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Liver X receptor b: new player in the regulatory network of thyroid hormone and
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Yifei Miaoa, Margaret Warnera, and Jan-A
�
ke Gustafssona,b

aCenter for Nuclear Receptors and Cell Signaling, Department of Biology and Biochemistry, University of Houston, Houston, TX, USA; bCenter for
Medical Innovations, Department of Biosciences and Nutrition, Karolinska Institutet, Novum, Stockholm, Sweden

ARTICLE HISTORY
Received 4 December 2015
Revised 6 January 2016
Accepted 7 January 2016

ABSTRACT
The recent discovery of browning of white adipose tissue (WAT) has raised great research interest
because of its significant potential in counteracting obesity and type II diabetes. However, the
mechanisms underlying browning are still poorly understood. Liver X receptors (LXRs) are one class
of nuclear receptors, which play a vital role in regulating cholesterol, triglyceride and glucose
metabolism. Following our previous finding that LXRs serve as repressors of UCP1 in classic brown
adipose tissue in female mice, we found that LXRs, especially LXRb, also repress the browning
process of subcutaneous adipose tissue (SAT) in male rodents fed a normal diet. Depletion of LXRs
activated thyrotropin releasing hormone positive neurons in the paraventricular area of the
hypothalamus, and thus stimulated secretion of thyroid-stimulating hormone from the pituitary.
Consequently production of thyroid hormones in the thyroid gland and circulating thyroid
hormone level were increased. Moreover, the activity of thyroid signaling in SAT was markedly
increased. One unexpected finding of our study is that LXRs are indispensable in the thyroid
hormone negative feedback loop at the level of the hypothalamus. LXRs maintain expression of
thyroid receptors in the brain and when they are inactivated there is no negative feedback of
thyroid hormone in the hypothalamus. Together, our findings have uncovered the basis of
increased energy expenditure in male LXR knock-out mice and provided support for targeting LXRs
in treatment of obesity.
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Liver X receptors (LXRs) a (NR1H3) and b (NR1H2) are
two members of the nuclear receptor family involved in
multiple metabolic pathways including insulin sensitiv-
ity, metabolism of glucose, lipid and cholesterol and
energy expenditure.1 Following ligand binding, they
repress or activate transcription of target genes by bind-
ing to specific sites on DNA and interacting with co-
repressors or co-activators. In addition to sharing similar
ligands and binding sites on DNA, LXRa and LXRb also
share a high degree of sequence homology.1 The differ-
ences in their biological functions seem, at least partially,
to be due to their different tissue distribution. LXRa is
mainly expressed in organs that are involved in lipid
metabolism such as liver, intestine, macrophages and
adipose tissue. LXRb is more widely expressed in the
immune system, in glial cells in the central nervous sys-
tem, the gall bladder, islets of the pancreas, skeletal mus-
cle and the prostate epithelium.1 Both receptors exert
important regulatory functions in atherosclerosis,

inflammation, central nervous system development and
metabolic syndrome.

The metabolic syndrome is a constellation of
related disorders characterized by obesity, insulin
resistance, dyslipidemia, fatty liver, hypertension and
atherosclerosis.2,3 Of note, obesity, which is due to
the chronic imbalance between energy intake and
energy expenditure, represents a leading event in the
metabolic syndrome and a major challenge in coun-
teracting this epidemic is to identify possible targets
that either can decrease energy intake or increase
energy expenditure.4 As a consequence, there is now
a great interest in the investigation of brown adipose
tissue, which is specialized for the dissipation of
chemical energy in the form of heat.5 However, adult
humans lack the thermogenic interscapular organ 6

which is found in newborns. Recently, studies have
demonstrated that adult humans harbor a distinct
cold-inducible depot of brown adipocytes that are
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interspersed among certain white adipose tissues in
the supraclavicular, para-aortic and suprarenal
regions.7-9 These cells, called beige or brite fat cells,
undergo a browning process upon cold exposure and
share some molecular, histologic and functional char-
acteristics with beige adipocytes found in the subcuta-
neous white adipose tissue (SAT) of mice.10,11 This
finding has raised a strong clinical interest in the pos-
sibility of therapeutically targeting beige fat for the
treatment of obesity.

For the past ten years, our team has investigated
the role of LXR in adipose tissue and has found that
LXRs negatively regulate the activity of interscapular
brown adipose tissue (BAT), specifically in female
mice.12,13 After gene expression profiling of BAT, we
found that several energy-dissipation related genes are
highly down-regulated after activation of LXR
ligands.14 When fed a normal chow diet, a four-fold
induction of Uncoupling Protein 1 (UCP1) expression
in BAT was observed in LXRa knock-out mice
(LXRa KO), but not in LXRb knockout mice (LXRb
KO).12 In line with our observation, Wang et al.
showed that LXRa is a direct transcriptional inhibitor
of UCP1 expression in BAT.15 Surprisingly, in male
LXR KO mice, the opposite has been reported. By
using two different lines of LXRab knock-out mice
(LXRab KO), both the Kalaany et al. group as well as
our group found that knockout of both LXRa and
LXRb increases energy expenditure in both male and
female rodents.12,16 However, the increased activity of
BAT only occurs in female mice and the resistance to
diet-induced obesity in LXRab KO male mice appears
to be due to ectopic expression of UCP1 in gonadal
white adipose tissues (gonadal WAT) and skeletal
muscles.16 Not long after, detailed histological exami-
nation of skeletal muscles17 revealed that, rather than
being expressed in myocytes, UCP1 is expressed in
mitochondria of brown adipocytes interspersed
between muscle bundles. Long before the concept of
‘browning’ or the discovery of beige cells, we and sev-
eral other groups have reported the expression of
UCP1 in white adipose tissue under certain circum-
stances.14,16,18,19 The contribution to energy consump-
tion by these cells was not thoroughly investigated. In
fact, the role of LXRs in the browning of white adipo-
cytes was not addressed until our recent discovery
that LXRb directly affects the recruitment of beige
cells in the subcutaneous white adipose tissue in vivo.

Male LXRb and LXRab KO mice, remained lean
when fed a normal chow diet, but LXRa KO mice did
not. Along with adipose organ weight changes, UCP1
expression and a series of beige-cell specific genes were
markedly increased in SAT from LXRb and LXRab KO

mice. We observed that beige adipocytes are most abun-
dant in the SAT not in gonadal fat in rodents This obser-
vation may explain why Kalaany et al. found an increase
of UCP1 expression in gonadal WAT of LXRab KO
mice only after they were being fed a western diet.

The thermogenic response of BAT or browning of
WAT is controlled by adrenergic (central) and non-
adrenergic (peripheral, mostly hormone-regulated) path-
ways. Heat production is stimulated by the sympathetic
nervous system (SNS), but it has an absolute requirement
for a crucial hormone, thyroid hormone (TH).20 While
T3 and norepinephrine (NE) each increase UCP1 expres-
sion by 2-fold separately, there is a 20-fold induction of
UCP1 when both agents are combined.21 TH is secreted
from the thyroid gland under the regulation of the hypo-
thalamic-pituitary axis (HPT axis). It is released into the
circulatory system and delivered to target organs such as
liver and adipose tissues, where specific transporters
facilitate its movement into the cell and subsequently its
transcription of target genes22 With the knowledge that
TH could contribute to the augmentation of energy
expenditure, we tested its signaling activity in SAT in
LXRab KO mice. As we expected, TH signaling, mea-
sured by induced expression of TRs, TH transporters
and deiodinase 2 (DIO2), was significantly stimulated in
SAT of LXRab KO mice. DIO2 is the enzyme responsi-
ble for rapid increase in intracellular T3 by conversion of
T4. Having identified elevated action of TH in SAT, we
sought to characterize the regulation of TH synthesis sys-
temically. As demonstrated by ELISA tests, the concen-
tration of T3 was increased in the circulatory system,
and this was attributed to the increased expression of
TH synthesis genes and TSHR, the receptor for thyroid
stimulating hormone (TSH) that directly modulates TH.
Although there is no direct evidence that LXR is able to
regulate the activity of TH synthesis in the thyroid gland,
it has been accepted that LXR is an important repressor
of DIO2. Christoffolete et al. demonstrated that LXR/
RXR signaling inhibits hepatic DIO2 expression and
activity both in vivo and in vitro.23

One of the most surprising and significant findings
from this study was the over-active HPT axis identified
in LXR KO mice, which suggested to us that the regula-
tion of TH feedback by LXR in the hypothalamus signifi-
cantly contributed to the increased TH synthesis in the
LXR KO mice. Neurons that express thyrotropin releas-
ing hormone (TRH) in PVN project to the portal system,
through which they reach the thyrotropin producing
cells of the anterior pituitary. TSH, which is subsequently
released, binds to its receptor (TSHR) in the thyroid
gland where TH is produced and released.22 In line with
the observation that LXRb predominantly controlled the
browning of SAT, it was also the predominant LXR
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expressed in the paraventricular nucleus (PVN) area of
the hypothalamus. Inactivation of both receptors in the
PVN of knockout mice, de-repressed TRH expression,
subsequently promoting TSH expression in the anterior
pituitary. The repressive function of LXR on TRH was
also confirmed by Ghaddab-Zroud et al.24 They showed
that LXR is able to bind to the promoter region of TRH
in the hypothalamus and transcriptionally repress its
mRNA expression. Local conversion of T4 to T3, by
DIO2, provides negative feedback through binding to
TRs at the level of thyrotrophs in the pituitary and tany-
cytes in the hypothalamus. This results in reduction in
TRH and TSH secretion in response to adequate tissue
level of TH. Nevertheless, the negative feedback loop
appeared to be broken in the hypothalamus of LXRab
KO mice. Somehow, the depletion of LXRs caused loss of
TRs, especially TRb in the PVN area. Unlike what we
have discovered in the cortex of the brain, where TRa is
partially capable of compensating for LXRb’s function
during postnatal brain development,25 the existence of
LXRs seemed indispensable for maintaining expression
of TR and negative feedback in the PVN. In this way,
TRH-positive neurons are no longer repressed by TH
and continuously release stimulatory signaling. However,
the underlying mechanism remains open for further

investigation. Since no suppression of mRNA level of
TRs has been observed (unpublished data), post-transla-
tional modification of TR mediated by LXR or their co-
factors might provide a possible explanation.

Our study not only identifies LXR as a novel repressor
of the browning response in SAT through promoting
HPT axis, importantly, we also highlight its previously
unrevealed role in mediating the classic thyroid hormone
negative feedback loop (Fig. 1). We believe that this
finding will provide a new understanding about the neu-
roendocrine regulation of thyroid hormone and an alter-
native way for the treatment of obesity.

At present, the thought of targeting LXR to treat
human obesity does not appear to be a viable pharmaco-
logical approach. In addition to causing diseases associ-
ated with high levels of thyroid hormone, there are many
important physiological functions of LXR in the brain
including anti-inflammatory actions, which protect the
brain against neurodegeneration. Perhaps, in the future,
LXR isoform-selective antagonists will be developed
which will deliver the wanted effects and leave the bene-
ficial effects of these receptors intact. Meanwhile, much
work has been done on the study of the effects of thyroid
hormone in human adipocytes 26 for review. Direct tar-
geting of thyroid hormone receptors with the synthetic

Figure 1. Schematic diagram of actions of LXRb in controlling of thyroid hormone feedback in the brain and browning of SAT. TRH
expressed by the neurons in PVN of the hypothalamus stimulates release of TSH from the anterior pituitary, which in turn stimulates thy-
roid hormone synthesis at the thyroid gland. T4/T3 in the circulation enter their target organs such as SAT and activate the browning
process. In reverse, the circulating thyroid hormones negatively regulate their own production through targeting both pituitary and
hypothalamus. LXRb is able to transcriptionally inhibit the expression of TRH in the PVN area. Genetic depletion of LXRs releases their
transcriptional suppression on TRH and breaks the negative feedback loop due to the lack of TRs in the PVN area, thus promotes TSH
secretion in the pituitary and activates the synthesis of thyroid hormone, which eventually increases the browning of SAT.
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thyroid agonist (GC-1) appears to be a more promising
approach to the treatment of obesity.

Abbreviations

WAT white adipose tissue
LXRs liver X receptors
SAT subcutaneous adipose tissue
BAT brown adipose tissue
LXRa KO LXRa knockout mice
LXRb KO LXRb knock-out mice
LXRab KO LXRab knockout mice
SNS sympathetic nervous system
TH thyroid hormone
NE norepinephrine
HPT hypothalamic-pituitary-thyroid gland
DIO2 deiodinase 2
TSH thyroid stimulating hormone
TSHR the receptor for TSH
TRH thyrotropin releasing hormone
PVN paraventricular nucleus
ERs estrogen receptors
TRs thyroid hormone receptors
UCP1 uncoupling protein 1
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