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ABSTRACT
Liver X receptors (LXRs) are part of the nuclear receptor superfamily and are cholesterol-
detecting receptors. LXRs are commonly found in two isoforms: LXR and LXR. LXRs were 
initially identified as orphan receptors from a rat cDNA library using an oligonucleotide probe. 
The regulatory activities of LXR in obesity are the subject of this review. LXRs directly operate 
on numerous target genes such as ABCA1, ABCG1, ABCG8, GLUT4, and other rate-limiting 
enzymes such as PEPCK, G6P, and F6P, and so play an important role in the treatment of 
obesity. LXR may interfere with obesity via several signaling mechanisms. The first is through 
ABC genes, which promote the clearance of excess bodily cholesterol via the lipid removal 
route from cholesterol-loaded macrophages and intestinal lumen. The second strategy 
involves boosting GLUT4 expression by increasing glucose absorption by peripheral tissues, 
and the third involves inhibiting rate-limiting enzymes PCPCK, G6P, and F6P, which eventually 
decrease hepatic glucose synthesis. LXR’s physiological activities suggest that it might be a 
promising target for obesity therapy.
Keywords: Liver X receptors, Obesity, ABC transporters, GLUT4, Rate limiting enzymes 
(PEPCK, G6P, and F6P).
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INTRODUCTION
Liver X receptors (LXRs) are nuclear receptor 
superfamily ligand-activated transcription factors 
that are generally activated by oxidized cholesterol 
derivatives (Oxysterols).1-2 LXRs are involved in 
the metabolism of cholesterol, free fatty acids, and 
glucose. LXRs have a role in cholesterol regulation. 
When the content of cholesterol rises, the LXRs 
activate transcription genes that protect the cell from 
cholesterol excess by increasing the oxidized product 
of cholesterol.3

Using oligonucleotide probes, LXRs were first 
identified as orphan receptors (receptors with no 
known physiological function) from a rat liver c 
DNA library.4-5 Because of several benefits such as 
high specificity, tolerance to other RNAses, rapid 
availability of deoxynucleotides, and improved 
economic availability, LXRs are currently separated 
in the same way utilizing oligonucleotide probes.
The LXR receptors have four major functional 
domains: (1) an amino-terminal ligand-independent 
activation function domain (AF-1) that can activate 
transcription even when the ligand is absent; (2) a 
DNA-binding domain (DBD) with two zinc fingers; 
(3) a hydrophobic ligand-binding domain (LBD) 
required for receptor dimer formation and ligand 
binding; and (4) a carboxy-terminal.6

In mammals, there are two isoforms of liver X 
receptors: LXR and LXR, which form an obligatory 

heterodimer with retinoid X receptors (RXR).7 LXR 
is found in three different forms: LXR1, LXR 2, LXR 
3, and LXR.8-9 PPARs, FXR, RXR, and VDR receptors 
are all closely linked to LXRs.10 There hasn’t been any 
other novel LXR isoform discovered yet.
LXRs are primarily responsible for maintaining 
cellular cholesterol homeostasis and glucose 
metabolism, but they also modulate immune 
responses in mammals by regulating gene expression 
in macrophages, making them a promising 
therapeutic target for the treatment of a variety of 
chronic inflammatory disorders.11 LXR has been 
discovered to be a potential therapeutic agent in the 
treatment of atherosclerosis by regulating metabolic 
and inflammatory gene expression in recent 
research.12 The activation of liver X receptors inhibits 
hepatic gluconeogenesis and reduces blood glucose 
levels, making it useful in the treatment of diabetes.13

Activation of LXR in animal models has been 
found to have a critical role in the prevention of 
major metabolic diseases such as hyperlipidemia, 
atherosclerosis, diabetes, and obesity.14 Treatment 
with several LXR agonists causes a decrease in serum 
and hepatic cholesterol levels in rats.15

The involvement of liver X receptors in obesity is the 
subject of our current review. Obesity has become 
a global public health problem. Marion Korach-
Andre et al.15 demonstrated that both liver X receptor 
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isoforms, i.e. LXR and LXR, improve brown adipose tissue function, 
boosting LXR-mediated energy expenditure and demonstrating to 
be a potential therapeutic target for obesity. By up regulating GLUT4 
receptors, which are marker gene genes for liver X receptors, LXR 
stimulation by GW3965 improved glucose tolerance in a diet-induced 
obesity mouse model.16 another study found that activating LXR with 
T0901317 (a strong LXR agonist) increased basal glucose absorption in 
3T3-L1 cells and in vitro differentiated human adipocytes.17

TYPES OF LIVER X RECEPTOR
Liver X receptors generally exists in two isoforms:
 Liver X Receptors α (LXR α)
 Liver X receptors β (LXR β)
 Liver X Receptors α: LXR α is an isoform of LXR receptor 

that is encoded by NR1H3  gene that is generally located on 
chromosome 11.18 LXR α generally exists in three forms LXRα1, 
LXRα 2, LXRα 3, in which LXRα1 is the most active and generously 
expressed by all almost tissues like spleen, liver, adipose tissue, 
intestine, kidney and lungs,19 LXRα 2 mainly expressed in human 
testis and cancer cell lines, and LXRα 3 is produced via an alternative 
recognition of a 30-splice site in exon 6 and is expressed by human 
lung, thyroid gland, spleen and cancer cell lines.20 The expression of 
human LXRα is down regulated by a microRNA has-miR-613 that 
is known to transcriptionally activate LXRα by SREBP-1c (sterol 
regulatory element binding proteins),21 the up regulation of LXR 
α is regulated by the activation of LXRE (LXR response elements) 
(Table 1).22 

 Liver X Receptors β: LXR β is another isoform of LXR 
receptors encoded by NR1H1 gene that is generally located on 
chromosome 19.23-24 Isoform LXR β (NR1H2) not abundantly 
expressed by all tissues22 but LXR β is dominantly expressed by 
skeletal muscles that regulate lipogenesis and cholesterol efflux. 
Courtaut F22 showed that LXR β receptors are predominantly 
expressed in colon cancer cells but not in normal colon epithelial 
cells. Down regulation of Liver X receptors in neuronal micro 
columns, and malformed cells also participate in the prophylaxis of 
FCD (Focal cortical dysplasia) (Table 1).23 

LIVER X RECEPTORS AGONISTS AND 
ANTAGONISTS:
The LXR agonists binds to Liver X receptors and thus activate it 
to produce certain biological responses whereas LXR antagonists 
deactivates the Liver X receptors and thus inhibit the biological response 
driven by LXRs (Table 2).

Table 1: Difference between both isoforms of liver X receptors.

Sl. 
No

TYPE LXR-α LXR-β

1. Encoded 
Gene

NR1H3 gene (lies on 
chromosome 11)

NR1H1 gene (lies on 
chromosome 19)

2. Location Ubiquitously in all tissues 
like spleen, liver, adipose 
tissue, intestine, kidney, 

testis and lungs.

Less expressed by all 
tissues but dominantly 
expressed by skeletal 

muscles and colon cancer 
cell lines.

3. Expression Expressed through LXRE, 
SREBP and other essential 

cholesterol elements

Only expressed through 
LXRE.

Table 2: Various LXR agonists used as therapeutic drugs in various 
diseases.

Sl. 
No.

LXR Agonists Type of 
Agonists

Functions/
Mechanisms

 References

1. 25-epoxycholestrol, 24 
(s) hydroxyl cholesterol, 

27-hydroxycholestrol 
and cholestenoic acid

Natural 
Ligands 

Cholesterol 
metabolism

Glucose 
metabolism

Bile acid synthesis
Treatment of 

various metabolic 
disorders

46-48

2. GW3965 Selective 
agonists

Treatment of 
obesity, diabetes, 
atherosclerosis 

and inflammatory 
disorders.

49

3. T0901317 Selective 
agonists

Treatment of 
atherosclerosis, 
obesity, prostate 

cancer, Alzheimer 
and breast cancer.

50

4. 22 (R) hydroxyl 
cholesterol

Partial 
agonist 

Treatment of 
prostate, breast 

cancer and various 
other metabolic 

disorders like 
obesity.

6,51

5. Paxilline Selective 
agonist

Potassium channel 
blocker

52

6. Desmosterol Selective 
agonist

Lipid metabolism 16,31

7. L-783483 Selective 
agonist

Cholesterol 
regulation

68

8. TSPO Selective 
agonist

Inducing the 
expression of 

LXRα, PPARα, 
ApoE,

ABCA1 and 
ABCG4

19

9. Pravastatin Selective 
agonists

Promoting 
CYP7A1 and 

ABCG5/ABCG8
expression through 
the PPARγ/LXRα 

pathway

4

10. Metformin Selective 
agonist

Promoting 
HO-1 and LXRβ 

expression through
the AMPK-ATF1 

pathway

24

• LXR Agonists: Various natural and synthetic agonist analogues are 
there for initiating the biological response of LXRs. These are as 
follows:

• LXR ANTAGONISTS: Various substances inhibit the response of 
liver X receptors (Table 3), few of them are as follows:
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TRANSCRIPTIONAL REGULATION OF GENES BY 
LXRS
Various biological compounds, such as oxysterols and bile acids, 
function as signaling molecules for nuclear receptor activation.12-13 
Nuclear receptors are ligand-activated transcription factors that control 
gene transcription and consequently play a role in a variety of biological 
processes. Target genes are activated in the transcriptional control of 
liver X receptors when LXR binds to certain DNA sequences linked with 
those genes.16 LXRs bind to the three isoforms of retinoid X receptors 
(RXR), RXRa, RXRb, and RXRc, and therefore limit heterodiamers in 
combination.17 LXRs control gene expression by activating LXR response 
elements (LXREs) in the target gene’s promoter region of DNA. LXR 
response elements (LXREs), which are made up by two direct repeats 
AGGTCA speared by four nucleotides, were triggered by the constrain 
heterodimer of LXR-RXR.22 LXRs are known to control a variety of target 
genes by this method, including polypeptide A3 and UDP Glucuronosyl 
transferase, phospholipid transfer protein,16 and others.
The transcriptional activity of different glucocorticoid receptors 
is also known to be regulated by liver X receptors.17 Glucorticoids 
promote gluconeogenesis and glycogenolysis by increasing the rate of 
transcription of glucose-6-phosphatase and its different enzymes. LXRs 
control cholesterol turnover and hepatic glucose metabolism by binding 
to a variety of cholesterol metabolites, which then heterodiamerise with 
Retinoid X Receptors, resulting in a reduction in glucose-6-phosphatase 
production.11 In HCT116 cells (human colon cancer cell line, LXRs have 
been shown to suppress dexamethasone-stimulated GR transcriptional 
activity.12 LXRs, on the other hand, control dexamethasone-stimulated 
mRNA expression of endogenous glucocorticoid-responsive genes in 
HepG2 cells. In astrocytes and neurons, LXRs regulate the transcription 

Table 3: Various LXR antagonists used as therapeutic drugs in various 
diseases.

Sl. 
No.

LXR
Antagonist

Type of 
Antagonist

Functions References

1 GSK2033 Selective LXR 
antagonist

Used in cell biology 
study as chemical 

probe.
Treatment of 
inflammatory 

and autoimmune 
diseases

17,33

2 Cinnamamides Selective LXR 
antagonist

Treatment of 
fatty liver (non-

alcoholic).
Decrease lipogenic 

gene expression.

18

3 22 (S) hydroxyl 
cholesterol

Partial and dose 
dependent LXR 

antagonist

Treatment of skin 
fibroblasts.

77

4 Rhein Selective LXR 
antagonist

Treatment of 
obesity and other 

metabolic disorders.

21

5 Geranylgeranyl
pyrophosphate 

(GGPP)

Non selective 
LXR Antagonist

Down regulate 
mevalonate 
metabolism.

22

6 Polyunsaturated 
fatty acids 
(PUFAs)

Competitive 
LXR antagonist 

Down regulate 
SREBP-1c

23

of Farnesyl pyrophosphate synthase (FPPS, an LXR target gene that 
plays a key role in controlling cholesterol production in the brain.13 
Furthermore, because Hepatocyte Nuclear Factor 4 (HNF-4) regulates 
the transcription of LXR (a isoform of LXR) that plays a key role in 
cholesterol homeostasis, overexpression of HNF-4 in HEK 293T cells 
raised the production of all LXR, causing cholesterol homeostasis to be 
disrupted.14

LXR Mediated ATP Transport in Cholesterol Efflux
ABC transporters play a critical role in increasing acceptor cholesterol 
efflux via liver X receptors; ABCA1, ABCG1, ABCG4, ABCG5, and 
ABCG8 of the ABC transporter family are LXR target genes.15 ATP 
binding cassette transporters, also known as cholesterol efflux regulatory 
protein (CERP), are key regulators of cholesterol homeostasis and are 
encoded by different target genes such as ABCA1, ABCG4, ABCG5, and 
ABCG8.16 The ABCA1 protein is required for extracellular cholesterol 
efflux to Apo Receptors such as Apo 1 (the first stage in cholesterol 
transport).17 LXR receptor transcript levels influence ABCA1-mediated 
cholesterol efflux.18 The ABC transporter has four domains: a) two 
membrane-spanning trans membrane domains (b) two nucleotide 
binding domains, where ATP hydrolysis provides energy for substrate 
transport.19 According to Nelson JK et al., ABCA1 plays a critical part 
in the cellular apolipoproteins-mediated lipid elimination process, 
according to Nelson JK.20

ABCA1 is a naturally occurring membrane transporter that is important 
in the production of high-density lipoproteins (HDL).21 To maintain 
cholesterol homeostasis, ABCA1 mediates post-translational regulation 
as well as transcriptional responses.22 ABCA1 also plays a significant 
function in removing fat from cholesterol-loaded macrophages,23 and 
it is abundantly found in resident macrophages, where it is involved in 
cholesterol transport.24-25 The activation of the LXR/RXR heterodimer 25  
is triggered by an increase in cholesterol-loaded macrophages inside the 
body.26-28 The cholesterol in macrophages is subsequently oxidized and 
transformed into oxysterol, which is a key LXR activator.28 The LXR-
RXR heterodimer acts as a cholesterol sensor and then as a mediator 
for cholesterol efflux by inducing the expression of cholesterol shuffling 
vehicles like ABCA1 and Apo A-1. Abnormally high expression of 
these vehicles causes cholesterol dyshomeostasis.29 At the cellular level, 
LXR activation triggers the ABCA1 and ABCG1 genes to respond, 
delivering cellular cholesterol to Apo A-1 (produced by the liver). Apo 
A-1 recognizes free cholesterol and phospholipids from macrophages 
and forms HDL particles, which develop into spherical HDL with the 
help of the cholesterol esterifying enzyme (lysolecithin cholesterol 
acyl tranferase). The SR-B1 (Scavenger receptor class B type 1) 
transports mature HDL to the liver, where it is then transferred to other 
lipoproteins via the CETP (Cholesteryl ester transport protein).30-31 HDL 
then travels to the liver, where it causes an increase in LXR-dependent 
7-hydroxylase production, which leads to more bile acid synthesis and 
elimination. Increased biliary excretion leads to increased intestinal 
cholesterol absorption by LXR mediation, which eliminates excess 
body sterol via ABC sterol transport.32 LDLR (Low Density Lipoprotein 
Receptors) transports low density lipoproteins to hepatocytes, where 
they are hydrolyzed into free cholesterol, which is subsequently recycled 
into the ABCA1 pathway and released into bile acid, or reformed into 
lipoproteins and secreted into circulation.33 ABCG1, on the other hand, 
mediates cholesterol efflux to HDL particles but not through Apos.34 In 
a mouse model, the deletion of ABCA1 and ABCG1 causes a synergistic 
rise in tissue lipid accumulation. However, activation of LXR agonists 
helps to control cellular cholesterol excess.35-38

Obesity is defined as the accumulation of cholesterol and TGs 
(triglycerides) in adipose tissues, which is caused by a decrease in the 
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expression of ABC transporters.39 LXR stimulation up regulates the 
expression of ABCA1, ABCG1, and ABCG8, and thus plays a role in 
the development of obesity and its associated syndromes by facilitating 
ABCA1-mediated transport.40

The ABCG5 and ABCG8 genes, which are encoded by the proteins 
sterolin 1 and sterolin 2, respectively, play a key role in the control of sterol 
and cholesterol absorption and excretion.41 Both are mostly expressed 
in enterocytes and serve as a selective tool for sterol excretion into bile 
by the liver.42 ABCA1, ABCG5, and ABCG8 are direct genes for the 
activation of the LXR/RXR heterodimer in the liver and gut, according 
to Berge K.E et al. In in situ hybridization, LXR agonists raise the levels 
of ABCA1, G4, and G8 in hepatocytes and enterocytes, triggering a 
transcriptional mRNA response of the LXR-RXR heterodimer in the 
intracellular sterol sensor, which then transports cholesterol from 
the canalicular membrane’s inner leaflet, followed by ATP binding 
and hydrolysis, which changes the appearance of the cholesterol 
molecule.43-44 This results in a reduction in cholesterol absorption in the 
intestinal lumen, as well as cholesterol efflux via RCT (reverse cholesterol 
transport).44-45 The LXR is regarded as a critical regulator of ABCG5 and 
ABCG8 mRNA expression, and the LXR agonist T0901317 significantly 
increased ABCG5 and ABCG8 expression in the small intestine and liver 
of wild type but not LXR knockout mice (Figure 1).46-47 

LXR Mediated GLUTs (GLUT4) in Glucose Transport, 
Storage and Utilization
Glucose transporters are a large group of membrane-bound proteins found 
in all mammalian organs that aid glucose transport across the plasma 
membrane.48 GLUT1 and GLUT4 are two types of GLU transporters 
that play a critical role in glucose transport and hence maintain glucose 
homeostasis.49 GLUT1 is widely expressed in central nervous system 
erythrocytes and endothelial barrier cells, whereas GLUT2 is generally 
expressed in liver cells, pancreatic beta cells, and kidneys (particularly 
renal tubular cells), and GLUT4 is widely expressed in striated muscles 
(skeletal and cardiac muscles).50 However, a malfunction in the GLUT4 
signaling system in adipose tissue plays a significant role in obesity and 
associated syndromes.51 Glut 4 receptors have a modest Km value, which 
indicates they have a moderate glucose infinity.52 GLUT4 is responsible 
for insulin-dependent glucose absorption.53 When insulin levels are 
low, GLUT4 is predominantly found in the intracellular membrane. 
Intracellular GLUT4 redistributes to the plasma membrane in response to 
a rise in circulating insulin levels following the intake of a carbohydrate-

containing meal, therefore initiating glucose uptake and metabolism in 
these tissues and avoiding fast blood glucose rises (Figure 2).54

In adipose tissue and skeletal muscles, liver X receptors are the immediate 
receiver (or direct target) of glucose transporters like GLUT4.55 LXR 
can transmit ligand-activated GLUT4 gene transcription and play a 
significant role in GLUT4 essential or basal regulation in adipose tissues 
and skeletal muscles.56-57 LXRE (Liver X receptor elements) are positive 
regulators of GLUT4 and are found on the promoter region of the 
gene.58 LXRs are activated as soon as blood glucose or cholesterol levels 
reach a certain threshold. LXR then causes the formation of an LXR-
RXR heterodimer, which acts on GLUT4 receptors and triggers a series 
of actions.58-59 In adipose tissues and skeletal muscles, liver X receptor 
elements operate directly on the GLUT4 promoter region, causing 
insulin-dependent glucose flow.60 In skeletal muscles, LXR stimulation 
causes an increase in glucose and fatty acid absorption, fatty acid storage, 
and glucose and fatty acid oxidation, whereas in adipose tissue, LXR 
stimulation causes an increase in glucose uptake and aids in fatty acid 
storage.61-62

It is most often expressed by LXR receptors in brown and white adipose 
tissues, and very rarely by LXR receptors. LXR increases the expression 
of the GLUT4 gene in adipose tissue, resulting in increased glucose 
absorption and more fat being stored as neutral fat. By directly inducing 
lipogenic genes like SREBP-1c and FAs and increasing substrate 
availability for triglyceride synthesis, LXRs in adipose tissues promote a 
surge in triglyceride (neutral fat) formation. GLUT4 causes an increase 
in glucose uptake by tissues, a decrease in lipogenesis, a decrease in 
lipid oxidation, and an increase in lipolysis in brown adipose tissues, 
but a rapid increase in lipid oxidation, adipocyte differentiation, glucose 
uptake, reverse cholesterol transport, and lipogenesis in white adipose 
tissues.63

This method of GLUT4 mediation via liver x receptors has been shown 
to be effective in the treatment of obesity. Obesity is linked to a change 
in GLUT4 expression in the skeletal muscles, according to evidence.64 
Up regulating GLUT4 with the aid of liver X receptors increases glucose 
absorption in the peripheral bloodstream, which might be used to treat 
obesity.65 In contrast, Ni M et al. discovered that Glut4 was up regulated by 
GW3965 (a selective LXR agonist) in 3T3-L1 cells in vitro and in murine 
adipose tissue, and that GLUT4 activation through LXR lowered blood 
glucose, improved glucose tolerance, and upregulated Glut4 expression 
in the adipose tissue of obese mice (ob/ob mice or diet-induced obese 
mice), but not.66-67 Along with this, it was discovered that various plants 
used in high fat diet induced obesity, such as Bauhinia variegate and 
Bauhinia megalandra, increase glucose uptake via GLUT4 receptors, but 
the LXR mediated response to plant insulin is still unknown (Figure 3).68-69

Figure 1: Cholesterol transport by ABCA1 and ABCG1 mediated by liver X 
receptors.

Figure 2: LXR mediated cholesterol transport in intestinal lumen.
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Future Perspective
Liver X receptors have been linked to atherosclerosis, diabetes, 
inflammatory diseases, neurological problems, and obesity, according to 
recent research. LXRs have a key role in cholesterol, glucose, and bile 
acid production metabolism.83 ABC genes, GLUTs, PPARs, ApoE, CETP, 
FAS, SREPB, and LPL are some of the target genes for LXRs. These data 
imply that LXR is involved in the metabolic regulation network. Energy 
consumption, thermogenesis, adipokine production regulation, insulin 
sensitivity, and glucose tolerance are all thought to be influenced by LXRs. 
LXR has a diet-dependent involvement in obesity, but it is important in 
its therapy. Importantly, the beneficial effects of LXRs on blood glucose 
levels and RCT (reverse cholesterol transfer) must be balanced against 
the undesirable consequences of enhanced lipogenesis, particularly in 
mammals, for effective pharmacological intervention.84 These concerns, 
as well as the production of tissue LXR-specific medicines, will most 
likely be the focus of research during the next decade. Academic 
institutions and pharmaceutical companies may well collaborate to 
develop analogues that specifically target liver X receptors and thus treat 
LXR signaling to combat the new wave in diseases caused by improper 
lipid, cholesterol, and glucose metabolism, including obesity, which is a 
leading cause of other metabolic diseases.

CONCLUSION
LXRs are typical lipogenic receptors found in a variety of tissues, 
such as adipose tissue, skeletal muscles, the liver, and the gut, where 
they promote the conversion of cholesterol to bile acid, boost reverse 
cholesterol transport, and promote cholesterol excretion from the body. 
Furthermore, LXRs serve as a key mediator for insulin-dependent 
glucose transport via GLUT receptors. Thus, stimulation of liver X 
receptors has been demonstrated to be anti-obesity, increase glucose 
absorption by peripheral tissues, eliminate accumulated lipids from the 
body, and decrease hepatic glucose production rate. As a result, LXRs 
are an intriguing strategy in obesity animal models. Despite the fact 
that LXR and LXR play distinct functions, both appear to be important 
targets in the treatment of obesity.

RATE LIMITING ENZYMES MEDIATED BY LIVER 
X RECEPTORS
The rate-limiting enzymes in the Embden Meyerhof Parnas Pathway 
are phosphophenol pyruvate carboxykinase (PEPCK), glucose-6-
phosphate (G6P), and fructose-6-phosphate (F6P).70-71 PEPCK acts as 
a juncture between the kreb cycle and glycolysis, removing carboxyl 
groups (decarboxylation) and releasing carbon dioxide. G6P and F6P 
are direct enzymes engaged in EMP (glycolysis), whereas PEPCK acts as 
a juncture between the kreb cycle and glycolysis.72 The liver is involved 
in a variety of activities in the body, including glycogen storage, bile acid 
synthesis, blood glucose control, lipid metabolism, energy metabolism, 
and detoxification.73 During fasting, the liver maintains a constant 
supply of glucose to the body through hepatic gluconeogenesis, whereas 
in the postprandial state (i.e. after a meal), it increases hepatic glucose 
absorption, which promotes glycogen synthesis and accelerates the 
lipogenesis process. Metabolic diseases are caused by any error in the 
control of lipid and hepatic carbohydrate metabolism.74-75

Stulnig et al.76 were the first to show that LXR activation causes 
downregulation of critical regulatory genes in the gluconeogenesis 
process in the liver of wild type mice, and that LXR agonists ameliorate 
diabetes and obese conditions by boosting hepatic glyconeogenesis. 
Overexpression of PEPCK in adipose tissue owing to increased fatty 
acid re-esterification leads to obesity, according to Franckhauser S  
et al.,76 although therapy with LXRs reduces this process. A synthetic 
LXR agonist, GW3965, improves glucose tolerance in a mouse model 
of diet-induced obesity by down regulating PEPCK and G6P, which 
stimulates hepatic utilization, bound hepatic glucose output, and 
peripheral glucose uptake.77 Synthetic LXR agonists like T0901317 and 
GW3965 significantly decreased hepatic glucose production in both 
ZDF and high-fat fed rats in several tests, indicating that they might be 
useful in the treatment of obesity.78-79

T0901317 was discovered to lower the expression of the glucocorticoid 
receptor and 11beta-hydroxysteroid dehydrogenase type 1 (the enzyme 
that aids the synthesis of active corticosterone in the livers of wild type and 
db/db mice).80 Reduced glucocorticoid productivity might potentially 
help to lower hepatic gluconeogenesis, since LXR has been found to 
inhibit 11-HSD1 expression, which is a key enzyme in the transition of 
inactive corticosteroids to active corticosteroids.81 In the LXR-mediated 
lipogenic effects, LXR-mediated effects on glucose metabolism were 
more pronounced than LXR-mediated effects on glucose metabolism 
(Figure 4).82

Figure 3: LXR mediated increase glucose uptake by GLUT4 receptors.

Figure 4: Rate Limiting Enzymes mediated by Liver X Receptors.
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SUMMARY
• Obesity is linked to the development of a number of metabolic 

diseases.
• Liver X receptors are key regulators of lipid metabolism and glucose 

transport, making them attractive therapeutic targets for obesity 
therapy

• Liver X receptors are key regulators of lipid metabolism and glucose 
transport, making them attractive therapeutic targets for obesity 
therapy.

• LXRs boost cholesterol transport in the reverse direction.
• LXRs increase cholesterol excretion via feces by promoting 

cholesterol efflux to the gall bladder and inhibit cholesterol 
absorption in the gut.

• LXRs improve cholesterol to bile acid conversion in the liver; LXRs 
promote insulin-mediated basal glucose transport via GLUT4 
receptors; LXRs decrease hepatic glucogenesis by inhibiting 
PEPCK, G6P, and F6P enzymes.

• Liver X receptors (LXRs) are key regulators of lipid, cholesterol, and 
glucose metabolism, making them a promising therapeutic target 
for obesity therapy.

REFERENCES
1. Desantis D, Tryon VV, Pollack JD. Metabolism of Mollicutes: The Embden—

Meyerhof—Parnas pathway and the hexose monophosphate shunt. 
Microbiology. 1989;135(3):683-91. doi: 10.1099/00221287-135-3-683.

2. Olson AL. Regulation of GLUT4 and insulin-dependent glucose flux. ISRN Mol 
Biol. 2012;2012:856987. doi: 10.5402/2012/856987, PMID 27335671.

3. Lin CY, Gustafsson JÅ. Targeting liver X receptors in cancer therapeutics. Nat 
Rev Cancer. 2015;15(4):216-24. doi: 10.1038/nrc3912, PMID 25786697.

4. Byun HW, Hong EM, Park SH, Koh DH, Choi MH, Jang HJ, et al. Pravastatin 
activates the expression of farnesoid X receptor and liver X receptor alpha in 
Hep3B cells. Hepatobiliary Pancreat Dis Int. 2014;13(1):65-73. doi: 10.1016/
s1499-3872(14)60009-6, PMID 24463082.

5. Dong Y, Gao G, Fan H, Li S, Li X, Liu W. Activation of the liver X receptor by 
agonist TO901317 improves hepatic insulin resistance via suppressing reactive 
oxygen species and JNK pathway. PLOS ONE. 2015;10(4):e0124778. doi: 
10.1371/journal.pone.0124778, PMID 25909991.

6. Chuu CP, Lin HP. Antiproliferative effect of LXR agonists T0901317 and 22 
(R)-hydroxycholesterol on multiple human cancer cell lines. Anticancer Res. 
2010;30(9):3643-8. PMID 20944148.

7. McDonnell DP, Safi R. 1H. In: The IUPHAR/BPS Guide to Pharmacology 
Database. Liver X receptor-like receptors. version 2019.4. IUPHAR/BPS Guide 
to Pharmacology CITE. Vol. 2019(4); 2019 Sep 16.

8. Donkin JJ, Stukas S, Hirsch-Reinshagen V, Namjoshi D, Wilkinson A, May S, 

et al. ATP-binding cassette transporter A1 mediates the beneficial effects 
of the liver X receptor agonist GW3965 on object recognition memory and 
amyloid burden in amyloid precursor protein/presenilin 1 mice. J Biol Chem. 
2010;285(44):34144-54. doi: 10.1074/jbc.M110.108100, PMID 20739291.

9. Grefhorst A, Van Dijk TH, Hammer A, Van der Sluijs FH, Havinga R, Havekes LM, 
et al. Differential effects of pharmacological liver X receptor activation on 
hepatic and peripheral insulin sensitivity in lean and ob/ob mice. Am J Physiol 
Endocrinol Metab. 2005;289(5):E829-38. doi: 10.1152/ajpendo.00165.2005, 
PMID 15941783.

10. Geyeregger R, Zeyda M, Stulnig TM. Liver X receptors in cardiovascular and 
metabolic disease. Cell Mol Life Sci. 2006;63(5):524-39. doi: 10.1007/s00018-
005-5398-3, PMID 16389454.

11. Meurs I, Out R, Van Berkel TJ, Eck Mv. Role of the ABC transporters ABCA1 and 
ABCG1 in foam cell formation and atherosclerosis. Future Lipidol. 2008 Dec 1; 
3(6):675-87. doi: 10.2217/17460875.3.6.675.

12. Jia Y, Cong R, Li R, Yang X, Sun Q, Parvizi N, et al. Maternal low-protein diet 
induces gender-dependent changes in epigenetic regulation of the glucose-
6-phosphatase gene in newborn piglet liver. J Nutr. 2012;142(9):1659-65. doi: 
10.3945/jn.112.160341, PMID 22833655.

13. Zhu R, Ou Z, Ruan X, Gong J. Role of liver X receptors in cholesterol efflux 
and inflammatory signaling (review). Mol Med Rep. 2012;5(4):895-900. doi: 
10.3892/mmr.2012.758, PMID 22267249.

14. Rizza RA. Pathogenesis of fasting and postprandial hyperglycemia in type 2 
diabetes: Implications for therapy. Diabetes. 2010;59(11):2697-707. doi: 10.2337/
db10-1032, PMID 20705776.

15. Repa JJ, Turley SD, Lobaccaro JA, Medina J, Li L, Lustig K, et al. Regulation 
of absorption and ABC1-mediated efflux of cholesterol by RXR heterodimers. 
Science. 2000 Sep 1;289(5484):1524-9. Doi: 10.1126/science.289.5484.1524, 
PMID 10968783.

16. Vainio S, Jansen M, Koivusalo M, Róg T, Karttunen M, Vattulainen I, et al. 
Significance of sterol structural specificity. Desmosterol cannot replace 
cholesterol in lipid rafts. J Biol Chem. 2006 Jan 6;281(1):348-55. doi: 10.1074/
jbc.M509530200, PMID 16249181.

17. Waddington KE, Robinson GA, Rubio-Cuesta B, Chrifi-Alaoui E, Andreone S, 
Poon KS, et al. LXR directly regulates glycosphingolipid synthesis and affects 
human CD4+ T cell function. Proc Natl Acad Sci U S A. 2021;118(21). doi: 
10.1073/pnas.2017394118, PMID 34006637.

18. Sim WC, Kim DG, Lee KJ, Choi YJ, Choi YJ, Shin KJ, et al. Cinnamamides, novel 
liver X receptor antagonists that inhibit ligand-induced lipogenesis and fatty 
liver. J Pharmacol Exp Ther. 2015;355(3):362-9. doi: 10.1124/jpet.115.226738, 
PMID 26384859.

19. Taylor JM, Allen AM, Graham A. Targeting mitochondrial 18 kDa translocator 
protein (TSPO) regulates macrophage cholesterol efflux and lipid phenotype. 
Clin Sci (Lond). 2014;127(10):603-13. doi: 10.1042/CS20140047, PMID 
24814875.

20. Thorens B, Mueckler M. Glucose transporters in the 21st Century. Am J Physiol 
Endocrinol Metab. 2010;298(2):E141-5. doi: 10.1152/ajpendo.00712.2009, 
PMID 20009031.

21. Verreault M, Senekeo‐Effenberger K, Trottier J, Bonzo JA, Bélanger J, Kaeding J, 
et al. The liver X‐receptor alpha controls hepatic expression of the human bile 
acid–glucuronidating UGT1A3 enzyme in human cells and transgenic mice. 
Hepatology. 2006;44(2):368-78. doi: 10.1002/hep.21259, PMID 16871576.

22. Temml V, Voss CV, Dirsch VM, Schuster D. Discovery of new liver X receptor 
agonists by pharmacophore modeling and shape-based virtual screening. J 
Chem Inf Model. 2014;54(2):367-71. doi: 10.1021/ci400682b, PMID 24502802.

23. Wan X, Huo Y, Johns M, Piper E, Mason JC, Carling D, et al. 5′-AMP–activated 
protein kinase–activating transcription factor 1 cascade modulates human 
monocyte–derived macrophages to atheroprotective functions in response to 
heme or metformin. Arterioscler Thromb Vasc Biol. 2013;33(11):2470-80. doi: 
10.1161/ATVBAHA.113.300986, PMID 24051143.

24. Yvan-Charvet L, Pagler TA, Seimon TA, Thorp E, Welch CL, Witztum JL, et al. 
ABCA1 and ABCG1 protect against oxidative stress–induced macrophage 
apoptosis during efferocytosis. Circ Res. 2010;106(12):1861-9. doi: 10.1161/
CIRCRESAHA.110.217281, PMID 20431058.

25. Patel M, Wang XX, Magomedova L, John R, Rasheed A, Santamaria H, et al. 
Liver X receptors preserve renal glomerular integrity under normoglycaemia 
and in diabetes in mice. Diabetologia. 2014 Feb;57(2):435-46. doi: 10.1007/
s00125-013-3095-6, PMID 24201575.

26. Yvan-Charvet L, Ranalletta M, Wang N, Han S, Terasaka N, Li R, et al. Combined 
deficiency of ABCA1 and ABCG1 promotes foam cell accumulation and 
accelerates atherosclerosis in mice. J Clin Invest. 2007;117(12):3900-8. doi: 
10.1172/JCI33372, PMID 17992262.

27. Franckhauser S, Muñoz S, Pujol A, Casellas A, Riu E, Otaegui P, et al. Increased 
fatty acid re-esterification by PEPCK overexpression in adipose tissue leads to 
obesity without insulin resistance. Diabetes. 2002;51(3):624-30. doi: 10.2337/
diabetes.51.3.624, PMID 11872659.

28. Yu XH, Qian K, Jiang N, Zheng XL, Cayabyab FS, Tang CK. ABCG5/ABCG8 in 
cholesterol excretion and atherosclerosis. Clin Chim Acta. 2014;428:82-8. doi: 
10.1016/j.cca.2013.11.010, PMID 24252657.

29. Yu BL, Zhao SP, Hu JR. Cholesterol imbalance in adipocytes: A possible 



Kumari and Bais.: Role of the Liver X Receptor and its Future Scenarios

Free Radicals and Antioxidants, Vol 12, Issue 1, Jan-Jun, 2022 7

Oct;85(4):1343-72. doi: 10.1152/physrev.00005.2005, PMID 16183915.
52. Out R, Hoekstra M, Habets K, Meurs I, De Waard V, Hildebrand RB, et al. 

Combined deletion of macrophage ABCA1 and ABCG1 leads to massive lipid 
accumulation in tissue macrophages and distinct atherosclerosis at relatively 
low plasma cholesterol levels. Arterioscler Thromb Vasc Biol. 2008 Feb 1; 
28(2):258-64. doi: 10.1161/ATVBAHA.107.156935, PMID 18006857.

53. Out R, Hoekstra M, Hildebrand RB, Kruit JK, Meurs I, Li Z, et al. Macrophage 
ABCG1 deletion disrupts lipid homeostasis in alveolar macrophages and 
moderately influences atherosclerotic lesion development in LDL receptor-
deficient mice. Arterioscler Thromb Vasc Biol. 2006 Oct 1;26(10):2295-300. doi: 
10.1161/01.ATV.0000237629.29842.4c, PMID 16857950.

54. Quinet EM, Basso MD, Halpern AR, Yates DW, Steffan RJ, Clerin V, et al. LXR 
ligand lowers LDL cholesterol in primates, is lipid neutral in hamster, and 
reduces atherosclerosis in mouse. J Lipid Res. 2009;50(12):2358-70. doi: 
10.1194/jlr.M900037-JLR200, PMID 19318684.

55. Li XQ, Xing T. Insulin signaling pathways in humans and plants. Somatic 
Genome Variation. Anim Plants Microorganisms. 2017 Apr 20.

56. Komati R, Spadoni D, Zheng S, Sridhar J, Riley KE, Wang G. Ligands of 
therapeutic utility for the liver X receptors. Molecules. 2017;22(1):88. doi: 
10.3390/molecules22010088, PMID 28067791.

57. Suzuki M, Takeda S, Teraoka-Nishitani N, Yamagata A, Tanaka T, Sasaki M, et al. 
Cadmium-induced malignant transformation of rat liver cells: Potential key role 
and regulatory mechanism of altered apolipoprotein E expression in enhanced 
invasiveness. Toxicology. 2017;382:16-23. doi: 10.1016/j.tox.2017.03.014, PMID 
28315714.

58. Wang B, Tontonoz P. Liver X receptors in lipid signalling and membrane 
homeostasis. Nat Rev Endocrinol. 2018;14(8):452-63. doi: 10.1038/s41574-018-
0037-x, PMID 29904174.

59. Shin DJ, Wang L. Bile acid-activated receptors: A review on FXR and other 
nuclear receptors. Bile Acids and their Receptors. 2019:51-72.

60. Endo-Umeda K, Makishima M. Liver X receptors regulate cholesterol 
metabolism and immunity in hepatic nonparenchymal cells. Int J Mol Sci. 
2019;20(20):5045. doi: 10.3390/ijms20205045, PMID 31614590.

61. Maranghi M, Truglio G, Gallo A, Grieco E, Verrienti A, Montali A, et al. A novel 
splicing mutation in the ABCA1 gene, causing Tangier disease and familial 
HDL deficiency in a large family. Biochem Biophys Res Commun. 2019 Jan 8; 
508(2):487-93. doi: 10.1016/j.bbrc.2018.11.064, PMID 30503498.

62. Zein AA, Kaur R, Hussein TOK, Graf GA, Lee JY. ABCG5/G8: A structural view to 
pathophysiology of the hepatobiliary cholesterol secretion. Biochem Soc Trans. 
2019;47(5):1259-68. doi: 10.1042/BST20190130, PMID 31654053.

63. Korach-André M, Archer A, Barros RP, Parini P, Gustafsson JÅ. Both liver-X 
receptor (LXR) isoforms control energy expenditure by regulating brown 
adipose tissue activity. Proc Natl Acad Sci U S A. 2011;108(1):403-8. doi: 
10.1073/pnas.1017884108, PMID 21173252.

64. Shama N, Kumari R, Bais S, Shrivastava A. Some important peptides and their 
role in obesity-current insights. Obesity Medicine. 2019 Dec 1;16:100144.

65. Chen X, Wang L, Chen B, Yue J, Zhu G, Zhang C, et al. Down-Regulated 
Expression of liver X receptor beta in Cortical Lesions of Patients with Focal 
Cortical Dysplasia. J Mol Neurosci. 2016;60(2):223-31. doi: 10.1007/s12031-016-
0795-7, PMID 27437943.

66. Balasubramanian B, Kim HJ, Mothana RA, Kim YO, Siddiqui NA. Role of 
LXR alpha in regulating expression of glucose transporter 4 in adipocytes—
investigation on improvement of health of diabetic patients. J Infect Public 
Health. 2020;13(2):244-52. doi: 10.1016/j.jiph.2019.09.008, PMID 31806561.

67. Yuan W, Yu B, Yu M, Kuai R, Morin EE, Wang H, et al. Synthetic high-density 
lipoproteins delivering liver X receptor agonist prevent atherogenesis by 
enhancing reverse cholesterol transport. J Control Release. 2021 Jan 
10;329:361-71. doi: 10.1016/j.jconrel.2020.11.016, PMID 33188828.

68. Hozoji-Inada M, Munehira Y, Nagao K, Kioka N, Ueda K. Liver X receptor beta 
(LXRbeta) interacts directly with ATP-binding cassette A1 (ABCA1) to promote 
high density lipoprotein formation during acute cholesterol accumulation. J Biol 
Chem. 2011;286(22):20117-24. doi: 10.1074/jbc.M111.235846, PMID 21507939.

69. Koch H, Weber YG. The glucose transporter type 1 (Glut1) syndromes. Epilepsy 
Behav. 2019;91:90-3. doi: 10.1016/j.yebeh.2018.06.010, PMID 30076047.

70. Im SS, Osborne TF. Liver X receptors in atherosclerosis and inflammation. 
Circ Res. 2011;108(8):996-1001. doi: 10.1161/CIRCRESAHA.110.226878, PMID 
21493922.

71. Guo C, Li Y, Gow CH, Wong M, Zha J, Yan C, et al. The optimal corepressor 
function of nuclear receptor corepressor (NCoR) for peroxisome proliferator-
activated receptor γ requires G protein pathway suppressor 2. J Biol Chem. 
2015 Feb 6;290(6):3666-79. doi: 10.1074/jbc.M114.598797, PMID 25519902.

72. Nishida S, Ishizawa M, Kato S, Makishima M. Vitamin D receptor deletion 
changes bile acid composition in mice orally administered chenodeoxycholic 
acid. J Nutr Sci Vitaminol (Tokyo). 2020;66(4):370-4. doi: 10.3177/jnsv.66.370, 
PMID 32863311.

73. Du XM, Kim MJ, Hou L, Le Goff W, Chapman MJ, Van Eck M, et al. HDL 
particle size is a critical determinant of ABCA1-mediated macrophage cellular 
cholesterol export. Circ Res. 2015 Mar 27;116(7):1133-42. doi: 10.1161/
CIRCRESAHA.116.305485, PMID 25589556.

mechanism of adipocytes dysfunction in obesity. Obes Rev;11(8):560-7. doi: 
10.1111/j.1467-789X.2009.00699.x, PMID 20025694.

30. Yang C, McDonald JG, Patel A, Zhang Y, Umetani M, Xu F, et al. Sterol 
intermediates from cholesterol biosynthetic pathway as liver X receptor 
ligands. J Biol Chem. 2006;281(38):27816-26. doi: 10.1074/jbc.M603781200, 
PMID 16857673.

31. Yoshikawa T, Shimano H, Yahagi N, Ide T, Amemiya-Kudo M, Matsuzaka T, et al.  
Polyunsaturated fatty acids suppress sterol regulatory element-binding 
protein 1c promoter activity by inhibition of liver X receptor (LXR) binding to 
LXR response elements. J Biol Chem. 2002;277(3):1705-11. doi: 10.1074/jbc.
M105711200, PMID 11694526.

32. Zuercher WJ, Buckholz RG, Campobasso N, Collins JL, Galardi CM, Gampe RT, 
et al. Discovery of tertiary sulfonamides as potent liver X receptor antagonists.  
J Med Chem. 2010 Apr 22;53(8):3412-6. doi: 10.1021/jm901797p, PMID 20345102.

33. Venkateswaran A, Laffitte BA, Joseph SB, Mak PA, Wilpitz DC, Edwards PA, 
et al. Control of cellular cholesterol efflux by the nuclear oxysterol receptor 
LXR-α. Proc Natl Acad Sci USA. 2000 Oct 24;97(22):12097-102. doi: 10.1073/
pnas.200367697.

34. Costet P, Luo Y, Wang N, Tall AR. Sterol-dependent transactivation of 
theABC1 promoter by the liver X receptor/retinoid X receptor. J Biol Chem. 
2000;275(36):28240-5. doi: 10.1074/jbc.M003337200, PMID 10858438.

35. Patel NJ. Role of adiponectin and its target receptors to control deposition of fat 
in obesity related disorders. Obesity Medicine. 2019 Dec 1;16:100148.

36. Lee MH, Lu K, Hazard S, Yu H, Shulenin S, Hidaka H, et al. Identification of a 
gene, ABCG5, important in the regulation of dietary cholesterol absorption. Nat 
Genet. 2001;27(1):79-83. doi: 10.1038/83799, PMID 11138003.

37. Dalen KT, Ulven SM, Bamberg K, Gustafsson JA, Nebb HI. Expression of the 
insulin-responsive glucose transporter GLUT4 in adipocytes is dependent on 
liver X receptor alpha. J Biol Chem. 2003;278(48):48283-91. doi: 10.1074/jbc.
M302287200, PMID 12970362.

38. Postic C, Dentin R, Girard J. Role of the liver in the control of carbohydrate and 
lipid homeostasis. Diabetes Metab. 2004;30(5):398-408. doi: 10.1016/s1262-
3636(07)70133-7, PMID 15671906.

39. Stulnig TM, Oppermann U, Steffensen KR, Schuster GU, Gustafsson JA. Liver X 
receptors downregulate 11β-hydroxysteroid dehydrogenase type 1 expression 
and activity. Diabetes. 2002;51(8):2426-33. doi: 10.2337/diabetes.51.8.2426, 
PMID 12145154.

40. Cao G, Liang Y, Broderick CL, Oldham BA, Beyer TP, Schmidt RJ, et al. 
Antidiabetic action of a liver X receptor agonist mediated by inhibition of 
hepatic gluconeogenesis. J Biol Chem. 2003;278(2):1131-6. doi: 10.1074/jbc.
M210208200, PMID 12414791.

41. Bełtowski J. Liver X receptors (LXR) as therapeutic targets in dyslipidemia. 
Cardiovasc Ther. 2008;26(4):297-316. doi: 10.1111/j.1755-5922.2008.00062.x, 
PMID 19035881.

42. Kennedy MA, Barrera GC, Nakamura K, Baldán A, Tarr P, Fishbein MC, et al. 
ABCG1 has a critical role in mediating cholesterol efflux to HDL and preventing 
cellular lipid accumulation. Cell Metab. 2005;1(2):121-31. doi: 10.1016/j.
cmet.2005.01.002, PMID 16054053.

43. Kase ET, Thoresen GH, Westerlund S, Højlund K, Rustan AC, Gaster M. Liver X 
receptor antagonist reduces lipid formation and increases glucose metabolism 
in myotubes from lean, obese and type 2 diabetic individuals. Diabetologia. 
2007;50(10):2171-80. doi: 10.1007/s00125-007-0760-7, PMID 17661008.

44. Ni M, Zhang B, Zhao J, Feng Q, Peng J, Hu Y, et al. Biological mechanisms 
and related natural modulators of liver X receptor in nonalcoholic fatty liver 
disease. Biomed Pharmacother. 2019 May 1;113:108778. doi: 10.1016/j.
biopha.2019.108778, PMID 30897538.

45. Lee YC, Huang HY, Chang CJ, Cheng CH, Chen YT. Mitochondrial GLUT10 
facilitates dehydroascorbic acid import and protects cells against oxidative 
stress: Mechanistic insight into arterial tortuosity syndrome. Hum Mol Genet. 
2010 Oct 1;19(19):3721-33. doi: 10.1093/hmg/ddq286, PMID 20639396.

46. Laurencikiene J, Rydén M. Liver X receptors and fat cell metabolism. Int J Obes 
(Lond). 2012;36(12):1494-502. doi: 10.1038/ijo.2012.21, PMID 22370853.

47. Kockx M, Traini M, Kritharides L. Cell-specific production, secretion, and 
function of apolipoprotein E. J Mol Med (Berl). 2018;96(5):361-71. doi: 10.1007/
s00109-018-1632-y, PMID 29516132.

48. Mak PA, Laffitte BA, Desrumaux C, Joseph SB, Curtiss LK, Mangelsdorf DJ, et al. 
Regulated expression of the apolipoprotein E/C-I/C-IV/C-II gene cluster in murine 
and human macrophages. A critical role for nuclear liver X receptors alpha and 
beta. J Biol Chem. 2002;277(35):31900-8. doi: 10.1074/jbc.M202993200, PMID 
12032151.

49. A-González N, Castrillo A. Liver X receptors as regulators of macrophage 
inflammatory and metabolic pathways. Biochim Biophys Acta. 2011;1812(8):982-94. 
doi: 10.1016/j.bbadis.2010.12.015. PMID 21193033.

50. Nader N, Ng SS, Wang Y, Abel BS, Chrousos GP, Kino T. Liver X receptors 
regulate the transcriptional activity of the glucocorticoid receptor: Implications 
for the carbohydrate metabolism. PLOS ONE. 2012;7(3):e26751. doi: 10.1371/
journal.pone.0026751, PMID 22457708.

51. Oram JF, Heinecke JW. ATP-binding cassette transporter A1: A cell cholesterol 
exporter that protects against cardiovascular disease. Physiol Rev. 2005 



Kumari and Bais.: Role of the Liver X Receptor and its Future Scenarios

8 Free Radicals and Antioxidants, Vol 12, Issue 1, Jan-Jun, 2022

Cite this article: Rana RK, Bais S. Therapeutic Role of the Liver X Receptor in Modulation of Metabolic Diseases and Future 
Scenarios. Free Radicals and Antioxidants. 2022;12(1):1-8.

74. Molusky MM, Hsieh J, Lee SX, Ramakrishnan R, Tascau L, Haeusler RA, et al.  
Metformin and AMP kinase activation increase expression of the sterol 
transporters ABCG5/8 (ATP-binding cassette transporter G5/G8) with potential 
antiatherogenic consequences. Arterioscler Thromb Vasc Biol. 2018;38(7):1493-503. 
doi: 10.1161/ATVBAHA.118.311212, PMID 29853564.

75. Ye Z, Lu Y, Wu T. The impact of ATP-binding cassette transporters on metabolic 
diseases. Nutrition and Metabolism. 2020 Dec;17(1):1-4.

76. Matsushita K, Morello F, Zhang Z, Masuda T, Iwanaga S, Steffensen KR, 
et al. Nuclear hormone receptor LXR-α inhibits adipocyte differentiation 
of mesenchymal stem cells with Wnt/beta-catenin signaling. Lab Invest. 
2016;96(2):230-8. doi: 10.1038/labinvest.2015.141, PMID 26595172.

77. Pownall HJ, Rosales C, Gillard BK, Gotto AM. High-density lipoproteins, reverse 
cholesterol transport and atherogenesis. Nat Rev Cardiol. 2021;18(10):712-23. 
doi: 10.1038/s41569-021-00538-z, PMID 33833449.

78. Wang N, Westerterp M. ABC transporters, cholesterol efflux, and implications 
for cardiovascular diseases. Adv Exp Med Biol. 2020;1276:67-83. doi: 
10.1007/978-981-15-6082-8_6, PMID 32705595.

79. Nelson JK, Koenis DS, Scheij S, Cook EC, Moeton M, Santos A, et al. EEPD1 
is a novel LXR target gene in macrophages which regulates ABCA1 abundance 

and cholesterol efflux. Arterioscler Thromb Vasc Biol. 2017 Mar;37(3):423-32. 
doi: 10.1161/ATVBAHA.116.308434, PMID 28082258.

80. Heering J, Merk D. Hybrid reporter gene assays: Versatile in vitro tools to 
characterize nuclear receptor modulators. Methods Mol Biol. 2019;1966:(175-92). 
doi: 10.1007/978-1-4939-9195-2_14, PMID 31041747.

81. Luo J, Jiang LY, Yang H, Song BL. Intracellular cholesterol transport by 
sterol transfer proteins at membrane contact sites. Trends Biochem Sci. 
2019;44(3):273-92. doi: 10.1016/j.tibs.2018.10.001, PMID 30415968.

82. Kalupahana NS, Wang S, Rahman SM, Moustaid-Moussa N. Function and 
regulation of macrophage stearoyl-CoA desaturase in metabolic disorders. 
InStearoyl-CoA Desaturase Genes in Lipid Metabolism 2013 (pp. 61-71). New 
York: Springer.

83. Sheng X, Zhu X, Zhang Y, Cui G, Peng L, Lu X, et al. Rhein protects against 
obesity and related metabolic disorders through liver X receptor-mediated 
uncoupling protein 1 upregulation in brown adipose tissue. Int J Biol Sci. 
2012;8(10):1375-84. doi: 10.7150/ijbs.4575, PMID 23139635.

84. Ou Z, Jiang M, Hu B, Huang Y, Xu M, Ren S, et al. Transcriptional regulation 
of human hydroxysteroid sulfotransferase SULT2A1 by LXR-α. Drug Metab 
Dispos. 2014;42(10):1684-9. doi: 10.1124/dmd.114.058479, PMID 25028566.


