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Abstract: Nonalcoholic fatty liver disease (NAFLD) is characterized by hepatic steatosis, insulin resis-
tance, mitochondrial dysfunction, inflammation, and oxidative stress. As a group of NAD+-dependent
III deacetylases, the sirtuin (SIRT1-7) family plays a very important role in regulating mitochondrial
biogenesis and participates in the progress of NAFLD. SIRT family members are distributed in the
nucleus, cytoplasm, and mitochondria; regulate hepatic fatty acid oxidation metabolism through
different metabolic pathways and mechanisms; and participate in the regulation of mitochondrial
energy metabolism. SIRT1 may improve NAFLD by regulating ROS, PGC-1«, SREBP-1c, FoxO1/3,
STAT3, and AMPK to restore mitochondrial function and reduce steatosis of the liver. Other SIRT fam-
ily members also play a role in regulating mitochondrial biogenesis, fatty acid oxidative metabolism,
inflammation, and insulin resistance. Therefore, this paper comprehensively introduces the role
of SIRT family in regulating mitochondrial biogenesis in the liver in NAFLD, aiming to further
explain the importance of SIRT family in regulating mitochondrial function in the occurrence and
development of NAFLD, and to provide ideas for the research and development of targeted drugs.
Relatively speaking, the role of some SIRT family members in NAFLD is still insufficiently clear, and
further research is needed.
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1. Introduction

Nonalcoholic fatty liver disease (NAFLD) is the general term for a range of liver dis-
ease states of progressive severity, including simple steatosis, nonalcoholic steatohepatitis
(NASH) with fibrosis, liver cirrhosis, and hepatocellular carcinoma [1]. A survey report
showed that the number of NAFLD patients in the United States is expected to increase
from 83.1 million in 2015 to 109 million in 2030, bringing a heavy economic burden as well
as an increasing demand for liver transplantation and an increased risk of hepatocellular
carcinoma in patients with liver cirrhosis and end-stage liver disease [2-6]. The progress
from simple steatosis to NASH involves the production of reactive oxygen species and
reactive nitrogen as well as the increase of lipotoxicity and inflammatory cytokines [7,8].
The main sources of these oxidants are the mitochondria, which are organelles also respon-
sible for fat metabolism. Therefore, mitochondria play an important role in the pathology
and progression of steatosis. The classical “two hit theory” is an important pathogenesis
model of NAFLD [9-11]. First, insulin resistance increases dietary intake and liver fat
production, which may lead to the accumulation of triglycerides and free fatty acids in
the liver. Secondly, excessive free fatty acids can promote the oxidation of fatty acids in
the liver, produce excessive superoxides, impair the function of hepatocyte mitochondria,
and result in failure to produce enough adenosine triphosphate (ATP) to ensure normal
hepatocyte function, resulting in lipid metabolism regulation, blood glucose, and protein
synthesis disorders [12]. Lipid peroxidation, mitochondrial dysfunction, and inflammation
may eventually lead to hepatocyte injury and liver fibrosis. However, the “multiple hit
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theory” is now widely recognized as an accurate model of the pathogenesis of NAFLD,
including the interaction of genetic and environmental factors and crosstalk changes be-
tween different organs and tissues including adipose tissue, pancreas, gut, and liver [13-17].
Moreover, existing research suggests that NAFLD may be a mitochondrial disease [18].

There are seven sirtuins (SIRT1-7) in mammals that play roles in regulating metabolism
in different tissues. SIRT family members are distributed in different cellular compartments
and coordinate the cellular response of organisms to stress by promoting mitochondrial
oxidation droplet metabolism and inducing stress tolerance. Recent studies have found that
SIRT family members play a significant role in regulating hepatic steatosis, NAFLD, and
hepatocellular carcinoma, affecting mitochondrial energy metabolism, oxidative stress, and
apoptosis by regulating the acetylation status of upstream and downstream proteins [19-21].
SIRT3, SIRT4, and SIRTS5 are mainly located in the mitochondria and involved in deacetyla-
tion [22]. SIRT3, SIRT4, and SIRTS play an important regulatory role in NALFD by affecting
mitochondprial function to regulate fatty acid oxidative metabolism, inflammation levels,
and oxidative stress [20,23,24]. Therefore, it is necessary to connect the active state of the
SIRT family with the occurrence and development of NAFLD. This study reviews the role
of the SIRT family in NAFLD and the molecular proteins involved, in order to further study
the pathogenic mechanism and possible treatments of NAFLD.

2. The Structure, Function, and Diversity of Sirtuins

Sirtuins (SIRT1-7) all belong to the same category of histone deacetylases (HDACs),
and the overall structure of HDAC domains is similar among all isomers. Each isomer
has a large Rossmann folding domain for NAD+ binding and a small domain containing
zinc-binding band modules [25,26]. For example, SIRT2 consists of a NAD+-bound Ross-
mann fold and a zinc-binding motif [27]. SIRT5 consists of 14 o helices and 9 3 chains and
also has a zinc-ion-binding domain and Rossmann folding domain [26], which is similar to
other sirtuins. SIRT family members are a kind of NAD+-dependent III deacetylase, which
control key cellular processes in the nucleus, cytoplasm, and mitochondria to maintain
metabolic balance, reduce cell damage, and inhibit inflammation. SIRT family members
have been proven to play important roles in regulating the occurrence and development of
NAFLD [28]. SIRT1, the most studied member of the family, is considered to be a metabolic
regulator in different tissues and involved in the control of longevity and lipid metabolism,
including fatty acid synthesis, oxidation, and adipogenesis [29,30]. SIRT1 deficiency can
lead to metabolic disorders such as diabetes, nonalcoholic fatty liver, cardiovascular dis-
ease, and neurodegeneration [31-34]. In addition, SIRT1 shows tumor-inhibitory activity
in metabolic-syndrome-related cancers [35,36]. SIRT2 plays a key role in regulating cell
cycle, neurodegeneration, tumor inhibition, and inflammation, as well as potential roles in
adipocyte differentiation, lipolysis, fat synthesis, and fatty acid oxidation [37—47]. SIRT3,
a key regulator of mitochondrial function, is highly expressed in metabolically active
tissues and regulates energy production and oxidative stress responses [48,49]. SIRT4 pro-
motes catabolism of branched amino acids and adipogenesis and inhibits insulin secretion
and liver lipid oxidation [20,50,51]. SIRT5 inhibits oxidative stress and gluconeogene-
sis, enhances fatty acid oxidation, and participates in regulating mitochondrial energy
metabolism [24,52,53]. SIRT6 promotes fatty acid oxidation, reduces liver triglycerides,
cholesterol, reactive oxygen species (ROS), and inflammatory cytokines, and enhances
the antioxidant capacity of the liver [54,55]. SIRT7 participates in cell metabolism and
stress, promotes mitochondrial biogenesis, and maintains mitochondrial respiration, which
is closely related to aging, fatty liver, and tumorigenesis [56-59]. SIRT family members
play important roles in the study of metabolic diseases, especially some diseases regulated
by mitochondria, such as hepatic steatosis, NAFLD, and liver fibrosis, and may make it
possible to further clarify the pathogenesis of these metabolic diseases.
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3. The Role of Mitochondria in NAFLD

Mitochondria are involved in a range of physiological processes, including produc-
tion of ATDP, storage of calcium, release of free radicals, oxidation of free fatty acids, and
synthesis of cholesterol [60]. Mitochondrial dysfunction has been widely recognized as an
important factor in the occurrence and development of NAFLD induced by high-fat diet
(HFD) [61-63]. HFD can lead to abnormal accumulation of triglycerides and imbalance
of liver mitochondrial function [64-67]. Liver mitochondrial dysfunction, represented
by decreased energy production and impaired redox balance, plays a central role in de-
velopment of the first and second stages of NAFLD [68-70]. Mitochondrial dysfunction
increases ROS, oxidative stress, and defective bioenergy substances, resulting in liver
fat accumulation and injury, which may promote the progression of liver disease from
nonalcoholic fatty liver to NASH through the mechanism of liver inflammation, necrosis,
and fibrosis [71]. Excessive ROS cause mitochondrial membrane peroxidation and the
collapse of mitochondrial membrane potential, which disrupts the synthesis and release of
cytochrome C in the mitochondria, resulting in irreversible cell damage or death [18]. In
addition, mitochondrial dysfunction disrupts the dynamic balance of fat in hepatocytes
and causes fat accumulation, which leads to lipotoxicity [62]. Lipotoxicity is related to
the increase of mitochondrial apoptosis, which is characterized by the decrease of mito-
chondrial potential, the increase of ROS production and cytochrome C infiltration into
the nucleus, and the activation of the caspase-9 apoptosis signal [72]. In addition, the
activity imbalances of transcription factor steroid regulatory element binding protein-
1c (SREBP-1c), peroxisome proliferator-activated receptor-« (PPAR«), nuclear factor-kB
(NF-kB), and peroxisome proliferator-activated receptor gamma coactivator-1o (PGC-1w)
are key regulators of mitochondrial biosynthesis and oxidative phosphorylation function
in NAFLD [73-80]. Further study of potential target molecules may allow protection of
cells from mitochondrial dysfunction, which will be very important for the treatment of
mitochondria-mediated NAFLD [81].

4. The Role of the SIRT Family in Mitochondria

There are seven SIRT proteins in mammals, which are located in different subcellular
locations and regulate different cellular functions, including physiological, metabolic, and
epigenetic regulatory roles [82]. SIRT1, SIRT6, and SIRT7 are nuclear proteins; SIRT?2 is local-
ized in the cytoplasm; SIRT3, SIRT4, and SIRTS are localized in the mitochondria [22]. The
SIRT family members have been shown to be involved in regulation of histone acetylation,
inflammation, gene transcription, fatty acid and glucose metabolism, insulin regulation
and adipocyte maturation, and mitochondrial function and biogenesis [83]. As a key
molecule in the regulation of mitochondrial biogenesis, PGC-1a plays an important role in
adaptive thermogenesis, mitochondrial formation, and the regulation of glucose and lipid
metabolism. SIRT1 can promote the accumulation of PGC-1 « in the nucleus, which leads
to gene transcription necessary for mitochondrial function and biogenesis [84]. SIRT2 regu-
lates mitochondrial remodeling and oxidative metabolism through the MEK1-ERK-Drp1
and AKT1-Drpl1 signaling pathways [85]. SIRT3 is mainly expressed in mitochondria and
has multiple protective effects on mitochondria under oxidative stress, hyperglycemia, fatty
acid composition, and myocardial infarction [86-88]. SIRT3 has been found to be most asso-
ciated with various interacting proteins, such as those involved in amino acid metabolism,
fatty acid oxidation, the tricarboxylic acid cycle, and the ETC/OXPHOS complex, while
SIRT4 and SIRTS5 are associated with fewer proteins and may regulate narrower mitochon-
drial pathways [89,90]. In addition, SIRT3 controls the overall acetylation of mitochondrial
proteins, increases the level of cell ATP, and induces mitochondrial biogenesis [48,91]. SIRT3
can also promote mitochondrial oxidative metabolism in response to nutritional stress and
membrane depolarization [48,89]. SIRT3 deficiency decreases the level of ATP and increases
the level of ROS in cells [92]. On the other hand, the increase of mitochondrial SIRT3 content
promotes the expression of mitochondrial coding genes through the AMPK-PGC1lx-ERR«
signal pathway, which increases ATP synthesis and complex I activity and decreases mito-
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chondrial ROS production [93]. SIRT4 acts as a metabolic regulator between glycolysis and
the TCA cycle, not only inhibiting malonyl-CoA carboxylase, which represses fatty acid
oxidation and promotes lipid synthesis, but also further inhibiting pyruvate dehydrogenase
and stimulating mitochondrial ATP production [94,95]. Inhibition of SIRT4 can promote
mitochondrial gene expression and increase fatty acid oxidation [50]. In addition, SIRT4
directly or indirectly regulates a variety of mitochondrial functions closely related to the
progression of aging-related diseases such as type 2 diabetes, neurodegeneration, and can-
cer [95-98]. As a global regulator of mitochondrial lysine succinylation, SIRT5 participates
in the regulation of metabolic networks [99]. SIRT6 protects mitochondria and plays an
anti-apoptotic role by activating the AMP-activated protein kinase (AMPK) pathway [100].
SIRT7 regulates mitochondrial biogenesis, ribosomal biosynthesis, and DNA repair through
epigenetic mechanisms, and coordinates glucose metabolism to maintain energy home-
ostasis [58]. In short, SIRT family members regulate mitochondrial function through a
variety of mechanisms and participate in various metabolic pathways such as inflammation,
endoplasmic reticulum stress, insulin resistance, fatty acid oxidation, steatosis, and so on.
These metabolic pathways are also involved in the progress of NAFLD, so it is necessary to
further study the role of the SIRT family in NAFLD, especially on the basis of regulation of
mitochondrial biogenesis.

5. The Role of the SIRT Family in Mitochondrial Biogenesis and NAFLD
5.1. SIRT1 and NAFLD

SIRT1 is a post-translational regulator which plays an important role in gene transcrip-
tion, apoptosis, cell cycle, metabolism, and development. SIRT1 has been shown to regulate
longevity and cellular metabolism, including fat metabolism, anti-inflammatory response,
insulin secretion, cell differentiation, and senescence; increase cell cycle arrest; improve re-
sistance to oxidative stress; and respond to hunger and calorie restriction [35,101-107]. The
activation of SIRT1 promotes the transcription of genes regulating mitochondrial biogenesis
to maintain energy and metabolic homeostasis as well as mediating the deacetylation of
downstream target proteins, such as PGC-1a, involved in fatty acid oxidation and mito-
chondrial function [84,108-110]. Related studies have shown that oxidative stress and
PGCla-mediated mitochondrial dysfunction are involved in the pathological changes of
NAFLD lipid metabolism caused by SIRT1 silencing in type 2 diabetes mellitus [111]. The
activation of SIRT1 can promote SREBP-1c phosphorylation, reduce the level of nuclear
mature SREBP-1c, inhibit liver fat synthesis, promote fat decomposition, and increase fatty
acid oxidation by regulating the SIRT1/ AMPK/SREBP-1c signal pathway [30]. In the HFD
mouse model of obesity and NAFLD patients, the expression of SIRT1 is inhibited, resulting
in liver metabolic damage [112,113]. At the cellular level, studies have shown that inhibition
of SIRT1 can lead to decrease of cell activity, apoptosis, lipid accumulation and production
of reactive oxygen species, and dysfunction of mitochondria, while activation of SIRT1 can
participate in mitochondrial biogenesis through PGC-1« and participate in the balance of
autophagy regulatory proteins [114]. Inhibition of SIRT1-mediated mitochondrial biogene-
sis may lead to mitochondrial protein stress and unfolded protein response (UPR) against
the background of NASH [115]. NAFLD experimental animal model studies show that
SIRT1, as a negative regulator of UPR signals, inhibits mechanistic target of rapamycin com-
plex 1 (mTORC1) and endoplasmic reticulum stress, reduces hepatic steatosis, improves
insulin resistance, and restores glucose homeostasis [116]. The ATG3-JNK1-SIRT1-CPT1
signaling pathway is also involved in fatty acid metabolism in the liver, which increases
the expression of SIRT1 by inhibiting ATG3, thus improving mitochondrial function [21].
Cadmium exposure can cause liver mitochondrial dysfunction and fatty acid oxidation
deficiency, and significantly inhibit the liver SIRT1 signal pathway [117]. In addition, pa-
tients with NAFLD are easily affected by hepatic ischemia-reperfusion injury. Studies have
shown that the RNLS-STAT3-SIRT1 signal pathway can reduce ROS production, improve
mitochondprial function, and effectively reduce hepatic ischemia-reperfusion injury [118].
SIRT1 deacetylates members of the fork box O (FoxO) family, affecting the downstream
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pathway that controls autophagy [84,119]. Specific inhibition of SIRT1 expression can lead
to a decrease of FOXO3a expression, then induced autophagy and decreased PGC-1 o
expression and mitochondrial dynamics, and then reduced hepatic ischemia-reperfusion
injury [120]. SIRT1 is also the main target of many plant flavonoids, including resveratrol,
which has beneficial metabolic and anti-aging effects [121]. SIRT1, when activated by these
phytochemicals, regulates mitochondrial biogenesis and mitosis mediated by PGC-1c.
Silencing SIRT1 eliminates the promoting effect of blueberry juice and probiotics on the
expression of PGC-1« and the protective effect of mitochondrial dysfunction in NAFLD
rats [122]. The natural product diosgenin downregulates the gene expression of SREBP-1c,
FAS, and SCD and upregulates the gene expression of FoxO1, ATGL, and CPT through the
SIRT1/AMPK signaling pathway, promoting lipolysis and thus preventing the progression
of NAFLD (Table S1) [123]. In addition, pharmacological stimulation of SIRT1 attenuates
hepatic steatosis through PRKA-independent, SIRT1-mediated autophagy and attenuates
hepatic ischemia-reperfusion injury by restoring mitochondrial function and enhanced
autophagy [29,124].

5.2. SIRT2 and NAFLD

SIRT?2 is highly abundant in metabolically active tissues, including liver, heart, brain,
and adipose tissues, and can deacetylate multiple protein targets [125]. The expression of
SIRT?2 is significantly decreased in obese mice with fatty liver and NAFLD; liver-specific
knockout of SIRT2 aggravates hepatic fat accumulation, inflammation, and insulin re-
sistance induced by HFD, while overexpression of liver SIRT2 improves insulin sensi-
tivity, oxidative stress, and mitochondrial dysfunction in obese mice [19,126]. Studies
have shown that SIRT2 deacetylates glucokinase regulatory proteins to restore impaired
liver glucose metabolism [127]. SIRT2 negatively regulates adipocyte differentiation by
deacetylation of FoxO1, and regulates cell response to oxidative stress by deacetylation of
FoxO3a [47,128,129]. In the mouse model fed with HFD, the endoplasmic reticulum and mi-
tochondria are close to each other, which depends on acetylated x-tubulin and NAD+ levels.
The decrease of NAD+ in the liver is closely related to fat accumulation, increased oxidative
stress, inflammation, and impaired insulin sensitivity in the liver [130,131]. It has been
found that the assembly of NOD-like receptor family pyrin domain-containing 3 (NLRP3)
and apoptosis-related spot-like proteins containing caspase recruitment domain (ASC) is
based on the physical pathway between the endoplasmic reticulum and mitochondria. En-
dogenous ASC is located in the mitochondria, cytoplasm, and nucleus, while endogenous
NLRP3 is mainly located in the endoplasmic reticulum [132-134]. Under stimulation by
the inducer of NLRP3 inflammatory bodies, the mitochondria approach the endoplasmic
reticulum of the perinuclear region, resulting in the coexistence of ASC and NLRP3 on the
mitochondria. Pharmacological stimulation to restore SIRT2 expression can reverse the
activation of NLRP3 inflammatory bodies and reduce the inflammatory effects induced by
palmitic acid or HFD. In addition, SIRT2 is involved in the deacetylation of lysine residues
540, 546, and 554 of adenosine triphosphate-citrate lyase (ACLY) [45]. ACLY is a key li-
pogenic enzyme that catalyzes the consumption of citric acid to acetyl-CoA. Overexpression
of SIRT2 reduces the stability of the ACLY protein, inhibits lipid accumulation in hepato-
cytes, and reduces hepatic steatosis in mice fed with HFD (Table S1) [45]. SIRT2 maintains
metabolic dynamic balance through glucose and lipid metabolism, insulin sensitivity, and
inflammatory regulation, which are key pathological processes related to the occurrence
and development of NAFLD.

5.3. SIRT3 and NAFLD

SIRTS3 is located in the mitochondria, has strong deacetylase activity, and plays a key role
in maintaining redox dynamic balance, regulating epigenetics, and lipid metabolism [135-137].
Under normal circumstances, SIRT3 exists in the form of long chains located in the nu-
cleus. When the external environment changes, SIRT3 forms a catalytic active short chain,
which enters the mitochondria and performs the deacetylation function [138]. In the HFD
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model, the expression of SIRT3 decreases in liver tissue, and its gene knockout leads to a
significant decrease in fatty acid metabolic rate and increased triglyceride accumulation
in the liver, while overexpression of SIRT3 protects liver function, reduces liver fibrosis
and inflammation, and reduces hepatocyte apoptosis [72,139]. The injury of mitochon-
drial biosynthesis and antioxidant response aggravates the severity of NAFLD induced
by HFD, while pharmacological stimulation of SIRT3 expression can improve mitochon-
drial function and reduce hepatic steatosis [140]. SIRT3 may upregulate BCL2 Interacting
Protein 3 mediated mitochondrial autophagy, reduce mitochondrial damage, and inhibit
mitochondrial-dependent hepatocyte apoptosis by activating the ERK-CREB signal path-
way [72]. The increase of ROS production may be due to the decrease of SOD2 activity and
the hindrance of ROS clearance. The inactivation of mitochondrial SIRT3 leads to SOD2
acetylation, which reduces SOD2 activity [141].

In addition, SIRT3 can deacetylate the lysine group at position 122 of manganese-
superoxide dismutase (MnSOD), thus increasing the activity of MnSOD, reducing the
production of mitochondrial ROS, and participating in antioxidant stress [142]. However,
as a negative regulator of autophagy, overactivation of SIRT3 expression in adipotoxicity
caused by saturated fatty acids can lead to MnSOD deacetylation, depletion of intracellular
superoxide, inhibition of AMPK, and activation of mTORC]1, thereby inhibiting autophagy
and aggravating lipotoxicity [23]. This is in contrast to the results of other studies [143,144].
SIRT3 as a key regulator of mitochondrial dysfunction and redox homeostasis in NAFLD
needs to be further discussed. However, there is evidence that SIRT3 knockout mice
induced by HFD show severe metabolic syndrome [139]. Pharmacological stimulation
of SIRT3, PGClx, nuclear respiratory factor-1, and FoxO3 mRNA expression or activa-
tion of the SIRT3-AMPK-PGClx-ERR« signaling pathway can improve mitochondrial
dysfunction and oxidative stress [145-147]. FoxO3 is the direct target of SIRT3, and its
function is to regulate the expression of multiple genes as a forked transcription factor [148].
SIRT3-mediated FoxO3 deacetylation reduces the level of ROS by upregulating antioxidant
enzymes MnSOD and catalase (CAT), thus maintaining the reserve capacity of mitochon-
dria and protecting cells from oxidative damage [149]. Located in the upper reaches of
the SIRT3/FoxO3 pathway, miRNA-421 can directly recognize and inhibit the expression
of SIRT3/FoxO3 protein, resulting in the decrease of MnSOD and CAT, the downstream
targets of SIRT3/FoxO3, and the increase of fat accumulation and triglyceride levels in
adipocytes, thus participating in the oxidative damage of NAFLD [150]. Pharmacological
stimulation can increase the activity of mitochondrial SIRT3, improve the energy deficiency
caused by OXPHOS damage, and improve mitochondrial membrane potential, oxygen
consumption, and cellular ATP level [151,152]. Mitochondrial trifunctional protein (MTP)
plays a key role in the oxidation of long-chain fatty acids. Overexpression of SIRT3 sig-
nificantly decreases the acetylation of MTD, increases mitochondrial FAO, and decreases
hepatic steatosis, CD68, and serum ALT levels [153]. The inactivation of SIRT3 decreases
the activity and gene expression of the SDH subunit and increases the level of succinic acid
in liver tissue, but it has no significant effect on the production of mitochondrial ROS [154].
Overexpression of RBP4 promotes the acetylation of long-chain acyl CoA dehydrogenase
by inhibiting the expression and activity of SIRT3, and significantly hinders the binding
of SIRT3 to long-chain acyl CoA dehydrogenase, thus inducing the deterioration of mito-
chondrial dysfunction and lipid metabolism (Table S1) [155]. In short, as a key regulator of
mitochondrial biogenesis, SIRT3 plays a very important role in the occurrence and develop-
ment of NAFLD. Further study on the deacetylation function of SIRT3 in mitochondria and
its upstream and downstream molecular targets is of great significance for elucidating the
pathogenesis of NAFLD and preparing appropriate drugs to prevent and treat NAFLD.

5.4. SIRT4 and NAFLD

SIRT4 is also a key regulator of the mitochondrial metabolic pathway, regulating
insulin secretion, mitochondrial ATP production, apoptosis and redox pathway [96]. A
previous study found that the expression of SIRT1, SIRT3, SIRT5, and SIRT6 in NAFLD is
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decreased, while the expression of SIRT4 is upregulated, which may promote the progress
of NAFLD [156]. The activity of SIRT4 increases under conditions of adequate nutrition,
which inhibits the oxidation of fatty acids and promotes the synthesis and metabolism
of fat [157]. Mitochondrial trifunctional protein « subunit (MTPx) is a key enzyme in
fatty acid 3 oxidation. MTP« is acetylated at lysine residues 350, 383, and 406 (MTPx-3K),
which promotes its protein stability by antagonizing its ubiquitination on the same three
lysines and preventing its subsequent degradation. In NAFLD mouse and human livers,
the acetylation levels of mitogen o and mitogen o-3K decrease, while the deacetylation
level of SIRT4 increases, resulting in the decrease of MTP o protein stability and aggravation
of NAFLD (Table S1) [158]. In primary hepatocytes with SIRT4 knockout, the expression
of mitochondria and fatty-acid-metabolizing enzyme genes increases significantly [159].
However, some studies have shown that the SIRT4/Smad4 axis plays a key role in the
formation of liver fibrosis, and the upregulation of SIRT4 may reduce lipid accumulation,
inflammation, and fibrosis induced by HFD [160]. In terms of mechanism, SIRT4 may
negatively mediate fatty acid oxidation in hepatocytes by inhibiting the transcriptional
activity of PPAR« [159]. In normal hepatocytes, SIRT1 is recruited to PPAR« reactants by
interacting with PPAR«x, which catalyzes the deacetylation of N-acetyllysine of PGC-1o
to promote fatty acid oxidation [161]. SIRT4 destroys the interaction between SIRT1 and
PPAR« and weakens the activation of PPAR«x transcriptional activity through SIRT1 to
inhibit fatty acid oxidation [162]. SIRT4 competes with other sirtuins including SIRT1 for
B-NAD+, resulting in a decrease in SIRT1 activity and the effect of SIRT1 on PPAR « and
fatty acid oxidative transcriptional activity [163,164].

5.5. SIRT5 and NAFLD

SIRTS is also located in the mitochondria. It not only has NAD+-dependent deacety-
lase activity, but also specifically removes succinyl, glutaryl, and malonic acid groups
from lysine residues [52,99,165,166]. The decreased activity of mitochondrial acyl-CoA
synthetase in the liver tissues of SIRT5 knockout mice can cause periportal steatosis [167].
The mRNA of SIRT5 binds to splicing factor 2, which is rich in serine/arginine, to regulate
the stability of its mRNA, increase the expression of SIRT5, enhance the expression and
enzyme activity of carnitine palmitoyl transferase 1A, inhibit hepatocyte ROS formation,
and restore mitochondrial function (Table S1) [168]. In addition, SIRT5 desuccinylation
positively regulates fatty acid oxygen and ketone body production [99,169]. In peroxisomes,
which have a fatty acid oxidation pathway similar to that of mitochondria, SIRT5 negatively
regulates the key protein acyl-CoA oxidase-1 for fatty acid oxidation, and its deletion
inhibits mitochondrial fatty acid oxidation and promotes peroxisomes [52].

5.6. SIRT6, SIRT7, and NAFLD

Both SIRT6 and SIRT7 can participate in liver lipid metabolism, endoplasmic reticulum
stress, and insulin resistance, and regulate the progression of NAFLD. Decreased SIRT6 pro-
tein levels in the liver of obese mice and NAFLD patients, and fat-specific SIRT6 deficiency,
increased inflammation and insulin resistance induced by HFD in mice [156,170,171]. SIRT6
overexpression can improve hepatic steatosis, insulin resistance, and inflammation, which
regulates hepatic steatosis by interacting with USP10 and inhibiting SIRT6 ubiquitin and
degradation [172]. In addition, SIRT6 negatively regulates glycolysis, triglyceride synthe-
sis, and fat metabolism through histone H3 deacetylation, thus promoting the dynamic
balance of liver triglycerides [173]. SIRT6-deacetylated X-box binding protein 1 (XBP1)
is transactivated in Lys257 and Lys297, and promotes the degradation of XBP1s protein
through the ubiquitin-proteasome system, thereby reducing endoplasmic reticulum stress
and liver steatosis [174]. SIRT7 is a histone H3 lysine 18 (H3K18) deacetylase that binds to
the promoters of a specific group of transcriptional suppressor genes. SIRT7 was shown to
be induced under endoplasmic reticulum stress and stabilized on the ribosomal protein
promoter through interaction with transcription factor Myc, thus inhibiting gene expres-
sion, alleviating endoplasmic reticulum stress, and reversing diet-induced fatty liver in
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obese mice [57]. In addition, liver SIRT7 positively regulates the protein level of nuclear
receptor TR4/TAK]1 involved in lipid metabolism, thereby activating TR4 target genes to
increase fatty acid uptake and triglyceride synthesis/storage [59]. As deacetylases involved
in important metabolic functions, the roles of SIRT6 and SIRT7 in mitochondrial function
in patients with NAFLD are not clear. Both SIRT6 and SIRT7 are involved in steatosis and
endoplasmic reticulum stress, suggesting that they may have favorable roles in NAFLD,
but whether they regulate mitochondrial biogenesis needs further study.

6. Conclusions

In obese and NAFLD mice and human patients, the expression of the SIRT fam-
ily decreases, but the expression of SIRT4 may be increased. As SIRT1-7 are a family
of NAD+-dependent protein deacetylases, the result is increased mitochondrial protein
acetylation, which may in turn contribute to impaired mitochondrial fuel oxidation and
respiration, thus contributing to the vicious cycle of “energy starvation”. Reduced ATP
levels are responsible for cell vulnerability to any negative stimuli and increased death
with consequent increased fibrosis deposition, thus leading to NAFLD progression to cir-
rhosis [175]. Overexpression of SIRT family members can improve mitochondrial function
and reduce oxidative stress and lipid accumulation through different pathways and mecha-
nisms, thus improving the progress of NAFLD. To date, SIRT1-5 have been proven to be
involved in mitochondrial biogenesis in NAFLD patients or animal models, but the roles of
SIRT6 and 7 in mitochondria are still unclear and need further study. Mechanically, SIRT1
can participate in the occurrence and development of NAFLD by affecting signal molecules
such as PGC-1x and SREBP-1¢, FoxO1/3, STAT3, and AMPK, and restore the function of
mitochondria by regulating mitochondrial fat oxidation and reducing the production of
ROS, thus controlling the progress of NAFLD. Similarly, SIRT2-5 are also involved in the
regulation of mitochondrial function through regulation of different metabolic molecules
and signal pathways, such as ACLY, SOD2, MnSOD, COX 1V, PGC1l«, ERRx, FOXO3, CAT,
NRF1, SDH, SUCNRI1, MTP, FAO, MTP«, CPT1a, SRSF2, and so on. SIRT6 and 7 have been
proven to be involved in the regulation of mitochondrial function in other diseases, but in
terms of their role, we speculate that they may be involved in the occurrence of NAFLD, so
they can also be used as important targets for future research in NAFLD. In short, the SIRT
family plays an important role in regulation of mitochondrial biogenesis, oxidative stress,
fatty acid metabolism, inflammation, and insulin resistance in NAFLD.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/biom12081079/s1, Table S1: The function and mechanism of
SIRT in regulation of mitochondrial biogenesis with NAFLD.

Author Contributions: Conceptualization and original draft preparation, C.Z.; review and editing,
M.C. All authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.
Data Availability Statement: Not applicable.

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

Abbreviations

NAFLD: Nonalcoholic fatty liver disease; NASH, nonalcoholic steatohepatitis; SIRT, sirtuins;
ATP, adenosine triphosphate; ROS, reactive oxygen species; HFD, high-fat diet; SREBP-1c, steroid
regulatory element binding protein-1c; PPAR«, peroxisome proliferator-activated receptor-«; NF-kB,
nuclear factor kappa B; PGC-1«, peroxisome proliferator-activated receptor gamma coactivator-1e;
AMPK, adenosine 5-monophosphate (AMP)-activated protein kinase; mTORC1, mechanistic target of
rapamycin complex 1; FoxO1, forkhead Box O1; FoxO3a, Forkhead Box O3; NLRP3, NOD-like recep-
tor family pyrin domain-containing 3; ASC, apoptosis-related spot-like proteins containing caspase
recruitment domain; ACLY, adenosine triphosphate-citrate lyase; XBP1, X-box binding protein 1.


https://www.mdpi.com/article/10.3390/biom12081079/s1
https://www.mdpi.com/article/10.3390/biom12081079/s1

Biomolecules 2022, 12, 1079 9 of 15

References

1.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

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

Mittal, S.; El-Serag, H.B.; Sada, Y.H.; Kanwal, F.; Duan, Z.; Temple, S.; May, S.B.; Kramer, J.R.; Richardson, P.A.; Davila, J.A.
Hepatocellular Carcinoma in the Absence of Cirrhosis in United States Veterans is Associated with Nonalcoholic Fatty Liver
Disease. Clin. Gastroenterol. Hepatol. 2016, 14, 124-131.el. [CrossRef] [PubMed]

Goldberg, D.; Ditah, I.C.; Saeian, K.; Lalehzari, M.; Aronsohn, A.; Gorospe, E.C.; Charlton, M. Changes in the Prevalence of
Hepatitis C Virus Infection, Nonalcoholic Steatohepatitis, and Alcoholic Liver Disease Among Patients with Cirrhosis or Liver
Failure on the Waitlist for Liver Transplantation. Gastroenterology 2017, 152, 1090-1099.e1. [CrossRef] [PubMed]

Wong, R].; Aguilar, M.; Cheung, R.; Perumpail, R.B.; Harrison, S.A.; Younossi, Z.M.; Ahmed, A. Nonalcoholic steatohepatitis is
the second leading etiology of liver disease among adults awaiting liver transplantation in the United States. Gastroenterology
2015, 148, 547-555. [CrossRef] [PubMed]

Estes, C.; Razavi, H.; Loomba, R.; Younossi, Z.; Sanyal, A.J. Modeling the epidemic of nonalcoholic fatty liver disease demonstrates
an exponential increase in burden of disease. Hepatology 2018, 67, 123-133. [CrossRef] [PubMed]

Younossi, Z.M.; Blissett, D.; Blissett, R.; Henry, L.; Stepanova, M.; Younossi, Y.; Racila, A.; Hunt, S.; Beckerman, R. The economic
and clinical burden of nonalcoholic fatty liver disease in the United States and Europe. Hepatology 2016, 64, 1577-1586. [CrossRef]
Ziolkowska, S.; Binienda, A.; Jablkowski, M.; Szemraj, J.; Czarny, P. The Interplay between Insulin Resistance, Inflammation,
Oxidative Stress, Base Excision Repair and Metabolic Syndrome in Nonalcoholic Fatty Liver Disease. Int. |. Mol. Sci. 2021,
22,11128. [CrossRef]

Lim, S.; Kim, ].W,; Targher, G. Links between metabolic syndrome and metabolic dysfunction-associated fatty liver disease. Trends
Endocrinol Metab. 2021, 32, 500-514. [CrossRef]

Day, C.P; James, O.F. Steatohepatitis: A tale of two “hits”? Gastroenterology 1998, 114, 842-845. [CrossRef]

Chitturi, S.; Abeygunasekera, S.; Farrell, G.C.; Holmes-Walker, J.; Hui, ].M.; Fung, C.; Karim, R.; Lin, R.; Samarasinghe, D.;
Liddle, C.; et al. NASH and insulin resistance: Insulin hypersecretion and specific association with the insulin resistance syndrome.
Hepatology 2002, 35, 373-379. [CrossRef]

Carmiel-Haggai, M.; Cederbaum, A.L; Nieto, N. A high-fat diet leads to the progression of non-alcoholic fatty liver disease in
obese rats. FASEB |. 2005, 19, 136-138. [CrossRef]

Chen, Q.; Wang, T,; Li, J.; Wang, S.; Qiu, E; Yu, H.; Zhang, Y.; Wang, T. Effects of Natural Products on Fructose-Induced
Nonalcoholic Fatty Liver Disease (NAFLD). Nutrients 2017, 9, 96. [CrossRef]

Ayonrinde, O.T,; Olynyk, J.K.; Marsh, J.A.; Beilin, L.J.; Mori, T.A.; Oddy, W.H.; Adams, L.A. Childhood adiposity trajectories and
risk of nonalcoholic fatty liver disease in adolescents. J. Gastroenterol. Hepatol. 2015, 30, 163-171. [CrossRef]

Young, J.L.; Cave, M.C.; Xu, Q.; Kong, M.; Xu, J.; Lin, Q.; Tan, Y.; Cai, L. Whole life exposure to low dose cadmium alters
diet-induced NAFLD. Toxicol Appl. Pharmacol. 2022, 436, 115855. [CrossRef]

Mooli, R.G.R.; Mukhi, D.; Ramakrishnan, S.K. Oxidative Stress and Redox Signaling in the Pathophysiology of Liver Diseases.
Compr. Physiology 2022, 12, 3167-3192.

Clemente, M.G.; Mandato, C.; Poeta, M.; Vajro, P. Pediatric non-alcoholic fatty liver disease: Recent solutions, unresolved issues,
and future research directions. World |. Gastroenterol. 2016, 22, 8078-8093. [CrossRef]

Sabir, U.; Irfan, H.M.; Alamgeer Ullah, A.; Althobaiti, Y.S.; Alshehri, ES.; Niazi, Z.R. Downregulation of hepatic fat accumulation,
inflammation and fibrosis by nerolidol in purpose built western-diet-induced multiple-hit pathogenesis of NASH animal model.
Biomed. Pharmacother. 2022, 150, 112956. [CrossRef]

Hu, Y,; Yin, F; Liu, Z,; Xie, H.; Xu, Y.; Zhou, D.; Zhu, B. Acerola polysaccharides ameliorate high-fat diet-induced non-alcoholic
fatty liver disease through reduction of lipogenesis and improvement of mitochondrial functions in mice. Food Funct. 2020, 11,
1037-1048. [CrossRef]

Ren, H.; Hu, F; Wang, D.; Kang, X.; Feng, X.; Zhang, L.; Zhou, B.; Liu, S.; Yuan, G. Sirtuin 2 Prevents Liver Steatosis and Metabolic
Disorders by Deacetylation of Hepatocyte Nuclear Factor 4alpha. Hepatology 2021, 74, 723-740. [CrossRef]

Zaganjor, E.; Yoon, H.; Spinelli, ].B.; Nunn, E.R.; Laurent, G.; Keskinidis, P; Sivaloganathan, S.; Joshi, S.; Notarangelo, G.;
Mulei, S; et al. SIRT4 is an early regulator of branched-chain amino acid catabolism that promotes adipogenesis. Cell Rep. 2021,
36, 109345. [CrossRef]

da Silva Lima, N.; Fondevila, M.F,; Novoa, E.; Buque, X.; Mercado-Gomez, M.; Gallet, S.; Gonzalez-Rellan, M.].; Fernandez, U.;
Loyens, A.; Garcia-Vence, M.; et al. Inhibition of ATG3 ameliorates liver steatosis by increasing mitochondrial function. J. Hepatol.
2022, 76, 11-24. [CrossRef]

Nogueiras, R.; Habegger, K.M.; Chaudhary, N.; Finan, B.; Banks, A.S.; Dietrich, M.O.; Horvath, T.L.; Sinclair, D.A.; Pfluger, P.T.;
Tschop, M.H. Sirtuin 1 and sirtuin 3: Physiological modulators of metabolism. Physiol. Rev. 2012, 92, 1479-1514. [CrossRef]

Li, S.; Dou, X.; Ning, H.; Song, Q.; Wei, W.; Zhang, X.; Shen, C.; Li, J.; Sun, C.; Song, Z. Sirtuin 3 acts as a negative regulator of
autophagy dictating hepatocyte susceptibility to lipotoxicity. Hepatology 2017, 66, 936-952. [CrossRef]

Du, Y,; Hu, H.; Qu, S.; Wang, J.; Hua, C.; Zhang, ].; Wei, P; He, X.; Hao, J.; Liu, P; et al. SIRT5 deacylates metabolism-related
proteins and attenuates hepatic steatosis in ob/ob mice. EBioMedicine 2018, 36, 347-357. [CrossRef]

Manjula, R.; Anuja, K.; Alcain, FJ. SIRT1 and SIRT2 Activity Control in Neurodegenerative Diseases. Front. Pharmacol. 2020,
11, 585821. [CrossRef]


http://doi.org/10.1038/s41591-018-0104-9
http://www.ncbi.nlm.nih.gov/pubmed/29967350
http://doi.org/10.1016/j.cgh.2015.07.019
http://www.ncbi.nlm.nih.gov/pubmed/26196445
http://doi.org/10.1053/j.gastro.2017.01.003
http://www.ncbi.nlm.nih.gov/pubmed/28088461
http://doi.org/10.1053/j.gastro.2014.11.039
http://www.ncbi.nlm.nih.gov/pubmed/25461851
http://doi.org/10.1002/hep.29466
http://www.ncbi.nlm.nih.gov/pubmed/28802062
http://doi.org/10.1002/hep.28785
http://doi.org/10.3390/ijms222011128
http://doi.org/10.1016/j.tem.2021.04.008
http://doi.org/10.1016/S0016-5085(98)70599-2
http://doi.org/10.1053/jhep.2002.30692
http://doi.org/10.1096/fj.04-2291fje
http://doi.org/10.3390/nu9020096
http://doi.org/10.1111/jgh.12666
http://doi.org/10.1016/j.taap.2021.115855
http://doi.org/10.3748/wjg.v22.i36.8078
http://doi.org/10.1016/j.biopha.2022.112956
http://doi.org/10.1039/C9FO01611B
http://doi.org/10.1002/hep.31773
http://doi.org/10.1016/j.celrep.2021.109345
http://doi.org/10.1016/j.jhep.2021.09.008
http://doi.org/10.1152/physrev.00022.2011
http://doi.org/10.1002/hep.29229
http://doi.org/10.1016/j.ebiom.2018.09.037
http://doi.org/10.3389/fphar.2020.585821

Biomolecules 2022, 12, 1079 10 of 15

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

Yang, L.; Ma, X.; He, Y; Yuan, C.; Chen, Q.; Li, G.; Chen, X. Sirtuin 5: A review of structure, known inhibitors and clues for
developing new inhibitors. Sci. China Life Sci. 2017, 60, 249-256. [CrossRef] [PubMed]

Jin, J.; He, B.; Zhang, X,; Lin, H.; Wang, Y. SIRT2 Reverses 4-Oxononanoyl Lysine Modification on Histones. . Am. Chem. Soc.
2016, 138, 12304-12307. [CrossRef] [PubMed]

Winnik, S.; Auwerx, J.; Sinclair, D.A.; Matter, C.M. Protective effects of sirtuins in cardiovascular diseases: From bench to bedside.
Eur. Heart ]. 2015, 36, 3404-3412. [CrossRef] [PubMed]

Khader, A.; Yang, W.L.; Godwin, A.; Prince, ].M.; Nicastro, ] M.; Coppa, G.E; Wang, P. Sirtuin 1 Stimulation Attenuates Ischemic
Liver Injury and Enhances Mitochondrial Recovery and Autophagy. Crit. Care Med. 2016, 44, e651-e663. [CrossRef] [PubMed]
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]

Hammer, S.S.; Vieira, C.P.; McFarland, D.; Sandler, M.; Levitsky, Y.; Dorweiler, T.F; Lydic, T.A.; Asare-Bediako, B.;
Adu-Agyeiwaah, Y.; Sielski, M.S.; et al. Fasting and fasting-mimicking treatment activate SIRT1/LXRx and alleviate
diabetes-induced systemic and microvascular dysfunction. Diabetologia 2021, 64, 1674-1689. [CrossRef]

D’Onofrio, N.; Servillo, L.; Balestrieri, M.L. SIRT1 and SIRT6 Signaling Pathways in Cardiovascular Disease Protection. Antioxid.
Redox Signal. 2018, 28, 711-732. [CrossRef]

Long, ] K.; Dai, W.; Zheng, Y.W.; Zhao, S.P. miR-122 promotes hepatic lipogenesis via inhibiting the LKB1/AMPK pathway by
targeting Sirt1 in non-alcoholic fatty liver disease. Mol. Med. 2019, 25, 26. [CrossRef]

Elbaz, E.M.; Senousy, M.A.; El-Tanbouly, D.M.; Sayed, R.H. Neuroprotective effect of linagliptin against cuprizone-induced
demyelination and behavioural dysfunction in mice: A pivotal role of AMPK/SIRT1 and JAK2/STAT3/NF-kappaB signalling
pathway modulation. Toxicol. Appl. Pharmacol. 2018, 352, 153-161. [CrossRef]

Wang, Y.; Xu, C.; Liang, Y.; Vanhoutte, PM. SIRT1 in metabolic syndrome: Where to target matters. Pharmacol. Ther. 2012, 136,
305-318. [CrossRef]

Morigi, M.; Perico, L.; Benigni, A. Sirtuins in Renal Health and Disease. ]. Am. Soc. Nephrol. JASN 2018, 29, 1799-1809. [CrossRef]
Lin, J.; Sun, B.; Jiang, C.; Hong, H.; Zheng, Y. Sirt2 suppresses inflammatory responses in collagen-induced arthritis. Biochem
Biophys. Res. Commun. 2013, 441, 897-903. [CrossRef]

Pais, T.F.; Szego, E.M.; Marques, O.; Miller-Fleming, L.; Antas, P.; Guerreiro, P.; de Oliveira, R.M.; Kasapoglu, B.; Outeiro, T.F.
The NAD-dependent deacetylase sirtuin 2 is a suppressor of microglial activation and brain inflammation. EMBO ]. 2013, 32,
2603-2616. [CrossRef]

Serrano, L.; Martinez-Redondo, P.; Marazuela-Duque, A.; Vazquez, B.N.; Dooley, S.J.; Voigt, P.; Beck, D.B.; Kane-Goldsmith, N.;
Tong, Q.; Rabanal, R.M.; et al. The tumor suppressor SirT2 regulates cell cycle progression and genome stability by modulating
the mitotic deposition of H4K20 methylation. Genes Dev. 2013, 27, 639-653. [CrossRef]

Kim, H.S.; Vassilopoulos, A.; Wang, R.H.; Lahusen, T.; Xiao, Z.; Xu, X.; Li, C.; Veenstra, T.D.; Li, B.; Yu, H.; et al. SIRT2 maintains
genome integrity and suppresses tumorigenesis through regulating APC/C activity. Cancer Cell. 2011, 20, 487-499. [CrossRef]
Outeiro, T.E; Kontopoulos, E.; Altmann, S.M.; Kufareva, I.; Strathearn, K.E.; Amore, A.M.; Volk, C.B.; Maxwell, M.M.; Rochet, ].C.;
McLean, PJ.; et al. Sirtuin 2 inhibitors rescue alpha-synuclein-mediated toxicity in models of Parkinson’s disease. Science 2007,
317,516-519. [CrossRef]

Luthi-Carter, R.; Taylor, D.M.; Pallos, J.; Lambert, E.; Amore, A.; Parker, A.; Moffitt, H.; Smith, D.L.; Runne, H.; Gokce, O.; et al.
SIRT?2 inhibition achieves neuroprotection by decreasing sterol biosynthesis. Proc. Natl. Acad. Sci. USA 2010, 107, 7927-7932.
[CrossRef] [PubMed]

Dryden, S.C.; Nahhas, F.A.; Nowak, J.E.; Goustin, A.S.; Tainsky, M.A. Role for human SIRT2 NAD-dependent deacetylase activity
in control of mitotic exit in the cell cycle. Mol. Cell Biol. 2003, 23, 3173-3185. [CrossRef] [PubMed]

Krishnan, J.; Danzer, C.; Simka, T.; Ukropec, J.; Walter, KM.; Kumpf, S.; Mirtschink, P.; Ukropcova, B.; Gasperikova, D.;
Pedrazzini, T.; et al. Dietary obesity-associated Hiflalpha activation in adipocytes restricts fatty acid oxidation and energy
expenditure via suppression of the Sirt2-NAD+ system. Genes Dev. 2012, 26, 259-270. [CrossRef]

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] [PubMed]

Perrini, S.; Porro, S.; Nigro, P; Cignarelli, A.; Caccioppoli, C.; Genchi, V.A.; Martines, G.; De Fazio, M.; Capuano, P;
Natalicchio, A.; et al. Reduced SIRT1 and SIRT2 expression promotes adipogenesis of human visceral adipose stem cells and
associates with accumulation of visceral fat in human obesity. Int. ]. Obes 2020, 44, 307-319. [CrossRef]

Wang, E,; Tong, Q. SIRT2 suppresses adipocyte differentiation by deacetylating FOXO1 and enhancing FOXO1’s repressive
interaction with PPARgamma. Mol. Biol. Cell. 2009, 20, 801-808. [CrossRef]

Hirschey, M.D.; Shimazu, T.; Goetzman, E.; Jing, E.; Schwer, B.; Lombard, D.B.; Grueter, C.A.; Harris, C.; Biddinger, S.;
Ilkayeva, O.R.; et al. SIRT3 regulates mitochondrial fatty-acid oxidation by reversible enzyme deacetylation. Nature. 2010, 464,
121-125. [CrossRef]

Yang, Y.; Cimen, H.; Han, M.].; Shi, T.; Deng, ].H.; Koc, H.; Palacios, O.M.; Montier, L.; Bai, Y.; Tong, Q.; et al. NAD+-dependent
deacetylase SIRT3 regulates mitochondrial protein synthesis by deacetylation of the ribosomal protein MRPL10. J. Biol. Chem.
2010, 285, 7417-7429. [CrossRef]


http://doi.org/10.1007/s11427-016-0060-7
http://www.ncbi.nlm.nih.gov/pubmed/27858336
http://doi.org/10.1021/jacs.6b04977
http://www.ncbi.nlm.nih.gov/pubmed/27610633
http://doi.org/10.1093/eurheartj/ehv290
http://www.ncbi.nlm.nih.gov/pubmed/26112889
http://doi.org/10.1097/CCM.0000000000001637
http://www.ncbi.nlm.nih.gov/pubmed/26963320
http://doi.org/10.3389/fphar.2018.00201
http://doi.org/10.1007/s00125-021-05431-5
http://doi.org/10.1089/ars.2017.7178
http://doi.org/10.1186/s10020-019-0085-2
http://doi.org/10.1016/j.taap.2018.05.035
http://doi.org/10.1016/j.pharmthera.2012.08.009
http://doi.org/10.1681/ASN.2017111218
http://doi.org/10.1016/j.bbrc.2013.10.153
http://doi.org/10.1038/emboj.2013.200
http://doi.org/10.1101/gad.211342.112
http://doi.org/10.1016/j.ccr.2011.09.004
http://doi.org/10.1126/science.1143780
http://doi.org/10.1073/pnas.1002924107
http://www.ncbi.nlm.nih.gov/pubmed/20378838
http://doi.org/10.1128/MCB.23.9.3173-3185.2003
http://www.ncbi.nlm.nih.gov/pubmed/12697818
http://doi.org/10.1101/gad.180406.111
http://doi.org/10.1074/jbc.RA119.008708
http://www.ncbi.nlm.nih.gov/pubmed/31197036
http://doi.org/10.1038/s41366-019-0436-7
http://doi.org/10.1091/mbc.e08-06-0647
http://doi.org/10.1038/nature08778
http://doi.org/10.1074/jbc.M109.053421

Biomolecules 2022, 12, 1079 11 of 15

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.
64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

Nasrin, N.; Wu, X,; Fortier, E.; Feng, Y.; Bare, 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]

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 pancreatic
beta cells. Cell 2006, 126, 941-954. [CrossRef]

Chen, X.E; Tian, M.X.; Sun, R.Q.; Zhang, M.L.; Zhou, L.S; Jin, L.; Chen, L.L.; Zhou, W.J.; Duan, K.L.; Chen, Y.J.; et al. SIRT5
inhibits peroxisomal ACOX1 to prevent oxidative damage and is downregulated in liver cancer. EMBO Rep. 2018, 19, e45124.
[CrossRef]

Buler, M.; Aatsinki, S.M.; Izzi, V.; Uusimaa, J.; Hakkola, J. SIRT5 is under the control of PGC-1lalpha and AMPK and is involved in
regulation of mitochondrial energy metabolism. FASEB ]. 2014, 28, 3225-3237. [CrossRef]

Naiman, S.; Huynh, EK,; Gil, R,; Glick, Y.; Shahar, Y.; Touitou, N.; Nahum, L.; Avivi, M.Y.; Roichman, A.; Kanfi, Y.; et al. SIRT6
Promotes Hepatic Beta-Oxidation via Activation of PPARalpha. Cell Rep. 2019, 29, 4127-4143.e8. [CrossRef]

Kim, H.G.; Huang, M.; Xin, Y.; Zhang, Y.; Zhang, X.; Wang, G.; Liu, S.; Wan, J.; Ahmadi, A.R.; Sun, Z,; et al. The epigenetic
regulator SIRT6 protects the liver from alcohol-induced tissue injury by reducing oxidative stress in mice. J. Hepatol. 2019, 71,
960-969. [CrossRef]

Li, L.; Dong, Z.; Yang, J.; Li, Q.; Lei, Q.; Mao, J.; Yang, L.; Cui, H. Progress in roles and mechanisms of deacetylase SIRT7. Sheng
Wu Gong Cheng Xue Bao Chin. ]. Biotechnol. 2019, 35, 13-26.

Shin, J.; He, M.; Liu, Y.; Paredes, S.; Villanova, L.; Brown, K.; Qiu, X.; Nabavi, N.; Mohrin, M.; Wojnoonski, K.; et al. SIRT7
represses Myc activity to suppress ER stress and prevent fatty liver disease. Cell Rep. 2013, 5, 654-665. [CrossRef]

Yan, WW,; Liang, Y.L.; Zhang, Q.X.; Wang, D.; Lei, M.Z.; Qu, J.; He, X H.; Lei, Q.Y.; Wang, Y.P. Arginine methylation of SIRT7
couples glucose sensing with mitochondria biogenesis. EMBO Rep. 2018, 19, e46377. [CrossRef]

Yoshizawa, T.; Karim, M.E; Sato, Y.; Senokuchi, T.; Miyata, K.; Fukuda, T.; Go, C.; Tasaki, M.; Uchimura, K.; Kadomatsu, T.; et al.
SIRT7 controls hepatic lipid metabolism by regulating the ubiquitin-proteasome pathway. Cell Metab. 2014, 19, 712-721. [CrossRef]
Wang, Y.; Hekimi, S. Mitochondprial dysfunction and longevity in animals: Untangling the knot. Science 2015, 350, 1204-1207.
[CrossRef]

Arguello, G.; Balboa, E.; Arrese, M.; Zanlungo, S. Recent insights on the role of cholesterol in non-alcoholic fatty liver disease.
Biochim. Biophys. Acta. 2015, 1852, 1765-1778. [CrossRef] [PubMed]

Paradies, G.; Paradies, V.; Ruggiero, EM.; Petrosillo, G. Oxidative stress, cardiolipin and mitochondrial dysfunction in nonalcoholic
fatty liver disease. World ]. Gastroenterol. 2014, 20, 14205-14218. [CrossRef] [PubMed]

Yeh, M.M.; Brunt, E.M. Pathological features of fatty liver disease. Gastroenterology 2014, 147, 754-764. [CrossRef] [PubMed]
Ji,]; Qin, Y;; Ren, J.; Lu, C.; Wang, R.; Dai, X.; Zhou, R.; Huang, Z.; Xu, M.; Chen, M.; et al. Mitochondria-related miR-141-3p
contributes to mitochondrial dysfunction in HFD-induced obesity by inhibiting PTEN. Sci. Rep. 2015, 5, 16262. [CrossRef]
Ruan, X.H.; Ma, T,; Fan, Y. Ablation of TMEM126B protects against heart injury via improving mitochondrial function in high fat
diet (HFD)-induced mice. Biochem. Biophys. Res. Commun. 2019, 515, 636-643. [CrossRef]

Wohua, Z.; Weiming, X. Glutaredoxin 2 (GRX2) deficiency exacerbates high fat diet (HFD)-induced insulin resistance, inflamma-
tion and mitochondrial dysfunction in brain injury: A mechanism involving GSK-3beta. Biomed. Pharmacother. 2019, 118, 108940.
[CrossRef]

Ferey, J.L.A.; Boudoures, A.L.; Reid, M.; Drury, A.; Scheaffer, S.; Modi, Z.; Kovacs, A.; Pietka, T.; DeBosch, B.J;
Thompson, M.D.; et al. A maternal high-fat, high-sucrose diet induces transgenerational cardiac mitochondrial dysfunc-
tion independently of maternal mitochondrial inheritance. Am. ]. Physiol. Heart Circ. Physiol. 2019, 316, H1202-H1210.
[CrossRef]

Oliveira, C.P; Coelho, A.M.; Barbeiro, H.V.; Lima, V.M.; Soriano, F.; Ribeiro, C.; Molan, N.A.; Alves, V.A.; Souza, H.P;
Machado, M.C.; et al. Liver mitochondrial dysfunction and oxidative stress in the pathogenesis of experimental nonalcoholic
fatty liver disease. Braz. |. Med. Biol. Res. Rev. Bras. Pesqui. Med. Biol. 2006, 39, 189-194. [CrossRef]

Begriche, K.; Massart, J.; Robin, M.A.; Bonnet, F.; Fromenty, B. Mitochondrial adaptations and dysfunctions in nonalcoholic fatty
liver disease. Hepatology 2013, 58, 1497-1507. [CrossRef]

Koliaki, C.; Szendroedi, J.; Kaul, K.; Jelenik, T.; Nowotny, P.; Jankowiak, F.; Herder, C.; Carstensen, M.; Krausch, M;
Knoefel, W.T.; et al. Adaptation of hepatic mitochondrial function in humans with non-alcoholic fatty liver is lost in steatohepati-
tis. Cell Metab. 2015, 21, 739-746. [CrossRef]

Di Ciaula, A.; Passarella, S.; Shanmugam, H.; Noviello, M.; Bonfrate, L.; Wang, D.Q.; Portincasa, P. Nonalcoholic Fatty Liver
Disease (NAFLD). Mitochondria as Players and Targets of Therapies? Int. J. Mol. Sci. 2021, 22, 5375. [CrossRef]

Li, R; Xin, T.; Li, D.; Wang, C.; Zhu, H.; Zhou, H. Therapeutic effect of Sirtuin 3 on ameliorating nonalcoholic fatty liver disease:
The role of the ERK-CREB pathway and Bnip3-mediated mitophagy. Redox Biol. 2018, 18, 229-243. [CrossRef]

Ortiz, M.; Soto-Alarcon, S.A.; Orellana, P; Espinosa, A.; Campos, C.; Lopez-Arana, S.; Rincon, M.A; Illesca, P.; Valenzuela, R ;
Videla, L.A. Suppression of high-fat diet-induced obesity-associated liver mitochondrial dysfunction by docosahexaenoic acid
and hydroxytyrosol co-administration. Dig. Liver Dis. 2020, 52, 895-904. [CrossRef]

Echeverria, E; Valenzuela, R.; Espinosa, A.; Bustamante, A.; Alvarez, D.; Gonzalez-Mafian, D.; Ortiz, M.; Soto-Alarcon, S.A.;
Videla, L.A. Reduction of high-fat diet-induced liver proinflammatory state by eicosapentaenoic acid plus hydroxytyrosol
supplementation: Involvement of resolvins RvE1/2 and RvD1/2. |. Nutr. Biochem. 2019, 63, 35-43. [CrossRef]


http://doi.org/10.1074/jbc.M110.124164
http://doi.org/10.1016/j.cell.2006.06.057
http://doi.org/10.15252/embr.201745124
http://doi.org/10.1096/fj.13-245241
http://doi.org/10.1016/j.celrep.2019.11.067
http://doi.org/10.1016/j.jhep.2019.06.019
http://doi.org/10.1016/j.celrep.2013.10.007
http://doi.org/10.15252/embr.201846377
http://doi.org/10.1016/j.cmet.2014.03.006
http://doi.org/10.1126/science.aac4357
http://doi.org/10.1016/j.bbadis.2015.05.015
http://www.ncbi.nlm.nih.gov/pubmed/26027904
http://doi.org/10.3748/wjg.v20.i39.14205
http://www.ncbi.nlm.nih.gov/pubmed/25339807
http://doi.org/10.1053/j.gastro.2014.07.056
http://www.ncbi.nlm.nih.gov/pubmed/25109884
http://doi.org/10.1038/srep16262
http://doi.org/10.1016/j.bbrc.2019.05.084
http://doi.org/10.1016/j.biopha.2019.108940
http://doi.org/10.1152/ajpheart.00013.2019
http://doi.org/10.1590/S0100-879X2006000200004
http://doi.org/10.1002/hep.26226
http://doi.org/10.1016/j.cmet.2015.04.004
http://doi.org/10.3390/ijms22105375
http://doi.org/10.1016/j.redox.2018.07.011
http://doi.org/10.1016/j.dld.2020.04.019
http://doi.org/10.1016/j.jnutbio.2018.09.012

Biomolecules 2022, 12, 1079 12 of 15

75.

76.

77.

78.

79.

80.

81.
82.

83.

84.
85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.
98.

99.

100.

Hernandez-Rodas, M.C.; Valenzuela, R.; Echeverria, F,; Rincon-Cervera, M. A ; Espinosa, A.; Illesca, P.; Munoz, P.; Corbari, A;
Romero, N.; Gonzalez-Manan, D.; et al. Supplementation with Docosahexaenoic Acid and Extra Virgin Olive Oil Prevents Liver
Steatosis Induced by a High-Fat Diet in Mice through PPAR-alpha and Nrf2 Upregulation with Concomitant SREBP-1c and
NF-kB Downregulation. Mol. Nutr. Food Res. 2017, 61, 1700479. [CrossRef]

Pettinelli, P.; Del Pozo, T.; Araya, J.; Rodrigo, R.; Araya, A.V.,; Smok, G.; Csendes, A.; Gutierrez, L.; Rojas, ]J.; Korn, O.; et al.
Enhancement in liver SREBP-1c/PPAR-alpha ratio and steatosis in obese patients: Correlations with insulin resistance and n-3
long-chain polyunsaturated fatty acid depletion. Biochim. Biophys. Acta. 2009, 1792, 1080-1086. [CrossRef]

Valenzuela, R.; Videla, L.A. Impact of the Co-Administration of N-3 Fatty Acids and Olive Oil Components in Preclinical
Nonalcoholic Fatty Liver Disease Models: A Mechanistic View. Nutrients 2020, 12, 499. [CrossRef]

Goncalves, I.O.; Passos, E.; Rocha-Rodrigues, S.; Diogo, C.V.; Torrella, J.R.; Rizo, D.; Viscor, G.; Santos-Alves, E.; Marques-Aleixo, L;
Oliveira, PJ.; et al. Physical exercise prevents and mitigates non-alcoholic steatohepatitis-induced liver mitochondrial structural
and bioenergetics impairments. Mitochondrion 2014, 15, 40-51. [CrossRef]

Sookoian, S.; Flichman, D.; Scian, R.; Rohr, C.; Dopazo, H.; Gianotti, T.F.; Martino, ].S.; Castafio, G.O.; Pirola, C.J. Mitochondrial
genome architecture in non-alcoholic fatty liver disease. |. Pathol. 2016, 240, 437-449. [CrossRef]

Akie, TE.; Liu, L.; Nam, M.; Lei, S.; Cooper, M.P. OXPHOS-Mediated Induction of NAD+ Promotes Complete Oxidation of Fatty
Acids and Interdicts Non-Alcoholic Fatty Liver Disease. PLoS ONE. 2015, 10, €0125617. [CrossRef]

Cho, E.H. SIRT3 as a Regulator of Non-alcoholic Fatty Liver Disease. J. Lifestyle Med. 2014, 4, 80-85. [CrossRef] [PubMed]

Fang, Y;; Tang, S.; Li, X. Sirtuins in Metabolic and Epigenetic Regulation of Stem Cells. Trends Endocrinol. Metab. 2019, 30, 177-188.
[CrossRef] [PubMed]

Bonkowski, M.S.; Sinclair, D.A. Slowing ageing by design: The rise of NAD(+) and sirtuin-activating compounds. Nat. Rev. Mol.
Cell Biol. 2016, 17, 679-690. [CrossRef] [PubMed]

Tang, B.L. Sirtl and the Mitochondria. Mol. Cells. 2016, 39, 87-95.

Cha, Y;; Kim, T;; Jeon, J.; Jang, Y.; Kim, P.B.; Lopes, C.; Leblanc, P; Cohen, B.M.; Kim, K.S. SIRT2 regulates mitochondrial dynamics
and reprogramming via MEK1-ERK-DRP1 and AKT1-DRP1 axes. Cell Rep. 2021, 37, 110155. [CrossRef]

Sun, W.; Zhao, L.; Song, X.; Zhang, J.; Xing, Y.; Liu, N,; Yan, Y,; Li, Z.; Lu, Y.; Wu, J.; et al. MicroRNA-210 Modulates the Cellular
Energy Metabolism Shift During H202-Induced Oxidative Stress by Repressing ISCU in H9¢2 Cardiomyocytes. Cell Physiol.
Biochem. 2017, 43, 383-394. [CrossRef]

Chen, M.L.; Zhu, X.H; Ran, L.; Lang, H.D.; Yi, L.; Mi, M.T. Trimethylamine-N-Oxide Induces Vascular Inflammation by Activating
the NLRP3 Inflammasome Through the SIRT3-SOD2-mtROS Signaling Pathway. J. Am. Heart Assoc. 2017, 6, €006347. [CrossRef]
Zhai, M,; Li, B.; Duan, W,; Jing, L.; Zhang, B.; Zhang, M.; Yu, L.; Liu, Z,; Yu, B.; Ren, K; et al. Melatonin ameliorates myocardial
ischemia reperfusion injury through SIRT3-dependent regulation of oxidative stress and apoptosis. J. Pineal Res. 2017, 63, e12419.
[CrossRef]

Yang, W.; Nagasawa, K.; Munch, C.; Xu, Y.; Satterstrom, K.; Jeong, S.; Hayes, S.D.; Jedrychowski, M.P,; Vyas, ES.; Zaganjor, E.; et al.
Mitochondrial Sirtuin Network Reveals Dynamic SIRT3-Dependent Deacetylation in Response to Membrane Depolarization. Cell
2016, 167, 985-1000.e21. [CrossRef]

van de Ven, R.A.H.; Santos, D.; Haigis, M.C. Mitochondrial Sirtuins and Molecular Mechanisms of Aging. Trends Mol. Med. 2017,
23, 320-331. [CrossRef]

Finley, L.W,; Carracedo, A ; Lee, J.; Souza, A.; Egia, A.; Zhang, ].; Teruya-Feldstein, ].; Moreira, P.I; Cardoso, S.M.; Clish, C.B.; et al.
SIRT3 opposes reprogramming of cancer cell metabolism through HIFlalpha destabilization. Cancer Cell. 2011, 19, 416-428.
[CrossRef]

McDonnell, E.; Peterson, B.S.; Bomze, H.M.; Hirschey, M.D. SIRT3 regulates progression and development of diseases of aging.
Trends Endocrinol. Metab. 2015, 26, 486—492. [CrossRef]

Zhou, X.; Chen, M.; Zeng, X.; Yang, J.; Deng, H.; Yi, L.; Mi, M.T. Resveratrol regulates mitochondrial reactive oxygen species
homeostasis through Sirt3 signaling pathway in human vascular endothelial cells. Cell Death Dis. 2014, 5, €1576. [CrossRef]
Pannek, M.; Simic, Z.; Fuszard, M.; Meleshin, M.; Rotili, D.; Mai, A.; Schutkowski, M.; Steegborn, C. Crystal structures of the
mitochondrial deacylase Sirtuin 4 reveal isoform-specific acyl recognition and regulation features. Nat. Commun. 2017, 8, 1513.
[CrossRef]

Betsinger, C.N.; Cristea, LM. Mitochondrial Function, Metabolic Regulation, and Human Disease Viewed through the Prism of
Sirtuin 4 (SIRT4) Functions. J. Proteome Res. 2019, 18, 1929-1938. [CrossRef]

Han, Y.; Zhou, S.; Coetzee, S.; Chen, A. SIRT4 and Its Roles in Energy and Redox Metabolism in Health, Disease and During
Exercise. Front. Physiol. 2019, 10, 1006. [CrossRef]

Min, Z.; Gao, J.; Yu, Y. The Roles of Mitochondrial SIRT4 in Cellular Metabolism. Front. Endocrinol. 2018, 9, 783. [CrossRef]
Huang, G.; Zhu, G. Sirtuin-4 (SIRT4), a therapeutic target with oncogenic and tumor-suppressive activity in cancer. Onco. Targets
Ther. 2018, 11, 3395-3400. [CrossRef]

Rardin, M.].; 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 mitochondprial lysine succinylome and metabolic networks. Cell Metab. 2013, 18, 920-933. [CrossRef]

Fan, Y;; Yang, Q.; Yang, Y.; Gao, Z.; Ma, Y.; Zhang, L.; Liang, W.; Ding, G. Sirt6 Suppresses High Glucose-Induced Mitochondrial
Dysfunction and Apoptosis in Podocytes through AMPK Activation. Int. J. Biol. Sci. 2019, 15, 701-713. [CrossRef]


http://doi.org/10.1002/mnfr.201700479
http://doi.org/10.1016/j.bbadis.2009.08.015
http://doi.org/10.3390/nu12020499
http://doi.org/10.1016/j.mito.2014.03.012
http://doi.org/10.1002/path.4803
http://doi.org/10.1371/journal.pone.0125617
http://doi.org/10.15280/jlm.2014.4.2.80
http://www.ncbi.nlm.nih.gov/pubmed/26064858
http://doi.org/10.1016/j.tem.2018.12.002
http://www.ncbi.nlm.nih.gov/pubmed/30630664
http://doi.org/10.1038/nrm.2016.93
http://www.ncbi.nlm.nih.gov/pubmed/27552971
http://doi.org/10.1016/j.celrep.2021.110155
http://doi.org/10.1159/000480417
http://doi.org/10.1161/JAHA.117.006347
http://doi.org/10.1111/jpi.12419
http://doi.org/10.1016/j.cell.2016.10.016
http://doi.org/10.1016/j.molmed.2017.02.005
http://doi.org/10.1016/j.ccr.2011.02.014
http://doi.org/10.1016/j.tem.2015.06.001
http://doi.org/10.1038/cddis.2014.530
http://doi.org/10.1038/s41467-017-01701-2
http://doi.org/10.1021/acs.jproteome.9b00086
http://doi.org/10.3389/fphys.2019.01006
http://doi.org/10.3389/fendo.2018.00783
http://doi.org/10.2147/OTT.S157724
http://doi.org/10.1016/j.cmet.2013.11.013
http://doi.org/10.7150/ijbs.29323

Biomolecules 2022, 12, 1079 13 of 15

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

Mahmoud, A.R.; Ali, FEM.; Abd-Elhamid, T.H.; Hassanein, EHM. Coenzyme Q10 protects hepatocytes from ischemia
reperfusion-induced apoptosis and oxidative stress via regulation of Bax/Bcl-2/PUMA and Nrf-2/FOXO-3/Sirt-1 signaling
pathways. Tissue Cell. 2019, 60, 1-13. [CrossRef] [PubMed]

Tang, Q.; Len, Q.; Liu, Z.; Wang, W. Overexpression of miR-22 attenuates oxidative stress injury in diabetic cardiomyopathy via
Sirt 1. Cardiovasc Ther. 2018, 36, €12318. [CrossRef] [PubMed]

Bordone, L.; Guarente, L. Calorie restriction, SIRT1 and metabolism: Understanding longevity. Nat. Rev. Mol. Cell Biol. 2005, 6,
298-305. [CrossRef] [PubMed]

Brunet, A.; Sweeney, L.B,; Sturgill, ].E.,; Chua, K.E,; Greer, P.L.; Lin, Y.; Tran, H.; Ross, S.E.; Mostoslavsky, R.; Cohen, H.Y,; et al.
Stress-dependent regulation of FOXO transcription factors by the SIRT1 deacetylase. Science 2004, 303, 2011-2015. [CrossRef]
[PubMed]

Colak, Y.; Ozturk, O.; Senates, E.; Tuncer, I.; Yorulmaz, E.; Adali, G.; Doganay, L.; Enc, FY. SIRT1 as a potential therapeutic target
for treatment of nonalcoholic fatty liver disease. Med. Sci. Monit. Int. Med. ]. Exp. Clin. Res. 2011, 17, HY5-HY9. [CrossRef]
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]

Rigotti, M.; Cerbaro, A.F,; da Silva, LD.R.; Agostini, F; Branco, C.S.; Moura, S.; Salvador, M. Grape seed proanthocyanidins
prevent H2 O2 -induced mitochondrial dysfunction and apoptosis via SIRT 1 activation in embryonic kidney cells. . Food Biochem.
2020, 44, e13147. [CrossRef]

Nemoto, S.; Fergusson, M.M.; Finkel, T. SIRT1 functionally interacts with the metabolic regulator and transcriptional coactivator
PGC-1{alpha}. J. Biol. Chem. 2005, 280, 16456—16460. [CrossRef]

Li, X. SIRT1 and energy metabolism. Acta Biochim. Biophys. Sin. 2013, 45, 51-60. [CrossRef]

Yang, M.; Cui, Y.; Song, J.; Cui, C.; Wang, L.; Liang, K.; Wang, C.; Sha, S.; He, Q.; Hu, H.; et al. Mesenchymal stem cell-conditioned
medium improved mitochondrial function and alleviated inflammation and apoptosis in non-alcoholic fatty liver disease by
regulating SIRT1. Biochem. Biophys. Res. Commun. 2021, 546, 74-82. [CrossRef]

Yang, H; Liu, Y.; Wang, Y,; Xu, S.; Su, D. Knockdown of Sirtl Gene in Mice Results in Lipid Accumulation in the Liver Mediated
via PGC-1a-Induced Mitochondrial Dysfunction and Oxidative Stress. Bull. Exp. Biol. Med. 2021, 172, 180-186. [CrossRef]
Liou, CJ.; Lee, YK.; Ting, N.C.; Chen, Y.L.; Shen, S.C.; Wu, S.J.; Huang, W.C. Protective Effects of Licochalcone a Ameliorates
Obesity and Non-Alcoholic Fatty Liver Disease Via Promotion of the Sirt-1/AMPK Pathway in Mice Fed a High-Fat Diet. Cells
2019, 8, 447. [CrossRef]

Mariani, S.; Fiore, D.; Basciani, S.; Persichetti, A.; Contini, S.; Lubrano, C.; Salvatori, L.; Lenzi, A.; Gnessi, L. Plasma levels of
SIRT1 associate with non-alcoholic fatty liver disease in obese patients. Endocrine 2015, 49, 711-716. [CrossRef]

Jiang, Y.; Chen, D.; Gong, Q.; Xu, Q.; Pan, D.; Lu, E; Tang, Q. Elucidation of SIRT-1/PGC-1alpha-associated mitochondrial
dysfunction and autophagy in nonalcoholic fatty liver disease. Lipids Health Dis. 2021, 20, 40. [CrossRef]

Yang, Y.L.; Wang, PW.; Wang, ES.; Lin, H.Y,; Huang, Y.H. miR-29a Modulates GSK3beta /SIRT1-Linked Mitochondrial Proteostatic
Stress to Ameliorate Mouse Non-Alcoholic Steatohepatitis. Int. J. Mol. Sci. 2020, 21, 6884. [CrossRef]

Li, Y; Xu, S.; Giles, A.; Nakamura, K,; Lee, ].W.; Hou, X.; Donmez, G.; Li, J.; Luo, Z.; Walsh, K; et al. Hepatic overexpression of
SIRT1 in mice attenuates endoplasmic reticulum stress and insulin resistance in the liver. FASEB ]. 2011, 25, 1664-1679. [CrossRef]
He, X.; Gao, J.; Hou, H.; Qi, Z.; Chen, H.; Zhang, X.X. Inhibition of Mitochondrial Fatty Acid Oxidation Contributes to
Development of Nonalcoholic Fatty Liver Disease Induced by Environmental Cadmium Exposure. Env. Sci. Technol. 2019, 53,
13992-14000. [CrossRef]

Zhang, T;; Gu, J.; Guo, J.; Chen, K;; Li, H.; Wang, ]. Renalase Attenuates Mouse Fatty Liver Ischemia/Reperfusion Injury through
Mitigating Oxidative Stress and Mitochondrial Damage via Activating SIRT1. Oxidative Med. Cell. Longev. 2019, 2019, 7534285.
[CrossRef]

Daitoku, H.; Sakamaki, J.; Fukamizu, A. Regulation of FoxO transcription factors by acetylation and protein-protein interactions.
Biochim. Biophys. Acta. 2011, 1813, 1954-1960. [CrossRef]

Dusabimana, T.; Kim, S.R.; Kim, H.J.; Park, S.W.; Kim, H. Nobiletin ameliorates hepatic ischemia and reperfusion injury through
the activation of SIRT-1/FOXO3a-mediated autophagy and mitochondrial biogenesis. Exp. Mol. Med. 2019, 51, 1-16. [CrossRef]
Si, H.; Liu, D. Dietary antiaging phytochemicals and mechanisms associated with prolonged survival. . Nutr. Biochem. 2014, 25,
581-591. [CrossRef]

Ren, T.; Zhu, L.; Shen, Y.; Mou, Q.; Lin, T.; Feng, H. Protection of hepatocyte mitochondrial function by blueberry juice and
probiotics via SIRT1 regulation in non-alcoholic fatty liver disease. Food Funct. 2019, 10, 1540-1551. [CrossRef]

Yao, H.; Tao, X.; Xu, L.; Qi, Y.; Yin, L.; Han, X,; Xu, Y.; Zheng, L.; Peng, J. Dioscin alleviates non-alcoholic fatty liver disease
through adjusting lipid metabolism via SIRT1/AMPK signaling pathway. Pharm. Res. 2018, 131, 51-60. [CrossRef]

Song, YM.; 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]

Gomes, P.; Fleming Outeiro, T.; Cavadas, C. Emerging Role of Sirtuin 2 in the Regulation of Mammalian Metabolism. Trends
Pharm. Sci. 2015, 36, 756-768. [CrossRef]


http://doi.org/10.1016/j.tice.2019.07.007
http://www.ncbi.nlm.nih.gov/pubmed/31582012
http://doi.org/10.1111/1755-5922.12318
http://www.ncbi.nlm.nih.gov/pubmed/29288528
http://doi.org/10.1038/nrm1616
http://www.ncbi.nlm.nih.gov/pubmed/15768047
http://doi.org/10.1126/science.1094637
http://www.ncbi.nlm.nih.gov/pubmed/14976264
http://doi.org/10.12659/MSM.881749
http://doi.org/10.1111/j.1478-3231.2007.01497.x
http://doi.org/10.1111/jfbc.13147
http://doi.org/10.1074/jbc.M501485200
http://doi.org/10.1093/abbs/gms108
http://doi.org/10.1016/j.bbrc.2021.01.098
http://doi.org/10.1007/s10517-021-05359-1
http://doi.org/10.3390/cells8050447
http://doi.org/10.1007/s12020-014-0465-x
http://doi.org/10.1186/s12944-021-01461-5
http://doi.org/10.3390/ijms21186884
http://doi.org/10.1096/fj.10-173492
http://doi.org/10.1021/acs.est.9b05131
http://doi.org/10.1155/2019/7534285
http://doi.org/10.1016/j.bbamcr.2011.03.001
http://doi.org/10.1038/s12276-019-0245-z
http://doi.org/10.1016/j.jnutbio.2014.02.001
http://doi.org/10.1039/C8FO02298D
http://doi.org/10.1016/j.phrs.2018.03.017
http://doi.org/10.4161/15548627.2014.984271
http://doi.org/10.1016/j.tips.2015.08.001

Biomolecules 2022, 12, 1079 14 of 15

126.

127.

128.

129.

130.

131.

132.

133.

134.
135.

136.

137.

138.

139.

140.

141.

142.

143.

144.

145.

146.

147.

148.

149.
150.

151.

Lemos, V.; de Oliveira, RM.; Naia, L.; Szego, E.; 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]

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]

Jing, E.; Gesta, S.; Kahn, C.R. SIRT2 regulates adipocyte differentiation through FoxO1 acetylation/deacetylation. Cell Metab.
2007, 6, 105-114. [CrossRef]

Wang, F.; Nguyen, M.; Qin, EX.; Tong, Q. SIRT2 deacetylates FOXO3a in response to oxidative stress and caloric restriction. Aging
Cell. 2007, 6, 505-514. [CrossRef]

Gurung, P; Lukens, ].R.; Kanneganti, T.D. Mitochondria: Diversity in the regulation of the NLRP3 inflammasome. Trends Mol.
Med. 2015, 21, 193-201. [CrossRef]

Zhou, C.C,; Yang, X.; Hua, X,; Liu, J.; Fan, M.B.; Li, G.Q.; Song, J.; Xu, T.Y; Li, Z.Y.; Guan, Y.F; et al. Hepatic NAD(+) deficiency as
a therapeutic target for non-alcoholic fatty liver disease in ageing. Br. ]. Pharmacol. 2016, 173, 2352-2368. [CrossRef] [PubMed]
Mohamed, IN.; Hafez, S.S.; Fairaq, A.; Ergul, A.; Imig, ].D.; El-Remessy, A.B. Thioredoxin-interacting protein is required for
endothelial NLRP3 inflammasome activation and cell death in a rat model of high-fat diet. Diabetologia 2014, 57, 413-423.
[CrossRef] [PubMed]

Misawa, T.; Takahama, M.; Kozaki, T.; Lee, H.; Zou, J.; Saitoh, T.; Akira, S. Microtubule-driven spatial arrangement of mitochondria
promotes activation of the NLRP3 inflammasome. Nat. Immunol. 2013, 14, 454-460. [CrossRef]

Man, S.M.; Kanneganti, T.D. Regulation of inflammasome activation. Immunol. Rev. 2015, 265, 6-21. [CrossRef] [PubMed]
Podrini, C.; Borghesan, M.; Greco, A.; Pazienza, V.; Mazzoccoli, G.; Vinciguerra, M. Redox homeostasis and epigenetics in
non-alcoholic fatty liver disease (NAFLD). Curr. Pharm. Des. 2013, 19, 2737-2746. [CrossRef] [PubMed]

Ahn, B.H.; Kim, H.S.; Song, S.; Lee, LH.; Liu, J.; Vassilopoulos, A.; Deng, C.X.; Finkel, T. A role for the mitochondrial deacetylase
Sirt3 in regulating energy homeostasis. Proc. Natl. Acad. Sci. USA 2008, 105, 14447-14452. [CrossRef] [PubMed]

Choudhury, M.; Jonscher, K.R.; Friedman, J.E. Reduced mitochondrial function in obesity-associated fatty liver: SIRT3 takes on
the fat. Aging 2011, 3, 175-178. [CrossRef] [PubMed]

Qu, J.; Wu, Y.X.; Zhang, T.; Qiu, Y.; Ding, Z.J.; Zha, D.]. Sirt3 confers protection against acrolein-induced oxidative stress in
cochlear nucleus neurons. Neurochem. Int. 2018, 114, 1-9. [CrossRef]

Hirschey, M.D.; Shimazu, T.; Jing, E.; Grueter, C.A.; Collins, A.M.; Aouizerat, B.; Stancakova, A.; Goetzman, E.; Lam, M.M,;
Schwer, B.; et al. SIRT3 deficiency and mitochondrial protein hyperacetylation accelerate the development of the metabolic
syndrome. Mol. Cell. 2011, 44, 177-190. [CrossRef]

Du, S.; Zhu, X.; Zhou, N.; Zheng, W.; Zhou, W.; Li, X. Curcumin alleviates hepatic steatosis by improving mitochondrial function
in postnatal overfed rats and fatty LO2 cells through the SIRT3 pathway. Food Funct. 2022, 13, 2155-2171. [CrossRef]

He, J.; Hu, B.; Shi, X.; Weidert, E.R.; Lu, P.; Xu, M.; Huang, M.; Kelley, E.E.; Xie, W. Activation of the aryl hydrocarbon receptor
sensitizes mice to nonalcoholic steatohepatitis by deactivating mitochondrial sirtuin deacetylase Sirt3. Mol. Cell Biol. 2013, 33,
2047-2055. [CrossRef]

Zhang, J.; Song, X.; Cao, W.; Lu, J.; Wang, X.; Wang, G.; Wang, Z.; Chen, X. Autophagy and mitochondrial dysfunction in
adjuvant-arthritis rats treatment with resveratrol. Sci. Rep. 2016, 6, 32928. [CrossRef]

Kendrick, A.A.; Choudhury, M.; Rahman, S.M.; McCurdy, C.E.; Friederich, M.; Van Hove, J.L.; 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]

Bao, J.; Scott, I; Lu, Z.; Pang, L.; Dimond, C.C.; Gius, D.; Sack, M.N. SIRT3 is regulated by nutrient excess and modulates hepatic
susceptibility to lipotoxicity. Free Radic. Biol. Med. 2010, 49, 1230-1237. [CrossRef]

Zeng, X.; Yang, J.; Hu, O.; Huang, J.; Ran, L.; Chen, M.; Zhang, Y.; Zhou, X.; Zhu, J.; Zhang, Q.; et al. Dihydromyricetin
Ameliorates Nonalcoholic Fatty Liver Disease by Improving Mitochondrial Respiratory Capacity and Redox Homeostasis
Through Modulation of SIRT3 Signaling. Antioxid. Redox Signal. 2019, 30, 163-183. [CrossRef]

Zhang, X.; Lu, X.; Zhou, Y.; Guo, X.; Chang, Y. Major royal jelly proteins prevents NAFLD by improving mitochondrial function
and lipid accumulation through activating the AMPK/SIRT3 pathway in vitro. J. Food Sci. 2021, 86, 1105-1113. [CrossRef]

Sun, M,; Gu, Y,; Glisan, S.L.; Lambert, ].D. Dietary cocoa ameliorates non-alcoholic fatty liver disease and increases markers of
antioxidant response and mitochondrial biogenesis in high fat-fed mice. J. Nutr. Biochemistry 2021, 92, 108618. [CrossRef]
Tseng, A.H.; Shieh, S.S.; Wang, D.L. SIRT3 deacetylates FOXO3 to protect mitochondria against oxidative damage. Free Radic. Biol.
Med. 2013, 63, 222-234. [CrossRef]

Bause, A.S.; Haigis, M.C. SIRT3 regulation of mitochondrial oxidative stress. Exp. Gerontol. 2013, 48, 634—639. [CrossRef]
Cheng, Y.; Mai, ].; Hou, T.; Ping, ]. MicroRNA-421 induces hepatic mitochondrial dysfunction in non-alcoholic fatty liver disease
mice by inhibiting sirtuin 3. Biochem. Biophys. Res. Commun. 2016, 474, 57-63. [CrossRef]

Teodoro, J.S.; Duarte, FEV.; Gomes, A.P; Varela, A.T.; Peixoto, EM.; Rolo, A.P.; Palmeira, C.M. Berberine reverts hepatic
mitochondrial dysfunction in high-fat fed rats: A possible role for SirT3 activation. Mitochondrion 2013, 13, 637-646. [CrossRef]
[PubMed]


http://doi.org/10.1093/hmg/ddx298
http://doi.org/10.1038/s41467-017-02537-6
http://doi.org/10.1016/j.cmet.2007.07.003
http://doi.org/10.1111/j.1474-9726.2007.00304.x
http://doi.org/10.1016/j.molmed.2014.11.008
http://doi.org/10.1111/bph.13513
http://www.ncbi.nlm.nih.gov/pubmed/27174364
http://doi.org/10.1007/s00125-013-3101-z
http://www.ncbi.nlm.nih.gov/pubmed/24201577
http://doi.org/10.1038/ni.2550
http://doi.org/10.1111/imr.12296
http://www.ncbi.nlm.nih.gov/pubmed/25879280
http://doi.org/10.2174/1381612811319150009
http://www.ncbi.nlm.nih.gov/pubmed/23092327
http://doi.org/10.1073/pnas.0803790105
http://www.ncbi.nlm.nih.gov/pubmed/18794531
http://doi.org/10.18632/aging.100289
http://www.ncbi.nlm.nih.gov/pubmed/21386135
http://doi.org/10.1016/j.neuint.2017.12.004
http://doi.org/10.1016/j.molcel.2011.07.019
http://doi.org/10.1039/D1FO03752H
http://doi.org/10.1128/MCB.01658-12
http://doi.org/10.1038/srep32928
http://doi.org/10.1042/BJ20100791
http://doi.org/10.1016/j.freeradbiomed.2010.07.009
http://doi.org/10.1089/ars.2017.7172
http://doi.org/10.1111/1750-3841.15625
http://doi.org/10.1016/j.jnutbio.2021.108618
http://doi.org/10.1016/j.freeradbiomed.2013.05.002
http://doi.org/10.1016/j.exger.2012.08.007
http://doi.org/10.1016/j.bbrc.2016.04.065
http://doi.org/10.1016/j.mito.2013.09.002
http://www.ncbi.nlm.nih.gov/pubmed/24041461

Biomolecules 2022, 12, 1079 15 of 15

152.

153.

154.

155.

156.

157.

158.

159.

160.

161.

162.

163.

164.

165.

166.

167.

168.

169.

170.

171.

172.

173.

174.

175.

Valdecantos, M.P.; Perez-Matute, P.; Gonzalez-Muniesa, P.; Prieto-Hontoria, P.L.; Moreno-Aliaga, M.].; Martinez, J.A. Lipoic acid
improves mitochondprial function in nonalcoholic steatosis through the stimulation of sirtuin 1 and sirtuin 3. Obesity 2012, 20,
1974-1983. [CrossRef] [PubMed]

Nassir, F; Arndt, J.J.; Johnson, S.A.; Ibdah, J.A. Regulation of mitochondrial trifunctional protein modulates nonalcoholic fatty
liver disease in mice. |. Lipid Res. 2018, 59, 967-973. [CrossRef] [PubMed]

Stankova, P.; Kucera, O.; Peterova, E.; Elkalaf, M.; Rychtrmoc, D.; Melek, J.; Podhola, M.; Zubanova, V.; Cervinkova, Z. Western
Diet Decreases the Liver Mitochondrial Oxidative Flux of Succinate: Insight from a Murine NAFLD Model. Int. ]. Mol. Sci. 2021,
22, 6908. [CrossRef]

Liu, Y.;; Mu, D.; Chen, H.; Li, D.; Song, ].; Zhong, Y.; Xia, M. Retinol-Binding Protein 4 Induces Hepatic Mitochondrial Dysfunction
and Promotes Hepatic Steatosis. J. Clin. Endocrinol. Metabolism 2016, 101, 4338—-4348. [CrossRef]

Wu, T,; Liu, YH.,; Fu, Y.C.; Liu, X.M.; Zhou, X.H. Direct evidence of sirtuin downregulation in the liver of non-alcoholic fatty liver
disease patients. Ann. Clin. Lab. Sci. 2014, 44, 410-418.

Laurent, G.; German, N.J.; Saha, A.K.; de Boer, V.C.; 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]

Guo, L.; Zhou, S.-R.; Wei, X.-B.; Liu, Y.; Chang, X.-X,; Liu, Y.; Ge, X.; Dou, X.; Huang, H.-Y.; Qian, S.-W.; et al. Acetylation
of Mitochondrial Trifunctional Protein a-Subunit Enhances Its Stability to Promote Fatty Acid Oxidation and Is Decreased in
Nonalcoholic Fatty Liver Disease. Mol. Cell. Biology 2016, 36, 2553-2567. [CrossRef]

Laurent, G.; de Boer, V.C,; Finley, LW.; Sweeney, M.; Lu, H.; Schug, T.T.; Cen, Y.; Jeong, S.M.; Li, X.; Sauve, A.A.; et al. SIRT4
represses peroxisome proliferator-activated receptor alpha activity to suppress hepatic fat oxidation. Mol. Cell Biol. 2013, 33,
4552-4561. [CrossRef]

Kundu, A ; Dey, P; Park, ].H,; Kim, LS.; Kwack, S.J.; Kim, H.S. EX-527 Prevents the Progression of High-Fat Diet-Induced Hepatic
Steatosis and Fibrosis by Upregulating SIRT4 in Zucker Rats. Cells 2020, 9, 1101. [CrossRef]

Osborne, B.; Bentley, N.L.; Montgomery, M.K.; Turner, N. The role of mitochondrial sirtuins in health and disease. Free Radic. Biol.
Med. 2016, 100, 164-174. [CrossRef]

Lu, M.; Wan, M.; Leavens, K.E;; Chu, Q.; Monks, B.R.; Fernandez, S.; Ahima, R.S.; Ueki, K.; Kahn, C.R.; Birnbaum, M.J. Insulin
regulates liver metabolism in vivo in the absence of hepatic Akt and Foxol. Nat. Med. 2012, 18, 388-395. [CrossRef]

Kulkarni, S.S.; Canté, C. Mitochondrial Post-translational Modifications and Metabolic Control: Sirtuins and Beyond. Curr.
Diabetes Rev. 2017, 13, 338-351. [CrossRef]

Shukla, S.; Sharma, A.; Pandey, V.K.; Raisuddin, S.; Kakkar, P. Concurrent acetylation of FoxO1/3a and p53 due to sirtuins
inhibition elicit Bim/PUMA mediated mitochondrial dysfunction and apoptosis in berberine-treated HepG2 cells. Toxicol. Appl.
Pharmacol. 2016, 291, 70-83. [CrossRef]

Nishida, Y.; Rardin, M.].; 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]

Tan, M.; Peng, C.; Anderson, K.A.; Chhoy, P; Xie, Z.; Dai, L.; Park, J.; Chen, Y.; Huang, H.; Zhang, Y.; et al. Lysine glutarylation is
a protein posttranslational modification regulated by SIRT5. Cell Metab. 2014, 19, 605-617. [CrossRef]

Goetzman, E.S.; Bharathi, S.S.; Zhang, Y.; Zhao, X.J.; Dobrowolski, S.F.; Peasley, K.; Sims-Lucas, S.; Monga, S.P. Impaired
mitochondrial medium-chain fatty acid oxidation drives periportal macrovesicular steatosis in sirtuin-5 knockout mice. Sci. Rep.
2020, 10, 18367. [CrossRef]

Zhang, S.; Wu, Z,; Shi, L,; Yan, S.; Huang, Z.; Lu, B.; Wang, Z.; Ji, L. 2,3,5,4’-tetrahydroxy-stilbene-2-O-f3-D-glucoside ameliorates
NAFLD via attenuating hepatic steatosis through inhibiting mitochondrial dysfunction dependent on SIRTS. Phytomedicine Int. ].
Phytother. Phytopharm. 2022, 99, 153994. [CrossRef]

Zhang, Y.; Bharathi, S.S.; Rardin, M.].; Uppala, R.; Verdin, E.; Gibson, B.W.; Goetzman, E.S. SIRT3 and SIRT5 regulate the enzyme
activity and cardiolipin binding of very long-chain acyl-CoA dehydrogenase. PLoS ONE. 2015, 10, e0122297.

Kuang, J.; Zhang, Y.; Liu, Q.; Shen, J.; Pu, S.; Cheng, S.; Chen, L.; Li, H.; Wu, T.; Li, R.; et al. Fat-Specific Sirt6 Ablation Sensitizes
Mice to High-Fat Diet-Induced Obesity and Insulin Resistance by Inhibiting Lipolysis. Diabetes 2017, 66, 1159-1171. [CrossRef]
Ka, S.0.; Bang, L.H.; Bae, E.J.; Park, B.H. Hepatocyte-specific sirtuin 6 deletion predisposes to nonalcoholic steatohepatitis by
up-regulation of Bach1, an Nrf2 repressor. FASEB |. 2017, 31, 3999-4010. [CrossRef]

Luo, P; Qin, C.; Zhu, L.; Fang, C.; Zhang, Y.; Zhang, H.; Pei, F; Tian, S.; Zhu, X.Y.; Gong, J.; et al. Ubiquitin-Specific Peptidase
10 (USP10) Inhibits Hepatic Steatosis, Insulin Resistance, and Inflammation Through Sirt6. Hepatology 2018, 68, 1786-1803.
[CrossRef]

Kim, H.S,; Xiao, C.; Wang, R.H.; Lahusen, T.; Xu, X.; Vassilopoulos, A.; Vazquez-Ortiz, G.; Jeong, W.I; Park, O.; Ki, S.H.; et al.
Hepatic-specific disruption of SIRT6 in mice results in fatty liver formation due to enhanced glycolysis and triglyceride synthesis.
Cell Metab. 2010, 12, 224-236. [CrossRef]

Bang, LH.; Kwon, O.K.; Hao, L; Park, D.; Chung, M.J.; Oh, B.C.; Lee, S.; Bae, E.J.; Park, B.H. Deacetylation of XBP1s by sirtuin
6 confers resistance to ER stress-induced hepatic steatosis. Exp. Mol. Med. 2019, 51, 107. [CrossRef]

Rinaldi, L.; Pafundi, P.C.; Galiero, R.; Caturano, A.; Morone, M.V.; Silvestri, C.; Giordano, M.; Salvatore, T.; Sasso, F.C. Mechanisms
of Non-Alcoholic Fatty Liver Disease in the Metabolic Syndrome. A Narrative Review. Antioxidants 2021, 10, 270. [CrossRef]


http://doi.org/10.1038/oby.2012.32
http://www.ncbi.nlm.nih.gov/pubmed/22327056
http://doi.org/10.1194/jlr.M080952
http://www.ncbi.nlm.nih.gov/pubmed/29581157
http://doi.org/10.3390/ijms22136908
http://doi.org/10.1210/jc.2016-1320
http://doi.org/10.1016/j.molcel.2013.05.012
http://doi.org/10.1128/MCB.00227-16
http://doi.org/10.1128/MCB.00087-13
http://doi.org/10.3390/cells9051101
http://doi.org/10.1016/j.freeradbiomed.2016.04.197
http://doi.org/10.1038/nm.2686
http://doi.org/10.2174/1573399812666160217122413
http://doi.org/10.1016/j.taap.2015.12.006
http://doi.org/10.1016/j.molcel.2015.05.022
http://doi.org/10.1016/j.cmet.2014.03.014
http://doi.org/10.1038/s41598-020-75615-3
http://doi.org/10.1016/j.phymed.2022.153994
http://doi.org/10.2337/db16-1225
http://doi.org/10.1096/fj.201700098RR
http://doi.org/10.1002/hep.30062
http://doi.org/10.1016/j.cmet.2010.06.009
http://doi.org/10.1038/s12276-019-0309-0
http://doi.org/10.3390/antiox10020270

	Introduction 
	The Structure, Function, and Diversity of Sirtuins 
	The Role of Mitochondria in NAFLD 
	The Role of the SIRT Family in Mitochondria 
	The Role of the SIRT Family in Mitochondrial Biogenesis and NAFLD 
	SIRT1 and NAFLD 
	SIRT2 and NAFLD 
	SIRT3 and NAFLD 
	SIRT4 and NAFLD 
	SIRT5 and NAFLD 
	SIRT6, SIRT7, and NAFLD 

	Conclusions 
	References

