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Simple Summary: A vast number of molecules are involved in regulating metabolism in mammals.
Among these molecules, Sirtuins play pivotal roles in the regulation of metabolism. Sirtuins are a
family of seven members that are expressed in several tissues/organs and connect the inner and outer
environment of the mammalian body to ensure a proper balance of metabolic activities. Deregulation
of Sirtuins can be involved in a disturbed balance that is found in metabolic diseases such as obesity
and cancer. The level and function of Sirtuins differ per tissue/organ and among mammals and shall
be taken into account when envisioning administration of drugs that may affect Sirtuin activity. This
systematic review provides an overview of the function of Sirtuins in six metabolic tissues/organs,
and of the relevant processes that they regulate. Both healthy and metabolic disease conditions
are discussed.
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Abstract: Sirtuins are a family of highly conserved NAD+-dependent proteins and this dependency
links Sirtuins directly to metabolism. Sirtuins’ activity has been shown to extend the lifespan of several
organisms and mainly through the post-translational modification of their many target proteins,
with deacetylation being the most common modification. The seven mammalian Sirtuins, SIRT1
through SIRT7, have been implicated in regulating physiological responses to metabolism and stress
by acting as nutrient sensors, linking environmental and nutrient signals to mammalian metabolic
homeostasis. Furthermore, mammalian Sirtuins have been implicated in playing major roles in
mammalian pathophysiological conditions such as inflammation, obesity and cancer. Mammalian
Sirtuins are expressed heterogeneously among different organs and tissues, and the same holds
true for their substrates. Thus, the function of mammalian Sirtuins together with their substrates is
expected to vary among tissues. Any therapy depending on Sirtuins could therefore have different
local as well as systemic effects. Here, an introduction to processes relevant for the actions of Sirtuins,
such as metabolism and cell cycle, will be followed by reasoning on the system-level function of
Sirtuins and their substrates in different mammalian tissues. Their involvement in the healthy
metabolism and metabolic disorders will be reviewed and critically discussed.
Keywords: Sirtuins; metabolic disorders; metabolic syndrome; cell cycle; pancreas; liver; brain;
adipose tissue; muscle; heart
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1. Introduction
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Since their discovery, proteins of the mammalian Sirtuin family have been in the
spotlight because of their ability to regulate and influence pivotal cellular and molecular
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processes. These include aging, metabolism and disease development, among others.
Sirtuins act through gene regulation, but also through post-translational modification of
key proteins that are involved in metabolism, such as the AMP-activated protein kinase
(AMPK), phosphoinositide 3-kinase (PI3K), the mammalian target of rapamycin (mTOR),
the peroxisome proliferator-activated receptor (PPAR) proteins, and several cell cycle
proteins such as cyclins and cyclin-dependent kinases (CDKs) and forkhead box (FOX)
transcription factors. Through interaction and modulation of these proteins, Sirtuins
influence and are affected by metabolism. However, Sirtuins, and their targets are not
uniformly present in the metabolically active mammalian tissues. Sirtuin proteins (SIRT1SIRT7) are differently localized, both within cells and between tissues, and some of their
targets function differently in the various tissues. This variation is in large part due
to changes in the expression of partners or targets of Sirtuins among cells and tissues.
As a result of this differential expression, Sirtuins can behave heterogeneously between
tissues, whilst drugs or compounds that activate Sirtuins are mostly administered at
a systemic level. Consequently, despite a potential Sirtuin-mediated positive effect, a
systemic treatment could lead to negative local effects.
The role of Sirtuins and most of their prominent substrates has been reviewed a few
times. However, importantly, so far, no review has discussed the interaction between
Sirtuins and their substrates in the regulation of metabolism and metabolic disorders
in (several) mammalian tissues. Not all the molecular regulations involving Sirtuins’
function have been elucidated. However, such knowledge might provide insight into how
metabolism is regulated in a healthy organism, as well as how metabolic disorders may
occur due to Sirtuins’ deregulation. This information may possibly inspire development of
new interventions. Therefore, this systematic review attempts to elucidate the specific role
that interactions between Sirtuins and their prominent interaction partners play in different
mammalian tissues, namely the heart, liver, adipose tissue, skeletal muscle, pancreas and
the brain, in relation to metabolism and metabolic disorders.
2. Sirtuins and Metabolism
Sirtuins are members of the highly conserved family of SIR-TWO (SIRT), which
can be found in virtually every organism, ranging from archaea to zebrafish [1]. Most
prokaryotes encode at most two Sirtuins, whereas eukaryotes usually encode several
Sirtuins that differ in their subcellular compartmentalization, from mitochondria, to nucleus
or cytoplasm. Their shuttling between compartments is possible and depends on external
factors. Eukaryotic Sirtuins also differ in their post-translational modification activities [2,3].
Besides the catalytic core, N- and C-terminal regions of Sirtuins vary in length, sequence
and secondary structure, which are all not conserved. Sirtuins proteins are therefore
divided in five different classes based on amino acid sequence homology, with the fifth
class being exclusively prokaryotic [4].
Depending on organism and localization, Sirtuins can act as deacylases, desuccinylases, demalonylases, demyristoylases, depalmitoylases, mono-ADP-ribosyltransferases
and, most importantly, deacetylases, or as a combination of these [5]. Most Sirtuins have
the ability to deacetylate proteins and are members of the NAD+-dependent class III histone deacetylases (HDAC) protein family. Through deacetylating histones, these Sirtuins
increase the amount of heterochromatin and modulate gene transcription through epigenetic regulation. Sirtuins are also able to target a plethora of non-histone substrates,
mostly enzymes and transcription factors. The Sirtuins-mediated post-translational modifications have varying effects on protein activity depending on the specific substrate that
is modified [6]. Protein deacetylation is the most common and important function of
Sirtuins, with SIRT1, SIRT2, SIRT3 and SIRT5 having a higher deacetylation activity [2].
Acetylation influences protein stability by changing the electrostatic properties of proteins,
thereby impacting on protein folding and the occurrence of specific protein-protein interactions. Furthermore, protein acetylation is important to control levels of a substrate,
since deacetylated lysines can be ubiquitinated, thus marking a protein for degradation by
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the proteasome [7]. The cellular protein acetylation balance is closely regulated through
interplay between histone acetyltransferase (HAT) and HDACs [8].
Sirtuins couple their enzymatic activity to the hydrolysis of NAD+. Sirtuin activity
therefore results in two molecules, one of which is the unique metabolite 2-O-acetyl-ribose
that has roles in cellular signaling [9]. The other molecule created through Sirtuin activity
is nicotinamide, which can inhibit Sirtuin activity [2]. Sirtuins play roles in important
biological processes such as aging, apoptosis, cell cycle, stress tolerance, and differentiation.
Their dependency on NAD+, which plays a role in metabolic pathways, for their enzymatic
activity, links them directly to the metabolism [10].
Regulation of Sirtuin activity occurs at several levels. Subcellular localization of
Sirtuins is the first level of regulation; they can be active in either one or several cellular
compartments, where they have to be located together with their specific substrate(s) [11].
Moreover, expression of Sirtuins is ubiquitous, but not at a uniform level across tissues [12].
Furthermore, availability of free NAD+ is of great importance to Sirtuin activity as without
it no enzymatic activity would take place. Nicotinamide, created by Sirtuin activity, can act
as a Sirtuin inhibitor (negative feedback) [13]. Finally, Sirtuin activity can also be regulated
through post-translational modifications such as phosphorylation. For further information
about Sirtuin regulation, we refer to another detailed review [14].
In humans, there are seven Sirtuin proteins. SIRT1 is the most studied among the Sirtuins and is known for its possibly lifespanextending effects and its role in healthy aging [15].
SIRT1 is mainly localized in the nucleus, but can also be found in the cytosol along with
some of its substrates [11,16]. Transcriptional effects induced by SIRT1 result from its main
localization in the nucleus. SIRT1 is also related to an increased mitochondrial metabolism,
and protection against reactive oxygen species (ROS) [17]. SIRT1 has in fact been validated
as a target against metabolic disease, and several SIRT1 activators have been developed,
such as the well-known drug resveratrol. For further information about SIRT1 physiology,
we refer to another detailed review [18]. SIRT2 is mainly found in the cytoplasm, but
relocates to the nucleus during activation of the cell cycle [19], where it deacetylates tubulin
during mitosis [20]. SIRT2 is most abundant in the brain, where it is involved in myelination [21]. SIRT2 exerts transcriptional effects through the deacetylation of transcription
factors in the cytoplasm and directing them to the nucleus where they can, for example,
influence the adipocyte differentiation, which indicates a role for SIRT2 in metabolism [22].
SIRT3 localization is a subject of debate [23,24], since it is mainly localized in mitochondria,
but has also been found to localize in the nucleus under specific circumstances. Absence
of SIRT3 results in mitochondrial hyperacetylation, thus indicating the role of SIRT3 as
a major deacetylase. SIRT3 deficiency has been shown to accelerate the development of
Metabolic Syndrome (MetS) [25]. SIRT4 is only found in mitochondria [11] and has ADPribosyltransferase activity as well as weak deacetylase activity on some substrates [26,27].
SIRT4 has roles in fatty acid oxidation and insulin secretion [26,28]. SIRT5 is mainly a
lysine desuccinylase and demalonylase with possible weak deacetylation activity and can
be found in both the mitochondria and the cytoplasm [29–31]. SIRT5 activity is known to
influence diverse metabolic pathways, such as glycolysis and the tricarboxylic acid (TCA)
cycle [30,32]. SIRT6 localizes both in the nucleus and in the endoplasmic reticulum, and has
moderate acetylation capabilities as well as ADP-ribosyltranferase activity [33–35]. SIRT6
localizes to the nucleolus during the cell cycle, and is highly expressed during mitosis [36].
SIRT6 is known to be a regulator of glucose homeostasis [37]. SIRT7 is the least studied
Sirtuin. It is found both in the nucleus and in the nucleolus, and is known as a deacetylase [38]. SIRT7 plays a crucial role as a regulator of RNA polymerase 1 transcription and is
involved in both lipid metabolism and mitochondrial functioning, through glucose sensing
and biogenesis of mitochondria, respectively. This evidence makes SIRT7 and its relation to
metabolic diseases an interesting subject for further investigations, for its possible, similar
roles of those of the most studied Sirtuins [39–42].
All mammalian Sirtuins thus play roles in regulating mammalian metabolism, albeit
some more directly than others. Effects are exerted through the modulation of proteins
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acting as Sirtuin substrates. However, Sirtuins target many substrates, but not all of
them are involved in regulating metabolism [6,7,43]. Besides influencing proteins directly
through post-translational modifications, Sirtuins directly regulate chromatin through
interaction with substrates such as transcription factors, epigenetic enzymes and histones.
The net effects of this activity result in altered protein activity and levels available within the
cell. Currently, prediction of the impact that metabolic changes have on protein acetylation,
due to the interconnections between the metabolic network and pervasiveness of acetylCoA, is lacking. However, Sirtuins can secure their own NAD+ availability through the
upregulation of AMPK, a protein that will be discussed below, resulting in Sirtuin activation
during energy limitation.
In this review, interaction partners and substrates of Sirtuins are highlighted based
on the available literature discussing Sirtuins and their role in metabolism in selected
mammalian tissues.
3. Metabolism and Its (De)regulation
Metabolism is the ensemble of the life-sustaining chemical reactions within living
cells of organisms. These reactions, catalyzed by enzymes, allow the organism to grow,
reproduce, maintain their structure and respond to their environment. Currently, about
11,000 reactions and over 18,000 metabolites are annotated in the Kyoto Encyclopedia
of Genes and Genomes (KEGG) [44]. However, not all organisms use the same set of
metabolic reactions. For example, the human database contains about 6000 reactions,
which is a considerable amount. However, the number of metabolites that humans can
come into contact with—for example, through the food, environment, microbes or even
consumables like cosmetics—is, according to the human metabolite database, as much as
114,010 [45]. Metabolism can also refer to other chemical reactions, such as the digestion
and transport of metabolites both within and between cells, which is often referred to
as intermediate metabolism. Metabolism is generally divided into two categories: (i)
anabolism, the construction of cellular components such as nucleic acid and protein,
and (ii) catabolism, the deconstruction of organic substances, including those toxic to
the organism, through cellular respiration. In general, the construction of a metabolite
consumes cellular energy, while deconstruction releases energy into the cell [46]. Chemical
metabolic reactions are arranged into pathways in which one metabolite is transformed,
through one or several steps, into the next metabolite by specific enzymes. These are crucial
to the metabolism, as they lower the activation energy required for some reactions to be
initiated, thus enabling organisms to drive reactions that would normally not occur or
would be too slow to be effective. Enzymes thus act as catalysts, allowing reactions to
proceed rapidly and regulating metabolic pathways in response to environmental changes
or cellular signaling [46].
During glycolysis, glucose is metabolized into pyruvate with as net product four ATP
molecules—proxy of energy transfer—and two NADH molecules—coenzyme carrying
electrons from one reaction to another [47]. During fermentation, pyruvate and NADH are
turned into oxidized NAD+, which is also required for the activity of all Sirtuins [48], and
several other small molecules as end points of fermentation, some of which can be further
fermented in other pathways [49]. Through anabolism, oxygen is created as a by-product
and it is a powerful oxidant. Additionally, the reduced intermediates between oxygen
and water are superoxide and hydrogen peroxide, and they also are potent oxidants.
These reactive oxygen species (ROS) can induce significant damage to DNA, proteins
and lipids [50]. For example, the rise of cyanobacteria and oxygen caused a massive
extinction event called “the great oxidation” [51]. However, the presence of oxygen also
created opportunities for life that survived. Oxygen enabled some of the by-products of
fermentation, as well as pyruvate to be oxidized completely into CO2 , allowing organisms
to generate significantly more ATP than they could do before.
Nowadays, life on earth has evolved into a plethora of metabolic pathways. The
pathways active in an organism organize which substances an organism will use as energy
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sources, and also which compounds are toxic when accumulated through either food or
produced by other pathways. Some prokaryotes have evolved to use substances that are
toxic to most other organisms as an energy source. An example thereof is a bacterium that
can use hydrogen sulfide as an energy source [52]. As mentioned earlier, the substances
used by organisms for nutrition are diverse; however, most organisms have a similar set
of major metabolic pathways and their components [53]. The best example would be
the carboxylic acids that are known as intermediates in the TCA cycle, which is present
in some form in all known organisms using oxygen. These pathways arose early in the
evolutionary history, evolved separately in several organisms, and have been conserved
because of their high efficiency [54]. In prokaryotes, the TCA reactions are performed in
the cytosol, whereas in eukaryotes those occur in mitochondria that not only act as the cells
powerhouse, but also have roles in cellular signaling [55].
The breakdown of DNA and RNA occurs continuously in the cell. Pyrimidine breakdown products can be used in fatty acid synthesis and the TCA cycle. Ultimately, only
ammonium will be left, which can enter the urea cycle. Purines are ultimately degraded
into uric acid, a potent antioxidant. Pyrimidine and purine degradation intermediates
can be salvaged to create more nucleotides when required [56]. Of note, many metabolic
pathways exist, in which one central component can be transformed into one or several
other components when needed.
The main metabolic pathways in mammals are: (i) glycolysis; (ii) TCA cycle, in which
a series of reactions generate energy through oxidation of acetyl-CoA derived from carbohydrates, fats and proteins [56]; (iii) oxidative phosphorylation, in which mitochondria
use their structure, enzymes, and energy released by oxidation of nutrients to generate
ATP [56]; (iv) pentose phosphate pathway, parallel to glycolysis, that generates NADPH,
pentose and ribose 5-phosphate, a precursor for synthesis of nucleotides; (v) amino acid
synthesis pathways, in which amino acids are created from nitrogen and a carbon backbone
that can be derived from either the glycolysis, the pentose phosphate pathway, or the
TCA cycle [56]; (vi) urea cycle, in which the amino groups obtained from amino acid
metabolism are removed and transformed into less toxic variants (in some organisms,
the urea cycle can produce uric acid or ammonia) [56]; (vii) fatty acid β-oxidation, the
catabolic process through which fatty acid molecules are broken down in mitochondria
resulting in acetyl-CoA, which can enter the TCA cycle, and the redox cofactors NAD
and FAD [56]; (viii) fatty acid synthesis, which results in the creation of fatty acids from
acetyl-CoA, via malonyl-CoA [56]; (ix) gluconeogenesis, the metabolic pathway that results
in the generation of glucose from non-carbohydrate carbon substrates like fat and proteins,
which can be stored for quick energy access [56]; (x) glycogenesis, which many animals and
some fungi use to store their glucose in the form of glycogen. Glycogen is the secondary
energy storage for many animals, with the primary one being fat [56].
3.1. Metabolic Control
Metabolic systems are usually in a state in which the rate of reactions and the amount
of metabolites vary only within a defined limit, i.e., a state referred to as homeostasis [57].
Such a tight regulation allows organisms to quickly respond to environmental signals [58].
Because any environment is rarely constant for a longer period of time, metabolic processes
must be tightly regulated, as an imbalance may lead to improper functions, disease or
even death.
Many environmental and intrinsic components play a role in the homeostatic regulation of an organism’s metabolism. Constant components can be either external, such as
temperature or light, or internal, such as enzyme concentrations and enzyme properties.
Variable components can be the metabolite concentration or the rate at which an internal
reaction takes place [59]. The steady state of an organism is maintained by the variable
components, which are the concentrations of metabolic substrates, as well as their interactions. Metabolites influence the rate at which enzymes consume them, and the resulting
substrates are subsequently able to (indirectly) affect enzymatic rates through feedback
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loops [57]. Homeostatic control consists of a delicate balance of several components that
regulate metabolic variables and of the changes in specific reactions parameters. For example, a regulatory molecule that changes the turnover rate of an enzyme will alter the steady
state of the system [57]. The homeostatic control mechanisms that regulate the variables
can be divided into (i) the receptor that receives information from the environment, (ii) the
control center that processes the information, and (iii) the effector that initiates changes,
when required. After sensing a change, a signal is transmitted to a monitoring component
that sets the range at which the variable is maintained. This monitoring component will
determine the response to the change sensed and, when needed, can transmit a signal.
Any deviation will be corrected and, through negative feedback, the output of the system returns to its initial level [60]. Feedback is an important mechanism in controlling
metabolism, as otherwise an organism would not know when to stop burning fuel and
start storing energy, or vice versa.
There are multiple levels at which this feedback system acts. An intrinsic control exists,
in which the pathway regulates itself in response to changes in substrate or product levels.
This means that a decrease in product level can result in an increased enzymatic activity,
or vice versa. This type of regulation is frequently allosteric in nature [61]. Some intrinsic
pathways are reciprocally regulated, for example gluconeogenesis and glycolysis that lead
to increased glucose levels; if both pathways were active, a significant waste of energy
would occur. Therefore, the rate of glycolysis depends on the glucose concentration, whilst
the rate of gluconeogenesis depends on the concentration of glucose precursors, such as
lactate [56]. Some pathways can be activated simultaneously, resulting in a futile cycle. The
main function of futile cycles is to generate heat, but it is also thought that these pathways
play a role in metabolic regulation [62]. An extrinsic control also exists, in which cells of
multicellular organisms change their metabolism upon receiving signals from neighboring
cells, typically hormones or growth factors that are detected by cell surface receptors [63].
After receiving and transmitting these signals, the phosphorylation of proteins occurs,
which can result in altered enzymatic function in a cell [64]. One of the most well-known
extrinsic controls is the regulation of blood glucose levels by the hormones insulin and
glucagon. Insulin release results in the uptake of glucose by cells, which is then converted
and stored as either fatty acid or glycogen. Glucagon has the opposite effects of insulin,
causing breakdown of glycogen into glucose, which is then transported out of the cell. Both
insulin and glucagon are continuously secreted by the pancreas, to maintain a steady blood
glucose level [65].
3.2. Metabolites Acting as Intracellular Signals
Most metabolites play a role in signaling, albeit often passively through sensing of
metabolite levels by cells. An example thereof is sensing levels of glucose or ATP by brain
cells or pancreatic β-cells [66,67]. In the latter, ATP senses glucose levels and in cooperation
with ADP and Ca2+ , induces insulin release [66]. However, several cellular metabolites,
besides being a source for fuel or substrates for macromolecules, act as signaling molecules.
One such metabolite is acetyl-CoA, which can actively participate in signaling and, in
cooperation with the nucleo-cytosolic enzyme ATP-citrate ligase (ACL), epigenetic regulation [68]. Furthermore, metabolite-driven protein modification occurs. Proteins that serve
as substrates or allosterically bind in signaling pathways can be covalently modified by
metabolites to regulate their function. For example, some proteins were found to autoacetylate when incubated together with the right acyl-CoA [69]. Most metabolites that have
a function in signaling are different CoA’s performing functions such as acetylation; however, other metabolites such as the intermediary TCA cycle component fumarate can react
with cysteine to form 2-succinyl-cysteine that negatively affects enzymatic activity [70],
and to inhibit GAPDH in the presence of NADH.
Metabolites thus act as intracellular signals. Changes in the metabolism (and signaling) through dietary intervention can modulate health and lifespan. The most well-known
and studied diets are the caloric restriction (CR) and ketogenic diet regimes. Both these
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regimes have been reported to act protective against development of metabolic disorders,
neurodegeneration and cancer. However, many variations exist in the composition and
duration of the diets, all with different reported effects. Diets will be not discussed here; for
further information about the specifics of caloric restriction [71,72] and ketogenic diet [73],
we refer to detailed reviews. Compounds exist that simulate these diets, such as resveratrol
acting on SIRT1 [74]. Such similar compound(s) may be employed to fight against metabolic
diseases, possibly without the need for relatively tough dietary interventions.
3.3. Metabolic Diseases
In major metabolic pathways, there are numerous proteins, hormones, metabolites
and enzymes that influence metabolic homeostasis. The control switches for energy intake,
storage or expenditure act in concert with the controls for food-restriction pathways active
during starvation periods. These processes can in turn influence other cellular pathways
such as growth, stress response, cell division and cellular differentiation. Because of the
potential impact that dysregulation of the controls can have at a systemic level, these are
fine-tuned and are evolutionary conserved [75]. However, when the metabolic balance is
disrupted and cannot be recovered, severe metabolic and systemic consequences for the
affected organism can occur in the form of a metabolic disorder.
Among the metabolic disorders, genetic inherited disorders involve congenital defects
of the metabolism. These defects usually affect single genes responsible for the transcription of a particular enzyme; mutation results in a reduced or complete lack of substrate
conversion. This missing functionality of this enzyme can subsequently lead to the toxic
accumulation of upstream substances, lack of essential downstream substrates, or harmful
alternative substrate metabolism. Considering the vast number of metabolic enzymes,
many mutations can cause a possible disease. For patients of inherited metabolic diseases, treatment options are often available, such as dietary restriction, replacement of
essential enzymes, or the modulation of certain pathways through introduction of novel
compounds [76]. The other category of metabolic diseases is the non-communicable acquired metabolic diseases, which is prevalently influenced by risk factors such as gender,
genetic background, environment, malnutrition, lifestyle and aging.
Several risk factors for developing a metabolic disease are already determined prior to
birth. Gender can influence this development, through differences in body fat distributions
and circulating sex hormones, as well as inherent differences in insulin sensitivity between
sexes [77]. In addition, the genetic background and lifestyle of the parents of an individual
can have a significant impact on the susceptibility for some risk factors. For example,
Amerindian people, including European-Amerindian mixed groups such as Mexicans,
seem to have a higher tendency to develop obesity at an early adult age and a higher
incidence of diabetes mellitus (DM) and cholesterol gallstone formation as compared to
people of European heritage [78]. Among European descent, it seems that a heritage
of hailing from cold climates is correlated to a decreased prevalence of DM [79]. The
biggest difference between these two European populations is their environment. The
main link between the environment and the metabolic disorder is the thrifty phenotype
hypothesis; this proposes that when a fetus is low on nutrients, it diverts energy from the
development of metabolic organs (e.g., muscles, pancreas and liver) to instead use it for
the brain. Besides developmental changes, the fetus will undergo permanent metabolic
changes through epigenetic reprogramming, which will increase future survival chances in
low-nutrient environments. If the fetus grows into a nutrient-rich environment, the chances
of developing a metabolic disorder increase [80]. Proof in favor of the thrift-gene hypothesis
is that the prevalence of DM is lower in sub-Saharan Africa, where poor fetal nutrition
is often followed by poor postnatal conditions as compared to Western regions. Studies
performed among children born during or shortly after the Dutch famine of 1944–1945 also
indicated that these children had a significantly increased risk of developing a metabolic
disease as compared to generations before them, although they all shared a similar genetic
background [81]. The opposite of the thrifty phenotype, i.e., the feast phenotype, has also

Biology 2021, 10, 194

8 of 78

been proposed. For this phenotype it is hypothesized that obese parents can affect the
epigenetic programming of their offspring, just as starved parents will [82]. The cause of
differences in susceptibility between ethnicities is not known; however, theories exist that
propose that some cultures started investing more time and effort into fewer offspring and
transitioning from a lifestyle that favors the use of muscles to a lifestyle that favors the use
of the brain. Since the transition to less offspring is usually coupled to an increased use of
the brain, it is hypothesized that this behavioral switch is coupled to insulin resistance [83].
It could, however, also be envisioned that some ethnicities have incorporated some of
the metabolic changes caused by fetal nutrition shortage into their genome as the result
of permanent hunter-gatherer culture and are therefore more susceptible to metabolic
diseases. A possible explanation for why colder-climate heritages are more resistant to
developing DM is that they developed higher blood glucose levels, as glucose is a natural
cryoprotectant [84], and may therefore have evolved an adapted insulin response. This
line of thought is supported by the higher prevalence of type 1 diabetes observed in colder
climates, which also results in higher blood glucose levels [85]. Lifestyle and diet also
have a major effect on development of a metabolic disease, since eating in excess and low
exercise are risk factors, as are drinking alcohol and smoking tobacco [86]. Finally, the
aging factor is characterized by deterioration of homeostatic maintenance processes over
time, leading to functional decline and increased risk for diseases as a result of resistance to
signaling, together with physiological and hormonal changes. Thus, age-related metabolic
changes must be taken into account when prescribing medicines to elderly patients, to
ensure that the homeostatic balance is not disrupted [87].
Cancer is considered a metabolic disease, since cancer cells usually have a unique
metabolism, known as the Warburg effect, and an increased ROS resistance [88] to cope
with their microenvironment. Moreover, many cancers have common risk factors that are
also found to be correlated with metabolic diseases [89]. Besides DM and cancer, there
are many different types of metabolic diseases, such as heart diseases, liver diseases and
vascular disease, and risk factors can have an accumulative effect on the acquisition of
one or more of these diseases. Since many metabolic pathways are intercalated, metabolic
diseases rarely manifest by themselves. The association between different metabolic diseases, such as diabetes, high blood pressure (hypertension) and obesity, is referred to as
metabolic syndrome (MetS) [90].
3.4. Metabolic Syndrome
MetS refers to both the concept and diagnosis of a syndrome defined by the observed
association of a wide range of pathologies such as clinical obesity, dyslipidaemia, hypertension, DM, fatty liver disease, glucose intolerance, microalbuminuria, chronic inflammation,
and cancer. MetS and its related diseases are important risk factors for cardiovascular
diseases and morbimortality, and are the underlying cause of many deaths and billions
in healthcare costs every year, whilst the prevalence of MetS is steadily increasing [91].
As mentioned earlier, many risk factors associated with the development of metabolic
diseases exist that play a role in the susceptibility to develop MetS. A sedentary lifestyle
and a diet rich in fats and carbohydrates are thought to be the biggest underlying causes,
as they lead to a quick accumulation of body fat, which—when at levels of clinical obesity—
is the cornerstone of MetS [92,93]. Fat tissue consists of many cell types, but mostly
preadipocytes, which can differentiate into adipocytes when required, and adipocytes
themselves. Adipocytes are active endocrine cells that are able to rapidly respond to
nutrient intake through both hypertrophy and hyperplasia [94]. When obesity causes
the progressive enlargement of adipocytes, blood supply to these cells will be reduced,
since cardiac output and the proportion of blood flow directed to adipose tissue are not
increased. In addition, the sheer size of adipose cells limits oxygen availability, especially
when distant from capillaries, thus resulting in local hypoxia [95]. Hypoxia results in tissue
necrosis and infiltration of macrophages, which both lead to an increased secretion of a
group of cytokines by adipose tissue called adipokines [96].
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Adipokines integrate endocrine, paracrine and autocrine signaling, to modulate several metabolic processes such those involved in immune response, ROS stress, insulin
signaling and energy metabolism. Some adipokines, such as the tumor necrosis factor
α (TNFα), are proinflammatory proteins that induce inflammation, which can spread to
surrounding tissues, resulting in chronic inflammation associated with MetS [97]. TNFα
also results in adipocyte apoptosis, and is an inhibitor of the insulin receptor substrate 1
(IRS1) pathway [98]. By inhibiting insulin signaling and causing adipocyte cell death, TNFα
promotes the release of free fatty acids (FFAs) from adipocytes into the bloodstream and
reduces adipocyte glucose and FFA uptake. TNFα also reduces insulin signaling in muscle
cells [99,100]. Elevated FFA levels also result in inhibition of insulin-stimulated glucose
uptake and inhibition of glycogen synthesis in muscle cells. Compensatory insulin secretion will eventually result in insulin resistance [100]. However, FFAs are responsible for
around 30–50% of basal insulin secretion, and not all obese individuals develop DM, since
they can still compensate for the FFAs-mediated insulin resistance with FFAs-mediated
insulin secretion. A genetic compound is therefore suspected to be behind the reason that
some obese individuals develop DM; because they are unable to compensate for the altered
signaling or because they suffer more quickly from receptor fatigue [100]. In the liver,
insulin signaling is also suppressed by FFAs, resulting in the suppression of glycogenesis
and in an increased risk for fatty liver disease [101]. Chronic elevated levels of FFAs also
impair pancreatic β-cell function, resulting in desensitization and suppression of insulin
secretion [102]. Adiponectin, an adipokine, is negatively correlated to fat tissue mass, and
has positive effects on whole-body metabolism, such that it can reverse some of MetS
symptoms. Adiponectin stimulates glucose utilization and β-oxidation through the activation of AMPK, and can enhance hepatic insulin function as well [103,104]. Adiponectin
is in essence acting as an insulin sensitizer, and has been found to reduce the effects of
hyperglycemia and insulin resistance when administered to people with diabetes [103,105].
Thus, in obese individuals, more glucose and FFA are circulating in the bloodstream. To
cope with this scenario, more insulin needs to be secreted, but in the long term, this increase
would cause insulin-receptor desensitization and a subsequent insulin resistance. Insulin
resistance is thought to be the second cornerstone of MetS [106].
An insulin-resistant phenotype is characterized by elevated fasting glucose levels,
hyperglycemia, impaired glucose metabolism and normal insulin levels, no longer resulting
in an adequate response by targeted tissue. This will make pancreatic β-cells produce
extra insulin in an attempt to normalize glucose levels, thus resulting in hyperinsulinemia.
Insulin resistance and hyperinsulinemia are therefore rarely isolated symptoms [107].
In the short term, hyperinsulinemia can compensate for insulin resistance and allow
maintenance of normoglycemia, but insulin sensitivity is heterogeneous between tissues,
so some insulin-sensitive tissues may exhibit elevated insulin-mediated activity [108].
The resistance to insulin in one tissue but increased activity in another is also one of the
clinical manifestations of MetS. Pancreatic β-cells will compensate for the increased insulin
resistance by expanding total β-cell mass, as well as enhancing β-cell function [109,110].
β-cell compensation to insulin resistance is a proliferative response of the cells to growth
factor-mediated signaling, and it requires nuclear exclusion of the forkhead box protein O1
(FOXO1) [111]. Whilst the compensatory mechanisms of β-cells might solve the problem
to a certain extent, it fails in the long term. At some point, the β-cells will suffer from
glucotoxicity, circulating fatty acids, leptin and cytokines, with the stress resulting in β-cells
to go into apoptosis. Apoptosis in the presence of cytokines can, sometimes, also result in
auto-immunity, a scenario in which the body will further attack β-cells [112]. When β-cells
decrease, the individual has effectively contracted diabetes mellitus.
Since hyperglycemia increases oxidative DNA damage, it increases the risk of developing several types of cancer [113]. Moreover, insulin resistance is often accompanied by
other clinical symptoms of MetS, such as cardiovascular disorders. After insulin binds the
insulin receptor, which is a tyrosine kinase, activation of the receptor results in downstream
tyrosine phosphorylation of the substrates in two parallel pathways. These are the MAP-
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kinase pathway and the PI3K/AKT pathway. Insulin resistance results in a desensitized
PI3K-Akt activation and in an excess of MAP-kinase activity. The respective increase of
MAP-kinase activity impairs glucose metabolism and increases MAP-kinase-regulated
insulin resistance gene expression [114], as well as continued endothelin production and
mitogenic stimulation of vascular smooth muscle cells [115,116]. At the same time, decreased PI3K/AKT activation results in a decreased glucose transporter type-4 (GLUT4)
translocation, thus impairing glucose uptake in fat and muscle tissues [117] and decreasing
endothelial NO production, leading to decreased endothelial functioning [118]. Thus, the
imbalance between MAP-kinase and PI3K/AKT pathways caused by insulin resistance
can result in vascular abnormalities that are predisposing for cardiovascular diseases, such
as atherosclerosis.
Also, insulin resistance causes dyslipidaemia, which is characterized by “the lipid
triad” consisting of elevated triglyceride and LDL levels and decreased HDL levels [119].
Insulin resistance can result in the lipid triad in several ways. Adipocyte lipolysis is
suppressed by insulin, so insulin resistance results in an increased lipolysis and FFAs levels,
with FFAs being substrates for triglycerides in the liver [120]. Triglycerides in turn regulate
the production of VLDL and apolipoprotein B (ApoB), which is the primary apolipoprotein
of VLDL and LDL [121]. ApoB is broken down by insulin through the PI3K pathway,
which—as previously mentioned—is impaired during insulin resistance [122]. Insulin also
stimulates the production and secretion of lipoprotein ligase that plays a major role in VLDL
clearance, so during insulin resistance, lipoprotein ligase activity is impaired [123,124].
The triglycerides in VLDL can be exchanged for cholesteryl esters with HDL through the
cholesterol-ester transport protein, with triglyceride HDL being easier for hepatic lipases to
clear, resulting in less HDL in circulation for the reverse cholesterol transport chain [125]. In
the liver of insulin-resistant individuals, FFAs flux and triglyceride synthesis are increased,
with both FFAs and triglyceride in turn being secreted as VLDL. Dyslipidaemia is thus
the result of increased circulating triglycerides, increased VLDL production, and reduced
VLDL clearance. VLDL will be further reduced to LDL and remnant lipoproteins, which
can both promote atheroma [126,127]. Dyslipidaemia is often associated with oxidative
stress and endothelial dysfunction, further reinforcing the inflammatory and cardiovascular
aspects of MetS. Insulin resistance and hyperglycemia can also increase the activity of
the renin–angiotensin–aldosterone (RAA) system through angiotensin II, resulting in an
increased blood pressure [128]. In addition, sympathetic nervous system activation can
further contribute, by increasing sodium reabsorption and vasoconstriction [129]. Moreover,
adipocytes are able to produce aldosterone in response to angiotensin II signaling, thus
further contributing to the development of hypertension [130]. Many metabolic pathways
are interconnected and so are metabolic diseases. Insulin plays a central role in energy
homeostasis and metabolism, and influences several cellular processes such as the cell cycle.
Exposing cells to insulin induces mitosis and DNA synthesis, highlighting the relevance of
insulin in cell cycle regulation [131]. Several pathways involving insulin have been found
to regulate cellular proliferation and cell cycle progression, indicating a direct link between
metabolism and the cell cycle.
3.5. Linking Metabolism to the Cell Cycle
In order for cells to proliferate, growth and cellular division shall respond to signaling.
Whether or not cells enter the cell cycle can be viewed as a fundamental metabolic issue, because the available nutrients and the metabolic status must be reviewed to ensure sufficient
biomass to be produced, to support production of a daughter cell. Cells may either enter
the cell cycle or remain in a quiescent state, awaiting favorable conditions. Once conditions
are appropriate, a cell must activate the appropriate metabolic response to initiate cell
division and steer it to completion. Genome-wide expression studies have suggested that
expression of metabolic enzyme is synchronized with the cell cycle phases [132]. It has
been shown in budding yeast that mitochondrial enzymes needed for glycolysis and oxidative phosphorylation were induced in early G1 phase [132], and a cell cycle-dependent
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regulation of genes required for nutrient uptake and amino acid synthesis [133]. Further
research on this organism discovered oscillations in oxygen consumption corresponding to
a yeast metabolic cycle (YMC). These metabolic cycles appear to correspond to periodic
expression of half of all yeast transcripts, and each phase of the metabolic cycle appears to
be linked to a phase of the cell cycle [134]. Besides oxygen oscillations, cycles of intracellular
concentrations of several metabolic compounds such as amino acids, nucleotides, NADP,
NADPH and acetyl-CoA, were also observed [135]. Oscillation of these compounds reflects
both rebuilding of cellular components after division, and metabolic changes during the
cell cycle [135]. Altogether, this evidence indicates a direct link between the cell cycle and
the metabolism, with building of a new cell requiring a myriad of metabolic reactions.
4. The Cell Cycle and Its (De)regulation
To ensure that cell division is initiated only when a cell has grown sufficiently, has
enough nutrients available and has successfully replicated its DNA, a number of checkpoints exist through which a tight regulation of cell cycle phases is guaranteed. Cell division
is mainly regulated through timely gene expression and oscillatory activity of members
of the catalytic cyclin-dependent kinase (CDK) family of serine/threonine kinases, which
activity is driven by the regulatory cyclin proteins that form with CDKs binary Cyclin/CDK
complexes. CDKs were first described in budding yeast [136]. In this organism, cdc28—
later renamed Cdk1—is the only CDK regulating progression throughout the cell cycle,
and its null mutant can be complemented by human CDKs, indicating the evolutionary
conservation between CDKs across species [137]. Around 20 CDKs have been identified in
the mammalian cells; however, most of them are not directly active in driving cell division
and only 11 have been studied extensively [138]. Five among these 11 CDKs, i.e., CDK1,
CDK2, CDK3, CDK4, and CDK6, have direct roles in regulating cell cycle timing. Moreover,
only CDK1 is required for cell viability, albeit a bit slower than a wild type cell [139]. CDKs
require a certain phosphorylation pattern to function properly: CDK7 is a positive regulator
of CDK activity [140], while specific phosphatases are negative regulators [141].
CDK requires its binding partners, the cyclins, to exploit the kinase activity on substrates. Cyclins do not have any enzymatic activity, but when a cyclin protein forms a
complex with a CDK, the active site of the latter is exposed. Cyclins also confer subunit
specificity and localization as extra regulatory roles [142,143]. Conversely, the inhibition
of Cyclin/CDK complexes occurs via cyclin-dependent kinase inhibitors (CKIs), with
p27Kip1, p21Cip1 and INK4 being the most important regulators [144]. Not all CDKs are
committed to one specific cyclin as a partner, but can instead form complexes with several
cyclins in different concentrations at the same time during cell cycle progression. Different
cyclin partners provide different possibilities regarding binding and localization [138].
Despite the ability of most CDKs to bind different cyclins, the former are usually found
in complex with cyclins of a certain family, which can be considered to be the CDK’s
preferential cyclin partner [138]. Cyclins that bind to the human CDKs are A1, A2, B1,
B2, B3, C, D1, D2, D3, E1 and E2. Different cyclins have different localization patterns:
Cyclin B localizes to the cytoplasm, while Cyclin A, Cyclin C and Cyclin D localize to the
nucleus. The loss or mutation of a single cyclin can usually be compensated by another
cyclin, mostly from the same family [138].
The number of CDK proteins within cells during the cell cycle remains fairly constant [145], however their activity is controlled through a timely, oscillatory expression
and the breakdown of different cyclins as well as of CKIs during the various cell cycle
phases [146,147]. Not all cyclins are equally expressed, and their timely synthesis drive cell
cycle events [148]. For the cell cycle to progress from one cell cycle to another, cyclins have
to be degraded by the cyclosome that targets them to the proteasome. Active CDKs can
phosphorylate a large number of substrates, which has been shown to be over 300 for both
budding yeast and mammalian cells [43,149]. Through interaction with many substrates,
CDKs are able to coordinate the cell cycle phases in a timely fashion.
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4.1. Cell Cycle Control
The eukaryotic cell cycle is controlled by a highly conserved network which general
features are found from yeast to human [150]. The beginning of a cell cycle occurs when
a cell is in interphase after a recent division. In interphase, a cell grows and receives
nutrients and, when conditions are favorable, mitogenic signals will be transmitted through
pathways such as Wnt, Shh and EGF. These signals activate the transcription of Cyclin
D and of the transcription factor Myc [151–153]. Myc upregulates the transcription of
Cyclin D, through positive feedback, while downregulating transcription of the p21Cip1
inhibitor of CDK2 complexes [154,155]. p21Cip1 has a dual role as both a CDK2 inhibitor
and an assembly factor for the Cyclin D/CDK4,6 complexes, therefore acting also as
a positive regulator of the cell cycle [156]. To commit to cell division, phosphorylated
Cyclin D/CDK4,6 complexes monophosphorylate the retinoblastoma protein (pRB). pRB
phosphorylation occurs in concert with pRB deacetylation by SIRT1, since acetylation
protects pRB from phosphorylation events [157]. pRB prevents cell cycle progression by
binding proteins of the E2F transcription factor family. After mono-phosphorylation, pRB
changes the binding to E2F sufficiently for allowing progression from G0 to G1 phase,
but not enough to fully release E2F [158]. The pRB-E2F complex is known to recruit
HDAC to the chromatin of E2F sites, allowing for heterochromatin formation through
which transcription of cell cycle promoting factors is halted, further slowing down the cell
cycle [159].
Myc also promotes transcription of Cyclin E and inhibits p27Kip1, which binds to
and inhibits Cyclin E/CDK2 complexes [160]. Myc inactivates p27Kip1 by repressing
its transcription factor FOXO3A [161]. The Cyclin E/CDK2 complex, when activated,
contributes to increased pRB phosphorylation; a hyperphosphorylated pRB releases E2F,
which initiates the transcription of its target genes, such as Cyclin E, through positive
feedback [162,163]. As a result, pre-replication complexes are assembled that require Cyclin
E activity for DNA replication [164]. Cyclin E/CDK2 complexes can also phosphorylate
E2F proteins, to increase their interaction with co-factors, further increasing the positive
feedback loop [165]. Furthermore, Cyclin E/CDK2 can phosphorylate, thereby promote, the
degradation of the CDK inhibitors p21Cip1 and p27Kip1 [166,167]. Upon DNA damage,
Cyclin E/CDK2 has been shown to initiate apoptosis through phosphorylation of the
transcription factor FOXO1 [168].
At the G1/S transition, E2F induces transcription of Cyclin A, which replaces Cyclin E
to form Cyclin A/CDK2 complexes [169]. At the same time, Cyclin E is degraded through
p53-induced activation of the ubiquitin-mediated proteasome. Cyclin A/CDK2 activity
results in accumulation of Cyclin B through phosphorylation of the transcription factor
FOXM1 together with phosphorylation and subsequent rearrangement of the anaphasepromoting complex (APC) [170,171]. Cyclin A/CDK2 also plays a role in the formation
and separation of the centrosome through phosphorylation of CP110 [172]. Cyclin A
inhibits the assembly of new pre-replication complexes through the phosphorylation of
proteins involved in DNA replication, such as CDC6 [169]; when the concentration of
Cyclin A/CDK2 complexes reaches a threshold, DNA replication will initiate [164]. This
ensures that G1 phase ends before S phase begins, preventing DNA from being replicated
more than once per cell cycle. At the end of S phase, Cyclin A associates with CDK1. The
Cyclin A/CDK1 complex regulates the firing of origins of replication [173], and triggers
degradation of proteins through phosphorylation. Finally, Cyclin A/CDK2 activates
and coordinates Cyclin B/CDK1 complexes to the nucleus, where they work together to
initiate nuclear envelope breakdown and chromatin condensation [174–176]. At the start
of the prometaphase, Cyclin A is removed after acetylation through ubiquitin-mediated
degradation [177].
The Cyclin B/CDK1 complexes are now responsible for progression through mitosis
and continue to be transcribed whilst mitosis occurs [178]. To exit mitosis, Cyclin B/CDK1
complexes are removed by ubiquitination-mediated APC degradation. Cyclin B/CDK1
complexes stimulate APC activation at the end of mitosis [179]. At this point, the cell cycle
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is complete, and the newborn cell will remain in interphase while waiting for Cyclin D to
accumulate, to begin a new cell cycle.
4.2. Linking the Cell Cycle to Metabolism
Cell cycle and metabolic processes are conserved in many organisms, and connections
between these have been highlighted for mammalian cells [54,180]. At the G1/S transition,
the E2F transcription factor family regulates several factors involved in metabolism [181].
Specifically, E2F1 regulates energy homeostasis and mitochondrial function in muscle and
brown fat tissue; the CDK4-Rb-E2F axis represses mitochondrial oxidative metabolism, and
E2F1 deficiency results in an altered energy metabolism [182]. Conversely, an increase of
mitochondrial ROS levels causes increased E2F1 levels [183]. Other studies link the CDKRb-E2F axis to metabolic parameters such as skeletal muscle metabolism, pancreatic β-cell
size, white adipose tissue, and insulin signaling. This evidence indicates that cell cycle
regulators can directly influence glucose homeostasis [184]. The relevance of upstream
CDKs in metabolism is indicated by a study were mice deficient for the two CDK inhibitors,
p21Cip1 and p27Kip1, developed obesity significantly faster as compared to wild type
mice [185]. These mechanisms are likely to be conserved in humans, as genome wide
association studies (GWAS) have indicated through identification of certain loci of CDK
inhibitors that are correlated to DM susceptibility [186].
Cell division, hypertrophy and apoptosis are related to the many metabolic diseases
associated with MetS, and are controlled by the regulation of the cell cycle [187]. As
previously mentioned, several cell cycle regulators play roles in metabolic processes such
as glucose homeostasis and function of the adipose tissue. Considering that obesity and
insulin resistance are causes of MetS, a misfunctioning of the cell cycle may contribute to
the development of metabolic disorders. Studies have found that high-fat diets (HFDs)
and obesity result in altered cell cycles in pancreatic β-cells and muscle tissues [188,189].
Furthermore, diabetic patients have abnormal angiogenesis [190], and kidney cell cycles
are dysregulated in diabetic nephropathy [191]. Thus, besides a link observed between the
cell cycle and metabolism, a link may be envisioned between relevant cell cycle regulators
and the pathogenesis of metabolic disorders.
5. Sirtuins Substrates Involved in Regulating Metabolism
5.1. AMPK—The Metabolic Swich
The AMP-activated protein kinase (AMPK) is activated by metabolic stresses that
inhibit ATP synthesis or accelerate ATP consumption, and is an integrator of energy signaling in regulating whole-body energy balance [192]. AMPK is seen as a metabolic master
switch at both the cellular and systemic level, with the main functions being nutrient
sensing, and control of metabolism and of mitochondrial biogenesis [193]. AMPK is
expressed in many tissues related to metabolism, such as the brain, muscle, liver, adipose
tissue and heart, where it regulates different signaling pathways related to metabolism.
Once activated, AMPK switches off processes that consume ATP whilst activating catabolic
pathways [194,195].
AMPK activation has numerous downstream effects, such as the stimulation of fatty
acid oxidation and ketogenesis in the liver, inhibition of lipolysis and lipogenesis in
adipocytes, stimulation of glucose uptake in muscles, and modulation of insulin secretion
by pancreatic β-cells [196]. AMPK is also involved in the inhibition of protein synthesis through the mTOR pathway, and the inhibition of cell cycle progression through the
p53/p21Cip1 axis [197]. In addition, AMPK interacts with other cell cycle proteins, such
as FOXO and SIRT1, that are also involved in longevity and metabolism [198,199]. Specifically, SIRT1 is required for AMPK activation [199], and this interaction in turn enables
the improvement of mitochondrial functioning upon resveratrol administration. In addition, AMPK phosphorylates FOXO, thereby enhancing transcriptional activity [198].
Subsequently, changes in energy metabolism are induced and stress resistance is increased.
Finally, AMPK interacts with SIRT1 to improve mitochondrial functioning. The role of
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AMPK as nutrient sensor seems to be coupled to the completion of mitosis, through stimulation of growth factors and proto-oncogenes, including PI3K, AKT and ERK [195,200].
Furthermore, interactions between CDK and AMPK subunits have been shown to control
some AMPK functions [201]. For further information about AMPK structure, regulation
and general activity, we refer to another detailed review [202]. AMPK has been implicated
in several metabolic diseases, and modulation of its activity is of interest as potential therapeutic intervention. In this context, it is relevant to consider the proteins that influence,
and are influenced by AMPK, such as the Sirtuins.
5.2. The PI3K/AKT/mTOR Pathway
Phosphoinositide or phosphatidylinositol 3-kinases (PI3Ks) are a family of intracellular signal transducer enzymes that are capable of phosphorylating a phosphatidylinositol
after being activated [203]. PI3Ks are divided into three main classes, based on structure,
regulation and lipid substrate specificity, and a fourth class of PI3K-like proteins was
defined later [204]. Several forms of phosphorylated phosphatidylinositol are observed,
depending on the class of PI3K that mediates phosphorylation [205]. PI3K products can
bind to and activate a wide number of cellular target proteins that function as second messengers. Subsequently, a complex signaling cascade is initiated that alters several cellular
activities, such as proliferation, development, differentiation and glucose homeostasis [206].
Downstream substrates of PI3K can activate AKT. The role of PI3K/AKT related to insulin
response and glucose metabolism has been described earlier; importantly, activated AKT
regulates a number of important players in the cell cycle: it inhibits p27Kip1 and localizes
FOXO to the cytoplasm [207,208]. PI3K can be antagonized by phosphatase and tensin
homolog (PTEN), which dephosphorylates the phosphatidylinositol [209].
Another major target of AKT is mTOR: AKT activates mTOR through the phosphorylation and inactivation of AMPK. In fact, AMPK phosphorylates and deactivates tuberous
sclerosis complex 2 (TSC2), the negative regulator of mTOR, so that AKT is responsible
for the activation of mTOR [210]. mTOR proteins serve as core components of two protein
complexes, mTOR complex 1 and mTOR complex 2, which are able to regulate different
cellular processes, among which cell growth, proliferation, survival, protein synthesis and
transcription. mTOR complexes act through integration of input from upstream factors
such as insulin or other growth factors [211]. mTOR also plays roles in sensing cellular energy, nutrient and oxygen levels [212]. The mTOR pathway plays critical roles in
mammalian metabolism and physiology through activity in many tissues, including liver,
muscle, brown adipose tissue and the brain, and has been found to be dysregulated in
diabetes and obesity. For further information about the role of mTOR in metabolism and
proliferation, we refer to other recent detailed reviews [213,214].
5.3. PPAR Transcription Factors
Peroxisome proliferator activated receptors (PPARs) are a group of transcription factors
and nuclear receptors. Endogenous ligands of PPARs are fatty acids and eicosanoids [215,216].
When PPARs bind its ligand, transcription of target genes can be either increased or decreased
depending on the particular target and signal. PPARs play roles in cellular differentiation
and metabolism of higher eukaryotes [217]. All PPARs are expressed in the adipose tissue,
with the PPARγ2 isoform being expressed in at high levels in the adipose tissue, and different
PPARs can be found in metabolic tissues such as the liver, muscle, kidney, brain, pancreas and
intestines [217,218]. PPARs regulate the expression of several genes involved in metabolic
processes, which are also linked to development of obesity, hyperlipidemia, diabetes and,
consequently, of MetS, through regulating the metabolism of lipids, carbohydrates and
amino acids.
PPARs are activated by several ligands, with one of the most relevant ones being
the unsaturated free fatty acids (FFAs) [219]. PPARs heterodimerize with the retinoid X
receptor (RXR) before to bind target genes. PPARs can be activated through acetylation
and deactivated through deacetylation by the transcriptional coactivator p300 and SIRT1,
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respectively. Conversely, activated PPARγ is able to inhibit SIRT1 activity [220]. In essence,
because of their activation by FFAs, PPARs act as nutrient sensors. Three types of PPARs
exist: alpha (α), delta (δ) and gamma (γ). PPARγ1 has a broader expression pattern
involving different tissues [217]. Depending on the tissue, activation of PPARs can have
different effects due to the presence of tissue specific co-factors, expression of downstream
target genes, and post-translational modifications.
PPARα’s main function is to regulate lipid metabolism in the liver [221,222]. PPARα
is mostly expressed in muscle tissue, in the liver and, to a lesser extent, in the kidneys,
heart, intestines and adipocytes [223]. In a fasted state, PPARα expression is activated by
glucocorticoids [224]. PPARα transcription has also been reported to be increased by the
satiety hormone leptin [225], whilst insulin-dependent phosphorylation also plays a role in
PPARα activation [226]. PPARα promotes intake and usage of fatty acids through genes
involved in fatty acid binding and transport, and by both mitochondrial and peroxisomal
fatty acid β-oxidation. PPARα is also required for ketogenesis, the main adaptive response
to fasting. Lack of PPARα has been linked to impaired fasting responses, low levels
of ketone bodies, fatty liver, hypoglycaemia, and hypoinsulinemia [221,227]. PPARα
regulates processes, mainly through altering expression of hundreds of target genes [222].
In summary, PPARα regulates energy homeostasis through fatty acid catabolism and
gluconeogenesis. PPARα agonists, such as fenobrate, are successfully employed in clinical
settings against hyperlipidemia, non-alcoholic fatty liver and dyslipidemia [228,229].
PPARγ is mainly expressed in adipocytes, and regulates adipocyte differentiation and
lipid storage; however, it also has roles in lipid biosynthesis and insulin sensitivity [230,231].
Mice lacking the PPARγ gene are unable to become obese, even on HFDs [232]. PPARγ
plays a role in insulin sensitivity through regulating the secretion of several factors, such as
adiponectin and leptin [233]. PPARγ can be regulated by insulin [230] and, during clonal
expansion, PPARγ transcription is activated through E2F1 [234]. PPARγ is also regulated
through several post-translational modifications. Specifically, interactions of PPARγ with
CDK5 have been associated to an increased insulin sensitivity [235], and those with CDK9
and CDK4 have been associated to an increased adipogenesis [236,237]. Interestingly,
Cyclin G2, an unconventional cyclin that is usually upregulated during apoptosis or
growth suppression, has been found to bind PPARγ and stimulate adipogenesis [238].
PPARγ also interacts with peroxisome proliferator-activated receptor gamma coactivator
1-alpha (PGC1α), the master regulator of mitochondrial biogenesis, which mediates the
interaction of PPARγ to multiple transcription factors. Both AMPK and SIRT1 have been
found to interact with PGC1α [239]. Currently, PPARγ antagonists, such as rosiglitazone,
are successfully employed clinically against insulin resistance; however, these drugs have
side effects because of their low specificity [240].
Compared to other PPARs, PPARδ is considerably less studied. It is ubiquitously
expressed, but found most abundantly in muscle cells [241]. PPARδ is a potent inhibitor of
the transcriptional activity of PPARα and PPARγ. PPARδ inhibition works partly through
its association with co-repressors, as well as through binding to the peroxisome proliferator
response element [242]. PPARδ has also been implicated in the regulation of the burning
of fatty acids in muscle and fat tissue through controlling expression of fatty acid uptake
and β-oxidation genes [243]. PPARδ activation induces a metabolic shift in the liver, thus
reducing glucose output and increasing insulin sensitivity [244]. The role of PPARδ in
tumor growth is currently investigated, however its role remains unclear. Therefore, any
therapy involving PPARδ is still controversial [245].
In summary, PPARγ contributes to energy storage by enhancing adipogenesis and fat
storage, whilst PPARα and PPARδ mainly facilitate energy expenditure. PPARs have been
found to interact with Sirtuins, AMPK, mTOR and FOXO, pointing to the relevance of the
former to link the cell cycle with metabolism [246–249].
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5.4. Forkhead Box Proteins
The forkhead box (FOX) protein family is named after their DNA binding domain,
which is a winged helix of roughly 100 amino acids called the forkhead domain. This
domain is highly conserved within the FOX family and across species [250]. Other parts of
FOX proteins are highly diverse and can for example encode regions involved in activation
or repression of FOX functionality [251]. In humans, up to 50 FOX proteins have been
discovered, divided into 19 subclasses based on phylogenetic analysis of the forkhead
domain [252]. A number of FOX proteins have roles in development, and their mutation
can result in several developmental abnormalities that can even lead to death before, or
shortly after birth [253,254]. Others play roles in several critical biological processes such
as cell growth, proliferation, differentiation and longevity, and their deletion may result in
disease [253,254].
Among the mammalian FOX proteins, the FOXO subfamily (FOXO1, FOXO3, FOXO4,
and FOXO6) has received attention because of the impact on longevity and metabolism,
conserved across different species [255]. FOXO1 and FOXO3 are widely expressed among
different tissues, whereas: FOXO4 is mostly expressed in muscle, kidney, and colon tissue; and FOXO6 is primarily present in liver and brain [256]. Of note, FOXO1 regulates
adipocyte differentiation [257] and has a role in hepatic glucose production [258]. FOXO
transcription factors have been implicated in glucose production, reduction of insulin section, food intake, and skeletal muscle degradation. During insulin resistance occurring in
obesity, FOXOs are actively causing diabetes and hyperlipidemia. For further information
about the role of FOXO in in metabolic regulation, we refer to another detailed review [259].
FOX proteins are regulated through a complex combination of post-translational modifications that can alter their localization and function, among which the deacetylation activity
mediated by Sirtuins. For further information about the functioning of the FOXO code,
we refer to another detailed review [260]. Not much information is available about the
interplay between FOX proteins and Sirtuins. FOX homolog proteins in budding yeast, the
transcription factors Fkh1 and Fkh2 have been found to associate to Sir2 (SIRT1 ortholog) in
the transcriptional regulation of mitotic cyclins, repressing cell cycle progression [261]. In
mammals, an interaction between FOXO and SIRT1 has been described in vascular growth,
maintenance and aging [262].
Since most Sirtuins and their partners are involved in major metabolic processes,
below we provide a detailed information of their function in the different metabolic tissues:
pancreas, liver, brain, adipose tissue, muscle and hearth (see Appendix A for details
about systematic search strategy, study eligibility and study selection procedure). This
overview highlights current and future therapies that are and may be pursued to treat
metabolic diseases.
6. The Role of Sirtuins in Metabolic Tissues
6.1. Pancreas
SIRT1 is present in the cytoplasm of pancreatic β-cells but absent in exocrine pancreatic
cells, and it regulates insulin secretion [263]. Specifically, SIRT1 deacetylates the insulin
receptor-2 (IR2), affecting its susceptibility for phosphorylation by insulin [264]. Pancreatic
SIRT1 and PGC1α expression increases during a caloric restriction (CR) diet and decreases
during high-fat and high-fructose diets. Similarly, FOXO3a level decreases in high-caloric
diets, but no change is detected during CR, whereas PPARγ level increases during a highfat diet but decreases during either CR or a high-fructose diet [265]. Hyperlipidemia (i.e., a
condition where too many lipids or fats, such as cholesterol and triglycerides, accumulate in
the blood) has a negative effect on SIRT1 expression, increases localization of FOXO1 to the
nucleus, and reduces insulin secretion. Resveratrol is able to reverse these effects through
activation of SIRT1 [266]. Considering that: (i) FOXO1 has a negative effect on β-cell
function, (ii) β-cells overexpressing FOXO1 seem to have decreased amounts of glucagon
and insulin secretion, and (iii) inhibition of FOXO1 seems to protect pancreatic cells against
stress-related apoptosis, it is likely that deacetylation of FOXO1 by SIRT1 and the reversal

Biology 2021, 10, 194

17 of 78

of nuclear localization are responsible for the observed rescue by resveratrol [266–268]. An
increased secretion of glucose-stimulated insulin through resveratrol, and the subsequent
activation of SIRT1, have also been confirmed in human pancreatic islet cells [269].
FOXO activates the cell’s pro-apoptotic program. This seems to occur, in part, through
the regulation of the nitric oxide (NO) response, which either induces cell death or cell
repair. Activated SIRT1 modulates FOXO1, preventing apoptosis and activating cellular
repair [270]. FOXO1 plays a positive role in the proliferation of β-cell mass. The glucoincretin hormone glucagon-like peptide 1 (GLP-1) inhibits SIRT1 activity by decreasing the
NAD+/NADH ratio and directly reducing SIRT1 expression. Consequently, FOXO1 acetylation increases, resulting in an increased β-cell proliferation in the pancreas of mice [271].
FOXO1 also has a role in protecting pancreatic cells against hyperglycemia-induced oxidative stress [272]. In diabetic mice, activation of SIRT1 also increases β-cell mass, indicating
that both a reduction and an increase of SIRT1 activity can result in β-cell proliferation
depending on the circumstances, since control mice had no increases in β-cell mass when
SIRT1 was overexpressed [273]. In diabetic mice, CR upregulates SIRT1 expression and
increases insulin sensitivity while decreasing apoptosis rates in pancreatic cells [274].
Moreover, SIRT1 partially protects β-cells in rats from lipotoxicity [275].
In mice, overexpression of SIRT1 in pancreatic β-cells results in an improved glucose
tolerance and enhanced insulin secretion in response to glucose. In fact, microarray data
revealed that SIRT1 expression was able to regulate genes involved in expression of insulin [276]. However, as the mice were aged between 18–24 months, glucose-stimulated
insulin excretion through SIRT1 is blunted. This study suggested that this observation is
due to a decreased NAD+ synthesis in aged individuals, and that a NAD+ enhancement
may be a potential therapeutic intervention to prevent age-associated metabolic disorders [277]. Pancreas-specific SIRT1 deficiency results in lower insulin secretion by β-cells,
but is not accompanied by hyperglycemia, suggesting that a compensatory mechanism
may exists [278]. An earlier study, however, indicated that SIRT1 regulates pancreatic islet
formation and differentiation through deacetylating FOXA2, and that pancreatic disruption
of SIRT1 resulted in a progressive hyperglycemia together with glucose intolerance and
a lack of insulin [279]. The difference between these two studies is that in the former, the
deficiency is at 3% of control levels, whereas in the latter, a complete SIRT1 deletion was
achieved. These data indicate that even extremely low levels of SIRT1 suffice to prevent
hyperglycemia. Since loss of pancreatic SIRT1 results in a reduced expression of mitochondrial genes for metabolic coupling, it may be envisioned that a low level of SIRT1 is able to
promote gene expression necessary for a glucose response, albeit a weaker one [280].
Further evidence that SIRT1 plays a positive role in the pancreas was found in rats,
where the activation of SIRT1 through a drug promotes β-cell regeneration through stimulation of AMPK, which mimics the effect of CR [281]. The anti-malaria drug Artesunate
was shown to protect pancreatic cells from cytotoxic damage by upregulation of SIRT1 and
reduction of NO production, which—as mentioned earlier—together with FOXO1 has an
apoptotic effect. This drug may be effective against the inflammatory damage of cells in
MetS [282]. Administration of GABA was also shown to reduce pancreatic apoptosis in a
SIRT1-dependent manner, by increasing NAD+ levels [283]. Low doses of resveratrol were
shown to support β-cell proliferation in a high-glucose environment in porcine pancreatic
stem cells, and to increase SIRT1 expression while decreasing levels of the tumor protein
p53. However, higher doses of resveratrol had opposite transcriptional effects and even
promoted the apoptosis of β-cells [284]. Furthermore, Fucoidan, derived from brown algae,
has been shown to ameliorate impaired insulin production by reducing pancreatic β-cell
death in a SIRT1-dependent manner [285]. Altogether, this evidence shows that, when
manipulating Sirtuins through drugs, patients should be carefully monitored.
No information for the metabolic role of SIRT2 in pancreatic function, besides in cancer,
can be retrieved. However, according to the human protein atlas, low levels of SIRT2 RNA
have been detected in the pancreas, thus warranting future research on a potential role for
SIRT2 in pancreatic function [286].
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SIRT3 has an anti-inflammatory role. Its decreased expression in pancreatic β-cells of
diabetic patients likely contributes to β-cell impairment due to inflammation [287]. SIRT3
deficiency increases the vulnerability of pancreatic β-cells to palmitate-induced oxidative
stress in mice [288]. Overexpression of SIRT3 attenuates effects of β-cell dysfunction in
cells grown in low concentrations of the fatty acid palmitate, increases insulin secretion
and decreases β-cell apoptosis. Thus, SIRT3 seems to protect against lipotoxicity, thus
against β-cell dysfunction in obese individuals [289,290]. However, another study showed
that cells grown on high glucose/palmitate, thus undergoing glucolipotoxicity, had fewer
death rates when either SIRT3 or SIRT4 were knocked down. This evidence suggests that
nicotinamide has a protective effect against glucolipotoxicity due to its inhibitory action
on Sirtuins [291]. This discrepancy may suggest that protective effects of SIRT3 could
change depending on the amount of macronutrients. Further research is required, to clarify
this aspect.
SIRT4 is highly expressed in pancreatic β-cells and negatively regulates insulin secretion, with SIRT4-knockout mice having higher circulating levels of insulin. Levels of active
SIRT4 decrease during CR, resulting in an increased insulin secretion [26,48,292].
The role of SIRT5 in the pancreas is ambiguous and is described in only two studies.
One study revealed that SIRT5 is downregulated in the pancreas of mice suffering from
type 2 diabetes mellitus (T2DM), and plays a role in maintaining β-cell mass and function
in glucolipotoxic conditions, retaining insulin secretion [293]. However, the other study
showed that SIRT5 is upregulated in humans with T2DM and suppresses β-cell proliferation in vitro through the inhibition of PDX1 transcription via H4K16 deacetylation. Since
PDX1 is involved in β-cell activity and formation, SIRT5 seems to play a role in T2DM
through its role as a histone deacetylase. The latter study also showed that downregulation
of SIRT5 promotes insulin secretion [294]. The discrepancy between these two studies may
result from the difference between human and mice and warrants further research into
SIRT5 as a therapeutic target against T2DM.
In the pancreas, SIRT6 deacetylates FOXO1. SIRT6 knockout in β-cells of mice impairs
glucose-stimulated insulin signaling. As a result, mice become glucose intolerant, while
development of islets is not influenced [295]. SIRT6 deficiency leads to an increased acetylation of H3K9Ac and H3K56Ac at the promotor of Txnip, resulting in a time-dependent
increase of the corresponding protein and in a subsequent reduced glucose tolerance and
insulin secretion. Stimulation of SIRT6 could therefore be beneficial to prevent T2DM [295].
Islet cells without SIRT6 also show decreased ATP levels and oxygen consumption. The
impairment can be rescued by ectopic expression of SIRT6, indicating a role in the pancreas
for SIRT6, together with FOXO1, in insulin signaling and glucose homeostasis [296,297].
Currently, no studies regarding the role of SIRT7 on pancreatic function can be found.
However, according to the human protein atlas, low levels of SIRT7 RNA, medium levels
of SIRT7 protein in the exocrine glands, and low SIRT7 levels in the islets of Langerhans
were detected, thus warranting future research on a potential role for SIRT7 in pancreatic
functions [286].
An overview of the role of Sirtuins in the pancreas is presented in Table 1. Altogether,
research is relatively scarce as compared to other tissues. SIRT2 and SIRT7 have not been
investigated yet, and research on SIRT4 and SIRT5 is scarce, with SIRT4 being promising
against hyperinsulinemia. SIRT1 generally has a positive effect, and SIRT3 may have a
positive effect but further research is required to understand the underlying mechanisms.
SIRT6 interacts with FOXO, and may be involved in insulin signaling. No studies about
Sirtuins interacting with mTOR or AMPK exist, although a number of studies describe the
role of these proteins, individually, in the pancreas. Only one study on SIRT1 and PPARγ
can be retrieved. Moreover, one study about SIRT1 and p53 deacetylation can be retrieved,
related to cancer [298], which may suggest a role for SIRT1/p53 in metabolic disorders. An
interaction between forkhead transcription factors and Sirtuins in the pancreas is discussed
in a few papers, while the role of FOXO has been described in many studies. The pancreas
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plays an important role in cellular metabolism; thus, these interactions may be relevant as
targets for therapies against metabolic disorders.
Table 1. Overview of the role of Sirtuins in the pancreas.
Function in
MetS (Effect on
the Organism)

Effect of Dietary
Influence on
Sirtuin

Effect of
Modulating
Drugs on
Sirtuin

T2DM

Positive

CR (↑)
HFD (↓)

Resveratrol (↑)
Artesunate (↑)
GABA (↑)
Fucoidan (↑)

N/A

N/A

N/A

N/A

N/A

T2DM

Ambiguous

N/A

N/A

Expression
and
Localization

Effect of
Sirtuin on
Target Genes

Effect of Sirtuin
on Local
Processes

Sirt1

Yes, β-cells

PGC1α (N/A)
FOXO1 (↓)
FOXA2 (↓)
FOXO3a (N/A)
PPARγ (N/A)
AMPK (↑)

Glucose
tolerance (↑)
Insulin
secretion (↑)
β-cells
proliferation (↑)
Oxidative
stress (↓)

Sirt2

Yes, RNA and
cancer cells

N/A

Sirtuin

Involvement
in Metabolic
Diseases

Sirt3

Yes, β-cells

N/A

Inflammation (↓)
Insulin
secretion (↑)
Oxidative
stress (↓)

Sirt4

Yes, β-cells

N/A

Insulin
secretion (↓)

N/A

Negative

CR (↓)

N/A

Sirt5

Yes, β-cells

N/A

Insulin
signaling (↑↓)
β-cell
maintenance (↑↓)

T2DM

Ambiguous

N/A

N/A

N/A

Positive

N/A

N/A

N/A

N/A

N/A

N/A

Sirt6

Yes, β-cells

FOXO1 (↓)

Glucose
tolerance (↑)
Insulin
signaling (↑)

Sirt7

Yes, exocrine
glands and
islets of
Langerhans

N/A

N/A

6.2. Liver
In the liver, SIRT1 can act as a nutrient sensor via NAD+, favoring gluconeogenesis and
increasing glucose output during fasting, while suppressing glycolysis, through deacetylation of PGC1α. Increased glucose concentrations decrease SIRT1 protein levels, whereas
pyruvate increases them. SIRT1 protein levels are likely regulated in a post-translational
manner, since SIRT1 mRNA levels do not vary during the process [299,300]. The role of
SIRT1 in glucose homeostasis is possibly also mediated through PPARγ, which is increasingly acetylated when SIRT1 activity decreases during alcohol consumption [301]. PPARγ
expression in the liver has been linked to liver regeneration, but also to the development
of fatty liver disease, among others, and is downregulated during CR [302–304]. Hepatic
SIRT1 deficiency in mice was shown to increase hyperglycemia, oxidative stress and insulin
resistance through impaired AKT/mTOR signaling [305]. FOXO1 interacts with PGC1α to
regulate glucose homeostasis [306], and SIRT1 has deacetylates FOXO1, which promotes
the transcription of gluconeogenic genes [307].
SIRT1 also plays a role in liver lipid metabolism through: (i) activation of AMPK, which
decreases fatty acid synthesis and stimulates fatty acid oxidation [308], and (ii) positive regulation of PPARα, which is responsible for the adaptive response to fasting and stimulates
fat uptake and fatty acid β-oxidation in the liver [309]. PPARα is also implicated in increasing plasma HDL and decreasing circulating triglycerides, which are both associated with a
decreased incidence of cardiovascular diseases [310]. A cell cycle inhibitor, called p16Ink4,
was found to play a role in hepatic glucose homeostasis and hepatic lipid metabolism by
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suppressing fatty acid oxidation. Vice versa, ablation of p16Ink4 increased fatty acid ablation
through the AMPKα2/SIRT1/PPARα pathway [311,312]. In glucose homeostasis, p16Ink4
suppressed the PKA/CREB/PCG1α pathway [312]. Thus, cell cycle mechanisms may bridge
SIRT1 and PCG1α pathways, with p16Ink4 being potentially involved in T2DM development by modulating these metabolic pathways. Adiponectin plays a role in the activation
of AMPK/SIRT1 and PPARα. Specifically, a decrease in adiponectin during obesity, and
subsequent activity loss of affected pathways, contribute to MetS development. Conversely,
an increase in adiponectin mediates bad liver histology [313,314]. AMPK also negatively
regulates the PI3K/AKT/mTOR pathway that is responsible for an increased lipogenesis in
the liver, even during insulin resistance, acting through FOXOs [315,316].
Reduction of SIRT1 deacetylase activity increases HFD-induced non-alcoholic fatty
liver disease (NALFD) development [317]. SIRT1 is activated during fasting by PLIN5,
which promotes autophagy and decreases inflammation levels, thereby maintaining hepatocyte homeostasis [318]. Alternate day fasting also increased SIRT1 levels in the liver
of diabetic mice and reduced insulin resistance, inflammation, obesity and prolonging
of insulin signaling [319]. Furthermore, a substantial decrease in SIRT1 levels has been
observed in aged mice compared to young mice, with older mice exhibiting an altered
lipid metabolism [320]. Considering that most individuals develop MetS at an older age,
age-dependent alternations of lipid metabolism and protein expression could exacerbate
disease progression. SIRT1 levels are downregulated in humans with NAFLD and in
HFD-fed mice, resulting in a decreased β-oxidation and in disease progression. SIRT1
expression is known to ameliorate NAFLD [321]. Activating SIRT1 also has an effect on
glucose tolerance and lipid accumulation in the liver of diabetic mice [322]. When SIRT1 is
deleted in liver cells, PPARα signaling is impaired and β-oxidation decreases, whereas the
upregulation of SIRT1 achieves the opposite effect [309]. A CR diet can upregulate SIRT1
and partially ameliorate NAFLD [323]. Furthermore, upregulation of SIRT1 attenuates
NAFLD and inflammation caused by a HFD in mice [324]. Although CR increases SIRT1 in
NAFLD and HFD decreases SIRT1 levels in the diseased condition, in healthy livers, the
opposite effect occurs [323,325–327]. However, because this research was conducted in rats,
further research is needed to clarify why disease conditions can cause a different response
to a specific diet.
Metformin was shown to alleviate fatty liver through increasing SIRT1-mediated
autophagy [328]. SIRT1 also plays a role in cholesterol efflux, through deacetylation of the
liver X receptor (LXR) in the nucleus, thereby activating it [329]. During diet-induced obesity, p53 can be dysregulated, resulting in its inhibition by SIRT1 and accumulation of lipids
in the liver. This scenario promotes oxidative stress, which leads to increased p53 levels that
can activate downstream genes with roles in insulin resistance [330]. Inhibition of p53 attenuated these effects in HFD-fed mice [331]. Exercise results in an increased SIRT1 expression
that leads to an attenuated inflammation and metabolic disfunction in the liver of diabetic
mice [332]. A few compounds have shown an effect on lipid accumulation. Resveratrol
increases SIRT1 expression in the liver, thereby ameliorating lipid droplet accumulation
during the process of HFD-induced steatosis in mice [333]. Furthermore, resveratrol (i)
facilitates SIRT1 activity; (ii) possibly regulates genes responsible for lipid oxidation; and
(iii) prevents development of steatohepatitis by protecting against endoplasmic reticulum
stress [334]. Folic acid attenuates HFD-induced hepatic steatosis in rats [335]. Furthermore,
an increased expression of genes related to de novo lipogenesis, β-oxidation and lipid
uptake occurred, likely through SIRT1-dependent activation of PPARα [335]. Maslinic acid,
found in olive peels, protects against NAFLD through the AMPK/SIRT1 pathway, reducing
liver weight and lipid accumulation in mice [336]. Vitamin K1 regulates the AMPK/SIRT1
pathway, lowering insulin resistance and fasting glucose levels in diabetic mice [337]. Several other compounds that attenuate NAFLD and lipid metabolism in the liver through
the AMPK/SIRT1/PGC1α pathway have been described [338–341]. For example, LB100
was shown to ameliorate NAFLD in HFD-induced obese mice, by reducing hepatic FFA
accumulation and injury. LB100 acts through the AMPK/SIRT1 pathway by upregulating
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both SIRT1 and AMPK levels [342]. Furthermore, three compounds were shown to reduce
FFA levels by increasing SIRT1 levels and acting through the AMPK/SIRT1 pathway:
Y-mangostin in liver cells in vitro, Apple Polyphenol Extract in HFD-induced NAFLD mice,
and liraglutide in HFD-induced diabetic mice. Finally, liraglutide has also been shown to
increase insulin sensitivity [343–345]. In addition, Phoenixin 14—a neuropeptide—induced
weight loss and liver mass reduction and had an anti-inflammatory role partly due to
activation of the AMPK/SIRT1 pathway [346]. This compound could be used against
NAFLD. Interestingly, probiotic treatment increased SIRT1, PGC1α and PPARα levels in
liver tissue of HFD-fed mice and upregulated genes involving bile synthesis, cholesterol
homeostasis and fatty acid oxidation [347]. This evidence indicates the potential connection
between the gut-brain axis and metabolic diseases.
Maternal HFD in mice reduces SIRT1 expression and increases the incidence of liver
disorders in the offspring. On the other hand, overexpression of SIRT1 in the offspring
reduces body weight, increases glucose tolerance and hepatic insulin sensitivity, thus
indicating that SIRT1 has a role in fetal metabolic reprogramming [348]. When fed an
HFD, prenatal stress in pregnant mice resulted in lower SIRT1 levels and increased glucose
and insulin levels compared to wild type [349]. In addition, females gained more weight
compared to males. Interestingly, overexpression of SIRT1 in the HFD-parent attenuated
metabolic disorders in the mice offspring, reversing glucose intolerance and normalizing
fat morphology with increasing SIRT1 levels [350]. Offspring also had lower birth weights
and reduced adiposity and hyperlipidemia.
Inhibition of SIRT2 was shown to suppress hepatic fibrosis [351]. SIRT2 overexpression attenuated hepatic steatosis in high-fat/high-sucrose (HF/HS) fed mice [352]. SIRT2
was downregulated in insulin-resistant mice livers, accompanied by an increased ROS generation and mitochondrial dysfunction. SIRT2 overexpression restored insulin sensitivity,
by counteracting oxidative stress and mitochondrial dysfunction [353]. SIRT2 can promote
hepatic glucose uptake and tolerance in HFD-fed mice [354]. Specifically, decreased SIRT2
levels reduce glucose uptake, and SIRT2 knockdown results in an impaired glucose uptake
and tolerance in the liver.
SIRT3 is a prominent regulator in CR adaptation, through the deacetylation of proteins
involved in diverse pathways of metabolism and mitochondrial maintenance [355]. SIRT3
is involved in ketogenic pathways, which are activated upon fasting [356]. During CR,
SIRT3 promotes fatty acid oxidation and the urea cycle [357]. Fatty liver is associated with
a decreased SIRT3 expression, which results in hyperacetylation of mitochondrial proteins
that normally protect against lipotoxicity upon nutrient excess [358]. In bovines, NALFD
has also been associated with reduced SIRT3 levels, while upregulation of SIRT3 mitigates
triglyceride deposition by modulating genes involved in hepatic lipid metabolism [359].
SIRT3 knockout in HFD-fed mice results in an increased steatosis accompanied by a reduced
expression of PPARα and genes involved in fatty acid oxidation [360]. In addition, SIRT3
deficiency resulted in triglyceride accumulation in the liver. However, an HFD reduces only
SIRT3 levels in males [361]. Contrarily, modulation of the SIRT3/FOXO1 pathway through
salvianolic acid B was shown to improve NAFLD in rats, by reducing oxidative stress [362].
SIRT3 protects hepatocytes of mice from oxidative injury by enhancing ROS scavenging
and mitochondrial integrity [363]. Increasing SIRT3 levels by inhibiting adenyl cyclases
results in deacetylation of mitochondrial proteins, thereby protecting them against potential
ischemic damage [364]. The anti-ROS effects of SIRT3 are likely due to its deacetylase
activity on PPARγ and FOXO1, to promote mitochondrial biogenesis and increase oxidative
defense [362,363]. Decreased SIRT3 expression during NAFLD could be due to palmitic
acid—levels increase during obesity—that downregulates SIRT3, thus resulting in oxidative
stress and apoptosis in the liver [365]. Decreased SIRT3 levels are also associated with
an impaired intestinal permeability [366]. The drug berberine was found to ameliorate
NAFLD in rats through the AMPK/SIRT3 pathway, indicating that this axis plays an
important role in NAFLD [367]. Another compound, the protocatechuic acid, was found to
increase SIRT3 expression and protect against NALFD in rats. SIRT3 knockout completely
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reverses this effect; also SIRT3 deacetylates the protein ACSF3, thus modulating fatty
acid metabolism [368]. Polyphenols extracted from blueberries were found to activate
the AMPK/SIRT3/PGC1α pathway in human and rat liver cells [369]. This results in an
improved hepatic mitochondrial dysfunction and redox homeostasis, which mitigate liver
steatosis and alleviate inflammation, thus preventing further damage. Thus, phytotherapy
treatment has the potential to be used in NALFD prevention and treatment. In mice,
treatment with Shizophyllan resulted in an increased SIRT3 expression and activation,
which in turn resulted in less complications from a lipodystrophy model in mice [370]. This
compound increases mitochondrial metabolism and mediates mitochondrial resuscitation
through SIRT3.
SIRT3 can also activate hepatic fat catabolism, and its levels increase during fasting [371]. Furthermore, SIRT3 promotes lipophagy, protects liver cells against lipotoxicity,
and can suppress lipogenesis through activation of AMPK [372]. The increased SIRT3
expression during fasting is due to increased levels of PGC1α and PPARα during fasting [373]. PGC1α, via SIRT3 and SIRT5, plays a role in the regulation of the urea cycle in
the liver through the regulation of carbamoyl phosphate synthetase 1 (CPS1) [29,374]. CPS1
is critical for clearance of the excess of ammonia, which is produced upon metabolization
of proteins during fasting, or of a high protein diet [375]. During fasting in response to
glucagon, the activity of these proteins increases to help detoxify the increased amounts of
ammonia [29,374].
SIRT4 inhibits fatty acid oxidation and mitochondrial gene expression in the liver,
and inhibits expression of SIRT1 as well as repressing PPARα [28,376]. When SIRT4 is
knocked down, an increase of SIRT1 expression and fatty acid oxidation is observed [28].
In pigs SIRT4 plays a role in glutamate synthesis through the mTORC1/SIRT4 pathway
when downregulated by leucine, whereas SIRT4 knockouts did not respond, indicating a
role for SIRT4 in the metabolism of different nitrogen sources [377]. A weight loss drug
called 3-Iodothyronamine (T1AM) is responsible for reducing SIRT4 levels in the liver of
mice [378].
SIRT5 is activated in liver mitochondria upon fasting, or during a prolonged highprotein diet. In the liver, SIRT5 has also been implicated in the regulation of ketogenesis
and β-oxidation, as these processes decrease when SIRT5 levels are lacking [30]. SIRT5 is
downregulated in NAFLD [379], whereas its overexpression attenuates hepatic steatosis
and other metabolic abnormalities in obese mice [380]. SIRT5 is upregulated through
PGC1α and PPARα during fasting, but downregulated by AMPK. Of note, overexpression of AMPK in mouse hepatocytes increases expression of SIRT1, SIRT2, SIRT3, and
SIRT6 [373].
In the liver, SIRT6 is regulated by SIRT1 and FOXO3a, and can negatively regulate glycolysis, triglyceride synthesis and fat metabolism. Deletion of SIRT6 can reverse
these effects and contribute to NAFLD [381]. Upregulation of SIRT6 in mice—through
SIRT1-mediated deacetylation—results in a negative regulation of glycolysis, triglyceride
synthesis and fat metabolism, due to SIRT6-dependent deacetylation of histone H3K9 [382].
In agreement with this evidence, SIRT6 is downregulated in human livers affected by
NAFLD [382], suggesting that SIRT6 plays a role in NAFLD through its histone deacetylase
activity, and in cholestatic livers [383]. In addition, SIRT6 knockout mice predispose to
developing NAFLD, thus indicating a protective role for SIRT6 in the liver [384,385]. SIRT6
has been also shown to be downregulated in obese rats, but it is upregulated after energy
restriction-induced weight loss, together with an increase of oxidative stress markers [386].
The drug rolipram, which reduces ageing-related adipose disposition, was shown to increase SIRT6 levels in livers of mice [387]. Moreover, the drug T1AM increases SIRT6
levels, whereas it decreases SIRT4 levels, as well as reversing obesity through metabolic
reprogramming [378]. In response to this recent mouse model study, in vivo experiments
are planned to further develop and refine the anti-obesity applications initially observed
with T1AM. FOXO3a and SIRT6 also play a role in lowering LDL levels [388]. Moreover,
SIRT6 overexpression protects against aberrant glucose homeostasis, and increases in-
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sulin sensitivity [389]. Finally, SIRT6 activates PPARα to promote fatty acid β-oxidation
in the liver, thereby reducing liver fat content [390]. In obese rats, exercise improves
SIRT6-mediated insulin signaling and ameliorates insulin resistance [391]. In mice with a
cholestatic liver, activation of SIRT6 reduces liver damage and fibrosis, through repression
of the nuclear estrogen-related receptor γ (ERRγ) [383]. In humans with cholestasis, lower
SIRT6 levels have been reported, thus the upregulation of SIRT6 might be a potential
therapeutic intervention.
SIRT7 positively regulates the nuclear receptor TR4/TAK1, which is involved in lipid
metabolism, by controlling the ubiquitin pathway that leads to its degradation. Activated
TR4 increases fatty acid uptake and triglyceride synthesis. SIRT7 knockout mice were
resistant against developing HFD-induced NAFLD [392]. In this study, SIRT7 has been
shown to protect against NAFLD, with HFD mice lacking SIRT7, developing a NAFLD-like
of humans. In the same study, it has been shown that lack of SIRT7 increases triglyceride
content and fatty liver without obesity, as the SIRT7-deficient mice were leaner as compared
to controls. On the other hand, overexpression of SIRT7 protected the mice from NAFLD
by reducing ER stress through deacetylation of the histone H3K18A [393]. SIRT7 is targeted
to promotors of ribosomal genes through interaction with the transcription factor Myc. It
may be possible that, through its histone deacetylase activity, SIRT7 alleviates ER stress by
counteracting Myc activity after deacetylation of the histone [393]. Further research into
the mechanisms of SIRT7 function in the liver is needed.
An overview of the role of Sirtuins in the liver is presented in Table 2. SIRT1 and
SIRT3 exert a positive effect, while SIRT4 a negative effect. SIRT2 seems to have a negative
effect, however further research is needed to uncover the underlying mechanism of action.
SIRT5 seems to play a role during fasting, but the exact mechanisms are currently unknown.
However, SIRT5 downregulation during NAFLD may indicate a positive role, given that
Sirtuins with a positive influence are generally downregulated during NAFLD.
Table 2. Overview of the role of Sirtuins in the liver.
Sirtuin

Expression

Effect of Sirtuin
on Target Genes

Effect of Sirtuin on
Local Processes

Involvement in
Metabolic
Diseases

Function in MetS
(Effect on the
Organism)

Effect of Dietary
Influence on
Sirtuin

Effect of
Modulating
Drugs on Sirtuin

Gluconeogenesis (↑)
Lipid metabolism (↑)
Inflammation (↓)
Insulin sensitivity (↑)
β-oxidation (↑)

T2DM
NAFLD

Positive

HFD (↑↓)
CR (↓)
Fasting (↑)

Metformin (↑)
Resveratrol (↑)
Maslinic acid (↑)
Vitamin K (↑)
Fisetin (↑)
Fucoidan (↑)
Mangiferin (↑)
LB100 (↑)
APE (↑)
γ-mangostin (↑)
Liraglutide (↑)

Sirt1

Yes

PGC1α (↑)
PPARγ (N/A)
FOXO1 (↑)
AMPK (↑)
PPARα (↑)

Sirt2

Yes

N/A

Insulin sensitivity (↑)
Glucose uptake (↑)
Glucose tolerance (↑)

N/A

Positive

N/A

N/A

Sirt3

Yes

PPARγ (N/A)
FOXO1 (N/A)
PPARα (N/A)
PGC1α (N/A)

ROS scavenging (↑)
Mitochondrial
integrity (↑)

NAFLD

Positive

CR (↑)
Ketogenic (↑)
Fasting (↑)

Salvianolic acid
B (↑)
Berberine (↑)

Sirt4

Yes

SIRT1 (↓)
PPARα (↓)
mTOR (N/A)

Fatty acid oxidation (↓)
Mitochondrial gene
expression (↓)

N/A

Negative

N/A

3-Iodothyronamine
(↓)

Sirt5

Yes

PGC1α (N/A)
PPARα (N/A)
AMPK (N/A)

Ketogenesis (↑)
β-oxidation (↑)

NAFLD

Positive

Fasting (↑)
High protein (↑)

N/A

Sirt6

Yes

SIRT1 (N/A)
FOXO3a (N/A)
PPARα (↑)
ERRγ (↓)

Glycolysis (↓)
Triglyceride
synthesis (↓)
Lipid metabolism (↓)
Insulin sensitivity (↑)
β-oxidation (↑)

NAFLD

Positive

N/A

Rolipram (↑)
3Iodothyronamine (↑)

Sirt7

Yes

N/A

Triglyceride
synthesis (↓)

NAFLD

Ambiguous

N/A

N/A
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SIRT6 seems to be tied to SIRT1 function, but has an overall positive effect. The role
of SIRT7 remains ambiguous. A role for AMPK, PPARs, forkheads, p53 and the mTOR
pathway in relation to Sirtuins has been investigated in the liver. PGC1α is extensively
discussed in literature, but its connection to PPARγ is not investigated. However, since it
is found to play a role in alcoholic fatty liver, it may also play a role in NAFLD, although
these diseases mostly differ epidemiologically [394].
6.3. Brain
In the brain, the hypothalamus plays a critical role in sensing peripheral signals
through a region called the arcuate nucleus, which has a modified blood–brain barrier
that allows nutrients, hormones and other signaling molecules to enter [395]. Within this
nucleus, two distinct populations of neurons exist, namely the anorexigenic POMC neurons
and the orexigenic AgRP neurons. These neurons are characterized by the excretion of a
specific neuropeptide that has a potent effect on energy homeostasis [396]. FOXO1 and
SIRT1 are expressed in both AgRP and POMC neurons, with FOXO1 being localized in the
nucleus in the fasted and in the cytoplasm in fed condition [397]. FOXO1 regulates food
intake through the inhibition of POMC neurons. In the latter, leptin and insulin signaling
converge on PI3K/AKT, which phosphorylates and subsequently removes FOXO1 from
the nucleus.
When the AKT pathway is blocked, FOXO1 signaling and subsequent food intake
increase, resulting in weight gain [398]. Fasting increases levels of SIRT1 in the hypothalamus, resulting in an increase of FOXO1 activity through deacetylation and decrease in
POMC expression, which stimulates hyperphagia in mice [399]. Inhibition of hypothalamic
SIRT1 activity reverses the fasting-induced decrease of FOXO1 acetylation, resulting in
an increased POMC and a decreased AgRP expression, thereby in decreased food intake
and weight gain [399]. In agreement with these observations, SIRT1 inhibition in mice
with diet-induced obesity results in increased energy expenditure and a decreased body
weight [400]. It was found that SIRT1 overexpression increases energy expenditure in
POMC neurons through an increased adipose tissue activity, and decreases food intake in
AgRP neurons together with an increased leptin sensitivity [401]. These phenotypes were
observed in aging rats, but not in rats on an HFD [401]. Neuronal SIRT1 also promotes the
response to dietary restriction through activation of the dorsomedial and lateral nuclei of
the hypothalamus by augmenting ghrelin. Consequently, an increase of body temperature
and physical activity in mice is observed, which can stimulate foraging behavior [402].
SIRT1 is required for the homeostatic defense against diet-induced obesity in mice [403].
Overexpression of SIRT1 is able to rescue obesity-induced insulin resistance in POMC
neurons of mice where insulin-resistant nuclear FOXO1 has become constitutive [404].
Finally, neuronal SIRT1 negatively regulates insulin signaling in the hypothalamus, leading to insulin resistance that spreads to peripheral tissues, besides affecting the brain [405].
Moreover, SIRT1 deficiency increases insulin-stimulated phosphorylation of both AKT
and FOXO1, and SIRT1 inhibition in neurons results in an increased central and systemic
insulin sensitivity [405].
The reported effects of SIRT1 in the hypothalamus are in general opposite to those that
SIRT1 confers to peripheral tissues. In light of this, SIRT1 activators that do not penetrate
the blood–brain barrier might be preferable. The SIRT1 activator resveratrol may have a
detrimental effect on brain mitochondria at serum levels several times lower than would
be necessary for peripheral mitochondria [406]. Conversely, in obese mice with a reduced
expression of SIRT1 in the hippocampus coupled with memory deficits, activating SIRT1
through resveratrol preserves the hippocampus-dependent memory [407,408]. Moreover, 4hydroxyestrone, an estrogen metabolite with little estrogenic activity, was shown to increase
SIRT1 activity in the brain, resulting in deacetylation of p53 and subsequent protection
against oxidative damage in the rat hippocampus [409]. A decreased SIRT1 activity in
the hippocampus during obesity is caused by circulating palmitic acid, which lowers
SIRT1 activity through NAD+ depletion [410]. Another SIRT1 agonist, named SRT1720,
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reduces cognitive decline in T2DM but results in an increase in body weight [411]. Mice
overexpressing SIRT1 in the forebrain exhibit an increase in fat accumulation, impaired
glucose tolerance and motor defects [412].
The SIRT1/p53 axis plays a role in food intake through the stomach-derived peptide
ghrelin, which activates hypothalamic AMPK. Inhibition of SIRT1 blocks the orexigenic action and leaves ghrelin-related release of growth hormones intact [413]. SIRT1 is necessary
for starvation-induced autophagy, as mice lacking SIRT1 are unable to initiate autophagy
when starved [414]. SIRT1 is also required for the physical activity increases observed during CR in mice [415]. Of note, neuronal SIRT1 has the potential to slow down Alzheimer’s
disease during CR [416], and fasting enhances the SIRT1 mediated deacetylation of PPARγ,
which activates PGC1α and regulates the rate-limiting enzyme for amyloid beta (Aβ) generation [417]. In rats, CR attenuates ischemic brain injury; furthermore, knockdown of SIRT1
removes the neuroprotective effect, indicating that SIRT1 is involved in inducing ischemic
tolerance [418]. It probably does this through deacetylation and inhibition of the hypoxia
inducible factor (HIF) [419], which inhibition has been shown to protect against ischemic
injury in the brain [420]. Mild protein restriction was found to increase SIRT1 levels in
mice [421]. Mice lacking SIRT1 exhibit altered metabolic pathways in their neurons, and a
reduced capacity to mediate resveratrol-induced ischemic tolerance through glycolysis as
an alternate energy source. This evidence indicates that SIRT1 is able to change metabolic
pathways in neuronal cells and can confer a protective effect in emergency situations [422].
Furthermore, SIRT1 is upregulated in the substantia nigra in mice after exercise, and plays
a role in reduction of inflammatory gene expression [423].
In the brain, a link between circadian clock and metabolism exists. Sleep restriction
together with circadian disruption alters metabolism and increases the risk of obesity and
diabetes [424]. The opposite regulation also holds true, with HFD disrupting the circadian
rhythm of mice, both behaviorally and molecularly [425]. Genome-wide investigations
revealed that components of the insulin signaling, the cell cycle and folate metabolism are
regulated through the circadian clock [426]. SIRT1 deacetylase activity is regulated in a
circadian manner [427] and counteracts the activity of the core circadian protein CLOCK,
which is a histone acetyltransferase (HAT) [428]. In addition, NAD+ levels fluctuate in
a circadian manner [428] and regulate transcription of stress and metabolic genes [429].
In older mice, these NAD+ transcriptional oscillations and mitochondrial respiration
rhythms are restored by providing NAD+ precursors [429]. CR resets the circadian clock
independent of meal timing [430]; since SIRT1 is downregulated in the brain during CR,
it could play a role in managing the circadian clock. Since a robust circadian rhythm
contributes to homeostasis and health, CR may be a possible way to balance the risks in
people with a dysregulated circadian clocks, such as shift workers [431]. Interestingly, a
timed HFD, e.g., access to food only 8 h per day instead of a constant food intake, is able to
reset the circadian clock in mice and protect against obesity, when compared to mice fed
with a constant food intake. This highlights the relevance of timing in a caloric sufficient
diet [432]. Another way to influence the circadian rhythm is through light flicker treatment,
which increases SIRT1 levels in the hypothalamus [433]. It has been shown that this therapy
also normalizes hepatic lipid metabolism after ethanol exposure, suggesting a potential
treatment for alcoholic liver steatosis.
In brain tissue, CR was found to reduce glucose and increase ketone bodies levels [434],
as well as to increase white matter integrity and to improve long term memory in aging
mice [435]. Moderate ketosis has been reported to result in multiple beneficial effects to
brain function. A ketogenic diet is neuroprotective through reduction of ROS levels, by
increasing mitochondrial uncoupling protein levels and activity [436], as well as by increasing oxidation of NADH and enhancing mitochondrial respiration [437]. This diet results
in increased SIRT1 levels in mice hippocampal neurons [438]. Ketosis may also activate
SIRT1 due to an increased NAD+/NADH ratio, which in turn can promote autophagy in
the brain [439]. Ketosis-mediated increase of SIRT1 activity is supported by an increased
mitochondrial biogenesis and a reduced mTOR activity, which are also reported during a
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ketogenic diet [440,441]. Mitochondrial SIRT3 is able to promote ketone body utilization
in the brain [356]. A ketogenic diet is able to improve mitochondrial biogenesis through
the SIRT3/PGC1α pathway in mice [442]. Synergy between Sirtuin activity and ketosis
has been implicated in the neuroprotective effect against ischemic stroke, through the
increase of NAD+ and subsequently of SIRT3 activity in the brain [443]. NAD+ increase
also likely increases the activity of other Sirtuins besides SIRT3. The effect of a ketogenic
diet on Alzheimer’s disease progression is currently unclear, as it has been reported that it
might help [444], as well as that it does not result in any positive effect [445]. In the central
nervous system, microglia are the primary source of ROS and are thought to play a role in
brain aging [446].
Activation of hypothalamic FOXO1 increases food intake and body weight, and
inhibits insulin and leptin signaling [447], whereas inhibition of hypothalamic FOXO1 by
insulin and leptin signaling reduces food intake and thereby body weight in obese rats and
increases insulin sensitivity. No similar effects were observed after blocking FOXO1 in the
normal diet, non-obese control group, thus pointing to a possible therapeutic approach
against clinical obesity [448]. Of note, blockage of FOXO1 was achieved by a rather invasive
intracerebroventricular injection of FOXO1-antisensee oligonucleotides [448]. In mice
dopaminergic neurons, FOXO1 regulates body weight, glucose and insulin homeostasis,
energy expenditure and brown fat tissue [449]. Several studies investigating the role of
FOXO1 in different regions of the hypothalamus have shown the overarching function of
being anabolic and regulating the energy balance [450–452]. Heterogeneity in hypothalamic
FOXO1 function is illustrated by different knockouts: a global hypothalamic knockout
of FOXO1 results only in a mild decrease in body weight early in life, which normalizes
over time, whereas neuronal-region specific knockouts protect against the consequences of
HFD [453].
SIRT3 reduces cellular ROS levels in microglia, through deacetylating and thus activating FOXO3a, which can then upregulate antioxidant genes [454]. AKT-dependent
phosphorylation of FOXO3a is reduced in neurons exposed to oligomeric Aβ; in response,
to Aβ signaling, FOXO3a is activated and executes neuronal death [455]. Regulation of
FOXO3a contributes to CR-induced prevention of Alzheimer’s disease and spatial memory deterioration in mouse models, and in vitro in human cells, by reducing Aβ peptides
through insulin receptor-induced hyperphosphorylation and SIRT1-mediated deacetylation
of FOXO3a [456]. SIRT3 overexpression attenuates Aβ-induced neuronal hypometabolism
and improves learning and memory in mice [457], possibly through deacetylation of
FOXO3a [454], as SIRT1 does. In mice brains, FOXO3a and FOXO6 are downregulated after
HFD, with FOXO6 being reduced by about 80% across all brain regions [458]. This observation may suggest a role for FOXO transcription in obesity-associated cognitive impairment,
as FOXO6 has been implicated in memory consolidation and synaptic function [459]. In
the brain of monkeys with long standing diet-dependent obesity, it was shown that AKT
and other insulin signaling factors are maximally increased, resulting in hyperphosphorylation of mTOR, FOXO1, FOXO3a, FOXO4 and subsequent decrease in PGC1α expression
that, together, maintain neuronal integrity. Insulin-dependent increases in Aβ, which can
promote Alzheimer’s disease, are also reported [460]. The PI3K/AKT/mTOR pathway
plays a role in the inhibition of autophagy in the brain, thereby stimulating development of
cognitive impairment. CR inhibits the mTOR pathway and, therefore, increases autophagy,
which ameliorates age-related cognitive decline [461]. Inhibition of mTOR during CR
is SIRT1-dependent [462]. Short-term fasting also inhibits mTOR, improving neuronal
autophagy [463], and it may thus be used as a potential therapy against cognitive decline.
In the hypothalamus and in astrocytes, glucose, via AMPK, can inhibit oxidation and
esterification of certain long-chain fatty acids [464]. This evidence may be relevant for a
therapy against diabetes, as inhibition of lipid oxidation is sufficient to restore glucose and
energy homeostasis in overfed rats [465]. In the presence of lipopolysaccharide, activation
of AMPK maintains blood brain barrier integrity by reducing ROS [466]. Glucose, through
AMPK, regulates Aβ protein levels in vitro. Upon AMPK inactivation in high glucose
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concentrations, a subsequent activation lowers Aβ production; the opposite scenario, deactivating AMPK in low glucose concentrations, was also observed [467]. Exercise was shown
to activate lysosomal function in the brain through the AMPK/SIRT1/TFEB pathway, protecting against neurogenerative diseases by increased clearance of mutant proteins [468].
In addition, activation of SIRT1 and AMPK by ginsenoside Rg1 increases neurogenesis in
the hippocampus of adult mice through inhibition of NF-κB [469]. However, activation of
AMPK in the brain is not uniformly good, as metabolic stress can inhibit axon formation,
as well as axon growth in an AMPK- and mTOR-dependent manner [470].
SIRT2 plays a role in insulin resistance in the brain. Specifically, inhibition of SIRT2
affects insulin signaling at the level of AKT, and increases insulin-stimulated glucose uptake
in insulin-resistant neuronal cells [471]. Silencing of SIRT2 in a rat brain cell line reduces
ATP levels [472] and increases oxidative stress and necrosis. Consequently, inhibition of
anorexigenic POMC neurons and activation of AgRP neurons occur, which result in an
increased feeding behavior and weight gain as seen in a HFD-fed SIRT2 knockout [473].
SIRT2 is upregulated during neuronal ischemia in oxygen-glucose deprivation, whereas its
downregulation protects neurons from ischemic injury [474]. SIRT2 inhibition is also able
to decrease synthesis of sterol and to exert a neuroprotective effect in cellular and rodent
models of Huntington’s disease [475]. SIRT2 also interferes with autophagy-mediated
degradation of protein aggregates in mouse and human cell lines, which likely explains
the protective effect against Huntington’s disease [476]. Inhibition of SIRT2 in vitro also
reduces cholesterol synthesis, which may have positive effects against the progression
of both Huntington’s and Parkinson’s disease [477]. However, an in vivo study seems
to contradict these results [478]. Increased SIRT2 levels were found in oligodendrons,
which resulted in inhibition of oligodendroglial differentiation by deacetylation of the
microtubule skeleton [479,480]. In neurons of the hippocampus, neurite outgrowth and
growth cone collapse are inhibited by SIRT2 overexpression, most likely due to microtubule
inhibition [481]. SIRT2 can be inhibited by Cyclin E/CDK2, Cyclin A/CDK2 and CDK5
phosphorylation, both in vitro and in vivo [481]. Of note, SIRT2 does not have solely
negative effects on the brain, as it also plays an anti-inflammatory role in microglia and in
the brain [482]. This role is supported by the fact that reduction of SIRT2 levels markedly
increased inflammation markers, free radicals and thus neurotoxicity.
In mice that physically exercise on a running wheel, an increased expression of SIRT3
in the hippocampus was observed, to be essential for neuroprotective effects [483]. Physical exercise also increases SIRT3 expression in the mice substantia nigra [423]. During
glucose-oxygen deprivation in vitro, SIRT3 upregulates PGC1α and PPARγ, protecting
against hypoxia by reducing ROS production and maintaining ATP levels [484]. SIRT3
deficiency-induced mitochondrial dysfunction and neuroinflammation in MetS could be
causes of cognitive decline [485]. Hyperglycemia was shown to suppress SIRT3 in diabetic
rats during intracerebral hemorrhages. Introducing a SIRT3 agonist ameliorates oxidative
stress and mitochondrial dysfunction [486]. Administration of metformin to diabetic mice
resulted in an improved mitochondrial functioning through upregulation of mitochondrial
chaperones, and SIRT1, SIRT3 and PGC1α in brain tissue [487]. Metformin thus might have
a neuroprotective effect in the brain of diabetic patients. Intermittent fasting can improve
mood and cognition; however, improvements were not observed in SIRT3-deficient mice,
indicating a critical connection between SIRT3, cognition and diet [488].
In the brain, PPARγ agonists are able to confer a neuroprotective effect, by increasing
cellular respiration and PGC1α expression [489]. Glutamine metabolism, as the main
excitatory neurotransmitter and precursor of GABA, is complex and highly compartmentalized in the brain [490]. The mTOR pathway stimulates glutamine metabolism through
SIRT4 repression, which may have implications for brain signaling [491]. SIRT4 levels in
the brain of the fish Megalobrama amblycephala were found to increase after oral glucose
consumption [492]. Overexpression of SIRT4 in human glioblastoma cells was shown to
prevent neuronal cell death through upregulation of glutamate metabolism [493]. Progression of fatty liver disease into cirrhosis can result in increased levels of ammonia in
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the brain, which potentially inhibits mitochondrial respiration. Overexpression of SIRT4
alleviated this inhibition in astrocytes by blocking glutamate metabolism in rat and human
astrocytes [494].
Increased levels of SIRT5 were found during CR and linked to slower cognitive
decline [495]. SIRT5 protects against metabolic and ischemic stress in the brain [496]. An
increased SIRT5 expression has been observed mainly in neurons and endothelial cells
within the brain, specifically located at mitochondria [497], and SIRT5 knockout mice
indicated a role for SIRT5 in the glutamate-glutamine cycle and the purine metabolism.
SIRT6 is uniformly expressed throughout the entire brain, and is downregulated during cerebral ischemia [498]. In the brain of M. amblycephala, levels of SIRT6 are upregulated
after oral glucose consumption [492]. However, SIRT6 levels were also upregulated in rats
during CR [499]. This evidence suggests that SIRT6 function might not be conserved across
species, or that SIRT6 may have multiple roles depending on the fed state of the organism.
The role of SIRT6 seems to be related to its specific location in the brain, as it induces
apoptosis in cerebellar granule cells and cortical cells, but it is protective in hippocampal
cells [500]. Overexpression of SIRT6 in cortical and hippocampal cells reduces cell viability
during oxidative stress, but had no detrimental effects under normal conditions. Thus,
SIRT6 likely requires a stimulus to induce cell death [500]. During oxidative stress, SIRT6
induces autophagy through attenuation of AKT signaling, whereas inhibition of autophagy
reduces neuronal injury. Furthermore, SIRT6 inhibition suppresses autophagy and ROS
induced neuronal damage [501]. Lower levels of SIRT6 are found in brains of young
diabetic mice as compared to lean controls [502]. Neural SIRT6-deleted mice can reach a
normal size, but ultimately become obese, indicating the critical role of SIRT6 for metabolic
homeostasis [503]. SIRT6 deletion results in hyperacetylation of histones H3K9 and H3K56,
suggesting that histone deacetylase activity of SIRT6 may play a role in managing obesity
in rats [503]. SIRT6 deletion also resulted in reduced levels of growth hormone and
hypothalamic neuropeptides that might be linked to the changes in the chromatin state.
Altogether, this evidence suggests that SIRT6 may be a regulator of the onset of obesity in
adult rats. No data are currently available in humans.
SIRT7 is expressed at a low level in the brain, and play a marginal role in adult
neurogenesis in mice [479]. No information is currently available about a metabolic role of
SIRT7 in the brain [41], and further studies are necessary to investigate this aspect.
An overview of the role of Sirtuins in the brain is presented in Table 3. An apparent
heterogeneity can be observed in the functioning of Sirtuins in different regions, as well
as in subsets of neurons within those regions. This heterogeneity makes it complex the
design of an appropriate drug, as it is challenging to target drugs to a specific brain region.
SIRT1 seems to have an overall protective effect for a number of neuronal disorders, and in
most regions, also has a positive effect on metabolism. However, it has a negative effect
in the hypothalamus, and this can be transmitted to other tissues. Sirtuin modulators
in the brain have a greater impact than in peripheral tissues, reason of concern for drug
administration that can cross the blood–brain barrier. Besides SIRT1, other Sirtuins were not
extensively studied in the various regions of the brain. Nonetheless, SIRT2 seems to have
an overall negative effect on the brain, whereas SIRT3 has a positive effect. SIRT6 effects
are heterogeneous, but seem to be predominantly negative. SIRT6 knockout phenotypes
suggest a role in metabolism. SIRT5 is reported to have a positive effect, but evidence
is scarce. The role of SIRT4 in metabolism is largely unknown, however the evidence
that stimulates glutamine metabolism suggests that it may be involved in other metabolic
processes. A role for SIRT7 in the brain is currently unknown.
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Table 3. Overview of the role of Sirtuins in the brain.
Sirtuin

Expression and
Localization

Effect of Sirtuin
on Target Genes

Effect of Sirtuin
on Local Processes

Involvement in
Metabolic
Diseases

Function in MetS
(Effect on the
Organism)

Effect of Dietary
Influence on
Sirtuin

Effect of
Modulating Drugs
on SIRTUIN

Sirt1

Yes,
hypothalamus
(POMS and
AgRP
neurons) and
hippocampus

p53 (N/A)
AMPK (N/A)
PPARγ (↑)
PGC1α (↑)
mTOR (↓)
FOXO3a (N/A)

Insulin
sensitivity (↓)
Systemic fat
accumulation (↑)
Inflammation (↓)

TD2M
Ischemic injury

Negative

Fasting (↑)
CR (↓)
Ketosis (↑)
Low protein (↑)

Resveratrol (↑)
SRT1720 (↑)

Sirt2

Yes

N/A

Insulin
sensitivity (↓)
Ischemic injury (↓)

N/A

Negative

N/A

N/A

Sirt3

Yes, microglia,
hippocampus
and
substantia nigra

FOXO3a (↑)
PPARγ (↑)
PGC1α (↑)

Mitochondrial
biogenesis (↑)
ROS reduction (↑)

Ischemic injury
TD2M

Positive

Ketosis (↑)

Honokiol (↑)

Sirt4

Yes

Inhibited by
mTOR

N/A

N/A

N/A

Glucose (↑)

N/A

Sirt5

Yes

N/A

Ischemic injury (↓)

N/A

Positive

CR (↑)

N/A

Sirt6

Yes, uniformly
expressed

N/A

Apoptosis and cell
survival (↑)

N/A

Ambiguous

CR (↑)
Glucose (↑)

N/A

Sirt7

Yes

N/A

Neurogenesis (↑)

N/A

N/A

N/A

N/A

6.4. Adipose Tissue
In adipose-derived stem cells, the expression of SIRT1 through SIRT6 correlates negatively with BMI and PPARγ expression and positively with PPARδ expression [504].
Furthermore, it has been recently shown that SIRT2 and SIRT6 in the adipose tissue were
less sensitive to CR than SIRT1 and SIRT3 [505]. Moreover, FOXO1, PPARγ and adiponectin
are negatively regulated in tissue samples of obese individuals [506]. When wild type
adipocytes are treated with TNFα, a decrease in SIRT1 and an increase of PPARδ are
observed, similarly to what is observed in cells from obese individuals. This indicates that
changes in cells of obese individuals may be caused by inflammation [507]. Furthermore,
SIRT1 levels in the adipose tissue correlate negatively with insulin-resistance parameters
and positively with adiponectin expression [508]. SIRT1 represses adipogenesis, and its
absence in mice is related to the formation of the white adipose tissue [509]. Moreover,
adipose-specific knockout of SIRT1 in mice results in obesity and insulin resistance [510].
Downregulation of SIRT1 during obesity—when new adipocytes need to be constantly
generated—seems therefore to be expected. However, when activating SIRT1 in mice, an
increased angiogenesis with a subsequent healthy expansion of the adipose tissue occurred,
resulting in an increased glucose tolerance [511]. Therefore, it is unlikely that low levels
of SIRT1 during obesity are functional. SIRT1 regulates adipogenesis by interacting with,
and deacetylating PPARγ, thereby inactivating PPARγ target genes. As a consequence,
adipogenesis is halted [512]. Currently, no clear explanation for these conflicting results
has been provided. Nonetheless, it is known that interaction between PPARγ and SIRT1
can be induced through fasting or resveratrol administration. Thus, adipogenesis may be
fine-tuned by dynamic regulation of PPARγ [512].
SIRT1 levels in offspring of maternal HFD-fed mice are reduced in the adipose tissues [348], suggesting a role for SIRT1 in cross-generational metabolic diseases. CR delays
development of insulin resistance, glucose intolerance, and dyslipidemia in the adipose
tissue of normal mice, whereas lack of functional SIRT1 increases the incidence of those
outcomes [513], indicating a role for SIRT1 against development of MetS-related symptoms.
During CR, SIRT1 represses PPARγ and promotes lipolysis and loss of fat mass [248]. SIRT1
knockout in adipocytes of HFD-fed mice initially leads to glucose intolerance, hyperinsulinemia and insulin resistance faster than in wild type mice. However, upon a prolonged
HFD, eventually PPARγ activity increases, leading to increased adipogenesis, improved
glucose tolerance and insulin sensitivity [514]. This outcome indicates that, depending on
an individual’s duration of an unhealthy diet or of obesity, different interventions could be
optimal. SIRT1 decreases the level of inflammation in the adipose tissue through interaction
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with AKT and inhibition of the mTOR pathway in HFD-fed mice; furthermore, administration of resveratrol increases SIRT1 expression and reduces inflammation [515]. SIRT1
expression is inversely correlated with macrophage recruitment and inflammation in the
adipose tissue, with SIRT1 knockdown resulting in inflammation. It has been shown that
overexpression of SIRT1 in HFD-fed mice leads to a reduction in macrophage recruitment
and inflammation [516], and that a moderate SIRT1 overexpression in mice protects the
brown adipose tissue from inflammation, insulin resistance and defective thermogenesis [517]. The reduced function or presence of SIRT1 in HFD-fed mice or during obesity
may be explained by the observation that HFD induces cleavage of SIRT1 proteins [518].
SIRT1 can improve glucose homeostasis and tolerance in mice, by enhancing the function
of the brown adipose tissue; conversely, SIRT1 deficiency is accompanied by brown adipose tissue dysfunction, which is characterized by lower thermogenic activity and loss
of mitochondria and mitochondrial function [519,520]. SIRT1 is able to induce a brown
fat-associated phenotype in the white adipose tissue through repression of PPARγ [521].
Brown fat-associated phenotype, such as increased thermogenesis and mitochondrial
synthesis in the white adipose tissue, is often referred to as beige adipose tissue. This phenotype can be induced in mice by several compounds, among which resveratrol results in
the activation of thermogenesis-related genes through SIRT1/PGC1α [522]. Administration
of resveratrol to activate SIRT1 also increases brown adipose tissue thermogenesis, energy
expenditure and reduce fat accumulation in mice fed a standard diet [523]. Root extract
from Platycodon grandiflorus increases browning of the white adipose tissue to create beige
tissue, while increasing levels of SIRT1 and SIRT3, among others. The browning process is
accompanied by lipolysis and thermogenesis in HFD-fed obese mice [524]. Coumestrol
induces expansion and activation of the brown adipose tissue in HFD-fed mice, thus improving glucose tolerance and lowering body weight. Mechanistically, coumestrol increases
mitochondrial content in the adipose tissue, which is associated with increased AMPK
and SIRT1 levels [525]. Gallic acid improves glucose tolerance and increases thermogensis
in the brown adipose tissue of HFD-fed mice [526]. Resveratrol upregulates FOXO1 and
adiponectin in human adipocytes while simultaneously downregulating PPARγ, possibly through Sirtuin activation [527]. The increase in adiponectin likely results from the
combined action of both SIRT1 and FOXO1 transcription, since they have been implicated
in upregulating gene expression of adiponectin [528]. In addition, resveratrol increases
browning of the white adipose tissue and reduces fat in both mice and human adipocytes
via SIRT1 [529]. Downregulation of miR-204—which is increasingly expressed in obese
individuals—also promotes browning of the white adipose tissue. This is achieved by
the long-non-coding RNAs (lncRNA) that remove the inhibition on SIRT1 and PGC1α
expression and AMPK phosphorylation [530,531]. Furthermore, mIR-34a levels correlate
with lipid accumulation and increase hepatic steatosis through reduced fatty acid oxidation
and increased mitochondrial damage by targeting SIRT1 [532]. In human obese subjects,
mIR-34a also modulates SIRT1 levels [533]. Algae supplements were found to reduce
weight gain and inhibited size of adipocytes, while improving serum insulin and glucose
levels through upregulation of AMPK and SIRT1 [534]. Purple maize extract rich in ferulic
acid and anthocyans was found to prevent HFD-induced obesity in mouse models by
promoting white fat browning and thermogenesis, while reducing inflammation, partly
through upregulation of SIRT1 and AMPK [338]. Another compound, allicin, regulates
energy homeostasis partly through SIRT1/PGC1α; however, at higher concentrations, it
leads to mitochondrial problems through SIRT5 inhibition [535]. The compound 23-epi-25deoxyactein was found to promote adipocyte lipolysis through AMPK signaling and the
SIRT1/FOXO1 pathway, and to reduce body weight gain and fat mass [536]. Moreover,
1-deoxynojirimycin, known for anti-hyperglycemic and anti-obesity effects, was found to
increase glucose tolerance, insulin signaling and reduction of the white adipose tissue in
HFD-fed mice [537]. This compound increases expression of genes associated with lipid
metabolism such as SIRT1, FOXO1 and PPARγ and could therefore be considered for the
treatment of obesity and metabolic impairment.
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SIRT2 is downregulated in obese individuals [538]. Reduced SIRT1 and SIRT2 expression is an indicator of adipogenesis in human cells, whereas their overexpression reduces
adipocyte differentiation [539]. Changes in SIRT1 or SIRT2 expression and adipocyte differentiation occurred in parallel with changes in PPARγ [539]. SIRT2 is upregulated in the
white adipose tissue of CR mice or in cells under oxidative stress. SIRT2 deacetylates and
activates FOXO3a, resulting in decreased levels of ROS [540]. A period of 24-h fasting was
found to be sufficient to increase SIRT2 expression in both white and brown adipose tissue,
and exposure to cold increases SIRT2 expression in brown, but not in the white adipose
tissue [541]. In adipocytes, FOXO1 represses PPARγ [542]. SIRT2 decreases acetylation
levels of FOXO1, which increases its binding to the PPARγ promoter. Subsequent reduction
of PPARγ transcriptional activity promotes lipolysis and inhibited adipocyte differentiation [541]. During adipocyte differentiation, SIRT1 and SIRT2 are downregulated, while
SIRT3 is upregulated. Overexpression of SIRT2 inhibits adipocyte differentiation, whereas
a reduced SIRT2 expression results in adipogenesis. SIRT2 knockdown also increases the
levels of FOXO1 acetylation, without altering SIRT1 expression levels. Thus, a reduction in
SIRT2 levels is likely to play a role in adipocyte differentiation through reducing FOXO1induced repression of PPARγ [22,541]. During hypoxia, and the resulting expression of
HIF1α, a transcriptional repression of SIRT2 occurs. This observation directly translates
into a reduced PGC1α deacetylation, and in a decreased expression of mitochondrial and
β-oxidation genes [543].
SIRT3 is highly expressed in the brown adipose tissue, as compared to white adipose
tissue, and CR or fasting increase SIRT3 expression in both white and brown adipose
tissue [544,545]. A decrease in environmental temperatures upregulates SIRT3 in the brown
adipose tissue, whereas higher temperatures exhibit the opposite effect [545,546]. This
result occurs because SIRT3 controls brown fat tissue thermogenesis by deacetylating
several proteins involved in thermoregulation [547]. PGC1α induces SIRT3 expression in
the white adipose tissue, resulting in cells carrying a brown adipose tissue-specific set of
thermogenic gene expression. Cells lacking SIRT3 are unable to attain this gene expression
set, indicating that PGC1α-mediated SIRT3 expression is required for the generation of
a brown adipose differentiated phenotype [548]. Mice lacking SIRT3 showed hallmarks
of fatty acid oxidation whilst fasting, including a reduction in ATP levels [546]. A forced
expression of SIRT3 enhances PGC1α expression, likely through an increased phosphorylation of CREB, which is reported to directly activate the PGC1α promoter [545,549]. An
increased phosphorylation of CREB might occur through AMPK, which is activated by
SIRT3 in other tissues and interacts with CREB [550]. Altogether, it appears that PGC1α
and SIRT3 work together to increase their expression during certain circumstances.
An increased SIRT3 expression increases cellular respiration whilst decreasing the
amount of ROS, and obesity correlates with a decreased SIRT3 expression in the brown
adipose tissue of obese mice [545]. Biopsies from human tissues showed that weight loss
induces SIRT3 expression [551]; conversely, obese human individuals exhibit a reduced
SIRT3 expression [538]. Furthermore, reduced SIRT3 levels as well as increased levels
of acetylation of proteins associated with mitochondrial biogenesis in the adipose tissue
are found in obese children [552]. A SIRT3 agonist is able to induce weight loss in mice,
indicating an important role for weight management through mitochondrial function [553].
The lack of SIRT3 in obese individuals may increase ROS levels, which can contribute to the
inflammation of the adipose tissue. In turn, inflammation contributes to the development of
MetS. Lack of SIRT3 expression is in part likely due to the decreased need for thermogenesis
in obese individuals. During hypoxia in the adipose tissue, which—as described earlier—is
frequently observed in obesity, SIRT3 expression is downregulated in the visceral adipose
tissue. In parallel, PPARγ is upregulated, and lipogenesis is decreased. Adipose tissue
explants in hypoxic conditions exhibit an altered expression of genes involved in de novo
lipogenesis pathways. Lack of lipogenesis in the visceral fat could lead to an increase in
circulating FFA levels [554].
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SIRT3 is dispensable for maintaining brown and white adipose tissue’s mitochondrial
function and whole-body metabolism. Adipocyte-specific SIRT3 knockout in mice has
no major impact on putative SIRT3 targets, key metabolic pathways, and mitochondrial
function in white and brown adipose tissues [555]. However, germline SIRT3 knockout
mice exhibit an enhanced susceptibility to HFD-induced obesity, and display systemic
metabolic complications, such as glucose intolerance, insulin resistance and NALFD [555].
Thus, the role of SIRT3 may be systemic. An alternative explanation is that local knockout
in adipose tissue is compensated by another molecule, possibly another Sirtuin. Finally,
depletion of SIRT3 compromises the ability of adipose-derived mesenchymal stem cells to
undergo adipogenic differentiation, and leads to adipocyte dysfunction and insulin resistance [556]. In mice, treatment with schizophyllan results in an increased SIRT3 expression
and activation of the brown adipose tissue, which in turn results in reduced complications
in a mouse lipodystrophy model [370]. The compound increases mitochondrial metabolism
and mediates mitochondrial resuscitation through SIRT3 and subsequently the downstream
activation of succinate dehydrogenase A, which is deacetylated and activated in adipose
tissues through mitochondrial SIRT3. SIRT3 also plays a role in adipose tissue inflammation, through its function in macrophages and ameliorating inflammatory crosstalk
between macrophages and adipocytes; thus, modulation of SIRT3 may be beneficial for the
treatment of adipose tissue inflammation-related metabolic disorders [557].
An HFD was shown to increase SIRT4 levels in mice [558]. SIRT4 stimulates lipogenesis in the white adipose tissue, whereas SIRT4 knockout mice are protected against
diet-induced obesity and show an increased exercise capacity [27].
SIRT5 regulates brown adipose tissue’s differentiation, and SIRT5 knockout results
in less browning and less cold tolerance [559]. Brown adipose tissue dysfunction is likely
because of an increased succinylation of the mitochondrial uncoupling protein 1 (UCP1)
in SIRT5 knockout [560]. Contradicting results were shown, with SIRT5 knockout in mice
having no impact on the amount of brown adipose tissue and on the cold tolerance as
compared to control. Epididymal white adipose tissue weighs less in SIRT5 knockout
mice, and lack of SIRT5 does not protect against, or promote diet-induced obesity [561].
The latter study reported some alternate effects when mice where stressed, so that the
difference of the outcome between the two SIRT5 experiments might be related to the
way the mice were handled. Furthermore, a study in monozygotic twins showed that
SIRT5 is downregulated in the adipose tissue of the heavier twin [562]. SIRT5 is likely
downregulated during obesity, due to its role in mitochondrial respiration and β-oxidation
under control of AMPK and PGC1α [373,563].
SIRT6 expression in the adipose tissue is downregulated during obesity in humans [538].
Administration of metformin to obese individuals increases SIRT6 levels in adipose tissue [564]. In mice, SIRT6 overexpression during HFD results in a significantly less accumulation of visceral fat, as well as in a reduced expression of PPARγ-responsive and
lipid storage-related genes in adipocytes [565]. Activation of the AMPK and SIRT6 pathway reduces ageing-related adipose deposition induced by MetS [387]. Of note, maternal
exercise of mice prior to and during pregnancy results in a reduced cardiovascular risk
through upregulation of SIRT6 in heart tissue of male offspring. This in turn results in
an improved fitness, defined by an increased running speed [566]. SIRT6 also reduces
lipid synthesis and adipose differentiation in HFD-fed obese mice. In bovines, this same
effect was reported; SIRT6 in bovines cooperates with SIRT5 to decrease lipid deposition in
preadipocytes, and to inhibit adipocyte differentiation through activation of AMPK [567].
A compound, kynurenic acid, was found to reduce insulin resistance, while palmitate
induced inflammation in adipocytes by increasing fatty acid oxidation through AMPK
and SIRT6 in mice [568]. Inhibiting mTORC2 in brown adipocyte of mice protects against
obesity at thermoneutrality. This occurs because mTORC2 inhibition triggers FOXO1
deacetylation by SIRT6, and FOXO1 drives lipid catabolism upon mTORC2 loss. This process is independent from the mTORC2/AKT pathway, and represents an interesting angle
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for further investigations [569]. In addition, SIRT6 plays a role in adipogenic differentiation
in bovines and can be inhibited by miR-33 [570].
SIRT6-deficient mice exhibit an increased glucose uptake in the brown adipose tissue,
resulting in a hypoglycemia phenotype without the normally associated hyperinsulinemia [37]. Because SIRT6 can deacetylate histone H3K9 to control expression of several
glycolytic genes, SIRT6 deficient cells also exhibit an increased glycolysis and a reduced
mitochondrial respiration. Thus, SIRT6 can regulate glucose homeostasis, and it might be a
potential target for the treatment of T2DM.
SIRT7 expression positively correlates with obesity [571]. Upregulation of SIRT7
promotes adipogenesis through inhibition of SIRT1 [572], whereas a SIRT7 deficiency in
preadipocytes reduces the ability to initiate adipogenesis [573]. Knockdown of SIRT7 increases levels of SIRT1, which in turn reduces adipogenesis and adipocyte differentiation in
mice [574]. In this condition, SIRT1 binds the PPARγ promoter three times more compared
to wild type, suggesting that SIRT1 may inhibit PPARγ transcription and, subsequently,
adipogenesis. Thus, SIRT7 promotes adipogenesis through inhibition of SIRT1; its histone
deacetylase activity is responsible for the reduction of adipogenesis [574]. A decrease of
SIRT7 expression was also observed during obesity in humans [575], thus, further research
is required to elucidate whether or not a difference exists across organisms in the cross-talk
between SIRT1 and SIRT7.
Deletion of mTOR in mice results in a decreased mass of both brown and white adipose tissues, while also inducing the browning of the latter [576]. Moreover, ablation of
mTOR in adipocytes resulted in insulin resistance and fatty liver, and it appears that mTOR
is required for the differentiation of adipocytes. Furthermore, induction of PPARγ increases
differentiation in adipocytes lacking mTOR [576]. Knockout of mTOR also attenuates the effects of PPARγ on lipid uptake and growth of adipocytes, resulting in hyperlipidemia [577].
Earlier studies already showed that mTOR and PI3K signaling are required for adipocyte
differentiation in a PPARγ-dependent manner, and that rapamycin was able to reduce
adipocyte differentiation [246,578]. It was found that AMPK suppresses mTOR signaling
during adipose differentiation into brown fat, and the inhibition of AMPK halts differentiation of cells into the brown adipose tissue but leaves the white adipose tissue differentiation
unaffected [579]. Resveratrol activates AMPK and induces formation of brown-like adipose
phenotype in the white adipose tissue that may have a positive effect against obesity, due to
an increased fatty acid oxidation in the brown-like adipose tissue [580]. The role of AMPK
in the white adipose tissue has been extensively reviewed [581]. Specifically, AMPK exerts
an anti-lipogenic effect through regulation of the uptake of both fatty acid and glucose,
and can inhibit differentiation and proliferation in white adipocytes. FOXO3a regulates
adipocyte differentiation through induction of PPARγ expression, and mice with a FOXO3a
ablation exhibit a decreased amount of fat tissue due to reduced PPARγ levels [582].
An overview of the role of Sirtuins in the the adipose tissue is presented in Table 4.
SIRT1 and SIRT2 have an overall positive metabolic role. SIRT2 effect is remarkable here,
since it has negative effects on the liver and brain. SIRT3 expression greatly differs between
brown and white adipose tissues, but it generally has a positive effect. SIRT4 generally has
a negative effect, however the exact mechanisms are currently unknown. SIRT5 seems to
play a role only in the white adipose tissue, which seems to be positive; however, also in
this case, further research is required to investigate its specific mechanisms of action. SIRT6
seems to have a positive role, but data are still limited, and SIRT7 has an ambiguous effect.
The connection between PPARγ and FOXOs is well studied only for SIRT1 and SIRT3. The
AMPK/Sirtuin axis is likely to play a significant role in the adipose tissue. In general, the
roles of mTOR, p53 and CDK in combination with Sirtuins are not that well established.
However, these interactions are likely to be involved, especially since the adipose tissue is
one of the few metabolic tissues that, during MetS, is highly connected with the cell cycle
in adipogenesis.
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Table 4. Overview of the role of Sirtuins in the adipose tissue.
Expression and
Localization

Involvement in
Metabolic
Diseases

Effect of Dietary
Influence on
Sirtuin

Effect of
Modulating Drugs
on Sirtuin

Positive

CR (↑)
HFD (↓)

Resveratrol (↑)
Spirulinamaxima (↑)
Gallic acid (↑)
Coumestrol (↑)
P. grandifloras (↑)

Obesity

Positive

CR (↑)
Fasting (↑)

N/A

Obesity
NALFD

Positive

CR (↑)
Fasting (↑)

P. grandifloras (↑)

N/A

Effect of Sirtuin
on Target Genes

Effect of Sirtuin on
Local Processes

Sirt1

Yes, brown and
white adipose
tissues

PPARδ (N/A)
PPARγ (↓)
mTOR (↓)
FOXO1 (↑)
Adiponectin (↑)
AMPK (N/A)

Insulin
resistance (↓)
Adipogenesis (↓)
Lipolysis (↑)
Inflammation (↓)
Mitochondrial
function (↑)
Glucose
homeostasis (↑)
Thermogenesis (↑)

Obesity

Sirt2

Yes, brown and
white adipose
tissues

FOXO3a (↑)
FOXO1 (↑)
PGC1α (↑)

Adipogenesis (↓)
ROS levels (↓)
Lipolysis (↑)

Sirtuin

Function in MetS
(Effect on the
Organism)

Sirt3

Yes, brown and
white adipose
tissues

PGC1α (N/A)
AMPK (N/A)
PPARγ (N/A)

Insulin
resistance (↓)
Thermogenesis (↑)
Cellular
respiration (↑)
ROS levels (↓)
Lipogenesis (↓)

Sirt4

Yes, white
adipose tissue

N/A

Lipogenesis (↑)

Obesity

Negative

HFD (↑)

Sirt5

Yes

N/A

N/A

Obesity

Ambiguous

N/A

N/A

Obesity
Lipidemia

N/A

N/A

Metformin (↑)
Rolipram (↑)
3-Iodothyronamine
(↑)

Obesity

Ambiguous

N/A

N/A

Sirt6

Yes, brown and
white adipose
tissues

PPARγ (↓)
FOXO1 (↑)
AMPK (↑)

Glucose
tolerance (↑)
Insulin
secretion (↑)

Sirt7

Yes

SIRT1 (↓)

Adipogenesis (↑)

6.5. Skeletal Muscle
In the skeletal muscle, CR increases SIRT1-dependent deacetylation and activity of
PGC1α, which activates the genes responsible for mitochondrial fatty acid oxidation and
leads to a switch from glucose to fat metabolism [583]. This metabolic switch is dependent
on the AMPK/SIRT1 axis, with AMPK sensing changes in the available energy, initiating
the downstream activation of SIRT1 and, subsequently, of PGC1α. AMPK also directly
phosphorylates and activates PGC1α. As a result, AMPK deficiency compromises the
metabolic switch in mice [584]. A study in humans indicates that a diet low in carbohydrates, but still high-caloric due to fat content, activates the AMPK/SIRT1/PGC1α pathway
as if individuals adhered to CR [585]. Deacetylation of PGC1α by SIRT1 also occurs during
exercise-induced mitochondrial biogenesis [586,587]. Exercise increases expression of SIRT1
in human skeletal muscle cells [586,587]. Overexpression of SIRT1 increases the proliferation rate of muscle precursor cells, thereby offsetting age-related muscle atrophy [588]. In
rats, exercise increases SIRT1 expression and, subsequently, PGC1α activity; also exercise
increases AMPK and FOXO3a and attenuates age-related muscle atrophy [589].
However, in mice, upregulation of SIRT1 alone is not correlated to an enhanced glucose homeostasis or to mitochondrial biogenesis as compared to wild type during exercise
training [590]. This observation indicates that, even though SIRT1 is upregulated during exercise in skeletal muscle, increased levels do not mediate an enhanced response.
Thus, other factors during exercise may be more important to regulate physiological response [590]. In mice, resveratrol increases mitochondrial activity and aerobic capacity in
muscle cells through activation of the SIRT1/PGC1α pathway [591]. Furthermore, the drug
telmisartan ameliorates insulin resistance in muscle cells by activating the AMPK/SIRT1
pathway in diabetic mice [592]. Vitamin K2 supplements in mice also increase mitochondrial functioning via SIRT1 pathways and alleviates insulin resistance in the skeletal muscle
tissue [593]. Another compound, celastrol, also increases mitochondrial functioning via the
AMPK-SIRT1 pathway during an HFD diet [594]. Algae extract from Undaria pinnatifida
increases mitochondrial biogenesis, oxidative phosphorylation, oxidative muscle fiber and
angiogenesis in mouse muscle tissue and, simultaneously, an increase in the activity of the
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AMPK/SIRT1/PGC1α pathway was observed [595]. Furthermore, mice lacking peroxiredoxin 6 (Prdx6) exhibit an early-stage DM, lower SIRT1 levels and an increased FOXO1
activity, while muscle differentiation is decreased [596]. These mice also had significant
muscle atrophy compared to wild type mice.
Upregulation of SIRT1 in muscle cells protects against the effects of glucose-induced
insulin resistance, through the reduction of mitochondrial dysfunction and oxidative stress,
by increasing levels of SIRT3 [597]. However, other studies showed that upregulation of
SIRT1 in skeletal muscle cells does not increase the total energy expenditure or enhance
insulin sensitivity in mice fed a normal diet or HFD, nor does SIRT1 overexpression alters
glucose-induced insulin resistance in rats [598–600]. In humans, SIRT1 can be regulated
by fatty acid types, and can be downregulated after eating a diet with a high amount of
saturated fats [601]. However, this regulation does not affect insulin sensitivity, as it occurs
in mice [601]. The fact that diet composition influences SIRT1 activity could explain why a
positive effect has been observed in vitro upon addition of glucose, but not in vivo in HFD.
During CR in mice, modulation of PI3K signaling by SIRT1 plays a role in enhancing
the insulin sensitivity of skeletal muscle cells. Lack of SIRT1 abrogated this effect completely [602]. However, in patients with diabetes, resveratrol was able to increase total
energy expenditure in the muscle through activation of the AMPK/SIRT1 axis, indicating
that SIRT1 alone is perhaps not sufficient to generate an effect [603]. Upregulation of SIRT1
in mice by a compound named camptothecin also promotes lipid catabolism through
AMPK/FOXO1, and reduced fat and plasma triglyceride levels in vitro [604]. During shorterm fasting, SIRT1 levels decrease, resulting in the wasting of muscle. FOXO1 delays
skeletal muscle cell regeneration and myoblast proliferation. Inhibiting FOXO1 prevents
muscle atrophy and induces hypertrophy [605,606]. Activated SIRT1 deacetylates and
deactivate FOXO1 and FOXO3, and activates the PI3K/AKT pathway, promoting muscle
growth and reducing muscle atrophy in mice [607]. However, after muscle damage is
induced by exercise, AMPK increases, resulting in increased levels of FOXO1 and FOXO3a.
This outcome limits muscle hypertrophy and inhibits myoblast differentiation in a PGC1αdependent manner [608–610]. AMPK activation also reduces protein synthesis in muscle
cells through the downregulation of mTOR, which further contributes to the lack of muscle
cell proliferation [611]. Obesity has no effect on SIRT1 expression in human muscle cells,
but hyperinsulinemia increases SIRT1 expression in muscle tissue [612].
High SIRT2 levels are found in human insulin-resistant skeletal muscle cells [613].
SIRT2 is upregulated in insulin-resistant skeletal muscle cells in vitro [614]. Inhibition of
SIRT2 increases insulin-dependent glucose uptake and improves AKT phosphorylation
in insulin-resistant cells [614]. Knockdown of SIRT2 in insulin-resistant cells ameliorates
insulin sensitivity in mouse muscle cells [614]; however, knocking out SIRT2 in mice
could exacerbate insulin resistance in muscle cells [473]. This different outcome may
indicate a difference between systemic and local effects of SIRT2, for which the mechanisms
have still to be elucidated. In addition, SIRT2 induces skeletal muscle proliferation, with
pharmacological inhibition of SIRT2 resulting in side effects on muscle regeneration [615].
In mice, diet and exercise have an effect on SIRT3 expression in the muscle tissue. During fasting or CR, SIRT3 and AMPK are upregulated, while HFD reduces SIRT3 levels [550].
SIRT3 knockout mice have reduced AMPK activity and levels of PGC1α, indicating that
SIRT3 works together with these proteins in exerting its effects. Indeed, exercise upregulates SIRT3 and PGC1α in mice [550]. Muscle-specific SIRT3 transgenic mice show an
increased energy expenditure and lower respiratory rates, indicating a shift to lipid oxidation [616]. Transgenic mice were also able to run 45% longer than control mice, and have an
increased expression of AMPK and PPARδ in the muscle tissue. However, transgenic mice
exhibit 30% less muscle mass resulting from a permanent upregulation of FOXO1 [616].
The expression of SIRT3 in skeletal muscle cells is reduced during diabetes, and
SIRT3 knockout mice exhibit increased oxidative stress, reduced oxygen consumption
and impaired insulin signaling in their muscle cells [617]. Muscle tissue-specific SIRT3
knockout mice show increased mitochondrial acetylation rates but an unaltered metabolic

Biology 2021, 10, 194

36 of 78

homeostasis and oxidative stress in either normal or high fat diets [618]. This observation
indicates that systemic and muscle-specific SIRT3 knockout have different effects, potentially through an impaired brain signaling in the systemic knockout model. SIRT3 seems to
have an effect on mitochondrial substrate choice and metabolic flexibility; however, inhibition of SIRT3 results in a switch from carbohydrate to lactate and fatty acids as fuel, even
in a fed state [619]. This outcome is in agreement with data that indicated that SIRT3 flux,
together with acetyl-lysine turnover, is responsible for promoting the fuel switch between
fat and glucose [620]. Overexpression of SIRT3 in muscle cells increases glucose uptake
and decreases ROS production. Moreover, metformin ameliorates insulin resistance in
muscle cells by upregulating glucose uptake through SIRT3 [621]. In overweight individuals,
aerobic exercise upregulates SIRT3 and PGC1α in skeletal muscle cells without changing
their caloric intake. The same holds true for interval training in healthy individuals [622–624].
Athletes have higher SIRT1, SIRT3 and FOXO1 levels as compared to age-matched controls, indicating that exercise in healthy people can result in better cellular metabolism as
well [625]. SIRT3 was found to scale with muscle oxidative capacity and mitochondrial
fatty acid oxidation, and upregulation of SIRT3 after chronic muscle stimulation is AMPKdependent [626]. In mice, SIRT3 plays a crucial role in maintaining the skeletal muscle
insulin action, as well as in protecting against the effects of insulin resistance during HFD,
through facilitation of glucose disposal and mitochondrial function [627]. SIRT3 knockout
in mice shows that SIRT3 has an effect on autophagy. The compound dihydromyricetin
activates the autophagy pathway through the AMPK/SIRT3/PGC1α axis, to improve insulin sensitivity [628]. Finally, metformin ameliorates insulin resistance in skeletal muscle
cells, in part through upregulation of SIRT3, as previously mentioned [621].
SIRT4 is upregulated in muscle cells of M. amblycephala after a high oral glucose intake,
indicating that SIRT4 plays a role in muscle cell metabolism [492]. In mice muscle cells,
SIRT4 regulates ATP levels, with SIRT4 knockouts having significantly reduced ATP levels
in the muscle tissue in both fed and starved conditions. Overexpression of SIRT4 results
in increased ATP/ADP values, whereas the opposite occurs for SIRT4 knockouts. SIRT4
regulates ATP levels through PGC1α and AMPK [629]. At high altitudes, SIRT4 mediates
the switch from fat to carbohydrate metabolism, the latter being significantly upregulated at
higher altitudes in human muscle cells [630]. Furthermore, knockdown of SIRT4 increases
fatty acid oxidation and cellular respiration rates of skeletal muscle cells in mice as well
as AMPK expression [28]. Upon SIRT4 knockdown, SIRT1 and SIRT3 are upregulated. In
addition, upon SIRT1 knockout, the increase in fatty acid oxidation halts, indicating that
SIRT4 might work upstream of AMPK in the AMPK/SIRT1 pathway [28].
In the skeletal muscle of SIRT5 knockout mice, a number of proteins are hypersuccinylated; however, no major physiological effect is observed [561]. Moreover, deletion
of SIRT5 does not result in changes in expression of genes involved in the regulation of
metabolism in muscle cells [561]. SIRT5 levels in muscle tissue can be increased by feeding
mice either a whey protein or milk protein supplement [631].
SIRT6 is upregulated in muscle cells of M. amblycephala after a high oral glucose intake,
indicating that SIRT6 plays a role in muscle cell metabolism [492]. Moderate physiological
overexpression of SIRT6 in skeletal muscle cells increases insulin sensitivity in mice [389],
and upregulates physical activity and AMPK levels in mice muscle cells [632]. SIRT6 levels
can be increased by feeding mice milk protein supplements, whereas exercise was shown to
decrease their SIRT6 levels [631]. However, other studies showed that SIRT6 deficiency in
skeletal muscle cells results in an upregulation of AKT, an enhanced recruitment of glucose
transporters to the cell membrane as well as an increased insulin signaling upstream of
AKT. In turn, an increased glucose uptake subsequently causes hypoglycaemia [633]. SIRT6
deficiency in muscle cells also results in impaired insulin sensitivity, weakening of exercise
performance and attenuation of body energy expenditure [634]. Currently, no explanation
for these inconsistent findings has been provided. However, it is suggested that a different
tissue distribution of SIRT6 expression may exist [389].
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SIRT6 knockout mice show a degenerated skeletal muscle phenotype accompanied
by significant fibrosis, indicating that SIRT6 is vital in maintaining muscle mass [635].
SIRT6 is recruited to histone H3k9 at NF-kB binding sites, and their deacetylation results
in the termination of NF-kB signaling leading to a reduced expression of atrophic factors.
Thus, SIRT6 is responsible for maintaining skeleton muscle mass through its deacetylase
activity [635]. SIRT6 deletion results in a decreased expression of genes involved in
metabolism, through a reduced AMPK activity [634]. Conversely, overexpression of SIRT6
in muscle cells activates AMPK [634]. SIRT6 in the muscle mediates glucose metabolism and
exercise capacity through activating AMPK, and can therefore be a potential therapeutic
target against T2DM [634]. In older rats, SIRT6 is upregulated, and exercise attenuates its
levels. Increased SIRT6 levels may cause the opposite effect of SIRT6 deficiency, namely
hyperglycemia, increasing the risk of diabetes with age as levels of SIRT6 and blood glucose
rise [636].
Aging decreases SIRT7 expression in rat skeletal muscle cells. Since SIRT7 regulates the
muscle protein degradation system in old animals, SIRT7 may act against sarcopenia, which
is characterized by loss of skeletal muscle mass and function. A syndrome linking obesity
to sarcopenia, called sarcopenic obesity or obese sarcopenia, exists, which is however
clinically poorly defined [637,638]. Short-term CR decreases SIRT7 levels, which remain
reduced after refeeding [639]. In contrast, SIRT7 levels can be increased by feeding mice
whey protein or milk protein supplements [631].
Leptin regulates muscle growth and development by acting on SIRT1, FOXO3a and
their downstream targets, such as PGC1α. Activating the SIRT1/PGC1α axis protects the
diabetic heart by reducing hypertrophy and fibrosis [640]. In high glucose media, leptin is
associated to AKT and AMPK activation in muscle cells, which affect PGC1α post-translational modifications that are reversible upon removal of leptin [641,642]. Moreover, p53
increases muscle aerobic capacity through increasing mitochondrial content. When p53 is
knocked out, reduced levels of PPARγ and PGC1α are observed, and reduced apoptosis
and mitochondria are observed [643,644].
An overview of the role of Sirtuins in the muscle is presented in Table 5. SIRT1 and
SIRT3 have a positive effect on metabolism. SIRT2 is important for muscle proliferation,
but has a negative effect on MetS progression. SIRT4 has an ambiguous effect, increasing
ATP levels, but reducing fat oxidation. The role of SIRT4 in muscles during metabolism and
disease required further research. SIRT5 plays no important role in muscle cells, whereas
SIRT6 has an overall negative effect. SIRT7 protects against age-related degradation, however no information about its metabolic effects in muscle is currently available. Relations
between most Sirtuins with AMPK and with FOXOs are documented. However, the role of
Sirtuins together with mTOR, p53 and CDK is not known, although a connection with cell
cycle proteins is suspected during muscle atrophy.
6.6. Heart
Activation of SIRT1 in cardiomyocytes prevents the development of cardiac hypertrophy, and protects the cells from inflammation and metabolic dysregulation. These
effects are mediated through the interaction with PPARα and deacetylation of PGC1α,
which also results in the transcription of genes involved in fatty acid oxidation [645]. CR
can mediate diabetic cardiomyopathy through the SIRT1/PGC1α pathway, by decreasing oxidative stress and inflammation [646]. Eight weeks of CR and resistance exercise
in HFD-fed obese rats increase SIRT1/FOXO1 expression in skeletal muscle and reduce
mTOR, which—when active—is a hypertrophic factor. Yet, no difference in heart weight
was found [647]. CR can also improve cardiac function in rats, through SIRT1 and SIRT3
upregulation [648]. However, suppression of the estrogen-related receptor transcriptional
pathway by PPARα/SIRT1 as a physiological fasting response is involved in the progression of heart failure by inducing mitochondrial dysfunction [649]. This observation
indicates that the PPARα/SIRT1 pathway can mediate the physiological adaptation of the
heart during starvation, and that its inappropriate activation may lead to heart failure.
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PPARδ increases the capacity for myocardial glucose utilization and has a cardioprotective effect. Moreover, the ratio between PPARα and PPARδ was skewed in the diabetic
heart, with less PPARδ shifting metabolism from glucose to fat [650]. Dual activation of
PPARα and PPARγ leads to cardiac dysfunction associated with PGC1α suppression, and
with a decreased mitochondrial abundance, likely due to competition between the two
transcription factors [651].
Table 5. Overview of the role of Sirtuins in the skeletal muscle.
Expression

Effect of Sirtuin
on Target Genes

Effect of Sirtuin
on Local Processes

Involvement in
Metabolic
Diseases

Function in MetS
(Effect on the
Organism)

Effect of Dietary
Influence on
Sirtuin

Effect of
Modulating Drugs
on Sirtuin

Sirt1

Yes

PGC1α (↑)
SIRT3 (↑)
AMPK (N/A)
FOXO1 (↓)
FOXO3 (↓)
PI3K (↑)

Mitochondrial activity (↑)
Aerobic capacity (↑)
Insulin resistance (↓)
Fatty acid oxidation (↑)

T2DM

Positive

CR (↑)
HFD (↓)

Resveratrol (↑)
Telmisartan (↑)

Sirt2

Yes

N/A

Glucose uptake (↓)

N/A

Negative

N/A

N/A

T2DM

Positive

CR (↑)
Fasting (↑)
HFD (↓)

Metformin (↑)

Negative

N/A

N/A

Sirtuin

Sirt3

Yes

AMPK (N/A)
PGC1α (N/A)
FOXO1 (↑)

Energy expenditure (↑)
Respiratory rates (↓)
Insulin resistance (↓)
ROS levels (↓)
Glucose uptake (↑)

Sirt4

Yes

AMPK (↓)

ATP levels (↑)
Fatty acid oxidation (↓)
Cellular respiration (↓)

N/A

Sirt5

Yes

N/A

N/A

N/A

N/A

N/A

N/A

Sirt6

Yes

AMPK (↑)

Insulin sensitivity (?)

N/A

Ambiguous

N/A

N/A

Sirt7

Yes

N/A

N/A

N/A

N/A

CR (↓)

N/A

Oxidative stress plays a relevant role in the development of a number of cardiovascular diseases [652]. SIRT1 manages the oxidative stress response through the regulation
of p53, FOXO1, FOXO3 and FOXO4 [653–656]. AMPK is downregulated in diabetic patients and, as such, the failing heart is unable to meet the normal metabolic needs of the
body. Therefore, AMPK plays an important role in development in heart failure, and
upregulation of AMPK has been associated with protection against heart injury [657].
Therapy with resveratrol increases AMPK, PPARγ and PGC1α activities, whereas it decreases PPARα and p53 activities through SIRT1. This outcome has positive effects on heart
failure, suggesting the resveratrol is promising against heart disease [658]. However, high
concentrations of resveratrol can inhibit the PI3K/AKT/mTOR pathway, thus indicating
that an understanding of the specific mechanisms of action of this compound is critical
before to consider it a safe intervention [659]. Physiological hypertrophy is correlated
to an increased cardiac angiogenesis, while pathological hypertrophy is correlated with
reduced in capillary density [660]. AKT is a major player in cardiac angiogenesis, and acute
AKT expression results in mTOR-dependent induction of myocardial vascular endothelial
growth factors [661]. AKT is also involved in cardiomyocyte growth through mTOR [661].
However, if AKT is chronically expressed, the amount of angiogenesis promoters decreases,
while hypertrophy continues and leads to cardiovascular pathologies [661]. Therefore, the
balance between hypertrophy and angiogenesis is determinant for physiological and pathological hypertrophy. SIRT1 is able to activate AKT, which has two potential downstream
effects: it can promote physiological cardiac hypertrophy, or it can antagonize pathological cardiac hypertrophy [662]. These results indicate that different molecular signaling
pathways are active in different types of hypertrophy. Targeting specifically pathological
hypertrophy would be an interesting intervention. It was found that inhibition of mTOR
by rapamycin improves cardiac function in diabetic mice [663]. Mice lacking SIRT1 have
a reduced physiological cardiac hypertrophy after exercise, indicating the importance of
the AKT/SIRT1 pathway for a healthy heart [664]. Mice in which development of cardiac
hypertrophy and heart failure was stimulated, showed an improved the energy metabolism
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upon administration of a compound named vildagliptin. Vildagliptin increased fibroblast
growth-factor 21 (FG21) levels through SIRT1-mediated pathways and both mice and
human cardiac fibroblasts [665]. FG21 stimulates PGC1α and AMPK/SIRT1 [666], and is
stimulated by PPARα [665]. These interactions could result in a protective effect for cardiac
energy metabolism, through increased fatty acid and glucose metabolism. AKT activation
can also have a cardio protective effect after ischemic injury, by protecting cardiomyocytes
from apoptosis and improving surviving cardiomyocyte function [667]. SIRT1 can promote autophagy and inhibit apoptosis after hypoxia in the heart via AMPK, thus a role
for the AMPK/mTOR/AKT pathway is likely [668]. In addition, SIRT1 can also protect
cardiomyocytes against apoptosis induced by stress of the endoplasmic reticulum (ER). It
does this through PERK/eIF2α-, ATF6/CHOP- and IRE1α/JNK-mediated pathways [669].
Finally, SIRT1 seems to play a role in mice recovering from myocardial infarction by lowto-moderate intensity exercise [670]. The compound taurine was found to influence the
cardiac tissue. It has a cardio-protective effect during pressure overload-induced heart
failure by activating the SIRT1/p53 pathway, thus reducing myocyte hypertrophy and fibrosis [671]. Moreover, bioactive peptides were found to attenuate cardiac apoptosis through
the activation of mitochondrial biogenesis pathways and of SIRT1 and PGC1α [672]. These
bioactive peptides could be considered a future alternative anti-hypertensive drug.
In the heart, stability of microtubules plays a role in the development of cardiac disease, since microtubules that are too stable impair contraction of the heart [673]. SIRT2
plays a role in the stability of microtubules by deacetylation, thus making them more
unstable, which potentially protects the heart [674]. In the diabetic heart, SIRT2 is downregulated, resulting in an increased microtubule activity and an increased risk of cardiac
disease [674]. SIRT2 levels are decreased in mice during pathological cardiac hypertrophy
and SIRT2 deficient mice develop pathological cardiac hypertrophy and cardiac dysfunction. In addition, SIRT2 promotes AMPK activation and represses nuclear factor of
activated T-cells (NFAT) transcription factors. Thus, SIRT2 blocks both specific protein
synthesis and gene transcription required for cardiomyocyte hypertrophy [675,676].
SIRT3 is downregulated in the hearts of obese humans and rats as well as in HFDfed mice, and a decreased SIRT3 activity can result in mitochondrial hyperacetylation
and subsequent ventricular dysfunction and heart failure [677,678]. Hyperacetylation
of mitochondrial proteins can be critical in the pathogenesis of cardiac disease in mice,
and it is coupled to lower SIRT3 and NAD+ levels observed in the heart during stress.
Administration of the drug nicotinamide mononucleotide preserves cardiac mitochondrial
homeostasis and heart failure in stress-sensitive mice [679]. SIRT3 has an anti-hypertrophic
effect on heart cells through activation of AMPK and nuclear localization of FOXO3a. SIRT3
also blocks AKT activity through FOXO-mediated ROS level reduction, and increased ROS
levels activate AKT. The decrease of AKT activity can be—depending on the cause of
hypertrophy—either beneficial or detrimental [680]. However, FOXO signaling has been
also reported to activate AKT by inhibiting protein phosphatases, and to play a role in
insulin sensitivity and impaired glucose metabolism in the heart [681]. Downregulation
of SIRT3 has been associated with impaired mitochondrial and contractile function of
the heart [682]. Furthermore, SIRT3 inhibits FOS transcription through deacetylation of
the histone H3K27 at the FOS promoter [683]. SIRT3 knockout mice exhibit an increased
inflammation and fibrosis in the heart, whereas consistent overexpression of SIRT3 in mice
cardiomyocytes can partially prevent inflammation and fibrosis [683]. Considering that
FOS is upregulated during cardiac hypertrophy and heart failure, SIRT3 may have a cardioprotective effect through its histone deacetylase activity in the heart [683]. In rats with
ischemic injury, overexpression of SIRT3 ameliorates hypoxia-induced dysfunction [684].
SIRT3 has an anti-hypertrophic effect on cardiomyocytes, through activation of AMPK
and nuclear localization of FOXO3a [685]. Moreover, SIRT3 blocks AKT activity through
FOXO-mediated ROS level reduction, and SIRT3 affects hypertrophy through regulation of
autophagy [685]. However, the molecular mechanisms of action are currently unknown.
SIRT3 levels are reduced during HFD, since the response to such a diet increases cardiac
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fatty acid oxidation, which is controlled through SIRT3 downregulation and subsequently
increased in the acetylation of enzymes involved in mitochondrial β-oxidation [686]. An
increase of SIRT3 levels can preserve heart function and heart capillary density during
obesity, and activation of the SIRT3/FOXO3 pathway can protect the heart from HFDinduced oxidative stress [687,688]. Resveratrol preserves the mitochondrial function and
cellular size in the heart of diabetic rats [689]. Furthermore, choline, an essential nutrient, ameliorates cardiac hypertrophy by regulating metabolic remodeling through the
AMPK/SIRT3 pathway [690]. AMPK may inhibit hypertrophy and ameliorates cardiac
dysfunction caused by oxidative stress in mice hearts, through the activation of SIRT3 [691].
Through SIRT3 signaling, melatonin can modulate autophagy, decrease apoptosis and
alleviate mitochondrial dysfunction during diabetic cardiomyopathy in mice, and SIRT3
knockout abolishes the effect of melatonin on cardiac function [692]. Of note, the compound
licoisoflavone A reduces cardiac hypertrophy by upregulation of SIRT3 [693].
SIRT4 is highly expressed in the heart and inhibits the activity of manganese superoxide dismutase (MnSOD), which manages ROS levels. Specifically, SIRT4 activity
increases ROS levels and induces hypertrophic growth, generation of fibrosis and cardiac
dysfunction [694]. However, SIRT4 also plays a role in the prevention of hypoxia-induced
apoptosis during ischemic heart injury [695]. An increase of SIRT4 levels results in an
improved protection of heart cells from ischemia through the protection of mitochondria
and the reduction of apoptosis [696].
Succinyl-CoA is the most abundant acyl-CoA molecule, and a number of cardiac
proteins in the heart are regulated by SIRT5, including those involved in fatty acid oxidation [697]. SIRT5 knockout mice have increased long-chain acyl-CoAs and decreased
ATP levels in the heart under fasting conditions, and develop a hypertrophic cardiomyopathy [697]. Moreover, SIRT5 knockout in mice increases protein succinylation. Other Sirtuin
functions, such as acetylation, where unaffected, indicating that desuccinylation is the
main function of SIRT5 in the heart [698]. As a result of SIRT5 deficiency, proteins affected
by an increased succinylation are mainly active in the oxidative metabolism and oxidative
phosphorylation [698]. Moreover, SIRT5 knockout mice have an increased hypertrophy
and a greater systolic impairment as compared to wild type [698]. It was discovered that
regulation of SIRT5 occurs via upstream proteins and metabolites that inhibit a damage
cascade via activation of several cytokines. Therefore, SIRT5 may represent an interesting
therapeutic target against ischemia-reperfusion injury [699].
SIRT6 protects cardiomyocytes against ischemia and reperfusion injury. It does this
through the upregulation of AMP/ATP and activation of AMPK, which decreases cellular
levels of oxidative stress through FOXO3a [700]. SIRT6 is downregulated in HFD-fed
mice. Overexpression of SIRT6 protects mice from developing obesity and insulin resistance [565]. SIRT6 and SIRT3 maintain each other’s activity and protect the heart from
developing a diabetic cardiomyopathy [678]. SIRT6 binds to and suppresses the promoter
of IGF signaling-related genes through interaction with the transcription factor c-Jun and
deacetylating the histone H3K9 at IGF signaling-related promoter genes. Thus, SIRT6
inhibits the IGF/AKT pathway, which reduces the development of cardiac hypertrophy. In
this way, SIRT6 protects the heart, and a decreased SIRT6 expression is observed in failing
hearts, indicating that disrupted histone deacetylase activity of SIRT6 can lead to cardiac
disease [701]. SIRT6 also possibly regulates the nuclear retention of FOXO3 through the
AKT pathway [702]. SIRT6 suppressed cardiomyocyte hypertrophy in vitro via inhibition
of the NF-κB-dependent transcriptional activity [703]. Finally, SIRT6 knockdown in mice
results in a decreased oxygen consumption and ATP production, and in an increased
nuclear localization of FOXO1. Subsequent transcriptional changes can cause reduced
heart functioning [704].
SIRT7-deficient mice develop cardiac hypertrophy, inflammatory cardiomyopathy
and fibrosis. SIRT7 interacts with and deacetylate p53, and lack of SIRT7 resulted in p53
hyperacetylation and activity [640]. Cardiomyocytes lacking SIRT7 showed an increased
apoptosis and a diminished resistance to oxidative and genotoxic stress, whereas SIRT7

Biology 2021, 10, 194

41 of 78

overexpression reduces apoptosis during hypoxia, indicating that SIRT7 is a stress survival
gene in cardiomyocytes [641,642]. SIRT7 is also involved in myocardial tissue repair
through the growth factor B pathway [705]. Short-term CR increases expression of SIRT1-4
and SIRT7 in cardiomyocytes, which demonstrates the beneficial effect that diet can have
on cardiovascular disease progression [706]. PPARγ can have a beneficial effect on some
tissues. However, the cardiomyocyte expression of PPARγ leads to cardiac dysfunction
in mice [707]. The CDK inhibitors p21 and p27 are downregulated, whereas p57 is upregulated, during human heart failure [708]. These levels are reminiscent of the expression of
the fetal heart, possibly because of an unsuccessful attempt to initiate cell division in the
terminally differentiated cells [708]. Overexpression of the CDK inhibitor p16 through an
adenovirus vector was shown to inhibit cardiac hypertrophy in vivo, suggesting a novel
therapy for pathological cardiac hypertrophy [709].
An overview of the role of Sirtuins in the heart is presented in Table 6. SIRT1 and
SIRT3 protect against cardiac pathologies. SIRT6 and SIRT7 also have a positive role on
cardiac pathologies, although their role is not yet well described. This holds also for SIRT2,
of which the metabolic functioning in the heart is not yet understood. Considering its
roles in some peripheral tissues, SIRT2 represents an interesting target for further research.
SIRT40 s role in cardiac disease progression is dependent on the specific pathology, and
its role during hypoxia has still to be understood. SIRT5 has a positive effect in the heart,
however none of the underlying mechanism properly described. The connection between
Sirtuins and their main partners in the heart has been described for SIRT1 and, partially,
also for SIRT3, but is lacking for other Sirtuins. Considering that cardiac hypertrophy plays
a relevant role in cardiac pathologies, it can be suspected that cell cycle players such as p53,
mTOR and CDKs can be involved in disease progression. Interaction of these proteins with
Sirtuins in the heart should be investigated.
Table 6. Overview of the role of Sirtuins in the heart.

Expression

Effect of
Sirtuin on
Target Genes

Effect of Sirtuin
on Local Processes

Involvement
in
Metabolic
Diseases

Function in
MetS
(Effect on the
Organism)

Effect of Dietary
Influence on
Sirtuin

Effect of
Modulating
Drugs on
Sirtuin

Sirt1

Yes

PGC1α (↑)
FOXO1 (↑)
FOXO3 (↑)
FOXO4 (↑)
p53 (↓)
AMPK (↑)
PGC1α (↑)
PPARγ (↑)
PPARα (↓)

Inflammation (↓)
Oxidative stress (↓)
Mitochondrial
function (↓)
Apoptosis (↓)
Autophagy (↓)

Hypertrophy

Positive

CR (↑)

Resveratrol (↑)

Sirt2

Yes

AMPK (↑)

Microtubule activity
(↓)

Hypertrophy
T2DM

Positive

CR (↑)

N/A

Hypertrophy

Positive

CR (↑)
HFD (↓)

Melatonin (↑)
Resveratrol (↑)

Sirtuin

Sirt3

Yes

AMPK (↑)
SIRT6 (↑)

Oxidative stress (↓)
Inflammation (↓)
Apoptosis (↓)
Mitochondrial
function (↑)
Autophagy

Sirt4

Yes

N/A

Oxidative stress (↑)
Apoptosis (↓)

Hypertrophy

Ambiguous

CR (↑)

N/A

Sirt5

Yes

N/A

N/A

Hypertrophy

Positive

N/A

N/A

Positive

HFD (↓)

N/A

Positive

CR (↑)

N/A

Sirt6

Yes

AMPK (↑)
SIRT3 (↑)

Oxidative stress (↓)
Insulin resistance (↓)

Ischemia
T2DM
Hypertrophy

Sirt7

Yes

p53 (↓)

Apoptosis (↓)
Oxidative stress (↓)

Hypertrophy
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7. Discussion
Sirtuins are key players in metabolic regulation in several organisms, including humans. Thus, Sirtuins and their interactors may be implicated in molecular mechanisms
underlying metabolic disorders. The most prominent interaction partners of Sirtuins are
signaling regulators, such as AMPK, FOXOs, PPARs, PI3K, AKT and mTOR, and cell cycle
proteins, such as cyclins and CDKs. Interactions of these molecules with Sirtuins exert
tissue-dependent effects, and can either stimulate or inhibit development and progression
of metabolic disorders. In Table 7 are summarized, for each Sirtuin, the tissue(s)/organ(s)
where they are located, dietary and medicinal influences, and their involvement in specific
metabolic disorders. Furthermore, in Figure 1, the relevant Sirtuins and their main target
genes/interactions in the various tissues have been grouped according to the metabolic
processes that they are involved with. Below, we discuss the interplay between specific
Sirtuins to regulate the metabolic tissues at local and systemic levels.
Table 7. Overview of the role of Sirtuins in metabolic disorders.
Effect in Organs and Disease
Progression (P, Positive; N,
Negative; N/A, Not Available; AM,
Ambiguous)

Effect of Dietary Influence and
Organs

Effect of Modulating Drugs

Role in Metabolic Diseases

Sirt1

Pancreas (P)
Liver (P)
Adipose tissue (P)
Brain (N)
Muscle (P)
Heart (P)

CR (↑)—heart, muscle, adipose tissue,
pancreas
HFD (↓)—muscle, adipose tissue,
pancreas
HFD (↑↓)—liver
CR (↑↓)—liver
Fasting (↑)—brain
CR (↓)—brain
Ketosis (↑)—brain

Resveratrol (↑)
Artesunate (↑)
GABA (↑)
Metformin (↑)
Maslinic acid (↑)
Vitamin K (↑)
Fisetin (↑)
Fucoidan (↑)
Mangiferin (↑)
Spirulina-maxima (↑)
SRT1720 (↑)
Telmisartan (↑)

Hypertrophy
Obesity
NAFLD
T2DM
Ischemic injury

Sirt2

Pancreas (N/A)
Liver (P)
Adipose tissue (P)
Brain (N)
Muscle (N)
Heart (P)

CR (↑)—heart, adipose tissue
Fasting (↑)—adipose tissue

N/A

Obesity
T2DM
Hypertrophy

Sirt3

Pancreas (AM)
Liver (P)
Adipose tissue (P)
Brain (P)
Muscle (P)
Heart (P)

CR (↑)—heart, muscle, adipose tissue,
liver, pancreas
HFD (↓)—heart, muscle, pancreas
Fasting (↑)—muscle, adipose tissue,
liver
Ketosis (↑)—brain, liver

Melatonin (↑)
Resveratrol (↑)
Metformin (↑)
Honokiol (↑)
Salvianolic acid B (↑)
Berberine (↑)

Hypertrophy
Obesity
NAFLD
T2DM
Ischemic injury

Sirt4

Pancreas (N)
Liver (N)
Adipose tissue (N)
Brain (N/A)
Muscle (N)
Heart (AM)

HFD (↑)—adipose tissue
Glucose (↑)—brain
CR (↓)—pancreas

3-Iodothyronamine (↓)

Hypertrophy
Obesity

Sirt5

Pancreas (AM)
Liver (P)
Adipose tissue (AM)
Brain (P)
Muscle (N/A)
Hear (P)

Fasting (↑)—liver
High protein (↑)—liver
CR (↑)—brain

N/A

Hypertrophy
Obesity
NAFLD
T2DM

Sirt6

Pancreas (P)
Liver (N/A)
Adipose tissue (N/A)
Brain (AM)
Muscle (AM)
Heart (P)

HFD (↓)—heart
CR (↑)—brain
Glucose (↑)—brain

Metformin (↑)
Rolipram (↑)
3-Iodothyronamine (↑)

Ischemia
T2DM
Hypertrophy
Obesity
Lipidemia
NAFLD

Sirt7

Pancreas (N/A)
Liver (AM)
Adipose (N/A)
Brain (N/A)
Muscle (N/A)
Heart (P)

CR (↓)—muscle
CR (↑)—heart

N/A

Hypertrophy
Obesity
NAFLD

Sirtuin
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Interestingly,
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due to decreased NAD+ synthesis [277]. Administration of GABA increases NAD+ levels
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[283]. This
and other
strategies
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NAD+ levels
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as potential
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investigated
as potential
treatment.
In thecontradicting
pancreas, other
other
Sirtuins
havemay
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and
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results that
should
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the underlying
mechanisms of
action.that
Sirtuins
have
been be
studied
extensively,
and studies
report contradicting
results
should be further addressed to elucidate the underlying mechanisms of action.
In this tissue, each Sirtuin has specific functions; however, some Sirtuins are involved
in similar metabolic pathways. For example, SIRT1 and SIRT6 play a role in glucose tolerance [276,279,280,293,296,297] and share FOXO1 as a common target [266–268,270,295]. In
addition, SIRT1 and SIRT6, together with SIRT3 and SIRT5, are also involved in insulin
signaling and secretion [263,269,279,289,290,293,296,297]. Given the involvement in these
metabolic pathways, it is not surprising that SIRT1, SIRT3 and SIRT5 were found to play
an important role in T2DM [274,293,294]. A direct link between SIRT6 involvement in
metabolic pathways and T2DM has been, to the best of our knowledge, not reported.
Besides glucose metabolism, Sirtuins in the pancreas—specifically SIRT1 and SIRT5—also
play a role in β-cell proliferation and maintenance [273,275,281]. Finally, SIRT1 and SIRT3
are involved in oxidative stress management: SIRT1 protects, through activation of FOXO1,
cells against hyperglycemia-induced oxidative stress, whereas SIRT3 protects pancreatic
cells in mice against palmitate-induced stress [272,288].

7.2. Liver
In the liver, most information is available again for SIRT1, which acts via NAD+
as nutrient sensor to regulate glucose homeostasis. SIRT1 deacetylates FOXO1 [307],
which subsequently interacts with PGC1α [306]. PPARγ is also likely involved in the
SIRT1-dependent regulation of glucose homeostasis [301]. In addition, SIRT1 activates
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AMPK and PPARα to decrease fatty acid synthesis and stimulate oxidation thereof, thus
playing a role in liver lipid metabolism [308,309]. Adiponectin is an important player
in the interaction between SIRT1, AMPK and PPARα [313,314], and AMPK regulates the
PI3K/AKT/mTOR pathway, which acts through FOXOs to regulate in lipogenesis [315,316].
Reduction of SIRT1 expression impairs signaling in this pathway [305], as well as PPARα
signaling [309]. SIRT1 levels are lower in humans with NALFD [321], as well as in HFDfed mice suffering from NAFLD. Interestingly, an HFD increases SIRT1 levels in healthy
livers, as does adherence to CR [323–326]. SIRT2 has an overall positive effect in the liver,
because it suppresses hepatic fibrosis [351] and steatosis [352], and it counteracts ROS
generation and mitochondrial dysfunction to restore insulin sensitivity [353]. Moreover,
SIRT2 promotes hepatic glucose uptake and tolerance in mice [354]. SIRT3 deacetylates
proteins in diverse metabolic pathways [355], such as the ketogenic pathways during
fasting [356] and the fatty acid oxidation and the urea cycle during CR [357]. SIRT3 is
also involved in mitochondrial maintenance, which is disrupted upon SIRT3 downregulation, resulting in lipotoxicity upon nutrient excess [358] and less ROS scavenging [363].
Anti-ROS activity results from SIRT3 deacetylating PPARγ and FOXO1 [363,365]. SIRT3
expression can be reduced by palmitic acid, which levels increase during obesity, leading to oxidative stress and apoptosis [351], and to impaired intestinal permeability [366].
Conversely, SIRT3 expression increases during fasting [372]. Interaction partners of SIRT3
are AMPK, PGC1α, PPARα and CPS1. AMPK activation by SIRT3 suppresses lipogenesis
and protects against lipotoxicity; PGC1α interacts with SIRT3 and CPS1 to regulate the urea
cycle [374]. Contrarily to SIRT1 and SIRT3, SIRT4 exerts a negative effect in the liver. SIRT4
interacts with SIRT1 and PPARα, inhibiting their expression. By suppressing SIRT1, SIRT4
inhibits fatty acid oxidation and mitochondrial gene expression in the liver [376]. SIRT5
regulates ketogenesis and β-oxidation [31]. PGC1α and PPARα upregulate SIRT5 levels
during fasting, while AMPK downregulates SIRT5 levels in this condition [373]. SIRT6
negatively regulates glycolysis, triglyceride synthesis and fat metabolism [381], which
generates a protective effect for the liver [384]. Overexpression of SIRT6 protects against
disrupted glucose homeostasis and increases insulin sensitivity [390]. SIRT6 activates
PPARα to promote fatty acid β-oxidation, thus reducing liver fat content [392]. SIRT6 is
regulated by SIRT1 and FOXO3a [382]. The interaction between FOXO3a and SIRT6 is
also involved in lowering LDL levels [389]. SIRT7 positively regulates TR4/TAKI that
is involved in fatty acid uptake and triglyceride synthesis. Due to studies reporting
contradicting results, the role of SIRT7 in NALFD development and progression remains
the subject of debates [393,394].
In the liver, Sirtuins influence glucose metabolism. SIRT1 increases gluconeogenesis [299,300,307] and decreases glycolysis similarly to SIRT6 [299,300,381]. SIRT2 stimulates
glucose uptake and tolerance [354], and it increases insulin sensitivity similarly to SIRT1
and SIRT6 [305,318,337,353,389]. Lipid metabolism is also influenced by Sirtuins present in
the liver. For example, triglyceride synthesis is decreased by SIRT6 and SIRT7 [381,392].
SIRT6, together with SIRT1, SIRT3 and SIRT5, also influence β-oxidation of fatty acids
through the common target PPARα [30,318,324,335,357,360,390]. Contrarily, SIRT4 inhibits
fatty acid oxidation by repressing PPARα [28,376]. Furthermore, SIRT4 reduces mitochondrial gene expression, whereas SIRT3 is involved in maintaining integrity of mitochondria
through protection from ischemic damage [474,483,484,496].
7.3. Brain
In the brain, SIRT1 is the most extensively studied among the Sirtuins, for which a vast
number of functions has been discovered, both related to metabolism and other types of
functions, such as in memory [407,408] and motor function [412]. SIRT1 positively regulates
FOXO1, which subsequently stimulates excessive food intake [398,399,402]. Food intake is
also stimulated via the SIRT1/p53 axis that activates hypothalamic AMPK [413]. Negative
regulation of FOXO1 is exerted by the PI3K/AKT pathway [398]. FOXO1 seems to have different functions in different hypothalamic regions, although its overall function is anabolic
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in nature [450–453]. Contrarily to its effect in peripheral tissues, SIRT1 thus exerts a negative metabolic effect in the brain, specifically in the hypothalamus. Therefore, it is important
to consider adverse effects before the administration of systemic drugs that influence SIRT1
function. SIRT1 also plays a role in autophagy [414], Alzheimer’s disease [416,417], ischemic injury [418–420,422,431] and inflammatory gene expression [423]. SIRT1 stimulates
autophagy while protecting against or inhibiting the latter three diseases under specified
circumstances. In addition to SIRT1, the PI3K/AKT/mTOR pathway is also involved
in autophagy, which inhibits it in a SIRT1-dependent manner [461,462]. SIRT1 affects
progression of Alzheimer’s disease through interactions with FOXO3a and SIRT3 [453,456].
Activity of SIRT1 is modulated through processes influencing the NAD+/NADH ratio,
with increased ratios activating SIRT1 [439]. Given that NAD+ levels fluctuate in a circadian
manner [428], SIRT1 activity follows a similar pattern [427]. The major function of SIRT2
in the brain is to regulate insulin resistance by interacting with AKT [471]. In addition,
SIRT2 affects ATP levels, oxidative stress and necrosis [472]. Downregulation of SIRT2
has both negative effects, by increasing oxidative stress and necrosis [472], and positive
effects, by protecting from ischemic injury [474] and inhibiting progression of Huntington’s and Parkinson’s diseases [475,477]. Of note, recent studies contradict these findings,
and further experiments are needed to validate the findings. SIRT3 is essential for the
neuroprotective effects of physical exercise [483], by promoting an increase in PGC1α and
PPARγ levels [484]. SIRT3 protects against cognitive decline, mitochondrial dysfunction
and oxidative stress [485,486], and improves mood and cognition [488]. SIRT4 is thought
to inhibit metabolism as its inhibition by the mTOR pathway stimulates metabolism [491].
SIRT6 seems to have a location-dependent function in the brain [500]. SIRT6 interacts with
AKT to induce autophagy during oxidative stress, which is inhibited upon repression of
SIRT6. SIRT6 likely plays a role in metabolism, as SIRT6 deletion ultimately results in
obesity; however, the underlying mechanism of its function has to be elucidated yet [503].
In the brain, the effects of Sirtuins on local metabolic pathways is less extensive compared to the pancreas and liver, and shows less overlap among Sirtuins. However, SIRT1
and SIRT2 induce insulin sensitivity through the common target AKT [405,471]. Furthermore, in this tissue, (protection from) ischemia involves multiple Sirtuins. Downregulation
of SIRT2 prevents neuronal ischemic injury, whereas upregulation of SIRT3 and SIRT5
serves a protective function [474,483,484,496].
7.4. Adipose Tissue
In the adipose tissue, SIRT1 and SIRT3 are the most studied among the Sirtuins.
SIRT1 is a crucial repressor of adipogenesis [509], and it regulates insulin sensitivity and
glucose tolerance [510,511]. Regulation of adipogenesis occurs through interaction with
PPARγ [249,512]; regulation of glucose homeostasis occurs by enhancing brown adipose tissue, also through PPARγ [519–521]. SIRT1 is also involved in cross-generational metabolic
diseases [351] and protection against MetS-related symptoms [513]. In addition, by interacting with AKT and mTOR, SIRT1 decreases inflammation in the adipose tissue [515]. Both
SIRT1 and SIRT2 interact with PPARγ to regulate adipocyte differentiation [539]. SIRT2 also
interacts with FOXO3a, to decrease ROS levels [540], and with FOXO1, to repress PPARγ
promotors [23,541,542], which in turn promotes lipolysis and inhibits adipocyte differentiation [541]. While SIRT1 and SIRT2 are downregulated during adipocyte differentiation,
SIRT3 is upregulated. SIRT3 controls brown fat thermogenesis [547], and its expression is
regulated by PGC1α [548] that is activated by phosphorylated CREB [545,549]. Furthermore, SIRT3 increases cellular respiration whilst decreasing ROS levels [546]. Generally,
SIRT3 is thought to have a systemic rather than a local role [555]. SIRT6 is involved in
lipid storage and adipose deposition induced by MetS through AMPK, and it is mainly
investigated in mice and bovines [387,565,567]. SIRT7 seems to be involved in obesity by
promoting adipogenesis through the inhibition of SIRT1 [571,572]; however, conflicting
findings are reported [575].
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In the adipose tissue, multiple Sirtuins play a role in metabolic pathways, including
adipogenesis. SIRT1 and SIRT2 inhibit PPARγ, which in turn represses adipocyte differentiation [509,512,521,539,541]. PPARγ is also downregulated by SIRT3, which results in
increased lipogenesis. Through a different pathway—activation of AMPK—SIRT6 inhibits
adipocyte differentiation [567,570]. Contrarily, SIRT5 stimulates adipose differentiation
similarly to SIRT7 [559,572], the latter of which achieves this role through downregulation
of SIRT1 [572]. SIRT1 downregulation also results in reduction of lipolysis [248]. Similarly, promotion of lipolysis and inhibition of lipid synthesis are dependent on SIRT2 and
SIRT6, respectively [541,567]. On the other hand, lipogenesis is stimulated by SIRT4 [27].
Inflammatory processes in the adipose tissue are reduced by SIRT2 and SIRT3 that lower
ROS levels, and by SIRT3 that stimulates cellular respiration and ameliorates crosstalk
between macrophages and adipocytes [540,545,553,557]. Furthermore, mitochondrial functions are stimulated by SIRT1, SIRT3 and SIRT5 [373,519,520,553,563]. Thermogenesis is
another local process that is affected by multiple Sirtuins in this tissue: SIRT1 stimulates
it, while SIRT3 controls it in brown fat tissue, through deacetylation of thermoregulation
proteins [519,520,547]. Finally, local insulin sensitivity is affected by expressions of SIRT1
and SIRT3, which reduce insulin resistance [508,555,556].
7.5. Skeletal Muscle
In the skeletal muscle, the AMPK-SIRT1 axis activates mitochondrial fatty acid oxidation, and it plays a role in the switch from glucose to fat metabolism [581]. AMPK
senses changes in available nutrients and activates SIRT1, which subsequently activates
PGC1α [582]; AMPK also directly phosphorylates PGC1α [582]. Exercise as well as diets
can activate the AMPK/SIRT1/PGC1α axis [583–585,592,597–599]. Resveratrol and telmisartan activate the SIRT1/PGC1α and AMPK/SIRT1 pathways, to increase mitochondrial
activity and aerobic capacity in muscle cells, respectively [589,590]. In addition, hyperinsulinemia increases SIRT1 expression in muscle tissue [610]. SIRT1 interacts with PI3K
to enhance insulin sensitivity [600] and, via the PI3K/AKT pathway, promotes muscle
growth while reducing atrophy in mice [605]. Furthermore, SIRT1 deacetylates and deactivates FOXO1 and FOXO3 [605]. Inhibition of FOXO1 prevents muscle atrophy and
induces hypertrophy [603,604]. However, exercise induces muscle damages, in response
to which AMPK increases, resulting in increased levels of FOXO1 and FOXO3a. These
transcription factors interact with PGC1α to inhibit myoblast differentiation and muscle
hypertrophy [606–608]. Activated AMPK also interacts with mTOR, to further inhibit
proliferation [609]. The role of SIRT2 in metabolism, especially in the regulation of insulin
sensitivity, remains a subject of debate. Indeed, potentially local and systemic effects of
SIRT2 differ [471,602,612]. SIRT3 regulates oxidative stress and insulin signaling, although
its effects differ at a local versus systemic level [563,564]. In addition, SIRT3 is involved in
metabolism through mitochondria [617] and regulates the switch between fat and glucose
metabolism [618]. SIRT3, together AMPK and PGC1α, form an axis that, upon activation,
improves insulin sensitivity [626]. SIRT3 concentrations in the muscle tissue are modulated
by diet and exercise [548,614]. SIRT4 regulates ATP levels [627] and, under specific circumstances, it switches the metabolism from fat to carbohydrates [628]. The relevant interaction
partners of SIRT4 are AMPK and SIRT1 and, in fact, SIRT4 likely works upstream of AMPK
in the AMPK/SIRT1 pathway [28]. SIRT5 does not seem to have a major role in metabolism
in the muscle tissue [27]. SIRT6 seems instead to have a role in insulin sensitivity in muscle
tissue, for which it interacts with AMPK and—mostly—AKT [388,629,630,632]. In addition,
SIRT6 is vital to maintain muscle mass [633]. SIRT7 seems to regulate muscle protein
degradation in older animals [635].
In the skeletal muscle, multiple Sirtuins influence metabolic pathways. SIRT1, SIRT2
and SIRT6 are involved in insulin sensitivity/resistance. However, conflicting findings
are reported for SIRT2 and SIRT6 regarding their role in the stimulation or decrease of
insulin sensitivity [389,473,614,633,634], and the cause of these inconsistencies has not been
yet elucidated. A possible explanation may be related to differences between in vitro and
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in vivo studies, as well as to differences between systemic versus local SIRT6 deletion or
overexpression [389]. SIRT1 decreases insulin resistance, likely through multiple routes
since, alone, it is not sufficient to generate an effect [592,593,597–600,603]. Furthermore,
SIRT3 maintains insulin action and can be upregulated through the compounds metformin
and dihydromyricetin, to increase insulin sensitivity [621,627,628]. SIRT1 and SIRT4 play
opposite roles in mitochondrial fatty acid oxidation, which is activated by SIRT1 and by
SIRT4 knockdown, thus suggesting that SIRT4 suppresses this process in skeletal muscle
tissue [28,583]. Finally, glucose metabolism—specifically glucose uptake—is influenced by
SIRT2 and SIRT3, with SIRT2 downregulating glucose uptake in insulin-resistant cells and
overexpression of SIRT3 increasing glucose uptake in muscle cells [614,621].
7.6. Heart
In the heart, SIRT1 is again the most studied among the Sirtuins. SIRT1 prevents cardiac hypertrophy, and protects against inflammation and metabolic dysregulation through
interaction with PPARα and PGC1α [643,644]. However, the PPARα/SIRT1 pathway can
also have detrimental effects upon inappropriate activation [647]. SIRT1 also regulates
oxidative stress through regulation of p53, FOXO1, FOXO3 and FOXO4 [651–654]. The
SIRT1 activator resveratrol leads to increased AMPK, PPARγ and PGC1α activity, while
decreasing PPARα and p53 activity. In general, this outcome has positive effects on heart
failure [656]. In addition, SIRT1 is involved in cardiac angiogenesis in response to cardiac
hypertrophy by regulating AKT activity, which subsequently affects mTOR activity [660].
Finally, SIRT1 promotes autophagy and inhibits apoptosis after hypoxia in the heart via the
AMPK/mTOR/AKT pathway [664], and protects against ER stress-induced apoptosis via
the PERK/eIF2α-, ATF6/CHOP-, and IRE1α/JNK-mediated pathways [667]. The main
function of SIRT2 is regulation microtubule stability by deacetylation, which protects the
heart against hypertrophy [668]. To exert its function, SIRT2 interacts with and activates
AMPK, while it represses NFAT transcription factors [673,674]. SIRT3 is involved in the regulation of mitochondrial deacetylation, thus preventing ventricular dysfunction and heart
failure [675,676]. By activating AMPK and FOXO3a, SIRT3 exerts an anti-hypertrophic
effect [678,689]. Furthermore, SIRT3, via FOXOs, reduces ROS levels, which subsequently
block activity of AKT that may be either beneficial or detrimental [678]. SIRT4 is involved
in regulating ROS levels by inhibiting MnSOD activity [691]. SIRT4 also prevents hypoxiainduced apoptosis during ischemic heart injury [692,694]. The main function of SIRT5
in the heart is desuccinylation of specific proteins that are mainly active in oxidative
metabolism and oxidative phosphorylation [696]. Ultimately, this process influences cardiac hypertrophy, with SIRT5 knockout causing an increased hypertrophy and a systolic
impairment [696]. SIRT6 is mainly involved in protection against ischemia, reperfusion
injury, obesity and insulin resistance. In order to exert its effect, SIRT6 positively interacts
with AMP/ATP, AMPK and FOXO3a [697,700]. In addition, SIRT6 and SIRT3 interact
together to protect against diabetic cardiomyopathy [676]. Finally, SIRT6 prevents cardiac
hypertrophy, by inhibiting the IGF-AKT pathway [698] and the NF-κB-dependent transcriptional activity [701]. SIRT7 is a stress-survival gene in cardiomyocytes [703,704,710],
and it is involved in myocardial tissue repair through the growth factor B pathway [703].
Diet (CR) inhibits cardiovascular disease progression by increasing expression of SIRT4
and SIRT7.
In the heart, different Sirtuins share common local processes in which they function. ROS levels and oxidative stress response are affected by SIRT1, SIRT3, SIRT4, SIRT6
and SIRT7. Through activation of AKT, SIRT3 reduces ROS levels and thus oxidative
stress, whereas SIRT4 increases oxidative stress through inhibition of the MnSOD activity [680,691,694]. SIRT1 regulates the oxidative stress response through a number
of target genes, one of which—FOXO3—is also a target of SIRT6 to reduce oxidative
stress [653–656,700]. Moreover, lack of SIRT7 results in a diminished resistance to oxidative
stress [637,638]. Most Sirtuins in the heart prevent apoptosis of cardiomyocytes, during
(SIRT7) or after (SIRT1, SIRT4) hypoxia [637,638,668,695]. SIRT1 can protect cardiomyocytes
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from apoptosis induced by ER-stress [669], and SIRT3, through melatonin, decreases apoptosis [692]. In addition, melatonin can modulate autophagy through SIRT3 signaling. Autophagy is generally regulated by SIRT3 and stimulated by SIRT1 through AMPK [668,685].
SIRT1 and SIRT3 also share additional local processes that they both affect. They prevent
inflammation in the heart and affect mitochondrial functioning [645,683]: SIRT1 can induce
mitochondrial dysfunction during a physiological stress response, whereas SIRT3 maintains mitochondrial function [649,682]. Moreover, through SIRT3 signaling, melatonin can
alleviate mitochondrial dysfunction [692].
8. Conclusions
Generally, Sirtuins often interact with FOXOs, mTOR, AMPK, p53 and PPARs to exert
their functions. However, these interactions are mostly described only for SIRT1 and SIRT3.
Much has still to be discovered regarding the interaction partners of the other Sirtuins in a
number of tissues.
Regarding the interventions to prevent metabolic dysfunctions, both CR and exercise
are the most promising strategies that lead to a positive metabolic response from the
Sirtuins in all tissues discussed here. Administration of the SIRT1 agonist resveratrol has a
positive metabolic effect in all tissues, but the appropriate dosage differs per tissue. This
observation results in the actual difficulty to develop an effective therapy at a systemic
level. Therefore, the positive effects for the metabolism of an intervention in one tissue
have to be weighed against any negative effects in other tissues.
This systematic review discusses, individually, a number of organs/metabolic tissues,
whereas they are part of a whole interconnected system and function together as part of
this system. Therefore, any intervention can have both local and systemic effects. Especially
when a systemic administration of a drug induces adverse effects in another organ or at a
systemic level, a local administration should be considered, when possible.
This systematic review summarizes the current knowledge about the roles of mammalian Sirtuins. However, it also shows that gaps exist about their functions, and that
many links are missing regarding the Sirtuin-mediated modulation of their interaction
partners in different metabolic tissues. Some of these directions, highlighted throughout
this systematic review, may be prioritized in the future research, to understand better and
subsequently modulate the human metabolic system to develop strategies helpful to fight
against metabolic disorders.
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Appendix A
Appendix A.1. Systematic Search Strategy
Inclusion criteria led to a list of keywords of the Sirtuin proteins (SIRT1-SIRT7) which
were combined with a keyword related to the metabolic tissues investigated (liver, pancreas,
heart, brain, adipose and skeletal muscle); these were all combined with the keyword
metabolism (e.g., SIRT4 liver metabolism). The systematic literature search was performed
on the MEDLINE-PubMed database and included articles from the earliest date and until
30 November 2020. Search strategy for MEDLINE-PubMed: (SIRT1 OR SIRT2 OR SIRT3
OR SIRT4 OR SIRT5 OR SIRT6 OR SIRT7) AND metabolism AND (pancreas OR liver OR
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heart OR muscle OR adipose OR brain). All articles included. If articles describe the role
of Sirtuins as histone deacetylases, and their link to a specific metabolic tissue is found,
the search will retrieve these articles, since any Sirtuin activity in the tissues of interest is
reported. Vice versa, if the histone deacetylase activity is not relevant in a process occurring
in a specific tissue of interest, the search will not retrieve these articles.
Appendix A.2. Study Eligibility
Studies eligible for the research were defined beforehand, and research that fulfilled
these criteria was included in the systematic review. Sometimes, exceptions were made in
the introduction if a topic had already been extensively reviewed, in which case we refer
to that review for further information. All papers were screened. Papers that were about
alcoholic-related issues, cancer metabolism, solely on ageing metabolism, non-metabolism
related diseases, organs other than defined above, pregnancy metabolism, inborn errors of
metabolism, with no significant results or irrelevant outcomes, not focusing on Sirtuins or
only mentioning Sirtuins, and animal husbandry were excluded.
Appendix A.3. Study Selection Procedure
A total of 4472 papers were found using the selected keywords. Once all records were
annotated, articles declared as ineligible were excluded. Papers were then screened based
on title and abstract, and articles were excluded based on the exclusion criteria. After
screening, 513 articles remained. Subsequently, full text articles were read and screened by
the authors for eligibility. Ultimately, 452 articles were included about Sirtuins in metabolic
Biology 2021, 10, x FOR PEER REVIEW
55 of 84
tissues. The PRISMA flow diagram is shown in Figure A1, where the exclusion
reasons
are indicated.
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Schwer, B.; et al. SIRT3 Deficiency and Mitochondrial Protein Hyperacetylation Accelerate the Development of the Metabolic
Syndrome. Mol. Cell 2011, 44, 177–190. [CrossRef]
Ahuja, N.; Schwer, B.; Carobbio, S.; Waltregny, D.; North, B.J.; Castronovo, V.; Maechler, P.; Verdin, E. Regulation of insulin
secretion by SIRT4, a mitochondrial ADP-ribosyltransferase. J. Biol. Chem. 2007, 282, 33583–33592. [CrossRef] [PubMed]
Laurent, G.; German, N.J.; Saha, A.K.; de Boer, V.C.J.; Davies, M.; Koves, T.R.; Dephoure, N.; Fischer, F.; Boanca, G.; Vaitheesvaran,
B.; et al. SIRT4 Coordinates the Balance between Lipid Synthesis and Catabolism by Repressing Malonyl CoA Decarboxylase.
Mol. Cell 2013, 50, 686–698. [CrossRef]

Biology 2021, 10, 194

28.
29.
30.
31.

32.
33.
34.

35.
36.
37.
38.
39.
40.
41.
42.
43.
44.
45.
46.
47.
48.
49.
50.
51.
52.
53.
54.
55.
56.
57.
58.
59.
60.

51 of 78

Nasrin, N.; Wu, X.; Fortier, E.; Feng, Y.; Baré, O.C.; Chen, S.; Ren, X.; Wu, Z.; Streeper, R.S.; Bordone, L. SIRT4 regulates fatty acid
oxidation and mitochondrial gene expression in liver and muscle cells. J. Biol. Chem. 2010, 285, 31995–32002. [CrossRef]
Nakagawa, T.; Lomb, D.J.; Haigis, M.C.; Guarente, L. SIRT5 Deacetylates Carbamoyl Phosphate Synthetase 1 and Regulates the
Urea Cycle. Cell 2009, 137, 560–570. [CrossRef]
Rardin, M.J.; He, W.; Nishida, Y.; Newman, J.C.; Carrico, C.; Danielson, S.R.; Guo, A.; Gut, P.; Sahu, A.K.; Li, B.; et al. SIRT5
regulates the mitochondrial lysine succinylome and metabolic networks. Cell Metab. 2013, 18, 920–933. [CrossRef]
Nishida, Y.; Rardin, M.J.; Carrico, C.; He, W.; Sahu, A.K.; Gut, P.; Najjar, R.; Fitch, M.; Hellerstein, M.; Gibson, B.W.; et al. SIRT5
Regulates both Cytosolic and Mitochondrial Protein Malonylation with Glycolysis as a Major Target. Mol. Cell 2015, 59, 321–332.
[CrossRef] [PubMed]
Park, J.; Chen, Y.; Tishkoff, D.X.; Peng, C.; Tan, M.; Dai, L.; Xie, Z.; Zhang, Y.; Zwaans, B.M.M.; Skinner, M.E.; et al. SIRT5-Mediated
Lysine Desuccinylation Impacts Diverse Metabolic Pathways. Mol. Cell 2013, 50, 919–930. [CrossRef] [PubMed]
Liszt, G.; Ford, E.; Kurtev, M.; Guarente, L. Mouse Sir2 Homolog SIRT6 Is a Nuclear ADP-ribosyltransferase. J. Biol. Chem. 2005,
280, 21313–21320. [CrossRef] [PubMed]
Michishita, E.; McCord, R.A.; Berber, E.; Kioi, M.; Padilla-Nash, H.; Damian, M.; Cheung, P.; Kusumoto, R.; Kawahara, T.L.A.;
Barrett, J.C.; et al. SIRT6 is a histone H3 lysine 9 deacetylase that modulates telomeric chromatin. Nature 2008, 452, 492–496.
[CrossRef] [PubMed]
Foley, J.F. A Role for SIRT6 in Secretion. Sci. Signal. 2013, 6, ec81. [CrossRef]
Ardestani, P.M.; Liang, F. Sub-cellular localization, expression and functions of Sirt6 during the cell cycle in HeLa cells. Nucleus
2012, 3, 442–451. [CrossRef]
Zhong, L.; D’Urso, A.; Toiber, D.; Sebastian, C.; Henry, R.E.; Vadysirisack, D.D.; Guimaraes, A.; Marinelli, B.; Wikstrom, J.D.; Nir,
T.; et al. The Histone Deacetylase Sirt6 Regulates Glucose Homeostasis via Hif1α. Cell 2010, 140, 280–293. [CrossRef]
Kiran, S.; Chatterjee, N.; Singh, S.; Kaul, S.C.; Wadhwa, R.; Ramakrishna, G. Intracellular distribution of human SIRT7 and
mapping of the nuclear/nucleolar localization signal. FEBS J. 2013, 280, 3451–3466. [CrossRef] [PubMed]
Ryu, D.; Jo, Y.S.; Lo Sasso, G.; Stein, S.; Zhang, H.; Perino, A.; Lee, J.U.; Zeviani, M.; Romand, R.; Hottiger, M.O.; et al. A
SIRT7-Dependent Acetylation Switch of GABPβ1 Controls Mitochondrial Function. Cell Metab. 2014, 20, 856–869. [CrossRef]
Tang, B.L. SIRT7 and hepatic lipid metabolism. Front. Cell Dev. Biol. 2015, 3, 1. [CrossRef]
Ford, E.; Voit, R.; Liszt, G.; Magin, C.; Grummt, I.; Guarente, L. Mammalian Sir2 homolog SIRT7 is an activator of RNA polymerase
I transcription. Genes Dev. 2006, 20, 1075–1080. [CrossRef] [PubMed]
Yan, W.; Liang, Y.; Zhang, Q.; Wang, D.; Lei, M.; Qu, J.; He, X.; Lei, Q.; Wang, Y. Arginine methylation of SIRT 7 couples glucose
sensing with mitochondria biogenesis. EMBO Rep. 2018, 19. [CrossRef] [PubMed]
Holt, L.J.; Tuch, B.B.; Villén, J.; Johnson, A.D.; Gygi, S.P.; Morgan, D.O. Global analysis of Cdk1 substrate phosphorylation sites
provides insights into evolution. Science 2009, 325, 1682–1686. [CrossRef] [PubMed]
Kanehisa, M.; Goto, S. Kyoto Encyclopedia of Genes and Genomes. Nucleic Acids Res. 2000, 28, 27–30. [CrossRef] [PubMed]
Wishart, D.S.; Tzur, D.; Knox, C.; Eisner, R.; Guo, A.C.; Young, N.; Cheng, D.; Jewell, K.; Arndt, D.; Sawhney, S.; et al. HMDB: The
Human Metabolome Database. Nucleic Acids Res. 2007, 35, D521–D526. [CrossRef] [PubMed]
DeBerardinis, R.J.; Thompson, C.B. Cellular metabolism and disease: What do metabolic outliers teach us? Cell 2012, 148,
1132–1144. [CrossRef] [PubMed]
Knowles, J.R. Enzyme-catalyzed phosphoryl transfer reactions. Annu. Rev. Biochem. 1980, 49, 877–919. [CrossRef]
Haigis, M.C.; Guarente, L.P. Mammalian sirtuins-emerging roles in physiology, aging, and calorie restriction. Genes Dev. 2006, 20,
2913–2921. [CrossRef]
Berg, J.M.; Tymoczko, J.L.; Stryer, L. Glycolysis and Gluconeogenesis. In Biochemistry, 5th ed.; Freeman, W.H., Ed.; W. H. Freeman:
New York, NY, USA, 2002.
Banerjee, R.; Becker, D.F.; Dickman, M.B.; Gladyshev, V.N.; Ragsdale, S.W. (Eds.) Redox Biochemistry; John Wiley & Sons, Inc.:
Hoboken, NJ, USA, 2007; ISBN 9780471786245.
Hsia, C.C.W.; Schmitz, A.; Lambertz, M.; Perry, S.F.; Maina, J.N. Evolution of air breathing: Oxygen homeostasis and the
transitions from water to land and sky. Compr. Physiol. 2013, 3, 849–915. [CrossRef]
Friedrich, C.G. Physiology and genetics of sulfur-oxidizing bacteria. Adv. Microb. Physiol. 1998, 39, 235–289.
Pace, N.R. The universal nature of biochemistry. Proc. Natl. Acad. Sci. USA 2001, 98, 805–808. [CrossRef]
Ebenhöh, O.; Heinrich, R. Evolutionary optimization of metabolic pathways. Theoretical reconstruction of the stoichiometry of
ATP and NADH producing systems. Bull. Math. Biol. 2001, 63, 21–55. [CrossRef]
Henze, K.; Martin, W. Evolutionary biology: Essence of mitochondria. Nature 2003, 426, 127–128. [CrossRef] [PubMed]
Berg, J.M.; Tymoczko, J.L.; Stryer, L. Biochemistry, 5th ed.; Freeman, W.H., Ed.; W. H. Freeman: New York, NY, USA, 2002.
Brand, M.D. Regulation analysis of energy metabolism. J. Exp. Biol. 1997, 200 Pt 2, 193–202.
Soyer, O.S.; Salathé, M.; Bonhoeffer, S. Signal transduction networks: Topology, response and biochemical processes. J. Theor. Biol.
2006, 238, 416–425. [CrossRef] [PubMed]
Westerhoff, H.V.; Groen, A.K.; Wanders, R.J.A. Modern theories of metabolic control and their applications. Biosci. Rep. 1984, 4,
1–22. [CrossRef]
Shaw-Dunn, J. Essentials of Human Anatomy and Physiology. J. Anat. 1991, 179, 206.

Biology 2021, 10, 194

61.
62.
63.
64.
65.
66.

67.
68.
69.

70.

71.
72.
73.
74.
75.
76.
77.
78.
79.

80.
81.
82.
83.
84.
85.
86.
87.
88.
89.
90.
91.

52 of 78

Fell, D.A.; Thomas, S. Physiological control of metabolic flux: The requirement for multisite modulation. Biochem. J. 1995, 311 Pt
1, 35–39. [CrossRef]
Samoilov, M.; Plyasunov, S.; Arkin, A.P. Stochastic amplification and signaling in enzymatic futile cycles through noise-induced
bistability with oscillations. Proc. Natl. Acad. Sci. USA 2005, 102, 2310–2315. [CrossRef]
Hendrickson, W.A. Transduction of biochemical signals across cell membranes. Q. Rev. Biophys. 2005, 38, 321–330. [CrossRef]
Cohen, P. The regulation of protein function by multisite phosphorylation—A 25 year update. Trends Biochem. Sci. 2000, 25,
596–601. [CrossRef]
Roach, P.J. Glycogen and its metabolism. Curr. Mol. Med. 2002, 2, 101–120. [CrossRef]
Kennedy, H.J.; Pouli, A.E.; Ainscow, E.K.; Jouaville, L.S.; Rizzuto, R.; Rutter, G.A. Glucose generates sub-plasma membrane ATP
microdomains in single islet β-cells. Potential role for strategically located mitochondria. J. Biol. Chem. 1999, 274, 13281–13291.
[CrossRef] [PubMed]
Ritter, S.; Dinh, T.T.; Zhang, Y. Localization of hindbrain glucoreceptive sites controlling food intake and blood glucose. Brain Res.
2000, 856, 37–47. [CrossRef]
Zhang, M.; Galdieri, L.; Vancura, A. The yeast AMPK homolog SNF1 regulates acetyl coenzyme A homeostasis and histone
acetylation. Mol. Cell. Biol. 2013, 33, 4701–4717. [CrossRef] [PubMed]
Veit, M.; Sachs, K.; Heckelmann, M.; Maretzki, D.; Hofmann, K.P.; Schmidt, M.F.G. Palmitoylation of rhodopsin with S-protein
acyltransferase: Enzyme catalyzed reaction versus autocatalytic acylation. Biochim. Biophys. Acta Lipids Lipid Metab. 1998, 1394,
90–98. [CrossRef]
Blatnik, M.; Frizzell, N.; Thorpe, S.R.; Baynes, J.W. Inactivation of glyceraldehyde-3-phosphate dehydrogenase by fumarate in
diabetes: Formation of S-(2-succinyl)cysteine, a novel chemical modification of protein and possible biomarker of mitochondrial
stress. Diabetes 2008, 57, 41–49. [CrossRef]
Trepanowski, J.F.; Canale, R.E.; Marshall, K.E.; Kabir, M.M.; Bloomer, R.J. Impact of caloric and dietary restriction regimens on
markers of health and longevity in humans and animals: A summary of available findings. Nutr. J. 2011, 10, 107. [CrossRef]
Minor, R.K.; Allard, J.S.; Younts, C.M.; Ward, T.M.; de Cabo, R. Dietary interventions to extend life span and health span based on
calorie restriction. J. Gerontol. A Biol. Sci. Med. Sci. 2010, 65, 695–703. [CrossRef]
Paoli, A. Ketogenic diet for obesity: Friend or foe? Int. J. Environ. Res. Public Health 2014, 11, 2092–2107. [CrossRef]
Madeo, F.; Pietrocola, F.; Eisenberg, T.; Kroemer, G. Caloric restriction mimetics: Towards a molecular definition. Nat. Rev. Drug
Discov. 2014, 13, 727–740. [CrossRef] [PubMed]
Peregrín-Alvarez, J.M.; Sanford, C.; Parkinson, J. The conservation and evolutionary modularity of metabolism. Genome Biol.
2009, 10, R63. [CrossRef]
Vernon, H.J. Inborn Errors of Metabolism: Advances in Diagnosis and Therapy. JAMA Pediatr. 2015, 169, 778–782. [CrossRef]
Kautzky-Willer, A.; Handisurya, A. Metabolic diseases and associated complications: Sex and gender matter! Eur. J. Clin. Investig.
2009, 39, 631–648. [CrossRef]
Weiss, K.M.; Ferrell, R.F.; Hanis, C.L. A new world syndrome of metabolic diseases with a genetic and evolutionary basis. Am. J.
Phys. Anthropol. 1984, 27, 153–178. [CrossRef]
Vilbergsson, S.; Sigurdsson, G.; Sigvaldason, H.; Hreidarsson, A.B.; Sigfusson, N. Prevalence and incidence of NIDDM in Iceland:
Evidence for stable incidence among males and females 1967–1991—The Reykjavik Study. Diabet. Med. 1997, 14, 491–498.
[CrossRef]
Hales, C.N. The thrifty phenotype hypothesis. Br. Med. Bull. 2001, 60, 5–20. [CrossRef] [PubMed]
Ozanne, S.E.; Hales, C.N. Early programming of glucose-insulin metabolism. Trends Endocrinol. Metab. 2002, 13, 368–373.
[CrossRef]
Stöger, R. The thrifty epigenotype: An acquired and heritable predisposition for obesity and diabetes? Bioessays 2008, 30, 156–166.
[CrossRef]
Watve, M.G.; Yajnik, C.S. Evolutionary origins of insulin resistance: A behavioral switch hypothesis. BMC Evol. Biol. 2007, 7, 61.
[CrossRef] [PubMed]
Storey, K.B.; Storey, J.M. Freeze tolerance and intolerance as strategies of winter survival in terrestrially-hibernating amphibians.
Comp. Biochem. Physiol. Part A Physiol. 1986, 83, 613–617. [CrossRef]
Moalem, S.; Storey, K.B.; Percy, M.E.; Peros, M.C.; Perl, D.P. The sweet thing about Type 1 diabetes: A cryoprotective evolutionary
adaptation. Med. Hypotheses 2005, 65, 8–16. [CrossRef] [PubMed]
Lee, W.-Y.; Jung, C.-H.; Park, J.-S.; Rhee, E.-J.; Kim, S.-W. Effects of smoking, alcohol, exercise, education, and family history on
the metabolic syndrome as defined by the ATP III. Diabetes Res. Clin. Pract. 2005, 67, 70–77. [CrossRef] [PubMed]
Barzilai, N.; Huffman, D.M.; Muzumdar, R.H.; Bartke, A. The critical role of metabolic pathways in aging. Diabetes 2012, 61,
1315–1322. [CrossRef]
Cairns, R.A.; Harris, I.S.; Mak, T.W. Regulation of cancer cell metabolism. Nat. Rev. Cancer 2011, 11, 85–95. [CrossRef] [PubMed]
Esposito, K.; Chiodini, P.; Colao, A.; Lenzi, A.; Giugliano, D. Metabolic syndrome and risk of cancer: A systematic review and
meta-analysis. Diabetes Care 2012, 35, 2402–2411. [CrossRef] [PubMed]
Eckel, R.H.; Grundy, S.M.; Zimmet, P.Z. The metabolic syndrome. Lancet 2005, 365, 1415–1428. [CrossRef]
O’Neill, S.; O’Driscoll, L. Metabolic syndrome: A closer look at the growing epidemic and its associated pathologies. Obes. Rev.
2015, 16, 1–12. [CrossRef] [PubMed]

Biology 2021, 10, 194

92.
93.
94.
95.
96.
97.
98.
99.
100.

101.
102.
103.
104.

105.

106.

107.
108.

109.

110.
111.
112.
113.
114.
115.

116.

117.
118.

53 of 78

Esposito, K.; Ciardiello, F.; Giugliano, D. Unhealthy diets: A common soil for the association of metabolic syndrome and cancer.
Endocrine 2014, 46, 39–42. [CrossRef]
Matsuzawa, Y.; Funahashi, T.; Nakamura, T. The concept of metabolic syndrome: Contribution of visceral fat accumulation and
its molecular mechanism. J. Atheroscler. Thromb. 2011, 18, 629–639. [CrossRef]
Halberg, N.; Wernstedt-Asterholm, I.; Scherer, P.E. The adipocyte as an endocrine cell. Endocrinol. Metab. Clin. N. Am. 2008, 37,
753–768. [CrossRef]
Trayhurn, P. Hypoxia and adipose tissue function and dysfunction in obesity. Physiol. Rev. 2013, 93, 1–21. [CrossRef] [PubMed]
Wang, B.; Wood, I.S.; Trayhurn, P. Dysregulation of the expression and secretion of inflammation-related adipokines by hypoxia
in human adipocytes. Pflugers Arch. Eur. J. Physiol. 2007, 455, 479–492. [CrossRef] [PubMed]
Ouchi, N.; Parker, J.L.; Lugus, J.J.; Walsh, K. Adipokines in inflammation and metabolic disease. Nat. Rev. Immunol. 2011, 11,
85–97. [CrossRef]
Cawthorn, W.P.; Sethi, J.K. TNF-alpha and adipocyte biology. FEBS Lett. 2008, 582, 117–131. [CrossRef]
Yin, J.; Gao, Z.; He, Q.; Zhou, D.; Guo, Z.; Ye, J. Role of hypoxia in obesity-induced disorders of glucose and lipid metabolism in
adipose tissue. Am. J. Physiol. Endocrinol. Metab. 2009, 296, E333–E342. [CrossRef] [PubMed]
Plomgaard, P.; Bouzakri, K.; Krogh-Madsen, R.; Mittendorfer, B.; Zierath, J.R.; Pedersen, B.K. Tumor necrosis factor-alpha induces
skeletal muscle insulin resistance in healthy human subjects via inhibition of Akt substrate 160 phosphorylation. Diabetes 2005,
54, 2939–2945. [CrossRef]
Boden, G. Effects of free fatty acids (FFA) on glucose metabolism: Significance for insulin resistance and type 2 diabetes. Exp.
Clin. Endocrinol. Diabetes 2003, 111, 121–124. [CrossRef] [PubMed]
Itoh, Y.; Kawamata, Y.; Harada, M.; Kobayashi, M.; Fujii, R.; Fukusumi, S.; Ogi, K.; Hosoya, M.; Tanaka, Y.; Uejima, H.; et al. Free
fatty acids regulate insulin secretion from pancreatic beta cells through GPR40. Nature 2003, 422, 173–176. [CrossRef]
Berg, H.; Combs, T.P.; Du, X.; Brownlee, M.; Scherer, P.E. The adipocyte-secreted protein Acrp30 enhances hepatic insulin action.
Nat. Med. 2001, 7, 947–953. [CrossRef]
Yamauchi, T.; Kamon, J.; Minokoshi, Y.; Ito, Y.; Waki, H.; Uchida, S.; Yamashita, S.; Noda, M.; Kita, S.; Ueki, K.; et al. Adiponectin
stimulates glucose utilization and fatty-acid oxidation by activating AMP-activated protein kinase. Nat. Med. 2002, 8, 1288–1295.
[CrossRef] [PubMed]
Yamauchi, T.; Kamon, J.; Waki, H.; Terauchi, Y.; Kubota, N.; Hara, K.; Mori, Y.; Ide, T.; Murakami, K.; Tsuboyama-Kasaoka, N.;
et al. The fat-derived hormone adiponectin reverses insulin resistance associated with both lipoatrophy and obesity. Nat. Med.
2001, 7, 941–946. [CrossRef] [PubMed]
Roberts, C.K.; Hevener, A.L.; Barnard, R.J. Metabolic syndrome and insulin resistance: Underlying causes and modification
by exercise training. In Comprehensive Physiology; John Wiley & Sons, Inc.: Hoboken, NJ, USA, 2013; Volume 3, pp. 1–58.
ISBN 2040-4603.
Kim, S.H.; Reaven, G.M. Insulin resistance and hyperinsulinemia. Diabetes Care 2008, 31, 1433–1438. [CrossRef]
Stumvoll, M.; Jacob, S.; Wahl, H.G.; Hauer, B.; Löblein, K.; Grauer, P.; Becker, R.; Nielsen, M.; Renn, W.; Häring, H. Suppression of
systemic, intramuscular, and subcutaneous adipose tissue lipolysis by insulin in humans. J. Clin. Endocrinol. Metab. 2000, 85,
3740–3745. [CrossRef]
Steil, G.M.; Trivedi, N.; Jonas, J.C.; Hasenkamp, W.M.; Sharma, A.; Bonner-Weir, S.; Weir, G.C. Adaptation of beta-cell mass to
substrate oversupply: Enhanced function with normal gene expression. Am. J. Physiol. Endocrinol. Metab. 2001, 280, E788–E796.
[CrossRef] [PubMed]
Liu, Y.Q.; Jetton, T.L.; Leahy, J.L. β-cell adaptation to insulin resistance. Increased pyruvate carboxylase and malate-pyruvate
shuttle activity in islets of nondiabetic zucker fatty rats. J. Biol. Chem. 2002, 277, 39163–39168. [CrossRef]
Okamoto, H.; Hribal, M.L.; Lin, H.V.; Bennett, W.R.; Ward, A.; Accili, D. Role of the forkhead protein FoxO1 in β cell compensation
to insulin resistance. J. Clin. Investig. 2006, 116, 775–782. [CrossRef]
Donath, M.Y.; Ehses, J.A.; Maedler, K.; Schumann, D.M.; Ellingsgaard, H.; Eppler, E.; Reinecke, M. Mechanisms of beta-cell death
in type 2 diabetes. Diabetes 2005, 54, 2–7. [CrossRef] [PubMed]
Murata, M.; Mizutani, M.; Oikawa, S.; Hiraku, Y.; Kawanishi, S. Oxidative DNA damage by hyperglycemia-related aldehydes
and its marked enhancement by hydrogen peroxide. FEBS Lett. 2003, 554, 138–142. [CrossRef]
Yu, X.; Shen, N.; Zhang, M.-L.; Pan, F.-Y.; Wang, C.; Jia, W.-P.; Liu, C.; Gao, Q.; Gao, X.; Xue, B.; et al. Egr-1 decreases adipocyte
insulin sensitivity by tilting PI3K/Akt and MAPK signal balance in mice. EMBO J. 2011, 30, 3754–3765. [CrossRef]
Igarashi, M.; Yamaguchi, H.; Hirata, A.; Daimon, M.; Tominaga, M.; Kato, T. Insulin activates p38 mitogen-activated protein
(MAP) kinase via a MAP kinase kinase (MKK) 3/MKK 6 pathway in vascular smooth muscle cells. Eur. J. Clin. Investig. 2000, 30,
668–677. [CrossRef] [PubMed]
Cramer, H.; Schmenger, K.; Heinrich, K.; Horstmeyer, A.; Böning, H.; Breit, A.; Piiper, A.; Lundstrom, K.; Müller-Esterl, W.;
Schroeder, C. Coupling of endothelin receptors to the ERK/MAP kinase pathway roles of palmitoylation and Gαq. Eur. J. Biochem.
2001, 268, 5449–5459. [CrossRef]
Ramachandran, V.; Saravanan, R. Glucose uptake through translocation and activation of GLUT4 in PI3K/Akt signaling pathway
by asiatic acid in diabetic rats. Hum. Exp. Toxicol. 2015, 34, 884–893. [CrossRef]
Feliers, D.; Chen, X.; Akis, N.; Choudhury, G.G.; Madaio, M.; Kasinath, B.S. VEGF regulation of endothelial nitric oxide synthase
in glomerular endothelial cells. Kidney Int. 2005, 68, 1648–1659. [CrossRef] [PubMed]

Biology 2021, 10, 194

54 of 78

119. Temelkova-Kurktschiev, T.; Hanefeld, M. The Lipid Triad in Type 2 Diabetes—Prevalence and Relevance of Hypertriglyceridaemia/Low High-Density Lipoprotein Syndrome in Type 2 Diabetes. Exp. Clin. Endocrinol. Diabetes 2004, 112, 75–79.
[CrossRef]
120. Chakrabarti, P.; Kim, J.Y.; Singh, M.; Shin, Y.-K.; Kim, J.; Kumbrink, J.; Wu, Y.; Lee, M.-J.; Kirsch, K.H.; Fried, S.K.; et al. Insulin
inhibits lipolysis in adipocytes via the evolutionarily conserved mTORC1-Egr1-ATGL-mediated pathway. Mol. Cell. Biol. 2013, 33,
3659–3666. [CrossRef] [PubMed]
121. Lewis, G.F.; Uffelman, K.D.; Szeto, L.W.; Steiner, G. Effects of acute hyperinsulinemia on VLDL triglyceride and VLDL Apo B
production in normal weight and obese individuals. Diabetes 1993, 42, 833–842. [CrossRef]
122. Sparks, J.D.; O’Dell, C.; Chamberlain, J.M.; Sparks, C.E. Insulin-dependent apolipoprotein B degradation is mediated by
autophagy and involves class I and class III phosphatidylinositide 3-kinases. Biochem. Biophys. Res. Commun. 2013, 435, 616–620.
[CrossRef]
123. Fried, S.K.; Russell, C.D.; Grauso, N.L.; Brolin, R.E. Lipoprotein lipase regulation by insulin and glucocorticoid in subcutaneous
and omental adipose tissues of obese women and men. J. Clin. Investig. 1993, 92, 2191–2198. [CrossRef] [PubMed]
124. Panarotto, D.; Rémillard, P.; Bouffard, L.; Maheux, P. Insulin resistance affects the regulation of lipoprotein lipase in the
postprandial period and in an adipose tissue-specific manner. Eur. J. Clin. Investig. 2002, 32, 84–92. [CrossRef]
125. Murdoch, S.J.; Breckenridge, W.C. Influence of lipoprotein lipase and hepatic lipase on the transformation of VLDL and HDL
during lipolysis of VLDL. Atherosclerosis 1995, 118, 193–212. [CrossRef]
126. Williams, K.J.; Tabas, I. Lipoprotein retention- and clues for atheroma regression. Arterioscler. Thromb. Vasc. Biol. 2005, 25,
1536–1540. [CrossRef]
127. Packard, C.J.; Shepherd, J. Lipoprotein heterogeneity and apolipoprotein B metabolism. Arterioscler. Thromb. Vasc. Biol. 1997, 17,
3542–3556. [CrossRef] [PubMed]
128. Rocchini, A.P.; Moorehead, C.; DeRemer, S.; Goodfriend, T.L.; Ball, D.L. Hyperinsulinemia and the aldosterone and pressor
responses to angiotensin II. Hypertension 1990, 15, 861–866. [CrossRef]
129. Tack, G.J.J.; Smits, P.; Willemsen, J.J.; Lenders, J.W.M.; Thien, T.; Lutterman, J.A. Effects of insulin on vascular tone and sympathetic
nervous system in NIDDM. Diabetes 1996, 45, 15–22. [CrossRef] [PubMed]
130. Engeli, S.; Schling, P.; Gorzelniak, K.; Boschmann, M.; Janke, J.; Ailhaud, G.; Teboul, M.; Massiéra, F.; Sharma, A.M. The
adipose-tissue renin-angiotensin-aldosterone system: Role in the metabolic syndrome? Int. J. Biochem. Cell Biol. 2003, 35, 807–825.
[CrossRef]
131. Teng, M.H.; Bartholomew, J.C.; Bissell, M.J. Insulin effect on the cell cycle: Analysis of the kinetics of growth parameters in
confluent chick cells. Proc. Natl. Acad. Sci. USA 1976, 73, 3173–3177. [CrossRef]
132. Cho, R.J.; Campbell, M.J.; Winzeler, E.A.; Steinmetz, L.; Conway, A.; Wodicka, L.; Wolfsberg, T.G.; Gabrielian, A.E.; Landsman, D.;
Lockhart, D.J.; et al. A genome-wide transcriptional analysis of the mitotic cell cycle. Mol. Cell 1998, 2, 65–73. [CrossRef]
133. Spellman, P.T.; Sherlock, G.; Zhang, M.Q.; Iyer, V.R.; Anders, K.; Eisen, M.B.; Brown, P.O.; Botstein, D.; Futcher, B. Comprehensive
Identification of Cell Cycle-regulated Genes of the Yeast Saccharomyces cerevisiae by Microarray Hybridization. Mol. Biol. Cell
1998, 9, 3273–3297. [CrossRef]
134. Tu, B.P.; Kudlicki, A.; Rowicka, M.; McKnight, S.L. Logic of the yeast metabolic cycle: Temporal compartmentalization of cellular
processes. Science 2005, 310, 1152–1158. [CrossRef]
135. Tu, B.P.; Mohler, R.E.; Liu, J.C.; Dombek, K.M.; Young, E.T.; Synovec, R.E.; McKnight, S.L. Cyclic changes in metabolic state
during the life of a yeast cell. Proc. Natl. Acad. Sci. USA 2007, 104, 16886–16891. [CrossRef]
136. Hartwell, L.H.; Culotti, J.; Pringle, J.R.; Reid, B.J. Genetic control of the cell division cycle in yeast. Science 1974, 183, 46–51.
[CrossRef]
137. Meyerson, M.; Enders, G.H.; Wu, C.L.; Su, L.K.; Gorka, C.; Nelson, C.; Harlow, E.; Tsai, L.H. A family of human cdc2-related
protein kinases. EMBO J. 1992, 11, 2909–2917. [CrossRef]
138. Satyanarayana, A.; Kaldis, P. Mammalian cell-cycle regulation: Several Cdks, numerous cyclins and diverse compensatory
mechanisms. Oncogene 2009, 28, 2925–2939. [CrossRef]
139. Santamaría, D.; Barrière, C.; Cerqueira, A.; Hunt, S.; Tardy, C.; Newton, K.; Cáceres, J.F.; Dubus, P.; Malumbres, M.; Barbacid, M.
Cdk1 is sufficient to drive the mammalian cell cycle. Nature 2007, 448, 811–815. [CrossRef]
140. Larochelle, S.; Pandur, J.; Fisher, R.P.; Salz, H.K.; Suter, B. Cdk7 is essential for mitosis and for in vivo Cdk-activating kinase
activity. Genes Dev. 1998, 12, 370–381. [CrossRef]
141. Queralt, E.; Uhlmann, F. Cdk-counteracting phosphatases unlock mitotic exit. Curr. Opin. Cell Biol. 2008, 20, 661–668. [CrossRef]
142. Yang, J.; Kornbluth, S. All aboard the cyclin train: Subcellular trafficking of cyclins and their CDK partners. Trends Cell Biol. 1999,
9, 207–210. [CrossRef]
143. Errico, A.; Deshmukh, K.; Tanaka, Y.; Pozniakovsky, A.; Hunt, T. Identification of substrates for cyclin dependent kinases. Adv.
Enzyme Regul. 2010, 50, 375–399. [CrossRef]
144. Sherr, C.J.; Roberts, J.M. CDK inhibitors: Positive and negative regulators of G1-phase progression. Genes Dev. 1999, 13, 1501–1512.
[CrossRef] [PubMed]
145. Zhang, J.; Li, H.; Zhou, T.; Zhou, J.; Herrup, K. Cdk5 levels oscillate during the neuronal cell cycle: Cdh1 ubiquitination triggers
proteosome-dependent degradation during S-phase. J. Biol. Chem. 2012, 287, 25985–25994. [CrossRef]

Biology 2021, 10, 194

55 of 78

146. Barberis, M.; Linke, C.; Adrover, M.À.; González-Novo, A.; Lehrach, H.; Krobitsch, S.; Posas, F.; Klipp, E. Sic1 plays a role in
timing and oscillatory behaviour of B-type cyclins. Biotechnol. Adv. 2012, 30, 108–130. [CrossRef] [PubMed]
147. Sherr, C.J.; Roberts, J.M. Living with or without cyclins and cyclin-dependent kinases. Genes Dev. 2004, 18, 2699–2711. [CrossRef]
[PubMed]
148. Murray, A.W.; Kirschner, M.W. Cyclin synthesis drives the early embryonic cell cycle. Nature 1989, 339, 275–280. [CrossRef]
149. Chi, Y.; Welcker, M.; Hizli, A.A.; Posakony, J.J.; Aebersold, R.; Clurman, B.E. Identification of CDK2 substrates in human cell
lysates. Genome Biol. 2008, 9, R149. [CrossRef] [PubMed]
150. Dyczkowski, J.; Vingron, M. Comparative analysis of cell cycle regulated genes in eukaryotes. Genome Inform. 2005, 16, 125–131.
[PubMed]
151. Mill, P.; Mo, R.; Hu, M.C.; Dagnino, L.; Rosenblum, N.D.; Hui, C.C. Shh controls epithelial proliferation via independent pathways
that converge on N-Myc. Dev. Cell 2005, 9, 293–303. [CrossRef] [PubMed]
152. Röhrs, S.; Kutzner, N.; Vlad, A.; Grunwald, T.; Ziegler, S.; Müller, O. Chronological expression of Wnt target genes Ccnd1, Myc,
Cdkn1a, Tfrc, Plf1 and Ramp3. Cell Biol. Int. 2009, 33, 501–508. [CrossRef] [PubMed]
153. Ramljak, D.; Jones, A.B.; Diwan, B.A.; Perantoni, A.O.; Hochadel, J.F.; Anderson, L.M. Epidermal growth factor and transforming
growth factor-α-associated overexpression of cyclin D1, Cdk4, and c-Myc during hepatocarcinogenesis in Helicobacter hepaticusinfected A/JCr mice. Cancer Res. 1998, 58, 3590–3597. [PubMed]
154. Gartel, A.L.; Ye, X.; Goufman, E.; Shianov, P.; Hay, N.; Najmabadi, F.; Tyner, A.L. Myc represses the p21(WAF1/CIP1) promoter
and interacts with Sp1/Sp3. Proc. Natl. Acad. Sci. USA 2001, 98, 4510–4515. [CrossRef] [PubMed]
155. Bouchard, C.; Dittrich, O.; Kiermaier, A.; Dohmann, K.; Menkel, A.; Eilers, M.; Lüscher, B. Regulation of cyclin D2 gene expression
by the Myc/Max/Mad network: Myc-dependent TRRAP recruitment and histone acetylation at the cyclin D2 promoter. Genes
Dev. 2001, 15, 2042–2047. [CrossRef] [PubMed]
156. Gartel, A.L.; Radhakrishnan, S.K. Lost in transcription: P21 repression, mechanisms, and consequences. Cancer Res. 2005, 65,
3980–3985. [CrossRef] [PubMed]
157. Wong, S.; Weber, J.D. Deacetylation of the retinoblastoma tumour suppressor protein by SIRT1. Biochem. J. 2007, 407, 451–460.
[CrossRef] [PubMed]
158. Narasimha, A.M.; Kaulich, M.; Shapiro, G.S.; Choi, Y.J.; Sicinski, P.; Dowdy, S.F. Cyclin D activates the Rb tumor suppressor by
mono-phosphorylation. Elife 2014, 3, e02872. [CrossRef] [PubMed]
159. Zhang, H.S.; Dean, D.C. Rb-mediated chromatin structure regulation and transcriptional repression. Oncogene 2001, 20, 3134–3138.
[CrossRef]
160. Pérez-Roger, I.; Solomon, D.L.; Sewing, A.; Land, H. Myc activation of cyclin E/Cdk2 kinase involves induction of cyclin E
gene transcription and inhibition of p27(Kip1) binding to newly formed complexes. Oncogene 1997, 14, 2373–2381. [CrossRef]
[PubMed]
161. Chandramohan, V.; Mineva, N.D.; Burke, B.; Jeay, S.; Wu, M.; Shen, J.; Yang, W.; Hann, S.R.; Sonenshein, G.E. c-Myc represses
FOXO3a-mediated transcription of the gene encoding the p27Kip1 cyclin dependent kinase inhibitor. J. Cell. Biochem. 2008, 104,
2091–2106. [CrossRef]
162. Ohtani, K.; DeGregori, J.; Nevins, J.R. Regulation of the cyclin E gene by transcription factor E2F1. Proc. Natl. Acad. Sci. USA 1995,
92, 12146–12150. [CrossRef]
163. Resnitzky, D.; Reed, S.I. Different roles for cyclins D1 and E in regulation of the G1-to-S transition. Mol. Cell. Biol. 1995, 15,
3463–3469. [CrossRef]
164. Coverley, D.; Laman, H.; Laskey, R. Distinct roles for cyclins E and A during DNA replication complex assembly and activation.
Nat. Cell Biol. 2002, 4, 523–528. [CrossRef]
165. Thangue, L.N. Regulation of E2F transcription by cyclin ECdk2 kinase mediated through p300/CBP coactivators. Nat. Cell Biol.
2000, 2, 232–239. [CrossRef]
166. Zhu, H.; Nie, L.; Maki, C.G. Cdk2-dependent inhibition of p21 stability via a C-terminal cyclin-binding motif. J. Biol. Chem. 2005,
280, 29282–29288. [CrossRef]
167. Tsvetkov, L.M.; Yeh, K.H.; Lee, S.J.; Sun, H.; Zhang, H. p27(Kip1) ubiquitination and degradation is regulated by the SCF(Skp2)
complex through phosphorylated Thr187 in p27. Curr. Biol. 1999, 9, 661–664. [CrossRef]
168. Huang, H.; Regan, K.M.; Lou, Z.; Chen, J.; Tindall, D.J. CDK2-dependent phosphorylation of FOXO1 as an apoptotic response to
DNA damage. Science 2006, 314, 294–297. [CrossRef]
169. Yam, C.H.; Fung, T.K.; Poon, R.Y.C. Cyclin A in cell cycle control and cancer. Cell. Mol. Life Sci. 2002, 59, 1317–1326. [CrossRef]
[PubMed]
170. Lukas, C.; Sørensen, C.S.; Kramer, E.; Santoni-Rugiu, E.; Lindeneg, C.; Peters, J.M.; Bartek, J.; Lukas, J. Accumulation of cyclin B1
requires E2F and cyclin-A-dependent rearrangement of the anaphase-promoting complex. Nature 1999, 401, 815–818. [CrossRef]
[PubMed]
171. Laoukili, J.; Alvarez, M.; Meijer, L.T.; Stahl, M.; Mohammed, S.; Kleij, L.; Heck, A.J.R.; Medema, R.H. Activation of FoxM1
during G2 requires cyclin A/Cdk-dependent relief of autorepression by the FoxM1 N-terminal domain. Mol. Cell. Biol. 2008, 28,
3076–3087. [CrossRef]
172. Chen, Z.; Indjeian, V.B.; McManus, M.; Wang, L.; Dynlacht, B.D. CP110, a cell cycle-dependent CDK substrate, regulates
centrosome duplication in human cells. Dev. Cell 2002, 3, 339–350. [CrossRef]

Biology 2021, 10, 194

56 of 78

173. Katsuno, Y.; Suzuki, A.; Sugimura, K.; Okumura, K.; Zineldeen, D.H.; Shimada, M.; Niida, H.; Mizuno, T.; Hanaoka, F.; Nakanishi,
M. Cyclin A-Cdk1 regulates the origin firing program in mammalian cells. Proc. Natl. Acad. Sci. USA 2009, 106, 3184–3189.
[CrossRef]
174. Gong, D.; Pomerening, J.R.; Myers, J.W.; Gustavsson, C.; Jones, J.T.; Hahn, A.T.; Meyer, T.; Ferrell, J.E. Cyclin A2 Regulates
Nuclear-Envelope Breakdown and the Nuclear Accumulation of Cyclin B1. Curr. Biol. 2007, 17, 85–91. [CrossRef] [PubMed]
175. De Boer, L.; Oakes, V.; Beamish, H.; Giles, N.; Stevens, F.; Somodevilla-Torres, M.; Desouza, C.; Gabrielli, B. Cyclin A/cdk2
coordinates centrosomal and nuclear mitotic events. Oncogene 2008, 2774, 4261–4268. [CrossRef]
176. Gong, D.; Ferrell, J.E. The Roles of Cyclin A2, B1, and B2 in Early and Late Mitotic Events. Mol. Biol. Cell 2010, 21, 3149–3161.
[CrossRef] [PubMed]
177. Mateo, F.; Vidal-Laliena, M.; Canela, N.; Busino, L.; Martinez-Balbas, M.A.; Pagano, M.; Agell, N.; Bachs, O. Degradation of cyclin
A is regulated by acetylation. Oncogene 2009, 28, 2654–2666. [CrossRef] [PubMed]
178. Sciortino, S.; Gurtner, A.; Manni, I.; Fontemaggi, G.; Dey, A.; Sacchi, A.; Ozato, K.; Piaggio, G. The cyclin B1 gene is actively
transcribed during mitosis in HeLa cells. EMBO Rep. 2001, 2, 1018–1023. [CrossRef] [PubMed]
179. Yu, H. Cdc20: A WD40 Activator for a Cell Cycle Degradation Machine. Mol. Cell 2007, 27, 3–16. [CrossRef]
180. Cross, F.R.; Buchler, N.E.; Skotheim, J.M. Evolution of networks and sequences in eukaryotic cell cycle control. Philos. Trans. R.
Soc. Lond. B Biol. Sci. 2011, 366, 3532–3544. [CrossRef]
181. Nevins, J.R. E2F: A link between the Rb tumor suppressor protein and viral oncoproteins. Science 1992, 258, 424–429. [CrossRef]
182. Blanchet, E.; Annicotte, J.-S.; Lagarrigue, S.; Aguilar, V.; Clapé, C.; Chavey, C.; Fritz, V.; Casas, F.; Apparailly, F.; Auwerx, J.; et al.
E2F transcription factor-1 regulates oxidative metabolism. Nat. Cell Biol. 2011, 13, 1146–1152. [CrossRef]
183. Raimundo, N.; Song, L.; Shutt, T.E.; McKay, S.E.; Cotney, J.; Guan, M.-X.; Gilliland, T.C.; Hohuan, D.; Santos-Sacchi, J.; Shadel, G.S.
Mitochondrial stress engages E2F1 apoptotic signaling to cause deafness. Cell 2012, 148, 716–726. [CrossRef]
184. Annicotte, J.-S.; Blanchet, E.; Chavey, C.; Iankova, I.; Costes, S.; Assou, S.; Teyssier, J.; Dalle, S.; Sardet, C.; Fajas, L. The
CDK4-pRB-E2F1 pathway controls insulin secretion. Nat. Cell Biol. 2009, 11, 1017–1023. [CrossRef]
185. Naaz, A.; Holsberger, D.R.; Iwamoto, G.A.; Nelson, A.; Kiyokawa, H.; Cooke, P.S. Loss of cyclin-dependent kinase inhibitors
produces adipocyte hyperplasia and obesity. FASEB J. 2004, 18, 1925–1927. [CrossRef] [PubMed]
186. Saxena, R.; Voight, B.F.; Lyssenko, V.; Burtt, N.P.; de Bakker, P.I.W.; Chen, H.; Roix, J.J.; Kathiresan, S.; Hirschhorn, J.N.; Daly, M.J.;
et al. Genome-wide association analysis identifies loci for type 2 diabetes and triglyceride levels. Science 2007, 316, 1331–1336.
[CrossRef] [PubMed]
187. Nakatsuka, A.; Wada, J.; Makino, H. Cell cycle abnormality in metabolic syndrome and nuclear receptors as an emerging
therapeutic target. Acta Med. Okayama 2013, 67, 129–134.
188. Koopman, R.; Ly, C.H.; Ryall, J.G. A metabolic link to skeletal muscle wasting and regeneration. Front. Physiol. 2014, 5, 32.
[CrossRef]
189. Dungan, C.M.; Williamson, D.L. High-Fat Diet Regulation of Cell Cycle. Int. J. Exerc. Sci. Conf. Proc. 2014, 9, 15.
190. Tahergorabi, Z.; Khazaei, M. Imbalance of angiogenesis in diabetic complications: The mechanisms. Int. J. Prev. Med. 2012, 3,
827–838. [CrossRef] [PubMed]
191. Wolf, G. Cell cycle regulation in diabetic nephropathy. Kidney Int. Suppl. 2000, 77, S59–S66. [CrossRef] [PubMed]
192. Steinberg, G.R.; Watt, M.J.; Febbraio, M.A. Cytokine Regulation of AMPK signalling. Front. Biosci. 2009, 14, 1902–1916. [CrossRef]
193. Marcinko, K.; Steinberg, G.R. The role of AMPK in controlling metabolism and mitochondrial biogenesis during exercise. Exp.
Physiol. Exp. Physiol. 2014, 9912, 1581–1585. [CrossRef]
194. Kahn, B.B.; Alquier, T.; Carling, D.; Hardie, D.G. AMP-activated protein kinase: Ancient energy gauge provides clues to modern
understanding of metabolism. Cell Metab. 2005, 1, 15–25. [CrossRef]
195. Hardie, D.G. AMP-activated/SNF1 protein kinases: Conserved guardians of cellular energy. Nat. Rev. Mol. Cell Biol. 2007, 8,
774–785. [CrossRef]
196. Winder, W.W.; Hardie, D.G. AMP-activated protein kinase, a metabolic master switch: Possible roles in type 2 diabetes. Am. J.
Physiol. Leg. Content 1999, 277, E1–E10. [CrossRef]
197. 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, 5741, 63–71. [CrossRef] [PubMed]
198. Greer, E.L.; Banko, M.R.; Brunet, A. AMP-activated protein kinase and FoxO transcription factors in dietary restriction-induced
longevity. Ann. N. Y. Acad. Sci. 2009, 1170, 688–692. [CrossRef] [PubMed]
199. Price, N.L.; Gomes, A.P.; Ling, A.J.Y.; Duarte, F.V.; Martin-Montalvo, A.; North, B.J.; Agarwal, B.; Ye, L.; Ramadori, G.; Teodoro,
J.S.; et al. SIRT1 is required for AMPK activation and the beneficial effects of resveratrol on mitochondrial function. Cell Metab.
2012, 15, 675–690. [CrossRef] [PubMed]
200. Banko, M.R.; Allen, J.J.; Schaffer, B.E.; Wilker, E.W.; Tsou, P.P.; White, J.L.; Villén, J.; Wang, B.; Kim, S.R.; Sakamoto, K.; et al.
Chemical Genetic Screen for AMPKα2 Substrates Uncovers a Network of Proteins Involved in Mitosis. Mol. Cell 2011, 44, 878–892.
[CrossRef] [PubMed]
201. Kim, Y.-C.; Day, R.M. Angiotensin II regulates activation of Bim via Rb/E2F1 during apoptosis: Involvement of interaction
between AMPKβ1/2 and Cdk4. Am. J. Physiol. Lung Cell. Mol. Physiol. 2012, 303, L228–L238. [CrossRef]
202. 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] [PubMed]

Biology 2021, 10, 194

57 of 78

203. Vanhaesebroeck, B.; Leevers, S.J.; Panayotou, G.; Waterfield, M.D.; Waterfield, M.D. Phosphoinositide 3-kinases: A conserved
family of signal transducers. Trends Biochem. Sci. 1997, 22, 267–272. [CrossRef]
204. Foster, F.M.; Traer, C.J.; Abraham, S.M.; Fry, M.J. The phosphoinositide (PI) 3-kinase family. J. Cell Sci. 2003, 116, 3037–3040.
[CrossRef] [PubMed]
205. Rameh, L.E.; Cantley, L.C. The role of phosphoinositide 3-kinase lipid products in cell function. J. Biol. Chem. 1999, 274, 8347–8350.
[CrossRef]
206. Katso, R.; Okkenhaug, K.; Ahmadi, K.; White, S.; Timms, J.; Waterfield, M.D. Cellular function of phosphoinositide 3-kinases:
Implications for development, homeostasis, and cancer. Annu. Rev. Cell Dev. Biol. 2001, 17, 615–675. [CrossRef] [PubMed]
207. Liang, J.; Zubovitz, J.; Petrocelli, T.; Kotchetkov, R.; Connor, M.K.; Han, K.; Lee, J.-H.; Ciarallo, S.; Catzavelos, C.; Beniston, R.; et al.
PKB/Akt phosphorylates p27, impairs nuclear import of p27 and opposes p27-mediated G1 arrest. Nat. Med. 2002, 8, 1153–1160.
[CrossRef]
208. Zhang, X.; Tang, N.; Hadden, T.J.; Rishi, A.K. Akt, FoxO and regulation of apoptosis. Biochim. Biophys. Acta Mol. Cell Res. 2011,
1813, 1978–1986. [CrossRef]
209. Georgescu, M.-M. PTEN Tumor Suppressor Network in PI3K-Akt Pathway Control. Genes Cancer 2010, 1, 1170–1177. [CrossRef]
[PubMed]
210. Hahn-Windgassen, A.; Nogueira, V.; Chen, C.C.; Skeen, J.E.; Sonenberg, N.; Hay, N. Akt activates the mammalian target of
rapamycin by regulating cellular ATP level and AMPK activity. J. Biol. Chem. 2005, 280, 32081–32089. [CrossRef] [PubMed]
211. Hay, N.; Sonenberg, N. Upstream and downstream of mTOR. Genes Dev. 2004, 18, 1926–1945. [CrossRef] [PubMed]
212. Tokunaga, C.; Yoshino, K.I.; Yonezawa, K. mTOR integrates amino acid- and energy-sensing pathways. Biochem. Biophys. Res.
Commun. 2004, 313, 443–446. [CrossRef]
213. Yu, J.S.L.; Cui, W. Proliferation, survival and metabolism: The role of PI3K/AKT/mTOR signalling in pluripotency and cell fate
determination. Development 2016, 143, 3050–3060. [CrossRef]
214. Kennedy, B.K.; Lamming, D.W. The Mechanistic Target of Rapamycin: The Grand ConducTOR of Metabolism and Aging. Cell
Metab. 2016, 23, 990–1003. [CrossRef]
215. Kliewer, S.A.; Sundseth, S.S.; Jones, S.A.; Brown, P.J.; Wisely, G.B.; Koble, C.S.; Devchand, P.; Wahli, W.; Willson, T.M.; Lenhard,
J.M.; et al. Fatty acids and eicosanoids regulate gene expression through direct interactions with peroxisome proliferator-activated
receptors alpha and gamma. Proc. Natl. Acad. Sci. USA 1997, 94, 4318–4323. [CrossRef]
216. Forman, B.M.; Chen, J.; Evans, R.M. Hypolipidemic drugs, polyunsaturated fatty acids, and eicosanoids are ligands for peroxisome
proliferator-activated receptors alpha and delta. Proc. Natl. Acad. Sci. USA 1997, 94, 4312–4317. [CrossRef]
217. Michalik, L.; Auwerx, J.; Berger, J.P.; Chatterjee, V.K.; Glass, C.K.; Gonzalez, F.J.; Grimaldi, P.A.; Kadowaki, T.; Lazar, M.A.;
O’Rahilly, S.; et al. International Union of Pharmacology. LXI. Peroxisome Proliferator-Activated Receptors. Pharmacol. Rev. 2006,
58, 726–741. [CrossRef]
218. Tyagi, S.; Gupta, P.; Saini, A.S.; Kaushal, C.; Sharma, S. The peroxisome proliferator-activated receptor: A family of nuclear
receptors role in various diseases. J. Adv. Pharm. Technol. Res. 2011, 2, 236–240. [CrossRef]
219. Contreras, A.V.; Torres, N.; Tovar, A.R. PPAR-α as a key nutritional and environmental sensor for metabolic adaptation. Adv.
Nutr. 2013, 4, 439–452. [CrossRef] [PubMed]
220. Han, L.; Zhou, R.; Niu, J.; McNutt, M.A.; Wang, P.; Tong, T. SIRT1 is regulated by a PPARγ-SIRT1 negative feedback loop
associated with senescence. Nucleic Acids Res. 2010, 38, 7458–7471. [CrossRef] [PubMed]
221. Kersten, S.; Seydoux, J.; Peters, J.M.; Gonzalez, F.J.; Desvergne, B.; Wahli, W. Peroxisome proliferator-activated receptor α mediates
the adaptive response to fasting. J. Clin. Investig. 1999, 103, 1489–1498. [CrossRef] [PubMed]
222. Kersten, S. Integrated physiology and systems biology of PPARα. Mol. Metab. 2014, 3, 354–371. [CrossRef]
223. Braissant, O.; Foufelle, F.; Scotto, C.; Dauça, M.; Wahli, W. Differential expression of peroxisome proliferator-activated receptors
(PPARs): Tissue distribution of PPAR-alpha, -beta, and -gamma in the adult rat. Endocrinology 1996, 137, 354–366. [CrossRef]
224. Lemberger, T.; Saladin, R.; Vazquez, M.; Assimacopoulos, F.; Staels, B.; Desvergne, B.; Wahli, W.; Auwerx, J. Expression of the
peroxisome proliferator-activated receptor alpha gene is stimulated by stress and follows a diurnal rhythm. J. Biol. Chem. 1996,
271, 1764–1769. [CrossRef]
225. Suzuki, A.; Okamoto, S.; Lee, S.; Saito, K.; Shiuchi, T.; Minokoshi, Y. Leptin stimulates fatty acid oxidation and peroxisome
proliferator-activated receptor a gene expression in mouse C2C12 myoblasts by changing the subcellular localization of the a2
form of AMP-activated protein kinase. Mol. Cell. Biol. 2007, 27, 4317–4327. [CrossRef] [PubMed]
226. Shalev, A.; Siegrist-Kaiser, C.A.; Yen, P.M.; Wahli, W.; Burger, A.G.; Chin, W.W.; Meier, C.A. The peroxisome proliferator-activated
receptor alpha is a phosphoprotein: Regulation by insulin. Endocrinology 1996, 137, 4499–4502. [CrossRef] [PubMed]
227. Yessoufou, A.; Atègbo, J.-M.; Attakpa, E.; Hichami, A.; Moutairou, K.; Dramane, K.L.; Khan, N. a Peroxisome proliferatoractivated receptor-alpha modulates insulin gene transcription factors and inflammation in adipose tissues in mice. Mol. Cell.
Biochem. 2009, 323, 101–111. [CrossRef]
228. Rosenson, R.S. Fenofibrate: Treatment of hyperlipidemia and beyond. Expert Rev. Cardiovasc. Ther. 2008, 6, 1319–1330. [CrossRef]
229. Seo, Y.S.; Kim, J.H.; Jo, N.Y.; Choi, K.M.; Baik, S.H.; Park, J.-J.; Kim, J.S.; Byun, K.S.; Bak, Y.-T.; Lee, C.H.; et al. PPAR
agonists treatment is effective in a nonalcoholic fatty liver disease animal model by modulating fatty-acid metabolic enzymes. J.
Gastroenterol. Hepatol. 2008, 23, 102–109. [CrossRef] [PubMed]

Biology 2021, 10, 194

58 of 78

230. Rieusset, J.; Andreelli, F.; Auboeuf, D.; Roques, M.; Vallier, P.; Riou, J.P.; Auwerx, J.; Laville, M.; Vidal, H. Insulin acutely
regulates the expression of the peroxisome proliferator-activated receptor-gamma in human adipocytes. Diabetes 1999, 48,
699–705. [CrossRef]
231. Medina-Gomez, G.; Gray, S.; Vidal-Puig, A. Adipogenesis and lipotoxicity: Role of peroxisome proliferator-activated receptor
gamma (PPARgamma) and PPARgammacoactivator-1 (PGC1). Public Health Nutr. 2007, 10, 1132–1137. [CrossRef]
232. Jones, J.R.; Barrick, C.; Kim, K.-A.; Lindner, J.; Blondeau, B.; Fujimoto, Y.; Shiota, M.; Kesterson, R.A.; Kahn, B.B.; Magnuson, M.A.
Deletion of PPARgamma in adipose tissues of mice protects against high fat diet-induced obesity and insulin resistance. Proc.
Natl. Acad. Sci. USA 2005, 102, 6207–6212. [CrossRef] [PubMed]
233. Xie, L.; O’Reilly, C.P.; Chapes, S.K.; Mora, S. Adiponectin and leptin are secreted through distinct trafficking pathways in
adipocytes. Biochim. Biophys. Acta Mol. Basis Dis. 2008, 1782, 99–108. [CrossRef] [PubMed]
234. Fajas, L.; Landsberg, R.L.; Huss-Garcia, Y.; Sardet, C.; Lees, J.A.; Auwerx, J. E2Fs regulate adipocyte differentiation. Dev. Cell 2002,
3, 39–49. [CrossRef]
235. Choi, J.H.; Banks, A.S.; Estall, J.L.; Kajimura, S.; Boström, P.; Laznik, D.; Ruas, J.L.; Chalmers, M.J.; Kamenecka, T.M.; Blüher, M.;
et al. Anti-diabetic drugs inhibit obesity-linked phosphorylation of PPARgamma by Cdk5. Nature 2010, 466, 451–456. [CrossRef]
[PubMed]
236. Abella, A.; Dubus, P.; Malumbres, M.; Rane, S.G.; Kiyokawa, H.; Sicard, A.; Vignon, F.; Langin, D.; Barbacid, M.; Fajas, L. Cdk4
promotes adipogenesis through PPARγ activation. Cell Metab. 2005, 2, 239–249. [CrossRef] [PubMed]
237. Iankova, I.; Petersen, R.K.; Annicotte, J.-S.; Chavey, C.; Hansen, J.B.; Kratchmarova, I.; Sarruf, D.; Benkirane, M.; Kristiansen, K.;
Fajas, L. Peroxisome proliferator-activated receptor gamma recruits the positive transcription elongation factor b complex to
activate transcription and promote adipogenesis. Mol. Endocrinol. 2006, 20, 1494–1505. [CrossRef] [PubMed]
238. Aguilar, V.; Annicotte, J.S.; Escote, X.; Vendrell, J.; Langin, D.; Fajas, L. Cyclin G2 regulates adipogenesis through PPARγ
coactivation. Endocrinology 2010, 151, 5247–5254. [CrossRef] [PubMed]
239. Cantó, C.; Auwerx, J. PGC-1alpha, SIRT1 and AMPK, an energy sensing network that controls energy expenditure. Curr. Opin.
Lipidol. 2009, 20, 98–105. [CrossRef] [PubMed]
240. Kung, J.; Henry, R.R. Thiazolidinedione safety. Expert Opin. Drug Saf. 2012, 11, 565–579. [CrossRef] [PubMed]
241. Muoio, D.M.; MacLean, P.S.; Lang, D.B.; Li, S.; Houmard, J.A.; Way, J.M.; Winegar, D.A.; Christopher Corton, J.; Lynis Dohm, G.;
Kraus, W.E. Fatty acid homeostasis and induction of lipid regulatory genes in skeletal muscles of peroxisome proliferator-activated
receptor (PPAR) α knock-out mice. Evidence for compensatory regulation by PPARδ. J. Biol. Chem. 2002, 277, 26089–26097.
[CrossRef]
242. Shi, Y.; Hon, M.; Evans, R.M. The peroxisome proliferator-activated receptor delta, an integrator of transcriptional repression and
nuclear receptor signaling. Proc. Natl. Acad. Sci. USA 2002, 99, 2613–2618. [CrossRef]
243. Luquet, S.; Gaudel, C.; Holst, D.; Lopez-Soriano, J.; Jehl-Pietri, C.; Fredenrich, A.; Grimaldi, P.A. Roles of PPAR delta in lipid
absorption and metabolism: A new target for the treatment of type 2 diabetes. Biochim. Biophys. Acta 2005, 1740, 313–317.
[CrossRef] [PubMed]
244. Lee, C.H.; Olson, P.; Hevener, A.; Mehl, I.; Chong, L.W.; Olefsky, J.M.; Gonzalez, F.; Ham, J.; Kang, H.; Peters, J.M.; et al. PPARdelta
regulates glucose metabolism and insulin sensitivity. Proc. Natl. Acad. Sci. USA 2006, 103, 3444–3449. [CrossRef]
245. Wagner, K.D.; Wagner, N. Peroxisome proliferator-activated receptor beta/delta (PPARbeta/delta) acts as regulator of metabolism
linked to multiple cellular functions. Pharmacol. Ther. 2010, 125, 423–435. [CrossRef]
246. Kim, J.E.; Chen, J. Regulation of Peroxisome Proliferator–Activated Receptor-γ Activity by Mammalian Target of Rapamycin and
Amino Acids in Adipogenesis. Diabetes 2004, 53, 2748–2756. [CrossRef]
247. Sozio, M.S.; Lu, C.; Zeng, Y.; Liangpunsakul, S.; Crabb, D.W. Activated AMPK inhibits PPAR- and PPAR- transcriptional activity
in hepatoma cells. AJP Gastrointest. Liver Physiol. 2011, 301, G739–G747. [CrossRef] [PubMed]
248. Picard, F.; Kurtev, M.; Chung, N.; Topark-Ngarm, A.; Senawong, T.; Machado de Oliveira, R.; Leid, M.; McBurney, M.W.; Guarente,
L. Sirt1 promotes fat mobilization in white adipocytes by repressing PPAR-γ. Nature 2004, 429, 771–776. [CrossRef]
249. Davis, K.E.; Moldes, M.; Farmer, S.R. The forkhead transcription factor FoxC2 inhibits white adipocyte differentiation. J. Biol.
Chem. 2004, 279, 42453–42461. [CrossRef] [PubMed]
250. Weigel, D.; Jäckle, H. The fork head domain: A novel DNA binding motif of eukaryotic transcription factors? Cell 1990, 63,
455–456. [CrossRef]
251. Kaestner, K.H.; Knöchel, W.; Martínez, D.E. Unified nomenclature for the winged helix/forkhead transcription factors. Genes Dev.
2000, 14, 142–146. [CrossRef] [PubMed]
252. Jackson, B.C.; Carpenter, C.; Nebert, D.W.; Vasiliou, V. Update of human and mouse forkhead box (FOX) gene families. Hum.
Genom. 2010, 4, 345–352. [CrossRef] [PubMed]
253. Tuteja, G.; Kaestner, K.H. SnapShot: Forkhead Transcription Factors I. Cell 2007, 130, 1160. [CrossRef] [PubMed]
254. Tuteja, G.; Kaestner, K.H. SnapShot: Forkhead Transcription Factors II. Cell 2007, 131, 192. [CrossRef]
255. Webb, A.E.; Kundaje, A.; Brunet, A. Characterization of the direct targets of FOXO transcription factors throughout evolution.
Aging Cell 2016, 15, 673–685. [CrossRef] [PubMed]
256. Van der Vos, K.E.; Coffer, P.J. The extending network of FOXO transcriptional target genes. Antioxid. Redox Signal. 2011, 14,
579–592. [CrossRef] [PubMed]

Biology 2021, 10, 194

59 of 78

257. Nakae, J.; Kitamura, T.; Kitamura, Y.; Biggs, W.H.; Arden, K.C.; Accili, D. The forkhead transcription factor Foxo1 regulates
adipocyte differentiation. Dev. Cell 2003, 4, 119–129. [CrossRef]
258. Matsumoto, M.; Pocai, A.; Rossetti, L.; DePinho, R.A.; Accili, D. Impaired Regulation of Hepatic Glucose Production in Mice
Lacking the Forkhead Transcription Factor Foxo1 in Liver. Cell Metab. 2007, 6, 208–216. [CrossRef] [PubMed]
259. Nakae, J.; Oki, M.; Cao, Y. The FoxO transcription factors and metabolic regulation. FEBS Lett. 2008, 582, 54–67. [CrossRef]
[PubMed]
260. Calnan, D.R.; Brunet, A. The FoxO code. Oncogene 2008, 27, 2276–2288. [CrossRef]
261. Linke, C.; Klipp, E.; Lehrach, H.; Barberis, M.; Krobitsch, S. Fkh1 and Fkh2 associate with Sir2 to control CLB2 transcription under
normal and oxidative stress conditions. Front. Physiol. 2013, 4, 173. [CrossRef]
262. Oellerich, M.F.; Potente, M. FOXOs and Sirtuins in Vascular Growth, Maintenance, and Aging. Circ. Res. 2012, 110, 1238–1251.
[CrossRef]
263. Bordone, L.; Motta, M.C.; Picard, F.; Robinson, A.; Jhala, U.S.; Apfeld, J.; McDonagh, T.; Lemieux, M.; McBurney, M.; Szilvasi, A.;
et al. Sirt1 regulates insulin secretion by repressing UCP2 in pancreatic β cells. PLoS Biol. 2006, 4, 210–220. [CrossRef]
264. Zhang, J. The direct involvement of SirT1 in insulin-induced insulin receptor substrate-2 tyrosine phosphorylation. J. Biol. Chem.
2007, 282, 34356–34364. [CrossRef]
265. Chen, Y.-R.; Lai, Y.; Lin, S.; Li, X.; Fu, Y.-C.; Xu, W.-C. SIRT1 interacts with metabolic transcriptional factors in the pancreas of
insulin-resistant and calorie-restricted rats. Mol. Biol. Rep. 2013, 40, 3373–3380. [CrossRef]
266. Wu, L.; Zhou, L.; Lu, Y.; Zhang, J.; Jian, F.; Liu, Y.; Li, F.; Li, W.; Wang, X.; Li, G. Activation of SIRT1 protects pancreatic β-cells
against palmitate-induced dysfunction. Biochem. Biophys. Acta Mol. Basis Dis. 2012, 1822, 1815–1825. [CrossRef] [PubMed]
267. Buteau, J.; Shlien, A.; Foisy, S.; Accili, D. Metabolic diapause in pancreatic beta-cells expressing a gain-of-function mutant of the
forkhead protein Foxo1. J. Biol. Chem. 2007, 282, 287–293. [CrossRef]
268. Martinez, S.C.; Tanabe, K.; Cras-Méneur, C.; Abumrad, N.A.; Bernal-Mizrachi, E.; Permutt, M.A. Inhibition of Foxo1 protects
pancreatic islet beta-cells against fatty acid and endoplasmic reticulum stress-induced apoptosis. Diabetes 2008, 57, 846–859.
[CrossRef]
269. Vetterli, L.; Brun, T.; Giovannoni, L.; Bosco, D.; Maechler, P. Resveratrol Potentiates Glucose-stimulated Insulin Secretion in
INS-1E -Cells and Human Islets through a SIRT1-dependent Mechanism. J. Biol. Chem. 2011, 286, 6049–6060. [CrossRef]
270. Hughes, K.J.; Meares, G.P.; Hansen, P.A.; Corbett, J.A. FoxO1 and SIRT1 regulate β-cell responses to nitric oxide. J. Biol. Chem.
2011, 286, 8338–8348. [CrossRef]
271. Bastien-Dionne, P.O.; Valenti, L.; Kon, N.; Gu, W.; Buteau, J. Glucagon-like peptide 1 inhibits the sirtuin deacetylase SirT1 to
stimulate pancreatic β-cell mass expansion. Diabetes 2011, 60, 3217–3222. [CrossRef]
272. Kitamura, Y.I.; Kitamura, T.; Kruse, J.-P.; Raum, J.C.; Stein, R.; Gu, W.; Accili, D. FoxO1 protects against pancreatic β cell failure
through NeuroD and MafA induction. Cell Metab. 2005, 2, 153–163. [CrossRef] [PubMed]
273. Gilbert, R.E.; Thai, K.; Advani, S.L.; Cummins, C.L.; Kepecs, D.M.; Schroer, S.A.; Woo, M.; Zhang, Y. SIRT1 activation ameliorates
hyperglycaemia by inducing a torpor-like state in an obese mouse model of type 2 diabetes. Diabetologia 2015, 58, 819–827.
[CrossRef] [PubMed]
274. Deng, X.; Cheng, J.; Zhang, Y.; Li, N.; Chen, L. Effects of caloric restriction on SIRT1 expression and apoptosis of islet beta cells in
type 2 diabetic rats. Acta Diabetol. 2010, 47, 177–185. [CrossRef]
275. Desai, T.; Koulajian, K.; Ivovic, A.; Breen, D.M.; Luu, L.; Tsiani, E.L.; Wheeler, M.B.; Giacca, A. Pharmacologic or genetic activation
of SIRT1 attenuates the fat-induced decrease in beta-cell function in vivo. Nutr. Diabetes 2019, 9, 11. [CrossRef] [PubMed]
276. Moynihan, K.A.; Grimm, A.A.; Plueger, M.M.; Bernal-Mizrachi, E.; Ford, E.; Cras-Méneur, C.; Permutt, M.A.; Imai, S.I. Increased
dosage of mammalian Sir2 in pancreatic β cells enhances glucose-stimulated insulin secretion in mice. Cell Metab. 2005, 2, 105–117.
[CrossRef]
277. Ramsey, K.M.; Mills, K.F.; Satoh, A.; Imai, S. Age-associated loss of Sirt1-mediated enhancement of glucose-stimulated insulin
secretion in beta cell-specific Sirt1-overexpressing (BESTO) mice. Aging Cell 2008, 7, 78–88. [CrossRef]
278. Pinho, A.V.; Bensellam, M.; Wauters, E.; Rees, M.; Giry-Laterriere, M.; Mawson, A.; Ly, L.Q.; Biankin, A.V.; Wu, J.; Laybutt, D.R.;
et al. Pancreas-Specific Sirt1-Deficiency in Mice Compromises Beta-Cell Function without Development of Hyperglycemia. PLoS
ONE 2015, 10, e0128012. [CrossRef]
279. Wang, R.-H.; Xu, X.; Kim, H.-S.; Xiao, Z.; Deng, C.-X. SIRT1 Deacetylates FOXA2 and Is Critical for Pdx1 Transcription and β-Cell
Formation. Int. J. Biol. Sci. 2013, 9, 934–946. [CrossRef]
280. Luu, L.; Dai, F.F.; Prentice, K.J.; Huang, X.; Hardy, A.B.; Hansen, J.B.; Liu, Y.; Joseph, J.W.; Wheeler, M.B. The loss of Sirt1 in mouse
pancreatic beta cells impairs insulin secretion by disrupting glucose sensing. Diabetologia 2013, 56, 2010–2020. [CrossRef]
281. Wu, S.Y.; Liang, J.; Yang, B.C.; Leung, P.S. SIRT1 Activation Promotes β-Cell Regeneration by Activating Endocrine Progenitor
Cells via AMPK Signaling-Mediated Fatty Acid Oxidation. Stem Cells 2019, 37, 1416–1428. [CrossRef]
282. Yu, L.; Chen, J.F.; Shuai, X.; Xu, Y.; Ding, Y.; Zhang, J.; Yang, W.; Liang, X.; Su, D.; Yan, C. Artesunate protects pancreatic beta
cells against cytokine-induced damage via SIRT1 inhibiting NF-κB activation. J. Endocrinol. Investig. 2016, 39, 83–91. [CrossRef]
[PubMed]
283. Prud’homme, G.J.; Glinka, Y.; Udovyk, O.; Hasilo, C.; Paraskevas, S.; Wang, Q. GABA protects pancreatic beta cells against
apoptosis by increasing SIRT1 expression and activity. Biochem. Biophys. Res. Commun. 2014, 452, 649–654. [CrossRef] [PubMed]

Biology 2021, 10, 194

60 of 78

284. Xu, S.; Sun, F.; Ren, L.; Yang, H.; Tian, N.; Peng, S. Resveratrol controlled the fate of porcine pancreatic stem cells through the
Wnt/β-catenin signaling pathway mediated by Sirt1. PLoS ONE 2017, 12, e0187159. [CrossRef] [PubMed]
285. Yu, W.C.; Chen, Y.L.; Hwang, P.A.; Chen, T.H.; Chou, T.C. Fucoidan ameliorates pancreatic β-cell death and impaired insulin
synthesis in streptozotocin-treated β cells and mice via a Sirt-1-dependent manner. Mol. Nutr. Food Res. 2017, 61, 1700136.
[CrossRef] [PubMed]
286. Uhlen, M.; Fagerberg, L.; Hallstrom, B.M.; Lindskog, C.; Oksvold, P.; Mardinoglu, A.; Sivertsson, A.; Kampf, C.; Sjostedt, E.;
Asplund, A.; et al. Tissue-based map of the human proteome. Science 2015, 347, 1260419. [CrossRef]
287. Caton, P.W.; Richardson, S.J.; Kieswich, J.; Bugliani, M.; Holland, M.L.; Marchetti, P.; Morgan, N.G.; Yaqoob, M.M.; Holness, M.J.;
Sugden, M.C. Sirtuin 3 regulates mouse pancreatic beta cell function and is suppressed in pancreatic islets isolated from human
type 2 diabetic patients. Diabetologia 2013, 56, 1068–1077. [CrossRef] [PubMed]
288. Zhou, Y.; Chung, A.C.K.; Fan, R.; Lee, H.M.; Xu, G.; Tomlinson, B.; Chan, J.C.N.; Kong, A.P.S. Sirt3 Deficiency Increased
the Vulnerability of Pancreatic Beta Cells to Oxidative Stress-Induced Dysfunction. Antioxid. Redox Signal. 2017, 27, 962–976.
[CrossRef] [PubMed]
289. Kim, M.; Lee, J.S.; Oh, J.E.; Nan, J.; Lee, H.; Jung, H.S.; Chung, S.S.; Park, K.S. SIRT3 Overexpression Attenuates Palmitate-Induced
Pancreatic β-Cell Dysfunction. PLoS ONE 2015, 10, e0124744. [CrossRef]
290. Zhang, H.-H.; Ma, X.-J.; Wu, L.-N.; Zhao, Y.-Y.; Zhang, P.-Y.; Zhang, Y.-H.; Shao, M.-W.; Liu, F.; Li, F.; Qin, G.-J. Sirtuin-3 (SIRT3)
protects pancreatic β-cells from endoplasmic reticulum (ER) stress-induced apoptosis and dysfunction. Mol. Cell. Biochem. 2016,
420, 95–106. [CrossRef]
291. Lee, S.-J.; Choi, S.-E.; Jung, I.-R.; Lee, K.-W.; Kang, Y. Protective effect of nicotinamide on high glucose/palmitate-induced
glucolipotoxicity to INS-1 beta cells is attributed to its inhibitory activity to sirtuins. Arch. Biochem. Biophys. 2013, 535, 187–196.
[CrossRef]
292. Haigis, M.C.; Mostoslavsky, R.; Haigis, K.M.; Fahie, K.; Christodoulou, D.C.; Murphy, A.J.; Valenzuela, D.M.; Yancopoulos,
G.D.; Karow, M.; Blander, G.; et al. SIRT4 Inhibits Glutamate Dehydrogenase and Opposes the Effects of Calorie Restriction in
Pancreaticβ Cells. Cell 2006, 126, 941–954. [CrossRef]
293. Wang, Y.; Liu, Q.; Huan, Y.; Li, R.; Li, C.; Sun, S.; Guo, N.; Yang, M.; Liu, S.; Shen, Z. Sirtuin 5 overexpression attenuates
glucolipotoxicity-induced pancreatic β cells apoptosis and dysfunction. Exp. Cell Res. 2018, 371, 205–213. [CrossRef] [PubMed]
294. Ma, Y.; Fei, X. SIRT5 regulates pancreatic β-cell proliferation and insulin secretion in type 2 diabetes. Exp. Ther. Med. 2018, 16,
1417–1425. [CrossRef]
295. Qin, K.; Zhang, N.; Zhang, Z.; Nipper, M.; Zhu, Z.; Leighton, J.; Xu, K.; Musi, N.; Wang, P. SIRT6-mediated transcriptional
suppression of Txnip is critical for pancreatic beta cell function and survival in mice. Diabetologia 2018, 61, 906–918. [CrossRef]
[PubMed]
296. Song, M.-Y.; Wang, J.; Ka, S.-O.; Bae, E.J.; Park, B.-H.; Thorens, B.; Orci, L.; Ahlgren, U.; Jonsson, J.; Jonsson, L.; et al. Insulin
secretion impairment in Sirt6 knockout pancreatic β cells is mediated by suppression of the FoxO1-Pdx1-Glut2 pathway. Sci. Rep.
2016, 6, 30321. [CrossRef] [PubMed]
297. Xiong, X.; Wang, G.; Tao, R.; Wu, P.; Kono, T.; Li, K.; Ding, W.-X.; Tong, X.; Tersey, S.A.; Harris, R.A.; et al. Sirtuin 6 regulates
glucose-stimulated insulin secretion in mouse pancreatic beta cells. Diabetologia 2016, 59, 151–160. [CrossRef] [PubMed]
298. Zhang, J.-G.; Hong, D.-F.; Zhang, C.-W.; Sun, X.-D.; Wang, Z.-F.; Shi, Y.; Liu, J.-W.; Shen, G.-L.; Zhang, Y.-B.; Cheng, J.; et al. Sirtuin
1 facilitates chemoresistance of pancreatic cancer cells by regulating adaptive response to chemotherapy-induced stress. Cancer
Sci. 2014, 105, 445–454. [CrossRef]
299. Rodgers, J.T.; Lerin, C.; Haas, W.; Gygi, S.P.; Spiegelman, B.M.; Puigserver, P. Nutrient control of glucose homeostasis through a
complex of PGC-1a and SIRT1. Nature 2005, 434, 113–118. [CrossRef]
300. Hallows, W.C.; Yu, W.; Denu, J.M. Regulation of glycolytic enzyme phosphoglycerate mutase-1 by Sirt1 protein-mediated
deacetylation. J. Biol. Chem. 2012, 287, 3850–3858. [CrossRef]
301. Yu, J.H.; Song, S.J.; Kim, A.; Choi, Y.; Seok, J.W.; Kim, H.J.; Lee, Y.J.; Lee, K.S.; Kim, J. Suppression of PPARγ-mediated
monoacylglycerol O-acyltransferase 1 expression ameliorates alcoholic hepatic steatosis. Sci. Rep. 2016, 6, 29352. [CrossRef]
302. Gazit, V.; Huang, J.; Weymann, A.; Rudnick, D.A. Analysis of the role of hepatic PPARγ expression during mouse liver
regeneration. Hepatology 2012, 56, 1489–1498. [CrossRef]
303. Inoue, M.; Ohtake, T.; Motomura, W.; Takahashi, N.; Hosoki, Y.; Miyoshi, S.; Suzuki, Y.; Saito, H.; Kohgo, Y.; Okumura, T.
Increased expression of PPARγ in high fat diet-induced liver steatosis in mice. Biochem. Biophys. Res. Commun. 2005, 336, 215–222.
[CrossRef]
304. Mulligan, J.D.; Stewart, A.M.; Saupe, K.W. Downregulation of plasma insulin levels and hepatic PPARγ expression during the
first week of caloric restriction in mice. Exp. Gerontol. 2008, 43, 146–153. [CrossRef] [PubMed]
305. Wang, R.H.; Kim, H.S.; Xiao, C.; Xu, X.; Gavrilova, O.; Deng, C.X. Hepatic Sirt1 deficiency in mice impairs mTorc2/Akt signaling
and results in hyperglycemia, oxidative damage, and insulin resistance. J. Clin. Investig. 2011, 121, 4477–4490. [CrossRef]
[PubMed]
306. Puigserver, P.; Rhee, J.; Donovan, J.; Kitamura, Y.; Altomonte, J.; Dong, H. Insulin-regulated hepatic gluconeogenesis through
FOXO1—PGC-1 a interaction. Nature 2003, 423, 550–555. [CrossRef] [PubMed]
307. Park, J.M.; Kim, T.H.; Bae, J.S.; Kim, M.Y.; Kim, K.S.; Ahn, Y.H. Role of resveratrol in FOXO1-mediated gluconeogenic gene
expression in the liver. Biochem. Biophys. Res. Commun. 2010, 403, 329–334. [CrossRef] [PubMed]

Biology 2021, 10, 194

61 of 78

308. Hou, X.; Xu, S.; Maitland-Toolan, K.A.; Sato, K.; Jiang, B.; Ido, Y.; Lan, F.; Walsh, K.; Wierzbicki, M.; Verbeuren, T.J.; et al. SIRT1
regulates hepatocyte lipid metabolism through activating AMP-activated protein kinase. J. Biol. Chem. 2008, 283, 20015–20026.
[CrossRef] [PubMed]
309. Purushotham, A.; Schug, T.T.; Xu, Q.; Surapureddi, S.; Guo, X.; Li, X. Hepatocyte-Specific Deletion of SIRT1 Alters Fatty Acid
Metabolism and Results in Hepatic Steatosis and Inflammation. Cell Metab. 2009, 9, 327–338. [CrossRef]
310. Wallace, J.M.; Schwarz, M.; Coward, P.; Houze, J.; Sawyer, J.K.; Kelley, K.L.; Chai, A.; Rudel, L.L. Effects of peroxisome
proliferator-activated receptor alpha/delta agonists on HDL-cholesterol in vervet monkeys. J. Lipid Res. 2005, 46, 1009–1016.
[CrossRef]
311. Deleye, Y.; Cotte, A.K.; Hannou, S.A.; Hennuyer, N.; Bernard, L.; Derudas, B.; Caron, S.; Legry, V.; Vallez, E.; Dorchies, E.; et al.
CDKN2A/p16INK4a suppresses hepatic fatty acid oxidation through the AMPKα2-SIRT1-PPARα signaling pathway. J. Biol.
Chem. 2020, 6, jbc.RA120.012543. [CrossRef]
312. Bantubungi, K.; Hannou, S.A.; Caron-Houde, S.; Vallez, E.; Baron, M.; Lucas, A.; Bouchaert, E.; Paumelle, R.; Tailleux, A.; Staels, B.
Cdkn2a/p16Ink4aregulates fasting-induced hepatic gluconeogenesis through the PKA-CREB-PGC1 α pathway. Diabetes 2014, 63,
3199–3209. [CrossRef]
313. Iwabu, M.; Yamauchi, T.; Okada-Iwabu, M.; Sato, K.; Nakagawa, T.; Funata, M.; Yamaguchi, M.; Namiki, S.; Nakayama, R.; Tabata,
M.; et al. Adiponectin and AdipoR1 regulate PGC-1alpha and mitochondria by Ca(2+) and AMPK/SIRT1. Nature 2010, 464,
1313–1319. [CrossRef]
314. Polyzos, S.A.; Kountouras, J.; Zavos, C.; Tsiaousi, E. The role of adiponectin in the pathogenesis and treatment of non-alcoholic
fatty liver disease. Diabetes, Obes. Metab. 2010, 12, 365–383. [CrossRef]
315. Laplante, M.; Sabatini, D.M. An Emerging Role of mTOR in Lipid Biosynthesis. Curr. Biol. 2009, 19, R1046–R1052. [CrossRef]
316. Chen, C.C.; Jeon, S.M.; Bhaskar, P.T.; Nogueira, V.; Sundararajan, D.; Tonic, I.; Park, Y.; Hay, N. FoxOs Inhibit mTORC1 and
Activate Akt by Inducing the Expression of Sestrin3 and Rictor. Dev. Cell 2010, 18, 592–604. [CrossRef]
317. Cheng, J.; Liu, C.; Hu, K.; Greenberg, A.; Wu, D.; Ausman, L.M.; McBurney, M.W.; Wang, X.-D. Ablation of systemic SIRT1 activity
promotes nonalcoholic fatty liver disease by affecting liver-mesenteric adipose tissue fatty acid mobilization. Biochim. Biophys.
Acta Mol. Basis Dis. 2017, 1863, 2783–2790. [CrossRef]
318. Zhang, E.; Cui, W.; Lopresti, M.; Mashek, M.G.; Najt, C.P.; Hu, H.; Mashek, D.G. Hepatic PLIN5 signals via SIRT1 to promote
autophagy and prevent inflammation during fasting. J. Lipid Res. 2020, 61, 338–350. [CrossRef]
319. Zhang, H.; Zhang, W.; Yun, D.; Li, L.; Zhao, W.; Li, Y.; Liu, X.; Liu, Z. Alternate-day fasting alleviates diabetes-induced glycolipid
metabolism disorders: Roles of FGF21 and bile acids. J. Nutr. Biochem. 2020, 83, 108403. [CrossRef]
320. Ishizuka, K.; Kon, K.; Lee-Okada, H.C.; Arai, K.; Uchiyama, A.; Yamashina, S.; Yokomizo, T.; Ikejima, K. Aging exacerbates
high-fat diet-induced steatohepatitis through alteration in hepatic lipid metabolism in mice. J. Gastroenterol. Hepatol. 2020, 35,
1437–1448. [CrossRef] [PubMed]
321. Wang, Y.; Zhu, K.; Yu, W.; Wang, H.; Liu, L.; Wu, Q.; Li, S.; Guo, J. MiR-181b regulates steatosis in nonalcoholic fatty liver disease
via targeting SIRT1. Biochem. Biophys. Res. Commun. 2017, 493, 227–232. [CrossRef] [PubMed]
322. Kim, M.J.; An, H.J.; Kim, D.H.; Lee, B.; Lee, H.J.; Ullah, S.; Kim, S.J.; Jeong, H.O.; Moon, K.M.; Lee, E.K.; et al. Novel SIRT1
activator MHY2233 improves glucose tolerance and reduces hepatic lipid accumulation in db/db mice. Bioorg. Med. Chem. Lett.
2018, 28, 684–688. [CrossRef] [PubMed]
323. Deng, X.-Q.; Chen, L.-L.; Li, N.-X. The expression of SIRT1 in nonalcoholic fatty liver disease induced by high-fat diet in rats.
Liver Int. 2007, 27, 708–715. [CrossRef] [PubMed]
324. Niu, B.; He, K.; Li, P.; Gong, J.; Zhu, X.; Ye, S.; Ou, Z.; Ren, G. SIRT1 upregulation protects against liver injury induced by a HFD
through inhibiting CD36 and the NF-κB pathway in mouse kupffer cells. Mol. Med. Rep. 2018, 18, 1609–1615. [CrossRef]
325. Chen, L.; Deng, X.; Li, N. Effects of calorie restriction on SIRT1 expression in liver of nonalcoholic fatty liver disease: Experiment
with rats. Chin. Med. J. 2007, 87, 1434–1437.
326. Chen, D.; Bruno, J.; Easlon, E.; Lin, S.-J.; Cheng, H.-L.; Alt, F.W.; Guarente, L. Tissue-specific regulation of SIRT1 by calorie
restriction. Genes Dev. 2008, 22, 1753–1757. [CrossRef]
327. Caron, A.Z.; He, X.; Mottawea, W.; Seifert, E.L.; Jardine, K.; Dewar-Darch, D.; Cron, G.O.; Harper, M.E.; Stintzi, A.; McBurney,
M.W. The SIRT1 deacetylase protects mice against the symptoms of metabolic syndrome. FASEB J. 2014, 28, 1306–1316. [CrossRef]
328. Song, Y.M.; Lee, Y.H.; Kim, J.W.; Ham, D.S.; Kang, E.S.; Cha, B.S.; Lee, H.C.; Lee, B.W. Metformin alleviates hepatosteatosis by
restoring SIRT1-mediated autophagy induction via an AMP-activated protein kinase-independent pathway. Autophagy 2015, 11,
46–59. [CrossRef] [PubMed]
329. Li, X.; Zhang, S.; Blander, G.; Tse, J.G.; Krieger, M.; Guarente, L. SIRT1 Deacetylates and Positively Regulates the Nuclear Receptor
LXR. Mol. Cell 2007, 28, 91–106. [CrossRef] [PubMed]
330. Derdak, Z.; Lang, C.H.; Villegas, K.A.; Tong, M.; Mark, N.M.; De La Monte, S.M.; Wands, J.R. Activation of p53 enhances apoptosis
and insulin resistance in a rat model of alcoholic liver disease. J. Hepatol. 2011, 54, 164–172. [CrossRef] [PubMed]
331. Derdak, Z.; Villegas, K.A.; Harb, R.; Wu, A.M.; Sousa, A.; Wands, J.R. Inhibition of p53 attenuates steatosis and liver injury in a
mouse model of non-alcoholic fatty liver disease. J. Hepatol. 2013, 58, 785–791. [CrossRef] [PubMed]
332. Liu, H.-W.; Kao, H.-H.; Wu, C.-H. Exercise training upregulates SIRT1 to attenuate inflammation and metabolic dysfunction in
kidney and liver of diabetic db/db mice. Nutr. Metab. 2019, 16, 22. [CrossRef]

Biology 2021, 10, 194

62 of 78

333. Zhou, R.; Yi, L.; Ye, X.; Zeng, X.; Liu, K.; Qin, Y.; Zhang, Q.; Mi, M. Resveratrol Ameliorates Lipid Droplet Accumulation in Liver
through a SIRT1/ ATF6-Dependent Mechanism. Cell. Physiol. Biochem. 2018, 51, 2397–2420. [CrossRef]
334. Chen, Y.; Zhang, H.; Chen, Y.; Zhang, Y.; Shen, M.; Jia, P.; Ji, S.; Wang, T. Resveratrol Alleviates Endoplasmic Reticulum Stress–
Associated Hepatic Steatosis and Injury in Mice Challenged with Tunicamycin. Mol. Nutr. Food Res. 2020, 64, 1–10. [CrossRef]
[PubMed]
335. Xin, F.Z.; Zhao, Z.H.; Zhang, R.N.; Pan, Q.; Gong, Z.Z.; Sun, C.; Fan, J.G. Folic acid attenuates high-fat diet-induced steatohepatitis
via deacetylase SIRT1-dependent restoration of PPAR. World J. Gastroenterol. 2020, 26, 2203–2220. [CrossRef]
336. Liou, C.-J.; Dai, Y.-W.; Wang, C.-L.; Fang, L.-W.; Huang, W.-C. Maslinic acid protects against obesity-induced nonalcoholic fatty
liver disease in mice through regulation of the Sirt1/AMPK signaling pathway. FASEB J. 2019, 33, 11791–11803. [CrossRef]
[PubMed]
337. Dihingia, A.; Ozah, D.; Ghosh, S.; Sarkar, A.; Baruah, P.K.; Kalita, J.; Sil, P.C.; Manna, P. Vitamin K1 inversely correlates with
glycemia and insulin resistance in patients with type 2 diabetes (T2D) and positively regulates SIRT1/AMPK pathway of glucose
metabolism in liver of T2D mice and hepatocytes cultured in high glucose. J. Nutr. Biochem. 2018, 52, 103–114. [CrossRef]
[PubMed]
338. Luna-Vital, D.; Luzardo-Ocampo, I.; Cuellar-Nuñez, M.L.; Loarca-Piña, G.; Gonzalez de Mejia, E. Maize extract rich in ferulic acid
and anthocyanins prevents high-fat-induced obesity in mice by modulating SIRT1, AMPK and IL-6 associated metabolic and
inflammatory pathways. J. Nutr. Biochem. 2020, 79, 108343. [CrossRef]
339. Liou, C.-J.; Wei, C.-H.; Chen, Y.-L.; Cheng, C.-Y.; Wang, C.-L.; Huang, W.-C. Fisetin Protects against Hepatic Steatosis through
Regulation of the Sirt1/AMPK and Fatty Acid β-Oxidation Signaling Pathway in High-Fat Diet-Induced Obese Mice. Cell. Physiol.
Biochem. 2018, 49, 1870–1884. [CrossRef]
340. Zheng, Y.; Liu, T.; Wang, Z.; Xu, Y.; Zhang, Q.; Luo, D. Low molecular weight fucoidan attenuates liver injury via
SIRT1/AMPK/PGC1α axis in db/db mice. Int. J. Biol. Macromol. 2018, 112, 929–936. [CrossRef]
341. Li, J.; Liu, M.; Yu, H.; Wang, W.; Han, L.; Chen, Q.; Ruan, J.; Wen, S.; Zhang, Y.; Wang, T. Mangiferin Improves Hepatic Lipid
Metabolism Mainly Through Its Metabolite-Norathyriol by Modulating SIRT-1/AMPK/SREBP-1c Signaling. Front. Pharmacol.
2018, 9, 201. [CrossRef]
342. Chen, X.Y.; Cai, C.Z.; Yu, M.L.; Feng, Z.M.; Zhang, Y.W.; Liu, P.H.; Zeng, H.; Yu, C.H. LB100 ameliorates nonalcoholic fatty liver
disease via the AMPK/Sirt1 pathway. World J. Gastroenterol. 2019, 25, 6607–6618. [CrossRef]
343. Gu, L.; Cai, N.; Lyu, Y.; Yao, L.; Wang, F.; Xu, H.; Hu, Z.; Li, H.; Xu, X. γ-Mangostin Ameliorates Free Fatty Acid-Induced
Lipid Accumulation via the SIRT1/LKB1/AMPK Pathway in HepG2 and L02 Cells. J. Agric. Food Chem. 2019, 67, 13929–13938.
[CrossRef]
344. Li, D.; Liu, F.; Wang, X.; Li, X. Apple Polyphenol Extract Alleviates High-Fat-Diet-Induced Hepatic Steatosis in Male C57BL/6
Mice by Targeting LKB1/AMPK Pathway. J. Agric. Food Chem. 2019, 67, 12208–12218. [CrossRef]
345. Zhou, J.Y.; Poudel, A.; Welchko, R.; Mekala, N.; Chandramani-Shivalingappa, P.; Rosca, M.G.; Li, L. Liraglutide improves insulin
sensitivity in high fat diet induced diabetic mice through multiple pathways. Eur. J. Pharmacol. 2019, 861. [CrossRef] [PubMed]
346. Yang, F.; Huang, P.; Shi, L.; Liu, F.; Tang, A.; Xu, S. Phoenixin 14 inhibits high-fat diet-induced non-alcoholic fatty liver disease in
experimental mice. Drug Des. Devel. Ther. 2020, 14, 3865–3874. [CrossRef] [PubMed]
347. Kwon, J.; Kim, B.; Lee, C.; Joung, H.; Kim, B.K.; Choi, I.S.; Hyun, C.K. Comprehensive amelioration of high-fat diet-induced
metabolic dysfunctions through activation of the PGC-1α pathway by probiotics treatment in mice. PLoS ONE 2020, 15, 1–18.
[CrossRef]
348. Nguyen, L.T.; Chen, H.; Zaky, A.; Pollock, C.; Saad, S. SIRT1 overexpression attenuates offspring metabolic and liver disorders as
a result of maternal high-fat feeding. J. Physiol. 2019, 597, 467–480. [CrossRef] [PubMed]
349. Juárez, Y.R.; Quiroga, S.; Prochnik, A.; Wald, M.; Tellechea, M.L.; Genaro, A.M.; Burguenõ, A.L. Influence of prenatal stress on
metabolic abnormalities induced by postnatal intake of a high-fat diet in BALB/c mice. J. Dev. Orig. Health Dis. 2020, 467–480.
[CrossRef] [PubMed]
350. Nguyen, L.T.; Saad, S.; Chen, H.; Pollock, C.A. Parental sirt1 overexpression attenuate metabolic disorders due to maternal
high-fat feeding. Int. J. Mol. Sci. 2020, 21, 7342. [CrossRef]
351. Arteaga, M.; Shang, N.; Ding, X.; Yong, S.; Cotler, S.J.; Denning, M.F.; Shimamura, T.; Breslin, P.; Bernhard, L.; Qiu, W. Inhibition
of SIRT2 suppresses hepatic fibrosis. Am. J. Physiol. Gastrointest. Liver Physiol. 2016, 2, G1155–G1168. [CrossRef]
352. Guo, L.; Guo, Y.-Y.; Li, B.-Y.; Peng, W.-Q.; Chang, X.-X.; Gao, X.; Tang, Q.-Q. Enhanced acetylation of ATP-citrate lyase promotes
the progression of nonalcoholic fatty liver disease. J. Biol. Chem. 2019, 294, 11805–11816. [CrossRef]
353. Lemos, V.; de Oliveira, R.M.; Naia, L.; Szegö, É.; Ramos, E.; Pinho, S.; Magro, F.; Cavadas, C.; Rego, A.C.; Costa, V.; et al. The
NAD+-dependent deacetylase SIRT2 attenuates oxidative stress and mitochondrial dysfunction and improves insulin sensitivity
in hepatocytes. Hum. Mol. Genet. 2017, 26, 4105–4117. [CrossRef]
354. Watanabe, H.; Inaba, Y.; Kimura, K.; Matsumoto, M.; Kaneko, S.; Kasuga, M.; Inoue, H. Sirt2 facilitates hepatic glucose uptake by
deacetylating glucokinase regulatory protein. Nat. Commun. 2018, 9, 30. [CrossRef]
355. Hebert, A.S.; Dittenhafer-Reed, K.E.; Yu, W.; Bailey, D.J.; Selen, E.S.; Boersma, M.D.; Carson, J.J.; Tonelli, M.; Balloon, A.J.; Higbee,
A.J.; et al. Calorie Restriction and SIRT3 Trigger Global Reprogramming of the Mitochondrial Protein Acetylome. Mol. Cell 2013,
49, 186–199. [CrossRef]

Biology 2021, 10, 194

63 of 78

356. Dittenhafer-Reed, K.E.; Richards, A.L.; Fan, J.; Smallegan, M.J.; Fotuhi Siahpirani, A.; Kemmerer, Z.A.; Prolla, T.A.; Roy, S.; Coon,
J.J.; Denu, J.M. SIRT3 mediates multi-tissue coupling for metabolic fuel switching. Cell Metab. 2015, 21, 637–646. [CrossRef]
357. Hallows, W.C.; Yu, W.; Smith, B.C.; Devires, M.K.; Ellinger, J.J.; Someya, S.; Shortreed, M.R.; Prolla, T.; Markley, J.L.; Smith, L.M.;
et al. Sirt3 Promotes the Urea Cycle and Fatty Acid Oxidation during Dietary Restriction. Mol. Cell 2011, 41, 139–149. [CrossRef]
[PubMed]
358. Kendrick, A.A.; Choudhury, M.; Rahman, S.M.; McCurdy, C.E.; Friederich, M.; Van Hove, J.L.K.; Watson, P.A.; Birdsey, N.; Bao, J.;
Gius, D.; et al. Fatty liver is associated with reduced SIRT3 activity and mitochondrial protein hyperacetylation. Biochem. J. 2011,
433, 505–514. [CrossRef]
359. Liu, L.; Xing, D.; Du, X.; Peng, T.; McFadden, J.; Wen, L.; Lei, H.; Dong, W.; Liu, G.; Wang, Z.; et al. Sirtuin 3 improves fatty acid
metabolism in response to high nonesterified fatty acids in calf hepatocytes by modulating gene expression. J. Dairy Sci. 2020,
103, 6557–6568. [CrossRef]
360. Barroso, E.; Rodríguez-Rodríguez, R.; Zarei, M.; Pizarro-Degado, J.; Planavila, A.; Palomer, X.; Villarroya, F.; Vázquez-Carrera,
M. SIRT3 deficiency exacerbates fatty liver by attenuating the HIF1α-LIPIN 1 pathway and increasing CD36 through Nrf2. Cell
Commun. Signal. 2020, 18, 1–13. [CrossRef]
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