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Abstract We often eat more than our body needs. We live in an environment where high calorie food is abundant and
physical activities are limited. Living in this environment, maintaining healthy bodyweight becomes challenging and
obesity becomes a social burden. Why do we continue to eat even after the metabolic needs are satisfied? Feeding is an
ancient behavior essential to survive. Thus the mechanisms to regulate appetite, energy expenditure, and energy storage
are well conserved throughout animals. Based on this conservation, we study why we fail to control appetite using a
simple genetic model system C. elegans. We have discovered certain genetic components that when misregulated have
animals eat more and store more fat. In this review we discuss how these genes work in the appetite control circuit to
ultimately understand overall appetite control behavior. We will also briefly discuss how social influence affects feeding
regardless of the metabolic status of an animal.

Keywords cGMP, TGFβ, C. elegans, satiety, appetite, obesity

Introduction

In 2008, WHO announced that approximately a billion of us
(35% of world population) are obese. Studies from obese
patients who are deficient in leptin (Montague et al., 1997) or
who carry mutations in melanocortin 4 receptors (MC4R)
(Farooqi et al., 2000) demonstrate that failure of appetite
control and resulting obesity can be an inheritable genetic
disease. To date, despite tremendous effort, however, there
are only 11 genes identified as genetic causes of obesity
(Mutch and Clément, 2006). Moreover, aside from leptin and
MC4R, we do not know the molecular mechanisms by which
those mutations contribute to obesity.

To stop or start eating based on an animal’s metabolic
status, the appetite control center in the brain integrates
signals from the gut that convey the animal’s metabolic
status. Under pathological conditions, however, this commu-
nication within the appetite control circuit is often broken and
the animal eats more than it needs or does not eat even if it
needs to. This misregulation happens when the brain
overrides metabolic signals or when the metabolic signals

misfire. All 11 genes associated with human obesity are
involved in the regulation of appetite, suggesting that an
intact circuit to control appetite is critical to maintain normal
bodyweight. In this review, we will discuss the neuronal
regulation of appetite focusing on two signaling pathways,
TGFβ and cGMP.

Locomotive activity reflects animal’s
nutritional status

Food is important to any animal, and a large part of the
behavioral repertoire is concerned with ensuring adequate
nutrition. Two main nutritional sensations, hunger and satiety,
produce opposite behaviors. Hungry animals seek food,
increase exploratory behavior and continue feeding once they
encounter food. Satiated animals decrease exploratory
behavior, take a rest, and stop feeding. Therefore locomotive
activity often reflects an animal’s nutritional status. In a recent
study, we used a newly developed tracking system combined
with a Hidden Markov Model analysis to validate the notion
in C. elegans. C. elegans has been a powerful genetic model
system to discover many complex yet evolutionarily
conserved molecular pathways (Han and Sternberg, 1990;
Hengartner et al., 1992). Moreover, Ashrafi et al (2003)
provided genetic evidence that fat metabolism and energy
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expenditure are conserved between worms and mammals. In
addition, we discovered that the signaling and the behavior
controlling food intake, which contributes directly to obesity,
are also conserved between C. elegans and mammals; after a
big meal, worms become quiescent, mimicking the beha-
vioral sequence of satiety in mammals (You et al., 2008). The
finding of this behavior has given us a chance to use C.
elegans to study the genetics of food intake and therefore the
potential genetic contribution to obesity. We monitored an
individual worm’s locomotive activity throughout the
refeeding period and analyzed the speed to find the particular
behavioral state of the worm at a given time point during
refeeding. Our study shows that hungry worms move more
than satiated worms and thus that locomotive activity
faithfully reflects an animal’s metabolic status (Fig. 1). In
addition we found that the TGFβ pathway and the cGMP
pathway in a pair of head sensory neurons ASI mediate satiety
behavior in C. elegans (Gallagher et al., 2013a, 2013b).

TGFβ and food intake

Transforming growth factor β (TGFβ) signaling is well
studied in cell proliferation, differentiation and tumor
formation (Feng and Derynck, 2005). In addition, studies
suggest a role of TGFβ in food intake and fat metabolism:
(1) Overexpressing a TGFβ family member (MIC-1/GDF-15)
in the brain inhibits food intake in wild type mice and causes
weight loss by reducing food intake in leptin-deficient ob/ob
mice (Johnen et al., 2007). Deficiency of MIC-1, on the other
hand, causes an increase in food intake (in females) and
induces obesity (in both genders) (Tsai et al., 2013).
(2) Exercise activates TGFβ in the brain, and this increase
of TGFβ correlates with increased fat mobilization (Shiba-
kusa et al., 2006). (3) Orexin, a neuropeptide that increases
appetite, upregulates expression of four sets of signaling

genes including TGFβ/SMAD (Sikder and Kodadek, 2007).
(4) In C. elegans, neuronal TGFβ signaling controls fat
metabolism (Greer et al., 2008) as well as post-prandial
quiescence (You et al., 2008). These results suggest that
TGFβ signaling regulates food intake and fat metabolism both
in mammals and worms, potentially through a conserved
molecular mechanism. The molecular and cellular mechan-
isms, however, remain unknown. We have shown one way by
which the TGFβ pathway regulates appetite in C. elegans. We
found that ASI, which is known to regulate several nutrition-
related behaviors such as calorie restriction-dependent long-
evity (Bishop and Guarente, 2007), is activated by nutrients.
In addition, the expression of TGFβ in ASI neurons increases
after the worms reach nutritional satisfaction. We also showed
that the TGFβ from ASI inhibits two downstream neurons
called RIM and RIC, thus suggesting a satiety circuit
consisting of ASI ! RIM + RIC. RIM and possibly RIC
are thought to be activated during starvation (Alkema et al.,
2005; Suo et al., 2006; Greer et al., 2008; Crocker et al.,
2010). Also RIM and RIC neurons are the only known
neurons that synthesize and secret octopamine, the inverte-
brate norepinephrine, to regulate alert responses. Based on
these results, we propose that upon metabolic satisfaction,
ASI gets activated and releases TGFβ, which in turn
suppresses ‘alert/ hunger responding neurons’, RIM and
RIC (Fig. 2) (Gallagher et al., 2013b). This inhibition of RIM
+ RIC by ASI suggests a potential antagonism between ASI
and RIM + RIC neurons that could mimic the mammalian
appetite control center in the hypothalamus where orexigenic
NPY expressing neurons and anorexigenic AGRP expressing
neurons antagonize each other.

Interestingly, worm neuro-anatomy shows a potential input
from ASH to RIM + RIC neurons. ASH is another pair of
head sensory neurons that sense most noxious stimuli. If these
three neurons act as a small circuit by themselves, this
circuitry would cause the worms to be alert and to flee so as to
avoid noxious stimuli. The potential existence of this
‘appetite suppress’ circuit outside of nutrition sensing
neurons ASI is quite reasonable because integrating the
noxious signals into the appetite control center can provide a
gate to integrate social influence into appetite control.

Our finding combined with previously known function of
ASI shows that ASI inhibits the activity of RIM and RIC
through the TGFβ pathway. However, interesting questions
such as how suppressing RIM and RIC evokes satiety, what
are the hunger signals released from RIM and RIC, and
whether the signal released from RIM and RIC can
antagonize ASI as negative feedback still remain to be
answered.

cGMP a conserved cue for metabolism?

The cGMP signaling pathway is involved in many essential
functions; it regulates phototransduction in the eyes,

Figure 1 Locomotive activity reflects metabolic status: A
schematic diagram to show how metabolic status can be reflected
by locomotive activity.
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hypertension, reproduction, attention and hyperactive beha-
vior, vasodilation, circadian rhythms, intestinal homeostasis
and cancer progression (Januszewicz, 1995, Oster et al.,
2003, Yau and Hardie, 2009, Francis et al., 2010, Zhang et al.,
2010, Gong et al., 2011, Arshad and Visweswariah, 2012,
Kim et al., 2013). In addition, it regulates body size,
exploratory behavior, stress-induced development, sleep and
feeding in invertebrates (Fujiwara et al., 2002, Raizen et al.,
2008, You et al., 2008). Its role in appetite control and obesity,
however, was only recently discovered by us in worms and
Valentino et al. in mammals. In mammals, a gut peptide,
uroguanylin, is released upon feeding and binds to GUCY2C,
its receptor in the hypothalamus, to suppress feeding
(Valentino et al., 2011). GUCY2C is a membrane guanylyl
cyclase that produces cGMP upon its activation. Interestingly,
there are several previous studies that suggest cGMP
functions in obesity. For instance, sildenafil, a medicine that
inhibits degradation of cGMP to treat erectile dysfunction,
has protective effects in weight gain on a high-fat diet (Ayala
et al., 2007, Mitschke et al., 2013). Natriuretic peptides (NP)
that bind to NP receptors (also guanylyl cyclases(GCYs)) to
produce cGMP are not only important to control blood
pressure and heart function (Takei, 2001) but also plays an
important role in lipolysis in adipose tissue via phosphoryla-
tion of hormone sensitive lipase (HSL) by cGMP dependent
protein kinase (PKG) (Sengenès et al., 2000). Furthermore,
epidemiological studies show that a certain allele of the NP
receptor type C gene is associated with a lean phenotype
(Sarzani et al., 2004), suggesting a critical role of NP in fat
metabolism.

In worms, the cGMP signal is used to perceive most

sensations including temperature, smell and light (Komatsu et
al., 1996, Ward et al., 2008). The cGMP signal is essential for
worms to show satiety quiescence as well; lack of functional
cGMP-dependent protein kinase (PKG) led to increased fat
storage and defect in satiety quiescence (You et al., 2008).
Together, these findings in mammals and worms highlight an
essential role for cGMP signaling in appetite control and
metabolism. Understanding molecular mechanisms by which
cGMP regulates appetite will open up a potential use of well-
established pharmacological inhibitors as an effective treat-
ments for obesity.

Social influence in feeding

Walking into any restaurant, one can easily observe people
eating in social groups. These people are not just consuming
necessary calories but they are socializing, unaware of the
influences they have on each other. Eating in a social setting
with a group can result in social facilitation or social
inhibition of meal size. There is a positive correlation
between the number of people present in a group during the
consumption of a meal and the portion size consumed by the
group members; meal sizes increased as much as 44% (de
Castro and de Castro, 1989, Pliner et al., 2006). In addition to
increasing meal size, individuals were also found to
experience 30% less satiation when their meal is eaten in a
group when compared to meals eaten alone. Meals eaten with
others also have a higher number of calories and proportio-
nately contain more fat when compared to meals eaten alone
(de Castro and de Castro, 1989). Longer meal duration (36

Figure 2 Neuronal circuitry to regulate appetite in C. elegans. (A) Upon activation by nutritional well-being, ASI releases DAF-7
TGFβ. Binding of TGFβ to its receptor DAF-1 in RIM and RIC neurons inhibits RIM and RIC’s role in releasing hunger signals. In the
absence of hunger signals worms become satiated and quiescent. (B) When food is not available, DAF-7 is not released therefore RIM and
RIC are activated to release hunger signals.
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min compared to 12 min) in a group results in a larger meal
size as well (Pliner et al., 2006). This increase in meal size and
the fat content has been found to increase more when the meal
was consumed with friends (Hetherington et al., 2006). It has
also been found that an individual eating in the presence of
another who consistently eats a large meal or a small meal
will model their feeding behavior to match (Herman et al.,
2003). Individuals who believe their meal companions are
judging or evaluating them based on their meal size will
adjust their consumption accordingly, in an attempt to control
the impression of their meal companions (Herman et al.,
2003).

Interestingly all wild strains of C. elegans are social
feeders; they eat as a group (de Bono and Bargmann, 1998, de
Bono et al., 2002, Félix and Braendle, 2010). Although it is
unknown whether social feeding contributes to changes in fat
storage or satiety behavior in worms, the gene that regulates
social feeding, NPR-1, is a homolog of human NPY receptor
which has a clear implication in appetite control (de Bono et
al., 2002). This could suggest an interesting possibility that
social feeding is an evolutionarily old behavior and that the
integration of social cues in feeding behavior might have
contributed to certain advantages during evolution.

Feeding is regulated not only by energy need but also by
many other extrinsic cues such as stress and anxiety that also
can come as a result of social influence (Booth, 1989, Woods,
2005, Fehm et al., 2006, Berthoud, 2007). These signals from
multiple brain regions such as the amygdala and forebrain
often override the signals of metabolic need that are
integrated in the lateral hypothalamus (Weingarten, 1983,
Stroebele and de Castro, 2004, Popkin et al., 2005, Petrovich
and Gallagher, 2007). Therefore, misregulation of feeding
which directly contributes to obesity can be caused by genetic
predisposition as well as social influence.

Conclusions

We live in an environment foreign to our bodies; less than a
century ago, food was scarce and physical labor was intense.
In our new environment where calorie rich food is abundant
and physical labor is required less (if not at all), our
metabolism and desire to eat have not evolved to adjust to this
new environment. It is necessary to understand that the
current pandemic of obesity is a result of evolutionary
conserved mechanisms to make us efficient in energy intake,
storage and use. This understanding will be a basis to exploit
simple genetic organisms such as C. elegans to discover novel
yet conserved genetic mechanisms of appetite controls.

Food intake is controlled not only by metabolic need but
also genetic predisposition and social influence. Despite
intense studies, genetic causes of obesity and the mechanisms
by which the known monogenic factors of obesity work are
still largely unknown. Especially how the neuronal mis-
regulation either by genetic defects or by social influence

overrides metabolic need is still largely unknown. Again,
considering the robust conservation in feeding behavior and
metabolism in most animals, using a simple model system to
dissect the feeding circuit will help to advance the under-
standing of how this complicated feeding behavior is
regulated.
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