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SUMMARY

Lipids play crucial roles in regulating aging and longevity. In the past few decades, a series of genetic pathways have been discovered to regulate lifespan in model organisms. Interestingly, many of these regulatory pathways are linked to lipid metabolism and lipid signaling. Lipid metabolic enzymes undergo significant changes during aging and are regulated by different longevity pathways. Lipids also actively
modulate lifespan and health span as signaling molecules. In this review, we summarize recent insights
into the roles of lipid metabolism and lipid signaling in aging and discuss lipid-related interventions in promoting longevity.
INTRODUCTION
Lipids are key biological molecules that contribute to cellular
and organismal functions in three principal ways. First, they
are fundamental structural elements of cellular membranes,
which build a selective barrier separating the cell from the environment and ensuring subcellular compartmentalization. Second, they are key molecules in energy metabolism to fuel the
cell. Third, they play active roles in signal transduction by
directly acting as signaling molecules, or indirectly by affecting
membrane fluidity, providing post-translational modifications or
allosteric modulation. Harmful lipid storage and peroxidation
have been correlated with aging, but emerging studies also
provide evidence to support the active signaling role of lipids
in regulating lifespan and longevity. To overview the recent
progress in this area, we first illustrate how changes in different
classes of lipids are associated with aging and longevity in the
context of their functions. We also review changes in brain
lipids in association with aging and neurodegenerative diseases. Next, we summarize how well-conserved pro-longevity
signaling mechanisms regulate lipid metabolism. In the last
section, we focus on a rapidly evolving area of research
regarding the longevity regulation by lipid signals, their binding
proteins, and receptors.
Age-associated changes in lipid metabolism
Lipids are broadly defined by their insolubility in water but solubility in organic solvents. To facilitate the discussion in this
review, lipids are divided into three categories: fatty acids, phospholipids (glycerophospholipids and sphingolipids), and neutral
lipids (triglycerides and cholesteryl esters) (Figure 1; Box 1).
Here, we discuss age-associated changes in the metabolism
of different lipid species and how direct manipulation of their
metabolism modulates longevity.

Fatty acid composition of phospholipids and aging
Fatty acids (FAs) have been linked with longevity in association
with their composition. FA chains can be either saturated
(SFA), monounsaturated (MUFA), or polyunsaturated (PUFA)
(Figure 1), and the ratio of saturated to unsaturated FAs is usually
40:60 in eukaryotic cells. This ratio not only impacts membrane
fluidity, flexibility, and selective permeability but also influences
the susceptibility of the membrane to peroxidation. Reactive
oxygen species (ROS) are natural byproducts of aerobic metabolism and their accumulation during aging leads to lipid peroxidation that damages membranes and other biological macromolecules. PUFAs in membrane phospholipids are particularly
susceptible to ROS attack, and longer-lived species are often
found to have a lower membrane PUFA/MUFA ratio than
shorter-lived ones. For example, the longest-living metazoan
species, the mollusk Arctica islandica, has more MUFAs in their
cellular and mitochondrial membrane phospholipids than other
shorter-lived mollusk species (Munro and Blier, 2012). The
longest-living rodents, naked mole-rats, have very low levels of
the PUFA docosahexaenoic acid in phospholipids when
compared with mice (Mitchell et al., 2007). Paradoxically, studies
on human erythrocyte and lymphocyte membranes found that
centenarians have more PUFAs compared with every other
age group but decreased susceptibility to peroxidation (Ponnappan et al., 1996; Rabini et al., 2002). Centenarians also possess
an increased ratio of u-3 to u-6 PUFAs (Rabini et al., 2002). In the
Leiden longevity study, which analyzed the plasma lipidome in
the middle-aged offspring of nonagenarians and their spouse
controls, female offspring show a lower ratio of PUFA/MUFA,
but male offspring show no difference (Gonzalez-Covarrubias
et al., 2013). Thus, the relationship between FA saturation and
longevity is tissue specific, sex linked, and species dependent.
Furthermore, comparative profiling of sphingomyelins between centenarians and control elderly individuals has revealed
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Figure 1. Different classes of lipid species
Fatty acids are building blocks of all lipids. Palmitic, oleic, and a-linolenic acid are shown as examples for saturated, monounsaturated, and polyunsaturated FAs,
respectively. For storage lipids, triglycerides consist of three FAs attached to a glycerol, whereas cholesterol esters consist of a fatty acid attached to a
cholesterol. Glycerophospholipids are lipids with a polar group attached to one of the positions on the glycerol backbone and FAs attached to the other two. For
example, phosphatidylcholines have a choline attached to the third position on the glycerol. Other than choline, the head group could be ethanolamine, inositol,
serine, and glycerol. Sphingolipids have a sphingoid base attached to one fatty acid. For example, ceramides have sphingosine attached to a fatty acid. For
signaling lipids, N-acetylethanolamides (e.g., oleoylethanolamide) and cholesterol-derived bile acids (e.g., cholic acid) are shown as examples.

increased levels of specific FA moieties as biomarkers of healthy
aging in humans, including SM41:2, SM36:2, and SM34:1 (Montoliu et al., 2014). A similar overall increase in these sphingomyelins was also detected in another study as a lipidomic signature
of familial longevity (Gonzalez-Covarrubias et al., 2013). Sphingomyelinases convert sphingomyelins to ceramides, and their
increased activity during aging may lead to the reduction of
sphingomyelins and the induction of ceramides seen in the
elderly (Sacket et al., 2009). Low serum ceramide levels in elderly
women have been associated with reduced risk of dementia and
2 Developmental Cell 56, May 17, 2021

Alzheimer’s disease (Mielke et al., 2012). Ceramides can also be
synthesized from sphingosine by ceramide synthases and
degraded by ceramidases. In C. elegans, there are three homologs encoding ceramide synthases, hyl-1, hyl-2, and lagr-1. The
hyl-2 mutant is short lived, but the hyl-1;lagr-1 double mutant is
long lived (Mosbech et al., 2013). It is shown that HYL-1 and
HYL-2 are more specific for the formation of ceramide species
containing C20–C22 and C26 FA chains, respectively, and
the long-lived hyl-1;lagr-1 double mutant has decreased levels
of C16–C18 and C26 but increased levels of C22 species
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Box 1. Overview of lipid species

Fatty acids: FAs are fundamental building blocks of membrane phospholipids and storage lipids. These carboxylic acids with a
hydrocarbon tail can be classified based on their length: short-chain (5 or fewer carbons), medium-chain (6–12 carbons), longchain (13–21 carbons), and very-long-chain fatty acids (21 or more carbons) and also the number of double bonds in their hydrocarbon tails: saturated (no double bonds, SFA), monounsaturated (a single carbon-carbon double bond, MUFA), and polyunsaturated (more than one carbon-carbon double bond, PUFA). The carbon-carbon double bond is predominantly in cis configuration,
which gives unsaturated FAs a ‘‘kink’’ in their shape and makes their biochemical properties distinct from saturated FAs with the
same length. Moreover, depending on the location of the first double bond from the terminal methyl group, unsaturated FAs can be
grouped into u-3, u-6, u-9, etc. The number and the position of the double bonds strongly impact the physical and physiological
properties of unsaturated FAs.
Phospholipids – glycerophospholipids and sphingolipids: Membrane phospholipids form the structural barrier of the cell and
subcellular compartments and also modulate signal transduction by affecting membrane fluidity and curvature, or by generating
signaling lipids. The two most abundant membrane phospholipids are glycerophospholipids and sphingolipids, in which FA chains
and polar head groups are linked to either a glycerol or sphingosine base, respectively. Glycerophospholipids are derivatives of
phosphatidic acid that carry different polar head groups, e.g., phosphatidylethanolamine, phosphatidylcholine, phosphatidylserine, phosphatidylinositol, and cardiolipin. Sphingolipids, on the other hand, have a ceramide base and differ in their polar head
groups. Sphingomyelins have a phosphocholine or phosphoethanolamine head group, while cerebrosides and gangliosides carry
a single sugar and oligosaccharide residues as a head group, respectively.
Neutral lipids – triacylglycerides and cholesterol esters: Neutral lipids, comprised triglycerides and sterol esters/cholesterol
esters, lack charged groups and are the major form of storage lipids. Triglycerides are glycerolipids that consist of three FAs
attached to glycerol. Biosynthesis of triglycerides begin with glycerol-3-phosphate acyltransferase that combines glycerol-3phosphate, a phosphorylated glycerol, with coenzyme A-bound FAs (acyl-CoA), to generate lysophosphatidic acid. A second
acyl-CoA can be added by acyl-CoA:1-acylglycerol-3-phosphate acyltransferase to generate phosphatidic acid, which can be hydrolyzed by lipins to generate diacylglyceride. A third esterification step catalyzed by diacylglyceride acyltransferase (DGAT) produces triglyceride. Cholesterol esters, on the other hand, can be synthesized by two types of enzymes: acyl-CoA:cholesterol acyltransferase and lecithin:cholesterol acyltransferase that uses acyl-CoAs and phospholipids, respectively to esterify cholesterol.
Within the cell, neutral lipids are stored in lipid droplets, organelles that play a crucial role in energy metabolism and signal transduction. Neutral lipids are degraded via two different mechanisms: lipolysis and lipophagy. Lipolysis involves metabolization of
lipids stored within lipid droplets, via lipid droplet-associated lipases: ATGL toward triglycerides, diacylglycerol lipase (DAGL)
and HSL toward diacylglyceride, and monoacylglycerol lipase (MAGL) toward monoglyceride. In addition, diacylglyceride can
be metabolized into phosphatidic acids by DGK. Lipophagy also contributes to lipid metabolization from lipid droplets, during
which autophagosomes engulf lipid droplets and subsequently fuse with lysosomes, resulting in lipid hydrolysis by lysosomal
acid lipases. Ultimately, the end products of lipolysis and lipophagy, free FAs, are subjected to further degradation through mitochondrial or peroxisomal b-oxidation, which cyclically removes 2 carbons from the hydrocarbon tails at a time and generates ATP
via the tricarboxylic acid cycle and oxidative phosphorylation. For unsaturated FAs, additional enzymes, such as isomerases and
dehydrogenases, are required to process the double bonds before b-oxidation.

(Menuz et al., 2009). In Drosophila, deleting the homolog of the
alkaline ceramidase, Dacer, increases the level of C20-C24 ceramides, oxidative stress resistance, and lifespan (Yang et al.,
2010). These studies support the importance of specific ceramides and sphingomyelins in regulating longevity, which may be
associated with their FA moieties. On the other hand, mutations
of mouse Lass1, a ceramide synthase gene, are identified in
flincher and toppler mutants (Zhao et al., 2011). These mice
are not short lived but exhibit significant weight loss together
with neurodegenerative and cellular aging traits (Zhao et al.,
2011). A hyperactive LASS1 allele in humans, in combination
with specific variants in human Ras1 and apolipoprotein E
(APOE), is also associated with exceptional longevity (Jazwinski
et al., 2010). The specificity of the mammalian LASS1 toward FA
moieties is currently unknown.
Neutral lipid mobilization and longevity
Biosynthesis and mobilization of neutral lipids are catalyzed by a
variety of enzymes (Box 1), which have been linked with longevity
regulation (Figure 2). In budding yeast, deletion of triglyceride lipases or overexpression of diacylglyceride acyltransferase

(DGAT) increases lipid accumulation and lifespan (Handee
et al., 2016). In contrast, in female mice, DGAT1 deficiency promotes longevity and leanness without reducing food intake.
These DGAT1-deficient mice also show reduced cholesterol
biosynthesis and are protected against age-onset obesity and
inflammation in white adipose tissue (Streeper et al., 2012). In
C. elegans, overexpression of adipose triglyceride lipase
(ATGL) or its muscle-specific activation by protein kinase A prolongs lifespan (Schmeisser et al., 2019; Zaarur et al., 2019).
Furthermore, in both C. elegans and Drosophila, overexpression
of diacylglyceride lipase (DAGL) or knockdown of diacylglycerol
kinase (DGK) increases lifespan and oxidative stress tolerance,
while the mutation of DAGL shows the opposite effects (Lin
et al., 2014). More recently, pharmacological screens have identified a monoacylglyceride lipase (MAGL) inhibitor, JZL184, as a
potent pro-longevity inducer in C. elegans (Chen et al., 2019).
Interestingly, most of these studies reveal a correlation between
increased lipid mobilization and longevity.
Increased lipid mobilization promotes a metabolic shift
toward FA b-oxidation, which has been associated with several
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Figure 2. Lipid metabolic changes associated with aging
Specific lipid metabolic enzymes localize to different cellular organelles. The activities of those enzymes are shown to influence lifespan and health span in various
model organisms, as well as humans. Age-associated changes are also detected in specific lipid profiles.

well-known longevity mechanisms (Ratnappan et al., 2014; Um
et al., 2004; Xu et al., 2012). Furthermore, activation of mitochondrial b-oxidation by overexpressing acyl-CoA synthetase 2 (acs2) in the C. elegans intestine, a major fat storage site, decreases
fat storage and promotes longevity (Ramachandran et al., 2019).
In Drosophila, female flies heterozygous for the Enigma gene,
which encodes the acyl-CoA dehydrogenase, show lifespan
extension and decreased triglyceride storage (Mourikis et al.,
2006), also supporting increased lipolysis and FA oxidation
associated with longevity.
Cholesterol in brain aging
Lipids represent up to 50% of the brain’s dry weight, and the
most abundant lipid species in the brain are glycerophospholipids and cholesterol (Figure 1). In the central nervous system,
cholesterol is predominantly found in myelin sheaths and in the
plasma membrane of neurons and astrocytes. In addition to its
canonical role of fine-tuning membrane fluidity and permeability,
cholesterol physically interacts with signaling receptors to control their conformation and mobility. During aging, about 20%–
40% of cholesterol is lost from several brain regions (Söderberg
et al., 1990). The reduction of caveolin-1, a lipid raft resident protein that binds to cholesterol and organizes a multitude of receptors and signaling proteins, is also detected in the aged brain,
which negatively impacts synaptic activity and contributes to
neurodegeneration (Egawa et al., 2016). Since cholesterol
cannot traverse the blood-brain barrier, neurons have to either
synthesize it de novo or obtain it from astrocytes. The transfer
4 Developmental Cell 56, May 17, 2021

of cholesterol from astrocytes to neurons is primarily mediated
by brain apolipoproteins, which play a crucial role in regulating
aging and longevity (Wang and Eckel, 2014). In particular,
APOE is the most abundant brain apolipoprotein, and its encoding gene has three major allelic variants referred to as ε2, ε3, and
ε4. The ε4 allele has been linked with an increased risk of Alzheimer’s disease, but the ε2 allele is associated with neuropro€chter
tective, anti-Alzheimer’s effects and human longevity (Scha
et al., 1994). Cholesterol derivatives, bile acids (Figure 1), are
also detected in the brain, and their levels decrease by about
70% during aging in rats (Zheng et al., 2016). It is currently unknown whether the decrease is due to decreased transport of
bile acids across the blood-brain barrier or decreased bile acid
synthesis in the brain. Further understanding of brain cholesterol
regulation will help prevent and treat age-related cognitive
decline and neurodegeneration.

Pro-longevity signaling pathways in regulating lipid
metabolism
Molecular characterization of pro-longevity signaling pathways
has begun to uncover mechanistic links between lipid metabolism and longevity. Here, we focus on three highly conserved
signaling mechanisms in regulating longevity: insulin/IGF-1
signaling (IIS), mechanistic target of rapamycin (mTOR)
signaling, and germline endocrine signaling (Figure 3). Dietary restriction is another well-known intervention in promoting
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Figure 3. Pro-longevity signaling pathways regulating lipid metabolism
Molecular characterization of conserved pro-longevity signaling mechanisms, including IIS, mTOR signaling, and germline endocrine signals, have uncovered
interesting mechanistic links between lipid metabolism and longevity. In C. elegans, multiple transcription factors/mediators and nuclear receptors act in these
pathways to regulate different lipid metabolic processes.

longevity, and its effects on lipid metabolism are nicely summarized in recent reviews, e.g., Diego et al. (2019).
IIS
The discovery of C. elegans age-1 and daf-2 mutations that
could double lifespan opened the era of molecular genetics of
aging (Friedman and Johnson, 1988; Kenyon et al., 1993).
daf-2 and age-1 encode the insulin/IGF-1 receptor and the
downstream phosphoinositide 3-kinase, respectively, and their
pro-longevity effects are completely dependent on daf-16, a
FOXO transcription factor (Kenyon et al., 1993; Ogg et al.,
1997). Later studies confirmed the high conservation of this
longevity-regulating pathway in fruit flies, mice, and human (Lapierre and Hansen, 2012). Interestingly, several, but not all, longlived mutant alleles of daf-2 show increased fat storage, and
further analyses revealed that site-specific mutations differentially regulate longevity and fat storage (Perez and Van-Gilst,
2008). Thus, the longevity effect caused by IIS reduction is not
simply a result of overall fat storage increase but may be attributed to specific changes in lipid metabolism.
In fact, specific lipid metabolic genes are found to be differentially expressed upon reduced IIS, including FA desaturases and
elongases, lipases, and lipid transport proteins (Murphy et al.,
2003; Shmookler Reis et al., 2011). FA profiling also revealed
that the activity of D-9 desaturases and the percentage of
MUFAs are positively correlated with increased lifespans in the
daf-2 and age-1 mutants, while the percentage of PUFAs displays a negative correlation (Shmookler Reis et al., 2011). Inacti-

vation of a D-9 desaturase encoding gene, fat-7, suppresses the
longevity of the daf-2 mutant (Murphy et al., 2003), while fat-7
overexpression prolongs lifespan by inducing MUFA accumulation (Han et al., 2017). Furthermore, supplementation of the
MUFA oleic acid is sufficient to prolong lifespan in C. elegans
(Han et al., 2017). A lysosomal acid lipase, lipl-4, is also upregulated in the daf-2 mutant in a DAF-16/FOXO-dependent manner
(Wang et al., 2008). Inactivation of lipl-4 suppresses the lifespan
extension of the daf-2 mutant (Wang et al., 2008), while overexpression of this lipase is sufficient to extend lifespan by
increasing both lipophagy and mitochondrial b-oxidation (Lapierre et al., 2011; Ramachandran et al., 2019).
Interestingly, despite the ubiquitous expression of the DAF-16/
FOXO transcription factor, its activity in the fat storage tissue is
specifically responsible for the longevity regulation. In
C. elegans, this regulation can be mediated by the DAF-16
target, mdt-15, which encodes a transcriptional mediator subunit (Libina et al., 2003; Zhang et al., 2013). MDT-15 cooperates
with nuclear receptors and the sterol regulatory element binding
protein (SREBP) to regulate genes involved in lipid metabolism
(Arda et al., 2010), which may result in the production of lipid signals from the fat storage tissue to affect distant organs. DAF-16
also collaborates with XBP-1 (X-box-binding protein 1) to control
the unfolded protein response of the endoplasmic reticulum in
the intestine and lifespan (Henis-Korenblit et al., 2010). Recently,
overexpression of the active form of XBP-1 was shown to prolong lifespan and promote lipid metabolic changes, such as
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the induction of lipophagy, upregulation of the MUFA oleic acid,
and decrease in triglycerides (Daniele et al., 2020; Imanikia et al.,
2019). Importantly, most of these lipid metabolic changes are
necessary for the longevity effect conferred by XBP-1 activation
(Imanikia et al., 2019). In Drosophila, activation of the dFOXO
transcription factor specifically in the head and peripheral fat
body prolongs lifespan (Giannakou et al., 2004; Hwangbo
et al., 2004). Moreover, adipose-specific knockout of the insulin
receptor in mice reduces fat mass, increases basal metabolic
€her et al., 2003; Katic et al.,
rate, and extends lifespan (Blu
2007). Similarly, mice carrying additional copies of PTEN, which
reverses IIS activation, show significant lifespan extension along
with increased energy expenditure from the induction of mitochondrial uncoupling in the brown adipose tissue (Ortega-Molina
et al., 2012). Thus, in response to reduced IIS, lipid metabolic remodeling in the fat storage tissue plays a critical role in the systemic regulation of longevity.
mTOR signaling
Another well-conserved longevity regulatory mechanism involves mTORC1, composed of three core components, Raptor,
mLST8, and mTOR kinase. As a key regulator of growth and
metabolism, mTORC1 activity is tightly influenced by growth factors, energy levels, and nutrient availability within the cell. The
complex regulation of mTORC1 activity is well reviewed in (Liu
and Sabatini, 2020). Briefly, growth factors, such as insulin and
IGF-1, can stimulate mTORC1 via their responsive kinases; intracellular energy levels block mTORC1 activation via the AMP/ATP
sensor, AMPK; and nutrients, such as amino acids, cholesterol,
and glucose, regulate mTORC1 by triggering its lysosomal localization and activation by Rheb. Upon activation, mTORC1 can
phosphorylate and regulate a series of downstream effectors,
such as ribosomal S6 kinase (S6K), TFEB, SREBP, and Nrf2 transcription factors. Reduced mTORC1 signaling was first shown to
extend lifespan in C. elegans when let-363/mTOR is knocked
down (Vellai et al., 2003). Similar pro-longevity effects occur
when reducing multiple components in mTORC1 signaling,
including Rag GTPases, raga-1 and ragc-1, rheb-1/Rheb, daf15/Raptor, and rsks-1/S6K (Blackwell et al., 2019). Overexpression of hlh-30/TFEB or constitutively active skn-1/Nrf2 extends
lifespan as well (Blackwell et al., 2019). Importantly, the
longevity-promoting effect by mTORC1 reduction is conserved
in yeast, Drosophila, and mammals (Liu and Sabatini, 2020).
Furthermore, AAK-2/AMPK activation leads to lifespan extension, which is seen in both C. elegans and Drosophila (Apfeld
et al., 2004; Stenesen et al., 2013). Besides genetic modification,
pharmacological inhibition of mTORC1 by rapamycin or activation of AMPK by metformin is sufficient to prolong lifespan and
health span in various organisms ranging from yeast to mice
(Liu and Sabatini, 2020), and their longevity-promoting effects
are currently being investigated in multiple clinical studies in
humans.
mTORC1 signaling plays a crucial role in regulating lipid metabolism, including lipogenesis, lipolysis, lipophagy, and FA
b-oxidation. As a master control of anabolism, mTORC1 activation promotes lipid biogenesis by activating the SREBP transcription factor and subsequently upregulating lipogenic genes
(Li et al., 2010). mTORC1 also inhibits lipolysis and lipophagy
to slow lipid mobilization, which involves the downregulation of
ATGL expression (Chakrabarti et al., 2010), hormone-sensitive
6 Developmental Cell 56, May 17, 2021

lipase (HSL) activity (Soliman et al., 2010), and lysosomal and autophagic gene expression (Settembre et al., 2012). Moreover, inhibition of mTORC1 signaling promotes FA b-oxidation by
enhancing oxidative gene expression and upregulating mitochondrial activity (Cunningham et al., 2007; Sengupta et al.,
2010). Therefore, mTORC1 reduction leads to a metabolic reprogramming toward increased lipid utilization and FA b-oxidation, which may contribute to the longevity effect. In supporting
this idea, let-363/mTOR knockdown in C. elegans increases
the expression and activity of lipases and lipophagy, which are
both required for the lifespan extension (Lapierre et al., 2011,
2013). In mammals, administration of the pro-longevity drug rapamycin decreases lipogenesis (Yecies et al., 2011), increases
lipolysis (Chakrabarti et al., 2010) and FA b-oxidation (Sipula
et al., 2006), as does the administration of the pro-longevity
drug metformin (Pernicova and Korbonits, 2014). How this metabolic switch toward lipid mobilization by mTORC1 reduction
contributes to longevity, and whether this increased lipid mobilization in specific tissues generates systemic signals to improve
health span at the whole organism level would be interesting
topics to be addressed in future studies.
Germline signals
Germline signals were first shown to regulate longevity in
C. elegans, where ablation of germline precursor cells leads to
a lifespan extension of more than 50% (Hsin and Kenyon,
1999). This longevity effect can also be recapitulated using the
loss-of-function mutant of glp-1, which encodes the C. elegans
Notch receptor and is required for germline stem cell maintenance (Arantes-Oliveira et al., 2002). In Drosophila, genetic
removal of germ cells extends lifespan (Flatt et al., 2008); in
mice, transplantation of ovaries from young to old animals leads
to lifespan extension in the old recipients (Cargill et al., 2003);
and in men, castration has been associated with longevity (Min
et al., 2012). Interestingly, further studies in C. elegans have revealed the involvement of lipid metabolism in germline-mediated
longevity.
In C. elegans, the pro-longevity effect conferred by germline
loss requires nuclear receptors, DAF-12, NHR-80, and NHR49, along with transcription factors, HLH-30, PHA-4, DAF-16,
and SKN-1 (Goudeau et al., 2011; Hsin and Kenyon, 1999; Lapierre et al., 2011, 2013; Ratnappan et al., 2014; Steinbaugh et al.,
2015). The activation of these nuclear receptors and transcription factors upregulates a group of lipid metabolic genes
involved in FA b-oxidation (e.g., acs-2/acyl-CoA synthetase),
FA desaturation (e.g., fat-7/D-9 desaturase), lipolysis, and lipophagy (e.g., lipl-4/lysosomal acid lipase), which are required
for the longevity effect in the glp-1 mutant and are sufficient to
prolong lifespan upon overexpression (Goudeau et al., 2011;
Ramachandran et al., 2019; Ratnappan et al., 2014; Wang
et al., 2008). Paradoxically, although many of these metabolic
genes positively regulate lipid mobilization (O’Rourke and Ruvkun, 2013; Ramachandran et al., 2019), the glp-1 mutant shows
increased fat storage (O’Rourke et al., 2009). This fat storage increase might be due to a passive accumulation of unused yolk
lipids resulted from the lack of oocyte formation in the glp-1
mutant, which can activate the skn-1 transcription factor in the
intestine to increase lipid mobilization (Steinbaugh et al., 2015).
Whether other transcription factors and nuclear receptors can
be activated through similar lipid-related mechanisms remains
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Figure 4. Lipid signaling in longevity regulation
Lipid messengers linked with the longevity regulation are summarized, which can act through GPCRs and TRP channels on the membrane and nuclear receptors.
Lipid chaperones, including FABPs and apolipoproteins (LBPs and vitellogenins in C. elegans), facilitate intracellular and intercellular transportation of lipids and
their signaling effects. Although not shown in the figure, changes in the membrane lipid environment and lipid modifications of GPCRs and TRP channels also
modulate their activities.

unknown. Interestingly, both the DAF-12 and NHR-80 nuclear receptors utilize endogenous lipids as ligands (Folick et al., 2015;
Motola et al., 2006). Thus, it is possible that these nuclear receptors are also sensitive to lipid accumulation in the glp-1 mutant,
and their activation and cooperation with transcription factors
may induce lipid mobilization and consequently promote
longevity.
Lipid signaling in longevity regulation
Lipids are crucial signaling molecules that regulate nuclear transcription and cellular communication. Emerging studies have revealed the active role of lipid signals in longevity regulation, the
significance of lipid-binding proteins in shuttling hydrophobic
lipids in the aqueous environment, as well as the engagement
of receptors in recognizing and transducing lipid signals
(Figure 4). This section will focus on how specific lipid signaling
factors are employed to modulate aging and longevity.
Lipid messengers modulating aging and longevity
FAs and their derivatives have been linked with longevity regulation through distinct signaling mechanisms. As discussed above,
increased MUFA biosynthesis has been associated with the
longevity effects conferred by IIS reduction and germline loss,

and supplementation of specific MUFAs is sufficient to prolong
lifespan in C. elegans (Han et al., 2017). This MUFA-induced
longevity effect may be mediated by the SKN-1/Nrf2 transcription factor, given that oleic acid supplementation induces its nuclear translocation (Steinbaugh et al., 2015). SKN-1/Nrf2 is a key
regulator of oxidative stress responses and has been implicated
in longevity from C. elegans to mice (Blackwell et al., 2015).
Although the molecular mechanisms by which oleic acid activates SKN-1/Nrf2 remain unclear, a study on the u-3 PUFA, a-linolenic acid (ALA), provides interesting insights. In C. elegans,
ALA supplementation extends lifespan in a SKN-1-dependent
manner; however, ALA does not activate SKN-1 directly (Qi
et al., 2017). Instead, oxylipins, the peroxidated products of
ALA, are responsible for the SKN-1/Nrf2 activation and lifespan
extension (Qi et al., 2017). Future studies are necessary to
examine whether this lipid-peroxidation-mediated mechanism
is also responsible for the activation of SKN-1/Nrf2 by MUFAs
and to reveal the molecular basis by which those peroxidated
lipids activate SKN-1/Nrf2.
Fatty acyl ethanolamides, commonly referred as N-acylethanolamines (NAEs), are FA-derived lipid messengers (Figure 1).
NAEs differ in their FA moieties, and mammalian NAEs, such
Developmental Cell 56, May 17, 2021 7

Please cite this article in press as: Mutlu et al., Lipid metabolism and lipid signals in aging and longevity, Developmental Cell (2021), https://doi.org/
10.1016/j.devcel.2021.03.034

ll
Review
as arachidonylethanolamide/anandamide (AEA), palmitoylethanolamide (PEA), oleoylethanolamide (OEA), and linoleoylethanolamide (LEA), are best known for their diverse roles in regulating
mood, learning and memory, inflammation, and allergies, as well
as food intake and energy metabolism (Ezzili et al., 2010). In
C. elegans, AEA, PEA, OEA, and LEA have been identified, along
with palmitoleoylethanolamide (POEA) and eicosapentaenoylethanolamide (EPEA) (Lucanic et al., 2011). Interestingly, the level
of EPEA is decreased by dietary restriction and mTOR inactivation, and supplementation of EPEA abrogates the longevity effect conferred by both mechanisms (Lucanic et al., 2011). In
addition, overexpression of the worm NAE degradation enzyme,
fatty acid amide hydrolase (FAAH), faah-1, reduces the level of
EPEA, POEA, LEA, and AEA, but not OEA or PEA, and extends
lifespan under well-fed conditions (Lucanic et al., 2011). Thus,
EPEA plays a negative role in regulating longevity, but its associated signaling mechanism is currently unknown. On the other
hand, OEA has been identified as a positive regulator of
longevity, which is induced in the long-lived transgenic
C. elegans overexpressing a lysosomal acid lipase, lipl-4 (Folick
et al., 2015). Supplementation of an OEA analog resistant to
FAAH hydrolysis sufficiently prolongs lifespan and induces the
transcription of genes involved in mitochondrial b-oxidation (Folick et al., 2015). Thus, different NAEs can exert distinct effects
on longevity, which may associate with the specificity of their
binding/transporting proteins, membrane and nuclear receptors,
and/or tissues of action.
Cholesterol derivatives are also emerging as a group of lipid
messengers capable of regulating longevity. Once known exclusively for their role in nutrient absorption, cholesterol-derived bile
acids are crucial signaling molecules regulating metabolism and
inflammation (Chiang, 2009) (Figure 1). In the liver, cholesterol is
converted to the primary bile acids, cholic acid (CA), and chenodeoxycholic acid (CDCA), which are further conjugated to
glycine and taurine. In the intestine, conjugated CA and CDCA
are deconjugated and dehydroxylated into the secondary bile
acids, deoxycholic acid and lithocholic acid (LCA), respectively
(Chiang, 2009). Bile acids can activate G-protein-coupled receptors (GPCRs) and nuclear receptors, such as G-protein bile acid
receptor 1 (GPBAR1/TGR5), farnesoid X receptor (FXR) and liver
X receptor (LXR) (Schaap et al., 2014). The involvement of bile
acids in longevity regulation was first revealed through the transcriptome and biochemical analysis of the Little mice, which live
20% longer than their wild-type littermates (Amador-Noguez
et al., 2004). These long-lived mice have increased levels of
bile acids, especially CA, which upregulates xenobiotic detoxification genes in an FXR dependent manner (Amador-Noguez
et al., 2007). Increased bile acid levels have also been associated
with methionine restriction, which promotes longevity in
C. elegans, Drosophila, and mice (Lapierre and Hansen, 2012).
CA supplementation extends both lifespan and health span in
progeroid mice (Bárcena et al., 2018). Furthermore, LCA was
identified from a chemical screen to prolong the lifespan of yeast
cells (Arlia-Ciommo et al., 2018) and fruit flies (Staats et al.,
2018). In C. elegans, there is another cholesterol-derived lipid
messenger, called dafachronic acid (DA) that modulates lifespan
through DAF-12, the FXR homolog (Gerisch et al., 2007). NHR-8,
the C. elegans LXR homolog, is required for cholesterol and DA
metabolism, and its loss results in DA deficiency and reduced
8 Developmental Cell 56, May 17, 2021

lifespan (Magner et al., 2013). Together, these studies support
the functional significance of cholesterol derivatives in regulating
aging and longevity across different species.
FABPs and lipoproteins in aging regulatory lipid
signaling
Being hydrophobic, lipid molecules must be bound to proteins in
order to diffuse through the aqueous environment. A key family
of such lipid-binding proteins are FA-binding proteins (FABPs),
which facilitate the trafficking of FAs and their derivatives, as
well as their signaling effects (Hotamisligil and Bernlohr, 2015)
(Figure 4). C. elegans has nine FABPs termed LBPs. One of
them, lbp-8, is transcriptionally upregulated in the long-lived
lipl-4 transgenic strains and mediates the longevity effect (Folick
et al., 2015). The LBP-8 protein localizes at the lysosomal surface
in the intestine of C. elegans and binds to several PUFAs as well
as oleic acid and OEA (Folick et al., 2015; Tillman et al., 2019).
Upon induction of LIPL-4, LBP-8 enhances its nuclear translocation and shuttles OEA to activate the nuclear receptor complex
NHR-49-NHR-80 (Folick et al., 2015). Moreover, overexpression
of LBP-8 sufficiently induces the transcription of mitochondrial
b-oxidation genes, activates JUN-1/JUN and SKN-1/Nrf2 antioxidant signaling, and in turn promotes longevity (Folick et al.,
2015; Ramachandran et al., 2019). Another FABP, LBP-5, localizes to both the cytoplasm and nucleus and binds to a variety of
SFAs, MUFAs, and PUFAs (Xu et al., 2011). The loss-of-function
mutant of lbp-5 shows increased fat storage as does the nhr-49
mutant and decreased expression of nhr-49 target genes (VanGilst et al., 2005; Xu et al., 2011). Interestingly, stearic acid supplementation specifically induces NHR-49 target gene expression, which requires LBP-5 (Xu et al., 2011), but whether stearic
acid directly binds to LBP-5 remains unclear. In mammals,
FABP4/5-deficient mice display improved metabolic fitness
without a change in lifespan (Charles et al., 2017). While these
studies demonstrate the importance of FABPs in metabolic
health and aging, they implicate that different FABPs can cooperate with specific lipid messengers to exert different effects.
Further studies are required to advance our understanding of
the signaling roles of FABPs and their specificity in regulating
longevity.
Another class of lipid-binding proteins are apolipoproteins that
transport lipids through lymphatic and circulatory systems
(Figure 4). In addition to APOE mentioned above, another brain
apolipoprotein, APOD, is known to be upregulated during human
aging and in Alzheimer’s disease patients (Kalman et al., 2000). A
meta-analysis of age-related gene expression profiles from
vertebrate models and humans has identified APOD as the
most significantly upregulated gene with an increasing age
(Magalhães et al., 2009). The APOD induction is likely protective
because overexpression of human APOD or the Drosophila homolog, Glial lazarillo (Glaz), extends lifespan of fruit flies (Muffat
et al., 2008; Walker et al., 2006). In contrast, the absence of
Glaz reduces resistance to oxidative stress and starvation, decreases neutral lipid storage and shortens lifespan (Sanchez
et al., 2006). Overexpression of another fly APOD homolog, Neural lazarillo (Nlaz), also promotes longevity, and its loss-of-function mutation decreases lifespan (Hull-Thompson et al., 2009).
In the nervous system, mitochondrial-defect-induced ROS in
neurons leads to lipid droplet accumulation in neighboring glial
cells, which is dependent on Glaz and Nlaz (Liu et al., 2015). In
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the neuron/astrocyte co-culture system, hyperactive neurons
use APOE to shuttle excess peroxidated FAs to astrocytes, leading to increased FA b-oxidation there (Ioannou et al., 2019). In
mice deficient for ApoD, lipid peroxidation is increased in the
brain, alongside reduced tolerance to oxidative stress, and
impaired learning and locomotor abilities (Ganfornina et al.,
2008). Together, these discoveries reveal that neighboring glial
cells endocytose apolipoprotein-FA particles and protect neurons from the toxicity of excessive free FAs and their peroxidation. In C. elegans, lipoproteins, encoded by vit genes, mediate
the lipid transfer from the intestine to the gonad to form yolk (Matyash et al., 2001). Upon cessation of reproduction with age, yolk
can be seen in the body cavity throughout the organism (Ackerman and Gems, 2012). This ectopic fat deposition in non-adipose tissues is thought to lead to age-associated lipotoxicity
and loss-of-tissue functions. Supporting this idea, knocking
down the vit genes increases C. elegans lifespan (Murphy
et al., 2003; Seah et al., 2016). The mammalian vit ortholog is
APOB, and its hepatic levels are decreased in dietary-restricted
and long-lived mice (Seah et al., 2016). Interestingly, rare variants of the APOB gene correlate with extreme longevity in centenarian populations (Cash et al., 2014). Future studies on these lipoproteins are expected to reveal the underlying molecular and
biochemical mechanisms by which lipoproteins are linked with
age-associated diseases and contribute to improved lifespan.
Receptors responding to the longevity-associated lipids
Nuclear receptors work as molecular switches whose transactivation activity is controlled by the presence of lipophilic ligands,
with 21 members in Drosophila, 48 in mammals, and 284 in
C. elegans (Evans and Mangelsdorf, 2014). In response to specific lipid signals, nuclear receptors are implicated in the regulation of aging and longevity in C. elegans and Drosophila
(Figure 4). DAF-12, the first deorphanized C. elegans nuclear receptor, is a DA receptor and mediates the lifespan regulatory effect of DA (Gerisch et al., 2007). NHR-8/LXR also responds to DA
signals under dietary-restriction conditions and is required for dietary-restriction-induced longevity (Thondamal et al., 2014).
Peroxisome proliferator-activating receptors (PPARs) and hepatocyte nuclear factor 4 (HNF4) receptors are major mediators of
FA-related signaling (Evans and Mangelsdorf, 2014). Several of
their C. elegans homologs, NHR-49, NHR-80, and NHR-62,
play active roles in regulating lifespan. NHR-49 is required for
the longevity effects conferred by germline loss, lipl-4 overexpression, and AMPK activation (Burkewitz et al., 2015; Folick
et al., 2015), and its mutant exhibits elevated triglyceride levels
and shortened lifespan (Van-Gilst et al., 2005). ALA supplementation increases lifespan via NHR-49 (Qi et al., 2017), but whether
ALA is a ligand of NHR-49 remains unclear. NHR-80 is required
for the longevity induced by germline loss and lipl-4 overexpression (Folick et al., 2015; Goudeau et al., 2011). NHR-80 enhances
the expression of fat-6, encoding the desaturase that converts
stearic acid to oleic acid (Goudeau et al., 2011), and directly
binds to the pro-longevity lipid, OEA (Folick et al., 2015). Interestingly, OEA is a known agonist of mammalian PPARa to produce
satiety and reduce body weight, and OEA treatment improves
metabolic health in obese mice (Fu et al., 2003). However,
whether the OEA treatment exerts a pro-longevity effect in mammals is currently unknown. Moreover, NHR-49 and NHR-80 form
a complex and regulate genes involved in FA desaturation and

mitochondrial b-oxidation (Pathare et al., 2012). It is possible
that different FA signals synergize their effects through the coordination between their responding nuclear receptors. NHR-62 is
required for hallmarks of dietary restriction, such as longevity,
decreased triglycerides, and enhanced autophagy (Heestand
et al., 2013). To date, NHR-62 remains an orphan nuclear receptor, with no known FA ligand. The single Drosophila ortholog for
HNF4, dHNF4, regulates genes involved in FA oxidation in
response to nutrient deprivation (Palanker et al., 2009). Despite
increased fat storage, dHNF4-null mutant larvae are sensitive
to starvation, suggesting their incapability to mobilize the stored
fat for energy production (Palanker et al., 2009). During adulthood, dHNF4-dependent conversion of free FAs to hydrocarbons is required for waterproof cuticles and desiccation resistance, and hydrocarbon deficiency in the dHNF4-mutant adults
leads to lifespan reduction (Storelli et al., 2019). Thus, nuclear
receptors play crucial roles in transducing lipid signals to transcriptional responses and linking lipid metabolism and aging
regulation.
GPCRs are another key class of receptors that perceive lipid
signals and activate intracellular signaling pathways. Most of
the GPCR signal transduction occurs at the plasma membrane
and is therefore greatly influenced by lipid-protein interactions
(Figure 4). First, post-translational lipid modifications of GPCRs
and G proteins, such as palmitoylation, myristoylation, and isoprenylation, impact their membrane binding, trafficking, and
signaling (Escribá et al., 2007). Second, membrane components,
such as phospholipids and sphingolipids, have been reported to
affect ligand binding by allosteric modulation, specifically by
changing the conformational dynamics of transmembrane domains and loop regions of GPCRs (Sengupta et al., 2018).
Altered membrane structure and fluidity due to lipid peroxidation
can also lead to instability of GPCRs (Oliveira et al., 2019). Finally,
many intercellular lipid messengers directly act on GPCRs as ligands, such as NAEs, prostaglandins, and lysophospholipids
(Kostenis, 2004). Changes in the membrane lipid environment
of GPCRs modulate their signaling activities and have been
implicated in pathologies associated with aging (Alemany
et al., 2007). Although several pro-longevity lipid signals act on
GPCRs, the role of these GPCRs in aging regulation remains unclear. For example, OEA can bind to GPR119 in addition to
PPARa and regulate the secretion of glucagon-like peptide-1
in intestinal L-cells (Lauffer et al., 2009). Glucagon-like peptide-1
exerts protective effects against age-related diseases, such as
type II diabetes and neurodegeneration (Cho et al., 2014; Grieco
et al., 2019). However, the role of GPR119 in aging remains unknown. Bile acids act through not only nuclear receptors but
also GPCRs, such as TGR5 and BG37 (Kawamata et al., 2003;
Maruyama et al., 2002). Whether signaling cascades activated
by bile acids through these receptors are involved in the regulation of aging are not yet determined.
Lipids also impact the activity of ion channels, including transient receptor potential (TRP) channels (Ciardo and Ferrer-Montiel, 2017) (Figure 4). TRP channels are nonselective cation channels that are activated by thermal, mechanical, or chemical
stimuli, including lipids, which modulate TRP channels by direct
binding or indirectly by affecting their membrane localization
(Ciardo and Ferrer-Montiel, 2017). In the last decade, TRP channels have been implicated in aging regulation. In C. elegans,
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TRPA-1 was found as a thermosensor to prolong lifespan in a
temperature-dependent manner, and its overexpression in neurons leads to lifespan extension (Xiao et al., 2013). Interestingly,
selective overexpression of trpa-1 in the intestine is also sufficient to extend lifespan, suggesting a non-neuronal effect of
the TRP channel in regulating longevity. Given the connection
between low temperature and lipid metabolic adaptation, it
would be interesting to know whether TRPA-1 senses lipid metabolic cues in the intestine to regulate lifespan. Furthermore,
mutant worms deficient in the TRPV channel, OCR-2, and
knockout mice lacking TRPV1 are both long lived (Lee and Ashrafi, 2008; Riera et al., 2014). The TRPV1-knockout mice are also
protected from diet-induced obesity by increasing their thermogenic capacity (Motter and Ahern, 2008). Although several NAEs
and u-3 PUFAs modulate TRPV1 activities (Ciardo and FerrerMontiel, 2017), whether these lipid signals play a role in
TRPV1-mediated longevity remains an interesting open
question.
PERSPECTIVE
Although lipid research has been long hindered by the lack of
effective profiling and imaging tools, the field has progressed
rapidly in recent years owing to the technical advancements in
mass spectrometry (MS) and chemical imaging. Lipidomics,
the analysis of lipid metabolites by MS, has greatly expanded
our knowledge about the lipidome in long-lived species and centenarians. Moreover, lipidomics holds great promise to investigate the lipid profiles of subcellular organelles. These analyses
can be achieved by rapid immuno-purification of whole organelles (Abu-Remaileh et al., 2017; Chen et al., 2017) and consequent MS profiling of lipid species. Future applications of these
approaches in long-lived species and models will open doors
to discover novel organelle-specific lipid signaling in longevity
regulation. On the other hand, chemical imaging methods, specifically coherent Raman scattering (CRS) microscopy, enable
label-free visualization of lipid molecules in live cells and organisms (Cheng and Xie, 2015). CRS microscopy is employed to
visualize the distribution and heterogeneity of lipids across
different cells and tissues (Chen et al., 2020; Yu et al., 2017).
Furthermore, combined with the use of bioorthogonal (e.g.,
alkyne) and isotope (e.g., deuterium) tags to minimally label the
lipids of interest, CRS microscopy is useful for tracking the incorporation, synthesis, and degradation of lipids in vivo (Lin and
Wang, 2017; Mutlu et al., 2020; Wei et al., 2014; Yu et al.,
2017). Overall, MS and CRS microscopy make inroads in
revealing the chemical specificity and spatiotemporal dynamics
of lipids in the regulation of aging and longevity.
Future work will discover more novel health-promoting and
lifespan-extending lipid signals and better understand the molecular mechanisms underlying their benefits. Low hanging fruits
might be those common lipid signatures shared by multiple prolongevity pathways. New lipid regulatory mechanisms might also
be discovered through investigating lipid signaling components,
such as carriers, transporters, and receptors, for their effects on
lifespan and health span. To better understand the role of lipid
signaling, structural and biochemical characterization of lipidprotein interactions are crucial. Such studies will reveal how lipid
signaling can be transduced within the cell and between tissues
10 Developmental Cell 56, May 17, 2021

to systemically modulate health span and lifespan. It would be
also important to dissect which tissues/cells/organelles are
responsible for these lifespan-extending lipid signals and how
they coordinate with each other. These mechanistic studies of
anti-aging lipid-protein interactions will likely provide potential
druggable sites that could be targeted to promote longevity
and healthy aging.
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Bárcena, C., Quirós, P.M., Durand, S., Mayoral, P., Rodrı́guez, F., Caravia,
X.M., Mariño, G., Garabaya, C., Fernández-Garcı́a, M.T., Kroemer, G., et al.
(2018). Methionine restriction extends lifespan in progeroid mice and alters
lipid and bile acid metabolism. Cell Rep 24, 2392–2403.
Blackwell, T.K., Sewell, A.K., Wu, Z., and Han, M. (2019). TOR signaling in Caenorhabditis elegans development, metabolism, and aging. Genetics 213,
329–360.
Blackwell, T.K., Steinbaugh, M.J., Hourihan, J.M., Ewald, C.Y., and Isik, M.
(2015). SKN-1/Nrf, stress responses, and aging in Caenorhabditis elegans.
Free Radic. Biol. Med. 88, 290–301.
€her, M., Kahn, B.B., and Kahn, C.R. (2003). Extended longevity in mice lackBlu
ing the insulin receptor in adipose tissue. Science 299, 572–574.
Burkewitz, K., Morantte, I., Weir, H.J.M., Yeo, R., Zhang, Y., Huynh, F.K., Ilkayeva, O.R., Hirschey, M.D., Grant, A.R., and Mair, W.B. (2015). Neuronal
CRTC-1 governs systemic mitochondrial metabolism and lifespan via a catecholamine signal. Cell 160, 842–855.

Please cite this article in press as: Mutlu et al., Lipid metabolism and lipid signals in aging and longevity, Developmental Cell (2021), https://doi.org/
10.1016/j.devcel.2021.03.034

ll
Review
€ller, H.G., and Anderson, G. (2003). Age of ovary
Cargill, S.L., Carey, J.R., Mu
determines remaining life expectancy in old ovariectomized mice. Aging Cell
2, 185–190.
Cash, T.P., Pita, G., Domı́nguez, O., Alonso, M.R., Moreno, L.T., Borrás, C.,
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