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Abstract

Studies conducted in C. elegans over the last decade highlight the ancient and complex origins of 

body fat regulation. In this critical review, I introduce the major functional approaches used to 

study energy balance and body fat, the lipid composition of C. elegans, the regulation of cellular 

fat metabolism and its transcriptional control. Next I describe the influence of the sensory nervous 

system on body fat and the major regulatory mechanisms that couple food perception in the 

nervous system with the production of energy via fat metabolism. The final section describes the 

opportunities for the discovery of neuroendocrine factors that control communication between the 

nervous system and the metabolic tissues. The coming years are expected to reveal a wealth of 

information on the neuroendocrine control of body fat in C. elegans.
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The C. elegans Model System

C. elegans is a small (~1.5 mm as adult) free-living roundworm that lives worldwide and 

feeds on a variety of microbes, primarily bacteria. The body plan is anatomically simple 

with about 1000 somatic cells, and is highly stereotyped across animals (Figure 1A). In a 

laboratory setting, the life cycle is 3 days at 20 degrees Celsius, and the lifespan is 3-4 

weeks. Powerful genetic and genomic tools, rapidly-quantifiable phenotypes for food intake, 

body fat and energy expenditure, and the capacity to conduct large-scale screens offer an 

unprecedented opportunity to identify novel genetic pathways and molecular mechanisms 

underlying the conserved regulatory mechanisms of body fat control.

Food Intake and Satiety

C. elegans ingests food via the rhythmic contractions of the pharynx, the feeding organ 

(Figure 1A). The terminal bulb of the pharynx grinds the ingested bacteria, and the ground 

material is transferred to the lumen of the intestine from where it is absorbed into the 

intestinal cells (1). Food intake can be readily measured by counting the rhythmic 
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contractions of the pharynx under a stereomicroscope. The pharynx has a basal intrinsic 

rhythmic activity off food (100-120 pumps/min). Animals transferred to a food source such 

as a bacterial lawn will nearly double their pumping rate to approximately 220 pumps/min in 

young adult animals. The contraction-relaxation cycles of the pharynx that lead to food 

ingestion are mediated by the pharyngeal nervous system via the actions of the 

neurotransmitters serotonin, acetylcholine, glutamate and GABA (2). The sensory nervous 

system modulates the activity of the pharynx based on food availability. Serotonin and 

Transforming Growth Factor β (TGF β) are two major neuroendocrine effectors that are 

synthesized in sensory neurons in proportion to food availability, and modulate the activity 

of the pharynx accordingly (3-5). Defects in insulin signaling via mutations in the insulin 

receptor DAF-2 also lead to reduced food intake (S. Srinivasan unpublished observations), 

however the role of insulin signaling in regulating feeding is yet to be fully studied in C. 

elegans. There are likely to be additional positive and negative regulators of pharyngeal 

activity and feeding behavior that originate in the sensory nervous system to couple 

environmental information with feeding behavior.

C. elegans has a strong locomotor response to fluctuations in food availability. At a 

population level, food-deprived animals move faster than well-fed animals, because 

locomotion is the major foraging strategy for worms. Individual fasted animals slow down 

when re-introduced to food, and the extent of the slowing is proportionate to the length of 

food deprivation. In short-term fasting studies, wild-type animals that have been food-

deprived for 30 minutes have a greater reduction in locomotion than well-fed animals. This 

behavior is called the enhanced slowing response, and is controlled predominantly by 

serotonin signaling from the sensory nervous system (6). In longer-term fasting studies, 

wild-type animals that have been food-deprived for 12 hours display rapid re-feeding in the 

first 30 minutes when re-introduced to food, followed by locomotor quiescence for 3-6 

hours. This behavior is regulated predominantly by insulin and TGF-beta signaling from 

sensory neurons (7). Thus, locomotor behavior on and off food is an effective method to 

measure satiety.

Fat Storage and Utilization

The intestine is the major metabolic organ for C. elegans, and performs numerous functions 

including food absorption, incorporation of nutrients into metabolic pathways, fat storage 

and utilization, detoxification, pathogen defense and more broadly, the management of 

energy flow over the lifetime of the animal (www.wormatlas.org). The intestine is 

comprised of 10 pairs of cells that are connected to form a syncytium and span the length of 

the animal (Figure 1A). A variety of methods have been utilized to visualize and measure 

body fat and are reviewed elsewhere (8, 9). The predominant method to visualize fat 

droplets and to quantify body fat is by fixing animals and staining with a lipophilic dye such 

as Oil Red O or Nile Red, followed by light microscopy and quantification of the intensity 

of the stain (Figure 1B). Protocols to conduct Oil Red O-based body fat determination on 

fixed worms have recently been adapted for 96-well format (10), allowing for more 

convenient screening for regulators of body fat. Biochemical extraction of triglycerides and 

quantitation by mass spectrometry or thin-layer chromatography shows excellent 

concordance with dye-based methods of fixed worms. Short-term fasting depletes body fat 
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stores in proportion to the length of food deprivation (Figure 1C). Fasted animals have 

increased expression of the canonical Adipocyte Triglyceride Lipase (ATGL/atgl-1) to 

stimulate fat loss, whereas fasted animals re-introduced to food induce the C18 fatty acid 

desaturase fat-7, presumably to restore fat levels upon re-feeding (Figure 1). Energy 

expenditure is typically inferred from measuring oxygen consumption, and can be 

performed in 96-well format (11, 12).

More recently, marker proteins of different lipid subcellular compartments have become 

known. Transgenic animals stably expressing fluorescently-tagged resident proteins for the 

various compartments of lipid regulation, including lipid droplets, lysosome-related 

organelles (LROs), peroxisomes and mitochondria are a valuable resource to visualize 

dynamic changes in lipid droplet morphology and mobilization (13-15). In principle, 

forward genetic and genome-wide RNAi-based screens for regulators of body fat can be 

performed with relative ease using these animals. A small amount of fat in the form of 

droplets is also visible in the hypodermis, the skin of C. elegans. Whether fat is synthesized 

locally in the skin or in the intestine and then transported, remains to be determined. 

However, mitochondrial and peroxisomal β-oxidation genes essential for fat breakdown and 

energy production are expressed in the skin (12).

Neurons and Neural Circuits

The nervous system of the C. elegans adult hermaphrodite is composed of 302 neurons. The 

completed wiring diagram of the C. elegans nervous system reveals that there are 

approximately 6000 chemical synapses, 600 gap junctions and 2000 neuromuscular 

junctions (www.wormatlas.org). There are sixty ciliated sensory neurons in C. elegans with 

dendritic endings that project outside the animal, thus information from the environment can 

be accessed directly (16). In addition, recent evidence suggests that C. elegans neurons are 

capable of using neuropeptides to communicate in a manner not specified by the wiring 

diagram, adding greatly to the complexity of possible neural circuit conformations (17, 18). 

Functional studies of the neurons and neural circuits involved in food sensing and fat 

regulation are greatly facilitated by the transparent body of the worm, allowing direct 

visualization of proteins in individual neurons in living animals (Figure 1D).

Composition of Body Fat

As seen in all eukaryotes, fatty acids in C. elegans are composed exclusively of even chains 

of saturated and un-saturated carbon-carbon bonds. The predominant fatty acids are 

derivatives of 16-, 18- and 20-carbon chains (19, 20). The fatty acid profile is a diverse array 

of saturated, mono- and poly-unsaturated fats modified by the actions of fatty acid 

desaturases whose precise catalytic functions have been delineated (20). Lipid profiling 

studies show that C. elegans fats are stored predominantly as triglycerides, which are 

composed of three fatty acid chains anchored by a glycerol backbone (Figure 2A). 

Diglycerides and monoglycerides are present but not prevalent in wild-type animals. RNA-

mediated interference of the C. elegans ortholog of ATGL, a conserved enzyme that 

catalyzes the conversion of triglycerides to diglycerides and a free fatty acid chain, increases 

the overall abundance of triglycerides (Figure 2A). Fatty acids obtained from the bacterial 

diet are converted to triglycerides, which become the major form of stored body fat in C. 
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elegans. Isotope labeling experiments show that in wild-type animals de novo lipogenesis 

accounts for less than 10% of stored body fat, whereas defects in insulin signaling increase 

that number to approximately 25% (21). Fatty acid desaturation in C. elegans appears to be a 

strategy to diversify the lipidome and provide a plethora of substrates for signal transduction 

pathways that control organismal physiology (22-24). Nuclear magnetic resonance studies 

reveal that a novel form of pheromones called ascarosides are composed of long-chain fatty 

acids (26 carbon and up), anchored by a sugar backbone. Current estimates suggest that 

ascarosides may make up as much as 15-30% of lipids in C. elegans (Frank Schroeder, 

personal communication). Ascarosides have important modulatory effects on development, 

animal communication and lifespan (25). Based on their effects on the insulin signaling 

pathway, ascarosides are likely to play interesting roles in lipid metabolism that are yet to be 

fully explored.

Cellular Fat Metabolism

In C. elegans the intestine serves as the major organ for lipid uptake, synthesis, storage and 

mobilization. In order to avoid futile cycles of triglyceride synthesis and breakdown within 

the same tissue, one can envision two complementary cellular strategies that might have 

evolved: elaborate subcellular compartmentalization and strict cellular regulation of 

triglyceride accumulation and breakdown. Experimental evidence to support both strategies 

has been uncovered using a combination of genetic and biochemical approaches.

Lipid Droplet Biology

There are two predominant lipid-containing organelles in the C. elegans intestine that can be 

visualized by electron microscopy (14, 15, 26, 27) (Figure 2B and C). The majority of 

intestinal fat is stored in neutral lipid droplets bound by a phospholipid monolayer (28), and 

some fats are also stored in a specialized organelle called the lysosome-related organelle 

(LRO) (29). LROs perform diverse cellular functions in different organisms and tissues, and 

may be co-opted for specific roles in a given organismal context (30). An ABC transporter 

protein called PGP-2 is selectively localized to the LROs in the intestine, and pgp-2 mutants 

lack LROs yet retain normal levels of fat, suggesting that although LROs may contain fats, 

they are not obligate organelles for fat storage. Conversely, RNAi-based gene inactivations 

that decrease fat staining in LROs do not show defects in LRO biogenesis, suggesting that 

fat accumulation in LROs is likely to be a regulated process (14).

Genetic screens and cell biological approaches have been valuable sources of information on 

the genesis of neutral lipid droplets. Two well-conserved genes called acyl CoA synthase-22 

(acs-22/fatp-1) and diacylglycerol acyl transferase-2 (dgat-2) emerged as suppressors of a 

mutant with enlarged lipid droplets, visualized by confocal and electron microscopy (15, 

26). Based on their homology, both proteins regulate discrete steps in triglyceride synthesis. 

Mak and colleagues showed that ACS-22 and DGAT-2 form a protein complex at the 

interface between the endoplasmic reticulum and lipid droplets, and the extent of co-

localization of the two proteins increases with increasing size and number of droplets. These 

data lend support to the hypothesis that lipid droplets bud off from the ER in proportion to 

the amount of lipid needed to be stored.
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Subcellular fractionation studies have provided information on the biochemical nature of C. 

elegans lipid droplets. As seen in most other species, lipid droplets are composed 

predominantly of triglycerides, and range in size from 50 – 3000 nm. The density, size and 

lipid composition of the C. elegans lipid droplets are in excellent agreement with those of 

other species (31). Proteomic analysis of the fractionated and purified lipid droplets showed 

that greater than 60% of the identified proteins have been previously found in lipid droplet 

proteomes of other species. In addition, the in vivo subcellular localization of the isolated 

proteins confirmed their association with lipid droplets (13). Some of the most abundantly-

expressed lipid droplet proteins are graphically depicted in the model in Figure 2D. Because 

these lipid droplets have been isolated from intact organisms rather than cells in culture, it 

will be interesting to determine whether the newly-identified proteins associated with C. 

elegans lipid droplets have similar roles in mammalian lipid droplet biology. A recent study 

of fasting-induced lipases reveals an interesting association between lipid droplets and LROs 

(32). Two fasting-induced lipases LIPL-1 and LIPL-3 belong to the family of ATGL-like 

patatin-domain containing lipases and are localized to the LROs in the intestine. Although 

LIPL-1 and LIPL-3 do not associate with neutral lipid droplets, their loss is accompanied by 

a dramatic increase in neutral lipid droplets and overall body fat. Short-term fasting 

simultaneously leads to a decrease in neutral lipid droplets (Figure 1C) but an increase in the 

LRO compartment (29). These data suggest a subcellular conformation in which the LROs 

may function as a transit compartment for the flux of fatty acids from neutral lipid droplets 

to the mitochondria and/or peroxisomes for the production of energy. Physical contacts 

between lipid droplets, LROs, mitochondria and peroxisomes would allow for efficient 

sequential transfer of fats for energy production. Cellular energy sensors and long-range 

endocrine effectors would be predicted to govern the proposed lipid regulatory network 

(Figure 2D) to control the flow of energy in different environmental and physiological 

contexts.

Regulation of Fat Synthesis and Breakdown

As seen in most organisms, fat synthesis is controlled by a few key enzymes that use acetyl 

CoA as a substrate to generate malonyl CoA and C16 palmitate (33) (Figure 3A). A model 

depicting the genes in the C. elegans genome that regulate the various steps of fat synthesis 

from acetyl CoA is shown in Figure 3A. Hypomorphic mutants of the two rate-limiting 

enzymes for fat synthesis, acetyl CoA carboxylase (ACC/pod-2) and fatty acid synthase 

(FAS/fasn-1) lead to early larval arrest. Both genes are expressed throughout the body of the 

animal and at all developmental stages (34, 35), thus fat synthesis appears to be a key 

requirement for growth. A second homolog of ACC is also found in the genome but remains 

uncharacterized. In adults, RNA-mediated interference of ACC/pod-2, the critical regulatory 

step in fat synthesis, leads to a severe decrease in body fat (E. Witham and S. Srinivasan, 

unpublished observations). Sterol Regulatory Element Binding Protein (SREBP) is a major 

conserved transcriptional regulator of body fat. In response to lowered sterol and lipid levels 

in the cell, SREBP modulates the transcription of hundreds of genes to coordinately restore 

cellular lipid homeostasis. In mammals, there are two SREBP homologs: SREBP-2 

preferentially controls cholesterol and bile acid synthesis, whereas SREBP-1 controls fatty 

acid, phospholipid and triglyceride synthesis (36, 37). In C. elegans a single SREBP 

ortholog called SBP-1 is expressed in all metabolic tissues (38). Many functions of 
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SREBP-1 are conserved between C. elegans and mammals, including regulation of fatty 

acid synthesis and desaturation and the regulation of phosphatidylcholine, a key component 

of cellular membranes (39, 40).

The regulatory pathway for fat utilization is β-oxidation, the process by which a cascade of 

enzymes coordinately cleaves the carbon-carbon bonds of fatty acids to produce energy 

(Figure 3B). β-oxidation occurs in the mitochondria and peroxisomes, the two major 

metabolic organelles, and is a conserved mechanism of energy generation across all 

metazoans (33). In C. elegans RNAi-based and forward genetic screens have shown that 

inhibition of the rate-limiting steps of β-oxidation leads to the accumulation of fats in both 

classes of lipid-containing organelles: the LROs and the neutral lipid droplets (12, 26). 

Numerous acyl CoA synthases (ACS) and dehydrogenases (ACD), which comprise the first 

two steps in the β-oxidation pathway are also among the most abundant proteins identified in 

purified lipid droplets (13), suggesting a possible physical association between the 

organelles of fat storage and mobilization.

With respect to lipid metabolism, an interesting feature of the C. elegans genome is the 

discrepancy between the numbers of homologs for genes that control lipid synthesis, versus 

those for lipid breakdown. Fat synthesis from acetyl CoA is controlled by relatively few 

enzymatic steps, for which the C. elegans genome contains a single, or at most two 

homologs. In contrast, fat breakdown is intrinsically more complex. Many more enzymatic 

steps are required, and the number of homologs for each step is greatly increased: the C. 

elegans genome contains more than 100 transcribed genes for lipases approximately 20 for 

acyl CoA synthases. Yet, inactivation of any single homolog results in a clear, discernable 

phenotype in a context-dependent manner. For example, β-oxidation genes essential for 

serotonin-mediated fat loss do not overlap with those for fasting-induced fat loss (12, 41). 

Although much work remains to be done to understand the functional consequences of the 

increased number of homologs for each step controlling fat breakdown, it is tempting to 

speculate that such a genomic expansion provides a broad genetic template that can be 

exploited for the sophisticated control of fatty acid breakdown in an environment- and 

context-specific manner. Relative to fat synthesis, the complexity of fat breakdown in C. 

elegans makes it a particularly well-suited model for the study of molecular mechanisms 

that induce sustained fat loss.

Transcriptional Control of Body Fat

Three predominant lines of evidence support a model in which changing energy demands 

leads to transcriptional induction of genes that re-model the lipid landscape in C. elegans. 

Lipases, transcription factors themselves, and nuclear receptors are amongst the most highly 

regulated genes, and have been best-studied in the context of fasting and re-feeding.

Lipases

Lipases are enzymes that catalyze the conversion of glycerol-bound fatty acids 

(monoglycerides, diglycerides and triglycerides) to free fatty acids and glycerol. Adult C. 

elegans fasted for six hours increase transcription of numerous lipases (32, 42). An RNAi-

mediated screen for transcription factors that mediate the induction of a lipase called LIPL-1 
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revealed that transcription of LIPL-1 is repressed by the basic helix-loop-helix (bHLH) 

domain-containing transcription factor MXL-3, when food is available. Chromatin 

immunoprecipitation experiments showed that MXL-3 binds a predicted cis-regulatory 

element (43) in the LIPL-1 promoter to repress transcription of fasting-induced LIPL-1 

expression. As expected, mxl-3 mutants have increased lipl-1 expression even in the fed 

state, accompanied by decreased body fat, similar to that of fasted animals. In contrast, when 

food is withdrawn, a related bHLH transcription factor HLH-30 activates the expression of 

fasting-induced lipases (32). The induction of HLH-30 itself is dependent on the cellular 

nutrient sensor complex target-of-rapamycin (TOR), whose protein partners Raptor/DAF-15 

and Rictor/LPO-6/RICT-1 have been previously shown to regulate body fat (44-46).

In an independent line of investigation, the lipid droplet lipase atgl-1 was found to be 

transcriptionally induced by serotonin signaling, a conserved neuroendocrine regulator that 

induces fat loss (47). An RNAi-mediated screen for regulators of atgl-1 induction by 

serotonin reveals a similar transcriptional regulatory paradigm. The bHLH transcription 

factor HLH-11, whose cis-regulatory motif is over-represented in the atgl-1 promoter (43), 

is required to repress ATGL expression in the fed state (S. Srinivasan unpublished 

observations), whereas the nuclear receptor NHR-76, bearing distant similarity to the 

mammalian RXR family of nuclear receptors, is required to activate serotonin-dependent 

ATGL transcription (47). Thus, transcriptional regulation of lipases in C. elegans may be 

achieved by a generalizable strategy: repression by bHLH-like transcription factors in the 

basal state followed by recruitment of activating transcriptional regulators in the induced 

state.

Nuclear Receptors

Nuclear receptors are proteins that regulate gene expression by binding cis-regulatory DNA 

motifs of target genes upon activation by physiological or environmental ligands. This 

diverse class of regulatory receptors has the capacity to form complexes with other nuclear 

receptors, transcription factors and co-regulator proteins, and can have a tremendous impact 

on shifting organismal metabolic state. Not unexpectedly, some mammalian nuclear 

receptors are targets for classes of drugs that alter lipid metabolism (48). Because of the 

immense complexity of nuclear receptor signaling, many nuclear receptors genes remain 

functionally un-annotated. The C. elegans genome contains 284 nuclear receptor genes (49). 

In contrast the human genome contains 48 nuclear receptor genes, suggesting a great 

expansion of the nuclear receptor family in C. elegans. Work from several laboratories has 

shown functional conservation of individual C. elegans nuclear receptors with respect to 

lipid metabolism even though strong sequence homology with the mammalian genes is not 

observed in the majority of cases. The first C. elegans nuclear receptor to be examined in 

detail was DAF-12, distantly related to the mammalian vitamin D (VDR) and liver X (LXR) 

receptors. daf-12 mutants were originally isolated in a screen for genes that control an 

alternative developmental fate called dauer, that is triggered by poor environmental 

conditions such as lack of food and crowding (50). DAF-12 signaling has been studied in 

detail and is now known to influence lifespan, lipid metabolism and the switch between 

developmental arrest and reproductive growth (51, 52). Classical genetics, biochemical 

experiments and comparative metabolomics approaches have been fruitful in identifying 
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endogenous steroid ligands for DAF-12, a class of molecules called dafachronic acids that 

are derivatives of cholesterol (53-55). The DAF-12 signaling pathway demonstrates the 

mechanisms by which environmental signals are transduced via an endocrine nuclear 

receptor signaling pathway to remodel metabolic and organismal fate.

The complexity of nuclear receptor signaling in metabolic biology in C. elegans can be 

highlighted by additional examples. A nuclear receptor called NHR-49 promotes fatty acid 

desaturation and β-oxidation via interaction with another nuclear receptor called NHR-80, 

and represses sphingolipid metabolism via heterodimerizing with NHR-66 (56). The 

consequence of loss of NHR-49 signaling is an altered lipid profile, deformed mitochondria 

and a shortened lifespan (57), suggesting that subtle modifications of fat oxidation and lipid 

composition can have meaningful phenotypic outcomes. NHR-49 is thought to bear distant 

sequence similarity to the family of mammalian HNF4α nuclear receptors that regulate lipid 

metabolism in the liver. Another C. elegans member of this family called NHR-8, regulates 

cholesterol and bile acid homeostasis, and is genetically upstream of the DAF-12 pathway 

(58). Finally, the nuclear receptor NHR-76, bearing similarity to the mammalian RXR 

family of receptors, is required for serotonin-mediated transcriptional induction of the 

ATGL lipase and increased fat loss (47). At a genomic level, analyses of transcriptional 

regulators of metabolic genes in C. elegans reveals a strong enrichment of nuclear receptors 

both on the standard lab diet, and when worms are fed alternate bacterial diets with differing 

metabolite compositions (59, 60). On-going efforts to decipher the role of nuclear receptors, 

their ligands and co-activators in lipid metabolism underscore their breadth and complexity 

in C. elegans (61-64).

Neuronal Control of Body Fat

With respect to body fat control, the central nervous system has historically been thought to 

exert its effects primarily via food intake. However, a strong body of evidence across 

different species now shows that the central nervous system is a major regulator of body fat 

stores and energy expenditure, independent of food intake (65-67). Understanding the 

neuronal, endocrine and molecular mechanisms by which the nervous system regulates 

distal body fat stores is a major challenge in biology, with important implications for the 

management of metabolic disorders resulting from increased body fat stores. Evidence from 

C. elegans that food intake and body fat are independent outcomes of nervous system 

function will be discussed in the context of serotonin and TGFβ signaling.

Serotonin

A combination of genetic and pharmacological approaches has yielded information on the 

serotonergic neuroendocrine pathway that controls body fat. Many of the genes identified 

through unbiased approaches in C. elegans have mammalian counterparts not previously 

associated with body fat control and may thus represent new genetic targets. The 

neuromodulator serotonin is a conserved regulator of energy balance and body fat stores. In 

mice, loss of the 5HT2c receptor, expressed broadly in the central nervous system, leads to 

adult-onset obesity (68). In humans, increased neural serotonergic signaling via 

pharmacological intervention decreases body fat and increases energy expenditure (69, 70). 

In the nematode C. elegans, serotonin controls many food-related behaviors, body fat and 
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energy expenditure (5, 12). Serotonin is synthesized by the conserved rate-limiting enzyme 

tryptophan hydroxylase (tph-1), which is expressed in only a few neurons and, unlike 

mammals, is not found in the gut or other fat storage tissues (71). In a single pair of 

chemosensory neurons called ADF(L/R) that receive and transduce environmental signals, 

serotonin synthesis is finely-tuned to food availability: short-term food-deprivation 

decreases tph-1 expression in the ADF neurons, whereas animals re-introduced to food 

restore tph-1 expression back to that of well-fed animals (72). Because serotonin signaling 

has also been shown to regulate the enhanced slowing response, a measure of satiety in C. 

elegans, increased serotonin signaling is generally regarded as a neuromodulator whose 

endogenous levels correlate with food availability.

Genes regulating many aspects of serotonin-mediated behavior and physiology have been 

identified, allowing the dissection of genetic pathways that control various serotonin-

regulated behaviors (73). As in mammals, increased serotonin signaling via genetic or 

pharmacological means leads to a potent decrease in body fat in C. elegans (12, 47). A 

genetic approach was used to first address the question of whether serotonin-mediated body 

fat loss occurs via direct regulation of energy expenditure, or indirectly via modulation of 

food intake, locomotion, reproductive rate or other phenotypes. This approach identified a 

neural serotonin-gated chloride channel called MOD-1 as a key receptor that controls fat 

loss without altering food intake. In contrast, three GPCRs SER-1, SER-5 and SER-7 

modulate serotonin-mediated food intake and pharyngeal activity in distinct sensory and 

pharyngeal neural circuits, independent of any effects on body fat (12, 72, 74). Transgenic 

rescue of MOD-1 in the nervous system restores the suppression of serotonin-mediate fat 

loss seen in mod-1 mutants (47), whereas ectopic expression of MOD-1 in the intestine does 

not. Additionally, increased synaptic signaling via loss of the selective serotonin reuptake 

transporter mod-5, a neuronal gene, also decreases body fat (T. Noble and S. Srinivasan, 

unpublished results). A similar genetic approach was used to conclude that the potent effects 

of serotonin signaling on body fat are independent of its other physiological effects 

including locomotion, reproduction and stress response (12).

An RNAi-based suppressor screen for metabolic genes revealed that the mechanism 

underlying serotonin-mediated fat loss was increased fatty acid utilization and energy 

expenditure in the peroxisomes and mitochondria. Each enzymatic step of energy production 

via oxidation of fatty acids emerged from a suppressor screen for metabolic regulators of 

serotonin-mediated fat loss. These metabolic genes suppressed not only the fat loss induced 

by serotonin, but also the increased energy expenditure phenotype, providing evidence that 

serotonin-induced fat loss and energy expenditure are mechanistically coupled (12). A 

subsequent RNAi screen revealed that the regulatory lipase ATGL-1 is induced in the 

intestine by the action of serotonin signaling in neurons via the chloride channel MOD-1 

(47).

Elucidation of the neural circuit for serotonin-mediated fat loss reveals two interesting 

features of serotonin signaling. First, serotonin-mediated fat loss requires octopamine (the 

invertebrate analog of adrenaline) via the biosynthetic enzyme tyramine beta-hydroxylase 

(tbh-1). Octopamine signaling in turn modulates the expression of the serotonin biosynthesis 

enzyme tryptophan hydroxylase (tph-1) (47). Together, serotonin and octopamine/
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adrenergic-like signaling function in a positive regulatory loop to sustain a neural signal for 

body fat loss (Figure 4). These observations in C. elegans may provide a potential molecular 

explanation for the long-observed potent effects of combined serotonergic and adrenergic 

weight loss drugs. Four pairs of neurons emerge as the critical nodes for serotonergic 

function. The octopamine signaling neurons RIC and AWB provide a permissive signal to 

maintain serotonin production, and the serotonin signaling neurons ADF and URX provide 

an instructive signal to stimulate fat loss. Loss of both the serotonergic and octopaminergic 

arms of the circuit leads to a complete suppression of fat loss, and a dramatic increase in 

body fat under basal conditions (Figure 4).

Second, the neural circuitry underlying serotonin-mediated fat loss suggests that rather than 

serotonin itself, undiscovered downstream neuroendocrine signal(s) are relayed to peripheral 

metabolic tissues to control fat loss. The inactivation of mod-1 selectively in the URX body 

cavity neurons prohibits the increased expression of the intestinal atgl-1 lipase during 

serotonergic activation (47). This result provides evidence for the existence of undiscovered 

neuroendocrine signals that originate in the nervous system in response to an instructive 

serotonergic signal. Such signals may be relayed via the coelomic fluid to the intestine 

where body fat is metabolized. The discovery of new neuroendocrine effectors of body fat 

loss has the potential to identify potent and conserved regulators of fat loss without the 

complicating physiological effects of broad serotonergic or octopaminergic signaling.

TGFβ and insulin

TGFβ and insulin are two major neuroendocrine regulators of organismal homeostasis in C. 

elegans. They have been best-studied in the context of the alternative dauer developmental 

fate. The signaling pathways for dauer formation downstream of the TGFβ ligand DAF-7 

and the insulin receptor DAF-2, have been investigated in depth and are reviewed elsewhere 

(75). In adults, inactivation of the daf-7 and daf-2 genes causes a dramatic increase in body 

fat. TGFβ/DAF-7 is expressed in a single pair of sensory neurons called ASI, and regulates 

body fat via signaling through glutamate receptors in the NSM serotonergic neurons (4). The 

insulin receptor/DAF-2 is expressed broadly in the nervous system (76, 77). The increased 

body fat of daf-2 mutants is abrogated by loss of the canonical FOXO transcription factor 

daf-16. From an RNAi screen, a protein phosphatase called pdp-1 with sequence similarity 

to the mammalian pyruvate dehydrogenase phosphatase emerged as a link between the 

insulin and TGFβ signaling pathways (78). However, regulators of insulin-signaling-

mediated body fat control distinct from its effects on dauer and lifespan regulation are yet to 

be identified.

A notable aspect of studies of serotonin and TGFβ signaling in body fat control is that both 

neuromodulators also function as food sensors in C. elegans. Serotonin functions as an 

indicator of food presence such that fasted animals restored to food increase serotonin 

production (72), up-regulate metabolic tone, increase energy expenditure and resume 

reproductive functions (5, 12). On the other hand, TGFβ/DAF-7 signaling is down-regulated 

in the absence of food (79), and promotes fat retention (4). Yet, in both cases the regulation 

of body fat and food intake occur through distinct neural circuits. Together the data suggest 

that rather food intake alone, the perception of nutrient sufficiency in the nervous system is 
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relayed to maintain metabolic rate and stimulate fat loss. In contrast, the perception of 

nutrient deprivation down-regulates metabolism and leads to fat retention.

Neuroendocrine Signals

There is strong evidence to show that for serotonin and other neuromodulators that function 

solely in the nervous system to regulate body fat, endocrine mechanisms must exist to allow 

communication between neurons and the intestine, where body fat is stored. Unlike 

mammals, the C. elegans gut is not directly innervated. This anatomical feature serves as an 

excellent platform for the discovery of neuroendocrine peptides, hormones and other 

signaling molecules that relay information between the nervous and metabolic tissues. 

Despite great strides in the discovery of neuroendocrine hormones using biochemical 

approaches (80-82), much remains to be discovered in the field of neuroendocrine signaling 

in the context of body fat control. One can envision two models for the regulatory logic 

underlying neuroendocrine communication in C. elegans. In the first, each fat-regulatory 

neuron relays its own signal to mobilize or retain fat, and the intestine functions as the locus 

of control for the sorting and organization of multiple signals received from the nervous 

system. Other than the body cavity neurons, additional C. elegans sensory neurons are 

known to secrete neuropeptides in a manner not restricted by synaptic wiring (83, 84). In the 

second model, the locus of control resides in a small subset of central regulatory neurons. 

Sensory neurons relay external information to this central hub, which may also access 

internal nutrient status. A balance of internal and external states would then lead to the 

release of a few key neuroendocrine signals that are interpreted by the intestine to either 

mobilize or synthesize fat. Both models are plausible; of the 100+ neuropeptide genes in the 

C. elegans genome, each of which encodes multiple neuropeptides (85), many modulate 

body fat (S. Srinivasan unpublished observations).

Summary and Perspectives

Genetic and pharmacological screening approaches suggest that there are many additional 

regulators of body fat that await further study. Tractable genetic and pharmacological tools 

allowing tight temporal and reversible control of neuronal activation and inhibition are now 

available for C. elegans (86), and will facilitate the rapid discovery of key neurons that are 

instructive regulators of body fat. GFP-based reporters for body fat and its cellular 

compartmentalization make the study of the cell biology of lipid regulation feasible at a 

genome-wide scale. The coming years are expected to be an especially informative period in 

gaining a deeper appreciation of the regulatory logic of body fat control.
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Figure 1. The C. elegans model system for studies of body fat regulation
A. A schematic depiction of the anatomy of adult C. elegans. The pharynx is the feeding 

organ, and the intestine is the major organ for fat storage and mobilization. The germline 

and fertilized oocytes also store fat. B. Image of a fixed adult worm stained with Oil Red O, 

a lipophilic dye used to visualize and quantify body fat. Intestinal lipid droplets of different 

sizes can be clearly seen. C. Animals fasted for 4-6 hours deplete their fat reserves (upper 

panels). Fasted atgl-1::GFP transgenic animals show induction of atgl-1 expression upon 

fasting, and can be used as a screening tool for regulators of fat breakdown (middle panels). 

The fatty acid desaturase enzyme FAT-7 is inhibited upon fasting, as seen in fat-7::GFP 

reporter animals. D. The transparent body of the worm allows direct visualization of 

reporters in living animals. The rate-limiting enzyme for serotonin synthesis TPH-1, is 

expressed in two pairs of bilaterally symmetric neurons, NSM and ADF, in the head of the 

worm, and an additional pair of hermaphrodite-specific neurons called HSN near the vulva 

(not depicted).
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Figure 2. Composition of body fat and lipid droplets in C. elegans
A. Liquid Chromatography-Mass Spectrometric analysis of monoglycerides (MAGs), 

diglycerides (DAGs) and triglycerides (TAGs) in C. elegans shows that lipid is stored 

predominantly as TAGs, as in most metazoans including humans. Relative to wild-type 

animals (black bars) RNAi-mediated interference of atgl-1 (gray bars), the rate-limiting 

enzyme for lipid mobilization, shows a preferential accumulation of TAGs. B. Transmission 

electron microscopic images of a cross-section of the intestine in wild-type animals, 1450X. 

The intestinal cell is demarcated in blue and the lumen of the intestine, in red. C. At 4000X 

magnification, at least two lipid containing organelles can be visualized (Personal 

communication, Malcolm Wood, Microscopy Core, TSRI). One class has a phase-dark core 

(closed arrowhead) and the other is electron-lucent (open arrowhead). D. Model depicting 

the lipid regulatory network in C. elegans. Markers and regulatory proteins associated with 

each organelle are depicted. The lipid droplets and LROs contain fat, whereas the 

mitochondria and peroxisomes are metabolic organelles and utilize fat to produce energy. 

The ER and lipid droplets form contacts via ACS-22 and DGAT-2. Whether each organelle 

is in physical contact with other organelles remains to be determined. However, inhibition of 

LRO lipases lipl-1 and lipl-3 lead to lipid accumulation in the lipid droplets, and inhibition 

of mitochondrial and peroxisomal components lead to lipid accumulation in both the lipid 

droplets and the LROs.
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Figure 3. 
Metabolic pathways for fat synthesis (A) and breakdown (B).
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Figure 4. Schematic depiction of the serotonergic neuroendocrine pathway that controls body fat
The described neural circuit for fat loss functions as a positive regulatory loop in which 

octopamine/adrenaline-like signaling acts as a permissive cue to maintain serotonin 

production and function. Serotonin production in the ADF chemosensory neurons activates 

the serotonergic chloride channel MOD-1 in the URX body cavity neurons to elicit fat loss. 

Serotonin signaling relays a neuroendocrine instructive signal from the nervous system to 

the distal intestine via unknown neuroendocrine effectors.
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