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Previous studies have linked the mysterious and in-
evitable process of aging to essential processes
such as metabolism, maturation, and fecundity. Each
of these processes is controlled to a large extent by
nuclear hormone receptors (NHRs). NHRs also play
important roles in the control of periodical process-
es, the most recently implicated being circadian
rhythm. This Review stresses the mounting evidence
for tight relationships between each of these NHR-
regulated processes and the processes of aging.

Background
Nuclear hormone receptors (NHRs) are a superfamily of eu-
karyotic transcription factors that control a variety of systemic
processes through the coordinated regulation of target gene ex-
pression (1, 2). Unlike most other transcription factors, NHR
activities are controlled by small lipophilic molecules that move
readily within and between cells and organs. This mechanism
provides NHRs with the ability to respond directly to cues pro-
vided by distant cells, tissues, organs, or the environment; hence
the name nuclear hormone receptors. Known nuclear receptor
ligands range from short fatty acids to complex steroids (3, 4).
They bind to the hydrophobic cores of structurally conserved
ligand-binding domains located C terminal to the DNA binding
domain of each NHR. The structural rearrangements that ensue
can alter intramolecular interactions, subcellular localization,
DNA binding, cofactor interactions, and transcriptional outputs
(1). Although we have learned a lot about the effects of ligands
on their cognate NHRs, more than half of NHRs are orphans,
meaning that their ligands have yet to be identified.

The first NHRs to evolve, most likely related to hepatic nu-
clear receptor 4 (HNF4) or to peroxisome proliferator–activated
receptor (PPAR) NHRs (5, 6), were probably regulators of sim-
ple lipid metabolism, regulating the expression of key metabol-
ic genes. By binding to the precursors and/or products of these
reactions, as well as to appropriate collections of target gene
promoters, these prototype NHRs gained the ability to monitor
lipid levels and to autoregulate accordingly. As NHRs evolved
in number and ligand diversity, new roles in lipid homeostasis
evolved. A summary of these roles is shown in Fig. 1. Ancillary
roles related to lipid metabolism also evolved. These include
roles in pattern formation, sexual diversification, inflammation,
xenobiotic responses, and circadian rhythms. The interdepen-
dence between each of these biological processes and the pro-
cess of aging are discussed below. Consistent with an early ap-

pearance in NHR evolution, the PPAR family of receptors ap-
pears to function at the hub of lipid homeostasis and most of the
processes described.

Metabolism
To understand the link between metabolism and aging, it is im-
portant to consider the hunter-gatherer environment in which our
species evolved. Our ability to rapidly stockpile energy during
periods of abundance and to conserve energy during times of
famine has conveyed a selective advantage. However, these abili-
ties are now ill suited to the sedentary life-styles and rich diets of
modern society. The negative effects of high-calorie diets cause a
variety of disorders and diseases that link metabolism and aging
(see the section on Diseases of Aging below). Conversely, re-
duced caloric intake has been shown to increase life span and re-
sistance to stress in most model organisms (7, 8) (see Masoro
Subfield History at http://sageke.sciencemag.org/cgi/content/
full/2003/8/re2). Specifically, restriction of caloric intake to 30 to
70% of voluntary (ad libitum) levels results in extension of life
span in yeast (http://sageke.sciencemag.org/cgi/genedata/
sagekeGdbIntrvn;12) (9), worms (http://sageke.sciencemag.org/
cgi/genedata/sagekeGdbIntrvn;13) (10), flies (http://sageke.sci-
encemag.org/cgi/genedata/sagekeGdbIntrvn;14) (11), and mam-
mals, including mice (http://sageke.sciencemag.org/cgi/
genedata/sagekeGdbIntrvn;9) and rats (http://sageke.science-
mag.org/cgi/genedata/sagekeGdbIntrvn;11) (12).

At the top of the regulatory pathway that coordinates
metabolic rate with the availability of calories in the environ-
ment is the insulin/insulin-like growth factor-1 (IGF-1)–like
signaling (IIS) pathway. As with caloric restriction, down-regu-
lation of this signaling cascade significantly increases longevity
in yeast, worms, flies, and mice (13) (see Longo Perspective at
http://sageke.sciencemag.org/cgi/content/full/2004/39/pe36,
Johnson Subfield History at http://sageke.sciencemag.org/cgi/
content/full/sageke;2002/34/re4, Warner Subfield History at
http://sageke.sciencemag.org/cgi/content/full/sageke;2003/6/re,
and “One for All” at http://sageke.sciencemag.org/cgi/
content/full/sageke;2002/49/nf15). A growing list of studies in-
dicates that NHR-regulated pathways are tightly interwoven
with the IIS pathway, acting both upstream and downstream to
coordinate responses between environmental and dietary signals
and endocrine signals emanating from the central nervous sys-
tem (14). Although evidence of upstream NHR actions on IIS is
less extensive than that for downstream interactions, a recent in-
flux of data suggests that many additional connections remain
to be discovered. An example of an upstream interaction is the
modulation of insulin secretion from pancreatic islets and β
cells by PPARα (15). Transcription of the PPARα gene is also
repressed by glucose (16). Another example is PPARγ, which,
when heterodimerized with retinoid X receptor α (RXRα),
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down-regulates genes required for lipid synthesis and uptake.
This is controlled indirectly through activation of insulin-in-
duced gene 1 (Insig-1) expression (17). Insig-1 acts posttran-
scriptionally on sterol regulatory element–binding proteins,
causing them to be retained in the endoplasmic reticulum (18). 

The cellular response to insulin or IGF-1 is coordinated
through a number of transcription factors (19). Of these, the
FOXO (http://sageke.sciencemag.org/cgi/content/full/2004/
23/pe25) (Forkhead box, subclass O) class is most salient to the
role of NHRs in aging (Fig. 2). IIS controls the amount of ac-
tive FOXO protein in the nucleus, causing nuclear export under

increased insulin signaling (20). In worms, the FOXO homolog
DAF-16 (http://sageke.sciencemag.org/cgi/genedata/sageke-
GdbGene;35) is essential for the increased longevity brought
about by mutations of the IIS pathway genes daf-2 (http://
sageke.sciencemag.org/cgi/genedata/sagekeGdbGene;38)
(which encodes an insulin/IGF-1 receptor) and age-1
(http://sageke.sciencemag.org/cgi/genedata/sagekeGdbGene;2)
(which encodes a phosphatidylinositol-3-OH kinase) (21).
Overexpression of DAF-16 in worms or of dFOXO in flies also
extends life span (22, 23). FOXO proteins have been shown to
interact with a number of NHRs (summarized in Fig. 2). In the
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cases of estrogen receptor α (ERα), retinoic acid receptor
(RAR), and thyroid receptor (TR), FOXO acts as an essential
cofactor in transcriptional activation (24–26). Conversely, both
ERα and its ligand have been shown to act as both repressors of
transactivation brought about by FOXO1 and of cell cycle arrest
brought about by FOXO3a (24). FOXO1 has also been shown
to interact with PPARγ, with the two proteins acting as recipro-
cal antagonists. This interplay is augmented by the antidiabetic
PPARγ ligand rosiglitazone (27). Similar types of NHR/FOXO
interactions appear to exist with the NHRs HNF4 and androgen
receptor (AR) (25, 28). 

Among the NHRs, PPARs appear to play a particularly impor-
tant role in IIS and dietary restriction. Of the three (α, δ, and γ),
PPARα and γ are the best understood. For example, a recent mi-
croarray study showed that PPAR target genes are among the first
and most prevalent genes to be up-regulated in the liver by re-

duced-calorie diets (29). As stated above, PPARα regulates fatty
acid catabolism, and in doing so, coordinates lipid metabolism and
glucose homeostasis with feeding and fasting cycles. In contrast,
PPARγ is a fundamental regulator of adipogenesis, controlling the
expression of genes involved in lipid storage (see Melloul Perspec-
tive at http://sageke.sciencemag.org/cgi/content/full/2004/9/pe9,
“Counterattack” at http://sageke.sciencemag.org/cgi/content/
full/2004/23/nf57, and “Wasting Away: Stress Response Keeps
Aging Cells from Fattening Up” at http://sageke.sciencemag.org/
cgi/content/abstract/2002/8/nw25). More recently, studies with
PPARδ have shown that it is a potent regulator of fatty acid
catabolism and energy homeostasis (30, 31). The expression of an
activated form of PPARδ in skeletal muscle yielded transgenic
mice with a considerably greater ability to metabolize lipids, run
long distances, and live longer than the wild type (32, 33) (see
“Going the Extra Mile” at http://sageke.sciencemag.org/cgi/
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content/full/2004/34/nf79). As might be expected, the opposite
phenotype is displayed by PPARδ null mice (34). 

Cellular Oxidation and Stress 
From a cellular perspective, aging is a process of progressive cel-
lular damage caused by the products of metabolism. Cells with
high metabolic turnover are particularly subject to hypoxia, the
buildup of reactive oxygen species (http://sageke.sciencemag.
org/cgi/content/full/sageke;2001/1/oa5) (ROS), stress, and inflam-
mation. Cells combat these insults with a typical response path-
way that is known to involve NHR inputs at several key points
(Fig. 1). Two gas molecules, nitric oxide (NO) and carbon monox-
ide (CO), also play major roles in the sensing and response to
symptoms of cellular stress (35–38). The following sections will
show that the functions of NHRs and the production and function
of these gases may be intertwined at many different levels.

NO is produced by nitric oxide synthases (eNOS, iNOS, and
nNOS) and CO is produced by heme oxygenases (HO-1, HO-2,

and HO-3). Both types of enzymes are widely distributed and
come in constitutive and inducible forms. The interplay and ef-
fects of these molecules are complex, depending on cell type
and the extent and nature of the damage. Hence, there are likely
to be many nuances and exceptions to the generalized interac-
tions shown in Fig. 1.

The antioxidant and anti-inflammatory mechanisms of NO and
CO actions include (i) increased expression and activation of 
enzymes that neutralize and remove ROS {for example, man-
ganese superoxide dismutase [MnSOD, also known as SOD2
(http://sageke.sciencemag.org/cgi/genedata/sagekeGdbGene;
146)], cytochrome P450s, and sulfotransferases}, (ii) reduction of
the concentrations of certain inflammatants [such as cytokines 
and prostaglandins (http://sageke.sciencemag.org/cgi/content/
full/2002/29/re3#SEC6)], and (iii) smooth muscle relaxation 
(35, 39) (see “NO-aspirin, No Atherosclerosis” at http://sageke.
sciencemag.org/cgi/content/abstract/2002/36/nw126 and “Shear
Benefits” at http://sageke.sciencemag.org/cgi/content/full/
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2003/3/nw13). NO and CO also protect tissues affected by ROS,
inflammation, and hypoxia by suspending cell growth and divi-
sion (40–42) and by preventing apoptosis (36, 43) (but see also
“Cell Death, Start to Finish” at http://sageke.sciencemag.org/cgi/
content/full/2004/6/nf17).

Nuclear receptors play key roles in each of these responses.
For example, PPARα, δ, and γ, which play central roles in lipid
metabolism, also play major roles in ROS and inflammation re-
sponses. Increased PPARα activity, for example, leads to up-reg-
ulation of certain enzymes, including some of those listed above,
that break down and remove lipid-derived ROS {for example,
MnSOD and catalase [CAT (http://sageke.sciencemag.org/cgi/
genedata/sagekeGdbGene;15) (44)]}. PPARγ, on the other hand,
is activated by prostaglandins produced at sites of inflammation,
allowing it to up-regulate HO-1 gene expression (45). 

The glucocorticoid receptor (GR) is also a key mediator of
CO/NO effects and anti-inflammation (37, 46). GR expression is
up-regulated by NO and in turn induces expression of the iNOS 
gene (37, 47), resulting in further production of NO and the cre-
ation of a positive feedback loop (Fig. 1). Another important role
of GR is to block activities of the transcription factors nuclear fac-
tor kappa B (NF-κB) and AP-1. The latter are well-established ac-
tivators of inflammatory response genes. PPARα, PPARγ, ERα,
and the liver X receptor [LXR (http://sageke.sciencemag.org/
cgi/content/abstract/2002/34/nw121)] are also able to block in-
flammation by directly binding and neutralizing NF-κB and/or
AP-1 activities (48, 49).

HO, NOS, and other key enzymes in these cytoprotective
pathways, including SOD, catalase, cytochrome P450s, cy-
tochrome c oxidase, and NAPH-oxidase, could all potentially be
regulated directly by NO or CO. This is because all of these
proteins contain heme (protoporphorin IX + Fe) moities within
their active centers, which provides them with the potential to
bind gases such as O2, CO2, NO, and CO. Other potential roles
for heme, NO, and CO will be revisited below.

Many toxic by-products of lipid metabolism are also dam-
aging to the cell. The NHRs pregnane X receptor (PXR) and
constitutive androstane receptor up-regulate the expression of
genes encoding certain enzymes, including glutathione S–trans-
ferases and sulfur transferases, that facilitate the clearance of
bile acids, estrogens, and bilirubin (heme) (50). These receptors
are also charged with the job of recognizing and detoxifying
other ingested toxins. In mammals, the majority of these xeno-
biotic NHRs reside in the liver. In organisms such as worms and
insects, which literally live within their food, the presence of
more widely dispersed xenobiotic receptors is necessitated. The
nematode is an extreme example, with approximately 270 evo-
lutionarily divergent NHRs, many of which are believed to
function as xenobiotic sensors (51). Dealing with these toxins,
and the stresses that they impose, is a critical aspect of slowing
the aging process.

Sexual Maturation and Diapause
A fundamental aspect of the aging process is the tradeoff be-
tween reproductive and somatic function (see Mobbs Perspec-
tive at http://sageke.sciencemag.org/cgi/content/full/2004/
35/pe33 and Tatar Perspective at http://sageke.sciencemag.org/
cgi/content/full/sageke;2002/3/pe2). In this sense, aging can be
defined as the process that begins after sexual maturation. Sex
hormones that are recognized by nuclear receptors, such as es-
trogen, progesterone, and androgen (testosterone), play essential

roles in both sexual maturation and resulting senescence. After
sexual maturity, the concentrations of these hormones are pro-
grammed to decline. One way to counteract this decline in hor-
mone levels, and potentially in life span, is to supplement the
diminished hormone titers. This process, referred to as hormone
replacement therapy (HRT) has been explored as a viable mech-
anism not only to alleviate the acute symptoms of menopause
and andropause (such as hot flashes and depression) but also to
treat chronic aging diseases such as osteoporosis, heart disease,
and neurodegeneration (see “More Than a Hot Flash” at
http://sageke.sciencemag.org/cgi/content/full/sageke;2002/10/ns
3). At f irst considered very promising, recent results have
brought into question the safety and effectiveness of HRT in hu-
mans (52–56) (see “Weathering the HRT Storm” at
http://sageke.sciencemag.org/cgi/content/full/2003/38/nf18).
Some of the variability in results may be due to (i) the nature of
the hormones used, (ii) how and when they are applied, and (iii)
the genotypes of the test participants [reviewed by (57)]. Future
research in this area will also have to address the intrinsic com-
plexity of NHR interactions. 

A second approach to combating the decline that follows
sexual maturity is to prevent or postpone it. An elegant substan-
tiation for this tactic is found in the reproductive diapause of in-
sects. Diapause is a state of developmental arrest often used by
insects to time their life cycles to the appropriate season or sur-
roundings. This process occurs in adults and results in the arrest
of oogenesis, vitellogenesis, accessory gland activity, and mat-
ing behavior. Several threads of evidence suggest that reproduc-
tive diapause is induced by down-regulation of the endocrine ju-
venile hormone (JH). Surgical removal of the source of JH in
monarchs and grasshoppers induces diapause and also doubles
adult longevity [reviewed in (58)]. In Drosphila, diapause also
reduces mortality rates. JH is widely believed to be a ligand for
an orphan NHR waiting to be adopted. 

In Caenorhabditis elegans, a form of diapause, known as
dauer, is an alternate to the larval pathway that leads to reproduc-
tive adults (see “Dauer Power” at http://sageke.sciencemag.org/
cgi/content/abstract/2002/31/nw110). Nematodes enter dauer as a
result of environmental stress and are long-lived as compared to
reproductively growing animals. As conditions improve, diapaus-
ing animals are able to resume development and become repro-
ductive adults with normal life spans. Recent evidence suggests
that dauer diapause is controlled by an unidentified lipophilic hor-
mone, synthesized by the cytochrome P450 hydroxlase DAF-9 
(http://sageke.sciencemag.org/cgi/genedata/sagekeGdbGene;
443)and sensed by the NHR DAF-12 (http://sageke.sciencemag.
org/cgi/genedata/sagekeGdbGene;34) (59) (see “Hard Times
Teach Life-Extending Lessons” at http://sageke.sciencemag.org/
cgi/content/full/2001/11/nf5 and “Homing In on a Hormone” at
http://sageke.sciencemag.org/cgi/content/full/2004/41/nf92).

The only NHR with a known ligand in invertebrates is the
ecdysone receptor (EcR), which is involved in many aspects of
insect development and maturation. A recent study focusing on
EcR demonstrated that the endocrine hormone 20-hydrox-
yecdysone can have a measurable impact on life span (60) (see
Tatar Perspective at http://sageke.sciencemag.org/cgi/content/
full/2003/9/pe5). By creating EcR mutants less capable of bind-
ing the hormone than the wild type or by simply down-regulat-
ing hormone biosynthesis, the longevity of the flies could be
extended by up to 40%. This extension also brought with it an
increased tolerance of stress, but not the usual loss in fecundity
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brought about by down-regulation of the entire insulin response
pathway. The latter suggests that it may be possible to uncouple
the link between sexual maturation/activity and senescence.  

A phenomenon similar to diapause is observed when
Drosophila embryos are subjected to severe hypoxia. Larvae re-
versibly enter a state of suspended animation, curtailing cell divi-
sion, protein synthesis, and membrane permeability. The signal-
ing molecule that appears to mediate this response is NO (42).

Circadian Rhythm
Gaseous signaling also plays a key role in entraining circadian
rhythms. Circadian oscillators are complex molecular loops that
are entrained by environmental stimuli (zeitgebers), most im-
portantly light, but also temperature, food intake, and activity.
The conventional model establishes the suprachiasmatic nucle-
us (SCN) of the brain as the site of the central or master pace-
maker, with optic lobe input as its major driving force. “Light”
and “dark” inputs are thought to be converted to signals of NO
and CO, respectively, through activation of nNOS or HO-2
within nonoverlapping cells of the SCN (61, 62). NO and CO,
in turn, are believed to signal the central clock proteins of the
SCN: Clk and Bmal1 in the positive limb and mPers and mCrys
in the negative limb (Fig. 3). With the exception of mCrys, each
of these proteins contains a PAS domain. Like NHR ligand-
binding domains, PAS domains can act as small molecule–acti-
vated triggers [reviewed in (63)]. For the PAS domain proteins
mPer2 and the peripheral clock component NPAS-2, the small
molecule ligand is heme (64, 65), which gives them the ability
to bind and respond to diatomic gases. In the case of NPAS-2,
physiological levels of CO block its ability to bind DNA (64).
This suggests the possibility that PAS domain proteins of the
central clock may also respond directly to NO or CO.

So how does circadian rhythm relate to NHRs and aging?
Although NHRs do not appear to be part of the central clock
“core,” several have recently been shown to play important an-
cillary roles. For example, retinoid acid–related orphan receptor
α (RORα) is a positive transcriptional regulator of Bmal1 ex-
pression (66). The orphan receptor Rev-erbα blocks this activity
(67) by competing for the same DNA binding sites and acting
as a repressor (68). Rev-erbα and RORα, in turn, are regulated
by the negative limb of the central loop. In the peripheral oscil-
lators of vascular cells, retinoid nuclear receptors RXRα and
RARα negatively regulate positive limb gene expression in a
ligand-dependent manner (69).  

Based on their roles in metabolism, and the cyclical nature
of feeding, many more NHRs are likely to exhibit circadian
transcription profiles, and conversely, play important roles in
the entrainment of core and peripheral clocks. In fact, it has
been known for some time that the serum concentrations of
many hormones oscillate with a 24-hour cycle (70–74). One ex-
ample is cortisone, a glucocorticoid produced in the adrenal
gland that binds to GR. As described above, GR mediates im-
portant immunosuppressive and anti-inflamatory responses
(75). Other NHRs that have been shown to oscillate in expres-
sion or activity in various tissues include PPARα, mineralcorti-
coid receptor (MR), TR, and estrogen-related receptor alpha
(ERRα) (76–80). It will be interesting to see what the roles of
these receptors are, how many more NHRs exhibit circadian
rhythmicity, and how their functions interconnect.

Melatonin, a hormone produced by the pineal gland, is known
to play a major role in sleep cycles and the restorative nature

thereof. Melatonin operates reciprocally with the circadian clock
mechanism and has been shown to have direct and indirect roles
to counter ROS [reviewed in (81)]. Heme metabolism, which also
plays a role in ROS detoxification, is also reciprocally regulated
by circadian rhythms (65). Other relevant processes, such as im-
mune system activity, also vary with the circadian clock. Thus,
circadian rhythms help to couple appropriate metabolic processes
with active parts of the cycle and necessary recuperative func-
tions with the resting parts of the cycle. 

In Drosophila, members of the Rev-erb and ROR protein
families (E75 and dHR3, respectively) interact molecularly in
much the same way as their mammalian counterparts (82). Fur-
thermore, transcriptional expression of the B isoform of E75
appears to oscillate with a regular circadian rhythm (83). What
makes this correlation particularly intriguing is the recent find-
ing that the E75 ligand-binding domain, like the PAS domain of
NPAS2, binds heme (84). For E75, this provides it with the abil-
ity to bind NO or CO interchangeably with equally high affini-
ties. This ability could provide E75/Rev-erb proteins with a ma-
jor role in decoding NO and CO signals (in the SCN for exam-
ple) or in monitoring concentrations of systemic heme.

An ability of NHRs to monitor concentrations of heme, NO,
and CO would also provide them with obvious potential roles in
regulating cellular metabolism, stress, and aging. A further indi-
cation of the potential roles that Rev-erb and ROR family pro-
teins might play in aging is that E75 and dHR3 function both
upstream and downstream of ecdysone signaling (85, 86). Ap-
propriately timed decreases in E75, dHR3, or EcR expression
extend the duration of larval development (85, 87, 88). As de-
scribed earlier, reduction of ecdysone concentrations or EcR ac-
tivity increases life span (60). It will be interesting to see if the
same is true for E75 and dHR3.

Diseases of Aging 
Diseases associated with aging, such as diabetes, Alzheimer’s
disease (http://sageke.sciencemag.org/cgi/content/full/2001/
1/dn2) (AD), Parkinson’s disease (http://sageke.sciencemag.org/
cgi/content/full/2001/7/dn4) (PD), cardiac disease, and cancer,
are in many cases related at some level to inappropriate or dys-
functional lipid homeostasis. Use of the PPARα- and PPARγ-
specific agonists fibrates and thiazolidinediones, respectively,
have implicated these NHRs in each of these diseases (30,
89–91). These pleiotopic effects are consistent with the central
roles that PPARs play in lipid and IIS homeostatsis (32, 33). 

In cardiovascular disease, GR, PPARs, and LXRs act as in-
hibitors of proinflammatory genes related to atherosclerosis (see
Lee Science article at http://sageke.sciencemag.org/cgi/
content/abstract/2003/37/or16). If unchecked, inflammation of
the arterial walls attracts macrophages. When serum cholesterol
concentrations are high, these macrophages accumulate high con-
centrations of lipids, turning into foam cells and eventually pro-
ducing artery-clogging plaques (92). Consistent with this rela-
tionship, atherosclerotic lesions that occur in male mice deficient
in the low-density lipoprotein  receptor are dramatically reduced
by PPARγ agonists (93). PPARs and LXRs may also play a role
in atherosclerosis via their roles in lipid efflux, lipid metabolism,
and associated decreases in obesity (32, 34, 92) (see “From
Cheeseburgers to Chest Pains” at http://sageke.sciencemag.org/
cgi/content/full/2003/4/nw18). 

RORα is another receptor that regulates serum cholesterol
concentrations as well as suppressing the expression of athero-
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genic genes regulated by NF-κB (94). Accordingly, RORα mu-
tant mice also show increased susceptibility to atherosclerosis
(95). The ability of the RORα ligand-binding domain to bind
cholesterol is consistent with its role in sensing and regulating
plasma cholesterol concentrations (96). The role that these recep-
tors play in controlling inflammation in cardiovascular disease is
similar to their role in rheumatoid arthritis (http://sageke.
sciencemag.org/cgi/content/full/2002/50/oa1#SEC7), another
disease of aging.

As first indicated by studies with the cholesterol-lowering
statin drugs, cholesterol levels also play an important role in AD.
Although the nature of this relationship is currently unclear, one
hypothesis is that enzymes responsible for the synthesis of β-
amyloid peptides, which are found in cholesterol-rich membrane
“rafts,” are augmented by the increased concentrations of cellu-
lar cholesterol (97). It is through their roles in cholesterol clear-
ance that LXRs are thought to affect AD (98). Cholesterol efflux
is mediated, in part, through LXR-dependent activation of the
ApoE carrier protein (99). An allele of the apoE gene (http://
sageke.sciencemag.org/cgi/genedata/sagekeGdbGene;7)
(epsilon-4) is currently the best molecular marker for AD (100)

(see Raber Review at http://sageke.sciencemag.org/cgi/content/
full/2004/11/re2 and “Detangling Alzheimer’s Disease” at
http://sageke.sciencemag.org/cgi/content/full/2003/43/oa2).
Polymorphisms in the gene encoding cholesterol-24-hydroxylase
(CYP46), an enzyme that converts cholesterol to an oxysterol
form, have also been correlated with AD (101). Bringing these
interactions full circle, LXRs have been shown to bind and be
activated by oxysterols (102) (Fig. 1).

As described earlier, a number of studies indicate that estro-
gen therapy and ERα protect against bone loss, cognitive de-
cline, and the risk of AD, PD, and death from stroke in post-
menopausal women (103). However, the benefits and risks of
estrogen replacement are still being weighed.

Several other NHRs have been implicated in the onset of PD.
Le et al. (104) found that 10 of 107 individuals with familial
PD carry mutations in the NHR Nurr-1 (also known as
NR4A2). RXR, the heterodimeric partner of Nurr1, and related
RARs also play a potential role in PD, because they are in-
volved in the regulation of brain plasticity and regeneration
through binding of their retinoid ligands (105).

Conclusion 
As stated at the beginning of this Review, it has been suggested
that the first ligand-regulated NHRs evolved based on their
ability to monitor and regulate lipid homeostasis. The hormonal
nature of new ligands enabled the establishment of new homeo-
static processes based on, or related to, lipid metabolism. As
discussed here, these include development, growth, sexual mat-
uration, and circadian rhythm, all of which are tightly linked to
aging. The current state of the literature places PPARs at the
center of these homeostatic loops. Because of their wide-rang-
ing ligand sensitivities, these NHRs will likely prove to be im-
portant therapeutic targets for many age-related diseases. The
incorporation of heme, NO, and CO as key signaling molecules
in most of the processes discussed, and as NHR ligands, pro-
vides further connectivity between the pieces of this complex
puzzle. To complete the puzzle, ligands for the remaining or-
phan receptors will need to be discovered. Nearly half of the
mammalian NHRs are still orphans, as are much higher per-
centages in other model organisms (17 out of 18 in flies, 278

out of 278 in worms). With discoveries of new ligands will
come new tools to probe the function of cognate NHRs. Such
studies will go a long way toward bringing the picture of aging
into sharper focus.
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