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Abstract: Common genetic variants of the fat mass and obesity associated (FTO) gene are strongly
associated with obesity and type 2 diabetes. FTO is ubiquitously expressed. Earlier studies have
focused on the role of hypothalamic FTO in the regulation of metabolism. However, recent studies
suggest that expression of hepatic FTO is regulated by metabolic signals, such as nutrients and
hormones, and altered FTO levels in the liver affect glucose and lipid metabolism. This review outlines
recent findings on hepatic FTO in the regulation of metabolism, with particular focus on hepatic
glucose and lipid metabolism. It is proposed that abnormal activity of hepatic signaling pathways
involving FTO links metabolic impairments such as obesity, type 2 diabetes and nonalcoholic fatty
liver disease (NAFLD). Therefore, a better understanding of these pathways may lead to therapeutic
approaches to treat these metabolic diseases by targeting hepatic FTO. The overall goal of this review
is to place FTO within the context of hepatic regulation of metabolism.
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1. Introduction

Genetic factors contribute to the susceptibility to metabolic diseases. A genome-wide association
study has identified common variants in the fat mass and obesity associated (FTO) gene to be associated
with obesity and type 2 diabetes [1–3]. Individuals homozygous for the risk allele have increased
adiposity, fasting blood glucose and hepatic glucose production compared to those homozygous for
the low risk allele [1,4]. These associations have been confirmed by replication across diverse ethnic
backgrounds [5]. The initial study reported that the significant association of FTO variants and type 2
diabetes risk no longer exists after adjusting adiposity [1]. However, subsequent studies demonstrated
that FTO variants are associated with an increased risk of type 2 diabetes at least partly independent of
obesity [4,6–12]. These findings suggest that FTO is implicated in the regulation of both body weight
and glucose metabolism.

Although variants in the FTO gene are unequivocally associated with obesity and type 2 diabetes,
the biological function of FTO itself is not fully understood. FTO belongs to the superfamily of Fe (II)-
and 2-oxoglutarate-dependent dioxygenases and plays a role in demethylation of nucleic acids [13–16].
It has been shown that transfected FTO localizes to the nucleus [13,17]. These biological properties
of FTO suggest the possibility that FTO may regulate the expression of genes through modification
of methylation–demethylation states of genes. It is therefore proposed that FTO plays a role in the
regulation of metabolism, possibly by altering gene expression in metabolically active tissues.
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2. Biological Function of FTO

A homozygous loss-of-function mutation of the FTO gene in humans causes severe growth
retardation and delays the development of the central nervous system without causing any obvious
phenotypic changes in metabolism [18]. Heterozygous loss-of-function mutations in the FTO gene
were found in both lean and obese individuals [19]. Moreover, studies showed that FTO mRNA levels
are either unchanged in adipose tissue or increased in peripheral blood cells in individuals with FTO
obesity-risk alleles, compared to individuals having no risk alleles [20,21]. Therefore, it is likely that
the obese phenotype in individuals carrying the FTO risk alleles is not due to loss-of-function of FTO
itself, but rather due to changes in FTO function and/or expression or function of other genes whose
expression may be altered by FTO variants.

Mice deficient in FTO exhibit severe growth retardation [22]. Deficiency of FTO or partial
loss-of-function mutations in the FTO gene is associated with reduced adiposity, while enhanced FTO
expression results in increased adiposity and body weight in mice [17,22,23]. High-fat diet-induced
obesity is attenuated and exaggerated in FTO-deficient mice and transgenic mice overexpressing FTO,
respectively [23–25]. Contrary to these findings, other studies demonstrated increased fat mass or
percent body fat in mice lacking FTO [24,26,27]. These findings suggest that FTO plays a role in the
regulation of whole body metabolism in mice. However, the phenotypes observed in these mouse
models are complex and are only partially consistent with the clinical phenotypes of human FTO
deficiency. Consequently, these findings raise the question whether the role of FTO in the control of
metabolism is species-specific. It is also possible that whole body loss-of-function mutations may
mask tissue-specific function of FTO in metabolism. To support this possibility, neuron-specific
FTO-deficient mice recapitulate metabolic phenotypes of whole-body FTO deficiency, while mice
lacking FTO only within the hypothalamus only partially exhibit the metabolic phenotype observed
in mice with complete FTO deficiency [24,26]. A limited number of metabolic phenotypes (i.e., body
weight, adiposity, food intake and energy expenditure) were examined in these studies and thus
it is not known whether FTO plays a role in the regulation of other aspects of metabolism (such
as glucose homeostasis) in a tissue-specific manner. Complete absence of FTO improves glucose
tolerance and insulin sensitivity in mice, suggesting a possible role of FTO in the regulation of glucose
homeostasis [22,26]. Since the liver plays a major role in the regulation of glucose and lipid metabolism,
it was assumed that hepatic FTO participates in the regulation of metabolism. Research has just started
to uncover the role of hepatic FTO in the regulation of metabolism.

3. Regulation of Hepatic FTO Expression by Metabolic Signals

If hepatic FTO plays a role in the regulation of metabolism, expression of FTO in the liver may be
altered in response to changes in metabolic state of the body. Hepatic FTO mRNA levels are increased
by fasting without a significant change in its protein levels and reduced by glucose treatment in
mice [24,28]. Consistent with these findings in mice, levels of FTO mRNA and protein are increased by
fasting and reduced by re-feeding in chickens [29,30]. Levels of gluconeogenic phosphoenolpyruvate
carboxykinase 1 (PCK1) and glucose-6-phosphatase (G6PC) mRNA behave in a similar manner
as FTO mRNA in response to changes in metabolic state. Fasting also causes parallel changes in
hepatic expression of FTO and peroxisome proliferator-activated receptor gamma coactivator 1 alpha
(PPARGC1A), a transcriptional coactivator that controls expression of genes important for metabolism,
such as gluconeogenesis and fatty acid oxidation [29]. FTO mRNA levels significantly and positively
correlate with blood glucose, G6PC mRNA, or PCK1 mRNA levels [28]. In agreement with these
in vivo data, levels of FTO and G6PC mRNA and protein are increased in mouse hepatocyte cell
line AML12 under nutritionally deprived conditions (i.e., mimicking fasted conditions) compared to
nutrient rich conditions (i.e., mimicking normally fed conditions) [31]. Thus, the hepatic FTO mRNA
expression level is altered in response to changes in metabolic state (e.g., fasting) and changes in blood
glucose level may contribute to the fasting-induced increase in hepatic FTO gene expression.
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Fasting causes alterations in blood level, not only of glucose, but also other metabolites and
hormones such as insulin, which plays a role in the regulation of gluconeogenic gene expression.
If hepatic FTO plays a role in the regulation of gluconeogenic gene expression, hepatic FTO expression
may also be negatively regulated by insulin, and a reduced circulating insulin level may also play a
role in mediating the effect of fasting on hepatic FTO expression. Consistent with this assumption,
insulin treatment causes reductions in FTO and G6PC mRNA levels in mouse liver tissues cultured ex
vivo and in AML12 cells [31]. Insulin-induced suppression of PCK1 and G6PC expression is mediated
via the insulin responsive element (IRE) located within the promoter regions of the PCK1 and G6PC
genes [32,33]. Sequence analysis of FTO promoter region and alignment analysis showed that the
FTO gene promoter contains a putative IRE-like sequence across species including mouse and human
(Figure 1). Taken together, it is suggested that hepatic FTO mRNA expression is negatively regulated
by both glucose and insulin, and hepatic FTO regulates gluconeogenic gene expression by mediating
the effect of metabolic signals such as nutrients and hormones.
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Figure 1. Putative insulin response element (IRE)-like sequence in FTO (Fat mass and obesity-associated)
promoter. IRE-like sequence GAAAACA was identified in the mouse FTO gene promoter (271–265 bp
upstream of the transcription start site). The putative IRE with surrounding sequence was aligned in
10 species including, mouse, rat, human, guinea pig, rabbit, baboon, sheep, cow, cat, and dog. The shaded
region represents the IRE-like sequence.

4. Hepatic FTO Expression in Obesity and Diabetes

The effect of obesity and diabetes on hepatic FTO expression is controversial. Hepatic FTO
mRNA levels are reduced in obese mice (agouti and ob/ob), possibly due to a negative influence by
hyperglycemia and hyperinsulinemia [31,34]. Expression of FTO mRNA and protein is not altered in
livers of mice fed a high-fat diet for 14–17 weeks, while hepatic FTO mRNA and protein levels are
elevated in mice and rats fed a high-fat diet for 6–12 weeks [24,34–36]. In humans, levels of FTO mRNA
and protein are elevated in the liver of nonalcoholic fatty liver disease (NAFLD) patients who are also
hyperglycemic and hyperinsulinemic compared to healthy control subjects [37]. Species difference and
duration of high-fat diet feeding may account for these inconsistent findings. Additional studies are
needed to fully understand the effect of obesity/diabetes on hepatic FTO expression. Moreover, future
studies should investigate the relationship between hepatic FTO expression and possible nutrient and
hormonal signals that regulate FTO expression (e.g., glucose and insulin) and the response of hepatic
FTO expression to these signals in obesity and diabetes.

5. Hepatic FTO and Glucose Metabolism

Changes in FTO mRNA expression coincide with changes in the expression level of gluconeogenic
genes PCK1 and G6PC mRNA, suggesting the possibility that FTO positively regulates expression
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of gluconeogenic genes in the liver. Recent studies support this assumption, by demonstrating that
enhanced FTO expression stimulates gluconeogenic gene and protein expression in chicken embryonic
fibroblast DF-1 cells, human hepatic HuH7 cells and mouse hepatic AML12 cells [29,31,38,39].
Increased FTO level is associated with a higher concentration of lactic acid in culture medium,
indicating increased availability of the substrate for gluconeogenesis [39]. Lack of FTO reverses
hyperglycemia and improves glucose tolerance in normal and obese/diabetic mice [22,26,40].
Liver-specific FTO overexpression results in increased fasting glucose and insulin levels and impaired
glucose tolerance in mice [38]. Collectively, these data suggest that hepatic FTO participates in
the regulation of whole body glucose homeostasis at least partly through the regulation of hepatic
gluconeogenic gene expression.

What is the possible mechanism by which hepatic FTO regulates gluconeogenic gene expression?
Activation of the adipocyte hormone leptin-signal transducers and activators of transcription 3
(STAT3) signaling leads to a reduction of G6PC gene expression. Leptin-induced phosphorylation of
STAT3 and repression of G6PC expression are abolished in FTO-overexpressing human hepatic HuH7
cells [38]. Moreover, enhanced FTO expression in mouse liver causes reduced nuclear translocation of
phosphorylated STAT3 and increased G6PC mRNA expression. These changes are associated with
increased fasting glucose levels and glucose intolerance [38]. These findings suggest that FTO may
regulate gluconeogenic gene expression at least partly by blocking the inhibitory effect of leptin-STAT3
signaling on G6PC gene expression. The cAMP responsive element binding protein (CREB) plays an
essential role in the regulation of G6PC transcription in the liver and FTO acts as a transcriptional
co-activator of CCAAT/enhancer-binding protein-beta (C/EBP-β) [41]. Enhanced FTO expression also
increases expression levels of transcription factors C/EBP-β and CREB1 and increases their binding to
the promoter of G6PC gene [39]. Additionally, the association of FTO and C/EBP-β is increased in
FTO-overexpressing cells. Thus, it is likely that FTO participates in the regulation of gluconeogenic
gene expression by altering the activity of and interaction with transcription factors such as STAT3 and
C/EBP-β (Figure 2).

FTO positively regulates another transcription factor activating transcription factor 4 (ATF4) that
belongs to the family of basic zipper-containing proteins. ATF4 is a positive regulator of gluconeogenic
G6PC and PCK1 gene expression and increases glucose production in primary mouse hepatocytes [42].
Levels of ATF4 protein are elevated in the liver of liver-specific FTO transgenic mice [43]. ATL4
deficiency results in improved glucose tolerance, increased insulin sensitivity and reduced glucose
production after pyruvate challenge in mice [44–47]. Levels of gluconeogenic genes are reduced in the
liver of ATF4-deficient mice and this effect may be mediated by hepatic ATF4 and/or extra-hepatic
(i.e., osteoblastic) ATF4 [42,45]. These data support the possibility that hepatic ATF4 mediates the
effect of FTO on glucose metabolism by modulating gluconeogenesis. Regulation of mitochondrial
PCK2 expression requires ATF4 binding to the PCK2 promoter [48]. Additionally, interaction between
ATF4 and forkhead box protein O1 (FoxO1), a major transcription factor for modulating hepatic
gluconeogenesis, affects expression of hepatic gluconeogenic gene expression and whole body glucose
homeostasis [49]. These data lead to the speculation that ATF4 mediates the stimulatory effect of
FTO on hepatic gluconeogenesis by up-regulating gluconeogenic genes through its direct binding to
the promoter of these genes and interaction with FoxO1 (Figure 2). Overall, these findings support
the role for hepatic FTO in the regulation of gluconeogenesis through the transcriptional regulation
of gluconeogenic gene expression. Since FTO functions as a demethylase, it remains possible that
FTO plays a role in the regulation of gluconeogenic gene expression at the post-transcriptional and
translational levels.
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Figure 2. Role of FTO in the regulation of hepatic gluconeogenesis. FTO regulates hepatic
gluconeogenic gene expression by altering the activity of and interaction with transcription
factors. Increased FTO expression and/or activity causes an increased transcription of genes
encoding gluconeogenic enzymes, leading to an increased gluconeogenesis, while reduced FTO
expression and/or activity causes the opposite effect. FTO: Fat mass and obesity-associated, G6PC:
Glucose-6-phosphatase, PCK: Phosphoenolpyruvate carboxykinase, STAT3: Signal transducers
and activators of transcription 3, CREB: cAMP responsive element binding protein, C/EBP-β:
CCAAT/enhancer-binding protein-beta, ATF4: Activating transcription factor 4, FoxO1: Forkhead box
protein O1. Red arrow: Stimulation. Blue arrow: Inhibition.

6. Hepatic FTO and Lipid Metabolism

Recent evidence suggests that hepatic FTO is linked to lipid metabolism. FTO expression is
increased in the liver of NAFLD patients and animal models of NAFLD [35,37,50]. Hepatic FTO
expression is correlated with expression of genes that are involved in lipid metabolism, such as
lipogenesis and fatty acid oxidation in rats [51]. FTO overexpression results in increased lipid
accumulation in human hepatic L02 and HepG2 cells [35,52]. Lipopolysaccharide (LPS) induces
inflammation and leads to abnormal hepatic lipid metabolism. LPS-induced reduction of carnitine
palmitoyltransferase 1 (CPT1) levels and increase of triglyceride accumulation in chicken liver coincide
with reduced levels of full length FTO (chicken FTO splice variant 1, cFTO1) and increased levels
of truncated FTO (chicken FTO splice variant 4, cFTO4) in the liver nuclear extracts [53]. There is a
significant inverse relationship between cFTO4 protein levels and CPT1 mRNA levels in chicken liver.
FTO functions as a demethylase for N6-methyladenosine (m6A) residues in RNA and both cFTO1
and cFTO4 retain the demethylase activity [29,54]. FTO overexpression in HEK293T cells results in a
reduction of m6A levels in mRNAs [55]. Levels of m6A around the translation start site of the CPT1
gene are reduced in the liver of LPS-treated chickens. These data suggest that increased FTO levels
contribute to the increased hepatic triglyceride accumulation by reducing m6A levels in CPT1 mRNA
and reducing fatty acid oxidation in the liver. High-fat diet feeding causes increases in the expression
of lipogenic genes (acetyl-CoA carboxylase 1, ACC1 and fatty acid synthase, FASN) and reductions
in the expression of lipolytic genes (hormone sensitive lipase, LIPE and adipose triglyceride lipase,
ATGL) in mouse liver. These changes were accompanied by increased hepatic FTO levels and reduced
m6A levels in mRNA [36]. Enhanced FTO expression leads to a reduction of m6A level and increases
in the expression of lipogenic genes (FASN, stearoyl-CoA desaturase, SCD and monoacylglycerol
O-acyltransferase 1, MOGAT1) and intracellular triglyceride level in HepG2 cells. A mutant FTO,
lacking demethylase activity, fails to produce these effects [52]. Treatment with betaine, a methyl
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donor, increases m6A levels and reduces FASN and SCD mRNA levels and triglyceride levels in HepG2
cells [52]. Consistent with these findings, betaine treatment prevents high-fat diet-induced hepatic
steatosis by rectifying m6A mRNA hypomethylation state and up-regulation of FTO and lipogenic
gene expression in the liver [36]. Taken together, these findings support the possibility that hepatic FTO
plays a role in the regulation of lipid metabolism by altering m6A modification status and expression
of lipid metabolism-related genes in the liver (Figure 3).
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Figure 3. Role of FTO in the regulation of hepatic lipid metabolism. FTO regulates hepatic lipid
metabolism by altering the methylation state of genes that are involved in fatty acid oxidation, lipolysis
and de novo lipogenesis. FTO also regulates hepatic lipid metabolism by altering the activity of
transcription factors. Increased FTO expression and/or activity causes a reduction of m6A levels
and reduces CPT1, LIPE and ATGL mRNA expression, leading to reduced fatty acid oxidation and
lipolysis. It also causes an increase in ATF4 expression, which then stimulates expression of lipogenic
genes, leading to increased de novo lipogenesis in the liver. Reduced FTO expression and/or activity
causes the opposite effect. FTO: Fat mass and obesity-associated, m6A: N6-methyladenosine, CPT1:
Carnitine palmitoyltransferase 1, LIPE: Hormone sensitive lipase, ATGL: Adipose triglyceride lipase,
ACC1: Acetyl-CoA carboxylase 1, FASN: Fatty acid synthase, SCD: Stearoyl-CoA desaturase, MOGAT1:
Monoacylglycerol O-acyltransferase 1, ATF4: Activating transcription factor 4. Red arrow: Stimulation.
Blue arrow: Inhibition.

As described above, ATF4-deficient mice are lean and resistant to high-fat diet-induced obesity.
Interestingly, ATF4 deficiency or ATF4 knockdown can also protect the liver from diet-induced and
ethanol-induced steatosis in mice [44,46,56,57]. Expression of lipogenic enzyme-encoding genes and
production of very low-density lipoprotein (VLDL)-triglyceride is reduced in the liver of ATF4-deficient
mice [47]. Enhanced ATF4 expression causes increases in lipogenic gene and protein expression and
triglyceride levels in primary hepatocytes [47]. Similarly, transgenic overexpression of ATF4 results in
increased lipid accumulation, leading to hepatic steatosis in zebrafish [58]. Given that FTO is a positive
regulator of ATF4 expression, increased activity of the hepatic FTO-ATF4 system may promote hepatic
lipid accumulation, while inhibition of this system may contribute to the reduced lipid deposition in
the liver (Figure 3).

7. Future Perspectives

Currently available data on the regulation of hepatic FTO expression by metabolic signals and the
effect of altered hepatic FTO levels on glucose and lipid metabolism put hepatic FTO on the current
map of metabolic control. It is proposed that hepatic FTO is involved in the regulation of blood glucose



Nutrients 2018, 10, 1600 7 of 11

levels as part of a negative feedback loop. This regulation involves FTO-induced up-regulation of
gluconeogenic gene expression at least partly through interactions with transcription factors. Increased
blood glucose levels and glucose-induced insulin secretion may cause a reduction of hepatic FTO
expression, leading to reduced gluconeogenic gene expression. Conversely, low levels of blood glucose
and insulin (such as during fasting) may stimulate hepatic FTO expression, leading to the increased
expression of gluconeogenic genes. Hepatic FTO is also involved in the regulation of hepatic lipid
metabolism by modulating gene expression through alterations in m6A RNA modification status and
interactions with the transcription factor. Impairments in these regulatory mechanisms may contribute
to the pathogenesis of metabolic diseases such as type 2 diabetes and NAFLD, while restoration
of these impairments may be beneficial in reversing metabolic abnormalities (Figure 4). Moreover,
increased FTO expression in the liver may contribute to the development of type 2 diabetes and
NAFLD. This raises the possibility that obesity-associated FTO variants may be associated with
increased expression and/or activity of FTO in the liver. Further studies are necessary to determine
this possibility.
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disease. Red arrow: Stimulation. Blue arrow: Inhibition. Orange cross: Impaired response. 

If elevated FTO levels and/or activity in the liver contributes to the increased hepatic 
gluconeogenesis and de novo lipogenesis and reduced lipolysis and fatty acid oxidation, inhibition of 
FTO expression and/or activity may offer a novel therapeutic approach to treat diabetes and NAFLD. 
In a screen for compounds that inhibit the demethylase activity of FTO, several small molecules have 
been identified. Rhein (4,5-dihydroxyanthraquinone-2-carboxylic acid), one of the major components 
of Rheum palmatum L., has the ability to inhibit demethylase activity of FTO [59,60]. Intriguingly, rhein 
treatment reduces body weight and adiposity and improves glucose tolerance in high-fat diet-

Figure 4. Role of FTO in the mediation of nutritional and hormonal regulation of hepatic glucose and
lipid metabolism in health and diseases. Upper panel: In normal healthy individuals, increased blood
glucose and insulin levels inhibit FTO expression in the liver. Reduced hepatic FTO expression inhibits
gluconeogenesis, leading to reduced hepatic glucose production. It also inhibits de novo lipogenesis,
while stimulates lipolysis and fatty acid oxidation, leading to reduced triglyceride deposition in the
liver. Lower panel: In individuals with type 2 diabetes or NAFLD, impairments in glucose and
insulin regulation of FTO expression may cause an increase in hepatic FTO expression. Increased
hepatic FTO expression stimulates gluconeogenesis and de novo lipogenesis and inhibits lipolysis and
fatty acid oxidation, leading to abnormally increased hepatic glucose production and triglyceride
deposition. FTO: Fat mass and obesity-associated, NAFLD: Non-alcoholic fatty liver disease. Red
arrow: Stimulation. Blue arrow: Inhibition. Orange cross: Impaired response.

If elevated FTO levels and/or activity in the liver contributes to the increased hepatic
gluconeogenesis and de novo lipogenesis and reduced lipolysis and fatty acid oxidation, inhibition of
FTO expression and/or activity may offer a novel therapeutic approach to treat diabetes and NAFLD.
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In a screen for compounds that inhibit the demethylase activity of FTO, several small molecules have
been identified. Rhein (4,5-dihydroxyanthraquinone-2-carboxylic acid), one of the major components
of Rheum palmatum L., has the ability to inhibit demethylase activity of FTO [59,60]. Intriguingly, rhein
treatment reduces body weight and adiposity and improves glucose tolerance in high-fat diet-induced
obese and insulin resistant mice [61,62]. Rhein treatment reduces G6PC mRNA levels in mouse
hepatocyte AML12 cells [63]. These studies provide evidence in favor of beneficial effects of hepatic
FTO inhibition on glucose homeostasis. Although it remains to be determined whether beneficial
effects of these inhibitors are mediated by inhibition of hepatic FTO, these findings open up a new
avenue towards developing therapeutic interventions through alterations in hepatic FTO activity.
Knowledge of the precise role of hepatic FTO in the regulation of metabolism and its association with
the pathogenesis of metabolic diseases awaits future investigations.

Funding: The publication cost of this manuscript is supported by funding from the University of Manitoba.

Conflicts of Interest: The authors declare no conflicts of interest.

References

1. Frayling, T.M.; Timpson, N.J.; Weedon, M.N.; Zeggini, E.; Freathy, R.M.; Lindgren, C.M.; Perry, J.R.;
Elliott, K.S.; Lango, H.; Rayner, N.W.; et al. A common variant in the FTO gene is associated with body mass
index and predisposes to childhood and adult obesity. Science 2007, 316, 889–894. [CrossRef] [PubMed]

2. Dina, C.; Meyre, D.; Gallina, S.; Durand, E.; Korner, A.; Jacobson, P.; Carlsson, L.M.; Kiess, W.; Vatin, V.;
Lecoeur, C.; et al. Variation in FTO contributes to childhood obesity and severe adult obesity. Nat. Genet.
2007, 39, 724–726. [CrossRef] [PubMed]

3. Scuteri, A.; Sanna, S.; Chen, W.M.; Uda, M.; Albai, G.; Strait, J.; Najjar, S.; Nagaraja, R.; Orru, M.; Usala, G.; et al.
Genome-wide association scan shows genetic variants in the FTO gene are associated with obesity-related
traits. PLoS Genet. 2007, 3, e115. [CrossRef] [PubMed]

4. Grunnet, L.G.; Brons, C.; Jacobsen, S.; Nilsson, E.; Astrup, A.; Hansen, T.; Pedersen, O.; Poulsen, P.;
Quistorff, B.; Vaag, A. Increased recovery rates of phosphocreatine and inorganic phosphate after isometric
contraction in oxidative muscle fibers and elevated hepatic insulin resistance in homozygous carriers of the
A-allele of FTO rs9939609. J. Clin. Endocrinol. Metab. 2009, 94, 596–602. [CrossRef] [PubMed]

5. Yeo, G.S. The role of the FTO (Fat Mass and Obesity Related) locus in regulating body size and composition.
Mol. Cell. Endocrinol. 2014, 397, 34–41. [CrossRef] [PubMed]

6. Horikoshi, M.; Hara, K.; Ito, C.; Shojima, N.; Nagai, R.; Ueki, K.; Froguel, P.; Kadowaki, T. Variations in the
HHEX gene are associated with increased risk of type 2 diabetes in the Japanese population. Diabetologia
2007, 50, 2461–2466. [CrossRef] [PubMed]

7. Sanghera, D.K.; Ortega, L.; Han, S.; Singh, J.; Ralhan, S.K.; Wander, G.S.; Mehra, N.K.; Mulvihill, J.J.;
Ferrell, R.E.; Nath, S.K.; et al. Impact of nine common type 2 diabetes risk polymorphisms in Asian Indian
Sikhs: PPARG2 (Pro12Ala), IGF2BP2, TCF7L2 and FTO variants confer a significant risk. BMC Med. Genet.
2008, 9, 59. [CrossRef] [PubMed]

8. Yajnik, C.S.; Janipalli, C.S.; Bhaskar, S.; Kulkarni, S.R.; Freathy, R.M.; Prakash, S.; Mani, K.R.; Weedon, M.N.;
Kale, S.D.; Deshpande, J.; et al. FTO gene variants are strongly associated with type 2 diabetes in South
Asian Indians. Diabetologia 2009, 52, 247–252. [CrossRef] [PubMed]

9. Hertel, J.K.; Johansson, S.; Sonestedt, E.; Jonsson, A.; Lie, R.T.; Platou, C.G.; Nilsson, P.M.; Rukh, G.;
Midthjell, K.; Hveem, K.; et al. FTO, type 2 diabetes, and weight gain throughout adult life: A meta-analysis
of 41,504 subjects from the Scandinavian HUNT, MDC, and MPP studies. Diabetes 2011, 60, 1637–1644.
[CrossRef] [PubMed]

10. Li, H.; Kilpelainen, T.O.; Liu, C.; Zhu, J.; Liu, Y.; Hu, C.; Yang, Z.; Zhang, W.; Bao, W.; Cha, S.; et al. Association
of genetic variation in FTO with risk of obesity and type 2 diabetes with data from 96,551 East and South
Asians. Diabetologia 2012, 55, 981–995. [CrossRef] [PubMed]

11. Vasan, S.K.; Karpe, F.; Gu, H.F.; Brismar, K.; Fall, C.H.; Ingelsson, E.; Fall, T. FTO genetic variants and risk
of obesity and type 2 diabetes: A meta-analysis of 28, 394 Indians. Obesity 2014, 22, 964–970. [CrossRef]
[PubMed]

http://dx.doi.org/10.1126/science.1141634
http://www.ncbi.nlm.nih.gov/pubmed/17434869
http://dx.doi.org/10.1038/ng2048
http://www.ncbi.nlm.nih.gov/pubmed/17496892
http://dx.doi.org/10.1371/journal.pgen.0030115
http://www.ncbi.nlm.nih.gov/pubmed/17658951
http://dx.doi.org/10.1210/jc.2008-1592
http://www.ncbi.nlm.nih.gov/pubmed/18984658
http://dx.doi.org/10.1016/j.mce.2014.09.012
http://www.ncbi.nlm.nih.gov/pubmed/25224490
http://dx.doi.org/10.1007/s00125-007-0827-5
http://www.ncbi.nlm.nih.gov/pubmed/17928989
http://dx.doi.org/10.1186/1471-2350-9-59
http://www.ncbi.nlm.nih.gov/pubmed/18598350
http://dx.doi.org/10.1007/s00125-008-1186-6
http://www.ncbi.nlm.nih.gov/pubmed/19005641
http://dx.doi.org/10.2337/db10-1340
http://www.ncbi.nlm.nih.gov/pubmed/21398525
http://dx.doi.org/10.1007/s00125-011-2370-7
http://www.ncbi.nlm.nih.gov/pubmed/22109280
http://dx.doi.org/10.1002/oby.20606
http://www.ncbi.nlm.nih.gov/pubmed/23963770


Nutrients 2018, 10, 1600 9 of 11

12. Yang, Y.; Liu, B.; Xia, W.; Yan, J.; Liu, H.Y.; Hu, L.; Liu, S.M. FTO Genotype and Type 2 Diabetes Mellitus:
Spatial Analysis and Meta-Analysis of 62 Case-Control Studies from Different Regions. Genes 2017, 8, 70.
[CrossRef] [PubMed]

13. Gerken, T.; Girard, C.A.; Tung, Y.C.; Webby, C.J.; Saudek, V.; Hewitson, K.S.; Yeo, G.S.; McDonough, M.A.;
Cunliffe, S.; McNeill, L.A.; et al. The obesity-associated FTO gene encodes a 2-oxoglutarate-dependent
nucleic acid demethylase. Science 2007, 318, 1469–1472. [CrossRef] [PubMed]

14. Sanchez-Pulido, L.; Andrade-Navarro, M.A. The FTO (fat mass and obesity associated) gene codes for a
novel member of the non-heme dioxygenase superfamily. BMC Biochem. 2007, 8, 23. [CrossRef] [PubMed]

15. Jia, G.; Yang, C.G.; Yang, S.; Jian, X.; Yi, C.; Zhou, Z.; He, C. Oxidative demethylation of 3-methylthymine
and 3-methyluracil in single-stranded DNA and RNA by mouse and human FTO. FEBS Lett. 2008, 582,
3313–3319. [CrossRef] [PubMed]

16. Han, Z.; Niu, T.; Chang, J.; Lei, X.; Zhao, M.; Wang, Q.; Cheng, W.; Wang, J.; Feng, Y.; Chai, J. Crystal
structure of the FTO protein reveals basis for its substrate specificity. Nature 2010, 464, 1205–1209. [CrossRef]
[PubMed]

17. Church, C.; Lee, S.; Bagg, E.A.; McTaggart, J.S.; Deacon, R.; Gerken, T.; Lee, A.; Moir, L.; Mecinovic, J.;
Quwailid, M.M.; et al. A mouse model for the metabolic effects of the human fat mass and obesity associated
FTO gene. PLoS Genet. 2009, 5, e1000599. [CrossRef] [PubMed]

18. Boissel, S.; Reish, O.; Proulx, K.; Kawagoe-Takaki, H.; Sedgwick, B.; Yeo, G.S.; Meyre, D.; Golzio, C.;
Molinari, F.; Kadhom, N.; et al. Loss-of-function mutation in the dioxygenase-encoding FTO gene causes
severe growth retardation and multiple malformations. Am. J. Hum. Genet. 2009, 85, 106–111. [CrossRef]
[PubMed]

19. Meyre, D.; Proulx, K.; Kawagoe-Takaki, H.; Vatin, V.; Gutierrez-Aguilar, R.; Lyon, D.; Ma, M.; Choquet, H.;
Horber, F.; Van Hul, W.; et al. Prevalence of loss-of-function FTO mutations in lean and obese individuals.
Diabetes 2010, 59, 311–318. [CrossRef] [PubMed]

20. Wahlen, K.; Sjolin, E.; Hoffstedt, J. The common rs9939609 gene variant of the fat mass- and obesity-associated
gene FTO is related to fat cell lipolysis. J. Lipid Res. 2008, 49, 607–611. [CrossRef] [PubMed]

21. Karra, E.; O’Daly, O.G.; Choudhury, A.I.; Yousseif, A.; Millership, S.; Neary, M.T.; Scott, W.R.; Chandarana, K.;
Manning, S.; Hess, M.E.; et al. A link between FTO, ghrelin, and impaired brain food-cue responsivity.
J. Clin. Investig. 2013, 123, 3539–3551. [CrossRef] [PubMed]

22. Fischer, J.; Koch, L.; Emmerling, C.; Vierkotten, J.; Peters, T.; Bruning, J.C.; Ruther, U. Inactivation of the Fto
gene protects from obesity. Nature 2009, 458, 894–898. [CrossRef] [PubMed]

23. Church, C.; Moir, L.; McMurray, F.; Girard, C.; Banks, G.T.; Teboul, L.; Wells, S.; Bruning, J.C.; Nolan, P.M.;
Ashcroft, F.M.; et al. Overexpression of Fto leads to increased food intake and results in obesity. Nat. Genet.
2010, 42, 1086–1092. [CrossRef] [PubMed]

24. Gao, X.; Shin, Y.H.; Li, M.; Wang, F.; Tong, Q.; Zhang, P. The fat mass and obesity associated gene FTO
functions in the brain to regulate postnatal growth in mice. PLoS ONE 2010, 5, e14005. [CrossRef] [PubMed]

25. Ronkainen, J.; Huusko, T.J.; Soininen, R.; Mondini, E.; Cinti, F.; Makela, K.A.; Kovalainen, M.; Herzig, K.H.;
Jarvelin, M.R.; Sebert, S.; et al. Fat mass- and obesity-associated gene Fto affects the dietary response in
mouse white adipose tissue. Sci. Rep. 2015, 5, 9233. [CrossRef] [PubMed]

26. McMurray, F.; Church, C.D.; Larder, R.; Nicholson, G.; Wells, S.; Teboul, L.; Tung, Y.C.; Rimmington, D.;
Bosch, F.; Jimenez, V.; et al. Adult onset global loss of the fto gene alters body composition and metabolism
in the mouse. PLoS Genet. 2013, 9, e1003166. [CrossRef] [PubMed]

27. Tung, Y.C.; Gulati, P.; Liu, C.H.; Rimmington, D.; Dennis, R.; Ma, M.; Saudek, V.; O’Rahilly, S.; Coll, A.P.;
Yeo, G.S. FTO is necessary for the induction of leptin resistance by high-fat feeding. Mol. Metab. 2015, 4,
287–298. [CrossRef] [PubMed]

28. Poritsanos, N.J.; Lew, P.S.; Mizuno, T.M. Relationship between blood glucose levels and hepatic Fto mRNA
expression in mice. Biochem. Biophys. Res. Commun. 2010, 400, 713–717. [CrossRef] [PubMed]

29. Jia, X.; Nie, Q.; Lamont, S.J.; Zhang, X. Variation in sequence and expression of the avian FTO, and association
with glucose metabolism, body weight, fatness and body composition in chickens. Int J. Obes. 2012, 36,
1054–1061. [CrossRef] [PubMed]

30. Tiwari, A.; Krzysik-Walker, S.M.; Ramachandran, R. Cloning and characterization of chicken fat mass and
obesity associated (Fto) gene: Fasting affects Fto expression. Domest. Anim. Endocrinol. 2012, 42, 1–10.
[CrossRef] [PubMed]

http://dx.doi.org/10.3390/genes8020070
http://www.ncbi.nlm.nih.gov/pubmed/28208657
http://dx.doi.org/10.1126/science.1151710
http://www.ncbi.nlm.nih.gov/pubmed/17991826
http://dx.doi.org/10.1186/1471-2091-8-23
http://www.ncbi.nlm.nih.gov/pubmed/17996046
http://dx.doi.org/10.1016/j.febslet.2008.08.019
http://www.ncbi.nlm.nih.gov/pubmed/18775698
http://dx.doi.org/10.1038/nature08921
http://www.ncbi.nlm.nih.gov/pubmed/20376003
http://dx.doi.org/10.1371/journal.pgen.1000599
http://www.ncbi.nlm.nih.gov/pubmed/19680540
http://dx.doi.org/10.1016/j.ajhg.2009.06.002
http://www.ncbi.nlm.nih.gov/pubmed/19559399
http://dx.doi.org/10.2337/db09-0703
http://www.ncbi.nlm.nih.gov/pubmed/19833892
http://dx.doi.org/10.1194/jlr.M700448-JLR200
http://www.ncbi.nlm.nih.gov/pubmed/18048838
http://dx.doi.org/10.1172/JCI44403
http://www.ncbi.nlm.nih.gov/pubmed/23867619
http://dx.doi.org/10.1038/nature07848
http://www.ncbi.nlm.nih.gov/pubmed/19234441
http://dx.doi.org/10.1038/ng.713
http://www.ncbi.nlm.nih.gov/pubmed/21076408
http://dx.doi.org/10.1371/journal.pone.0014005
http://www.ncbi.nlm.nih.gov/pubmed/21103374
http://dx.doi.org/10.1038/srep09233
http://www.ncbi.nlm.nih.gov/pubmed/25782772
http://dx.doi.org/10.1371/journal.pgen.1003166
http://www.ncbi.nlm.nih.gov/pubmed/23300482
http://dx.doi.org/10.1016/j.molmet.2015.01.011
http://www.ncbi.nlm.nih.gov/pubmed/25830092
http://dx.doi.org/10.1016/j.bbrc.2010.08.133
http://www.ncbi.nlm.nih.gov/pubmed/20816934
http://dx.doi.org/10.1038/ijo.2011.221
http://www.ncbi.nlm.nih.gov/pubmed/22105519
http://dx.doi.org/10.1016/j.domaniend.2011.08.001
http://www.ncbi.nlm.nih.gov/pubmed/22019092


Nutrients 2018, 10, 1600 10 of 11

31. Mizuno, T.M.; Lew, P.S.; Luo, Y.; Leckstrom, A. Negative regulation of hepatic fat mass and obesity associated
(Fto) gene expression by insulin. Life Sci. 2017, 170, 50–55. [CrossRef] [PubMed]

32. O’Brien, R.M.; Lucas, P.C.; Forest, C.D.; Magnuson, M.A.; Granner, D.K. Identification of a sequence in the
PEPCK gene that mediates a negative effect of insulin on transcription. Science 1990, 249, 533–537. [CrossRef]
[PubMed]

33. Streeper, R.S.; Svitek, C.A.; Chapman, S.; Greenbaum, L.E.; Taub, R.; O’Brien, R.M. A multicomponent
insulin response sequence mediates a strong repression of mouse glucose-6-phosphatase gene transcription
by insulin. J. Biol. Chem. 1997, 272, 11698–11701. [CrossRef] [PubMed]

34. Stratigopoulos, G.; Padilla, S.L.; LeDuc, C.A.; Watson, E.; Hattersley, A.T.; McCarthy, M.I.; Zeltser, L.M.;
Chung, W.K.; Leibel, R.L. Regulation of Fto/Ftm gene expression in mice and humans. Am. J. Physiol. Regul.
Integr. Comp. Physiol. 2008, 294, R1185–R1196. [CrossRef] [PubMed]

35. Guo, J.; Ren, W.; Li, A.; Ding, Y.; Guo, W.; Su, D.; Hu, C.; Xu, K.; Chen, H.; Xu, X.; et al. Fat Mass and
Obesity-Associated Gene Enhances Oxidative Stress and Lipogenesis in Nonalcoholic Fatty Liver Disease.
Dig. Dis. Sci. 2013, 58, 1004–1009. [CrossRef] [PubMed]

36. Chen, J.; Zhou, X.; Wu, W.; Wang, X.; Wang, Y. FTO-dependent function of N6-methyladenosine is involved
in the hepatoprotective effects of betaine on adolescent mice. J. Physiol. Biochem. 2015, 71, 405–413. [CrossRef]
[PubMed]

37. Guo, J.; Ren, W.; Li, X.; Xi, G.; Li, Y.; Gao, L.; Liu, J.; Su, D. Altering of FTO in the serum and livers of NAFLD
patients: A correlation analysis. Int. J. Clin. Exp. Med. 2018, 11, 6046–6053.

38. Bravard, A.; Vial, G.; Chauvin, M.A.; Rouille, Y.; Bailleul, B.; Vidal, H.; Rieusset, J. FTO contributes to hepatic
metabolism regulation through regulation of leptin action and STAT3 signalling in liver. Cell Commun. Signal.
2014, 12, 4. [CrossRef] [PubMed]

39. Guo, F.; Zhang, Y.; Zhang, C.; Wang, S.; Ni, Y.; Zhao, R. Fat mass and obesity associated (FTO) gene regulates
gluconeogenesis in chicken embryo fibroblast cells. Comp. Biochem. Physiol. A Mol. Integr. Physiol. 2015, 179,
149–156. [CrossRef] [PubMed]

40. Ikels, K.; Kuschel, S.; Fischer, J.; Kaisers, W.; Eberhard, D.; Ruther, U. FTO is a relevant factor for the
development of the metabolic syndrome in mice. PLoS ONE 2014, 9, e105349. [CrossRef] [PubMed]

41. Wu, Q.; Saunders, R.A.; Szkudlarek-Mikho, M.; Serna Ide, L.; Chin, K.V. The obesity-associated Fto gene is a
transcriptional coactivator. Biochem. Biophys. Res. Commun. 2010, 401, 390–395. [CrossRef] [PubMed]

42. Li, K.; Zhang, J.; Yu, J.; Liu, B.; Guo, Y.; Deng, J.; Chen, S.; Wang, C.; Guo, F. MicroRNA-214 suppresses
gluconeogenesis by targeting activating transcriptional factor 4. J. Biol. Chem. 2015, 290, 8185–8195.
[CrossRef] [PubMed]

43. Zhou, J.; Wan, J.; Shu, X.E.; Mao, Y.; Liu, X.M.; Yuan, X.; Zhang, X.; Hess, M.E.; Bruning, J.C.; Qian, S.B.
N(6)-Methyladenosine Guides mRNA Alternative Translation during Integrated Stress Response. Mol. Cell
2018, 69, 636–647. [CrossRef] [PubMed]

44. Seo, J.; Fortuno, E.S., 3rd; Suh, J.M.; Stenesen, D.; Tang, W.; Parks, E.J.; Adams, C.M.; Townes, T.; Graff, J.M.
Atf4 regulates obesity, glucose homeostasis, and energy expenditure. Diabetes 2009, 58, 2565–2573. [CrossRef]
[PubMed]

45. Yoshizawa, T.; Hinoi, E.; Jung, D.Y.; Kajimura, D.; Ferron, M.; Seo, J.; Graff, J.M.; Kim, J.K.; Karsenty, G.
The transcription factor ATF4 regulates glucose metabolism in mice through its expression in osteoblasts.
J. Clin. Investig. 2009, 119, 2807–2817. [CrossRef] [PubMed]

46. Li, H.; Meng, Q.; Xiao, F.; Chen, S.; Du, Y.; Yu, J.; Wang, C.; Guo, F. ATF4 deficiency protects mice from
high-carbohydrate-diet-induced liver steatosis. Biochem. J. 2011, 438, 283–289. [CrossRef] [PubMed]

47. Xiao, G.; Zhang, T.; Yu, S.; Lee, S.; Calabuig-Navarro, V.; Yamauchi, J.; Ringquist, S.; Dong, H.H. ATF4 protein
deficiency protects against high fructose-induced hypertriglyceridemia in mice. J. Biol. Chem. 2013, 288,
25350–25361. [CrossRef] [PubMed]

48. Mendez-Lucas, A.; Hyrossova, P.; Novellasdemunt, L.; Vinals, F.; Perales, J.C. Mitochondrial
phosphoenolpyruvate carboxykinase (PEPCK-M) is a pro-survival, endoplasmic reticulum (ER) stress
response gene involved in tumor cell adaptation to nutrient availability. J. Biol. Chem. 2014, 289, 22090–22102.
[CrossRef] [PubMed]

49. Kode, A.; Mosialou, I.; Silva, B.C.; Joshi, S.; Ferron, M.; Rached, M.T.; Kousteni, S. FoxO1 protein cooperates
with ATF4 protein in osteoblasts to control glucose homeostasis. J. Biol. Chem. 2012, 287, 8757–8768.
[CrossRef] [PubMed]

http://dx.doi.org/10.1016/j.lfs.2016.11.027
http://www.ncbi.nlm.nih.gov/pubmed/27914922
http://dx.doi.org/10.1126/science.2166335
http://www.ncbi.nlm.nih.gov/pubmed/2166335
http://dx.doi.org/10.1074/jbc.272.18.11698
http://www.ncbi.nlm.nih.gov/pubmed/9115220
http://dx.doi.org/10.1152/ajpregu.00839.2007
http://www.ncbi.nlm.nih.gov/pubmed/18256137
http://dx.doi.org/10.1007/s10620-012-2516-6
http://www.ncbi.nlm.nih.gov/pubmed/23329013
http://dx.doi.org/10.1007/s13105-015-0420-1
http://www.ncbi.nlm.nih.gov/pubmed/26078098
http://dx.doi.org/10.1186/1478-811X-12-4
http://www.ncbi.nlm.nih.gov/pubmed/24410832
http://dx.doi.org/10.1016/j.cbpa.2014.10.003
http://www.ncbi.nlm.nih.gov/pubmed/25465531
http://dx.doi.org/10.1371/journal.pone.0105349
http://www.ncbi.nlm.nih.gov/pubmed/25144618
http://dx.doi.org/10.1016/j.bbrc.2010.09.064
http://www.ncbi.nlm.nih.gov/pubmed/20858458
http://dx.doi.org/10.1074/jbc.M114.633990
http://www.ncbi.nlm.nih.gov/pubmed/25657009
http://dx.doi.org/10.1016/j.molcel.2018.01.019
http://www.ncbi.nlm.nih.gov/pubmed/29429926
http://dx.doi.org/10.2337/db09-0335
http://www.ncbi.nlm.nih.gov/pubmed/19690063
http://dx.doi.org/10.1172/JCI39366
http://www.ncbi.nlm.nih.gov/pubmed/19726872
http://dx.doi.org/10.1042/BJ20110263
http://www.ncbi.nlm.nih.gov/pubmed/21644928
http://dx.doi.org/10.1074/jbc.M113.470526
http://www.ncbi.nlm.nih.gov/pubmed/23888053
http://dx.doi.org/10.1074/jbc.M114.566927
http://www.ncbi.nlm.nih.gov/pubmed/24973213
http://dx.doi.org/10.1074/jbc.M111.282897
http://www.ncbi.nlm.nih.gov/pubmed/22298775


Nutrients 2018, 10, 1600 11 of 11

50. Lim, A.; Zhou, J.; Sinha, R.A.; Singh, B.K.; Ghosh, S.; Lim, K.H.; Chow, P.K.; Woon, E.C.; Yen, P.M.
Hepatic FTO expression is increased in NASH and its silencing attenuates palmitic acid-induced lipotoxicity.
Biochem. Biophys. Res. Commun. 2016, 479, 476–481. [CrossRef] [PubMed]

51. Caruso, V.; Chen, H.; Morris, M.J. Early hypothalamic FTO overexpression in response to maternal
obesity–potential contribution to postweaning hyperphagia. PLoS ONE 2011, 6, e25261. [CrossRef] [PubMed]

52. Kang, H.; Zhang, Z.; Yu, L.; Li, Y.; Liang, M.; Zhou, L. FTO reduces mitochondria and promotes hepatic fat
accumulation through RNA demethylation. J. Cell. Biochem. 2018, 119, 5676–5685. [CrossRef] [PubMed]

53. Zhang, Y.; Guo, F.; Zhao, R. Hepatic expression of FTO and fatty acid metabolic genes changes in response to
lipopolysaccharide with alterations in m6A modification of relevant mRNAs in the chicken. Br. Poult. Sci.
2016, 57, 628–635. [CrossRef] [PubMed]

54. Jia, G.; Fu, Y.; Zhao, X.; Dai, Q.; Zheng, G.; Yang, Y.; Yi, C.; Lindahl, T.; Pan, T.; Yang, Y.G.; et al.
N6-methyladenosine in nuclear RNA is a major substrate of the obesity-associated FTO. Nat. Chem. Biol.
2011, 7, 885–887. [CrossRef] [PubMed]

55. Meyer, K.D.; Saletore, Y.; Zumbo, P.; Elemento, O.; Mason, C.E.; Jaffrey, S.R. Comprehensive analysis
of mRNA methylation reveals enrichment in 3′ UTRs and near stop codons. Cell 2012, 149, 1635–1646.
[CrossRef] [PubMed]

56. Wang, C.; Li, H.; Meng, Q.; Du, Y.; Xiao, F.; Zhang, Q.; Yu, J.; Li, K.; Chen, S.; Huang, Z.; et al. ATF4 deficiency
protects hepatocytes from oxidative stress via inhibiting CYP2E1 expression. J. Cell. Mol. Med. 2014, 18,
80–90. [CrossRef] [PubMed]

57. Li, K.; Xiao, Y.; Yu, J.; Xia, T.; Liu, B.; Guo, Y.; Deng, J.; Chen, S.; Wang, C.; Guo, F. Liver-specific Gene
Inactivation of the Transcription Factor ATF4 Alleviates Alcoholic Liver Steatosis in Mice. J. Biol. Chem. 2016,
291, 18536–18546. [CrossRef] [PubMed]

58. Yeh, K.Y.; Lai, C.Y.; Lin, C.Y.; Hsu, C.C.; Lo, C.P.; Her, G.M. ATF4 overexpression induces early onset of
hyperlipidaemia and hepatic steatosis and enhances adipogenesis in zebrafish. Sci. Rep. 2017, 7, 16362.
[CrossRef] [PubMed]

59. Chen, B.; Ye, F.; Yu, L.; Jia, G.; Huang, X.; Zhang, X.; Peng, S.; Chen, K.; Wang, M.; Gong, S.; et al. Development
of cell-active N6-methyladenosine RNA demethylase FTO inhibitor. J. Am. Chem. Soc. 2012, 134, 17963–17971.
[CrossRef] [PubMed]

60. Li, Q.; Huang, Y.; Liu, X.; Gan, J.; Chen, H.; Yang, C.G. Rhein Inhibits AlkB Repair Enzymes and Sensitizes
Cells to Methylated DNA Damage. J. Biol. Chem. 2016, 291, 11083–11093. [CrossRef] [PubMed]

61. Sheng, X.; Wang, M.; Lu, M.; Xi, B.; Sheng, H.; Zang, Y.Q. Rhein ameliorates fatty liver disease through
negative energy balance, hepatic lipogenic regulation, and immunomodulation in diet-induced obese mice.
Am. J. Physiol. Endocrinol. Metab. 2011, 300, E886–E893. [CrossRef] [PubMed]

62. Zhang, Y.; Fan, S.; Hu, N.; Gu, M.; Chu, C.; Li, Y.; Lu, X.; Huang, C. Rhein Reduces Fat Weight in db/db Mouse
and Prevents Diet-Induced Obesity in C57Bl/6 Mouse through the Inhibition of PPARgamma Signaling.
PPAR Res. 2012, 2012, 374936. [CrossRef] [PubMed]

63. Mizuno, T.M.; Lew, P.S. Inhibitory effect of rhein on hepatic gluconeogenic gene expression. In Proceedings
of the Endocrine Society Annual Meeting, Chicago, IL, USA, 18 March 2018.

© 2018 by the author. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1016/j.bbrc.2016.09.086
http://www.ncbi.nlm.nih.gov/pubmed/27651333
http://dx.doi.org/10.1371/journal.pone.0025261
http://www.ncbi.nlm.nih.gov/pubmed/21980407
http://dx.doi.org/10.1002/jcb.26746
http://www.ncbi.nlm.nih.gov/pubmed/29384213
http://dx.doi.org/10.1080/00071668.2016.1201199
http://www.ncbi.nlm.nih.gov/pubmed/27398647
http://dx.doi.org/10.1038/nchembio.687
http://www.ncbi.nlm.nih.gov/pubmed/22002720
http://dx.doi.org/10.1016/j.cell.2012.05.003
http://www.ncbi.nlm.nih.gov/pubmed/22608085
http://dx.doi.org/10.1111/jcmm.12166
http://www.ncbi.nlm.nih.gov/pubmed/24373582
http://dx.doi.org/10.1074/jbc.M116.726836
http://www.ncbi.nlm.nih.gov/pubmed/27405764
http://dx.doi.org/10.1038/s41598-017-16587-9
http://www.ncbi.nlm.nih.gov/pubmed/29180630
http://dx.doi.org/10.1021/ja3064149
http://www.ncbi.nlm.nih.gov/pubmed/23045983
http://dx.doi.org/10.1074/jbc.M115.711895
http://www.ncbi.nlm.nih.gov/pubmed/27015802
http://dx.doi.org/10.1152/ajpendo.00332.2010
http://www.ncbi.nlm.nih.gov/pubmed/21364120
http://dx.doi.org/10.1155/2012/374936
http://www.ncbi.nlm.nih.gov/pubmed/23049539
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Biological Function of FTO 
	Regulation of Hepatic FTO Expression by Metabolic Signals 
	Hepatic FTO Expression in Obesity and Diabetes 
	Hepatic FTO and Glucose Metabolism 
	Hepatic FTO and Lipid Metabolism 
	Future Perspectives 
	References

