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Triacylglycerols represent the largest energy reservoir of the
body. The primary fat storage organ is white adipose tissue
(WAT), which grows in response to excess energy intake,
eventually leading to obesity, and shrinks in response to
starvation. In addition to its function as an energy storage
organ, the finely tuned regulation of triacylglycerol synthesis
and degradation in WAT is required for control of circulating
lipid levels. Defective WAT function may result in
dyslipidaemia and fatty acid overload of non-adipose tissues,
inducing ectopic triacylglycerol deposition, which is associated with insulin resistance, inflammation and impaired metabolic function of insulin-sensitive tissues [1]. This can occur
in obese individuals when the storage capacity of adipose
tissue is exceeded and in patients with loss-of-function mutations in genes regulating lipid storage, e.g. mutations in the
gene encoding lipid droplet protein perilipin 1, which limits
the access of lipases to fat stores, leading to lipodystrophy and
severe insulin resistance [2]. Thus, efficient fatty acid storage
in the form of inert triacylglycerol can be considered as a
protective mechanism counteracting dyslipidaemia and metabolic disease.
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In the current issue of Diabetologia, El-Assaad et al [3]
describe the phenotype of mice lacking G0s2, the protein
product of which (G0/G1 switch protein 2, G0S2) functions
as a lipolysis inhibitor and consequently increases fat storage.
Mechanistically, G0S2 acts by inhibiting adipose triglyceride
lipase (ATGL) activity, which is required for efficient
mobilisation of triacylglycerol stores [4]. ATGL-deficient
mice are obese and also accumulate triacylglycerols in nonadipose tissues, including liver and muscle. These mice exhibit strongly reduced lipolysis, causing a shift from fatty acid
to glucose oxidation, which is associated with improved glucose tolerance and insulin sensitivity, as well as protection
against high-fat diet (HFD)-induced insulin resistance [5–7].
Considering triacylglycerol storage as a protective mechanism, one would expect G0S2-mediated inhibition of lipolysis
to protect against insulin resistance. In line with this expectation, adipocyte-specific overexpression of G0s2 reduces lipolysis and increases fat mass. Despite increased obesity, these
transgenic mice display decreased plasma fatty acid, triacylglycerol and insulin levels, as well as improved glucose and
insulin tolerance [8]. These observations closely resemble the
phenotype of mice lacking ATGL [5–7]. Based on observations in mice overexpressing G0s2 in adipose tissue, one
would expect G0S2 deficiency to cause fatty acid overload,
dyslipidaemia, and insulin resistance. In contrast to these
expectations, El-Assaad et al [3] demonstrate that a lack of
G0S2 affords protection against obesity and insulin resistance in HFD-fed mice. This was explained by increased
β-oxidation and mitochondrial uncoupling, leading to increased energy expenditure and thermogenesis. The work
of El-Assaad et al confirms and adds to previous studies
showing that mice lacking G0S2 are lean, cold-tolerant
and protected against HFD-induced insulin resistance [9,
10]. Hence, G0S2 can be considered as key regulator of
energy homeostasis, controlling both fatty acid availability
and fatty acid oxidation.
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G0S2 is expressed in most insulin-sensitive tissues, including liver, heart and skeletal muscle, suggesting that the regulatory function of G0S2 is not limited to adipose tissue [4].
Notably, G0s2 overexpression in the liver increases steatosis
and suppresses fatty acid oxidation rates [9, 11]. Conversely,
loss of G0S2 in the liver increases oxidative gene expression
and enhances ketogenesis, resulting in a marked decrease in
hepatic triacylglycerol levels. Furthermore, liver-specific
knockdown of G0S2 protects against liver steatosis and improves insulin sensitivity, implying that the lack of G0S2
specifically in the liver has a beneficial effect on systemic
energy metabolism [3, 9]. It will be interesting to see in future
studies whether adipose-specific deletion of G0S2 can reduce
obesity without worsening insulin sensitivity. Furthermore,
there are currently no data on the role of G0S2 in muscle,
the primary site of insulin-mediated glucose uptake.
ATGL activity is regulated in a complex manner that involves the activator protein comparative gene expression–58
(CGI-58), G0S2 and lipid droplet proteins of the PAT family
(for a review, see [12]). Nutritional regulation of G0S2 implicates a central role of this protein in the control of lipolysis.
G0S2 levels in the liver are elevated in response to fasting,
which favours hepatic fat deposition and reduces fatty acid
oxidation. At the same time, low G0S2 levels in WAT promote
lipolysis. Conversely, re-feeding induces a rapid increase of
G0S2 in WAT and its downregulation in liver [9]. Thus,
changes in G0S2 in response to the feeding status channel
fatty acids either to WAT or liver (Fig. 1). Changes in G0S2
levels are observed within a few hours of feeding or food
restriction [4, 9], suggesting that this protein is required for
rapid metabolic adaptations.

Fig. 1 Nutritional regulation by G0S2. G0S2 increases fat storage and
reduces fatty acid oxidation by suppressing ATGL activity and, possibly,
by directly affecting mitochondrial function. G0S2 expression is differentially regulated in WAT and liver in response to feeding/fasting transitions. Feeding increases G0S2 levels in adipocytes, thereby channelling
dietary fatty acids (FA) to adipose tissue. In the fasted state, G0S2 is
downregulated in WAT and upregulated in the liver, favouring the deposition of WAT-derived FA in hepatocytes
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The mechanism responsible for the effects of G0S2 on fatty
acid oxidation remains elusive. Zhang et al [9] suggested that
the metabolic changes observed in hepatic G0S2 knockdown
mice occur independently of PPARα, a major regulator of
fatty acid uptake and utilisation, whereas El-Assaad et al [3]
observed upregulation of PPARα-target genes involved in
mitochondrial and peroxisomal β-oxidation. G0S2 has been
implicated in the regulation of diverse biological processes,
including apoptosis, cell cycle control, cancer cell proliferation and mitochondrial ATP production in different cellular
settings (for a review, see [13]). These diverse biological
actions might rely on the ability of G0S2 to interact with
different proteins, such as nucleolin [14], BCL2 [15], and
F0/F1-ATPase [16]. Specifically, its interaction with the mitochondrial proteins BCL2 and F0/F1-ATPase suggests that
G0S2 can directly modulate mitochondrial function. However, it is important to note that overexpression of ATGL in
adipose tissue is sufficient to cause a lean phenotype, obesity
resistance and increased fatty acid oxidation [17]. These observations indicate that the metabolic phenotype of G0S2deficient animals may also represent an adaption to the increased availability of fatty acids without direct effects on
mitochondrial fatty acid oxidation.
From an evolutionary perspective, the enormous fat storage
capacity of adipose tissue may be explained by the fact that
increased fat storage during periods when food is abundant
represents a survival advantage in times of famine. The ‘thrifty
genotype’ hypothesis [18] suggests that obesity is caused by
positive selection for genes that favour energy storage. In
modern society, where individuals lead a more sedentary
lifestyle and consume an energy-rich diet, thrifty genes have
became disadvantageous, predisposing people to obesity and
obesity-related disorders. Given that G0S2 affects systemic
energy metabolism in humans by increasing fatty acid storage
and reducing fatty acid oxidation, G0S2 can be considered as
a prototype of a thrifty gene.
A rational approach to treating obesity would be to increase
energy expenditure, possibly by inhibiting thrifty genes. Increased energy expenditure can be attained by activating
brown adipose tissue, which has an enormous capacity to
transform energy into heat. In addition, WAT can adopt the
thermogenic characteristics of brown fat, which is then referred to as beige fat (see review [19]). Published data clearly
demonstrate that G0S2 deficiency increases lipolysis, fatty
acid oxidation and thermogenesis in mouse models with different genetic backgrounds. These observations identify G0S2
as a highly interesting target for the treatment of obesity.
Little is currently known about the physiological and pathophysiological role of G0S2 in humans. Yet, it has been
shown that human G0S2 inhibits human ATGL in a dosedependent manner [20]. Furthermore, human G0S2 is downregulated in WAT by fasting and in individuals with poorly
controlled type 2 diabetes [21, 22]. Unfortunately, to date,
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G0S2 expression in the liver of diabetic patients has not been
investigated. High hepatic G0S2 levels would strongly suggest a role of the protein in the development of non-alcoholic
fatty liver disease, since data from animal studies indicate that
hepatic G0S2 levels are upregulated in response to HFD
feeding [4, 23]. In combination with the observed downregulation of G0S2 in WAT, high expression of G0S2 in the liver
would result in a metabolic condition promoting liver steatosis
and insulin resistance.
In summary, the characterisation of G0S2-deficient mice
has provided compelling evidence that G0S2 regulates important aspects of energy metabolism through its ability to restrict
ATGL-mediated lipolysis and fatty acid oxidation. Apart from
its function in energy metabolism, G0S2 may regulate other
cellular processes, such as proliferation and apoptosis. Defining the full spectrum of tissue-specific G0S2 actions will be an
important challenge for future research. Yet, the beneficial
effects of G0S2 deficiency on energy and lipid metabolism
identify G0S2 as a highly interesting target for the treatment of
obesity and obesity-related disorders.
Duality of interest The authors declare that there is no duality of
interest associated with this manuscript.
Contribution statement Both authors were responsible for drafting the
article and approved the version to be published.

References
1. Unger RH, Clark GO, Scherer PE, Orci L (2010) Lipid homeostasis,
lipotoxicity and the metabolic syndrome. Biochim Biophys Acta
1801:209–214
2. Kozusko K, Patel S, Savage DB (2013) Human congenital perilipin
deficiency and insulin resistance. Endocr Dev 24:150–155
3. El-Assaad W, El-Kouhen K, Mohammad AH et al (2014) Deletion of the
gene encoding G0/G1 switch protein 2 alleviates high-fat-diet-induced
weight gain and insulin resistance, and promotes browning of white
adipose tissue in mice. Diabetologia doi:10.1007/s00125-014-3429-z
4. Yang X, Lu X, Lombes M et al (2010) The G0/G1 switch gene 2
regulates adipose lipolysis through association with adipose triglyceride lipase. Cell Metab 11:194–205
5. Haemmerle G, Lass A, Zimmermann R et al (2006) Defective lipolysis and altered energy metabolism in mice lacking adipose triglyceride lipase. Science 312:734–737
6. Kienesberger PC, Lee D, Pulinilkunnil T et al (2009) Adipose triglyceride lipase deficiency causes tissue-specific changes in insulin
signaling. J Biol Chem 284:30218–30229

9
7. Hoy AJ, Bruce CR, Turpin SM et al (2011) Adipose triglyceride
lipase-null mice are resistant to high-fat diet-induced insulin resistance despite reduced energy expenditure and ectopic lipid accumulation. Endocrinology 152:48–58
8. Heckmann BL, Zhang X, Xie X et al (2014) Defective adipose
lipolysis and altered global energy metabolism in mice with adipose
overexpression of the lipolytic inhibitor G0/G1 switch gene 2
(G0S2). J Biol Chem 289:1905–1916
9. Zhang X, Xie X, Heckmann BL et al (2014) Targeted disruption of
G0/G1 switch gene 2 enhances adipose lipolysis, alters hepatic
energy balance, and alleviates high-fat diet-induced liver steatosis.
Diabetes 63:934–946
10. Ma T, Lopez-Aguiar AGN, Li A et al (2014) Mice lacking G0S2 are
lean and cold-tolerant. Cancer Biol Ther 15:643–650
11. Wang H, Sreenivasan U, Gong DW et al (2013) Cardiomyocytespecific perilipin 5 overexpression leads to myocardial steatosis and
modest cardiac dysfunction. J Lipid Res 54:953–965
12. Lass A, Zimmermann R, Oberer M, Zechner R (2011) Lipolysis—a
highly regulated multi-enzyme complex mediates the catabolism of
cellular fat stores. Prog Lipid Res 50:14–27
13. Heckmann BL, Zhang X, Xie X, Liu J (2013) The G0/G1
switch gene 2 (G0S2): regulating metabolism and beyond.
Biochim Biophys Acta 1831:276–281
14. Yamada T, Park CS, Shen Y et al (2014) G0S2 inhibits the proliferation of K562 cells by interacting with nucleolin in the cytosol.
Leuk Res 38:210–217
15. Welch C, Santra MK, El-Assaad W et al (2009) Identification of a
protein, G0S2, that lacks Bcl-2 homology domains and interacts with
and antagonizes Bcl-2. Cancer Res 69:6782–6789
16. Kioka H, Kato H, Fujikawa M et al (2014) Evaluation
of intramitochondrial ATP levels identifies G0/G1 switch
gene 2 as a positive regulator of oxidative phosphorylation.
Proc Natl Acad Sci U S A 111:273–278
17. Ahmadian M, Duncan RE, Varady KA et al (2009) Adipose overexpression of desnutrin promotes fatty acid use and attenuates dietinduced obesity. Diabetes 58:855–866
18. Neel JV (1962) Diabetes mellitus: a “thrifty” genotype rendered
detrimental by “progress”? Am J Hum Genet 14:353–362
19. Pfeifer A, Hoffmann LS (2014) Brown, beige, and white: the new
color code of fat and its pharmacological implications. Annu Rev
Pharmacol Toxicol. doi:10.1146/annurev-pharmtox-010814-124346
20. Schweiger M, Paar M, Eder C et al (2012) G0/G1 switch gene-2
regulates human adipocyte lipolysis by affecting activity and localization of adipose triglyceride lipase. J Lipid Res 53:2307–2317
21. Nielsen TS, Kampmann U, Nielsen RR et al (2012) Reduced mRNA
and protein expression of perilipin A and G0/G1 switch gene 2
(G0S2) in human adipose tissue in poorly controlled type 2 diabetes.
J Clin Endocrinol Metab 97:E1348–E1352
22. Nielsen TS, Vendelbo MH, Jessen N et al (2011) Fasting, but not
exercise, increases adipose triglyceride lipase (ATGL) protein and
reduces G0/G1 switch gene 2 (G0S2) protein and mRNA content in
human adipose tissue. J Clin Endocrinol Metab 96:E1293–E1297
23. Nojima K, Sugimoto K, Ueda H et al (2013) Analysis of hepatic gene
expression profile in a spontaneous mouse model of type 2 diabetes
under a high sucrose diet. Endocr J 60:261–274

