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Abstract: In mammals, a family of three inositol hexakisphosphate kinases (IP6Ks) synthesizes the
inositol pyrophosphate 5-IP7 from IP6. Genetic deletion of Ip6k1 protects mice from high fat diet
induced obesity, insulin resistance and fatty liver. IP6K1 generated 5-IP7 promotes insulin secretion
from pancreatic β-cells, whereas it reduces insulin signaling in metabolic tissues by inhibiting the
protein kinase Akt. Thus, IP6K1 promotes high fat diet induced hyperinsulinemia and insulin
resistance in mice while its deletion has the opposite effects. IP6K1 also promotes fat accumulation in
the adipose tissue by inhibiting the protein kinase AMPK mediated energy expenditure. Genetic
deletion of Ip6k3 protects mice from age induced fat accumulation and insulin resistance. Accordingly,
the pan IP6K inhibitor TNP [N2-(m-trifluorobenzyl), N6-(p-nitrobenzyl)purine] ameliorates obesity,
insulin resistance and fatty liver in diet induced obese mice by improving Akt and AMPK mediated
insulin sensitivity and energy expenditure. TNP also protects mice from bone loss, myocardial
infarction and ischemia reperfusion injury. Thus, the IP6K pathway is a potential target in obesity and
other metabolic diseases. Here, we summarize the studies that established IP6Ks as a potential target
in metabolic diseases. Further studies will reveal whether inhibition of this pathway has similar
pleiotropic benefits on metabolic health of humans.
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1. Introduction

Inositol phosphate (IP) derivatives with energetic di-(β)-phosphates of IP6 (inositol
hexakisphosphate or phytic acid) were identified in the early 1990s [1–4]. These biomolecules
were named ‘inositol pyrophosphates’ (IPPs) to differentiate them from the monoester-based
IPs [1–7]. The complex nomenclature of IPPs has been discussed previously [8–13]. Four major
types of IPPs are characterized in mammalian cells; 5-diphosphoinositol (1,3,4,6)-tetrakisphosphate
(5PP-IP4), 1-diphosphoinositol (2,3,4,5,6) pentakisphosphate (1PP-IP5 or 1-IP7), 5-diphosphoinositol
(1,2,3,4,6) pentakisphosphate (5PP-IP5 or 5-IP7) and 1,5-bisdiphosphoinositol (2,3,4,6) tetrakisphosphate
(1,5PP2-IP4 or 1,5-IP8), of which 5-IP7 is most characterized ([12] and references therein). A family
of three inositol hexakisphosphate kinases (IP6K1-3) produces 5-IP7 by incorporating a phosphate
group specifically to ‘position 5′ of the inositol 1,2,3,4,5,6-hexakisphosphate (IP6). Similarly, IP6Ks
generate 5PP-IP4 from the inositol 1,3,4,5,6-pentakisphosphate (IP5) [14]. IP6Ks exhibit a high Km value
toward ATP, and thus a higher cellular ATP/ADP ratio is required to synthesize 5-IP7 [10]. Conversely,
at a lower ATP/ADP ratio, IP6Ks dephosphorylate IP6 to a distinct form of IP5 [I(2,3,4,5,6)P5 or
IP5*] [15]. Another family of enzymes, the diphosphoinositol pentakisphosphate kinases (PPIP5K1
and PPIP5K2) similarly synthesizes 1-IP7 from IP6 [16–18]. IP6Ks or PPIP5Ks phosphorylate 1-IP7 or
5-IP7, respectively, to generate 1,5-IP8, which is undetectable under basal conditions. However, in the
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human colon cancer cell line HCT116, 10-20% of total IP7 can be converted to 1,5-IP8 [12,19]. Figure 1
presents the major inositol pyrophosphate synthetic pathway in mammals.
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Development of various knockout mouse models and pharmacologic inhibitors of IP6Ks greatly 
enhanced this effort [29–35]. Expression analysis revealed that Ip6k1 mRNA predominates in most 
mouse tissues with highest expression in brain and testis [34–36]. In humans, both Ip6k1 and Ip6k2 
predominate with Ip6k2 expression being slightly higher in mammary gland, thymus, colon, adipose 
tissue, testis, prostate and smooth muscle. Ip6k3 is minimally expressed in murine tissues with 
exceptions in heart, skeletal muscle and brain [32,34]. Ip6k3 is the major form in murine and human 
skeletal muscle [34] and is expressed at similar levels to Ip6k1 and Ip6k2 in the thyroid. Ip6k3 is the 
primary form in the human but not murine heart. Thus, isoform-specific expression patterns of Ip6ks 
are observed, which seem to slightly vary between mice and humans. As Ip6k1 is the major murine 
isotype, Ip6k1-KO mice were characterized first, followed by Ip6k2 and Ip6k3 knockouts ([12,25, and 
references therein), whereas PPIP5Ks are currently being studied [37–39]. Genetic deletion of Ip6k1 
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Figure 1. IP6Ks generate 5-IP7 from IP6. PPIP5Ks synthesize 1,5-IP8 from 5-IP7. The right panel shows
the alternate route of the synthesis of 1,5-IP8. Left panel. 5-IP7 is the most abundant and characterized
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Disruption of IP6Ks reduces IPPs like 5PP-IP4, 5-IP7 and 1,5-IP8 and the inositol pentakisphosphate
IP5*, depending on the cell’s energy status. The IPPs are hydrolyzed by the diphosphoinositol
polyphosphate phosphohydrolase (DIPP) enzymes, which belong to the Nudt gene family [20].
Dependence of IP6Ks on the cellular ATP/ADP ratio partly explains the higher levels of IPPs in anabolic
conditions [10,21]. Overnight serum starvation decreases the IP7 level in mouse embryonic fibroblast
(MEF) or human hepatocellular carcinoma (HepG2) cells, which is restored by exposure to insulin-like
growth factor-1 (IGF-1) or insulin [22]. Similarly, the IP7 level is increased during adipogenesis,
which is also an anabolic process [22]. IPPs regulate cellular processes by modulating protein
targets by binding or by adding its β-phosphate on the phosphate group of already phosphorylated
proteins (pyrophosphorylation). IP6Ks may or may not interact with target proteins to facilitate
5-IP7-mediated effects. IP6Ks also regulate certain protein targets by direct protein-protein interaction,
which is not dependent on their catalytic activity [12]. In addition to the classic lipid-IP3 pathway
(phosphatidylinositol 4,5-bisphosphate, PIP2 is cleaved to diacylglycerol and inositol 1,4,5-trisphosphate
IP3. IP3 gets converted to higher IPs and IPPs), a soluble route also exists where conversion of the
glucose-6-phosphate to IP1 serves as a precursor of higher IPs and IPPs [23]. Additional details
of IPPs, their metabolizing enzymes, functions and mechanism of actions have been reviewed
([8,12,14,18,20,23–28] and references therein).

A major focus of the IPP research is to determine in vivo significance of these molecules [12,25].
Development of various knockout mouse models and pharmacologic inhibitors of IP6Ks greatly
enhanced this effort [29–35]. Expression analysis revealed that Ip6k1 mRNA predominates in most
mouse tissues with highest expression in brain and testis [34–36]. In humans, both Ip6k1 and Ip6k2
predominate with Ip6k2 expression being slightly higher in mammary gland, thymus, colon, adipose
tissue, testis, prostate and smooth muscle. Ip6k3 is minimally expressed in murine tissues with
exceptions in heart, skeletal muscle and brain [32,34]. Ip6k3 is the major form in murine and human
skeletal muscle [34] and is expressed at similar levels to Ip6k1 and Ip6k2 in the thyroid. Ip6k3 is the
primary form in the human but not murine heart. Thus, isoform-specific expression patterns of Ip6ks
are observed, which seem to slightly vary between mice and humans. As Ip6k1 is the major murine
isotype, Ip6k1-KO mice were characterized first, followed by Ip6k2 and Ip6k3 knockouts ([12,25], and
references therein), whereas PPIP5Ks are currently being studied [37–39]. Genetic deletion of Ip6k1 or
Ip6k3 or pharmacologic disruption of IP6Ks protects mice from metabolic diseases including obesity,
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type-2 diabetes (T2D), non-alcoholic fatty liver (NAFL), osteoporosis, myocardial infarction, ischemia
reperfusion injury and aging [22,29,34,40–45]. These discoveries drew the attention of pharmaceutical
companies. Takeda Pharmaceuticals recently developed new class of potent IP6K inhibitors with
strong anti-diabetic and anti-cardiomyopathic effects in rodents (patent - WO2018182051). Thus,
pharmacologic targeting of IP6Ks is expected to have pleiotropic benefits on human metabolic
health [12].

This review starts with a summary of the literature that established IP6Ks as a potential target in
metabolic diseases. It discusses the mechanisms by which IP6Ks promote weight gain and insulin
resistance and how IP6K1 activity regulates the cross-talk among metabolic tissues in healthy and
metabolic disease conditions. It also analyzes effects of the IP6K substrate IP6 in metabolism and
provides information about IP6Ks in human metabolic diseases. The review ends by discussing
the potential risks of IP6K inhibition and future directions of IP6 and IPP research to improve
metabolic health.

2. Disruption of IP6Ks Ameliorates Metabolic Diseases

2.1. Obesity, Insulin Resistance and NAFL

Obesity, T2D and NAFL display common metabolic aberrations. Obesity is a global epidemic,
which has nearly tripled between 1975 and 2016. It is associated with ~2.8 million annual deaths
worldwide. Moreover, childhood obesity has become one of the major health challenges of the
21st century. In addition to high-income countries, obesity is now also prevalent in low-income
countries (https://www.who.int/news-room/fact-sheets/detail/obesity-and-overweight). In 2017–2018,
42.4% of the US population suffered from obesity (https://www.cdc.gov/obesity/data/adult.html).
Obesity coupled with T2D promotes ‘metabolic syndrome’ that includes insulin resistance, elevated
triglycerides, blood pressure and adiposity and reduced HDL-cholesterol [46,47]. This spectrum
enhances risks of various comorbidities like osteoarthritis, kidney failure, blindness, limb amputation,
cardiovascular diseases, neurodegeneration, sleep apnea, and cancer [48–50]. In the US, obesity-related
cancers account for 40% of all cancers [51]. Obesity and T2D are also associated with increased risks
of developing non-alcoholic fatty liver disease (NAFLD) and steatohepatitis (NASH) [52,53]. In the
US, the number of NAFLD cases is projected to increase from 83.1 million (2015) to 100.9 million
(2030) of which ~27% will have NASH. This will create a major economic burden due to cirrhosis and
hepatocellular carcinoma (HCC) related liver transplantation [53–58]. Obesity associated liver diseases
initiate with benign accumulation of fatty acids and cholesterol (NAFL) [53]. With the progression of
obesity, NAFL combines with inflammation and fibrosis to develop NAFLD/NASH. A subset of patients
develops cirrhosis and HCC [53,54,56,59]. In obese individuals, dysfunctional adipocytes release
inflammatory cytokines that promote insulin resistance and reduce the fat-storing ability of these cells.
This increases the concentration of free fatty acids in the circulation. The liver accumulates fat by taking
up the free fatty acids [53,54] and by increased de novo lipogenesis from dietary sugars [53,54,60,61].

A combination of drugs and lifestyle intervention is ideal for obesity [62–66]. An anti-obesity drug
should also prevent or delay other metabolic diseases, as even a 5–10% weight loss significantly reduces
risks of cardiovascular and kidney diseases, osteoarthritis and NAFLD/NASH [67,68]. According to
the Food and Drug Administration (FDA) guidelines, a compound that decreases body weight by
5% over a long period without causing significant side-effects, should be encouraged as a potential
anti-obesity drug [67]. Unfortunately, current FDA approved anti-obesity medications like orlistat,
lorcaserin, phentermine-topiramate, naltrexone-bupropion and liraglutide have many restrictions
and side-effects [65,67,69,70]. For these reasons, an ideal anti-obesity drug has a projected market of
$3.7 billion [71]. Moreover, no approved treatments exist for NASH. Therefore, research is ongoing
to identify new targets to develop safer and more effective anti-obesity and anti-NASH drugs by
improving energy metabolism, insulin sensitivity and inflammation [53–56,72–79].

https://www.who.int/news-room/fact-sheets/detail/obesity-and-overweight
https://www.cdc.gov/obesity/data/adult.html
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Ip6k1-KO mice are protected from obesity, insulin resistance and NAFL. Young, chow-fed
Ip6k1-KO mice display slightly reduced body weight compared to WT [30]. This phenotype is robust in
middle-aged (10-month old) knockouts, as they weigh substantially less due to reduced accumulation of
fat [22]. Moreover, high fat diet-fed Ip6k1-KO mice gain about one-third of WT’s body and fat weight [22].
Thus, deletion of Ip6k1 protects mice from obesity [12,80]. IP6K1-generated 5-IP7 promotes insulin
secretion from the pancreatic β cells [81]. Accordingly, young, chow-fed Ip6k1-KO mice display lower
plasma insulin but similar blood glucose level compared to WT, indicating mild insulin hypersensitivity
in the knockouts [30], which is evident in middle-aged Ip6k1-KO mice [22]. The knockouts are also
protected from high fat diet induced hyperinsulinemia, hyperglycemia, hypertriglyceridemia and
NAFL [22,40]. High-fat diet induced hepatotoxicity is evidenced by increased serum levels of aspartate
aminotransferase (AST) and lactate dehydrogenase (LDH) [53,82], which are reduced in Ip6k1-KO
mice [22]. Ip6k1-KO mice also display improvements in various other metabolic parameters (Table 1).

Table 1. Summary of the metabolic parameters of Ip6k1-KO [22,30,41], AdKO [29], Ip6k3-KO [34] and
TNP-treated WT [42] mouse models in ambient temperature conditions. Symbols ↑, ↓ and = denote
increase, decrease and no change, respectively. # indicates that the study was done in 18-month old
Ip6k1-KO mice instead of middle-aged (10-month) mice. Blank denotes that the parameter was not
measured. Parameters that were measured in only one model are not included. For Ip6k1-KO [40] and
AdKO [29] mice, some parameters were assessed in thermoneutral conditions, which are not included.

Ip6k1-KO Ip6k1-KO Ip6k1-KO AdKO Ip6k3-KO WT+TNP
Adult-chow Adult-HFD Middle-Aged-Chow Adult-HFD Aged-Chow Adult-HFD

Body and Fat Mass

Body mass ↓ ↓ ↓ ↓ ↓ ↓

Fat mass (Total) ↓ ↓ ↓ ↓ ↓ ↓

Lean mass (total) = ↓ ↓ ↓ = =
Fat mass (% total body weight) ↓ ↓ ↓ ↓ ↓

Lean mass (% total body weight) ↑ ↑ ↑ ↑ ↑

Energy Expenditure = ↑ ↑ ↑

Food Intake = = = =

Serum Metabolic Parameters

Insulin ↓ ↓ ↓ ↓ ↓ ↓

Glucose = ↓ ↓ ↓ ↓ ↓

Insulin Sensitivity ↑ ↑ ↑ ↑ ↑ ↑

Cholesterol (total) = ↓ ↓ ↓

Triglycerides ↓ ↓ =
AST = ↓ = ↓

ALT = =
LDH = ↓

Adiponectin ↑ ↑

Leptin ↓ ↓

Adipose Tissue/Adipocytes

Adipose tissue weight ↓ ↓ ↓ ↓ ↓

Adipocyte size ↓ ↓ ↓ ↓ ↓

Browning/UCP1 expression ↑ ↑ ↑ ↑

Oxygen consumption rate ↑ ↑

Liver

Liver weight = ↓ ↓ ↓

Liver fat ↓ ↓ ↓ ↓ ↓

Bone Marrow Stem Cells

Survival and yield ↑ ↑# ↑

Adipogenesis/marrow adiposity ↓ ↓# ↓

Osteogenesis ↑ ↑#

Increased energy expenditure protects Ip6k1-KO mice from obesity, insulin resistance and NAFL.
Body weight is maintained by the homeostasis of intake, absorption and expenditure of food energy.
Energy is utilized during physiological and metabolic functions and physical activities [83]. A small
portion is lost in excretion. The remaining energy is lost as heat during digestion, absorption, exercise,
and environmental changes like cold temperature [83]. An alteration in the energy homeostasis leads to
weight gain or loss [83–85]. Cold and diet-induced heat production that occurs primarily in the skeletal
muscle and brown adipose tissue (BAT), is known as adaptive thermogenesis. This process is distinct
from other tissues, and therefore is being targeted in obesity [83]. White adipocytes can also transform
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into brown-like cells [78,86–88]. An increase in BAT and/or an enhancement in white adipose tissue
(WAT) browning augments energy expenditure and fat loss in rodents and humans [78,79,83,88–90].
In mice, the inguinal WAT (IWAT) depot undergoes browning most efficiently [78]. Various stimuli
including cold-induced norepinephrine, thyroid hormone, and cardiac natriuretic peptides stimulate
browning and thermogenesis via the cyclic AMP-GMP/protein kinase A (cAMP-cGMP/PKA) mediated
induction of the mitochondrial uncoupling protein 1 (UCP1) [88,91]. Adipose tissue browning can
be induced or diminished by reducing (to 4–6 ◦C) or increasing (to ~30 ◦C) the ambient (23 ◦C)
temperature [88,92].

Energy intake is unaltered in Ip6k1-KO mice [22,30,40], which indicates that the knockouts are lean
due to increased energy expenditure. Cold exposure reduces Ip6k1 expression in the IWAT, indicating
that the enzyme is not required during thermogenesis or inhibits the process [29]. Cold-induced energy
expenditure is higher in Ip6k1-KO mice, which supports this possibility [40]. Accordingly, the IWATs,
which are white-colored in WT, appear brownish in Ip6k1-KO mice and the knockout-IWAT express
more UCP1 and other markers compared to WT [40]. Although the knockouts are protected from
weight gain under all the temperature conditions tested, they gain more body weight at thermoneutral
than at ambient temperature. Thus, Ip6k1-KO mice are protected from high fat diet induced obesity
partly due to increased adipocyte browning mediated thermogenesis [22,40]. Thermoneutrality delays
but does not completely abolish leanness in Ip6k1-KO mice, indicating IP6K1 also regulates energy
expenditure in other organs [40]. High fat diet-fed adipocyte-specific Ip6k1-KO (AdKO) mice are also
lean, but to a lesser extent than Ip6k1-KO mice. Moreover, thermoneutrality largely abolishes leanness
in AdKO mice [29]. AdKO mice are also protected from hyperinsulinemia, hyperglycemia and NAFL,
indicating that improved adipocyte metabolism indirectly protects them from these aberrations [29].
In summary, whole body Ip6k1-deletion protects mice from obesity, T2D and NAFL due to increased
energy expenditure. IP6K1 inhibits adipocyte browning mediated energy expenditure, which partially
impacts whole body energy metabolism.

The targets of IP6K1 in obesity, T2D and NAFL. Disruption of IP6Ks reduces intracellular 5-IP7
and increases the IP6 level [12,22,93]. Thus, the observed phenotypes in IP6K-disrupted mice may
arise from a decrease in 5-IP7 or an increase in IP6 or both. In cells, IP6 or 5-IP7 modulates various
protein targets to regulate glycolysis, vesicular trafficking, chromatin remodeling, DNA damage,
cell migration and neutrophil function, which may directly or indirectly alter energy metabolism
in vivo [12,25,28,94–96]. Moreover, IP6K1 regulates various targets by protein-protein interactions that
do not require its catalytic activity [12,97,98]. These targets/pathways will not be discussed here for the
following reasons; (i) impacts of the above processes in IP6K-disrupted mouse models have not yet
been determined; (ii) protein-protein interactions may not be affected by pharmacologic agents that
inhibit IP6K’s catalytic activity, and hence are not therapeutically significant. The following section
describes two major pathways that catalytically active IP6K1 regulates to modulate energy metabolism
in vivo.

IP6K1 inhibits the energy expenditure stimulating protein kinase AMPK. The decreased cellular
energy status increases the AMP/ATP ratio, which activates the AMP-activated protein kinase (AMPK).
AMPK stimulates the catabolic pathways to generate ATP while conserving the remaining ATP
by switching off the anabolic pathways [99]. AMPK stimulates energy expenditure [29,100–109],
which maintains normal body weight, insulin sensitivity and liver-metabolism [103,110–117].
Deregulation of AMPK is observed in obesity, diabetes and other metabolic diseases [29,100–115,117].
Accordingly, direct or indirect pharmacologic AMPK activators reduce obesity, insulin resistance
and NAFLD and NASH [110,112,118–124]. Metformin, the most prescribed anti-diabetic drug that
suppresses hepatic glucose production [125,126], exerts its effects partly via indirect activation of
AMPK [110]. AMPK activation by metformin, AMP-analog AICAR or A769662 diminishes blood
glucose levels [110,127,128]. Moreover, AICAR or the plant-derived alkaloid berberine enhance
AMPK-mediated energy expenditure [101,108,129]. AMPK also reduces NAFLD and NASH via
mechanisms that involve adipose tissue, liver, muscle and gut [110,112,118]. Metformin improved



Molecules 2020, 25, 1403 6 of 28

NAFLD in some clinical trials [119–121]. Moreover, the direct AMPK activator [122] CNX-012-570
enhances adipose tissue browning mediated energy expenditure, reduces body weight and NAFLD
in mice [123]. PF-06409577 lowers lipid/cholesterol, and reduces hepatic lipid-biosynthetic/fibrotic
genes in rodents and primates [124]. PXL770 (Poxel Pharma, Lyon, France) is in Phase-2a trials for
NASH. Thus, targeting AMPK activation has therapeutic importance in obesity [103,123], T2D [130],
NASH [118,131] and cardiovascular diseases [110,132–134].

AMPK stimulates fatty acid oxidation, glucose uptake, glycolysis and mitochondrial biogenesis
by regulating acetyl CoA carboxylase (ACC), AKT substrate 160/glucose transporter (AS160/GLUT),
phosphofructokinase B (PFKB) and peroxisome proliferator-activated receptor gamma co-activator
1α (PGC1α), respectively. Conversely, AMPK inhibits fatty acid biosynthesis, lipogenesis,
cholesterol synthesis and gluconeogenesis by modulating ACC, sterol regulatory element binding
protein 1C (SREBP1C), 3-hydroxy-3-methylglutaryl-CoA reductase (HMGCR) and CREB-regulated
transcription co-activator 2 (CRTC2) or forkhead box transcription factors (FoxO1), respectively [99].
Moreover, AMPK promotes adipose tissue browning mediated thermogenic energy expenditure [116].
For example, various agents like apelin, miRNA-455, resveratrol, cryptotanshinone, medicarpin and
AICAR increase AMPK activity and adipocyte browning [116]. The AMPK activator A-769662 reduces
weight gain by increasing browning mediated energy expenditure in high fat diet fed mice [135].
Conversely, removal of AMPK in mouse adipocytes reduces cold tolerance and non-shivering
thermogenesis in the BAT, and subsequent development of NAFLD and insulin resistance [112].
The effects of a β3-adrenergic agonist on the induction of BAT thermogenesis and the browning of
white adipose tissue (WAT) are also blunted in mice lacking adipocyte-AMPK [112].

IP6K1 and AMPK activities are differentially regulated by the cellular energy status, as the
increased AMP/ATP ratio activates AMPK but reduces 5-IP7 in cells. Conceivably, IP6K1 antagonizes
AMPK’s actions. Indeed, Ip6k1 deletion augments AMPK-mediated energy expenditure [29].
Cold-induced activation of AMPK is higher in the IWAT of adipocyte-specific Ip6k1-KO (AdKO) mice.
Increased beige adipogenesis of AdKO-preadipocytes is diminished by AMPK depletion. Moreover,
the pan IP6K inhibitor TNP [N2-(m-trifluorobenzyl), N6-(p-nitrobenzyl)purine] [35] enhances AMPK
phosphorylation and activity in beige adipocytes and in the IWAT of high fat diet-fed mice [29]. AMPK
consists of the catalytic α-and the regulatory β and γ subunits [136]. Liver kinase B1 (LKB1) or calcium
calmodulin dependent protein kinase β (CAMKKβ) phosphorylates AMPKα at the threonine-172
(T172) residue, leading to its activation [133,137,138]. IP6, but not 5-IP7 stimulates LKB1-mediated
phosphorylation of AMPKα. Catalytically active IP6K1 abrogates IP6′s stimulatory effect on AMPK
phosphorylation, suggesting that conversion of IP6 to 5-IP7 reduces AMPK activity. Accordingly,
TNP, which reduces intracellular 5-IP7 [15,22,35,43,44,139] and increases IP6 levels [22,93], enhances
AMPK activity and energy expenditure in adipocytes [40]. Enzymes that generate and/or metabolize
IP6 may also regulate AMPK. For example, IPMK generates IP4 and IP5, which are precursors
of IP6, and thus, Ipmk deletion reduces IP5 and IP6 levels [140,141]. Metformin-induced AMPK
stimulatory phosphorylation and activity are impaired in Ipmk-deleted MEF cells, which are restored
by overexpression of catalytically active IPMK [140]. Therefore, the ratio of IP6/5-IP7 in a cellular
microenvironment seems to regulate AMPK activity and energy expenditure.

IP6K1 inhibits the insulin sensitizing protein kinase Akt. The insulin receptor maintains energy
homeostasis by stimulating various downstream pathways including the phosphoinositide 3-kinase
(PI3K)/protein kinase B (PKB or Akt) pathway [117], and thus its aberration is observed in metabolic
diseases [117,142–150]. Akt is a serine/threonine protein kinase that regulates numerous cellular
processes including metabolism [117,144]. There are three isotypes of Akt (Akt1, 2 and 3) of which
Akt1 and Akt 2 predominate in metabolic tissues [151]. The role of Akt isotypes in metabolic
diseases has been reviewed elsewhere [117,151]. Akt enhances glucose uptake, increases glycogen
synthesis and inhibits gluconeogenesis primarily by phosphorylating the AS160, glycogen synthase
kinase 3β (GSK3β) and forkhead box protein O1 (FoxO1), respectively. AKT also promotes de novo
lipogenesis and cholesterol production by regulating lipogenic genes, such as SREBP1c and peroxisome
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proliferator-activated receptor gamma (PPARγ) [117,142]. Akt is required for the development of
BAT [152]. Moreover, the PI3K/Akt pathway promotes brown adipogenesis [153], UCP1 expression
and glucose uptake [148], which augment energy expenditure, inhibit weight gain and improve insulin
sensitivity in diet-induced obese mice [154]. Furthermore, the insulin sensitizing adipokine adiponectin
(AdipoQ) enhances browning via promoting PI3K/Akt mediated proliferation of M2 macrophages [155].
So, Akt reduces blood glucose level, whereas it may increase or decrease fat mass, depending on the
physiological context.

In unstimulated conditions, Akt is inactive due to the intramolecular interaction between
its pleckstrin homology (PH) and kinase domains. Insulin or other growth factor stimulated
receptor tyrosine kinases (RTKs) activate the class-I PI3K, which phosphorylates phosphatidylinositol
4,5-bisphosphate (PIP2) to phosphatidylinositol 3,4,5-trisphosphate (PIP3) at the plasma membrane.
This triggers Akt’s membrane-translocation, where its PH domain binds PIP3, which alters its
conformation [156]. Subsequently phosphoinositide dependent kinase 1 (PDK1) and mammalian target
of rapamycin complex 2 (mTORC2) phosphorylate Akt at threonine-308 (T308) [157] and serine-473
(S473) residues [144], respectively, leading to its full activation [158]. 5-IP7 inhibits Akt by interfering
with Akt-PH domain’s binding to PIP3, which blocks its membrane translocation and PDK1 mediated
phosphorylation [22,159–161]. IP6 also inhibits Akt [160,162,163], although to a lesser extent than
5-IP7 [22]. Consequently, Akt activity is higher in metabolic tissues of Ip6k1-deleted or IP6K-inhibited
mice, especially in aged or high fat-fed conditions [22,29,42–45,139]. In hepatocytes, IP7 level increases
with age, which reduces Akt activity [22]. High fat diet-fed AdKO mice display higher Akt activity
not only in the EWAT, but also in liver and gastrocnemius muscle, which indicates that improved
systemic insulin sensitivity and/or altered adipokine expression in adipocyte-specific Ip6k1 deleted
mice indirectly increase Akt activity in other tissues. Indeed, the plasma level of the insulin-sensitizing
adipokine adiponectin (ADIPOQ) is higher in high fat diet-fed AdKO mice [29]. IP6K1/5-IP7 mediated
regulation of Akt is complex in the pancreatic β cells. IP6K1 promotes insulin secretion, which activates
Akt in β cells. Insulin’s profound stimulatory effect on Akt masks 5-IP7 inhibitory effect in these
cells [164]. The status of Akt activity in the β cells of Ip6k1-KO mice, especially in aged or high fat-fed
conditions is not known. Ip6k3-KO skeletal muscle and heart do not display increased Akt activity [34].
A single dose of TNP treatment increases insulin sensitivity and Akt activity in adipose tissue, liver and
muscle of diet induced obese mice [42]. In summary, IP6K1/5-IP7 exerts direct and indirect inhibitory
effects on Akt in peripheral metabolic tissues, which regulates insulin sensitivity.

The PI3K/Akt pathway is also frequently inhibited in obesity, diabetes and other metabolic
diseases [117,142–150]. However, pharmacologic activation of this pathway has not been exploited to
treat these diseases. The compound SC 79 activates Akt by binding to its PH domain, which enhances
its phosphorylation at T308 by PDK1 [165]. SC 79-mediated Akt activation rescues ischemia-induced
neuronal death in rodents [165,166]. It also protects rodents from bacterial lipopolysaccharide-induced
liver injury [167,168] and hepatic [169], renal [170] and cerebral ischemia [166]. Determining effects of
SC 79 in metabolic diseases, either alone or in combination with IP6K inhibitor of AMPK activator
will be of interest. AMPK and Akt pathways display antagonism, especially in cancer cells ([171–176],
and references therein). Therefore, the observed Akt and AMPK activation in Ip6K1-deleted and
TNP-treated metabolic tissues has specific consequences in systemic metabolism, which may or may
not be observed in other diseases like cancer.

Ip6k3-KO mice are protected from age induced weight gain and insulin resistance. In the murine
skeletal muscle, Ip6k3’s mRNA expression positively correlates with impaired glucose metabolism
like diabetes and disuse (unused muscle) conditions and fasting [34]. Energy intake is unaltered in
chow-fed Ip6k3-KO mice, but they exhibit a lower body and fat mass from 51 weeks to 1.5 years of age.
Ip6k3 is undetectable in β cells or islets [34,81], yet, aged Ip6k3-KO mice display reduced plasma insulin
levels, presumably due to increased insulin sensitivity. These phenotypes resemble middle-aged
(10-months old) Ip6k1-KO mice [22].
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The fast-glycolytic muscle fibers generate lactate, which is utilized by the liver during
gluconeogenesis (Cori cycle). Thus, increased plasma lactate in Ip6k3-KO mice indicates enhanced
muscle-glycolysis. Ip6k3-KOs show a decrease in ad libitum blood glucose level, possibly due to
increased glucose uptake in the skeletal muscle (and in other tissues) to support glycolysis. Moreover,
fasting blood glucose (0-time point, insulin tolerance test) [34], which is maintained by gluconeogenesis,
is reduced in Ip6k3-KO mice. Presumably, the Ip6k3-KO-liver generates pyruvate from lactate, which is
then directed to acetyl-CoA, but not to glucose. Reduced expression of the pyruvate dehydrogenase
kinase-4 (PDK4), which inhibits pyruvate to acetyl-CoA conversion, in Ip6k3-KO muscle (liver data
is not available) supports this possibility. Acetyl-CoA fuels mitochondrial oxidation or lipogenesis,
depending on the cellular energy status. Seemingly, Ip6k3-KO mice oxidize acetyl-CoA, as they
accumulate less lipid [34]. However, WT and Ip6k3-KO mice oxidize fatty acid generated acetyl CoA to
a similar extent, as they gain similar body weight on high fat diet [34]. Further studies in myocyte and
hepatocyte-specific Ip6k3-KO mice should be conducted to distinguish the role of IP6K3 in glucose
uptake, glycolysis, glucose oxidation, gluconeogenesis and lipogenesis. Nevertheless, these studies
demonstrate that IP6K3 can be targeted in age induced metabolic dysfunction.

Pharmacologic inhibition of IP6Ks ameliorates obesity, insulin resistance and NAFL. Studies in
preclinical rodent models demonstrated that the IP6K pathway is a potential pharmacologic target in
obesity. The pan IP6K inhibitor TNP [15,22,35,43,45,139] enhances energy expenditure and inhibits
fatty acid biosynthesis in 3T3L1 adipocytes [40]. TNP is 70-fold more potent on IP6Ks over its other
target IP3-3K [35]. Moreover, TNP does not influence the 1-IP7 generating enzyme PPIP5K [177] or
71 unrelated kinases [35]. Short-term (18 days) TNP treatment causes a marginal reduction while
long-term (10-weeks) treatment causes a substantial loss in body and fat mass in high fat diet induced
obese mice. Overall, TNP treatment causes ~20% decrease in body weight compared to vehicle treated
mice. TNP does not alter food intake, but increases energy expenditure. TNP’s anti-obesity effects are
impaired but not abolished at thermoneutral temperature conditions, which further indicates that IP6K1
regulates energy expenditure in organs other than adipose tissue. Although high fat diet-fed Ip6k1-KO
mice gain less body weight than WT mice, they do gain some weight, which is not further reduced
by TNP treatment. Hence, TNP reduces weight gain specifically via inhibition of IP6K1. Both short-
and long-term treatments of TNP reduce hyperglycemia, hyperinsulinemia and insulin resistance in
high fat diet induced obese WT mice [42]. In these conditions, TNP also ameliorates NAFL and serum
levels of AST and ALT [42]. Recently, Takeda Pharmaceuticals, MA, USA) developed new classes of
IP6K inhibitors (patent—WO2018182051), which reduce hyperglycemia in diabetic Zucker-fatty rats
and show higher potency and efficacy than the anti-diabetic drug metformin (3–10 vs. 150 mg/kg BW,
respectively) in reducing blood glucose levels. In summary, IP6Ks can be pharmacologically targeted
in obesity, T2D and NAFL.

2.2. Osteoporosis

The incidence of osteoporosis is expected to increase in the coming decades due to aging
and lifestyle changes. In 2014, 54 million US adults were affected by osteoporosis. Bone marrow
derived mesenchymal stem/stromal cells (BMMSCs) are the predominant source of osteocytes and
adipocytes in the bone marrow [41,178]. Age or obesity induced oxidative and other changes in
the bone marrow favors adipogenesis over osteogenesis, leading to skeletal involution and marrow
adiposity [179–181]. Thus, pathways that induce osteogenesis and/or reduce adipogenesis of BMMSC
are potential therapeutic targets to treat obesity or age related bone diseases [41]. Ip6k1, the major
Ip6k-isotype in BMMSC regulates stem cell fitness. Young Ip6k1-KO BMMSCs exhibit enhanced growth,
survival, osteogenesis and hematopoiesis. Conversely, they show reduced adipogenesis, which further
explains diminished adipose mass in these animals. Ip6k1-KO BMMSCs display reduced ROS level [41].
Accordingly, long-term TNP treatment increases yield and colony-formation capacity of MSCs in high
fat diet induced obese mice [41,42]. TNP conserved trabecular bone, decreased marrow adiposity and
protects mice from high fat diet induced BMMSC dysfunction. Age induced decline in the yields of
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BMMSC is also partly prevented by Ip6k1 deletion. Although IP6K-disruption mediated metabolic
improvements can secondarily improve stem cell fitness, alterations in the known regulators of this
process are also observed. The growth arrest and apoptosis inducing protein p53 is reduced and
the E3 ubiquitin ligase mouse double minute-2 homolog (MDM2) that degrades p53, is increased in
Ip6k1-KO BMMSCs [41]. Insulin sensitizers like PPARγ antagonists increase obesity and fracture risk.
This study suggests that IP6K inhibitors may have greater acceptability as anti-obesity and anti-diabetic
drugs due to their beneficial effects on bone [12]. Table 1 summarizes the metabolic phenotypes of
Ip6k1-KO [22,30,40,41], AdKO [29], Ip6k3-KO [34] and TNP-treated WT [42] mice.

2.3. Myocardial Infarction

Aged BMMSCs exhibit higher IP7 levels and increased apoptosis compared to young cells.
TNP treatment reduces IP7 and apoptosis in aged BMMSCs. Levels of angiogenic factors such as
vascular endothelial growth factor (VEGF), basic fibroblast growth factor (bFGF), IGF-1 and hepatocyte
growth factor (HGF), which are decreased in aged BM-MSCs, are restored by TNP treatment [44].
Moreover, TNP-treated BMMSCs, when transplanted into infarcted hearts, display enhanced survival,
which promotes their anti-apoptotic and pro-angiogenic efficacy in vivo. Thus, IP6Ks and 5-IP7
promotes age related vulnerability to hypoxic injury and paracrine deficiency of BMMSCs [45].
Decreased viability and impaired function of aged BMMSCs are critical roadblocks for their therapeutic
applications. Targeting the IP6K pathway may improve functions of BMMSCs.

2.4. Ischemia Reperfusion (I/R) Injury

The cytokine oncostatin M (OSM), which works via OSM receptor activation, alleviates cardiac
ischemic/reperfusion (I/R) injury by inhibiting cardiomyocyte apoptosis in leptin receptor-deficient
obese and diabetic db/db mice [43]. OSM enhances survival, mitochondrial biogenesis and reduces
IP7 levels in these mice. Conversely, OSM receptor knockout increases IP7, impairs mitochondrial
biogenesis, insulin sensitivity and augments cardiomyocyte apoptosis, which aggravates cardiac I/R
injury. TNP treatment reduces IP7, decreases the infarct size and cardiomyocyte apoptosis in db/db
mice [43].

2.5. Thromboembolism

Hemostasis is the process of platelet aggregation to prevent and stop bleeding. Slow hemostasis
increases the clotting time, known as diathesis. Conversely, abnormally fast clotting leads to
thromboembolism, which can cause fatal diseases like stroke, pulmonary embolism, thrombosis,
and myocardial infarction. The platelet aggregation time is delayed in Ip6k1-KO mice, which lengthens
the plasma clotting time. Consequently, Ip6k1-KO mice display a longer tail bleeding time, and are
protected from pulmonary thromboembolism. Polyphosphates (PolyPs), enriched in platelets, mediate
platelet aggregation. 5-IP7 maintains the PolyP levels [182], and thus PolyPs are reduced in Ip6k1-KO
platelets. Therefore, PolyP mediated clotting is impaired in the knockouts. Addition of PolyP but not
5-IP7 rescues clotting in sera derived from Ip6k1-KO mice, indicating that 5-IP7 modulates the process
indirectly by regulating PolyP levels [183].

2.6. Lifespan

Ip6k3-KO mice display a significantly extended lifespan compared to WT [34]. A decrease in the
phosphorylation status of the mTOR downstream effector ribosomal S6 protein is observed in the heart
but not in the skeletal muscle of Ip6k3-KO mice, indicating diminished protein synthesis in the knockout
heart. Inhibiting mTOR mediated S6 phosphorylation and protein synthesis by rapamycin has been
demonstrated to prolong lifespan in mice [184]. However, the phosphorylation status of the upstream
kinases S6K1 and Akt are unchanged Ip6k3-KO, suggesting that IP6K3 regulates S6 phosphorylation
and possibly protein synthesis independent of the classic Akt/mTOR signaling pathway [34]. Moreover,
why S6 phosphorylation is not decreased in the skeletal muscle, where Ip6k3 expression is the highest,
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is not understood. Although the impact of IP6K1 on the cardiac mTOR signaling is not known, S6
phosphorylation is moderately increased in the skeletal muscle of Ip6k1-KO mice [22]. Thus, further
studies are needed to distinguish tissue-specific functions of IP6K1 and IP6K3 in S6 phosphorylation
and aging to determine whether pan or isotype-specific inhibition of this pathway enhances lifespan.

2.7. IP6K1 Generated 5-IP7 Regulates the Cross-talk Among Metabolic Tissues

How does IP6K1 mediated enhancement in insulin secretion and inhibition in insulin signaling
fit in the context of metabolic diseases? Under normal conditions, insulin stimulates Akt mediated
phosphorylation of FoxO1 to reduce gluconeogenesis [185], and activates the transcription factor
SREBP1c to enhance de novo lipogenesis [186]. Obesity, T2D and NAFLD patients exhibit the classic
triad of hyperinsulinemia, hyperglycemia and hypertriglyceridemia [187]. Hyperglycemia induces
hyperinsulinemia. In this condition, the Akt-FoxO1 axis becomes insulin resistant, whereas the SREBP1c
axis maintains insulin sensitivity. Consequently, uncontrolled gluconeogenesis and lipogenesis occur,
leading to hypertriglyceridemia. These aberrations concomitantly cause systemic insulin resistance
and metabolic dysfunction by affecting adipose tissue and muscle [187].

In healthy state, IP6K1’s anabolic functions promote energy storage, which is an important
biological process. Scarcity of food during evolution created selective pressures favoring the
conservation, and even duplication of genes that contribute to efficient energy storage. Triplication
of the Ip6k gene from yeast to mammals suggests that this pathway may have evolved in this
way [14,82]. Unfortunately, in the modern society, excess energy intake not only diminishes the need
of its storage but also causes obesity. In obesity, IP6K1/5-IP7 mediated peripheral insulin resistance
causes hyperglycemia, which further stimulates IP6K1/5-IP7 induced insulin secretion from β cells,
resulting in hyperinsulinemia induced lipogenesis. Moreover, IP6K1 inhibits energy expenditure,
which promotes hypertriglyceridemia [12,22,29,40,42]. Thus, IP6K1-disrupted mice are protected from
these aberrations [22,42] (Figure 2). To summarize, in energy enriched conditions, targeting IP6Ks
ameliorates obesity, T2D and other metabolic diseases.

2.8. Role of the IP6K Substrate IP6 in Metabolism

IP6, the substrate of IP6Ks is the most abundant IP in plants and mammalian cells [188].
IP6 research is divided into two major areas: studying the role of intracellular IP6 (Int-IP6) by
manipulating the enzymes that synthesize or metabolize this molecule, and assessing the impact
of dietary supplementation of IP6 (Sup-IP6) in health. Besides the already established PIP2 or
IP3 [8,12,14,18,20,23–27], glucose-6-phosphate and sphingolipids can also be precursors of Int-IP6 [23].
Int-IP6 regulates many cellular functions including stress responses, development, phosphate
homeostasis, DNA repair, RNA editing, mRNA export and post-translational modification [94,95,189].
It also promotes insulin secretion from β cells, although to a lesser extent than 5-IP7 [81,190]. Moreover,
Int-IP6 regulates metabolism by activating AMPK [29].

The concentration of IP6 is much higher in plant sources, especially cereals, legumes, nuts and
high-fiber diets, than in animal products [94,191–193]. Dietary IP6 may impact health in both positive
and negative ways, the details of which are discussed elsewhere [94,192,193]. IP6’s negative impact
is due to its cation (particularly iron and zinc)-chelating action, which hinders cation-absorption in
the gastrointestinal tract [194,195]. Thus, in low-income countries where plant-based products with
high IP6/iron or IP6/zinc ratios are the major food sources, mineral deficiencies often occur [192].
In developed countries, however, animal products also contribute to body’s iron and zinc contents. In
such conditions, plant-derived dietary IP6 does not appear to cause any problem [94,193].



Molecules 2020, 25, 1403 11 of 28
Molecules 2020, 25, x FOR PEER REVIEW 11 of 28 

 
Figure 2. In obesity, 5-IP7 mediated inhibition of Akt causes insulin resistance in metabolic tissues 
(green box) causes hyperglycemia, which induces 5-IP7 mediated insulin secretion from pancreatic β 
cells (hexagon), resulting in hyperinsulinemia. Moreover, IP6K1 mediated conversion of IP6 to 5-IP7 
reduces IP6′s stimulatory effects on AMPK mediated energy expenditure in the adipose tissue, 
leading to adipocyte dysfunction. Dysfunctional adipocytes secrete free fatty acids and insulin 
desensitizing and pro-inflammatory adipokines. Circulating free fatty acids are taken up by the liver 
from the serum. Although the rate of glucose uptake is lower in this condition, hyperinsulinemia 
causes a portion of glucose to enter the liver. Gluconeogenesis is also increased. Consequently, the 
liver accumulates fat (white droplets) by conversion of free fatty acids to triglycerides and de novo 
lipogenesis. The skeletal muscle also accumulates fat and becomes insulin resistant in a similar 
fashion. Therefore, increased IP6K1’s actions cause obesity, T2D and NAFL. 

2.8. Role of the IP6K Substrate IP6 in Metabolism 

IP6, the substrate of IP6Ks is the most abundant IP in plants and mammalian cells [188]. IP6 
research is divided into two major areas: studying the role of intracellular IP6 (Int-IP6) by 
manipulating the enzymes that synthesize or metabolize this molecule, and assessing the impact of 
dietary supplementation of IP6 (Sup-IP6) in health. Besides the already established PIP2 or IP3 
[8,12,14,18,20,23–27], glucose-6-phosphate and sphingolipids can also be precursors of Int-IP6 [23]. 
Int-IP6 regulates many cellular functions including stress responses, development, phosphate 
homeostasis, DNA repair, RNA editing, mRNA export and post-translational modification 
[94,95,189]. It also promotes insulin secretion from β cells, although to a lesser extent than 5-IP7 
[81,190]. Moreover, Int-IP6 regulates metabolism by activating AMPK [29]. 

The concentration of IP6 is much higher in plant sources, especially cereals, legumes, nuts and 
high-fiber diets, than in animal products [94,191–193]. Dietary IP6 may impact health in both positive 
and negative ways, the details of which are discussed elsewhere [94,192,193]. IP6’s negative impact 
is due to its cation (particularly iron and zinc)-chelating action, which hinders cation-absorption in 
the gastrointestinal tract [194,195]. Thus, in low-income countries where plant-based products with 
high IP6/iron or IP6/zinc ratios are the major food sources, mineral deficiencies often occur [192]. In 

Figure 2. In obesity, 5-IP7 mediated inhibition of Akt causes insulin resistance in metabolic tissues
(green box) causes hyperglycemia, which induces 5-IP7 mediated insulin secretion from pancreatic β

cells (hexagon), resulting in hyperinsulinemia. Moreover, IP6K1 mediated conversion of IP6 to 5-IP7
reduces IP6′s stimulatory effects on AMPK mediated energy expenditure in the adipose tissue, leading
to adipocyte dysfunction. Dysfunctional adipocytes secrete free fatty acids and insulin desensitizing
and pro-inflammatory adipokines. Circulating free fatty acids are taken up by the liver from the serum.
Although the rate of glucose uptake is lower in this condition, hyperinsulinemia causes a portion of
glucose to enter the liver. Gluconeogenesis is also increased. Consequently, the liver accumulates fat
(white droplets) by conversion of free fatty acids to triglycerides and de novo lipogenesis. The skeletal
muscle also accumulates fat and becomes insulin resistant in a similar fashion. Therefore, increased
IP6K1’s actions cause obesity, T2D and NAFL.

Studies in rodent models demonstrated that Sup-IP6 provides protection against various
types of cancers, thrombosis, inflammatory bowel disease, Alzheimer’s disease, kidney stones and
mycotoxins [94,191,196,197]. In a clinical study, breast cancer patients who received Sup-IP6+inositol
displayed less side effects of the chemotherapy [198]. Sup-IP6 have also been shown to improve
metabolism [199–210]. Here, the intricacies of sources, doses and durations of Sup-IP6 are not
discussed, which can be found in the respective references. Western diets, which are associated
with metabolic diseases, contain less IP6 than balanced healthy diets that contain more plant-based
products [193]. The Sup-IP6 content correlates inversely with the glycemic index of healthy human
subjects [200]. In a diabetic KK mouse model, Sup-IP6 reduces glucose and hemoglobin A1c levels
and improves glucose tolerance without altering the insulin level, body weight or food intake [201].
Sup-IP6 reduces xenobiotic (DDT)-induced hypercholesterolemia [211] and oxidative stress induced
liver injury in BALB/c mice [212]. In high fat diet and streptozotocin treated diabetic Sprague-Dawley
rats, a combination of Sup-IP6 and Sup-inositol reduces insulin resistance and serum levels of glucose,
triglycerides and total cholesterol. It also diminishes food intake via the satiety inducing adipokine
leptin [213], whereas Sup-IP6 alone reduces weight gain, triglycerides and hyperglycemia, and increases
food intake and total and HDL (good) cholesterol levels [210]. In streptozotocin-nicotinamide induced
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diabetic rats, Sup-IP6 decreases glucose, HbA1C, and lipid-peroxidation, whereas it enhances HDL
and antioxidants in liver and small intestine. However, in this condition, Sup-IP6 increases body
weight [207]. Sup-IP6 also ameliorates NAFLD by reducing liver weight, hepatic lipid and triglyceride
levels, activity of lipogenic enzymes and serum levels of inflammatory cytokines in rats fed high
sucrose or high fat diets [202,203,205,208]. In rats, it also protects against bone loss to lower the risk
of osteoporosis [214,215] and reduces aorta calcification [216,217] and protects ischemic hearts from
reperfusion injury [218].

Although it is not entirely clear how Sup-IP6 improves metabolism, it may work, at least in part,
by inhibiting the enzymes alpha-amylase and glucosidase that breakdown starch to glucose [207].
Targeting these enzymes is a potential approach to treat obesity and diabetes, and thus their inhibitors
are in clinical trials [219,220]. IP6 inhibits α-amylase and α-glucosidase in vitro [207]. Accordingly,
IP6 reduces the rate of digestion of starch in saliva [200], whereas removal of Sup-IP6 increased
the digestion of starch and raised the glycemic response in humans [209]. Sup-IP6 may increase
Int-IP6 or the lower forms of IPs like IP5, IP3 or inositol, generated from IP6 [221]. Sup-IP6 increases
IP6 levels in plasma and various tissues such as brain and liver [222,223]. Conversely, rats fed an
IP6-free diet, display substantial reductions in the tissue IP6 levels, which is restored upon addition
of Sup-IP6. However, one study failed to detect IP6 in the plasma [224]. The methods to detect IP6
in these experiments were different. Moreover, it is not known whether the subjects consumed diets
that are rich or poor in IP6 [223]. Nevertheless, it can be presumed that unlike cell culture studies,
where Int-IP6 originates only from biosynthesis, its level in tissues may depend on both dietary
intake and biosynthesis [222,225]. Extracellular IP6 is internalized by the cells into the lysosomes
possibly via non-receptor-mediated endocytosis, and gets slowly degraded to lower forms of IPs and
free inositol [221,226]. Thus, it is not entirely clear whether Sup-IP6 works by increasing Int-IP6 or
by increasing the lower forms of IPs. Further studies are needed to determine the mechanisms by
which Int-IP6 and Sup-IP6 works. It is also crucial to determine to what extent the above-mentioned
pleiotropic beneficial effects of dietary IP6 are translatable in humans. To summarize, a high IP6/cation
ratio causes mineral deficiency, whereas IP6-supplementation in westernized diets may have beneficial
effects in metabolic diseases.

2.9. IP6Ks in Human Metabolic Diseases

IP6Ks are highly conserved in rodents and humans, although isotype-specific expression may
vary slightly [34]. Limited information is available on gene expression and polymorphism profiles of
Ip6ks in diseases. An epigenome-wide association study identified higher CpG methylation upstream
of Ip6k1 in the saliva of overweight adolescent Finnish girls compared to lean girls [227], suggesting
diminished expression of the gene in obesity. It is conceivable that Ip6k1 expression is reduced in
a natural negative-feedback mechanism. Disruption of Ip6k1 at intron 1 was observed in a single
Japanese family with T2D [228]. However, this anomaly was not found in 405 unrelated patients,
indicating that the disruption is either family-specific or a chance association. The expression of Ip6k1
correlates inversely with insulin sensitivity [229], whereas both Ip6k1 and Ip6k2 expression directly
correlate with hepatocellular carcinoma (HCC) [230]. Ip6k3 is upregulated in NAFLD patients [231].
The mRNA expression does not always correlate with protein or activity level [232], and so studies are
required to determine activity, localization and protein interactions of these enzymes in tissues derived
from healthy and sick subjects.

2.10. Potential Risks of Targeting the IP6K Pathway in Metabolic Diseases

Targeting any protein or pathway has potential risks as every protein is naturally evolved to
perform certain essential functions. Therefore, it is vital to determine the exact conditions when
targeting a specific protein is beneficial. In modern society, excess intake of unhealthy diets causes
obesity, T2D, NAFLD/NASH and other metabolic diseases. Hence, the anabolic functions of IP6K1 can
be targeted in metabolic diseases in the mid-late stage of life.
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IP6K1 and IP6K3 are essential for development of brain and testis, and thus Ip6k1-KO mice exhibit
impaired social interaction and male sterility [30,98,233,234], whereas Ip6k3-KOs display reduced motor
learning and coordination [32]. However, TNP (15-weeks, 10 mg/kg, daily) treatment does not cause
neuronal defects or male-sterility [42]. Thus, germline deletion mediated developmental defects does
not seem to be a concern in pharmacologic targeting of this pathway at a later stage of life. Also, drugs
do not permeate well through the blood-brain- or blood-testis- barriers (BBB or BTB), which impairs
drug delivery to these organs [235,236]. Targeting IP6Ks may have differential impacts on neutrophils.
Although disruption of IP6K1 reduces pulmonary neutrophil accumulation induced lung damage
in pneumonia, its deletion aggravates lung inflammation in nicotine-exposed mice [237]. Delayed
platelet aggregation in Ip6k1-KO mice [183] is beneficial in thromboembolism, but may delay clotting
in normal subjects.

IP6K1 inhibits Akt in metabolic cells and tissues [12,29,40,42–45,238]. In young, chow-fed tissues,
IP6K1-disruption minimally alters Akt [22,29], whereas its perturbation reduces high fat diet or age
induced Akt inhibition. Thus, Akt activity is higher in IP6K-disrupted tissues compared to WT in these
conditions [29]. Amplification or constitutive hyperactivation (~10–50-fold) [239,240] of Akt causes
tumorigenesis in vivo [241], whereas no tumors are formed when these conditions are not met [241].
Notably, a 2–3-fold increase in Akt activation improves metabolic functions [12,22] without forming
tumors [242] in Ip6k1-KO mice. Moreover, Ip6k1-KO mice are protected from tumorigenesis and
metastasis [242]. Thus, regulated activation of Akt in metabolic diseases is distinct from its constitutive
hyperactivation in cancer, which should be exploited to treat metabolic diseases. Ip6k2 deletion
sensitizes mice to 4-Nitroquinoline 1-oxide (4-NQO) induced aerodigestive tract carcinoma [33], but
protects them from cancer metastasis [243]. Encouragingly, even long-term TNP treatment does not
cause tumorigenesis. While developing pan IP6K or isotype-specific inhibitors to treat metabolic
diseases, these potential concerns must be ruled out.

2.11. Outstanding Questions on Targeting IP6Ks in Metabolic Diseases

2.11.1. Can IP6Ks be Targeted in NAFLD/NASH, HCC and Atherosclerosis?

Human NASH is associated with obesity, metabolic syndrome and fibrosis [57]. The published
studies on IP6K1 used a high fat diet without added cholesterol or fructose [22,29,40,42] that develops
obesity and NAFL, but not a full spectrum of NAFLD/NASH that includes inflammation, ballooning,
stellate cell activation and fibrosis [53–56,244]. To develop liver injury and NASH, high cholesterol
and/or fructose-containing Western diets are preferred. Moreover, mouse models of atherosclerosis are
also used as NASH models because NASH and atherosclerosis share substantial similarities in the
manifestation of metabolic syndrome [59,245]. Thus, Western diet-fed apolipoprotein E (ApoE) or low
density lipoprotein receptor (Ldlr) knockout mice, which develop metabolic syndrome and atherosclerosis,
also develop NAFLD/NASH [246–261]. Ip6k3 is upregulated in NAFLD patients [231], whereas Ip6k1
and Ip6k2 expression directly correlate with hepatocellular carcinoma (HCC) [230]. Does disruption
of IP6K protect mice from NASH, HCC and atherosclerosis? Further studies are needed to answer
these questions.

2.11.2. Can the Ratio of IP6/IPP be Targeted in Metabolic Diseases?

A reduction in 5-IP7 and/or an increase in IP6 level improves metabolism in vivo. Consequently, the
ratio of IP6/5-IP7 (or other IPPs) seems to regulate energy metabolism like NAD+/NADH and AMP/ATP.
Therefore, increasing the IP6/IPP ratio could be an interesting approach to treat metabolic and possibly
other diseases. For example, activation of IP5K in the settings of IP6K- and/or PPIP5K-disruption
seems like a feasible approach. It is also important to understand what regulates expression, stability
activity and localization of IP5K or IP6Ks to alter the IP6/5-IP7 ratio in a cellular microenvironment.
Various posttranslational modifications and protein interactors regulate IP6Ks ([97,98,262–265] and
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Chakraborty lab unpublished observations). Significance of the known and novel interactions and
modifications are being studied.

If IP6 is abundant in cells, why is its further augmentation needed? Presumably, the abundance
of IP6 keeps the IP6/IPP ratio high/optimum, which is required for the metabolic health of cells or
tissues. However, in metabolic aberrations such as insulin resistance [229], HCC [230], NAFLD [231]
and aging [22,44], Ip6k expression or IP7 level increases, which is expected to reduce the IP6/5-IP7 ratio.
In such conditions, restoring this ratio to its normal level may ameliorate these diseases. To determine
the ratio of IP6/5-IP7, a reliable method to quantify their levels in biological samples is required, but
unfortunately not available yet. Encouragingly, various groups are working to solve this issue [19,224].

2.11.3. Can IP6K Inhibitors Be Used to Treat Metabolic Diseases?

An important requirement for drugs to treat metabolic diseases is their long-term efficacy and
safety. It is too early to comment whether inhibition of IP6Ks will achieve this goal. TNP treatment in
mice for 15-weeks did not cause any noticeable side-effect [42], which is an encouraging start. Although
TNP is an established pharmacologic tool, it has limitations that hinders its further development
or for its use in the clinical trials [42]. TNP inhibits all the IP6K isotypes. It also inhibits human
cytochrome P450s [42], which may interfere with the metabolism of other drugs. In addition, TNP
slightly elevates Ca2+ levels in human promyelocytic leukemia (HL60) cells [266] and cytosolic Zn2+

levels in cortical neurons [267], which may cause signaling alterations. At higher concentrations,
TNP inhibits the IP3-3 kinase [268,269]. TNP has a modest half-life in microsomal assays, suggesting
a mediocre metabolic stability. The development of IP6K inhibitors with greater metabolic stability
is required to achieve oral efficacy in patients. To minimize undesirable effects, isoform-selective
inhibitors are needed. BBB- and BTB-impermeable IP6K1 (or IP6K1+IP6K3) selective inhibitors are
desirable for the treatment of metabolic diseases. It is also necessary to determine the therapeutic
window for each disease. Several groups are working to screen compound libraries against IP6Ks and
to exploit subtle differences in active sites of the isotypes to develop potent and isotype-specific IP6K
inhibitors [42,270–272]. Hopefully, IP6K inhibitors, either alone or in combination, will emerge as new
drugs to treat metabolic diseases.

3. Conclusions

Studies in preclinical rodent models establish that targeting the 5-IP7 biosynthetic enzymes IP6Ks is
a potential therapeutic approach to treat obesity, T2D, NAFL, osteoporosis and other metabolic diseases.
Methods to increase the ratio of IP6/5-IP7 may also emerge as a therapeutic strategy in metabolic
diseases. Conversely, IP6Ks are essential for the development or brain and testis, insulin secretion and
energy storage. Thus, diseases associated with energy or insulin deficiency such as lipodystrophy,
cachexia and type-1 diabetes or brain/testis development, overexpression of this pathway may have
beneficial effects. Limited information is available on IP6Ks in humans. Therefore, research should be
directed to understand the importance of this pathway in human health and diseases.

Author Contributions: Conceptualizatio: A.C., literature search: S.M., J.H. and A.C., writing—Original draft
preparation: A.C., review and editing: S.M., J.H. and A.C. All authors have read and agreed to the published
version of the manuscript.

Funding: This research was funded by the National Institute of Diabetes and Kidney Diseases (NIDDK)
R01DK103746 and the Saint Louis University startup fund to Anutosh Chakraborty.

Acknowledgments: We thank the Chakraborty lab members Molee Chakraborty, Naomi Msengi and Johnny
Wong for their useful comments.

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



Molecules 2020, 25, 1403 15 of 28

References

1. Europe-Finner, G.N.; Gammon, B.; Newell, P.C. Accumulation of [3H]-inositol into inositol polyphosphates
during development of Dictyostelium. Biochem. Biophy. Res. Commun. 1991, 181, 191–196. [CrossRef]

2. Stephens, L.R.; Hawkins, P.T.; Stanley, A.F.; Moore, T.; Poyner, D.R.; Morris, P.J.; Hanley, M.R.; Kay, R.R.;
Irvine, R.F. Myo-inositol pentakisphosphates. Structure, biological occurrence and phosphorylation to
myo-inositol hexakisphosphate. Biochem. J. 1991, 275, 485–499. [CrossRef]

3. Oliver, K.G.; Putney, J.W., Jr.; Obie, J.F.; Shears, S.B. The interconversion of inositol 1,3,4,5,6-pentakisphosphate
and inositol tetrakisphosphates in AR4-2J cells. J. Biol. Chem. 1992, 267, 21528–21534. [PubMed]

4. Wong, N.S.; Barker, C.J.; Morris, A.J.; Craxton, A.; Kirk, C.J.; Michell, R.H. The inositol phosphates in WRK1
rat mammary tumour cells. Biochem. J. 1992, 286, 459–468. [CrossRef] [PubMed]

5. Glennon, M.C.; Shears, S.B. Turnover of inositol pentakisphosphates, inositol hexakisphosphate and
diphosphoinositol polyphosphates in primary cultured hepatocytes. Biochem. J. 1993, 293, 583–590.
[CrossRef]

6. Menniti, F.S.; Miller, R.N.; Putney, J.W., Jr.; Shears, S.B. Turnover of inositol polyphosphate pyrophosphates
in pancreatoma cells. J. Biol. Chem. 1993, 268, 3850–3856.

7. Stephens, L.; Radenberg, T.; Thiel, U.; Vogel, G.; Khoo, K.H.; Dell, A.; Jackson, T.R.; Hawkins, P.T.;
Mayr, G.W. The detection, purification, structural characterization, and metabolism of diphosphoinositol
pentakisphosphate(s) and bisdiphosphoinositol tetrakisphosphate(s). J. Biol. Chem. 1993, 268, 4009–4015.

8. Barker, C.J.; Illies, C.; Gaboardi, G.C.; Berggren, P.O. Inositol pyrophosphates: Structure, enzymology and
function. Cell. Mol. Life Sci. 2009, 66, 3851. [CrossRef]

9. Saiardi, A. Cell Signalling by Inositol Pyrophosphates. In Phosphoinositides II: The Diverse Biological Functions;
Balla, T., Wymann, M., York, J., Eds.; Springer: Dordrecht, The Netherlands, 2012; Volume 59.

10. Wundenberg, T.; Mayr, G.W. Synthesis and biological actions of diphosphoinositol phosphates (inositol
pyrophosphates), regulators of cell homeostasis. Biol. Chem. 2012, 393, 979–998. [CrossRef]

11. Shears, S.B. Inositol pyrophosphates: Why so many phosphates? Adv. Biol. Regul. 2015, 57, 203–216.
[CrossRef]

12. Chakraborty, A. The inositol pyrophosphate pathway in health and diseases. Biol. Rev. Camb. Philos. Soc.
2018, 93, 1203–1227. [CrossRef] [PubMed]

13. Thota, S.G.; Bhandari, R. The emerging roles of inositol pyrophosphates in eukaryotic cell physiology. J. Biosci.
2015, 40, 593–605. [CrossRef] [PubMed]

14. Bennett, M.; Onnebo, S.M.; Azevedo, C.; Saiardi, A. Inositol pyrophosphates: Metabolism and signaling.
Cell. Mol. Life Sci. 2006, 63, 552. [CrossRef]

15. Wundenberg, T.; Grabinski, N.; Lin, H.; Mayr, G.W. Discovery of InsP6-kinases as InsP6-dephosphorylating
enzymes provides a new mechanism of cytosolic InsP6 degradation driven by the cellular ATP/ADP ratio.
Biochem. J. 2014, 462, 173–184. [CrossRef] [PubMed]

16. Choi, J.H.; Williams, J.; Cho, J.; Falck, J.R.; Shears, S.B. Purification, sequencing, and molecular identification
of a mammalian PP-InsP5 kinase that is activated when cells are exposed to hyperosmotic stress. J. Biol. Chem.
2007, 282, 30763–30775. [CrossRef] [PubMed]

17. Fridy, P.C.; Otto, J.C.; Dollins, D.E.; York, J.D. Cloning and characterization of two human VIP1-like inositol
hexakisphosphate and diphosphoinositol pentakisphosphate kinases. J. Biol. Chem. 2007, 282, 30754–30762.
[CrossRef] [PubMed]

18. Shears, S.B.; Baughman, B.M.; Gu, C.; Nair, V.S.; Wang, H. The significance of the 1-kinase/1-phosphatase
activities of the PPIP5K family. Adv. Biol. Regul. 2017, 63, 98–106. [CrossRef] [PubMed]

19. Gu, C.; Wilson, M.S.; Jessen, H.J.; Saiardi, A.; Shears, S.B. Inositol pyrophosphate profiling of two HCT116
cell lines uncovers variation in InsP8 levels. PLoS ONE 2016, 11, e0165286. [CrossRef]

20. McLennan, A.G. The Nudix hydrolase superfamily. Cell. Mol. Life Sci. 2006, 63, 123–143. [CrossRef]
21. Rajasekaran, S.S.; Illies, C.; Shears, S.B.; Wang, H.; Ayala, T.S.; Martins, J.O.; Daré, E.; Berggren, P.O.;

Barker, C.J. Protein kinase-and lipase inhibitors of inositide metabolism deplete IP7 indirectly in pancreatic
β-cells: Off-target effects on cellular bioenergetics and direct effects on IP6K activity. Cell Signal. 2018, 42,
127–133. [CrossRef]

http://dx.doi.org/10.1016/S0006-291X(05)81400-7
http://dx.doi.org/10.1042/bj2750485
http://www.ncbi.nlm.nih.gov/pubmed/1328236
http://dx.doi.org/10.1042/bj2860459
http://www.ncbi.nlm.nih.gov/pubmed/1530577
http://dx.doi.org/10.1042/bj2930583
http://dx.doi.org/10.1007/s00018-009-0115-2
http://dx.doi.org/10.1515/hsz-2012-0133
http://dx.doi.org/10.1016/j.jbior.2014.09.015
http://dx.doi.org/10.1111/brv.12392
http://www.ncbi.nlm.nih.gov/pubmed/29282838
http://dx.doi.org/10.1007/s12038-015-9549-x
http://www.ncbi.nlm.nih.gov/pubmed/26333405
http://dx.doi.org/10.1007/s00018-005-5446-z
http://dx.doi.org/10.1042/BJ20130992
http://www.ncbi.nlm.nih.gov/pubmed/24865181
http://dx.doi.org/10.1074/jbc.M704655200
http://www.ncbi.nlm.nih.gov/pubmed/17702752
http://dx.doi.org/10.1074/jbc.M704656200
http://www.ncbi.nlm.nih.gov/pubmed/17690096
http://dx.doi.org/10.1016/j.jbior.2016.10.003
http://www.ncbi.nlm.nih.gov/pubmed/27776974
http://dx.doi.org/10.1371/journal.pone.0165286
http://dx.doi.org/10.1007/s00018-005-5386-7
http://dx.doi.org/10.1016/j.cellsig.2017.10.008


Molecules 2020, 25, 1403 16 of 28

22. Chakraborty, A.; Koldobskiy, M.A.; Bello, N.T.; Maxwell, M.; Potter, J.J.; Juluri, K.R.; Maag, D.; Kim, S.;
Huang, A.S.; Dailey, M.J.; et al. Inositol pyrophosphates inhibit Akt signaling, thereby regulating insulin
sensitivity and weight gain. Cell 2010, 143, 897–910. [CrossRef] [PubMed]

23. Desfougères, Y.; Wilson, M.S.; Laha, D.; Miller, G.J.; Saiardi, A. ITPK1 mediates the lipid-independent
synthesis of inositol phosphates controlled by metabolism. Proc. Natl. Acad. Sci. USA 2019, 116, 24551–24561.
[CrossRef] [PubMed]

24. Thomas, M.P.; Potter, B.V. The enzymes of human diphosphoinositol polyphosphate metabolism. FEBS J.
2014, 281, 14–33. [CrossRef] [PubMed]

25. Shah, A.; Ganguli, S.; Sen, J.; Bhandari, R. Inositol pyrophosphates: Energetic, omnipresent and versatile
signalling molecules. J. Indian Inst. Sci. 2017, 97, 23–40. [CrossRef]

26. Safrany, S.T.; Caffrey, J.J.; Yang, X.; Bembenek, M.E.; Moyer, M.B.; Burkhart, W.A.; Shears, S.B. A novel context
for the ‘MutT’module, a guardian of cell integrity, in a diphosphoinositol polyphosphate phosphohydrolase.
EMBO J. 1998, 17, 6599–6607. [CrossRef]

27. Kilari, R.S.; Weaver, J.D.; Shears, S.B.; Safrany, S.T. Understanding inositol pyrophosphate metabolism and
function: Kinetic characterization of the DIPPs. FEBS Lett. 2013, 587, 3464–3470. [CrossRef]

28. Wilson, M.S.; Livermore, T.M.; Saiardi, A. Inositol pyrophosphates: Between signalling and metabolism.
Biochem. J. 2013, 452, 369–379. [CrossRef]

29. Zhu, Q.; Ghoshal, S.; Rodrigues, A.; Gao, S.; Asterian, A.; Kamenecka, T.M.; Barrow, J.C.; Chakraborty, A.
Adipocyte-specific deletion of Ip6k1 reduces diet-induced obesity by enhancing AMPK-mediated
thermogenesis. J. Clin. Investig. 2016, 126, 4273–4288. [CrossRef]

30. Bhandari, R.; Juluri, K.R.; Resnick, A.C.; Snyder, S.H. Gene deletion of inositol hexakisphosphate kinase 1
reveals inositol pyrophosphate regulation of insulin secretion, growth, and spermiogenesis. Proc. Natl. Acad.
Sci. USA 2008, 105, 2349–2353. [CrossRef]

31. Rao, F.; Cha, J.; Xu, J.; Xu, R.; Vandiver, M.S.; Tyagi, R.; Tokhunts, R.; Koldobskiy, M.A.; Fu, C.; Barrow, R.;
et al. Inositol pyrophosphates mediate the DNA-PK/ATM-p53 cell death pathway by regulating CK2
phosphorylation of Tti1/Tel2. Mol. Cell. 2014, 54, 119–132. [CrossRef]

32. Fu, C.; Xu, J.; Li, R.J.; Crawford, J.A.; Khan, A.B.; Ma, T.M.; Cha, J.Y.; Snowman, A.M.; Pletnikov, M.V.;
Snyder, S.H. Inositol hexakisphosphate kinase-3 regulates the morphology and synapse formation of
cerebellar purkinje cells via spectrin/adducin. J. Neurosci. 2015, 35, 11056–11067. [CrossRef] [PubMed]

33. Morrison, B.H.; Haney, R.; Lamarre, E.; Drazba, J.; Prestwich, G.D.; Lindner, D.J. Gene deletion of inositol
hexakisphosphate kinase 2 predisposes to aerodigestive tract carcinoma. Oncogene 2009, 28, 2383–2392.
[CrossRef] [PubMed]

34. Moritoh, Y.; Oka, M.; Yasuhara, Y.; Hozumi, H.; Iwachidow, K.; Fuse, H.; Tozawa, R. Inositol hexakisphosphate
kinase 3 regulates metabolism and lifespan in mice. Sci. Rep. 2016, 6, 1–3. [CrossRef] [PubMed]

35. Padmanabhan, U.; Dollins, D.E.; Fridy, P.C.; York, J.D.; Downes, C.P. Characterization of a selective inhibitor
of inositol hexakisphosphate kinases use in defining biological roles and metabolic relationships of inositol
pyrophosphates. J. Biol. Chem. 2009, 284, 10571–10582. [CrossRef] [PubMed]

36. Saiardi, A.; Erdjument-Bromage, H.; Snowman, A.M.; Tempst, P.; Snyder, S.H. Synthesis of diphosphoinositol
pentakisphosphate by a newly identified family of higher inositol polyphosphate kinases. Curr. Biol. 1999, 9,
1323–1326. [CrossRef]

37. Randall, T.A.; Gu, C.; Li, X.; Wang, H.; Shears, S.B. A two-way switch for inositol pyrophosphate signaling:
Evolutionary history and biological significance of a unique, bifunctional kinase/phosphatase. Adv. Biol.
Regul. 2019, 100674. [CrossRef]

38. Yousaf, R.; Gu, C.; Ahmed, Z.M.; Khan, S.N.; Friedman, T.B.; Riazuddin, S.; Shears, S.B.; Riazuddin, S.
Mutations in Diphosphoinositol-Pentakisphosphate Kinase PPIP5K2 are associated with hearing loss in
human and mouse. PLoS Genet. 2018, 14, e1007297. [CrossRef]

39. Khaled, M.L.; Bykhovskaya, Y.; Gu, C.; Liu, A.; Drewry, M.D.; Chen, Z.; Mysona, B.A.; Parker, E.; McNabb, R.P.;
Yu, H.; et al. PPIP5K2 and PCSK1 are Candidate Genetic Contributors to Familial Keratoconus. Sci. Rep.
2019, 9, 1–6. [CrossRef]

40. Zhu, Q.; Ghoshal, S.; Tyagi, R.; Chakraborty, A. Global IP6K1 deletion enhances temperature modulated
energy expenditure which reduces carbohydrate and fat induced weight gain. Mol. Metab. 2017, 6, 73–85.
[CrossRef]

http://dx.doi.org/10.1016/j.cell.2010.11.032
http://www.ncbi.nlm.nih.gov/pubmed/21145457
http://dx.doi.org/10.1073/pnas.1911431116
http://www.ncbi.nlm.nih.gov/pubmed/31754032
http://dx.doi.org/10.1111/febs.12575
http://www.ncbi.nlm.nih.gov/pubmed/24152294
http://dx.doi.org/10.1007/s41745-016-0011-3
http://dx.doi.org/10.1093/emboj/17.22.6599
http://dx.doi.org/10.1016/j.febslet.2013.08.035
http://dx.doi.org/10.1042/BJ20130118
http://dx.doi.org/10.1172/JCI85510
http://dx.doi.org/10.1073/pnas.0712227105
http://dx.doi.org/10.1016/j.molcel.2014.02.020
http://dx.doi.org/10.1523/JNEUROSCI.1069-15.2015
http://www.ncbi.nlm.nih.gov/pubmed/26245967
http://dx.doi.org/10.1038/onc.2009.113
http://www.ncbi.nlm.nih.gov/pubmed/19430495
http://dx.doi.org/10.1038/srep32072
http://www.ncbi.nlm.nih.gov/pubmed/27577108
http://dx.doi.org/10.1074/jbc.M900752200
http://www.ncbi.nlm.nih.gov/pubmed/19208622
http://dx.doi.org/10.1016/S0960-9822(00)80055-X
http://dx.doi.org/10.1016/j.jbior.2019.100674
http://dx.doi.org/10.1371/journal.pgen.1007297
http://dx.doi.org/10.1038/s41598-019-55866-5
http://dx.doi.org/10.1016/j.molmet.2016.11.010


Molecules 2020, 25, 1403 17 of 28

41. Boregowda, S.V.; Ghoshal, S.; Booker, C.N.; Krishnappa, V.; Chakraborty, A.; Phinney, D.G. IP6K1 reduces
mesenchymal stem/stromal cell fitness and potentiates high fat diet-induced skeletal involution. Stem Cells
2017, 35, 1973–1983. [CrossRef]

42. Ghoshal, S.; Zhu, Q.; Asteian, A.; Lin, H.; Xu, H.; Ernst, G.; Barrow, J.C.; Xu, B.; Cameron, M.D.;
Kamenecka, T.M.; et al. TNP [N2-(m-Trifluorobenzyl), N6-(p-nitrobenzyl) purine] ameliorates diet induced
obesity and insulin resistance via inhibition of the IP6K1 pathway. Mol. Metab. 2016, 5, 903–917. [CrossRef]

43. Sun, D.; Li, S.; Wu, H.; Zhang, M.; Zhang, X.; Wei, L.; Qin, X.; Gao, E. Oncostatin M (OSM) protects against
cardiac ischaemia/reperfusion injury in diabetic mice by regulating apoptosis, mitochondrial biogenesis and
insulin sensitivity. J. Cell. Mol. Med. 2015, 6, 1296–1307. [CrossRef]

44. Zhang, Z.; Liang, D.; Gao, X.; Zhao, C.; Qin, X.; Xu, Y.; Su, T.; Sun, D.; Li, W.; Wang, H.; et al. Selective
inhibition of inositol hexakisphosphate kinases (IP6Ks) enhances mesenchymal stem cell engraftment and
improves therapeutic efficacy for myocardial infarction. Basic Res. Cardiol. 2014, 109, 417. [CrossRef]
[PubMed]

45. Zhang, Z.; Zhao, C.; Liu, B.; Liang, D.; Qin, X.; Li, X.; Zhang, R.; Li, C.; Wang, H.; Sun, D.; et al. Inositol
pyrophosphates mediate the effects of aging on bone marrow mesenchymal stem cells by inhibiting Akt
signaling. Stem Cell Res. Ther. 2014, 5, 33. [CrossRef]

46. Reaven, G. Metabolic syndrome: Pathophysiology and implications for management of cardiovascular
disease. Circulation 2002, 106, 286–288. [CrossRef] [PubMed]

47. Weiss, R.; Gepstein, V. Obesity as the main risk factor for metabolic syndrome in children. Front. Endocrinol.
2019, 10, 568.

48. Pi-Sunyer, X. The medical risks of obesity. Postgrad. Med. 2009, 121, 21–33. [CrossRef] [PubMed]
49. Segula, D. Complications of obesity in adults: A short review of the literature. Malawi Med. J. 2014, 26, 20–24.

[PubMed]
50. Hruby, A.; Hu, F.B. The epidemiology of obesity: A big picture. Pharmacoeconomics 2015, 33, 673–689.

[CrossRef]
51. Steele, C.B.; Thomas, C.C.; Henley, S.J.; Massetti, G.M.; Galuska, D.A.; Agurs-Collins, T.; Puckett, M.;

Richardson, L.C. Vital signs: Trends in incidence of cancers associated with overweight and obesity—United
States, 2005–2014. Morb. Mortal. Wkly. Rep. 2017, 66, 1052. [CrossRef]

52. Spengler, E.K.; Loomba, R. Recommendations for diagnosis, referral for liver biopsy, and treatment of
nonalcoholic fatty liver disease and nonalcoholic steatohepatitis. Mayo Clin. Proc. 2015, 90, 1233–1246.
[CrossRef]

53. Brunt, E.M.; Wong, V.W.; Nobili, V.; Day, C.P.; Sookoian, S.; Maher, J.J.; Bugianesi, E.; Sirlin, C.B.;
Neuschwander-Tetri, B.A.; Rinella, M.E. Nonalcoholic fatty liver disease. Nat. Rev. Dis. Primers 2015, 17,
1–22. [CrossRef] [PubMed]

54. Friedman, S.L.; Neuschwander-Tetri, B.A.; Rinella, M.; Sanyal, A.J. Mechanisms of NAFLD development
and therapeutic strategies. Nat. Med. 2018, 24, 908–922. [CrossRef] [PubMed]

55. Tesfay, M.; Goldkamp, W.J.; Neuschwander-Tetri, B.A. NASH: The emerging most common form of chronic
liver disease. Mol. Med. 2018, 115, 225.

56. Neuschwander-Tetri, B.A. Non-alcoholic fatty liver disease. BMC Med. 2017, 15, 45. [CrossRef]
57. Chalasani, N.; Younossi, Z.; Lavine, J.E.; Diehl, A.M.; Brunt, E.M.; Cusi, K.; Charlton, M.; Sanyal, A.J.

The diagnosis and management of non-alcoholic fatty liver disease: Practice guideline by the American
Gastroenterological Association, American Association for the Study of Liver Diseases, and American
College of Gastroenterology. Gastroenterology 2012, 142, 1592–1609. [CrossRef]

58. Albhaisi, S.; Sanyal, A. Recent advances in understanding and managing non-alcoholic fatty liver disease.
F1000Research 2018, 7. [CrossRef]

59. Bieghs, V.; Rensen, P.C.; Hofker, M.H.; Shiri-Sverdlov, R. NASH and atherosclerosis are two aspects of a
shared disease: Central role for macrophages. Atherosclerosis 2012, 220, 287–293. [CrossRef]

60. Kahn, S.E.; Hull, R.L.; Utzschneider, K.M. Mechanisms linking obesity to insulin resistance and type 2
diabetes. Nature 2006, 444, 840–846. [CrossRef]

61. Guilherme, A.; Virbasius, J.V.; Puri, V.; Czech, M.P. Adipocyte dysfunctions linking obesity to insulin
resistance and type 2 diabetes. Nat. Rev. Mol. Cell Biol. 2008, 9, 367–377. [CrossRef]

http://dx.doi.org/10.1002/stem.2645
http://dx.doi.org/10.1016/j.molmet.2016.08.008
http://dx.doi.org/10.1111/jcmm.12501
http://dx.doi.org/10.1007/s00395-014-0417-x
http://www.ncbi.nlm.nih.gov/pubmed/24847908
http://dx.doi.org/10.1186/scrt431
http://dx.doi.org/10.1161/01.CIR.0000019884.36724.D9
http://www.ncbi.nlm.nih.gov/pubmed/12119239
http://dx.doi.org/10.3810/pgm.2009.11.2074
http://www.ncbi.nlm.nih.gov/pubmed/19940414
http://www.ncbi.nlm.nih.gov/pubmed/24959321
http://dx.doi.org/10.1007/s40273-014-0243-x
http://dx.doi.org/10.15585/mmwr.mm6639e1
http://dx.doi.org/10.1016/j.mayocp.2015.06.013
http://dx.doi.org/10.1038/nrdp.2015.80
http://www.ncbi.nlm.nih.gov/pubmed/27188459
http://dx.doi.org/10.1038/s41591-018-0104-9
http://www.ncbi.nlm.nih.gov/pubmed/29967350
http://dx.doi.org/10.1186/s12916-017-0806-8
http://dx.doi.org/10.1053/j.gastro.2012.04.001
http://dx.doi.org/10.12688/f1000research.14421.1
http://dx.doi.org/10.1016/j.atherosclerosis.2011.08.041
http://dx.doi.org/10.1038/nature05482
http://dx.doi.org/10.1038/nrm2391


Molecules 2020, 25, 1403 18 of 28

62. Wadden, T.A.; Berkowitz, R.I.; Sarwer, D.B.; Prus-Wisniewski, R.; Steinberg, C. Benefits of lifestyle modification
in the pharmacologic treatment of obesity: A randomized trial. Arch. Intern. Med. 2001, 161, 218–227.
[CrossRef] [PubMed]

63. Wadden, T.A.; Berkowitz, R.I.; Womble, L.G.; Sarwer, D.B.; Phelan, S.; Cato, R.K.; Hesson, L.A.; Osei, S.Y.;
Kaplan, R.; Stunkard, A.J. Randomized trial of lifestyle modification and pharmacotherapy for obesity. N.
Engl. J. Med. 2005, 353, 2111–2120. [CrossRef] [PubMed]

64. Ioannides-Demos, L.L.; Proietto, J.; McNeil, J.J. Pharmacotherapy for obesity. Drugs 2005, 65, 1391–1418.
[CrossRef] [PubMed]

65. Yanovski, S.Z.; Yanovski, J.A. Long-term drug treatment for obesity: A systematic and clinical review. JAMA
2014, 311, 74–86. [CrossRef] [PubMed]

66. Vervoort, G.; Tack, C.J.; Kok, K.F.; Wahab, P.; Houwen, R.H.; Drenth, J.P.; de Man, R.A.; van Hoek, B.;
Meijer, J.W.; Willekens, F.L. Do we need new drugs for the treatment of type 2 diabetes mellitus? Neth J. Med.
2007, 65, 157–159.

67. Jones, B.J.; Bloom, S.R. The new era of drug therapy for obesity: The evidence and the expectations. Drugs
2015, 75, 935–945. [CrossRef]

68. Mann, J.P.; Tang, G.Y.; Nobili, V.; Armstrong, M.J. Evaluations of lifestyle, dietary, and pharmacologic
treatments for pediatric nonalcoholic fatty liver disease: A systematic review. Clin. Gastroenterol. Hepatol.
2018, 1457–1476. [CrossRef]

69. Miras, A.D.; Le Roux, C.W. Can medical therapy mimic the clinical efficacy or physiological effects of bariatric
surgery? Int. J. Obes. (Lond.). 2014, 38, 325–333. [CrossRef]

70. Hollander, P. Anti-diabetes and anti-obesity medications: Effects on weight in people with diabetes. Diabetes
Spectr. 2007, 20, 159–165. [CrossRef]

71. Rodgers, R.J.; Tschöp, M.H.; Wilding, J.P.H. Anti-obesity drugs: Past, present and future. Dis. Model. Mech.
2012, 5, 621–626. [CrossRef]

72. Schuster, S.; Feldstein, A.E. NASH: Novel therapeutic strategies targeting ASK1 in NASH. Nat. Rev.
Gastroenterol. Hepatol. 2017, 14, 329. [CrossRef] [PubMed]

73. Sumida, Y.; Okanoue, T.; Nakajima, A. Phase 3 drug pipelines in the treatment of NASH. Hepatol. Res. 2019,
49, 1256–1262. [CrossRef] [PubMed]

74. Polyzos, S.A.; Kountouras, J.; Mantzoros, C.S. Adipose tissue, obesity and non-alcoholic fatty liver disease.
Miner. Endocrinol. 2017, 42, 92–108.

75. Xia, B.; Cai, G.H.; Yang, H.; Wang, S.P.; Mitchell, G.A.; Wu, J.W. Adipose tissue deficiency of hormone-sensitive
lipase causes fatty liver in mice. PLoS Genet. 2017, 13, e1007110. [CrossRef] [PubMed]

76. Wueest, S.; Lucchini, F.C.; Challa, T.D.; Müller, W.; Blüher, M.; Konrad, D. Mesenteric fat lipolysis mediates
obesity-associated hepatic steatosis and insulin resistance. Diabetes 2016, 65, 140–148. [CrossRef] [PubMed]

77. Poher, A.L.; Altirriba, J.; Veyrat-Durebex, C.; Rohner-Jeanrenaud, F. Brown adipose tissue activity as a target
for the treatment of obesity/insulin resistance. Front. Physiol. 2015, 6, 4. [CrossRef] [PubMed]

78. Kajimura, S.; Spiegelman, B.M.; Seale, P. Brown and beige fat: Physiological roles beyond heat generation.
Cell Metab. 2015, 22, 546–559. [CrossRef]

79. Cypess, A.M.; Kahn, C.R. Brown fat as a therapy for obesity and diabetes. Curr. Opin. Endocrinol.
Diabetes Obes. 2010, 17, 143. [CrossRef]

80. Chakraborty, A.; Kim, S.; Snyder, S.H. Inositol pyrophosphates as mammalian cell signals. Sci. Signal. 2011,
4, re1. [CrossRef]

81. Illies, C.; Gromada, J.; Fiume, R.; Leibiger, B.; Yu, J.; Juhl, K.; Yang, S.N.; Barma, D.K.; Falck, J.R.; Saiardi, A.;
et al. Requirement of inositol pyrophosphates for full exocytotic capacity in pancreatic β cells. Science 2007,
318, 1299–1302. [CrossRef]

82. Hoffler, U.; Hobbie, K.; Wilson, R.; Bai, R.; Rahman, A.; Malarkey, D.; Travlos, G.; Ghanayem, B.I. Diet-induced
obesity is associated with hyperleptinemia, hyperinsulinemia, hepatic steatosis, and glomerulopathy in
C57Bl/6J mice. Endocrine 2009, 36, 311–325. [CrossRef] [PubMed]

83. Tseng, Y.H.; Cypess, A.M.; Kahn, C.R. Cellular bioenergetics as a target for obesity therapy. Nat. Rev. Drug
Discov. 2010, 9, 465–482. [CrossRef] [PubMed]

84. Spiegelman, B.M.; Flier, J.S. Obesity and the regulation of energy balance. Cell 2001, 104, 531–543. [CrossRef]
85. Korner, J.; Woods, S.C.; Woodworth, K.A. Regulation of energy homeostasis and health consequences in

obesity. Am. J. Med. 2009, 122, S12–S18. [CrossRef]

http://dx.doi.org/10.1001/archinte.161.2.218
http://www.ncbi.nlm.nih.gov/pubmed/11176735
http://dx.doi.org/10.1056/NEJMoa050156
http://www.ncbi.nlm.nih.gov/pubmed/16291981
http://dx.doi.org/10.2165/00003495-200565100-00006
http://www.ncbi.nlm.nih.gov/pubmed/15977970
http://dx.doi.org/10.1001/jama.2013.281361
http://www.ncbi.nlm.nih.gov/pubmed/24231879
http://dx.doi.org/10.1007/s40265-015-0410-1
http://dx.doi.org/10.1016/j.cgh.2018.05.023
http://dx.doi.org/10.1038/ijo.2013.205
http://dx.doi.org/10.2337/diaspect.20.3.159
http://dx.doi.org/10.1242/dmm.009621
http://dx.doi.org/10.1038/nrgastro.2017.42
http://www.ncbi.nlm.nih.gov/pubmed/28377639
http://dx.doi.org/10.1111/hepr.13425
http://www.ncbi.nlm.nih.gov/pubmed/31495973
http://dx.doi.org/10.1371/journal.pgen.1007110
http://www.ncbi.nlm.nih.gov/pubmed/29232702
http://dx.doi.org/10.2337/db15-0941
http://www.ncbi.nlm.nih.gov/pubmed/26384383
http://dx.doi.org/10.3389/fphys.2015.00004
http://www.ncbi.nlm.nih.gov/pubmed/25688211
http://dx.doi.org/10.1016/j.cmet.2015.09.007
http://dx.doi.org/10.1097/MED.0b013e328337a81f
http://dx.doi.org/10.1126/scisignal.2001958
http://dx.doi.org/10.1126/science.1146824
http://dx.doi.org/10.1007/s12020-009-9224-9
http://www.ncbi.nlm.nih.gov/pubmed/19669948
http://dx.doi.org/10.1038/nrd3138
http://www.ncbi.nlm.nih.gov/pubmed/20514071
http://dx.doi.org/10.1016/S0092-8674(01)00240-9
http://dx.doi.org/10.1016/j.amjmed.2009.01.003


Molecules 2020, 25, 1403 19 of 28

86. Cinti, S. Transdifferentiation properties of adipocytes in the adipose organ. Am. J. Physiol. Endocrinol. Metab.
2009, 297, E977–E986. [CrossRef]

87. Rosen, E.D.; Spiegelman, B.M. What we talk about when we talk about fat. Cell 2014, 156, 20–44. [CrossRef]
88. Harms, M.; Seale, P. Brown and beige fat: Development, function and therapeutic potential. Nat. Med. 2013,

19, 1252–1263. [CrossRef]
89. Whittle, A.; Relat-Pardo, J.; Vidal-Puig, A. Pharmacological strategies for targeting BAT thermogenesis.

Trends Pharm. Sci. 2013, 34, 347–355. [CrossRef]
90. Chechi, K.; Nedergaard, J.; Richard, D. Brown adipose tissue as an anti-obesity tissue in humans. Obes. Rev.

2014, 15, 92–106. [CrossRef]
91. Chouchani, E.T.; Kazak, L.; Spiegelman, B.M. New Advances in Adaptive Thermogenesis: UCP1 and Beyond.

Cell Metab. 2019, 29, 27–37. [CrossRef]
92. Sidossis, L.; Kajimura, S. Brown and beige fat in humans: Thermogenic adipocytes that control energy and

glucose homeostasis. J. Clin. Investig. 2015, 125, 478–486. [CrossRef] [PubMed]
93. Sarmah, B.; Wente, S.R. Inositol hexakisphosphate kinase-2 acts as an effector of the vertebrate Hedgehog

pathway. Proc. Natl. Acad. Sci. USA 2010, 107, 19921–19926. [CrossRef] [PubMed]
94. Silva, E.O.; Bracarense, A.P. Phytic Acid: From Antinutritional to Multiple Protection Factor of Organic

Systems. J. Food Sci. 2016, 81, R1357–R1362. [CrossRef] [PubMed]
95. Shears, S.B. Assessing the omnipotence of inositol hexakisphosphate. Cell Signal. 2001, 13, 151–158. [CrossRef]
96. Barker, C.J.; Berggren, P.O. New horizons in cellular regulation by inositol polyphosphates: Insights from the

pancreatic beta-cell. Pharm. Rev. 2013, 65, 641–669. [CrossRef]
97. Ghoshal, S.; Tyagi, R.; Zhu, Q.; Chakraborty, A. Inositol hexakisphosphate kinase-1 interacts with perilipin1

to modulate lipolysis. Int. J. Biochem. Cell Biol. 2016, 78, 149–155. [CrossRef]
98. Chakraborty, A.; Latapy, C.; Xu, J.; Snyder, S.H.; Beaulieu, J.M. Inositol hexakisphosphate kinase-1 regulates

behavioral responses via GSK3 signaling pathways. Mol. Psychiatry 2014, 19, 284–293. [CrossRef]
99. Hardie, D.G.; Ross, F.A.; Hawley, S.A. AMPK: A nutrient and energy sensor that maintains energy homeostasis.

Nat. Rev. Mol. Cell Biol. 2012, 13, 251–262. [CrossRef]
100. Pollard, A.E.; Martins, L.; Muckett, P.J.; Khadayate, S.; Bornot, A.; Clausen, M.; Admyre, T.; Bjursell, M.;

Fiadeiro, R.; Wilson, L.; et al. AMPK activation protects against diet-induced obesity through
Ucp1-independent thermogenesis in subcutaneous white adipose tissue. Nat. Metab. 2019, 3, 340–349.
[CrossRef]

101. Smith, A.C.; Bruce, C.R.; Dyck, D.J. AMP kinase activation with AICAR simultaneously increases fatty acid
and glucose oxidation in resting rat soleus muscle. J. Physiol. 2005, 565, 537–546. [CrossRef]

102. Cantó, C.; Gerhart-Hines, Z.; Feige, J.N.; Lagouge, M.; Noriega, L.; Milne, J.C.; Elliott, P.J.; Puigserver, P.;
Auwerx, J. AMPK regulates energy expenditure by modulating NAD+ metabolism and SIRT1 activity. Nature
2009, 458, 1056–1060. [CrossRef] [PubMed]

103. O’Neill, H.M.; Holloway, G.P.; Steinberg, G.R. AMPK regulation of fatty acid metabolism and mitochondrial
biogenesis: Implications for obesity. Mol. Cell. Endocrinol. 2013, 366, 135–151. [CrossRef] [PubMed]

104. Dzamko, N.; Schertzer, J.D.; Ryall, J.G.; Steel, R.; Macaulay, S.L.; Wee, S.; Chen, Z.P.; Michell, B.J.; Oakhill, J.S.;
Watt, M.J. AMPK-independent pathways regulate skeletal muscle fatty acid oxidation. J. Physiol. 2008, 586,
5819–5831. [CrossRef] [PubMed]

105. Klaus, S.; Keipert, S.; Rossmeisl, M.; Kopecky, J. Augmenting energy expenditure by mitochondrial
uncoupling: A role of AMP-activated protein kinase. Genes Nutr. 2012, 7, 369–386. [CrossRef] [PubMed]

106. Zhang, T.; Yamamoto, N.; Ashida, H. Chalcones suppress fatty acid-induced lipid accumulation through a
LKB1/AMPK signaling pathway in HepG2 cells. Food Funct. 2014, 5, 1134–1141. [CrossRef] [PubMed]

107. Yan, M.; Audet-Walsh, É.; Manteghi, S.; Dufour, C.R.; Walker, B.; Baba, M.; St-Pierre, J.; Giguère, V.; Pause, A.
Chronic AMPK activation via loss of FLCN induces functional beige adipose tissue through PGC-1α/ERRα.
Genes Dev. 2016, 30, 1034–1046. [CrossRef]

108. Gaidhu, M.P.; Frontini, A.; Hung, S.; Pistor, K.; Cinti, S.; Ceddia, R.B. Chronic AMP-kinase activation with
AICAR reduces adiposity by remodeling adipocyte metabolism and increasing leptin sensitivity. J. Lipid Res.
2011, 52, 1702–1711. [CrossRef]

http://dx.doi.org/10.1152/ajpendo.00183.2009
http://dx.doi.org/10.1016/j.cell.2013.12.012
http://dx.doi.org/10.1038/nm.3361
http://dx.doi.org/10.1016/j.tips.2013.04.004
http://dx.doi.org/10.1111/obr.12116
http://dx.doi.org/10.1016/j.cmet.2018.11.002
http://dx.doi.org/10.1172/JCI78362
http://www.ncbi.nlm.nih.gov/pubmed/25642708
http://dx.doi.org/10.1073/pnas.1007256107
http://www.ncbi.nlm.nih.gov/pubmed/20980661
http://dx.doi.org/10.1111/1750-3841.13320
http://www.ncbi.nlm.nih.gov/pubmed/27272247
http://dx.doi.org/10.1016/S0898-6568(01)00129-2
http://dx.doi.org/10.1124/pr.112.006775
http://dx.doi.org/10.1016/j.biocel.2016.06.018
http://dx.doi.org/10.1038/mp.2013.21
http://dx.doi.org/10.1038/nrm3311
http://dx.doi.org/10.1038/s42255-019-0036-9
http://dx.doi.org/10.1113/jphysiol.2004.081679
http://dx.doi.org/10.1038/nature07813
http://www.ncbi.nlm.nih.gov/pubmed/19262508
http://dx.doi.org/10.1016/j.mce.2012.06.019
http://www.ncbi.nlm.nih.gov/pubmed/22750049
http://dx.doi.org/10.1113/jphysiol.2008.159814
http://www.ncbi.nlm.nih.gov/pubmed/18845612
http://dx.doi.org/10.1007/s12263-011-0260-8
http://www.ncbi.nlm.nih.gov/pubmed/22139637
http://dx.doi.org/10.1039/C3FO60694E
http://www.ncbi.nlm.nih.gov/pubmed/24722377
http://dx.doi.org/10.1101/gad.281410.116
http://dx.doi.org/10.1194/jlr.M015354


Molecules 2020, 25, 1403 20 of 28

109. Oliveira, R.L.; Ueno, M.; de Souza, C.T.; Pereira-da-Silva, M.; Gasparetti, A.L.; Bezzera, R.M.; Alberici, L.C.;
Vercesi, A.E.; Saad, M.J.; Velloso, L.A. Cold-induced PGC-1α expression modulates muscle glucose uptake
through an insulin receptor/Akt-independent, AMPK-dependent pathway. Am. J. Physiol. Endocrinol. Metab.
2004, 287, E686–E695. [CrossRef]

110. Day, E.A.; Ford, R.J.; Steinberg, G.R. AMPK as a Therapeutic Target for Treating Metabolic Diseases. Trends
Endocrinol. Metab. 2017, 28, 545–560. [CrossRef]

111. Wan, Z.; Root-Mccaig, J.; Castellani, L.; Kemp, B.E.; Steinberg, G.R.; Wright, D.C. Evidence for the role of
AMPK in regulating PGC-1 alpha expression and mitochondrial proteins in mouse epididymal adipose
tissue. Obesity 2014, 22, 730–738. [CrossRef]

112. Mottillo, E.P.; Desjardins, E.M.; Crane, J.D.; Smith, B.K.; Green, A.E.; Ducommun, S.; Henriksen, T.I.;
Rebalka, I.A.; Razi, A.; Sakamoto, K.; et al. Lack of adipocyte AMPK exacerbates insulin resistance and
hepatic steatosis through brown and beige adipose tissue function. Cell Metab. 2016, 24, 118–129. [CrossRef]
[PubMed]

113. Yang, Q.; Liang, X.; Sun, X.; Zhang, L.; Fu, X.; Rogers, C.J.; Berim, A.; Zhang, S.; Wang, S.; Wang, B.; et al.
AMPK/α-ketoglutarate axis dynamically mediates DNA demethylation in the Prdm16 promoter and brown
adipogenesis. Cell Metab. 2016, 24, 542–554. [CrossRef] [PubMed]

114. Cantó, C.; Auwerx, J. PGC-1alpha, SIRT1 and AMPK, an energy sensing network that controls energy
expenditure. Curr. Opin. Lipidol. 2009, 20, 98. [CrossRef] [PubMed]

115. Zhang, H.; Guan, M.; Townsend, K.L.; Huang, T.L.; An, D.; Yan, X.; Xue, R.; Schulz, T.J.; Winnay, J.; Mori, M.;
et al. MicroRNA–455 regulates brown adipogenesis via a novel HIF1an-AMPK–PGC1α signaling network.
EMBO Rep. 2015, 16, 1378–1393. [CrossRef]

116. Desjardins, E.M.; Steinberg, G.R. Emerging Role of AMPK in Brown and Beige Adipose Tissue (BAT):
Implications for Obesity, Insulin Resistance, and Type 2 Diabetes. Curr. Diabetes Rep. 2018, 18, 80. [CrossRef]

117. Schultze, S.M.; Hemmings, B.A.; Niessen, M.; Tschopp, O. PI3K/AKT, MAPK and AMPK signalling: Protein
kinases in glucose homeostasis. Expert Rev. Mol. Med. 2012, 14, e1. [CrossRef]

118. Smith, B.K.; Marcinko, K.; Desjardins, E.M.; Lally, J.S.; Ford, R.J.; Steinberg, G.R. Treatment of nonalcoholic
fatty liver disease: Role of AMPK. Am. J. Physiol. Endocrinol. Metab. 2016, 311, E730–E740. [CrossRef]

119. Mazza, A.; Fruci, B.; Garinis, G.A.; Giuliano, S.; Malaguarnera, R.; Belfiore, A. The role of metformin in the
management of NAFLD. Exp. Diabetes Res. 2011, 2012, 716404. [CrossRef]

120. Li, Y.; Liu, L.; Wang, B.; Wang, J.; Chen, D. Metformin in non-alcoholic fatty liver disease: A systematic
review and meta-analysis. Biomed. Rep. 2013, 1, 57–64. [CrossRef]

121. Kazemi, R.; Aduli, M.; Sotoudeh, M.; Malekzadeh, R.; Seddighi, N.; Sepanlou, S.G.; Merat, S. Metformin in
nonalcoholic steatohepatitis: A randomized controlled trial. Middle East J. Dig. Dis. 2012, 4, 16.

122. Giordanetto, F.; Karis, D. Direct AMP-activated protein kinase activators: A review of evidence from the
patent literature. Expert Opin. Pat. 2012, 22, 1467–1477. [CrossRef] [PubMed]

123. Anil, T.M.; Harish, C.; Lakshmi, M.N.; Harsha, K.; Onkaramurthy, M.; Kumar, V.S.; Shree, N.; Geetha, V.;
Balamurali, G.V.; Gopala, A.S.; et al. CNX-012-570, a direct AMPK activator provides strong glycemic and
lipid control along with significant reduction in body weight; studies from both diet-induced obese mice and
db/db mice models. Cardiovasc. Diabetol. 2014, 13, 27. [CrossRef] [PubMed]

124. Esquejo, R.M.; Salatto, C.T.; Delmore, J.; Albuquerque, B.; Reyes, A.; Shi, Y.; Moccia, R.; Cokorinos, E.;
Peloquin, M.; Monetti, M.; et al. Activation of liver AMPK with PF-06409577 corrects NAFLD and lowers
cholesterol in rodent and primate preclinical models. EBioMedicine 2018, 31, 122–132. [CrossRef] [PubMed]

125. Viollet, B.; Guigas, B.; Garcia, N.S.; Leclerc, J.; Foretz, M.; Andreelli, F. Cellular and molecular mechanisms of
metformin: An overview. Clin. Sci. 2012, 122, 253–270. [CrossRef]

126. Rena, G.; Hardie, D.G.; Pearson, E.R. The mechanisms of action of metformin. Diabetologia 2017, 60, 1577–1585.
[CrossRef]

127. Zhang, B.B.; Zhou, G.; Li, C. AMPK: An emerging drug target for diabetes and the metabolic syndrome.
Cell Metab. 2009, 9, 407–416. [CrossRef]

128. Kjøbsted, R.; Treebak, J.T.; Fentz, J.; Lantier, L.; Viollet, B.; Birk, J.B.; Schjerling, P.; Björnholm, M.; Zierath, J.R.;
Wojtaszewski, J.F. Prior AICAR stimulation increases insulin sensitivity in mouse skeletal muscle in an
AMPK-dependent manner. Diabetes 2015, 64, 2042–2055. [CrossRef]

129. Zhang, Z.; Zhang, H.; Li, B.; Meng, X.; Wang, J.; Zhang, Y.; Yao, S.; Ma, Q.; Jin, L.; Yang, J.; et al. Berberine
activates thermogenesis in white and brown adipose tissue. Nat. Commun. 2014, 5, 1–5. [CrossRef]

http://dx.doi.org/10.1152/ajpendo.00103.2004
http://dx.doi.org/10.1016/j.tem.2017.05.004
http://dx.doi.org/10.1002/oby.20605
http://dx.doi.org/10.1016/j.cmet.2016.06.006
http://www.ncbi.nlm.nih.gov/pubmed/27411013
http://dx.doi.org/10.1016/j.cmet.2016.08.010
http://www.ncbi.nlm.nih.gov/pubmed/27641099
http://dx.doi.org/10.1097/MOL.0b013e328328d0a4
http://www.ncbi.nlm.nih.gov/pubmed/19276888
http://dx.doi.org/10.15252/embr.201540837
http://dx.doi.org/10.1007/s11892-018-1049-6
http://dx.doi.org/10.1017/S1462399411002109
http://dx.doi.org/10.1152/ajpendo.00225.2016
http://dx.doi.org/10.1155/2012/716404
http://dx.doi.org/10.3892/br.2012.18
http://dx.doi.org/10.1517/13543776.2012.743994
http://www.ncbi.nlm.nih.gov/pubmed/23136886
http://dx.doi.org/10.1186/1475-2840-13-27
http://www.ncbi.nlm.nih.gov/pubmed/24460834
http://dx.doi.org/10.1016/j.ebiom.2018.04.009
http://www.ncbi.nlm.nih.gov/pubmed/29673898
http://dx.doi.org/10.1042/CS20110386
http://dx.doi.org/10.1007/s00125-017-4342-z
http://dx.doi.org/10.1016/j.cmet.2009.03.012
http://dx.doi.org/10.2337/db14-1402
http://dx.doi.org/10.1038/ncomms6493


Molecules 2020, 25, 1403 21 of 28

130. Ruderman, N.B.; Carling, D.; Prentki, M.; Cacicedo, J.M. AMPK, insulin resistance, and the metabolic
syndrome. J. Clin. Investig. 2013, 123, 2764–2772. [CrossRef]

131. Liang, Z.; Li, T.; Jiang, S.; Xu, J.; Di, W.; Yang, Z.; Hu, W.; Yang, Y. AMPK: A novel target for treating hepatic
fibrosis. Oncotarget 2017, 8, 62780. [CrossRef] [PubMed]

132. Motoshima, H.; Goldstein, B.J.; Igata, M.; Araki, E. AMPK and cell proliferation–AMPK as a therapeutic
target for atherosclerosis and cancer. J. Physiol. 2006, 574, 63–71. [CrossRef] [PubMed]

133. Steinberg, G.R.; Kemp, B.E. AMPK in Health and Disease. Physiol. Rev. 2009, 89, 1025–1078. [CrossRef]
134. Qi, D.; Young, L.H. AMPK: Energy sensor and survival mechanism in the ischemic heart. Trends Endocrinol.

Metab. 2015, 26, 422–429. [CrossRef]
135. Wu, L.; Zhang, L.; Li, B.; Jiang, H.; Duan, Y.; Xie, Z.; Shuai, L.; Li, J.; Li, J. AMP-activated protein kinase

(AMPK) regulates energy metabolism through modulating thermogenesis in adipose tissue. Front. Physiol.
2018, 9, 122. [CrossRef] [PubMed]

136. Mihaylova, M.M.; Shaw, R.J. The AMPK signalling pathway coordinates cell growth, autophagy and
metabolism. Nat. Cell Biol. 2011, 13, 1016–1023. [CrossRef] [PubMed]

137. Alessi, D.R.; Sakamoto, K.; Bayascas, J.R. LKB1-dependent signaling pathways. Annu. Rev. Biochem. 2006,
75, 137–163. [CrossRef]

138. Hardie, D.G. AMPK: Positive and negative regulation, and its role in whole-body energy homeostasis.
Curr. Opin. Cell Biol. 2014, 33C, 1–7. [CrossRef]

139. Prasad, A.; Jia, Y.; Chakraborty, A.; Li, Y.; Jain, S.K.; Zhong, J.; Roy, S.G.; Loison, F.; Mondal, S.; Sakai, J.;
et al. Inositol hexakisphosphate kinase 1 regulates neutrophil function in innate immunity by inhibiting
phosphatidylinositol-(3, 4, 5)-trisphosphate signaling. Nat. Immunol. 2011, 12, 752. [CrossRef]

140. Bang, S.; Chen, Y.; Ahima, R.S.; Kim, S.F. Convergence of IPMK and LKB1-AMPK signaling pathways on
metformin action. Mol. Endocrinol. 2014, 28, 1186–1193. [CrossRef]

141. Maag, D.; Maxwell, M.J.; Hardesty, D.A.; Boucher, K.L.; Choudhari, N.; Hanno, A.G.; Ma, J.F.; Snowman, A.S.;
Pietropaoli, J.W.; Xu, R.; et al. Inositol polyphosphate multikinase is a physiologic PI3-kinase that activates
Akt/PKB. Proc. Natl. Acad. Sci. USA 2011, 108, 1391–1396. [CrossRef]

142. Huang, X.; Liu, G.; Guo, J.; Su, Z. The PI3K/AKT pathway in obesity and type 2 diabetes. Int. J. Biol. Sci.
2018, 14, 1483–1496. [CrossRef] [PubMed]

143. Zhang, Z.; Liu, H.; Liu, J. Akt activation: A potential strategy to ameliorate insulin resistance. Diabetes Res.
Clin. Pract. 2019, 156, 107092. [CrossRef] [PubMed]

144. Manning, B.D.; Cantley, L.C. AKT/PKB signaling: Navigating downstream. Cell 2007, 129, 1261–1274.
[CrossRef] [PubMed]

145. Shao, J.; Yamashita, H.; Qiao, L.; Friedman, J.E. Decreased Akt kinase activity and insulin resistance in
C57BL/KsJ-Leprdb/db mice. J. Endocrinol. 2000, 167, 107–116. [CrossRef] [PubMed]

146. Cleveland-Donovan, K.; Maile, L.A.; Tsiaras, W.G.; Tchkonia, T.; Kirkland, J.L.; Boney, C.M. IGF-I activation
of the AKT pathway is impaired in visceral but not subcutaneous preadipocytes from obese subjects.
Endocrinology 2010, 151, 3752–3763. [CrossRef] [PubMed]

147. Manning, B.D. Insulin signaling: Inositol phosphates get into the Akt. Cell 2010, 143, 861–863. [CrossRef]
148. Valverde, A.M.; Arribas, M.; Mur, C.; Navarro, P.; Pons, S.; Cassard-Doulcier, A.M.; Kahn, C.R.; Benito, M.

Insulin-induced up-regulated uncoupling protein-1 expression is mediated by insulin receptor substrate 1
through the phosphatidylinositol 3-kinase/Akt signaling pathway in fetal brown adipocytes. J. Biol. Chem.
2003, 278, 10221–10231. [CrossRef] [PubMed]

149. Farese, R.V.; Sajan, M.P.; Standaert, M.L. Insulin-sensitive protein kinases (atypical protein kinase C and
protein kinase B/Akt): Actions and defects in obesity and type II diabetes. Exp. Biol. Med. (Maywood) 2005,
230, 593–605. [CrossRef]

150. Jordan, S.D.; Krüger, M.; Willmes, D.M.; Redemann, N.; Wunderlich, F.T.; Brönneke, H.S.; Merkwirth, C.;
Kashkar, H.; Olkkonen, V.M.; Böttger, T.; et al. Obesity-induced overexpression of miRNA-143 inhibits
insulin-stimulated AKT activation and impairs glucose metabolism. Nat. Cell Biol. 2011, 13, 434–446.
[CrossRef]

151. Schultze, S.M.; Jensen, J.; Hemmings, B.A.; Tschopp, O.; Niessen, M. Promiscuous affairs of PKB/AKT
isoforms in metabolism. Arch. Physiol. Biochem. 2011, 117, 70–77. [CrossRef]

152. Sanchez-Gurmaches, J.; Martinez Calejman, C.; Jung, S.M.; Li, H.; Guertin, D.A. Brown fat organogenesis
and maintenance requires AKT1 and AKT2. Mol. Metab. 2019, 23, 60–74. [CrossRef]

http://dx.doi.org/10.1172/JCI67227
http://dx.doi.org/10.18632/oncotarget.19376
http://www.ncbi.nlm.nih.gov/pubmed/28977988
http://dx.doi.org/10.1113/jphysiol.2006.108324
http://www.ncbi.nlm.nih.gov/pubmed/16613876
http://dx.doi.org/10.1152/physrev.00011.2008
http://dx.doi.org/10.1016/j.tem.2015.05.010
http://dx.doi.org/10.3389/fphys.2018.00122
http://www.ncbi.nlm.nih.gov/pubmed/29515462
http://dx.doi.org/10.1038/ncb2329
http://www.ncbi.nlm.nih.gov/pubmed/21892142
http://dx.doi.org/10.1146/annurev.biochem.75.103004.142702
http://dx.doi.org/10.1016/j.ceb.2014.09.004
http://dx.doi.org/10.1038/ni.2052
http://dx.doi.org/10.1210/me.2014-1134
http://dx.doi.org/10.1073/pnas.1017831108
http://dx.doi.org/10.7150/ijbs.27173
http://www.ncbi.nlm.nih.gov/pubmed/30263000
http://dx.doi.org/10.1016/j.diabres.2017.10.004
http://www.ncbi.nlm.nih.gov/pubmed/29111280
http://dx.doi.org/10.1016/j.cell.2007.06.009
http://www.ncbi.nlm.nih.gov/pubmed/17604717
http://dx.doi.org/10.1677/joe.0.1670107
http://www.ncbi.nlm.nih.gov/pubmed/11018758
http://dx.doi.org/10.1210/en.2010-0043
http://www.ncbi.nlm.nih.gov/pubmed/20555032
http://dx.doi.org/10.1016/j.cell.2010.11.040
http://dx.doi.org/10.1074/jbc.M209363200
http://www.ncbi.nlm.nih.gov/pubmed/12525499
http://dx.doi.org/10.1177/153537020523000901
http://dx.doi.org/10.1038/ncb2211
http://dx.doi.org/10.3109/13813455.2010.539236
http://dx.doi.org/10.1016/j.molmet.2019.02.004


Molecules 2020, 25, 1403 22 of 28

153. Hinoi, E.; Iezaki, T.; Fujita, H.; Watanabe, T.; Odaka, Y.; Ozaki, K.; Yoneda, Y. PI3K/Akt is involved in brown
adipogenesis mediated by growth differentiation factor-5 in association with activation of the Smad pathway.
Biochem. Biophys. Res. Commun. 2014, 450, 255–260. [CrossRef] [PubMed]

154. Song, N.J.; Chang, S.H.; Kim, S.; Panic, V.; Jang, B.H.; Yun, U.J.; Choi, J.H.; Li, Z.; Park, K.M.; Yoon, J.H.;
et al. PI3Ka-Akt1-mediated Prdm4 induction in adipose tissue increases energy expenditure, inhibits weight
gain, and improves insulin resistance in diet-induced obese mice. Cell Death Dis. 2018, 9, 1–3. [CrossRef]
[PubMed]

155. Hui, X.; Gu, P.; Zhang, J.; Nie, T.; Pan, Y.; Wu, D.; Feng, T.; Zhong, C.; Wang, Y.; Lam, K.S.; et al. Adiponectin
enhances cold-induced browning of subcutaneous adipose tissue via promoting M2 macrophage proliferation.
Cell Metab. 2015, 22, 279–290. [CrossRef] [PubMed]
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