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Abstract
Obesity is a global health problem associated with many comorbidities such as type 2 diabetes and cancer. The
number of individuals with overweight and obesity have increased dramatically within the past few years. Given
the worldwide cost of an obesity pandemic, it is crucial to understand molecular pathways and identify novel factors that regulate fat storage in humans. In recent years, Caenorhabditis elegans has been widely used to investigate metabolic and neuroendocrine mechanisms involved in the regulation of energy metabolism. In this review,
we describe similarities in fundamental signalling pathways regulating fat accumulation between nematodes and
mammals. Like in humans, fat storage in C. elegans depends on the interaction of genetic and environmental factors such as diet, microbiota and ambient temperature. Despite many challenges, the simplicity of use, relatively
short lifespan, genetic conservation and availability of many valuable experimental techniques make C. elegans
an attractive and useful model organism in obesity research.
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Introduction
Obesity is a global health problem that affects virtually all socioeconomic groups independent of age and
country. Overweight and obesity, defined as abnormal or
excessive fat accumulation, develop as a result of a longterm imbalance between energy consumption and energy
expenditure. Global increase in the intake of energydense food and physical inactivity due to sedentary lifestyle, increasing transportation and urbanisation have
led to a dramatic rise in the number of individuals with
obesity worldwide (World Health Organization, (WHO)).
The number of adult women (over 20 years) with obesity
increased from 69 to 390 million, whereas the number
of adult men increased from 31 million to 281 million between 1975 and 2016. Moreover, the prevalence of
childhood and adolescent obesity (5-19 years) increased
from 5 million to 50 million for girls and from 6 million
to 74 million for boys between 1975 and 2016 (AbarcaGómez et al., 2017).
Energy homeostasis requires coordinated action of
multiple signalling pathways that regulate food sensation, eating behaviour, nutrient uptake, fat storage and
energy expenditure (Pang et al., 2014). Disruption of

any of these pathways may lead to an energy imbalance,
which can cause obesity and other metabolic diseases
(WHO, 1998; Willett et al., 1999). The early-onset monogenic forms of obesity in humans are relatively rare and
include mutations in genes of the leptin-melanocortin
pathway, leading to abnormal feeding behaviour and endocrine disorders. In most cases, genetically inherited
obesity develops because of an accumulation of mutations in multiple genetic loci. The analysis of genomewide scans demonstrated over 250 human obesity
quantitative trait loci (QTLs) (Rankinen et al., 2006).
Although the development of obesity depends on both
genetic and environmental causes, multiple genes seem
to increase the risk of weight gain through interaction
with environmental factors, e.g. unhealthy food, sedentary lifestyle and medication use. People with obesity are
at a much higher risk for the development of serious medical conditions such as high blood pressure, heart attack, stroke, type 2 diabetes (T2D), gallbladder disease
and different types of cancer (Haase et al., 2021).
Development of new experimental strategies that
could prevent and/or treat obesity and its comorbidities
demand deeper understanding of molecular mechanisms

* Corresponding author: Institute of Bioorganic Chemistry Polish Academy of Science, Poznań, Poland; e-mail: akita@ibch.poznan.pl

338

A.A. Dyczkowska, A. Chabowska-Kita

that regulate fat accumulation. Although rodents are the
most commonly used animal models in obesity studies,
modern scientific research aims to reduce the need for
vertebrates or partially replace them with ethically more
acceptable lower model organisms. Many researchers
aim to study obesity-related metabolism by using invertebrates including Caenorhabditis elegans, which has
been used in research for over 50 years. Caenorhabditis
elegans is the first eukaryotic multicellular organism
with a complete genome sequenced (The C. elegans
Sequencing Consortium, 1998) and the cell lineage of
each cell type mapped (Sulston and Horvitz, 1977; Sulston and Schierenberg et al., 1983). At least 60–80% of
human genes are conserved in C. elegans, and many of
them were shown to be associated with human diseases
(Sonnhammer and Durbin, 1997; Lai et al., 2000). Genetic conservation, transparent body, and relatively
short lifespan have established C. elegans as a highly
attractive animal model to study gene functions in various human diseases, including metabolic disorders.
Many nematode genes involved in the regulation of lipid
metabolism, e.g. fatty acid (FA) synthesis, elongation,
desaturation and β-oxidation as well as neuropeptide,
serotonergic and insulin/IGF-1 signalling (IIS) pathways,
have their orthologs in humans, indicating that basic
mechanisms controlling energy homeostasis might be
conserved in C. elegans (Chiang and MacDougald, 2003;
Mullaney and Ashrafi, 2009). Throughout this review,
we provide evidence that C. elegans is an animal model
with a high potential to study genetic and environmental
origins of obesity. We summarise basic principles and
signalling pathways regulating fat storage in C. elegans.
We also describe several genetic factors that regulate fat
accumulation and outline metabolic effects associated
with environmental changes, e.g. type of diet, microbiota, dietary restriction (DR) and temperature, in nematodes and mammals. We focus on the similarities between factors and signalling pathways regulating fat
storage in nematodes and humans and emphasise the
usefulness of C. elegans as a model in obesity research.
Fat storage in C. elegans
Pathways regulating fat storage, e.g. insulin, transforming growth factor-β (TGF-β), serotonin/5-hydroxytryptamine (5-HT) and mammalian target of rapamycin
(mTOR) signalling pathways (Greer et at., 2008; Srini-

vasan et al., 2008; Soukas et al., 2009) as well as factors
modulating synthesis, elongation, desaturation and degradation of FAs (Watts and Browse, 2002; Van Gilst
et al., 2005; Yang et al., 2006), seem to be conserved
among nematodes and humans (Watts and Browse,
2002). Because C. elegans do not have dedicated adipose tissue (AT), fat is accumulated in lipid droplets
(LDs), which are ubiquitous fat storage organelles localised mainly in the intestine (O’Rourke et al., 2009).
LDs are surrounded by a phospholipid monolayer composed of phosphatidylcholine and phosphatidylethanolamine and contain neutral lipids such as triglycerides
(TAGs) and cholesterol esters (CEs) (Tauchi-Sato et al.,
2002). LDs are located in close proximity to the endoplasmic reticulum (ER), which produces precursors of
TAGs, including diglycerides (DAGs), which are converted to TAGs by diacylglycerol O-acyltransferase 2
(DGAT-2) at the ER-LD interface (Cao et al., 2019).
Proteins of the seipin/BSCL2 type (SEIP-1) play a conserved role in humans and nematodes and promote LD
biogenesis (Cao et al., 2019). Seipins are present at
ER-LD junctions where they might be responsible for
the proper partitioning of lipids and proteins between
the ER and LDs (Cao et al., 2019).
In humans, FAs are provided through absorbed nutrients or via the gut microbiota (White, 2009; Jones
et al., 2011). In C. elegans, FAs needed for TAG synthesis are obtained from a bacterial diet or synthesised
de novo from acetyl CoA. In the de novo TAG synthesis,
acetyl CoA is converted by acetyl CoA carboxylase (ACC)
and FA synthase (FAS) into palmitic acid (16 : 0), which
can then be converted to TAGs, phospholipids (PLs) or
other long-chain polyunsaturated FAs (PUFAs). FA-modifying enzymes such as desaturases delta-5 (FAT-4) and
delta-6 (FAT-3) as well as PUFA elongase (ELO-1) found
in nematodes are very similar to their mammalian counterparts (Watts and Browse, 2002; Wallis et al., 2002).
Worms convert excess nutrients into TAGs through the
up-regulation of dgat-2, which is involved in TAG synthesis, and vitellogenin 2 (vit-2 ), which is responsible for
the transport of dietary lipids into LDs, thus promoting
fat accumulation (Wang et al., 2020).
LDs play an essential role in the regulation of energy
metabolism, membrane expansion during cell division
and intracellular fat storage (Wilfling et al., 2013). Similarities in the composition and structure of LDs indicate
their evolutionary conservation from worms to humans
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(Vrablik et al., 2015; Mak, 2011). Studies in rodents indicate that IIS plays a crucial role in the regulation of AT
morphology (Lee et al., 2016), and impaired AT plasticity is associated with insulin resistance (Kim et al.,
2014). Hypertrophy of LDs is linked to increased plasma
insulin levels in individuals with obesity, resulting in
a greater risk of T2D (Stern et al., 1972; Sanjabi et al.,
2015). In addition, adipocyte enlargement is associated
with insulin resistance in nondiabetic subjects independent of body weight, indicating that changes in adipocyte
size modulate insulin sensitivity before the development
of T2D (Lundgren et al., 2007). Altogether, these findings
indicate that changes in the number and morphology of
LDs influence IIS and might contribute to the development of T2D and other pathophysiological conditions.
Obesity research is greatly facilitated by the availability of multiple techniques that enable accurate measurement of the body fat content in C. elegans. Total
amount of fat in nematodes can be measured chemically
by thin layer chromatography (TLC) or biochemically by
an enzymatic assay that detects TAGs, the predominant
form of fat in worms (Lemieux et al., 2011, Aranaz et al.,
2020). Fat levels can also be determined by measuring
the vibrations of C-H bonds in lipids through coherent
anti-Stokes Raman scattering (CARS) microscopy (Rinia
et al., 2008). Because the nematode’s body is transparent, changes in the fat content can be easily visualised through different staining techniques, e.g. using Oil
Red O (ORO), Nile red, Sudan black or Bodipy (Kimura
et al., 1997; Hellerer et al., 2007; O’Rourke et al., 2009).
Enhanced details such as the number and size of LDs can
be determined using fluorescently tagged proteins, e.g.
a green fluorescent protein (GFP) tag, localised on their
surface. In C. elegans LDs’ biomarkers such as shortchain dehydrogenases 3 (DHS-3); DGAT-2, a member of
the acylCoA synthetase family (ACS-4); and adipose triglyceride lipase 1 (ATGL-1) (Zhang et al., 2010; Xu et al.,
2012a; Zhang et al., 2012; Liu et al., 2014; Vrablik et al.,
2015) are commonly used to differentiate between LD
hyperplasia (increase in the number) and hypertrophy (enlargement), the latter being the main cause of metabolic
dysfunction and obesity (Trayhurn, 2007).
Genetic factors regulating energy metabolism
in C. elegans and mammals
Different mouse models have played an important
role in understanding the function of specific genes in
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the development of obesity. Although nematodes are
physiologically different from humans, they have been
used as model organisms to identify regulators of fat
metabolism (Ashrafi et al., 2003). Various powerful genetic techniques used in C. elegans have enabled to
identify novel factors that regulate fat accumulation
(Carroll et al., 2004; Ashrafi, 2007; Schlegel and Stainier
2007; Habacher et al., 2016). The functions of putative
genes regulating fat storage in C. elegans have been
investigated using targeted deletions, mutagenesis
screens, Crispr/cas9 genome editing approach and a genome-scale RNA interference (RNAi) screening. Genome-wide silencing in C. elegans revealed around 300
genes that decrease fat accumulation and approximately
100 genes that cause an increase in the body fat levels,
many of which are functionally conserved in mammals
(Ashrafi, 2007).
The evolutionarily conserved IIS pathway is a critical
regulator of growth, development and longevity in C. elegans (Bulger et al., 2016). Mutation in the gene encoding insulin receptor (daf-2) increases fat accumulation in nematodes (Kimura et al., 1997). Adipose-tissue
specific knockout of the insulin receptor (Insr) resulted
in severe lipodystrophy and peripheral insulin resistance
in the skeletal muscle and liver that led to the development of diabetes, hyperlipidemia and fatty liver disease
in mice (Boucher et al., 2016; Softic et al., 2016). Similar
to rodents, during the progression from mild to severe
obesity, there is an inverse correlation between increasing body mass index (BMI) and decreasing expression
of INSR in human visceral white adipose tissue (WAT)
(Arcidiacono et al., 2020).
Another gene that affects body fat levels in C. elegans
is peptide transporter 1 (pept-1 ), an ortholog of human
SCL15A1. PEPT-1 is responsible for the transport of diand tripeptides in the intestine. Primarily, pept-1 mutation in C. elegans was found to be associated with the fat
loss phenotype (Ashrafi et al., 2003; Nehrke, 2003).
However, later studies demonstrated that inhibition of
pept-1 increases fat accumulation in nematodes possibly
through enhancement of the FA flip-flop diffusion across
the intestinal membrane (Brooks et al., 2009; Spanier
et al., 2009; Benner et al., 2011). Similarly to nematodes, in humans, PEPT1 transports nutrient-derived diand tripeptides and peptide-mimicking drugs into the gut
lumen (Brandsch, 2013). In the human intestinal epithelial cell line Caco-2, PEPT1 membrane abundance
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and dipeptide transport activity are regulated by insulin
and leptin hormones (Thamotharan et al., 1999; Buyse
et al., 2001; Hindlet et al., 2009). Although insulin has
no effect on SCL15A1 mRNA levels, it increases PEPT1
protein levels in the apical membrane of Caco-2 cells
(Thamotharan et al., 1999). In Caco-2 cells, leptin increases SCL15A1 transcription through the activation of
the mitogen-activated protein kinase (MAPK) signalling
pathway and enhances PEPT1 protein translation
through the ribosomal protein S6 (Hindlet et al., 2009).
SCL15A1 mRNA and PEPT1 protein levels as well as its
transport activity are decreased in mice fed a hypercaloric diet for 4 weeks. In rodents, PEPT1 lowers postprandial blood glucose levels and improves glycaemic
control in the upper small intestine following acute highprotein intake (Dranse et al., 2018). Pept1 knockout
mice show reduced body weight and shortened intestinal
microvilli, which greatly affects gut homeostasis (Kolodziejczak et al., 2013; Zhang et al., 2016a). In addition,
intestinal absorption of peptide-mimicking drugs mediated by PEPT1 is enhanced in hyperinsulinemic T2D rats
(Watanabe et al., 2003). Altogether, these findings indicate that PEPT1 maintains proper function and homeostasis in the small intestine and thus contributes to
nutrient absorption and uptake of peptidomimetic drugs.
Fat accumulation in C. elegans is also increased
through mutation in the tubby homolog gene (tub-1 )
(Ashrafi et al., 2003). In nematodes, TUB-1 affects protein and PL composition of the cilia membrane and
stimulates membranous expansion of ciliated sensory
neurons (DiTirro et al., 2019). Knockdown of the tub-1
gene causes an increase in RabGTPase-activating protein
(RBG-3), which may increase fat storage in C. elegans
through the modulation of processing and vesicular
transport in sensory neurons upstream of the insulin-like
signalling pathway (Mukhopadhyay et al., 2005). Most
studies on the function of the tubby gene have been
conducted in mice, where G 6 T transversion was shown
to disrupt splicing, resulting in a larger transcript containing an unspliced intron (Noben-Trauth et al., 1996;
Sahly et al., 1998; Boggon et al., 1999). This mutation
causes the tubby phenotype, which has been implicated
in obesity, retinal degeneration and hearing loss ( Kleyn
et al., 1996; Ikeda et al., 1999; Stubdal et al., 2000;
Jacobson et al., 2014). Genetic variation of the TUB
gene influences body weight (Shiri-Sverdlov et al., 2006)
and eating behaviour in humans (van Vliet-Ostaptchouk

et al., 2008). Recently, in humans, the TUB gene has
been shown to be expressed in the hypothalamus; however, no differences in hypothalamic TUB expression
with respect to body weight were observed, while adipose TUB expression is lower in subjects with obesity
than in the control group (Nies et al., 2017).
A genome-wide screen for regulators of fat metabolism identified that knockdown of different nuclear
hormone receptors (NHRs) influences fat storage or
lipid catabolism in C. elegans (Ashrafi et al., 2003; Arda
et al., 2010). NHR-49 is an ortholog of human hepatocyte
nuclear factor 4 alpha and 4 gamma (HNF4A and
HNF4G), and it is functionally remarkably similar to
mammalian peroxisome proliferator-activated receptors
which are important regulators of energy metabolism
(Van Gilst et al., 2005; Taubert et al., 2006). NHR-49
induces the expression of the delta-9 FA desaturase
gene (fat-7 ) in well-fed worms, whereas upon fasting, it
downregulates the expression of fat-7 and mitochondrial
β-oxidation genes such as a carnitine palmitoyl transferase-1 isoform (cpt-4 ), short-chain acyl-CoA dehydrogenases (acdh-1 and acdh-2 ) and enoyl-CoA hydratase
genes (ech-1 and ech-6 ) (Van Gilst et al., 2005). NHR-49
regulates many signalling pathways involved in lipid
metabolism through interaction with multiple transcriptional co-factors. NHR-13 and NHR-80 receptors
associate with NHR-49 to stimulate the expression of FA
desaturases, namely fat-7, fat-5 and fat-6, which regulate
the ratio of saturated and unsaturated FAs in lipid membranes (Pathare et al., 2012). NHR-49 interacts with
NHR-66 to repress genes encoding enzymes involved in
sphingolipid breakdown, e.g. FA ceramidase, glycosyl
hydrolase and sphingosine phosphate lyase, and lipolysis, e.g. phospholipases, TAG lipase and O-acyltransferase (Pathare et al., 2012). Knockdown of nhr-64 increases body fat content through enhanced de novo synthesis of monomethyl branched chain FAs and expression of ACC (Liang et al., 2010). NHR-69 also regulates
the secretion of neuropeptides, including the insulin-like
peptide DAF-28, and thus increases IIS and lowers glucose levels in ASI neurons, functionally resembling the
mammalian pancreas (Park et al., 2012). In humans,
single nucleotide polymorphisms (SNPs) in the HNF4A
gene contribute to the development of maturity-onset
diabetes of the young (MODY), which is a noninsulindependent T2D mellitus (NIDDM) (Yamagata et al.,
1996; Saif-Ali et al., 2011). Recent studies have demon-
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strated that overweight children have decreased methylation of HNF4A in their cord blood as compared to
children with normal body weight (Kwon et al., 2019).
Moreover, in overweight and obese children, hypomethylation of HNF4A in promoter P1 and hypermethylation
of HNF4A in promoter P2 are associated with higher
total cholesterol and TAG levels (Kwon et al., 2018).
Knockdown of HNF4A in human hepatoma cell lines
inhibits the secretion of TAGs and apolipoprotein B as
well as the expression of genes regulating lipid and lipoprotein metabolism (Krapivner et al., 2010). The absence of Hnf4a in the visceral endoderm (VE) of murine
embryoid bodies, sharing many functional properties
with the liver and pancreatic beta-cells (β-cells), inhibits
the expression of genes involved in glucose and lipid
metabolism (Stoffel and Dunkan, 1997). Hnf4a -deficient
mice are characterised by hepatic steatosis and increased serum levels of TAG, total cholesterol and high-density lipoprotein (HDL) cholesterol (Hayhurst et al.,
2001). Recently, it has been shown that rats overexpressing Hnf4a fed with a high-fat diet (HFD) have significantly reduced liver TAG and WAT, lower body weight
and increased HDL/low-density lipoprotein (HDL/LDL)
cholesterol ratios (Huang et al., 2020). Altogether, these
findings indicate that HNF4A-like NHRs in nematodes,
alike in mammals, are involved in the regulation of glucose and lipid metabolism.
Fat storage in nematodes is also decreased upon
mutations in genes encoding delta-9 FA desaturases
(fat-5, fat-6 and fat-7 ) (Brock et al., 2007). In C. elegans
and mammals, stearoyl-CoA desaturase (SCD) catalyses
the biosynthesis of monounsaturated FAs (MUFAs) from
saturated FAs (SFAs) (Brock et al., 2007; ALJohani
et al., 2017). In C. elegans, palmitic acid (16:0), obtained
from dietary E. coli or synthesised de novo, is converted
by FAT-5 to palmitoleic acid (16 : 1) or elongated by
FAT-6 and FAT-7 to stearic acid (18 : 0), which is further
processed to form PUFAs (Watts and Browse, 2002).
PUFAs influence cell membrane composition, modulate
lipid signalling and are required for growth, neurotransmission and reproduction (Kahn-Kirby et al., 2004
Watts and Ristow, 2017). Moreover, delta-9 FA desaturases are essential for C. elegans survival, as seen in
worms with triple mutations in fat-5;fat-6;fat-7, which is
lethal due to an inability to produce MUFA (Brock et al.,
2006). Deletion of a single gene encoding FA desaturase
leads to a subtle phenotype due to compensatory func-
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tion of the other desaturases (Brock et al., 2006). Disturbance in delta-9 FA desaturases reduces the amount
of TAG, resulting in decreased body fat (Brock et al.,
2007). Humans have two known isoforms of SCD,
namely SCD1 and SCD5 (Wang et al., 2005). SCD1 plays
an important role in the regulation of fat metabolism,
and its overexpression leads to the development of nonalcoholic fatty liver disease (NAFLD), obesity and hyperlipidaemia (Mar-Heyming et al., 2008; Vinknes et al.,
2013; Suppli et al., 2019). SNPs in the hSCD1 gene cause
a decrease in waist circumference and an increase in insulin sensitivity (Warensjo et al., 2007). In mice, Scd1 deficiency increases the activity of the AMP-activated protein kinase (AMPK), which enhances the expression of catabolic genes and leads to body weight loss (Dobrzyn
et al., 2004). Mice with hepatic Scd1 knockout are characterised by the up-regulation of genes responsible for
lipid oxidation, e.g. Ppara, and down-regulation of genes
involved in lipid synthesis, e.g. FA synthase (Fasn ), which
leads to decreased TAG plasma levels and increased
energy expenditure and insulin sensitivity (Miyazaki et al.,
2000; Ntambi et al., 2002). Moreover, Scd1 -null mice are
protected against HFD-induced obesity due to increased
SFA/MUFA ratio, which leads to reduction in fat accumulation (Ntambi et al., 2002; Al Johani et al., 2017).
Knockdown of cathepsin L-like protease (cpl-1) reduces fat accumulation in C. elegans via activation of the
serotonin signalling (Lin et al., 2019a). In mice, loss of
the cathepsin L gene (CatL ) reduces body weight gain
and WAT adipogenesis and increases WAT lipolysis and
FA β-oxidation (Lin et al., 2019a). Moreover, CatL-null
mice are lean and have reduced serum glucose and insulin levels and increased levels of glucose transporter
4 (GLUT4) (Yang et al., 2007). Similarly, CatL-deficient
mice fed with an HFD accumulate significantly less fat
through increased adipocyte lipolysis, have reduced
brown adipose tissue (BAT) mass and have lower plasma
TAGs, cholesterol and leptin levels as compared to wildtype (WT) animals (Funicello et al., 2007). Moreover,
cathepsin K (CatK) deficiency in mice increases the
amount of GLUT4 in adipose and muscle tissues and
reduces plasma insulin and glucose levels (Yang et al.,
2008). Incubation with a nonselective cathepsin inhibitor
E64d inhibits adipogenesis of 3T3-L1 cells, while overexpression of CatK enhances cell differentiation (Yang
et al., 2008). Humans have two forms of cathepsin,
namely L1 (CTSL1) and B (CTSB). The expression of
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CTSL1 is upregulated in the abdominal subcutaneous
WAT in individuals with obesity and positively correlated
with the level of adiposity, while the expression of CTSB
is reduced and correlates with insulin resistance (Xu
et al., 2020). These data indicate that cathepsin signalling influences glucose and lipid metabolism in both
nematodes and mammals.
Post-transcriptional regulation of fat accumulation
and adipogenesis
Mutation in the gene encoding an endoribonuclease
(rege-1 ) decreases body fat levels in C. elegans (Habacher et al., 2016). REGE-1, a close homolog of the mammalian MCPIP1/Zc3h12a/Regnase-1 (Xu et al., 2012;
Habacher et al., 2016; Habacher and Ciosk, 2017) regulates the expression of genes involved in lipid metabolism and immunity by targeting mRNA encoding
a transcription factor (ETS-4) (Habacher et al., 2016).
Both worm REGE-1 and mammalian Regnase-1 cleave
target mRNAs in their 3N!UTR regions (Habacher and
Ciosk, 2017). Mammalian Regnase-1 is involved in posttranscriptional control of a subset of mRNAs in different
cell types and thus plays an important role in the regulation of immune homeostasis and cellular adaptation
in multiple pathophysiological conditions, including autoimmune disorders and cancer (Habacher and Ciosk,
2017; Mao et al., 2017). However, the functional role of
Regnase-1 in the regulation of adipogenesis remains controversial. In 3T3-L1 cells, Regnase-1 has been shown to
induce adipogenesis by increasing the expression of the
CCAAT enhancer-binding protein beta (Cebpb ) without
an effect on the master adipogenic regulator peroxisome
proliferator-activated receptor gamma (Pparg ) (Younce
et al., 2009). In addition, Mcpip1 overexpression induces adipogenesis in 3T3-L1 cells through increased production of reactive oxygen/nitrogen species and expression of inducible-nitric oxide synthase (iNOS), which
lead to ER stress and autophagy (Younce et al., 2012). In
contrast, in a similar experiment by Lipert et al. (2014),
inhibition of Mcpip1 increases Cebpb and Pparg mRNA
levels and thus stimulates differentiation of 3T3-L1 cells.
Similarly, overexpression of Mcpip1 in 3T3-L1 fibroblasts reduces the mRNA levels of proteins involved in
adipocyte differentiation (Pparg, CCAAT enhancer-binding protein alpha (Cebpa )), insulin-stimulated glucose
uptake (Slc2a4 and Tbc1d4 ) and carbohydrate metabolism (Mgat1) (Losko et al., 2020). In addition, the ex-

pression of genes involved in TAG biosynthesis (Dgat2
and Srebf1 ), FA metabolism (Elovl1 and Stat5A ), lipid
metabolism (Scd1 and Lpl ) and dicarboxylic acid transport (Slc25a10 ) is reduced in Mcpip1 -overexpressing
cells (Losko et al., 2020). Elevated Mcpip1 expression
decreases the amount and activation of insulin receptor
(IR) and reduces insulin-induced serine/threonine-protein kinase (AKT) phosphorylation and thus attenuates
IIS in 3T3-L1 cells (Losko et al., 2020). MCPIP1 mRNA
levels are higher in women with obesity than in lean
individuals (Lipert et al., 2014). In contrast, more recent
data from the same group show that MCPIP1 expression
in subcutaneous adipose is inversely correlated with BMI
(Losko et al., 2020). These discrepancies in the MCPIP1
mRNA levels result from the limitation of the availability
of human samples and the type of control used in each
study. Current findings on the role of Regnase-1 in the
regulation of fat accumulation and adipogenesis in mammals are inconsistent. As REGE-1 is an ortholog of mammalian Regnase-1, the use of C. elegans might help to
reveal the role and discover the molecular basis of Regnase-1-mediated fat metabolism in humans.
The insulin signalling pathway modulates
fat metabolism
Obesity develops due to a chronic increase in food
intake and insufficient physical activity. In humans, food
intake is regulated predominantly by two hormones,
namely leptin secreted by the AT and insulin produced
by pancreatic β-cells (Niswender and Schwartz, 2003).
Although nematodes lack some signalling pathways crucial
for the regulation of metabolism in mammals, e.g. leptin
signalling, similar to humans, their fat storage strongly
depends on the IIS pathway (Kimura et al., 1997). In
C. elegans, the IIS pathway is the major regulator of fat accumulation. DAF-2 is activated by an insulin-like ligand,
and by binding to its receptor, DAF-2 activates a signalling cascade that results in the phosphorylation of the
abnormal dauer formation 16 (DAF-16), the ortholog of
human forkhead box (FOXO) transcription factor, which
sequesters DAF-16 in the cytoplasm (Kimura et al.,
1997). Mutation in the daf-2 gene prevents downstream
phosphorylation of DAF-16, thereby enabling its nuclear
transport. In the nucleus, DAF-16 stimulates the expression of genes that regulate growth and lifespan as well as
fat and glucose metabolism, e.g. pantothenate kinase
(pnk-1 ) encoding pantothenate kinase (PanK) involved in
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coenzyme A biosynthesis (Lee et al., 2003); fat-7 necessary for the synthesis of unsaturated FAs (Murphy et al.,
2003); gluconeogenic genes, e.g. phosphoenolpyruvate
carboxykinase PEPCK (pck-1 and pck-2 ) and pyruvate
carboxylase (pyc-1 ) (McElwee et al., 2006), leading to an
increase in body fat content. In addition, DAF-16 affects
the expression of genes at a distance via the lipid-gene
mediator 15 (MDT-15) (Zhang et al., 2013). Mutation in
the daf-16 gene leads to an almost complete recovery of
the daf-2 mutant phenotype (Kimura et al., 1997), further
indicating that DAF-16 is the major regulator of fat accumulation in C. elegans. Dysfunction of the insulin signalling in mammals leads to hepatic lipid accumulation
and impairs glucose metabolism and insulin sensitivity
in muscle and liver (Bugianesi et al., 2005), while in
C. elegans, an equivalent increase in the intestinal fat
stores is observed (Shi et al., 2013). Hyperactive IIS in
humans leads to the development of different types of
cancers, e.g. glioblastomas, gastric cancers, breast cancers and lung cancers, while loss of the IIS pathway
results in insulin resistance and the development of T2D
(Niswender and Schwartz, 2003; Samuels et al., 2004;
Lindhurst et al., 2012).
In humans, an adequate level of glucose is maintained
through simultaneous action of insulin and glucagon.
After meal consumption, glucose administered with food
stimulates insulin production from pancreatic β-cells,
which enhances glucose absorption from the bloodstream and increases energy production (Röder et al.,
2016). High-sugar diet (HSD) and HFD increase body fat
levels in mammals and C. elegans. Under hyperglycaemic conditions, insulin’s ability to lower blood glucose levels is impaired, which leads to a decrease in cell
surface GLUT4 levels in the skeletal muscle (Shepherd
and Kahn, 1999; Marette et al., 1999; Czech, 2017). This
leads to reduced glucose uptake from the circulation into
the muscle and deposition of excess glucose as fat in the
AT, and might result in the development of obesity in
mammals (Leahy et al. 1986; Kim et al., 2001). In C. elegans, HSD increases fat storage and generation of reactive oxygen species (ROS), reduces lifespan and promotes dauer formation (Garcia et al. 2015; Wang et al.,
2020; Kingsley et al. 2021). Moreover, glucose increases
body fat levels by promoting lipid biosynthesis through
stimulation of the expression of transcription factor
SBP-1, an ortholog of mammalian sterol regulatory element binding protein (SREBP1), which regulates adipo-
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genesis and lipid biosynthesis (McKay et al., 2003; Nomura et al., 2010), through the up-regulation of fat-5,
long-chain acyl-CoA synthetases (acs-2, acs-15, and acs-8)
and ceramide glycosyl transferase (cgt-1 ) mRNA levels
(Garcia et al. 2015). In addition, the expression of genes
related to carbohydrate metabolism, e.g. glycolytic, gpd-2,
and gpd-3; gluconeogenic genes, namely pck-1 and pck-3;
and transport, e.g. sugar transporter, swt-1, increases in
response to HSD treatment (Garcia et al. 2015).
Excessive consumption of lipids in relation to caloric
requirements leads to their ectopic accumulation in
nonadipose tissues and impairs insulin response. In
mammals, prolonged exposure to high amounts of lipids,
such as ceramides, gangliosides, and diacylglycerols, can
be toxic for pancreatic β-cells, resulting in lipotoxicity,
which leads to insulin resistance and T2D (Schooneman
et al., 2013; Larsen and Tennagels, 2014). In C. elegans,
high-glucose and high-lipid diets up-regulate the expression of fat-1, fat-2, fat-3, fat-4, and fat-5 genes, which produce high amounts of PUFAs and thus might lead to the
development of metabolic disorders (Wang et al., 2020).
Similarities in metabolic effects of the IIS in worms and
humans indicate that nematodes are useful model organisms to study the molecular mechanisms resulting
from disruption of the IIS pathway.
Bacterial diet influences fat storage
in C. elegans
Food is the main source of energy essential for the
survival of all living organisms. Excessive calorie consumption in relation to the amount of calories burned
has undesirable consequences for human metabolism
and may lead to the development of obesity, cardiovascular diseases and T2D (Tilman and Clark, 2014). In
C. elegans, as in mammals, changes in the source and
availability of food affect the rate of food intake, activity
of certain metabolic pathways and body fat content.
Because C. elegans feeds on bacteria, including Escherichia coli, which are found in the human gut microbiota,
through feeding worms with various bacterial strains,
the influence of diet on host health can be studied (MacNeil et al., 2013). In natural habitats, C. elegans consume different types of soil bacteria, e.g. Comomonas
sp., Pseudomonas medocina and Bacillus megaterium
(Avery and Shtonda, 2003). Under standard laboratory
conditions, three main types of E. coli, namely OP50,
HB101 and HT115, are usually used. Bacterial strains
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used as a diet contain different compositions of FAs,
amino acids (AAs) and PLs, which have a significant impact on fat metabolism in worms (Gao et al., 2017). To
form TAGs, C. elegans needs certain types of FAs supplied exclusively with a bacterial diet (Gao et al., 2017).
OP50 is used as a standard food for laboratory worms, as
it provides relevant FAs needed for TAG synthesis
(Stiernagle, 2006). In addition, it forms a thin lawn on
the agar plate, which allows to visualise C. elegans under
the microscope (Stiernagle, 2006). HB101 E. coli strain
contains higher levels of C16 : 0 and C18 : 2n6 FAs and
lower amounts of C18 : 0 FAs in comparison to OP50
(Zhang et al., 2010). HB101 does not produce the vaccenic acid (C18 : 1n7) needed for TAG production, which
results in the reduction of LD size and lower fat accumulation in C. elegans (Zhang et al., 2010; Gao et al., 2017;
Stuhr and Curran, 2020). The third type of bacteria,
commonly used in RNAi experiments, is the HT115
strain. The overall body fat levels in worms fed with
HT115 are greater than that in nematodes fed with
OP50, presumably due to different composition of AAs,
despite similar FA content. Worms fed with HT115
strain contain higher levels of aspartate, glutamate and
lysine (Reinke et al., 2010). In addition, the level of betaine, glucose, lactate and o-phosphocholine are greater,
whereas the amount of acetate is lower in worms fed
with HT115 than in worms fed with OP50 bacteria
(Reinke et al., 2010; Stuhr and Curran, 2020). Other bacteria species such as Methylobacterium and Sphingomonas, which often appear as contamination of plates
seeded with OP50, affect fat metabolism in C. elegans
due to significant differences in nutrient composition
(Stuhr and Curran, 2020). Methylobacterium contains
higher levels of glycerol, glucose and water, while
Sphingomonas contain higher levels of glycerol and water in comparison to OP50 strain. Consumption of these
bacterial strains decreases fat accumulation in C. elegans probably due to increased expression of fat-5 and
fat-7 (Stuhr and Curran, 2020). Altogether, these results
demonstrate that bacterial strains used as food for
nematodes differ in their nutrient composition and might
affect the expression of fat metabolism genes and consequently change the body fat content.
Gut microbiota modulates fat accumulation
in nematodes and mammals
Micronutrients administered with food are absorbed
along the gastrointestinal tract and modulate health,

body weight gain and composition of the gut microbiota
(Zhao et al., 2018). Most human microbiota are found in
the intestine, where they form a complex ecosystem
(Frank et al., 2007) composed of bacteria, archaea, viruses, fungi and protozoa (Davis, 2016). The gut microbiota
plays a crucial role in maintaining homeostasis through
modulation of the intestinal digestion, production of vitamins B and K, maintenance of structural integrity of the
gut mucosal barrier and regulation of the immune system
function by preventing multiplication of pathogenic microorganisms and enhancing drug metabolism (Jandhyala
et al., 2015; Davis, 2016). On the other hand, gut microbiota may promote proliferation of cancer cells by interacting with the immune system or through modulation
of cancer immunosurveillance (Jain et al., 2021).
The composition of gastrointestinal microbiota affects energy balance and might lead to the development
of multiple diseases, e.g. inflammatory bowel disease
(IBD), irritable bowel syndrome (IBS), allergies and
metabolic diseases including obesity and T2D (Turnbaugh et al., 2006; Jandhyala et al., 2015). The presence
and composition of the gut microbiota are important for
the maintenance of body homeostasis, including regulation of body fat content. Germ-free (GF) mice contain
lower body fat levels than their WT counterparts (Backhed et al., 2004). Moreover, transplanting microbiota
from WT to GF mice increases fat accumulation without
an increase in food consumption. Greater body fat content likely results from the fact that gut microbiota induces monosaccharide absorption from the gut lumen
and promotes de novo hepatic lipogenesis, which leads
to increased fat accumulation (Backhed et al., 2004).
Many organisms are unable to digest, absorb and obtain
energy from dietary nutrients. The gut microbiota
enables carbohydrate and polysaccharide metabolism,
absorption of monosaccharides and short-chain FAs and
FA conversion to complex lipids and thus might promote
fat accumulation (Turnbaugh et al., 2006).
Although the human gut microbiota varies between
geographical location and type of diet (Stanislawski
et al., 2019), the dominance of two groups of bacteria,
namely Bacteroidetes and Firmicutes, is noticeable (Jain
et al., 2021). People living in Africa contain higher levels
of Bacteroidetes and lower levels of Firmicutes than
Italian citizens (De Filippo et al., 2010). Diet rich in
fruits, vegetables and fibres increases the diversity of gut
microbiota and the abundance of microorganisms metabo-
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lising insoluble carbohydrates of the Firmicutes phylum,
e.g. Ruminococcus bromii, Roseburia and Eubacterium
rectale (Walker et al., 2011). In contrast, meat-based diets
decrease the number of Firmicutes and increase Alistipes
sp. and Bacteroides sp. like bacteria from Bacteroidetes
and Bilophila sp. phyla (David et al., 2014).
The composition of gut microbiota might affect
human health. People suffering from obesity have higher
levels of Firmicutes and lower levels of Bacteroidetes
than lean individuals (Jie et al., 2021). In contrast,
people with obesity consuming low-calorie diets contain
higher intestinal levels of Bacteroidetes and lower levels
of Firmicutes (Ley et al., 2006; Turnbaugh et al., 2006),
further indicating that the ratio of Firmicutes to Bacteroidetes affects obesity. In individuals with obesity,
higher levels of Firmicutes might enhance intestinal FA
absorption, which might lead to increased body weight
gain (Turnbaugh et al., 2006). GF mice colonised with
Bacteroidetes, which is a member of adult human intestinal microbiota, are characterised by improved lipid
absorption and processing (Hooper et al., 2001). Therefore, modulating the composition of the gut microbiota
may be important in the prevention and treatment of
obesity and other metabolic diseases.
In C. elegans, the type of bacteria serving as a food
source affects energy balance, fat accumulation and composition of the gut microbiota. In addition to Proteobacteria and Actinobacteria, intestinal microbiota in
nematodes contain bacteria from Firmicutes and Bacteroidetes phyla (Samuel et al., 2016; Zimmermann
et al., 2020) also found in the human microbiota. Caenorhabditis elegans microbiota plays an essential role in
the regulation of stress resistance (Dirksen et al., 2016),
pathogen protection (Kissoyan et al., 2019) and synthesis of essential nutrients (Zimmermann et al., 2020).
Nematode’s microbiota co-metabolises fluoropyrimidines
used in chemotherapy and thus determines the efficiency of anticancer treatment (Scott et al., 2017). Similarly, dietary thymidine stimulates microbial conversion
of the prodrug 5-fluoro 2 deoxyuridine (FUdR) into toxic
5-fluorouridine-5 -monophosphate (FUMP), leading to
autophagy and death in C. elegans (Ke et al., 2020).
In the past 15 years, a functional link between gut
microbiota and the development of obesity has been extensively studied. However, because of difficulties in human research, including sample availability, variations in
sample acquisition and technical limitations, specific
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molecular mechanisms through which intestinal bacteria
affect host metabolism in health and disease remain to
be identified (Maruvada et al., 2017; Aoun et al., 2020).
Recent identification of the gut microbiota in C. elegans
and similarities between nematode and human gut microbiota might facilitate microbiome–obesity research,
which has so far been impeded by technical limitations
and availability of a good experimental model. The use
of C. elegans as a model organism in determining
drug–microbiome–host interactions might help to understand the origins of pharmacokinetic variations between
individuals and to test the toxicity of different pharmacological obesity interventions.
Metabolic effects of natural bioactive compounds
on fat accumulation
Most of the available obesity treatments include medications that inhibit absorption of fat in the intestinal
lumen or decrease appetite and therefore affect food intake. Like other synthetic drugs, these medications exert
multiple side effects ranging from mild, e.g. nausea, dizziness, headache and dry mouth, to serious health implications, e.g. liver damage and pancreatitis. Because obesity is a global problem and many people suffer from obesity-related diseases, searching for natural safe bioactive
compounds that can enrich diet and reduce excessive fat
accumulation and/or burn fat is highly desirable.
Among the bioactive compounds that significantly reduce the lipid content of C. elegans are flavones (apigenin and luteolin), phenolic compounds (resveratrol)
and phenolic acids (vanillic acids and p-coumaric acids)
(Aranaz et al., 2020). The flavonoid apigenin is found in
many fruits and vegetables, e.g. parsley, celery, celeriac
and chamomile tea. Apigenin decreases the body fat
content in nematodes and mammals by up-regulating
lipl-5, which encodes a TAG lipase. lipl-5, which is an
ortholog of human LIPA (lipase A, lysosomal acid type),
LIPF (lipase F, gastric type) and LIPM (lipase family
member M) genes, catalyse the conversion of TAGs to
free FAs (FFAs) and glycerol (Choi et al., 2017; Aranaz
et al., 2019; Aranaz et al., 2020). Luteolin, naturally
found in celery, broccoli, artichoke, green pepper, parsley, thyme, dandelion, carrots, olive oil, peppermint,
rosemary and oregano, promotes serotonin signalling
and induces lipolysis and FA β-oxidation in worms (Xu
et al., 2014; Lin et al., 2020). In mammals, luteolin inhibits adipogenic differentiation through the activation
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of AMPK and sirtuin 1 (SIRT1) and protects against
HFD-induced body weight gain, fat mass accumulation
and insulin resistance (Zhang et al., 2016). Moreover,
consumption of other flavons might reduce fat accumulation in mammals and humans. Green tea, containing
many flavonoids such as catechins, decreases 3T3-L1
cell adipogenesis through the up-regulation of the
WNT/β-catenin signalling pathway (Lee et al., 2013). In
murine hepatic and fibroblast cell lines, catechins increase AMPKα activity, which induces phosphorylation
of its downstream target, ACC, resulting in enhanced
oxygen consumption and FA β-oxidation (Murase et al.,
2009). Tea catechins also enhance uncoupling protein 1
(Ucp1 ) expression in BAT and reduce fat accumulation in
rats fed HFD possibly through enhanced non-shivering
thermogenesis (Nomura et al., 2008). Similarly, in humans, tea catechins lower body fat content by activating
and recruiting BAT, leading to increased energy expenditure and FA β-oxidation (Dulloo et al., 1999; Nomura
et al., 2008). Various food ingredients, e.g. catechins from
green tea or capsaicin from red pepper, activate transient
receptor potential (TRP) superfamily cation channels,
which are expressed in the sensory nerve endings, present on the body surface and by mimicking the effects of
cold lead to reduction in human fat mass (Dulloo et al.,
1999). Supplementation with flavonoid-rich extracts isolated from Citrus aurantium L. var. amara Engl (CAVA )
reduces TAGs levels and expression of multiple genes
regulating lipid and glucose metabolism, e.g. mdt-15,
fat-2, fat-4, fat-5, fat-7, nhr-49 and acs-2 in WT worms
(Shen et al., 2019). Similarly, CAVA treatment prevents
adipocyte hypertrophy, body weight gain and liver
steatosis in mice fed HFD. CAVA administration also
influences composition of the gut microbiota by decreasing the Firmicutes-to-Bacteroidetes ratio.
Resveratrol, an example of phenolic compounds, produced by several plants, e.g. grapes, blackberries, raspberries, strawberries and apples, reduces fat accumulation in nematodes by down-regulating the expression
of genes involved in lipid biosynthesis, FA elongation,
FA β-oxidation, lipid storage and transport, and enhancement of genes regulating lipolysis (Aranaz et al., 2020).
In rodents, resveratrol mimics the effects of calorie
restriction and reduces fat accumulation through activation of Sirt1 (de Ligt et al., 2015; Imamura et al., 2017).
Meta-analysis of randomised controlled trials showed
that phenolic compounds such as resveratrol reduce

body weight and fat mass, increase lean mass, but have
no effect on leptin and adiponectin levels in humans
(Tabrizi et al., 2020).
Phenolic acids such as vanillic acid, which occurs in
argan oil, vinegar and wine, induce changes in the expression of genes involved in the antioxidant and stress resistance response, which might underlie its fat-reducing
activity in C. elegans (Aranaz et al., 2020). Vanillic acid decreases body weight gain and suppresses the expression
of transcription factors crucial for adipogenesis, e.g. Pparg
and Cebpa, in WAT from mice with diet-induced obesity
(Jung et al., 2018). Dietary phenolic acids, e.g. chlorogenic
acid, ellagic acids and p-coumaric acid, found in many
fruits and vegetables have a positive effect on human
health (Vinayagam et al., 2015). Through their anti-diabetic potential, they inhibit carbohydrate digestion and
intestinal glucose absorption and stimulate insulin secretion (Vinayagam et al., 2015). Dietary phenols such as
p-coumaric acid in rat L6 skeletal muscle cells (Yoon
et al., 2013), ellagic acid in rat aortic smooth muscle cells
(Rani et al., 2013) and chlorogenic acid in mice hepatic
tissue (Ong et al., 2013) can also improve lipid metabolism by preventing lipid deposition. Dietary phenols improve glucose and lipid metabolism in rodent models of
obesity through the activation of the AMPK signalling
pathway (Kang et al., 2012; Ong et al., 2013). p-Coumaric
acid in C. elegans has antioxidant properties and enhances
worm survival under oxidative and osmotic stress conditions (Yue et al., 2018). Similarly, cranberry phenolic compounds lower fat accumulation in C. elegans by regulating
the expression of sbp-1, cebp and nhr-49 (Sun et al., 2016).
Bioactive compounds from broccoli (Brassica oleracea) extract significantly reduce body weight and food
intake in C. elegans (Aranaz et al., 2019a) and reduce fat
accumulation and adipocyte size in rodents through
down-regulation of adipogenic transcription factor
(Cebpa ) and lipogenesis mediators (Srebp1 and Fasn )
(Aranaz et al., 2019a). Bioactive compounds such as
omega-6 FAs from Borago officinalis seed oil induce fat
loss in C. elegans and rodents through the activation of
peroxisomal FA β-oxidation (Navarro-Herrera et al.,
2018; Navarro-Herrera et al., 2018a). Momordica charantia, commonly known as bitter melon, is often used in
India, Asia, South America and East Africa to treat obesity and T2D (Grover and Yadav, 2004). Saponin-enriched ethanol extract from M. charantia promotes fat
loss in lean and obese worms fed HFD and HSD, al-
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though it has no effect on the pharyngeal pumping rate
(Lin et al., 2019). M. charantia extract decreases the expression of mediator of RNA polymerase II transcription
subunit 15 (mdt-15), sbp-1, nhr-49, and downstream FA
desaturases, namely fat-5, fat-6 and fat-7, indicating that
the inhibition of MUFAs biosynthesis results in decreased average LD size (Lin et al., 2019).
Legumes, which are a rich source of carbohydrates,
proteins, fibre, vitamins and minerals, have antioxidant
properties, reduce cholesterol absorption and lower
blood cholesterol levels (Cakir et al., 2019). In C. elegans, legumes, e.g. light red kidney, black, navy, white
kidney and cranberry reduce fat accumulation and increase the pharyngeal pumping rate presumably through
the modulation of the serotonin signalling pathway
(Finley et al., 2013). In addition, legumes such as resistant starch and fermented starch, obtained from the
ceca of mice, decrease body fat content in nematodes
possibly through increased energy expenditure or reduced food intake (Zheng et al., 2010). In rodents, resistant starch stimulates the synthesis of short-chain fatty
acids (SCFAs), which increase the production of gut
satiety hormones, insulin sensitivity, energy expenditure
and mitochondria function and increase gastrointestinal
motility (Keenan et al., 2006; Gao et al., 2009). Nematodes fed powdered oats containing β-glucan, which is
a soluble dietary fibre, are characterised by reduced
intestinal fat deposition and increased pharyngeal pumping rate (Gao et al., 2015). In mammals, β-glucan increases viscosity in the gastrointestinal tract, delays
nutrient digestion and absorption, lowers plasma total
and low-density lipoprotein (LDL) cholesterol levels and
reduces lipid accumulation (El Khoury et al., 2012).
Altogether, these results demonstrate that natural
bioactive compounds affect broad spectra of molecular
mechanisms regulating obesity phenotype and therefore
are relevant candidates for antiobesity treatment. Because many bioactive compounds affect fat metabolism
in both mammals and nematodes, C. elegans might
serve as a predictive model organism to investigate the
role of new bioactive compounds in lipid metabolism.
Stress factors affect body fat content
Dietary restriction reduces fat accumulation through
central and peripheral signalling
Well-fed organisms obtain energy from the utilisation
of nutrients administered with food. In rodents, star-
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vation activates the transcription of genes responsible
for lipid catabolism, which allows the use of internal
energy reservoirs necessary for animal survival. DR
promotes utilisation of fat stores and thus leads to a decrease in body weight and an increase in insulin sensitivity and oxidative stress resistance (Bauer et al., 2004).
In mammals, DR reduces the risk of the development of
T2D and has a positive effect on health by lowering
brain-reactive antibodies, reducing tumour growth,
maintaining neural/cognitive function and increasing
lifespan (Trepanowski et al., 2011).
In C. elegans, limited availability of food leads to starvation (Avery and Horvitz, 1990). During starvation,
changes in nematode metabolism occur due to increased
secretion of neuronal signals, e.g. 5-HT (Sze et al., 2000;
Gray et al., 2005). These neuronal signals activate a signalling cascade, leading to reduced fat accumulation (Lin
et al., 2020). In nematodes, 5-HT is produced through
the conversion of tryptophan by tryptophan hydroxylase
1 (TPH-1). During starvation, nematodes produce high
levels of 5-HT which binds to serotonin-gated chloride
channel (MOD-1) and 5-HT/octopamine receptor 6
(SER-6) and promote FA β-oxidation through increased
ATGL-1 (Srinivasan et al., 2008; Noble et al., 2013). Similarly, long-term administration of exogenous 5-HT to
worms decreases fat content and increases energy expenditure as evidenced by enhanced oxygen consumption rate (Srinivasan et al., 2008). In contrast, deletion
mutation in the tph-1 gene prevents 5-HT production,
leading to worm arrest at the dauer stage and increased
fat accumulation (Sze et al., 2000). These findings demonstrate that upon food deprivation, the serotonin
signalling pathway modulates fat content in worms by
promoting FA β-oxidation. In addition to the peripheral
regulation of fat metabolism, 5-HT modulates feeding
behaviour in worms through an independent molecular
mechanism (Srinivasan et al., 2008).
In mammals, serotonergic effects on fat metabolism
are correlated with its inhibitory effects on food intake
in the central nervous system. However, emerging evidence suggests that locally produced 5-HT influences
nutrient absorption and energy metabolism through
distinct receptors present in peripheral tissues (Yabut
et al., 2019). Mice lacking functional 5-HT receptors
(5HT2C) are hyperphagic and develop obesity, insulin
resistance and T2D (Tecott et al., 1995; Nonogaki et al.,
1998). In contrast, treatment with 5-HT receptor ago-
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nists reduces appetite and induces anorexia in rats (Kennett et al., 1987; Garfield and Heisler, 2009). Similarly,
autosomal recessive mutation in mice (anx/anx ) results
in 5-HT overexpression, which leads to anorexic behaviour, starvation and consequently death (Son et al.,
1994). 5-HT treatment protects mice against late onset
HFD-induced obesity through inhibition of intra-abdominal fat accumulation and adipocyte hypertrophy, reduction of hyperglycaemia and insulin resistance, and
increased energy expenditure (Watanabe et al., 2016). In
humans, 5-HT receptor agonists have been used to suppress appetite and increase energy expenditure with
limited efficacy and multiple side effects (Chan et al.,
2013).
Body fat content in response to DR can also be modulated by two major nutrient-sensing pathways: mTOR
and AMPK signalling. The mTOR signalling pathway senses and responds to environmental signals through the
regulation of organismal growth, metabolism and lifespan (Laplante and Sabatini, 2012). In rodents, HFD
treatment impairs the ability of leptin to activate hypothalamic mTOR, leading to increased food intake and
development of obesity (Cota et al., 2008). In C. elegans,
stress conditions such as starvation inhibit the mTOR
signalling pathway and activate a signalling cascade, leading to a decrease in the body fat content through increased expression of catabolic enzymes, e.g. atgl-1
involved in lipolysis and fatty acid CoA synthetase family
(acs-2 ) that regulates FA β-oxidation (O’Rourke and Ruvkun, 2013; Srinivasan, 2015; Harvald et al., 2017; Macedo et al. 2019; Zaarur et al., 2019). Ataxin-2 homolog
(atx-2 ), an ortholog of the human Ataxin-2 (ATXN2 ),
negatively regulates the mTOR signalling in C. elegans
(Bar et al., 2016). DR activates atx-2, which promotes fat
loss in C. elegans through inhibition of mTOR signalling.
Down-regulation of atx-2 in dietary-restricted C. elegans
increases animal size and body fat levels, whereas atx-2
overexpression reduces fat accumulation (Bar et al.,
2016). Similarly, Atxn2 knockout mice are obese and
have decreased expression of Insr (Kiehl et al., 2006;
Meierhofer et al., 2016). These findings suggest that the
role of ATXN2 in the regulation of fat metabolism is conserved. Thus, further investigation of molecular mechanisms of DR leading to activation of the ATXN2
signalling pathway might have a significant effect on the
development of new therapeutic strategies for obesity
treatment.

In C. elegans, opposite to mTOR, the AMPK signalling pathway is activated in response to stress conditions, including limited food availability. AMPK is a conserved eukaryotic protein that functions as a nutrient
and energy sensor to maintain energy homeostasis when
ATP levels are scarce (Hardie et al., 2012). In mammals,
AMPK is activated through phosphorylation upon limited energy availability manifested by an increase in the
AMP/ATP ratio. In nematodes, an increase in the
AMP/ATP ratio leads to phosphorylation of AMP-activated protein kinases AAK-1 and AAK-2, which are orthologs of the mammalian AMPK catalytic subunits α1 and
α2 (Apfeld et al., 2004). DR activates AAK which upregulates the expression of genes modulating oxidative
metabolism through the regulation of DAF-16 transcription factor (Greer et al., 2007). AAK-2 activation by
5-aminoimidazole-4-carboxamide ribonucleoside (AICAR)
and metformin leads to an increase in oxidative metabolism as evidenced by enhanced lipid mobilisation (FA
β-oxidation and lipolysis), decreased synthesis of PUFAs
and increased oxygen consumption (Moreno-Arriola
et al., 2016). Mice with the mutation in the AMPK y1
subunit, which leads to hepatic AMPK activation, fed
HSD are characterised by reduced gluconeogenesis, FA
synthesis and lipogenesis in the liver (Woods et al.,
2017). Altogether, these results demonstrate that fat
metabolism, important for the maintenance of energy
homeostasis, is controlled by the coordinated action of
neuronal signals, e.g. 5-HT and nutrient-sensing pathways such as AMPK and mTOR signalling in both
C. elegans and mammals.
Lipid catabolism can also be regulated by the helixloop-helix transcription factor, HLH-11, an ortholog of
the human transcription factor activating enhancer binding protein 4 (TFAP4) (Li et al., 2020). In well-fed nematodes, HLH-11 inhibits the transcription of lipid catabolism genes, whereas upon fasting, the HLH-11 protein
is degraded, leading to an increase in the transcription
of genes involved in lipid catabolism and reduction of the
body fat content. Moreover, nutrient availability may regulate fat accumulation through lysosomal lipolysis mediated by two novel metabolic regulators, a MaX-like
transcription factor MXL-3, and HLH-30, which is an
ortholog of mammalian transcription factor EB (TFEB)
(O’Rourke and Ruvkun, 2013). Upon food availability,
MXL-3/MAX suppresses the expression of lysosomal
genes, while HLH-30/TFEB remains inactive in the cyto-
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sol. Upon food deprivation, mxl-3 mRNA levels are downregulated, while hlh-30 transcription is increased and
HLH-30 is enriched in the intestinal nuclei where it
activates the transcription of genes encoding lysosomal
lipases to mobilise lipid reservoirs and survive starvation. Interestingly, hlh-30 mutant worms die prematurely in fasting conditions, thus suggesting that HLH-30
is an essential metabolic regulator necessary for nematodes’ survival during periods of starvation (O’Rourke
and Ruvkun, 2013; Harvald et al., 2017). Fasting also
down-regulates the expression of the FA desaturase
fat-7, inhibits PUFA biosynthesis and increases FA β-oxidation (Van Gilst et al., 2005).
During prolonged fasting, in mammals, hepatic gluconeogenesis is downregulated through induction of the
Kruppel-like factor 15 (KLF15). KLF15 interacts with
the liver X receptor (LXR) to suppress Srebf1 transcription, resulting in downstream expression of genes
encoding lipogenic enzymes as the primary adaptation
mechanism to limited food availability (Takeuchi et al.,
2016). In addition, overnight fasting leads to the activation of KLF15, which regulates gluconeogenesis and AA
catabolism in the skeletal muscle (Gray et al., 2007).
In murine BAT, fasting activates ALK7 which inhibits
stress-induced activation of the lipolytic genes and AAdegrading enzymes through downstream stimulation of
KLF15 (Marmol et al., 2020). Kruppel-like factor 3
(KLF-3) regulates fat storage in C. elegans through interaction with genes encoding enzymes regulating FA
β-oxidation and de novo FA synthesis (Zhang et. al,
2011), indicating the conserved role of the Kruppel-like
family of transcription factors in the regulation of fat
metabolism.
Intermittent fasting (IF) is generally accepted as a
safe and viable weight loss method for adults with obesity. The analysis of 27 clinical trials using IF in obesity
treatment demonstrated 0.8% to 13% reduction in body
weight, mostly due to the fat loss (Welton et al., 2020).
A recent randomised human study with healthy individuals demonstrated that people consuming fasting mimicking diet (FMD), which is low in calories, sugars and
protein but high in unsaturated FAs, for 5 consecutive
days per month for 3 months have reduced body weight
and total body fat and lower blood pressure (Wei et al.,
2017). These findings indicate that prolonged fasting has
beneficial effects on human health. Because starvation
triggers a similar molecular response in nematodes and
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mammals, C. elegans seems to be a useful model organism to study long-term metabolic effects of dietary restriction.
Changes in ambient temperature influence
fat metabolism
Mild changes in ambient temperature influence
energy metabolism in rodent models of obesity. Mice
reared at reduced ambient temperature from birth to
weaning are protected against diet-induced obesity in
adult life (Chabowska-Kita et al., 2015). Similarly, fat
accumulation is markedly decreased in HFD-fed mice
maintained at 17EC due to increased energy expenditure
through nonshivering thermogenesis and enhanced metabolic efficiency (Ziętak et al., 2016). In mammals, cold
stimulates the beta-3 adrenergic receptors ($3-AdRs) in
the sympathetic nervous system (SNS). β3-AdRs release
norepinephrine (NE) and activate the UCP1-dependent
thermogenesis in the BAT through cyclic adenosine
monophosphate (cAMP)-driven activation of the protein
kinase A (PKA) and p38 MAPK signalling pathways
(Young et al., 1982; Cao et al., 2004). Murine and human
adipocytes can also directly sense cold and thus activate
thermogenesis independently of the canonical NE/
cAMP/PKA/p38 MAPK signalling pathway (Ye et al.,
2013). During nonshivering thermogenesis, BAT dissipates chemical energy in the form of heat through
utilisation of intracellular TAGs, circulating FFAs and
glucose (Townsend and Tseng, 2014).
Although UCP1 ortholog is not present in C. elegans,
worms express the uncoupling protein 4 (ucp-4 ), whose
RNAi-mediated knockdown leads to increased fat accumulation and impaired IIS possibly due to oxidative
stress (Ji et al., 2012). Unlike mammals, C. elegans contain lower levels of SFA, which allow worms to grow in
cool environments (Tanaka et al., 1996; Brock et al.,
2007). Cold temperature induces the expression of fat-7,
which enables worms to adapt to decreased environmental temperature through changes in FA unsaturation
(Murray et al., 2007). In both mammals and C. elegans,
reduction of D9 desaturase activity leads to reduced fat
accumulation (Ntambi et al., 2002; Hulver et al., 2005).
Double mutant worms fat-6; fat-7 and fat-5; fat-7 accumulate high levels of SFA, which increases their cold
sensitivity (Brock et al., 2007; Murray et al., 2007;
Savory et al., 2011). Cold survival through influencing
the activity of D9 desaturation is also regulated by phos-
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phoinositide-3 kinase (PI3K) (Savory et al., 2011), acylCoA dehydratase (acdh-11 ) (Ma et al., 2015), adiponectin receptor homolog (paqr-2 ) (Svensson et al., 2011;
Svensk et al., 2013), and immunoglobulin domain and
leucine-rich repeat-containing protein 2 (iglr-2 ) (Svensk
et al., 2016).
Cold exposure might stimulate fat loss through changes in the gut microbiota. In mice, thermoneutral ambient temperature (29EC) increases the level of Firmicutes bacteria, e.g. Bacilli and Erysipelotrichaceae, associated with obesity (Turnbaugh et al., 2009), whereas
low ambient temperature (12EC) up-regulates the levels
of Adlercreutzia and Desulfovibrio, which is a characteristic for the lean phenotype (Ziętak et al., 2016). Interestingly, changes in the intestinal microbiota are
noticeable after 1 day at 12EC (Ziętak et al., 2016). In
cold, the gut microbiota reduces fat content and improves insulin sensitivity through induction of UCP1dependent nonshivering thermogenesis, increases production of bile acids (BA) and enhances AMPK phosphorylation, which promotes energy expenditure and increases FA β-oxidation (Ziętak et al., 2016; Zietak and
Kozak, 2016).
Similar to mammals, a temperature range of 15–25EC
in C. elegans might change the composition of the gut
microbiota (Berg et al., 2016). Low ambient temperature
causes an increase in the level of Bacteroidetes, e.g.
Sphingobacterium sp., and lowers the level of Agrobacterium sp. in the worm intestine (Berg et al., 2016).
Low ambient temperature also stimulates production,
release and response to 5-HT, which activates DAF7/TGF-β and IIS, leading to a reduction in nematode
body fat content (Sze et al., 2000). At high ambient
temperature, DAF-7 expression induces dauer formation
in worms (You et al., 2008). Another factor that regulates fat metabolism in C. elegans, REGE-1, is required for worm survival during cold adaptation (Habacher
et al., 2016). Under standard temperature conditions,
REGE-1 promotes fat accumulation by degrading the
transcription factor ETS-4, which regulates the expression of fat catabolism and immunity genes (Habacher
et al., 2016). Mutation in the rege-1 gene causes increased ETS-4 expression, which stimulates fat loss and
death in worms maintained at low ambient temperature.
In the past few years, several studies have demonstrated that cold recruits and increases thermogenic
activity of BAT, leading to enhanced oxidative metabo-

lism and energy expenditure in humans (Ouellet et al.,
2012; Muzik et al., 2013, Yoneshiro et al; 2013). Although activation of the UCP1-dependent nonshivering
thermogenesis leads to a significant decrease in the
body fat mass in healthy individuals (Yoneshiro et al.,
2013), several clinical trials have been or will be testing
the efficacy of long-term mild cold treatment and nutrient administration on recruitment and activity of BAT
in individuals with obesity (retrieved from Clinical
Trials.gov).
Low ambient temperature can stimulate fat utilisation
through different molecular mechanisms and thus seems
to be a promising approach that could be used to prevent
and treat obesity. Although molecular mechanisms triggered by cold in C. elegans differ from the response observed in mammals, both mammals and nematodes adapt
to cool environments through modulation of lipid metabolism and changes in the composition of the gut microbiota to provide energy necessary for their survival.
Summary
Abnormal metabolic regulation due to inborn errors
as well as changes in modern diet and lifestyle have
enormous health consequences. Unlimited access to
food contributes to the development of metabolic disorders, e.g. obesity, T2D and cardiovascular diseases.
Although appropriate dietary modifications can control
some of the metabolic defects, the relative efficiency of
different types of diets used to battle obesity and T2D
remain controversial. Long-term use of medications in
obesity treatment has modest effectiveness and exerts
many side effects. Therefore, it is important to have
a deeper understanding of the existing molecular pathways and search for novel regulators of fat accumulation.
Despite differences in the physiology between species, available model organisms such as rodents and
nematodes are useful to explain the basic principles of
fat regulation. In most cases, genetically induced obesity
in humans develops from the accumulation of multiple
mutations, resulting in abnormal food absorption, energy
metabolism or food intake (WHO, 1998). In C. elegans,
over 400 genetic mutations cause abnormal fat metabolism, leading to decreased fat accumulation or enhanced
fat utilisation (Ashrafi et al., 2003). Although mechanisms regulating fat storage and development of obesity
in mammals are complex, many known signalling pathways regulating glucose and fat metabolism have their

Table 1. Factors involved in the metabolic regulation in C. elegans and their mammalian orthologs

C. elegans gene
aak-1, aak-2

Human ortholog

PRKAA1, PRKAA2 (protein kinase

Protein activity

FA β-oxidation and lipolysis,
decreased synthesis of PUFAs
and increased oxygen consumption

Apfeld et al., 2004;
Moreno-Arriola et al., 2016

synthetase

promotes LD biogenesis at the ER

Vrablik et al., 2015

AMP-activated catalytic subunits α1 and α2)

acs-4 (acyl CoA synthetase family)

ACSL3 (acyl-CoA synthetase long chain
family member 3)

atx-2 (ataxin 2)

ATXN2 (ataxin 2)

cpl-1 (cathepsin L-like protease)

CTSL1 (cathepsin L1),
CTSB (cathepsin B)

protease

daf-2 (abnormal dauer formation)

INSR (insulin receptor)

receptor tyrosine kinase

(abnormal dauer formation 16)

dgat-2

(diacylglycerol O-acyltransferase 2)

elo-1 (fatty acid elongase 1)
fat-3 (fatty acid desaturase 3)
fat-4 (fatty acid desaturase 4)

FOXO (forkhead box)
DGAT2 (diacylglycerol transferase 2)
ELOVL3, ELOVL 6

(fatty acid elongase 3 and 6)

FADS1, FADS2

(fatty acid desaturase 1 and 2)

FADS1 , FADS2, FADS3
(fatty acid desaturase 1, 2 and 3)

Reference

AMP-activated
protein kinases

(AMP-activated protein kinases)

daf-16

Function in C. elegans

protein
negatively regulates
with an unknown function the mTOR signalling pathway

Bar et al., 2016

regulates fat accumulation

Lin et al., 2019a

signal transduction
in the IIS pathway

Kimura et al., 1997

regulates the expression of genes
involved in fat and glucose metabolism

Kimura et al., 1997

converts DAGs into TAGs

Cao et al., 2019;
Xu et al., 2012a

elongase

biosynthesis of long-chain PUFA

Watts and Browse, 2002

delta-6 desaturase

biosynthesis of long-chain PUFA

Watts and Browse, 2002;
Wallis et al., 2002

delta-5 desaturase

biosynthesis of long-chain PUFA

Watts and Browse, 2002;
Wallis et al., 2002

transcription factor
transferase

Table 1 cont.

C. elegans gene

Human ortholog

Protein activity

fat-5, (fatty acid desaturase5),
fat-6 (fatty acid desaturase 6),
fat-7 (fatty acid desaturase 7)

SCD1, SCD5 (stearoyl-CoA desaturase)

delta-9 desaturase

HLH-11

TFAP4 (transcription factor activating
enhancer binding protein 4)

HLH-30

TFEB (transcription factor EB)

lipl-5

LIPA (lipase A, lysosomal acid type),
LIPF (lipase F, gastric type),
and LIPM (lipase family member M)

nhr-49

(nuclear hormone receptor)

pept-1 (peptide transporter 1)
rege-1

Function in C. elegans
biosynthesis MUFAs from SFAs

Brock et al., 2007

transcription factor

inhibits transcription
of lipid catabolism genes

Li et al., 2020

transcription factor

activates transcription of genes
encoding lysosomal lipases

O’Rourke and Ruvkun, 2013;
Harvald et al., 2017

converts TAGs to FFAs and glycerol

Aranaz et al., 2020

lipase

HNF4A, HNF4G (hepatocyte nuclear factor
promotes expression
nuclear hormone receptor
4 alpha and 4 gamma)
of delta-9 FA desaturase gene
SLC15A1

(solute carrier family 15 member 1)

Zc3h12a

(zinc finger CCCH-Type Containing 12A)

sbp-1

SREBF2 (sterol regulatory element binding
(sterol regulatory element binding 1) transcription factor 2)
seip-1 (seipin 1)

BSCL2 (Berardinelli–Seip congenital
lipodystrophy 2)

tub-1 (tubby 1)

TUB (tubby)

Reference

Arda et al., 2010

intestinal transport of diand tripeptides, FA flip-flop

Spanier et al., 2009;
Benner et al., 2011;
Brooks et al., 2009

inhibits lipid catabolism
due to ets-4 mRNA decay

Xu et al., 2012;
Habacher et al., 2016;
Habacher and Ciosk, 2017

promotes lipid biosynthesis

McKay et al., 2003;
Nomura et al., 2010

transmembrane protein
located in the ER

promotes LD formation

Cao et al., 2019

transcription factor

modulates processing
and vesicular transport

DiTirro et al., 2019

transporter

endoribonuclease
transcription factor
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counterparts in C. elegans (as summarised in Table 1)
(Sze et al., 2000; Jia, 2004; Perez and Van Gilst, 2008;
Moreno-Arriola et al., 2016).
Changes in lifestyle, including increased physical activity and modification of eating habits, along with appropriate pharmacology enhance the efficiency of obesity
interventions. However, the need for an effective and
safe therapeutic approach for individuals with morbid
obesity who are unable to exercise still exists. To maintain energy homeostasis and prolong survival, both mammals and nematodes adapt to constant changes in environmental conditions such as the type of diet, nutrient
availability and ambient temperature. Natural bioactive
compounds enriched in diet modulate metabolism and
thus might be used to improve human health. Flavones,
phenolic compounds and phenolic acids affect lipid metabolism in both C. elegans (Aranaz et al., 2020) and mammals (Zhang et al., 2016; Shen et al., 2019). Therefore,
C. elegans might be used as a model organism to determine metabolic effects, exclude potential toxicity and
investigate molecular mechanisms that mediate antiobesity effect of different bioactive compounds. Although
the composition of the human gut microbiota is more
complex as compared to that of C. elegans, bacterial
species from Firmicutes and Bacteroides phyla, which
are sensitive to environmental changes such as diet and
ambient temperature, are found in the intestine from
nematodes and mammals (Berg et al., 2016; Ziętak et al.,
2016; Jie et al., 2021). Moreover, environmental cues
strongly contribute to changes in adiposity. Despite
differences in molecular mechanisms triggered by the
low ambient temperature, the main metabolic effects of
cold stimulation, such as increased fat utilisation, are
observed in both C. elegans (Brock et al., 2007) and
mammals (Yoneshiro et al., 2013; Ziętak et al., 2016).
In conclusion, relatively short lifespan, reproduction
cycle and large brood size make C. elegans a useful model organism for research of many human diseases that
lack an effective and safe treatment. The availability of
a variety of cellular, molecular, genetic and behavioural
analyses and conservation of key fat-regulatory pathways
between nematodes and humans promote C. elegans as
an attractive tool in obesity research.
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