the retinoid X receptor alpha ligand-binding domain. Mol. & Cell. Proteomics 3 (7), 692–703. doi:10.1074/mcp.M400003-MCP200
 Létondor, A., Buaud, B., Vaysse, C., Richard, E., Layé, S., Pallet, V., et al. (2016). EPA/DHA and vitamin A supplementation improves spatial memory and alleviates the age-related decrease in hippocampal RXRγ and kinase expression in rats. Front. Aging Neurosci. 8, 103. doi:10.3389/fnagi.2016.00103
 Lewandowski, M., Carmina, M., Knümann, L., Sai, M., Willems, S., Kasch, T., et al. (2024). Structure-guided design of a highly potent partial RXR agonist with superior physicochemical properties. J. Med. Chem. 67 (3), 2152–2164. doi:10.1021/acs.jmedchem.3c02095
 Li, B., Cai, S.-Y., and Boyer, J. L. (2021a). The role of the retinoid receptor, RAR/RXR heterodimer, in liver physiology. Biochimica Biophysica Acta (BBA) - Mol. Basis Dis. 1867 (5), 166085. doi:10.1016/j.bbadis.2021.166085
 Li, B., Cai, S. Y., and Boyer, J. L. (2021b). The role of the retinoid receptor, RAR/RXR heterodimer, in liver physiology. Biochim. Biophys. Acta Mol. Basis Dis. 1867 (5), 166085. doi:10.1016/j.bbadis.2021.166085
 Li, H., Li, X., Yang, B., Su, J., Cai, S., Huang, J., et al. (2021c). The retinoid X receptor α modulator K-80003 suppresses inflammatory and catabolic responses in a rat model of osteoarthritis. Sci. Rep. 11 (1), 16956. doi:10.1038/s41598-021-96517-y
 Li, H., Zhang, J., Huang, G., Zhang, N., Chen, Q., and Zhang, X. (2002). Effect of retinoid kappa receptor alpha (RXRalpha) transfection on the proliferation and phenotype of rat hepatic stellate cells in vitro. Chin. Med. J. Engl. 115 (6), 928–932.
 Li, S., Zou, T., Chen, J., Li, J., and You, J. (2024). Fibroblast growth factor 21: an emerging pleiotropic regulator of lipid metabolism and the metabolic network. Genes Dis. 11 (3), 101064. doi:10.1016/j.gendis.2023.06.033
 Li, W., Quan, L., Peng, K., Wang, Y., Wang, X., Chen, Q., et al. (2023). Succinate dehydrogenase is essential for epigenetic and metabolic homeostasis in hearts. Basic Res. Cardiol. 118 (1), 45. doi:10.1007/s00395-023-01015-z
 Li, Y., Wong, K., Walsh, K., Gao, B., and Zang, M. (2013). Retinoic acid receptor β stimulates hepatic induction of fibroblast growth factor 21 to promote fatty acid oxidation and control whole-body energy homeostasis in mice. J. Biol. Chem. 288 (15), 10490–10504. doi:10.1074/jbc.M112.429852
 Lin, L. M., Peng, F., Liu, Y. P., Chai, D. J., Ning, R. B., Xu, C. S., et al. (2016). Coadministration of VDR and RXR agonists synergistically alleviates atherosclerosis through inhibition of oxidative stress: an in vivo and in vitro study. Atherosclerosis 251, 273–281. doi:10.1016/j.atherosclerosis.2016.06.005
 Liu, M., Zhu, D., Wen, J., Ding, W., Huang, S., Xia, C., et al. (2020). Berberine promotes OATP1B1 expression and rosuvastatin uptake by inducing nuclear translocation of FXR and LXRα. Front. Pharmacol. 11, 375. doi:10.3389/fphar.2020.00375
 Liu, Y., Wang, P., Jin, G., Shi, P., Zhao, Y., Guo, J., et al. (2023). The novel function of bexarotene for neurological diseases. Ageing Res. Rev. 90, 102021. doi:10.1016/j.arr.2023.102021
 Lonard, D. M., and O’Malley, B. W. (2007). Nuclear receptor coregulators: judges, juries, and executioners of cellular regulation. Mol. Cell 27 (5), 691–700. doi:10.1016/j.molcel.2007.08.012
 Lopaschuk, G. D., Karwi, Q. G., Tian, R., Wende, A. R., and Abel, E. D. (2021). Cardiac energy metabolism in heart failure. Circ. Res. 128 (10), 1487–1513. doi:10.1161/circresaha.121.318241
 Love, J. D., Gooch, J. T., Benko, S., Li, C., Nagy, L., Chatterjee, V. K., et al. (2002a). The structural basis for the specificity of retinoid-X receptor-selective agonists: new insights into the role of helix H12. J. Biol. Chem. 277 (13), 11385–11391. doi:10.1074/jbc.M110869200
 Love, J. D., Gooch, J. T., Benko, S., Li, C., Nagy, L., Chatterjee, V. K. K., et al. (2002b). The structural basis for the specificity of retinoid-X receptor-selective agonists: new insights into the role of helix H12. J. Biol. Chem. 277 (13), 11385–11391. doi:10.1074/jbc.M110869200
 Lu, J., Shang, X., Yao, B., Sun, D., Liu, J., Zhang, Y., et al. (2023). The role of CYP1A1/2 in cholesterol ester accumulation provides a new perspective for the treatment of hypercholesterolemia. Acta Pharm. Sin. B 13 (2), 648–661. doi:10.1016/j.apsb.2022.08.005
 Lu, Q., Zhu, Y., Wang, C., Zhang, R., Miao, Y., Chai, Y., et al. (2024). Obeticholic acid protects against lithocholic acid-induced exogenous cell apoptosis during cholestatic liver injury. Life Sci. 337, 122355. doi:10.1016/j.lfs.2023.122355
 Luo, J., Yang, H., and Song, B. L. (2020). Mechanisms and regulation of cholesterol homeostasis. Nat. Rev. Mol. Cell Biol. 21 (4), 225–245. doi:10.1038/s41580-019-0190-7
 Macoritto, M., Nguyen-Yamamoto, L., Huang, D. C., Samuel, S., Yang, X. F., Wang, T. T., et al. (2008). Phosphorylation of the human retinoid X receptor alpha at serine 260 impairs coactivator(s) recruitment and induces hormone resistance to multiple ligands. J. Biol. Chem. 283 (8), 4943–4956. doi:10.1074/jbc.M707517200
 Mahler, L., Harari, A., Harats, D., Ben-Amotz, A., Peled, M., Leikin-Frenkel, A., et al. (2019). Combined treatment with 9-cis β-carotene and 22R-hydroxycholesterol augments cholesterol efflux in macrophages. Algal Res. 44, 101700. doi:10.1016/j.algal.2019.101700
 Mahony, S., Mazzoni, E. O., McCuine, S., Young, R. A., Wichterle, H., and Gifford, D. K. (2011). Ligand-dependent dynamics of retinoic acid receptor binding during early neurogenesis. Genome Biol. 12 (1), R2. doi:10.1186/gb-2011-12-1-r2
 Mangelsdorf, D. J., Ong, E. S., Dyck, J. A., and Evans, R. M. (1990). Nuclear receptor that identifies a novel retinoic acid response pathway. Nature 345 (6272), 224–229. doi:10.1038/345224a0
 Mangelsdorf, D. J., Thummel, C., Beato, M., Herrlich, P., Schütz, G., Umesono, K., et al. (1995). The nuclear receptor superfamily: the second decade. Cell 83 (6), 835–839. doi:10.1016/0092-8674(95)90199-x
 Manzano, V. M., Muñoz, J. C., Jiménez, J. R., Puyol, M. R., Puyol, D. R., Kitamura, M., et al. (2000). Human renal mesangial cells are a target for the anti-inflammatory action of 9-cis retinoic acid. Br. J. Pharmacol. 131 (8), 1673–1683. doi:10.1038/sj.bjp.0703728
 Martinez, B. A., Reis Rodrigues, P., Nuñez Medina, R. M., Mondal, P., Harrison, N. J., Lone, M. A., et al. (2020). An alternatively spliced, non-signaling insulin receptor modulates insulin sensitivity via insulin peptide sequestration in C. elegans. Elife 9, e49917. doi:10.7554/eLife.49917
 Martínez-García, J., Molina, M., Odriozola, L., Molina, A., González-Aseguinolaza, G., Weber, N. D., et al. (2022). A minimal bile salt excretory pump promoter allows bile acid-driven physiological regulation of transgene expression from a gene therapy vector. Cell Biosci. 12 (1), 79. doi:10.1186/s13578-022-00803-9
 Matsubara, T., Li, F., and Gonzalez, F. J. (2013). FXR signaling in the enterohepatic system. Mol. Cell. Endocrinol. 368 (1), 17–29. doi:10.1016/j.mce.2012.05.004
 Matsuo, M. (2022). ABCA1 and ABCG1 as potential therapeutic targets for the prevention of atherosclerosis. J. Pharmacol. Sci. 148 (2), 197–203. doi:10.1016/j.jphs.2021.11.005
 Melvin, V. S., Harrell, C., Adelman, J. S., Kraus, W. L., Churchill, M., and Edwards, D. P. (2004). The role of the C-terminal extension (CTE) of the estrogen receptor alpha and beta DNA binding domain in DNA binding and interaction with HMGB. J. Biol. Chem. 279 (15), 14763–14771. doi:10.1074/jbc.M313335200
 Meyer Zu Schwabedissen, H. E., Böttcher, K., Chaudhry, A., Kroemer, H. K., Schuetz, E. G., and Kim, R. B. (2010). Liver X receptor α and farnesoid X receptor are major transcriptional regulators of OATP1B1. Hepatology 52 (5), 1797–1807. doi:10.1002/hep.23876
 Minniti, M. E., Pedrelli, M., Vedin, L. L., Delbès, A. S., Denis, R. G. P., Öörni, K., et al. (2020). Insights from liver-humanized mice on cholesterol lipoprotein metabolism and LXR-agonist pharmacodynamics in humans. Hepatology 72 (2), 656–670. doi:10.1002/hep.31052
 Moerland, J. A., Zhang, D., Reich, L. A., Carapellucci, S., Lockwood, B., Leal, A. S., et al. (2020). The novel rexinoid MSU-42011 is effective for the treatment of preclinical Kras-driven lung cancer. Sci. Rep. 10 (1), 22244. doi:10.1038/s41598-020-79260-8
 Molinaro, A., Wahlström, A., and Marschall, H. U. (2018). Role of bile acids in metabolic control. Trends Endocrinol. Metab. 29 (1), 31–41. doi:10.1016/j.tem.2017.11.002
 Moutier, E., Ye, T., Choukrallah, M. A., Urban, S., Osz, J., Chatagnon, A., et al. (2012). Retinoic acid receptors recognize the mouse genome through binding elements with diverse spacing and topology. J. Biol. Chem. 287 (31), 26328–26341. doi:10.1074/jbc.M112.361790
 Nagy, L., and Schwabe, J. W. (2004). Mechanism of the nuclear receptor molecular switch. Trends Biochem. Sci. 29 (6), 317–324. doi:10.1016/j.tibs.2004.04.006
 Napoli, J. L. (2022). Retinoic acid: sexually dimorphic, anti-insulin and concentration-dependent effects on energy. Nutrients 14 (8), 1553. doi:10.3390/nu14081553
 Nehring, J. A., Zierold, C., and DeLuca, H. F. (2007). Lithocholic acid can carry out in vivo functions of vitamin D. Proc. Natl. Acad. Sci. U. S. A. 104 (24), 10006–10009. doi:10.1073/pnas.0703512104
 Neimark, E., Chen, F., Li, X., and Shneider, B. L. (2004). Bile acid-induced negative feedback regulation of the human ileal bile acid transporter. Hepatology 40 (1), 149–156. doi:10.1002/hep.20295
 Nguyen, H. T., Wiederkehr, A., Wollheim, C. B., and Park, K. S. (2024). Regulation of autophagy by perilysosomal calcium: a new player in β-cell lipotoxicity. Exp. Mol. Med. 56 (2), 273–288. doi:10.1038/s12276-024-01161-x
 Ni, C., and Hong, M. (2024). Oligomerization of drug transporters: forms, functions, and mechanisms. Acta Pharm. Sin. B 14 (5), 1924–1938. doi:10.1016/j.apsb.2024.01.007
 Nishimori, H., Maeda, Y., Teshima, T., Sugiyama, H., Kobayashi, K., Yamasuji, Y., et al. (2012). Synthetic retinoid Am80 ameliorates chronic graft-versus-host disease by down-regulating Th1 and Th17. Blood 119 (1), 285–295. doi:10.1182/blood-2011-01-332478
 Núñez, V., Alameda, D., Rico, D., Mota, R., Gonzalo, P., Cedenilla, M., et al. (2010). Retinoid X receptor alpha controls innate inflammatory responses through the up-regulation of chemokine expression. Proc. Natl. Acad. Sci. U. S. A. 107 (23), 10626–10631. doi:10.1073/pnas.0913545107
 Okada, H., Takabatake, R., Honda, M., Takegoshi, K., Yamashita, T., Nakamura, M., et al. (2017). Peretinoin, an acyclic retinoid, suppresses steatohepatitis and tumorigenesis by activating autophagy in mice fed an atherogenic high-fat diet. Oncotarget 8 (25), 39978–39993. doi:10.18632/oncotarget.18116
 Okuno, M., Moriwaki, H., Imai, S., Muto, Y., Kawada, N., Suzuki, Y., et al. (1997). Retinoids exacerbate rat liver fibrosis by inducing the activation of latent TGF-beta in liver stellate cells. Hepatology 26 (4), 913–921. doi:10.1053/jhep.1997.v26.pm0009328313
 Osz, J., McEwen, A. G., Bourguet, M., Przybilla, F., Peluso-Iltis, C., Poussin-Courmontagne, P., et al. (2020). Structural basis for DNA recognition and allosteric control of the retinoic acid receptors RAR-RXR. Nucleic Acids Res. 48 (17), 9969–9985. doi:10.1093/nar/gkaa697
 Patel, A. K. M., Vilela, P., Shaik, T. B., McEwen, A. G., Hazemann, I., Brillet, K., et al. (2023). Asymmetric dimerization in a transcription factor superfamily is promoted by allosteric interactions with DNA. Nucleic Acids Res. 51 (16), 8864–8879. doi:10.1093/nar/gkad632
 Paul, S., Gangwar, A., Bhargava, K., and Ahmad, Y. (2018). STAT3-RXR-Nrf2 activates systemic redox and energy homeostasis upon steep decline in pO(2) gradient. Redox Biol. 14, 423–438. doi:10.1016/j.redox.2017.10.013
 Pogenberg, V., Guichou, J. F., Vivat-Hannah, V., Kammerer, S., Pérez, E., Germain, P., et al. (2005). Characterization of the interaction between retinoic acid receptor/retinoid X receptor (RAR/RXR) heterodimers and transcriptional coactivators through structural and fluorescence anisotropy studies. J. Biol. Chem. 280 (2), 1625–1633. doi:10.1074/jbc.M409302200
 Prosser, D. E., and Jones, G. (2004). Enzymes involved in the activation and inactivation of vitamin D. Trends Biochem. Sci. 29 (12), 664–673. doi:10.1016/j.tibs.2004.10.005
 Prufer, K., and Barsony, J. (2002). Retinoid X receptor dominates the nuclear import and export of the unliganded vitamin D receptor. Mol. Endocrinol. 16 (8), 1738–1751. doi:10.1210/me.2001-0345
 Putcha, B. D., Wright, E., Brunzelle, J. S., and Fernandez, E. J. (2012). Structural basis for negative cooperativity within agonist-bound TR:RXR heterodimers. Proc. Natl. Acad. Sci. U. S. A. 109 (16), 6084–6087. doi:10.1073/pnas.1119852109
 Rastinejad, F., Wagner, T., Zhao, Q., and Khorasanizadeh, S. (2000). Structure of the RXR-RAR DNA-binding complex on the retinoic acid response element DR1. Embo J. 19 (5), 1045–1054. doi:10.1093/emboj/19.5.1045
 Ren, T., Pang, L., Dai, W., Wu, S., and Kong, J. (2021). Regulatory mechanisms of the bile salt export pump (BSEP/ABCB11) and its role in related diseases. Clin. Res. Hepatol. Gastroenterol. 45 (6), 101641. doi:10.1016/j.clinre.2021.101641
 Robin, M. J. D., Appelman, M. D., Vos, H. R., van Es, R. M., Paton, J. C., Paton, A. W., et al. (2018). Calnexin depletion by endoplasmic reticulum stress during cholestasis inhibits the Na(+)-Taurocholate cotransporting polypeptide. Hepatol. Commun. 2 (12), 1550–1566. doi:10.1002/hep4.1262
 Rodriguez-Concepcion, M., Avalos, J., Bonet, M. L., Boronat, A., Gomez-Gomez, L., Hornero-Mendez, D., et al. (2018). A global perspective on carotenoids: metabolism, biotechnology, and benefits for nutrition and health. Prog. Lipid Res. 70, 62–93. doi:10.1016/j.plipres.2018.04.004
 Rogers, M. A., Chen, J., Nallamshetty, S., Pham, T., Goto, S., Muehlschlegel, J. D., et al. (2020). Retinoids repress human cardiovascular cell calcification with evidence for distinct selective retinoid modulator effects. Arterioscler. Thromb. Vasc. Biol. 40 (3), 656–669. doi:10.1161/atvbaha.119.313366
 Rosas, R., Buryska, S., Silver, R., Wuertz, B., and Ondrey, F. (2020). Retinoids augment thiazolidinedione PPARγ activation in oral cancer cells. Anticancer Res. 40 (6), 3071–3080. doi:10.21873/anticanres.14288
 Rőszer, T., Menéndez-Gutiérrez, M. P., Cedenilla, M., and Ricote, M. (2013). Retinoid X receptors in macrophage biology. Trends Endocrinol. & Metabolism 24 (9), 460–468. doi:10.1016/j.tem.2013.04.004
 Rühl, R., Bub, A., and Watzl, B. (2008). Modulation of plasma all-trans retinoic acid concentrations by the consumption of carotenoid-rich vegetables. Nutrition 24 (11-12), 1224–1226. doi:10.1016/j.nut.2008.05.022
 Ruhl, R., Krzyżosiak, A., Niewiadomska-Cimicka, A., Rochel, N., Szeles, L., Vaz, B., et al. (2015). 9-cis-13,14-Dihydroretinoic acid is an endogenous retinoid acting as RXR ligand in mice. PLoS Genet. 11 (6), e1005213. doi:10.1371/journal.pgen.1005213
 Sakhi, A. K., Gundersen, T. E., Ulven, S. M., Blomhoff, R., and Lundanes, E. (1998). Quantitative determination of endogenous retinoids in mouse embryos by high-performance liquid chromatography with on-line solid-phase extraction, column switching and electrochemical detection. J. Chromatogr. A 828 (1-2), 451–460. doi:10.1016/s0021-9673(98)00676-1
 Saltiel, A. R. (2021). Insulin signaling in health and disease. J. Clin. Invest 131 (1), e142241. doi:10.1172/jci142241
 Sato, T., Kato, R., and Tyson, C. A. (1995). Regulation of differentiated phenotype of rat hepatic lipocytes by retinoids in primary culture. Exp. Cell Res. 217 (1), 72–83. doi:10.1006/excr.1995.1065
 Shao, M., Lu, L., Wang, Q., Ma, L., Tian, X., Li, C., et al. (2021). The multi-faceted role of retinoid X receptor in cardiovascular diseases. Biomed. & Pharmacother. 137, 111264. doi:10.1016/j.biopha.2021.111264
 Shen, D., Wang, H., Zheng, Q., Cheng, S., Xu, L., Wang, M., et al. (2019). Synergistic effect of a retinoid X receptor-selective ligand bexarotene and docetaxel in prostate cancer. Onco Targets Ther. 12, 7877–7886. doi:10.2147/ott.S209307
 Shulman, A. I., Larson, C., Mangelsdorf, D. J., and Ranganathan, R. (2004). Structural determinants of allosteric ligand activation in RXR heterodimers. Cell 116 (3), 417–429. doi:10.1016/S0092-8674(04)00119-9
 Simbrunner, B., Hofer, B. S., Schwabl, P., Zinober, K., Petrenko, O., Fuchs, C., et al. (2024). FXR-FGF19 signaling in the gut-liver axis is dysregulated in patients with cirrhosis and correlates with impaired intestinal defence. Hepatol. Int. 18 (3), 929–942. doi:10.1007/s12072-023-10636-4
 Singh Ahuja, H., Liu, S., Crombie, D. L., Boehm, M., Leibowitz, M. D., Heyman, R. A., et al. (2001). Differential effects of rexinoids and thiazolidinediones on metabolic gene expression in diabetic rodents. Mol. Pharmacol. 59 (4), 765–773. doi:10.1124/mol.59.4.765
 Soongsathitanon, J., Homjan, T., and Pongcharoen, S. (2024). Characteristic features of in vitro differentiation of human naïve CD4(+) T cells to induced regulatory T cells (iTreg) and T helper (Th) 17 cells: sharing of lineage-specific markers. Heliyon 10 (10), e31394. doi:10.1016/j.heliyon.2024.e31394
 Spilianakis, C. G., Lee, G. R., and Flavell, R. A. (2005). Twisting the Th1/Th2 immune response via the retinoid X receptor: lessons from a genetic approach. Eur. J. Immunol. 35 (12), 3400–3404. doi:10.1002/eji.200535588
 Staudinger, J. L., Goodwin, B., Jones, S. A., Hawkins-Brown, D., MacKenzie, K. I., LaTour, A., et al. (2001). The nuclear receptor PXR is a lithocholic acid sensor that protects against liver toxicity. Proc. Natl. Acad. Sci. U. S. A. 98 (6), 3369–3374. doi:10.1073/pnas.051551698
 Suino, K., Peng, L., Reynolds, R., Li, Y., Cha, J.-Y., Repa, J. J., et al. (2004). The nuclear xenobiotic receptor CAR: structural determinants of constitutive activation and heterodimerization. Mol. Cell 16 (6), 893–905. doi:10.1016/j.molcel.2004.11.036
 Sun, H., Su, X., Liu, Y., Li, G., and Du, Q. (2023). Roseburia intestinalis relieves intrahepatic cholestasis of pregnancy through bile acid/FXR-FGF15 in rats. iScience 26 (12), 108392. doi:10.1016/j.isci.2023.108392
 Sun, J., Narayanasamy, S., Curley, R. W., and Harrison, E. H. (2014). β-Apo-13-carotenone regulates retinoid X receptor transcriptional activity through tetramerization of the receptor. J. Biol. Chem. 289 (48), 33118–33124. doi:10.1074/jbc.M114.610501
 Sun, Y., Zhai, G., Li, R., Zhou, W., Li, Y., Cao, Z., et al. (2020). RXRα positively regulates expression of the chicken PLIN1 gene in a pparγ-independent manner and promotes adipogenesis. Front. Cell Dev. Biol. 8, 349. doi:10.3389/fcell.2020.00349
 Svensson, S., Ostberg, T., Jacobsson, M., Norström, C., Stefansson, K., Hallén, D., et al. (2003a). Crystal structure of the heterodimeric complex of LXRalpha and RXRbeta ligand-binding domains in a fully agonistic conformation. Embo J. 22 (18), 4625–4633. doi:10.1093/emboj/cdg456
 Svensson, S., Östberg, T., Jacobsson, M., Norström, C., Stefansson, K., Hallén, D., et al. (2003b). Crystal structure of the heterodimeric complex of LXRalpha and RXRbeta ligand-binding domains in a fully agonistic conformation. EMBO J. 22 (18), 4625–4633. doi:10.1093/emboj/cdg456
 Szanto, A., Benko, S., Szatmari, I., Balint, B. L., Furtos, I., Rühl, R., et al. (2004a). Transcriptional regulation of human CYP27 integrates retinoid, peroxisome proliferator-activated receptor, and liver X receptor signaling in macrophages. Mol. Cell Biol. 24 (18), 8154–8166. doi:10.1128/mcb.24.18.8154-8166.2004
 Szanto, A., Narkar, V., Shen, Q., Uray, I. P., Davies, P. J. A., and Nagy, L. (2004b). Retinoid X receptors: X-ploring their (patho)physiological functions. Cell Death & Differ. 11 (2), S126–S143. doi:10.1038/sj.cdd.4401533
 Szatmari, I., Töröcsik, D., Agostini, M., Nagy, T., Gurnell, M., Barta, E., et al. (2007). PPARgamma regulates the function of human dendritic cells primarily by altering lipid metabolism. Blood 110 (9), 3271–3280. doi:10.1182/blood-2007-06-096222
 Széles, L., Póliska, S., Nagy, G., Szatmari, I., Szanto, A., Pap, A., et al. (2010). Research resource: transcriptome profiling of genes regulated by RXR and its permissive and nonpermissive partners in differentiating monocyte-derived dendritic cells. Mol. Endocrinol. 24 (11), 2218–2231. doi:10.1210/me.2010-0215
 Szklenar, M., Kalkowski, J., Stangl, V., Lorenz, M., and Rühl, R. (2013). Eicosanoids and docosanoids in plasma and aorta of healthy and atherosclerotic rabbits. J. Vasc. Res. 50 (5), 372–382. doi:10.1159/000350865
 Takahashi, Y., Inoue, J., Kagechika, H., and Sato, R. (2009). ApoC-III gene expression is sharply increased during adipogenesis and is augmented by retinoid X receptor (RXR) agonists. FEBS Lett. 583 (2), 493–497. doi:10.1016/j.febslet.2008.12.050
 Takeda, N., Manabe, I., Shindo, T., Iwata, H., Iimuro, S., Kagechika, H., et al. (2006). Synthetic retinoid Am80 reduces scavenger receptor expression and atherosclerosis in mice by inhibiting IL-6. Arterioscler. Thromb. Vasc. Biol. 26 (5), 1177–1183. doi:10.1161/01.ATV.0000214296.94849.1c
 Tamura, M., Ishizawa, M., Isojima, T., Özen, S., Oka, A., Makishima, M., et al. (2017). Functional analyses of a novel missense and other mutations of the vitamin D receptor in association with alopecia. Sci. Rep. 7 (1), 5102. doi:10.1038/s41598-017-05081-x
 Tang, Y., Fan, Y., Wang, Y., Wang, D., Huang, Q., Chen, T., et al. (2024). A Current Understanding of FXR in NAFLD: the multifaceted regulatory role of FXR and novel lead discovery for drug development. Biomed. Pharmacother. 175, 116658. doi:10.1016/j.biopha.2024.116658
 Tata, J. R. (2002). Signalling through nuclear receptors. Nat. Rev. Mol. Cell Biol. 3 (9), 702–710. doi:10.1038/nrm914
 Tebbens, J. D., Azar, M., Friedmann, E., Lanzendörfer, M., and Pávek, P. (2018). Mathematical models in the description of pregnane X receptor (PXR)-Regulated cytochrome P450 enzyme induction. Int. J. Mol. Sci. 19 (6), 1785. doi:10.3390/ijms19061785
 Thibaut, M. M., and Bindels, L. B. (2022). Crosstalk between bile acid-activated receptors and microbiome in entero-hepatic inflammation. Trends Mol. Med. 28 (3), 223–236. doi:10.1016/j.molmed.2021.12.006
 Thompson, P. D., Remus, L. S., Hsieh, J. C., Jurutka, P. W., Whitfield, G. K., Galligan, M. A., et al. (2001). Distinct retinoid X receptor activation function-2 residues mediate transactivation in homodimeric and vitamin D receptor heterodimeric contexts. J. Mol. Endocrinol. 27 (2), 211–227. doi:10.1677/jme.0.0270211
 Ticho, A. L., Malhotra, P., Dudeja, P. K., Gill, R. K., and Alrefai, W. A. (2019). Intestinal absorption of bile acids in health and disease. Compr. Physiol. 10 (1), 21–56. doi:10.1002/cphy.c190007
 Tilg, H., Adolph, T. E., Dudek, M., and Knolle, P. (2021). Non-alcoholic fatty liver disease: the interplay between metabolism, microbes and immunity. Nat. Metab. 3 (12), 1596–1607. doi:10.1038/s42255-021-00501-9
 Tran, A. N., Dussaq, A. M., Kennell, T., Willey, C. D., and Hjelmeland, A. B. (2019). HPAanalyze: an R package that facilitates the retrieval and analysis of the Human Protein Atlas data. BMC Bioinforma. 20 (1), 463. doi:10.1186/s12859-019-3059-z
 Trivedi, P., Wang, S., and Friedman, S. L. (2021). The power of plasticity-metabolic regulation of hepatic stellate cells. Cell Metab. 33 (2), 242–257. doi:10.1016/j.cmet.2020.10.026
 Tsutsumi, T., Suzuki, T., Shimoike, T., Suzuki, R., Moriya, K., Shintani, Y., et al. (2002). Interaction of hepatitis C virus core protein with retinoid X receptor alpha modulates its transcriptional activity. Hepatology 35 (4), 937–946. doi:10.1053/jhep.2002.32470
 Tveter, K. M., Mezhibovsky, E., Wu, Y., and Roopchand, D. E. (2023). Bile acid metabolism and signaling: emerging pharmacological targets of dietary polyphenols. Pharmacol. & Ther. 248, 108457. doi:10.1016/j.pharmthera.2023.108457
 Uehara, Y., Miura, S., von Eckardstein, A., Abe, S., Fujii, A., Matsuo, Y., et al. (2007). Unsaturated fatty acids suppress the expression of the ATP-binding cassette transporter G1 (ABCG1) and ABCA1 genes via an LXR/RXR responsive element. Atherosclerosis 191 (1), 11–21. doi:10.1016/j.atherosclerosis.2006.04.018
 Ulven, S. M., Gundersen, T. E., Sakhi, A. K., Glover, J. C., and Blomhoff, R. (2001). Quantitative axial profiles of retinoic acid in the embryonic mouse spinal cord: 9-Cis retinoic acid only detected after all-trans-retinoic acid levels are super-elevated experimentally. Dev. Dyn. 222 (3), 341–353. doi:10.1002/dvdy.1184
 Varadi, M., Anyango, S., Deshpande, M., Nair, S., Natassia, C., Yordanova, G., et al. (2022). AlphaFold Protein Structure Database: massively expanding the structural coverage of protein-sequence space with high-accuracy models. Nucleic Acids Res. 50 (D1), D439–D444. doi:10.1093/nar/gkab1061
 Varadi, M., Bertoni, D., Magana, P., Paramval, U., Pidruchna, I., Radhakrishnan, M., et al. (2024). AlphaFold Protein Structure Database in 2024: providing structure coverage for over 214 million protein sequences. Nucleic Acids Res. 52 (D1), D368–D375. doi:10.1093/nar/gkad1011
 Viscarra, J., and Sul, H. S. (2020). Epigenetic regulation of hepatic lipogenesis: role in hepatosteatosis and diabetes. Diabetes 69 (4), 525–531. doi:10.2337/dbi18-0032
 Vu-Dac, N., Gervois, P., Torra, I. P., Fruchart, J. C., Kosykh, V., Kooistra, T., et al. (1998). Retinoids increase human apo C-III expression at the transcriptional level via the retinoid X receptor. Contribution to the hypertriglyceridemic action of retinoids. J. Clin. Invest 102 (3), 625–632. doi:10.1172/jci1581
 Wallace, B. D., Betts, L., Talmage, G., Pollet, R. M., Holman, N. S., and Redinbo, M. R. (2013). Structural and functional analysis of the human nuclear xenobiotic receptor PXR in complex with RXRα. J. Mol. Biol. 425 (14), 2561–2577. doi:10.1016/j.jmb.2013.04.012
 Wan, Y. J., An, D., Cai, Y., Repa, J. J., Hung-Po Chen, T., Flores, M., et al. (2000). Hepatocyte-specific mutation establishes retinoid X receptor alpha as a heterodimeric integrator of multiple physiological processes in the liver. Mol. Cell Biol. 20 (12), 4436–4444. doi:10.1128/mcb.20.12.4436-4444.2000
 Wang, J., Zhao, J., Yan, C., Xi, C., Wu, C., Zhao, J., et al. (2022a). Identification and evaluation of a lipid-lowering small compound in preclinical models and in a Phase I trial. Cell Metab. 34 (5), 667–680.e6. doi:10.1016/j.cmet.2022.03.006
 Wang, J. P., Zhang, M. Y., Luo, M., Qin, S., and Xia, X. M. (2022b). Effect of FXR agonist GW4064 in the treatment of hilar cholangiocarcinoma in rats. Sci. Rep. 12 (1), 18873. doi:10.1038/s41598-022-23539-5
 Wang, L., Tankersley, L. R., Tang, M., Potter, J. J., and Mezey, E. (2002). Regulation of the murine alpha(2)(I) collagen promoter by retinoic acid and retinoid X receptors. Arch. Biochem. Biophys. 401 (2), 262–270. doi:10.1016/s0003-9861(02)00058-9
 Wang, N., Zou, Q., Xu, J., Zhang, J., and Liu, J. (2018). Ligand binding and heterodimerization with retinoid X receptor α (RXRα) induce farnesoid X receptor (FXR) conformational changes affecting coactivator binding. J. Biol. Chem. 293 (47), 18180–18191. doi:10.1074/jbc.RA118.004652
 Wang, S., Feng, R., Shi, Y., Chen, D., Weng, H., Ding, H., et al. (2021). Intracellular alpha-fetoprotein interferes with all-trans retinoic acid induced ATG7 expression and autophagy in hepatocellular carcinoma cells. Sci. Rep. 11 (1), 2146. doi:10.1038/s41598-021-81678-7
 Wang, S., Yu, J., Kane, M. A., and Moise, A. R. (2020). Modulation of retinoid signaling: therapeutic opportunities in organ fibrosis and repair. Pharmacol. Ther. 205, 107415. doi:10.1016/j.pharmthera.2019.107415
 Wang, W., Huang, D., Yu, Y., Qian, H., and Ma, S. (2023). A modular approach for the synthesis of natural and artificial terpenoids. Angew. Chem. Int. Ed. Engl. 62 (37), e202307626. doi:10.1002/anie.202307626
 Wang, X., and Musunuru, K. (2019). Angiopoietin-like 3: from discovery to therapeutic gene editing. JACC Basic Transl. Sci. 4 (6), 755–762. doi:10.1016/j.jacbts.2019.05.008
 Wang, Y., Zhang, Z., Yao, R., Jia, D., Wang, D., Lubet, R. A., et al. (2006). Prevention of lung cancer progression by bexarotene in mouse models. Oncogene 25 (9), 1320–1329. doi:10.1038/sj.onc.1209180
 Wei, S., Wang, R., Chen, L., Jing, M., Li, H., Zheng, R., et al. (2024). The contribution of small heterodimer partner to the occurrence and progression of cholestatic liver injury. J. Gastroenterol. Hepatol. 39, 1134–1144. doi:10.1111/jgh.16544
 Weikum, E. R., Liu, X., and Ortlund, E. A. (2018). The nuclear receptor superfamily: a structural perspective. Protein Sci. 27 (11), 1876–1892. doi:10.1002/pro.3496
 Wietrzych-Schindler, M., Szyszka-Niagolov, M., Ohta, K., Endo, Y., Pérez, E., de Lera, A. R., et al. (2011). Retinoid x receptor gamma is implicated in docosahexaenoic acid modulation of despair behaviors and working memory in mice. Biol. Psychiatry 69 (8), 788–794. doi:10.1016/j.biopsych.2010.12.017
 Wongsiriroj, N., Jiang, H., Piantedosi, R., Yang, K. J. Z., Kluwe, J., Schwabe, R. F., et al. (2014). Genetic dissection of retinoid esterification and accumulation in the liver and adipose tissue. J. Lipid Res. 55 (1), 104–114. doi:10.1194/jlr.M043844
 Xia, M., Liu, Y., Guo, H., Wang, D., Wang, Y., and Ling, W. (2013). Retinol binding protein 4 stimulates hepatic sterol regulatory element-binding protein 1 and increases lipogenesis through the peroxisome proliferator-activated receptor-γ coactivator 1β-dependent pathway. Hepatology 58 (2), 564–575. doi:10.1002/hep.26227
 Xiang, D., Yang, J., Liu, L., Yu, H., Gong, X., and Liu, D. (2023). The regulation of tissue-specific farnesoid X receptor on genes and diseases involved in bile acid homeostasis. Biomed. Pharmacother. 168, 115606. doi:10.1016/j.biopha.2023.115606
 Xie, C., Takahashi, S., Brocker, C. N., He, S., Chen, L., Xie, G., et al. (2019). Hepatocyte peroxisome proliferator-activated receptor α regulates bile acid synthesis and transport. Biochimica Biophysica Acta (BBA) - Mol. Cell Biol. Lipids 1864 (10), 1396–1411. doi:10.1016/j.bbalip.2019.05.014
 Xu, H. E., Lambert, M. H., Montana, V. G., Plunket, K. D., Moore, L. B., Collins, J. L., et al. (2001). Structural determinants of ligand binding selectivity between the peroxisome proliferator-activated receptors. Proc. Natl. Acad. Sci. U. S. A. 98 (24), 13919–13924. doi:10.1073/pnas.241410198
 Xu, J., Guo, P., Hao, S., Shangguan, S., Shi, Q., Volpe, G., et al. (2024). A spatiotemporal atlas of mouse liver homeostasis and regeneration. Nat. Genet. 56 (5), 953–969. doi:10.1038/s41588-024-01709-7
 Xu, R. X., Lambert, M. H., Wisely, B. B., Warren, E. N., Weinert, E. E., Waitt, G. M., et al. (2004). A structural basis for constitutive activity in the human CAR/RXRalpha heterodimer. Mol. Cell 16 (6), 919–928. doi:10.1016/j.molcel.2004.11.042
 Yang, H., Tao, Y., Zhang, M., Ma, P., Li, L., and Diao, Q. (2019). Effects of 9-cis-retinoic acid on the proliferation and apoptosis of cutaneous T-cell lymphoma cells. Anticancer Drugs 30 (1), 56–64. doi:10.1097/cad.0000000000000692
 Yang, H. Y., Liu, M., Sheng, Y., Zhu, L., Jin, M. M., Jiang, T. X., et al. (2022a). All-trans retinoic acid impairs glucose-stimulated insulin secretion by activating the RXR/SREBP-1c/UCP2 pathway. Acta Pharmacol. Sin. 43 (6), 1441–1452. doi:10.1038/s41401-021-00740-2
 Yang, Q., Graham, T. E., Mody, N., Preitner, F., Peroni, O. D., Zabolotny, J. M., et al. (2005). Serum retinol binding protein 4 contributes to insulin resistance in obesity and type 2 diabetes. Nature 436 (7049), 356–362. doi:10.1038/nature03711
 Yang, Z., Zhang, H., Yin, M., Cheng, Z., Jiang, P., Feng, M., et al. (2022b). TGF-β1/Smad3 upregulates UCA1 to promote liver fibrosis through DKK1 and miR18a. J. Mol. Med. Berl. 100 (10), 1465–1478. doi:10.1007/s00109-022-02248-6
 Yasmin, R., Williams, R. M., Xu, M., and Noy, N. (2005). Nuclear import of the retinoid X receptor, the vitamin D receptor, and their mutual heterodimer. J. Biol. Chem. 280 (48), 40152–40160. doi:10.1074/jbc.M507708200
 Ye, X., Yang, Y., Yao, J., Wang, M., Liu, Y., Xie, G., et al. (2023). Nuclear receptor RXRα binds the precursor of miR-103 to inhibit its maturation. BMC Biol. 21 (1), 197. doi:10.1186/s12915-023-01701-3
 Yoo, H. S., Moss, K. O., Cockrum, M. A., Woo, W., and Napoli, J. L. (2023). Energy status regulates levels of the RAR/RXR ligand 9-cis-retinoic acid in mammalian tissues: glucose reduces its synthesis in β-cells. J. Biol. Chem. 299 (10), 105255. doi:10.1016/j.jbc.2023.105255
 Yu, J., Lo, J. L., Huang, L., Zhao, A., Metzger, E., Adams, A., et al. (2002). Lithocholic acid decreases expression of bile salt export pump through farnesoid X receptor antagonist activity. J. Biol. Chem. 277 (35), 31441–31447. doi:10.1074/jbc.M200474200
 Yu, L., Xu, L., Chu, H., Peng, J., Sacharidou, A., Hsieh, H. H., et al. (2023a). Macrophage-to-endothelial cell crosstalk by the cholesterol metabolite 27HC promotes atherosclerosis in male mice. Nat. Commun. 14 (1), 4101. doi:10.1038/s41467-023-39586-z
 Yu, X., Shang, J., and Kojetin, D. J. (2023b). Molecular basis of ligand-dependent Nurr1-RXRα activation. Elife 12, e85039. doi:10.7554/eLife.85039
 Yuan, Z., Wang, G., Qu, J., Wang, X., and Li, K. (2018). 9-cis-retinoic acid elevates MRP3 expression by inhibiting sumoylation of RXRα to alleviate cholestatic liver injury. Biochem. Biophys. Res. Commun. 503 (1), 188–194. doi:10.1016/j.bbrc.2018.06.001
 Zhao, T., Zhong, G., Wang, Y., Cao, R., Song, S., Li, Y., et al. (2024). Pregnane X receptor activation in liver macrophages protects against endotoxin-induced liver injury. Adv. Sci. (Weinh) 11 (19), e2308771. doi:10.1002/advs.202308771
 Zhao, W. X., Tian, M., Zhao, B. X., Li, G. D., Liu, B., Zhan, Y. Y., et al. (2007). Orphan receptor TR3 attenuates the p300-induced acetylation of retinoid X receptor-alpha. Mol. Endocrinol. 21 (12), 2877–2889. doi:10.1210/me.2007-0107
 Zhao, Z., Xu, D., Wang, Z., Wang, L., Han, R., Wang, Z., et al. (2018). Hepatic PPARα function is controlled by polyubiquitination and proteasome-mediated degradation through the coordinated actions of PAQR3 and HUWE1. Hepatology 68 (1), 289–303. doi:10.1002/hep.29786
 Zheng, W., Lu, Y., Tian, S., Ma, F., Wei, Y., Xu, S., et al. (2018). Structural insights into the heterodimeric complex of the nuclear receptors FXR and RXR. J. Biol. Chem. 293 (32), 12535–12541. doi:10.1074/jbc.RA118.004188
 Zhou, Q., Sun, W.-W., Chen, J.-C., Zhang, H.-L., Liu, J., Lin, Y., et al. (2022a). Phenylalanine impairs insulin signaling and inhibits glucose uptake through modification of IRβ. Nat. Commun. 13 (1), 4291. doi:10.1038/s41467-022-32000-0
 Zhou, S., You, H., Qiu, S., Yu, D., Bai, Y., He, J., et al. (2022b). A new perspective on NAFLD: focusing on the crosstalk between peroxisome proliferator-activated receptor alpha (PPARα) and farnesoid X receptor (FXR). Biomed. & Pharmacother. 154, 113577. doi:10.1016/j.biopha.2022.113577
 Ziouzenkova, O., Orasanu, G., Sukhova, G., Lau, E., Berger, J. P., Tang, G., et al. (2007). Asymmetric cleavage of beta-carotene yields a transcriptional repressor of retinoid X receptor and peroxisome proliferator-activated receptor responses. Mol. Endocrinol. 21 (1), 77–88. doi:10.1210/me.2006-0225
 Zolfaghari, R., Bonzo, J. A., Gonzalez, F. J., and Ross, A. C. (2023). Hepatocyte nuclear factor 4α (HNF4α) plays a controlling role in expression of the retinoic acid receptor β (RARβ) gene in hepatocytes. Int. J. Mol. Sci. 24 (10), 8608. doi:10.3390/ijms24108608
 Zollner, G., Wagner, M., Moustafa, T., Fickert, P., Silbert, D., Gumhold, J., et al. (2006). Coordinated induction of bile acid detoxification and alternative elimination in mice: role of FXR-regulated organic solute transporter-alpha/beta in the adaptive response to bile acids. Am. J. Physiol. Gastrointest. Liver Physiol. 290 (5), G923–G932. doi:10.1152/ajpgi.00490.2005
 Zou, C., Wang, L., Shu, C., Tan, X., Wu, Z., Zou, Y., et al. (2023). Rxrs and their partner receptor genes inducing masculinization plausibly mediated by endocrine disruption in Paralichthys olivaceus. J. Steroid Biochem. Mol. Biol. 226, 106219. doi:10.1016/j.jsbmb.2022.106219
 Zou, J., Song, Q., Shaw, P. C., and Zuo, Z. (2024). Dendrobium officinale regulate lipid metabolism in diabetic mouse liver via PPAR-RXR signaling pathway: evidence from an integrated multi-omics analysis. Biomed. Pharmacother. 173, 116395. doi:10.1016/j.biopha.2024.116395
 Zuo, T., Xie, Q., Liu, J., Yang, J., Shi, J., Kong, D., et al. (2023). Macrophage-Derived cathepsin S remodels the extracellular matrix to promote liver fibrogenesis. Gastroenterology 165 (3), 746–761.e16. doi:10.1053/j.gastro.2023.05.039
GLOSSARY
NR Nuclear receptor
RXR Retinoid X receptor
9cRA 9-cis-retinoic acid
DBD DNA-binding domain
LBD Ligand-binding domain
AF Activation function domain
RE Response element
CoA Coactivator
CoR Corepressor
NR2B1 Nuclear receptor subfamily 2 group B member 1
PPAR Peroxisome proliferator activated receptor
RAR Retinoic acid receptor
FXR Farnesoid X receptor
VDR Vitamin D receptor
NR4A1 Nuclear receptor subfamily 4 group A member 1
LXR Liver X receptor
9-cis-DHRA 9-cis-13,14-dihydroretinoic acid
ATRA All-trans-retinoic acid
H12 Helix 12
DHA Docosahexaenoic acid
FA Fatty acid
Nurr1 Nuclear receptor related 1 protein
TR Thyroid hormone receptor
LBP Ligand-binding pocket
DR Direct repeat sequence
IR Inverted repeat
ALT Alanine aminotransferase
AST Aspartate aminotransferase
CSF3 Colony-stimulating factor 3
CXCL2 C-x-c motif chemokine ligand 2
IL6 Interleukin 6
IL-1β Interleukin 1 beta
APOC3 Apolipoprotein-C III
CDK1 Cyclin-dependent kinase 1
PI3K Phosphoinositide 3-kinase
AKT Protein kinase B
TZDs Thiazolidinediones
TNF-α Tumor necrosis factor-alpha
GLUT4 Glucose transporter type 4
SREBP-1C Sterol regulatory element-binding protein 1C
UCP2 Uncoupling protein 2
Foxo1 Forkhead box O1
GLUT2 Glucose transporter type 2
PDX1 Pancreatic and duodenal homeobox 1
HNF4α Hepatocyte nuclear factor 4 alpha
ATG7 Autophagy-related gene 7
ChREBP Carbohydrate-responsive element-binding protein
FASN Fatty acid synthase
SCD1 Stearoyl-CoA desaturase
ACC Acetyl-CoA carboxylase
ACSL3 Long-chain acyl coenzyme synthase 3
ANGPTL3 Angiopoietin-like 3
FGF21 Fibroblast growth factor 21
CPT-1 Carnitine palmitoyltransferase 1
FATP Fatty acid transfer protein
AMPK Adenosine 5‘-monophosphate-activated protein kinase
UCP1 Uncoupling protein 1
PGC1α Proliferator-activated receptor γ coactivator 1-alpha
ROS Reactive oxygen species
Nrf2 Nuclear factor erythroid 2-related factor 2
ABC ATP-binding cassette
ABCA1 ATP binding cassette subfamily A member 1
ABCG1 ATP binding cassette subfamily G member 1
APOE Apolipoprotein E
RCT Reverse cholesterol transport
CYP27A1 Cytochrome p450 family 27 subfamily A member 1
PXR Pregnane X receptor
BA Bile acid
CAR Constitutive androstane receptor
BSEP Bile salt export pump
MRP2 Multi-drug resistance protein 2
NTCP Sodium taurocholate cotransporting polypeptide
OATP Organic anion transporting polypeptides
SHP Small heterodimer partner
OST Organic solute transporter
ASBT Apical sodium-dependent bile acid transporter
HSC Hepatic stellate cell
α-SMA Alpha smooth muscle actin
ECM Extracellular matrix
MLC-2 Myosin light chain 2
Col1a2 Collagen I alpha-2 chain
AP1 Activator protein 1
TGF-β1 Transforming growth factor beta 1
COL1A1 Collagen type I alpha 1 chain
TIMP1 Tissue inhibitor of metalloproteinase 1
CCL6 C-c motif chemokine ligand 6
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Sources Resolution(A) Secondary Specificities
structures
RXRa homodimer | NULL | hRXRa (amino acids 27 1333 | HI0, HY, 17-8 Null
(Bourguet et al., 200-462)
1995)
RXRP homodimer | 1HOU | hRXRp (amino acids 27 2250 | Null LG268 is able to stabilize helix H12 and its
(Love et al,, 2002b) 296-533) interaction with coactivators related to it,
having a higher affinity for RXR than 9cRA
RARW/RXRa IDKF | Mouse RXRaF318A mutant, 25 967 | H10, H9, H7, Loop | The H7 contribution of RXRa to the interface
(Bourguet et al., Human RARa 8-9, Loop 9-10, HI1 | is four times the surface area of its RARa
2000a) counterpart, while the L8-9 of RARa is three
times the contribution of the corresponding
loop in RXRa
EXR/RXRa (Zheng | 5212 | Human RXRa LBD (residues 275 1048 | HI0,HOH7, Loop 8-9 | The inward shift of the active conformation
etal, 2018) 225-462), Human FXR LBD of EXR AF2 stabilizes the microenvironment
(residues 243-472) of the coactivator binding site, thereby
enhancing FXR binding to CoA
LXR@/RXR IUHL | RXR (aa 295-533), LXRa 29 1115 | HI0, H9, H7 (RXRB), | The interface is asymmetric, involving
(Svensson et al,, [amino acids (aa) 207-447] loop 8-9 (LXRa) residues from H7 in RXR but not from H7 in
2003b) LXRa. Instead, the loop in LXRa connecting
H8 and HO facilitates binding, while the same
loop in RXRB does not
PPARY/RXRa NULL | RXRa LBD (residues 225- 21 905 | H10, HOH7, Loop 8-9 | The interface is asymmetric and the PPARy
(Gampe etal, 2000b) 462), PPARy LBD (residues LBD s rotated by ~10° from the C2 symmetry
206-477) axis of the RXR-LBD
apo-PXR/RXRa 4J5W | RXRa LBD (residues 28 1200 | HI0, HOH7, (RXRa), | After complex formation, the binding affinity
(Wallage et al., 2013) 227-462), PXR LBD HS5(PXR) of the coactivators of the two nuclear
(residues 130-434) receptors is increased 2-fold
CAR/RXRa (Suino | NULL | RXRa LBD (residues 225- NULL 995 | H10, HOH7, Loop 8-9 | The interface is asymmetric and the
etal, 2004; Xu et al, 462), Mouse CAR LBD C2 symmetry axis of CAR-LBD and RXRa-
2004) (residues 117-358) LBD s rotated by ~10"
TR/RXR (Putcha 3UVV | Human RXRa LBD (residues 295 971 | Null The presence of 9cRA increases the rate of

etal, 2012)

225-462), Chicken TR a
(amino acids 148-408

dissociation of T3 from TR-T3/RXR-9cRA

RXR: Retinoid X receptor, H: helix, 9cRA: 9-cis-retinoic acid, RAR: retinoic acid receptor, FXR: Farnesoid X receptor, LBD: Ligand-binding domain, AF2: Activation function domain 2, CoA:
coactivator, LXR: Liver X receptor, PPAR: peroxisome proliferator activated receptor, PXR: Pregnane X receptor, CAR: constitutive androstane receptor, TR: thyroid hormone receptor, T3:

triiodothyronine.
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