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ABSTRACT: Sirtuins catalyze deacetylation of lysine residues with a NAD"-dependent mechanism. In mammals, the sirtuin family
is composed of seven members, divided into four subclasses that differ in substrate specificity, subcellular localization, regulation, as
well as interactions with other proteins, both within and outside the epigenetic field. Recently, much interest has been growing in
SIRT3, which is mainly involved in regulating mitochondrial metabolism. Moreover, SIRT3 seems to be protective in diseases such
as age-related, neurodegenerative, liver, kidney, heart, and metabolic ones, as well as in cancer. In most cases, activating SIRT3 could
be a promising strategy to tackle these health problems. Here, we summarize the main biological functions, substrates, and
interactors of SIRT3, as well as several molecules reported in the literature that are able to modulate SIRT3 activity. Among the
activators, some derive from natural products, others from library screening, and others from the classical medicinal chemistry

approach.

B SIGNIFICANCE found in both prokaryotes and eukaryotes, are enzymes that
Sirt3 is an epigenetic target from the family sirtuins rely on NAD" for their lysine deacetylase activity. In mammals,
deacetylases with rapidly growing interest in age-related, the sirtuin family contains seven members with different
neurodegenerative, liver, kidney, heart, and metabolic diseases, cellular localization and biological roles, whereas in bacteria
as well as in cancer. Its high relevance in numerous diseases is and archaea, just one or two members were found yet.” SIRTs
attracting medicinal chemists to develop activators, as Sirt3 exhibit a remarkably conserved -catalytic core domain
activation is associated with beneficial effects to tackle the composed of 275 amino acids while diverging at their C-
mentioned health problems. The present perspective is and N-terminal domains in length and sequence in both. Each

shedding light on the recent findings and potential develop-

' ) ‘ - of the seven human SIRT's prefers an isoform-specific substrate
ments regarding Sirt3 from a medchem viewpoint.

due to very small variations in their substrate binding site,
B INTRODUCTION whereas isoform differences in preferred substrate acyls are
influenced by the way the acyl moiety binds to an active site

Histone deacetylases (HDACs) can be classified into two main channel.” SIRTs differ not only in their substrate specificity but

families: on the one hand, the canonical zinc-dependent
histone deacetylases which are subdivided into class I
(HDAC1-3, -8), class Ila (HDAC4, -5, -7, -9), class IIb Received: October 23, 2023
(HDACS, -10), and class IV (HDAC11)," and on the other Revised:  December 14, 2023
hand, the sirtuins (SIRTs) known as class IIl HDACs.' ™ The Acce.Pted’ December 20, 2023
term “sirtuin” originates from its first discovered member, Sir2, Published: January 23, 2024
initially identified in Saccharomyces cerevisiae, where the

acronym SIR stands for silent information regulator.” SIRTSs,
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Figure 1. Sirtuin family with its cellular localization and functions (PDB SIRT1, 41G9; SIRT2, SD70; SIRT3, 3GLS; SIRT4, SOJN; SIRTS, 4F56;

SIRT6, 3PKI; SIRT7, SIQZ).

also in their cellular localization, in the binding mode to
potential regulatory molecules, and in the protein interactions.
In the last two decades, sirtuins attained more and more
attention because of their pivotal functions in several
biochemical contexts, such as the regulation of cytodiffer-
entiation, transcription, cell cycle progression, inflammation,
energetic metabolism, apoptosis, neuro- and cardio-protection,
cancer initiation, and progression.6_8 Considering their shared
conserved catalytic core domain, sirtuins are divided into four
subclasses: class I contains SIRT1, -2, and -3, mainly showing
deacetylase activity. SIRT1 and SIRT2 can be found in the
cytoplasm and nucleus; however, SIRT1 is mainly located in
the nucleus, while SIRT2 has predominantly a cytoplasmic
localization. SIRT3, apart from its nuclear localization, can also
be found in the mitochondria. Class II contains SIRT4 that
shows mono-ADP-ribosyltransferase activity in addition to
deacetylase and deacylase ones in mitochondria. Class III
includes SIRTS, which deacylates succinyl-, glutaryl-, and
malonyl-lysine residues in mitochondria. SIRTS’s substrate
specificity is given by Tyr102 and Argl0S localized into the
substrate pocket. These two residues can form hydrogen bonds
and electrostatic interactions with the negatively charged acyl-
lysine. Moreover, SIRTS has an Ala86 to recognize substrates,
whereas in the same position, SIRT1—3 have a phenylalanine.
The smaller size of alanine with respect to phenylalanine
results in a larger bindin% site that can accommodate larger
acylated lysine substrates.”'® According to kinetic studies by
Roessler et al, SIRTS has the best catalytic efficiency for
deglutarylation, followed by desuccinylation and then
demalonylation.'" Class IV is comprised of two members,
SIRT6, which shows activities similar to SIRT4 but has a
nuclear subcellular localization, and SIRT7 being a nucleolar
deacetylase (Figure 1).*'> Among the mammalian sirtuins, a
robust deacetylase activity is only shown by members of class I,
while SIRT4—7 possess only a very weak deacetylase activity in
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vitro." Sirtuins influence multiple biological processes, such as
regulation of metabolism, chromatin biology, transcription,
inflammation, cell cycle, apoptosis, autophagy, immune
response, oxidative stress, DNA repair, cell differentiation,
and microtubule dynamics."?

The roles of each sirtuin in human physiology and pathology
are different. SIRT1, the best-studied mammalian sirtuin,
seems to have a contradictory role in cancer, acting as a tumor
promoter or suppressor. Patients with high expression of
SIRT1 develop resistance to chemotherapy more easily than
those with low levels. SIRT1 can reduce apoptosis through
p53, regulate mitochondria biogenesis and activities through
peroxisome proliferator-activated receptor gamma coactivator
l-alpha (PGC-la) but also regulate metabolism and stress
response via forkhead box O (FOXO) transcription factors
deacetylation. Furthermore, SIRT1 can protect against neuro-
degenerative diseases, promote liver function, regulate stem
cell differentiation and cell fate, repress the expression of
mitochondrial uncoupling protein 2 (UCP2) in pancreatic f-
cells stimulating insulin secretion, and promote fat mobi-
lization by silencing genes controlled by peroxisome
proliferator-activated receptor gamma (PPAR-y).” In prostate
cancer, SIRT1 seems to induce epithelial-to-mesenchymal
transition (EMT) by suppressing E-cadherin expression.'
SIRT1 is associated with epigenetic silencing and hetero-
chromatin formation." SIRT2 has a neurodegenerative action
in neurological diseases,” deacetylates a-tubulin and regulates
skeletal muscle differentiation.” Moreover, SIRT2 controls
apoptosis through p53 deacetylation and regulates cell cycle
progression at many levels. In cancer, SIRT2 is a double-edged
sword, acting as a cancer suppressor and promoter.'#'> SIRT2
is also involved in metabolic processes.'® SIRT3 inhibits
mitochondrial reactive oxygen species (ROS) production and
regulates proliferation, differentiation, and survival through
interaction with different mitochondrial proteins. SIRT4 can

https://doi.org/10.1021/acs.jmedchem.3c01979
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arrest the cell cycle by inhibiting mitochondrial glutamine
metabolism. The expression of SIRT4 correlates with a worse
prognosis in colorectal cancer.’ In liver and muscle cells,
SIRT4 negatively regulates fatty acid oxidation.” Due to its
mitochondrial localization, SIRTS is engaged in glycolysis, fatty
acid and amino acid metabolism, mitochondrial functions, and
ROS management. Based on the substrate, SIRTS can have a
promoting or a suppressive action in the metabolic pathway in
which the substrate is involved. Considering the role of SIRTS
in noncancer diseases, it seems to have a protective role in
neurodegenerative and cardiovascular diseases.'” Recently,
Walter et al. found that SIRTS can promote the viral
replication of SARS-CoV-2.'® In cancer, SIRTS has a
controversial role. SIRTS seems to act as a tumor suppressor
in glioma, gastric cancer, and pancreatic ductal adenocarcino-
ma (PDAC). Instead, in non-small cell lung cancer (NSCLC),
neuroblastoma, ovarian cancer, osteosarcoma, cutaneous and
uveal melanoma, and acute myeloid leukemia (AML), SIRTS
seems to act as a tumor promoter. Moreover, SIRTS plays a
dual role as a promoter/suppressor in lung cancer,
hepatocellular carcinoma (HCC), breast cancer, and prostate
cancer.”” SIRT6 controls cellular homeostasis, DNA repair,
telomere maintenance, and metabolism.® SIRT6 deacetylates
H3K9 and H3KS56 to maintain genome stability and telomere
function. Furthermore, under oxidative stress, SIRT6 functions
as an ADP-ribosylase for poly ADP-ribose polymerase 1
(PARP1).>" Finally, SIRT7 deacetylates H3K18, a biomarker
of aggressive tumors, and elevated expression of SIRT7 is
correlated with poor survival rates and increased aggressive-
ness.® SIRT7 interacts with RNA pol I, rtDNA transcription
factor UBF, and chromatin remodeling complex WICH.”
SIRT7 is able to regulate Pol I activity and ribosome
biogenesis, Pol II mRNA transcription and metabolic stress
response, and very likely the transcription of Pol III as well
(Figure 1)."%%'7' All isoforms share the same catalytic
deacylation mechanism because of the homology of their
catalytic core. For the deacylation, sirtuins consume NAD".
The reaction products are nicotinamide, the deacylated
substrate, and O-acyl ADP-ribose (O-AADPR). The deacyla-
tion reaction can be divided into six ste})s, as outlined in detail
by Nogueiras et al. and Feldman et al.”*'

B SIRT3 STRUCTURE

Like the other sirtuins, the structure of the SIRT3 catalytic
core consists of two units: a large domain and a small domain.
The large domain possesses an inverted Rossmann fold to
allow the NAD" binding, while the small domain consists of a
helical and a zinc finger module. In the small domain, a flexible
loop is present, which changes its conformation during the
catalysis. A slender polypeptide chain connects the two
domains, while a large groove is formed by three polypeptide
chains in the larger domain. Substrates bind to the cleft formed
between the two domains. Studies indicate that if these sites
mutate, sirtuins lose their catalytic activity (Figure 2).

Lei Jin and co-workers” cocrystallized SIRT3 with an
acetyl-CoA synthase 2 (AceCS2) peptide of 12 amino acids.
The 12-mer peptide contains an AcK642 residue that is
deacetylated by SIRT3. The AceCS2 peptide binds the groove
between the two domains. In particular, they found that the
peptide forms hydrogen bonds with residues G295, E296, and
L298 of one loop from the small domain and with residues
E323 and E32S5 from the large domain. F294 and V324
surround the aliphatic portion of the acetyl lysine. These
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Figure 2. Crystal structure of SIRT3 depicted as a cartoon. The zinc-
binding site is highlighted in green, with the zinc ion depicted in pink,

the helical module is highlighted in yellow, and the Rossmann fold-
like domain is represented in red (PDB 3GLS).

residues are conserved in all sirtuins. H248 and F180 enclose
the acetyl group, while the N-terminal of the lysine forms a
hydrogen bond with the carboxyl of V292. H248 is necessary
for the catalytic activity of sirtuins. Indeed, it is conserved
among all sirtuins like also 1291 and 1230. The latter form van
der Waals contact with the methyl group on the acetyl lysine.
NAD" is necessary for the catalytic activity of SIRT3. In the
above-mentioned work, the authors found that the substrate
can form a stable complex with SIRT3 in the absence of
NAD". They state that NAD" efficiently binds SIRT3 after the
binding of the substrate. This suggests that the binding of the
substrate in the groove can promote a productive con-
formation, allowing the binding of NAD". To confirm that, an
isothermal titration calorimetry (ITC) study was performed.
(Figure 3).22

Of note, there is a difference in the binding between SIRT3
and AceCS2-Kac substrate in comparison with SIRTS and
SIRT? as these sirtuins differ in the flexible loop.””

B SIRT3 INVOLVEMENT IN METABOLIC PATHWAYS

Much interest is currently growing toward mitochondrial
SIRT3, where it is mainly located and plays a vital role in
regulating mitochondrial metabolism by influencing the
electron transport chain (ETC)/oxidative phosphorylation
(OXPHOS), ROS detoxification mechanisms, the tricarboxylic
acid (TCA) cycle and urea cycle, amino acid metabolism, fatty
acid oxidation, mitochondrial dynamics, and the mitochondrial
unfolded protein response (UPR).***** Considering all these
important pathways, it is not surprising that SIRT3 has
numerous roles in both physiological and pathophysiological
processes. Full-length SIRT3 is located in mitochondria, while
SIRT3 without the N-terminal 142 residues is localized in
cytoplasm and nucleus at high expression levels.”> The N-
terminus of SIRT3 has a mitochondrial targeting sequence
made of an amphipathic a-helix rich in basic residues. The
protein is active when the mitochondrial matrix processing
peptidase (MPP) cleaves the first 101 residues in vitro.”>*’
SIRT3 is involved in several mitochondrial oxidative
pathways. Mitochondria generate ATP via the OXPHOS
pathway involving four protein complexes (I-IV) localized in
the inner-mitochondrial membrane. The energy carried by
high-energy electrons is harnessed to create a proton gradient
through the transport of protons from the mitochondrial

https://doi.org/10.1021/acs.jmedchem.3c01979
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Figure 3. Crystal structure of SIRT3 in complex with AceCS-2 12-mer peptide. (left) The full SIRT3 structure with its substrate analogue. (right)
The most important residues for the binding of the substrate. In particular, residues G295, E296, and L298 of the large domain and residues E323
and E32S of the small domain that form hydrogen bonds are depicted in yellow. F294 and V324 are depicted in cyan. H248 and F180 are depicted
in green. V292 is highlighted in red. 1291 and 1230 are depicted in orange. H bonds are depicted with blue dotted lines (PDB 3GLR).

matrix to the inner membrane space. Finally, in the complex V
or ATP synthase, ATP is formed from ADP. Byproducts of this
process are ROS that form when electrons escape complex I or
complex IIT and react with oxygen to the superoxide radical.”®
SIRT3 potentially has an impact on various stages of the
OXPHOS pathway.

SIRT3 is physically associated with complexes I, II, and V
and seems pivotal for complexes I and III. When the activity of
complexes I-III is reduced, the production of ROS increases,
and cellular ATP levels are lowered.” ™

Every enzyme can be acetylated in the TCA cycle. Up to
now, only the succinate dehydrogenase (SDH) is a recognized
substrate of SIRT3. SDH corresponds to the complex II of
OXPHOS; thus, SIRT3 is involved in both the TCA cycle and
OXPHOS. By modulating SDH activity, SIRT3 can coordinate
the oxidation through the TCA cycle and thus substrate
delivery to the electron transport chain to avoid the possibility
of overchar%ing the electron transport, resulting in ROS
production.”””" Another target of SIRT3 is the isocitrate
dehydrogenase 2 (IDH2). IDH2 is an NADP*-dependent
enzyme able to produce NADPH in mitochondria. NADP*
does not function as an electron carrier in the ETC;
consequently, IDH2 is not classified as an enzyme involved
in the TCA cycle. However, IDH2 has crucial roles in cancer
metabolism, leading to a reduction of oxidative stress or to a
stimulation of anabolic processes. In hypoxic conditions
commonly found in the tumor microenvironment, IDH2 is
capable of producing citrate.”> The glutathione reductase,
which converts oxidized glutathione (GSSG) into reduced
glutathione (GSH), uses NADPH for this transformation,
while GSH serves as a cofactor for the mitochondrial
glutathione peroxidase (GPX) to detoxify ROS. Furthermore,
SIRT3 can deacetylate the glutamate dehydrogenase (GDH)
that can produce NADPH, very likely contributing to the
elevated levels of GSH accessible for GPX.>* Yet, the process
of neutralizing ROS through the production of NADPH and
the activation of manganese superoxide dismutase (SOD2),
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facilitated by SIRT3, is confined to the mitochondrial matrix
and does not enhance antioxidant capabilities in the cell’s
nucleus or cytoplasm.”* SIRT3 can boost fatty acid oxidation
by deacetylating the long-chain acyl-CoA dehydrogenase
(LCAD)* and GDH to increase amino acid oxidation.
LCAD forms acetyl-CoA, while GDH forms a-ketoglutarate.
These two molecules can enter and fuel the TCA cycle.*
SIRTS3 is involved in various mitochondrial pathways essential
for the maintenance of mitochondrial homeostasis in case of
nutrient deprivation. SIRT3 removes acetyl groups and
activates 3-hydroxy-3-methylglutaryl CoA synthase 2
(HMGCS2), which is the enzyme that controls the rate of
production of the ketone body S-hydroxybutyrate.”” SIRT3
boosts energy generation from ketone bodies through
AceCS2>** and deacetylases ornithine transcarbamoylase
(OTC), an enzyme involved in the urea cycle. The removal
of acetyl groups through deacetylation triggers the activation of
the urea cycle, facilitating the elimination of ammonia when
amino acids undergo catabolic processes that strip them of
their carbon components.’”**” In the metabolism, SIRT3
promotes the entrance of fatty acids, amino acids, and ketone
bodies into the TCA cycle to fuel OXPHOS and to produce
energy. Furthermore, SIRT3 stimulates the urea cycle and
ketone body synthesis to maintain a balance in metabolic
processes.” SIRT3 can also deacetylase the antioxidant
enzyme SOD2 in the mitochondrial matrix. Studies demon-
strate that SIRT3 deacetylases K53, K68, and K122 of
SOD2."'™* Moreover, calorie restriction (CR) induces
deacetylation and activation of SOD2, very likely via the
upregulation of SIRT3. In particular, Qiu et al.** observed that
SIRT3 KO mice fed with a caloric restriction diet for 6 months
showed higher oxidative stress and damage than WT mice fed
with the same diet. This suggests that the drop in oxidative
stress during CR requires SIRT3. Moreover, they studied the
cellular ROS modulation by overexpressing SIRT3 in WT and
SOD2 KO mouse embryonic fibroblasts (MEFs). They found
that the overexpression of SIRT3 in WT MEFs reduced

https://doi.org/10.1021/acs.jmedchem.3c01979
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cellular ROS by 40%, while this reduction decreased in SOD2
KO MEFs. Consequently, this indicated that SIRT3 lowers
cellular ROS by activating SOD2. In line with this statement,
they found that the overexpression of SIRT3 in SOD2 KO
MEFs treated with paraquat, a compound that generates
superoxide, did not impact the cell viability while over-
expressing SIRT3 in WT MEFs, the cell survival increased.
Finally, they further demonstrated that SOD2 is deacetylated
by SIRT3 in a condition of calorie restriction by using SIRT3
WT and KO mice fed ad libitum or CR diets.***® Moreover,
SIRT3 deacetylates cyclophilin D (CypD), resulting in the
opening of the mitochondrial permeability transition pore
(mPTP) and thus leading to apoptosis.”**” SIRT3 can trigger
autophagy, a prominent cellular self-defense mechanism, by
deacetylating the liver kinase B1 (LKB1), thus activating the
AMPK-mTOR autophagy pathway.”® Notably, deacetylated
FOXO3a seems to protect cells from apoptosis via activating a
range of autophagy-related genes, such as ULK1, ATGS, and
ATG7.”

Very recently, Hao et al.’’ found that SIRT3 is able to
remove the lactoyl group at H4K16, and they confirmed this
with crystal structural analysis, also applying several chemical
probes. As for the histone lysine acetylation, the lactylation
stimulates gene transcription by maintaining open the
chromatin.”’ The same authors have also demonstrated that
SIRT3 prefers to delactylate N-lactyl-p-lysine rather than N-
lactyl-L-lysine. Particularly, crystal analysis reveals that the
lysine hydrocarbon chain is located in a hydrophobic pocket of
SIRT3, while the hydroxyl group of lactyl-lysine is stabilized by
a hydrogen bond network, including some water molecules.””

B REGULATION OF SIRT3

As a sensor of mitochondrial energy, SIRT3 has several
endogenous regulators that can modulate its expression, such
as NAD', its cofactor that stimulates deacetylation-dependent
processes, and CR, which lead to increased SIRT3 expression.
SIRT3 can be covalently inhibited by 4-hydroxy-nonenale (4-
HNE),>” while the nuclear factor kB (NF-kB) can bind to the
promoter region of SIRT3, leading to an augmentation in its
expression.” Similarly, there is some evidence that PGC-la
may stimulate SIRT3 transcription via binding to its
promoter,””** while SNAIl and Zinc finger Ebox-binding
homeobox 1 (ZEB1) exert a negative regulation on the activity
of the SIRT3 promoter, effectively suppressing its expres-
sion.””*® The byproduct nicotinamide inhibits deacetylation
because it binds to the reaction product and accelerates the
reverse reaction.”””® SIRT3 can be SUMOylated, and this
post-translational modification inhibits its activity. A SUMO-
specific protease, SENP1, can de-SUMOylate SIRT3 and thus
can promote mitochondrial metabolism.’® Moreover, studies
demonstrated that several microRNAs can target the 3'UTR of
SIRT3, sugpressing both gene expression and protein
abundance.””"*® MicroRNAs are noncoding RNA molecules
that can control mRNA stability and protein levels by binding
to complementary target mRINA. Of note, miR-210 targets and
represses the iron—sulfur cluster assembly protein (ISCU),
which changes the NAD*/NADH ratio and thus indirectly
influences SIRT3.”” Furthermore, two long noncoding RNA
(IncRNAs) can suppress the mRNA expression of miRNA and
thus can positively regulate SIRT3.°”%° Finally, SIRT3 can also
be regulated by a protein—protein network. Profilinl, an actin-
associated protein, can promote the expression of SIRT3,%
while f-catenin, an essential downstream mediator within the
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Wnt signaling cascade, can inhibit the expression of SIRT3
(Figure 4).4’69
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Figure 4. Regulator factors of SIRT3. Factors that exert a direct
biochemical effect are indicated with a light blue ball, while the ones
that exert a transcriptional effect are indicated with a lilac ball.

B SIRT3 AND HUMAN DISEASES

The SIRT3 protein exhibits a broad distribution in tissues
abundant with mitochondria, including but not limited to
kidney, heart, brain, and liver tissues,”’ thus regulating aging,
neurodegeneration, and other diseases related to the
aforementioned organs (Table 1 and Figures 7,8).”° Moreover,
SIRT3 is considered a double-edged sword in cancer
development.”"

SIRT3 and Cancer. SIRT3 plays a role in multiple
fundamental features of cancer (Figure 5). SIRT3 may induce
genomic instability via its influence on SOD2 and ROS
production, given that increased ROS levels have been linked
with mutagenesis promotion and genome destabilization.””
Moreover, other studies support that under conditions of
cellular stress, SIRT3 relocates to the cell nucleus; thus, SIRT3
may have an impact on histone modifications, specifically
H4K16Ac and H3K9Ac showing a direct influence of SIRT3
on genomic instability.”> SIRT3 can deacetylate H3KS9,
involved in DNA damage, particularly in enhancing DNA
nonhomologous end joining repair.”* 8-Oxoguanine-DNA
glycosylase 1 (OGG1) is an enzyme that inhibits genome
damage, and SIRT3 blocks its degradation to inhibit
tumorigenesis.”” The function of SIRT3 in controlling the
limitless replicative potential of cancer cells is not yet well
understood. SIRT3 influences cell proliferation and survival via
various mechanisms depending on the cancer type. Nowadays,
it is well established that ROS levels are generally lower in
normal cells compared to cancerous ones. For example, in
cancers overexpressing SIRT3, like head and neck squamous
cell carcinoma (HNSCC), SIRT3 keeps the ROS species at an
adequate rather low level, resulting in a malignant phenotype.”®
In HeLa cells, SIRT3 removes acetyl groups from Ku?70,
leading to increased Ku70-Bax interactions and subsequently
facilitating the movement of Bax to the mitochondria, thus
leading to cancer cell survival through protection from
genotoxic and oxidative stress.”’

Hypoxia-inducible factors (HIFs) can directly activate the
transcription of genes associated with the onset of cancer, such
as the vascular endothelial growth factor (VEGF) and the
transforming growth factor @ (TGF-a). Under hypoxic
conditions, overexpression of SIRT3 leads to lower levels of
ROS production, decreased glycolysis and proliferation, as well
as reduced HIF-la stabilization, blocking its downstream
transcri];tional activity, ultimately leading to impaired tumori-
genesis.””’® Moreover, SIRT3 can deacetylate the pyruvate
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Table 1. Substrates of SIRT3 with Related Pathways and Human Diseases

substrates

glutamate dehydrogenase (GDH)
acetyl CoA synthetase 2 (ACS2)
ornithine transcarbamoylase (OTC)

3-hydroxy-3-methylglutaryl CoA synthase 2 (HMGCS2)
long-chain acyl-CoA dehydrogenase (LCAD)

NADH quinone oxidoreductase (complex I)

succinate dehydrogenase (complex II)

isocitrate dehydrogenase 2 (IDH2)

manganese superoxide dismutase (MnSOD or SOD2)

cyclophilin D (CypD)

prolyl hydroxylase domain (PHD)

pyruvate dehydrogenase complex (PDC)
glutamate oxaloacetate transaminase 2 (GOT2)
glycogen synthase kinase 34 (GSK3/)

pS3

serine hydroxymethyltransferase 2 (SHMT2)
acetyl-CoA carboxylase (ACC1)

pyrroline-S-carboxylate reductase 1 (PYCR1)
ATPSO, ATPSA1

forkhead box O3a (FOXO3a)

nicotinamide mononucleotide adenylyltransferase 3 (NMNAT3)
signal transducer and activator of transcription 3 (STAT3)
Ku70

nicotinamide mononucleotide adenylyltransferase 2 (NMNAT?2)

perossisome proliferator-activated receptor gamma coactivator la (PGC-1a)

pathway/effect disease ref
amino acid catabo- metabolic diseases 36,186,187
lism, NADPH pro-
duction
acetate metabolism liver diseases 38,188
amino acid catabo- 39
lism, urea cycle
ketogenesis liver diseases 37
[-oxidation liver diseases, heart diseases 35
OXPHOS kidney diseases, heart diseases 29
OXPHOS 30,31,187
TCA cycle, NADPH hearing loss 36,130
production

redox balance

metabolic diseases, age-related
diseases, heart diseases, Alz-
heimer’s disease, Parkinson’s
disease, stroke, TBI

43,46,164,166,170,182,185

apoptosis, glycolysis,  kidney diseases, age-related 47,91,152
improving mito- diseases, breast cancer, heart
chondrial functions diseases, neuropathic pain
regulation of HIF-1a  breast cancer 90
activity
inhibition of glycolysis lung cancer 79
and promotion of
apoptosis
regulation of glycolysis ~pancreatic cancer 92
induction of apoptosis HCC, ameliorates cardiac fib- 96,123
rosis, kidney diseases
induction of apoptosis HCC, protection of cardio- 93,189
myocytes, kidney diseases
carcinogenesis colorectal cancer 104
promotion of lipid cervical squamous cell carcino- 105
metabolism and ma
cancer migration
and invasion
promote cell survival  breast and lung cancer 106
contractile function of heart diseases 115

the heart
inhibition of mMTOR
and Rho/Rho-kin-
ase signaling, mito-
chondrial dynamics

cardiac hypertrophy, kidney
diseases, Huntington’s dis-
ease, stroke, TBI

118—120,123,173,174,182,185

promotion of antihypertrophic 122
effect
inhibition of fibrosis cardiac fibrosis 124
caused by
STAT3-NFATc2
inhibition of apoptosis  heart diseases 77
interaction with age-related diseases 190
HSP90
improving mitochon-  kidney diseases 92

drial biogenesis and
energy generation

dehydrogenase complex (PDC) related to glycolysis. When
PDC is deacetylated, glycolysis is inhibited, and apoptosis in
cancer cells is promoted.”” SIRT3 is also capable of engaging
in pathways that lead to apoptotic cell death and the inhibition
of cell growth, such as JNK, Bax, HIF-1a, but also ROS. SIRT3
modulates the JNK2 signaling pathway in numerous tumor
types, such as osteosarcomas, colorectal carcinoma, but also in
healthy human cell lines (lung and retinal epithelial cells),
resulting in enhanced growth arrest and apoptosis.”” For the
involvement of SIRT3 in cancer invasion and metastasis, one
study reports that SIRT3 transcription levels are linked with
lymph node-positive metastatic breast cancer.”’ SIRT3 is also
involved in anoikis, which represents apoptosis triggered by the
dysfunctional cell adhesion to the extracellular matrix
(ECM).** Anoikis resistance is correlated to the initiation

1667

and progression of cancer via the invasion of neighboring
lymph nodes as well as other tissues and organs.”” In oral
cancer, SIRT3 was demonstrated to mediate anoikis resistance
as it is downregulated by the receptor-interacting protein
(RIP), which is a known kinase shuttling between Fas-
mediated cell death and integrin/focal adhesion kinase (FAK)-
mediated survival.*’

In the cancer context, SIRT3 exhibits a role that varies
depending on the specific circumstances, acting as a promoter
of tumorigenesis in some types of cancer while acting as a
tumor suppressor in others.** Finley et al.** have demonstrated
that SIRT3 is additionally involved in controlling glycolytic
metabolism by controlling the inducible factor-la (HIF-1a)
stability and activity. This action is closely related to the
“Warburg effect” in cancer. The Warburg effect is a hallmark of
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Figure S. SIRT3 and hallmarks of cancer. Hallmarks promoted by
SIRT3 are depicted in green, while those inhibited/downregulated by
SIRT3 are indicated in red. The circles with mixed colors green and
red represent the hallmarks in which SIRT3 plays a context-
dependent role. Inhibition is reported with spades, while down-
regulation is reported with a rhombus.

cancer and indicates the process by which cancer cells use
glycolysis even in aerobic conditions, and this confers
advantages for tumor growth. HIF-lar is a heterodimer of
two basic helix—loop—helix/PAS proteins, HIF-1e, and the
aryl hydrocarbon nuclear trans-locator (ARNT).*® HIF-1a is
unstable at normal oxygen levels (5—21% O,), while in low
oxygen conditions (0.5—5% O,), the HIF-1a subunit becomes
more stable, forms a dimer with ARNT, and moves to the cell
nucleus, where it binds to the HIF response element (HRE).
Transcription mediated by HIF-1a is associated with tumori-
genesis because it activates the transcription of genes involved
in glucose metabolism, angiogenesis, and metastasis, such as
GAPDH, VEGF, and TGF-a.®” Abnormal stabilization/
activation of HIF-1a is linked to various forms of cancer.*
The stability of HIF-1a is increased through the hydroxylation
of proline residues within the oxygen-dependent degradation
by specific enzymes. In low oxygen conditions, HIF-la is
stabilized by inhibiting the proline hydroxylation enzymes
through ROS generated from the complex I1I of ETC.*” SIRT3
controls the HIF-la activity by direct deacetylation and
activating prolyl hydroxylase domain (PHD). As a result, this
leads to the tagging of HIF-la with ubiquitin and its
subsequent degradation through the proteasome.” SIRT3
overexpression clearly and reproducibly led to the reduction of
stabilized HIF-1a in hypoxic human breast cancer cells. It is
noteworthy that SIRT3’s enzymatic function was crucial for
the effective repression of HIF-la target genes because
mutated SIRT3 could not significantly reduce hypoxic
GLUT1 expression.”> SIRT3 may act as an oncosuppressor
by regulating glycolytic and anabolic metabolism, as the loss of
SIRT3 in human cancer cells is associated with glycolytic gene
expression.’” SIRT3 functions as the primary deacetylase for
the pyruvate dehydrogenase complex (PDC), deacetylating,
and activating PDC. This activation inhibits glycolysis and
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fosters apoptosis in cancer cells.”” Moreover, SIRT3
deacetylates and inactivates CypD, inhibiting breast carcinoma
glycolysis.”" Glutamate oxaloacetate transaminase 2 (GOT2),
an enzyme that plays a pivotal role in controlling the glycolysis
pathway, is deacetylated and inhibited by SIRT3, hindering
pancreatic tumor growth.”> Furthermore, SIRT3 can inhibit
ROS-modulated tumorigenesis and metastasis.”” A decrease in
ROS levels by SIRT3 was also proven to attenuate lung
adenocarcinoma cell growth.”® In chronic lymphocytic
leukemia (CLL), SIRT3 activates SOD2 followed by ROS
elimination, resulting in inhibited CLL progression.”> Addi-
tionally, it has been proven that SIRT3 induces programmed
cell death by activating, for instance, the glycogen synthase
kinase 3 (GSK3p), thus promoting the Bax-regulated
apoptosis pathway.”® Upregulated SOD2 and pS3 activity
through SIRT3 further increased Bax- and Fas-regulated
apoptosis in HCC.”

SIRT3 also seems to be involved in ferroptosis, a cell death
mechanism different from the metabolism-independent ones,
such as cell apoptosis and necrosis.”*”® Ferroptosis is driven by
iron-dependent membrane lipid metabolism dysfunction'*’
and can be considered as a tumor suppression mechanism.'*!
Liu et al.'”” demonstrated that SIRT3 can induce ferroptosis in
gallbladder cancer (GBC). Moreover, these researchers also
described that SIRT3 can participate in the epithelial-to-
mesenchymal transition in GBC. Protein kinase B (AKT),
when phosphorylated on Ser473, controls cell survival,
migration, and invasion.'”> They also observed that increased
PAKT levels in cells where the SIRT3 gene was knocked down
led to the proliferation, migration, and invasion of GBC
colonies. Recent evidence has shown that SIRT3 seems to act
as a tumor suppressor in GBC."** In colorectal cancer, SIRT3
has the potential to enhance the development of cancer by
deacetylating serine hydroxymethyltransferase 2 (SHMT2),
thus inhibiting its lysosome-dependent degradation.'”* SIRT3
can deacetylate acetyl-CoA carboxylase (ACC1) to enhance
lipid metabolism, but in cervical cancer cells, this deacetylation
promotes cancer migration and invasion.'”> Another substrate
of SIRT3 is pyrroline-S-carboxylate reductase 1 (PYCRI1),
which correlates with breast and lung cancer cell survival.'"®

SIRT3 and Liver Diseases. In human and mouse
nonalcoholic fatty liver disease (NAFLD) models, SIRT3 is
downregulated.'”” NAFLD is strictly linked with metabolic
disorders that involve mitochondrial dysfunctions. Indeed, the
name NAFLD has been changed to metabolic dysfunction-
associated fatty liver disease (MAFLD) to consider this aspect.
It was noticed that exposing SIRT3-deficient mice to a high fat
diet (HFD) increases the acetylation of hepatic proteins,
reduces the activity of complex III and IV of the ETC, and
embitters oxidative stress.'*”'"

In SIRT3-deficient mice, the presence of a high-fat diet
worsens conditions such as obesity, insulin resistance, high
lipid levels, liver fat accumulation, and inflammation. Never-
theless, when an adenovirus is used to increase SIRT3
expression, it reverses these negative effects.'””

Moreover, hepatic steatosis is exacerbated by hepatic SIRT3
deficiency in HFD mice, thus leading to an overexpression of
protein engaged in the uptake of fatty acids, such as CD36 and
VLDL receptors.' '

SIRT3 and Infectious Diseases. SIRT3 also has a role in
infectious diseases such as hepatitis B. SIRT3 is involved in
covalently closed circular DNA (cccDNA) transcription and
particularly has an antiviral activity through epigenetic
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regulation. SIRT3 inhibits hepatitis B virus (HBV) RNA
transcription without boosting its RNA degradation. The HBV
cccDNA is structured like a small chromosome, with a
combination of histone and nonhistone proteins helping to
organize it; thus, the deacetylase activity of SIRT3 can
modulate cccDNA chromatin. Indeed, several studies
described an epigenetic control of cccDNA. Particularly,
SIRT3 deacetylases H3K9 of HBV cccDNA, and this
modification inhibits HBV transcription. Moreover, SIRT3
causes the recruitment of SUV38HI1 and SETDI1A, two histone
methyltransferases, to cccDNA.''? Of note, a recent single-
center retrospective analysis shows the clinical importance of
SIRT3 in individuals affected by COVID-19. It appears that
the levels of SIRT3 in the bloodstream are linked to the clinical
prognosis and outcome of individuals with COVID-19. In
particular, low levels of SIRT3 can be a marker of a severe
disease caused by COVID-19.""

SIRT3 and Heart Diseases. SIRT3 participates in several
heart diseases, such as heart failure, cardiac hypertrophy,
atherosclerosis, and dilated hypertrophy. The contractile
function of the heart is impaired by loss of SIRT3.""* SIRT3
increases the energy production of mitochondria by activating
ATPSO and ATPS5AIl, two mitochondrial ATP syn-
thases,"'>''® and the LKB1—AMPK pathway.'"” Cardiac
hypertrophy is an adaptive reaction of the heart to different
conditions, and the three crucial pathways involved are the
Rho/Rho-kinase one, the mTOR one, and the ROS one.
SIRT3 can inhibit cardiac hypertrophy by inhibitin% mTOR
signaling via activating the LKB1—AMPK pathway.""” More-
over, SIRT3 can inhibit mTOR signalin$ and Rho/Rho-kinase
signaling by deacetylating FOXO3a."'®""” ROS signaling can
be inhibited by deacetylating SOD2."*° Another cardiac
problem is hypertrophy-related lipid accumulation. SIRT3
can restore lipid metabolism homeostasis by downregulating
the acetylation of LCAD."*' Moreover, nicotinamide mono-
nucleotide adenylyltransferase 3 (NMNAT3) can promote the
antihypertrophic effects of SIRT3 by binding SIRT3 and being
deacetylated.”” SIRT3 can also ameliorate cardiac fibrosis by
deacetylating GSK3p to foster its activity. Active GSK3f can
resist the TGF-f/Smad3 pathway that causes cardiac
fibrosis.'*®> Furthermore, SIRT3 can deacetylate STAT3 to
inhibit the fibrosis caused by STAT3-NFATc2.'** Moreover,
SIRT3 has a role in the inhibition of autophagy and apoptosis
in heart diseases. For instance, when SIRT3 deacetylases Ku70,
it interacts with Bax and inhibits the apoptosis of
cardiomyocytes.””

SIRT3 and Age-Related Diseases. The SIRT3 activation
and the following apoptosis inhibition were shown to improve
age-related diseases.” SIRT3 activation or overexpression can
potentially hamper age-related macular degeneration and
reduce the negative effects of apoptosis,'”> but also slow
down ovarian aging by enhancing mitochondrial function and
thus resulting in reduced apoptosis.'*® Furthermore, SIRT3
can trigger the commencement and activation of the PINK1—
Parkin mitophagy pathway, thereby preventing cell demise.'””
Mitophagy occurs when it is not possible to repair dysfunc-
tional mitochondria.'*® Nicotinamide mononucleotide adeny-
lyltransferase 2 (NMNAT2) is a substrate of SIRT3 and
possesses neuroprotective properties via heat shock protein 90
(HSP90)-interaction, thus resulting in a refolding of
aggregated protein substrates. This finding suggests a function
of SIRT3 in age-related diseases correlated with the
aggregation of pathological proteins such as amyloid beta
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(Ap), tau in Alzheimer’s disease (AD), and a-synuclein in
Parkinson’s disease (PD). Zhang et al.** reported a protective
role of SIRT3 in a rotenone-induced PD cell model through
autophagz induction by enhancing the LKB1-AMPK—mTOR
pathway.*® Aging in inner ear cochlea neurons induces ROS
damage in these cells. In CR conditions, SIRT3 has been
shown to inhibit ROS-induced damage to cochlea neurons,
delaying hearing loss. This action is provided by the SIRT3-
mediated deacetylation and activation of IDH2."**"'*°

SIRT3 and Kidney Diseases. SIRT3 can safeguard the
kidneys against metabolic disorders through various mecha-
nisms. Enhanced kidney function is achieved by overexpressing
SIRT3, which reduces oxidative damage, mitigates inflamma-
tion, and inhibits the apoptosis of renal tubular epithelial
cells."*" Acute kidney injury (AKI) is a condition with a
decrease in glomerular filtration rate characterized by an
increase in serum creatinine concentration or oliguria.m2 In
this way, SIRT3 can improve mitochondrial biogenesis and
energy generation to protect from AKI In AKI, SIRT3 can
have a protective effect by decreasing the acetylation of CypD
and p53."**"** The deacetylation of the latter blocks apoptosis
in AKL'*® Moreover, SIRT3 can safeguard from AKI by
deacetylating PGC-la and mitochondrial complex I.'*°
Nephrolithiasis, a metabolic kidney disorder, primarily results
from damage to renal epithelial cells caused by calcium oxalate.
SIRT3 can have some protective role in this disease; indeed, it
seems that the SIRT3 expression in nephrolithiasis-afflicted
mice is reduced. SIRT3 may inhibit the formation of kidney
stones by regulating the erythroid 2-related factor (NRF2)/
hemoxygenase 1 (HO-1) pathway.'*” Renal fibrosis can derive
from chronic kidney diseases (CKD)."*® SIRT3 can inhibit this
pathological process both by activating FOXO3a and
deacetylating and then activating GSK34."*’

SIRT3 and Metabolic Diseases. SIRT3 is also involved in
obesity and diabetes. Insulin resistance and vascular
dysfunction are often observed in obese patients in
concomitance with SIRT3 deficiency.'**"*” SIRT3 is able to
preserve endothelial cells from mitochondrial ROS damage
and can lead to increased nitric oxide (NO) release, resulting
in improved vasodilatation.'”® SIRT3 plays a crucial role in
skeletal muscle metabolism and has been proven to activate
insulin signaling, thus improving the diabetic condition.”
Moreover, SIRT3 maintains bone metabolism by boosting the
AMPK-PGC-1f axis."*” SIRT3 can inhibit the expression of
Ang-2 to retain vascular integrity.*" SIRT3 is vital to suppress
osteoarthritis'** and to decrease atherosclerosis risk.'**

SIRT3 and Neuropathic Pain. Neuropathic pain is a
condition that impacts approximately 7—8% of the population
in Europe, and at the moment, its etiology is not well-known.
Neuropathic pain is a persistent pain condition triggered by
damage or disease affecting the somatosensory nervous system.
The features of neuropathic pain are spontaneous pain,
hyperalgesia, abnormal pain, and paresthesia. Several studies
report that mitochondrial dysfunction and oxidative stress can
participate in the advancement of neuropathic pain.'**~"* As
previously stated, mitochondria are the main target and source
of ROS. In particular, the augmented ROS levels lead to the
opening of the mPTP. This can provide a decrease in
mitochondrial membrane potential (MMP) and an increased
ROS ?roduction, thus aggravating mitochondria dysfunc-
tion.'*>'"” Some studies link mitochondrial dysfunction with
neuropathic pain, suggesting that enhancing mitochondrial
function and reducing oxidative stress may represent a

https://doi.org/10.1021/acs.jmedchem.3c01979
J. Med. Chem. 2024, 67, 1662—1689


pubs.acs.org/jmc?ref=pdf
https://doi.org/10.1021/acs.jmedchem.3c01979?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Journal of Medicinal Chemistry

pubs.acs.org/jmc

Cytoplasm
Outer membrane

Intermembrane space

Inner membrane

fmpTP

Mitochondrial
matrix

Nerve I

-

Gl

Neuropathic < dysfunction
and oxidative
stress

Mitochondrial
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leads to an augmented opening of mPTP. This contributes to mitochondrial dysfunction and oxidative stress and, finally, participates in the
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promising therapeutic target for addressing this condition. For
example, the intraperitoneal injection of cyclosporin A, a
specific inhibitor of mPTP, in animals with neuropathic pain
can alleviate allodynia and hyperalgesia.'*® Other researchers
propose that administering tert-butyl hydroperoxide (t-
BOOH) via intrathecal injection in typical mice induces
pain-related behaviors."*”'*” Moreover, free radical scavengers
and antioxidants can alleviate pain-related behavior in animals
suffering from neuropathic pain.">' SIRT3 can be involved in
this condition because of its deacetylase action on K166-CypD.
Yan et al.'>? have studied this correlation, and their main
discovery was that in the spinal cords of mice with the SNI
model, there is a decrease in the expression of SIRT3, which
leads to an increase in Ac-CypD-K166 levels. By over-
expressing SIRT3 in the spinal cord, the pain hypersensitivity
in SNI model mice was reversed, and consequently, the
acetylation level of K166-CypD was reduced. Moreover, they
found that CypD deacetylation reduces allodynia and hyper-
algesia in the SNI model mice by enhancing mitochondrial
dysfunction and curbing oxidative stress. To affirm the
correlation between mitochondrial dysfunction and neuro-
pathic pain, they found that the injection of cyclosporin A
protects mitochondrial function and improved pain-like
behaviors in mice."*” Additionally, the scientists discovered
that SIRT3 plays a role in modulating the progression of
neuropathic pain within the spinal cord by alleviating
mitochondrial dysfunction and suppressing oxidative stress.
This finding was confirmed by the evaluation of mPTP, MMP,
ROS, and MDA in the spinal cords of SNI mice. In particular,
protein and mRNA levels of SIRT3 were reduced, mPTP
opening and ROS levels were augmented, MMP was reduced,
and MDA were upregulated. All these effects were reversed by
overexpressing spinal SIRT3. Moreover, they reported that the
involvement of SIRT3 in neuropathic pain is related to its
activity on CypD. Indeed, they demonstrated that the
acetylation level of CypD was elevated in SNI model mice,
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and the overexpression of SIRT3 significantly lowered the
acetylation level of CypD. CypD can alter the conformation of
ANT, a component of mPTP, through acetylation.'**"*
Moreover, the comparison of wild-type and CypD-K166R
mutant SNI model mice indicated that SIRT3 in the spinal
cord mediates the deacetylation of CypD, potentially blocking
the opening of the mPTP, enhancing mitochondrial resistance
to oxidative stress and consequently reducing heightened pain
sensitivity in SNI mice. The important role of mPTP in the
release of ROS in the cytoplasm,'®’~'%’ and its involvement in
various neurodegenerative diseases'®' can suggest that mPTP
is a crucial regulator in neuropathic pain. Furthermore, given
that CypD is an important regulator of mPTP and that SIRT3
can modulate CypD through Ac-K166 deacetylation, it can be
stated that SIRT3 represents a prospective promising target for
drug development toward neuropathic pain (Figure 6).

SIRT3 and Neurodegenerative Diseases. Various
researches reported that SIRT3 is involved in different
neurodegenerative diseases such as AD, PD, Huntington’s
disease (HD), neuronal excitotoxicity, stroke, and traumatic
brain injury (TBI).'%*

AD. 1t appears that SIRT3 is involved in safeguarding neural
integrity, as evidenced by its notable neuroprotective
attributes. A decline in SIRT3 expression has been associated
with advanced stages of AD, highlighting its potential
significance in disease progression.163 Furthermore, a note-
worthy observation has emerged: upregulating SIRT3
expression holds promise in mitigating certain pathological
processes attributed to AD.'** Amid the multifaceted effects
stemming from augmented SIRT3 expression, a notable
outcome involves the deacetylation of SOD2. This event
holds the potential to ameliorate mitochondrial processes and
bolster homeostasis. In addition, this increased SIRT3
expression has demonstrated the capacity to hamper Ap-
induced PC12 cell death, as well as that induced by H,0,.'*
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Figure 7. Metabolic pathways involving SIRT3. The dashed arrows indicate the interaction between SIRT3 and other protein factors.

PD. Multiple lines of evidence substantiate the notion that
SIRT3 is engaged in the development of PD. Shi et al.'°® have
presented compelling findings showcasing that the absence of
SIRT3 results in a diminution of SOD2’s functional capacity.
This is attributed to the augmentation of acetylation on K68 of
SOD2, culminating in elevated oxidative stress levels and the
perturbation of mitochondrial membrane potential. Further-
more, the increased SIRT3 levels have been implicated in the
improvement of pathologies induced by 1-methyl-4-phenyl-
1,2,3,6-tetrahydrog)yridine (MPTP) or rotenone, both asso-
ciated with PD.'®”'%® Elevated expression of SIRT3 serves to
counteract the loss of dopaminergic neurons caused by a-
synuclein, a protein linked to PD pathology (Figure 7). This
protective effect is realized through enhancements in SOD2
functionality and elevations in GSH levels.'®>'”® Conversely,
diminished SIRT3 levels within SH-SYSY cells have been
shown to increase both a-synuclein e;%gregation prompted by
rotenone and subsequent cell death.'

HD. It has been reported that cells expressing mutant
huntingtin (mHtt) have a lower expression of SIRT3."”"'”
mHtt interferes with several mitochondrial processes, such as
ETC, ROS generation, and mitochondrial dynamics. SIRT3 is
able to restore several of these processes, especially the
mitochondrial dynamics, by directly deacetylating optic
atrophy 1 (OPAl) and by improving mitofusin-2 (Mfn2)
expression through the deacetylation of FOXO3a.'”*'”* OPA1
and Mfn2 are two proteins that increase mitochondrial fission
and decrease mitochondrial fusion.

TBI. Mitochondrial dysfunctions play a pivotal role in the
genesis of stroke, thereby positioning SIRT3 as a comPellin
candidate for a potential pharmacological intervention.' >~
Notably, the manipulation of SIRT3 activity or expression has
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been shown to yield a reduction in infarct volume.'”” This
reduction in ischemic damage is closely linked with the
attenuation of excitotoxicity and the restoration of optimal
mitochondrial function.'*”"*" The neuroprotective outcomes
observed in the stroke context are intricately tied to the
interplay between SIRT3 and the FOXO3a/SOD2 pathway, as
well as the intricate dynamics within complex I of the ETC."**
In the realm of TBI, SIRT3 involvement has been documented
to yield notable improvements in neurobehavioral outcomes
within animal models, particularly in the domains of
sensorimotor function, learning, and memo1’y.183_185 This
beneficial impact is attributed to SIRT3’s ability to deacetylate
FOXO3a, thereby activating pivotal antioxidant genes such as
SOD2 and catalase.'®* Consequently, a cascading effect ensues,
culminating in the mitigation of oxidative stress.'*"'**

B SIRT3 POSITIVE MODULATORS

Different activators of SIRT3 were described in the literature,
able to stimulate SIRT3 expression or biochemical activity
(Table 2). Most of the SIRT3 activators reported so far derive
from natural products. However, given the recent interest in
SIRT3 activation, some novel and synthetic SIRT3 activators
are being developed through a medicinal chemistry approach.

The natural lignan honokiol (HKL) (1), extracted from the
bark of magnolia, is a SIRT3 activator and was reported to
ameliorate pre-existing cardiac hypertrophy in mice and to
inhibit cardiac fibroblast proliferation and differentiation to
myofibroblasts in a SIRT3-dependent AKT and extracellular
signal-regulated kinases (ERK1/2) inhibition."”* The cardio-
toxicity related to the antitumor agent doxorubicin is well-
known."”" In a mouse model of doxorubicin-induced

https://doi.org/10.1021/acs.jmedchem.3c01979
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Table 2. Summary of the SIRT3 Positive Modulators Discussed
name chemical structure disease/cell ref
Honokiol e  Cardiac hypertrophy 120, 174,
1 e Doxorubicin-induced 194-196
cardiotoxicity
e Renal fibrosis
e Anesthesia or surgery-
induced cognitive
decline
e Vitiligo
Silybin OH e  Cis-platin-induced acute 189
2 @o o GHq kidney injury
HO O o o)
OH OH
OH O
Dihydromyricetin OH e  Osteoarthritis 142
3 CEOH
HO. O oH
OH
OH O
Polydatin HO e  Myocardial infarction 212
4 J
AeNe N
HO™ Y "OH
OH OH
Pyrroloquinoline o e  Protection of 214
Quinone 0, N mitochondria against
5 N COOH oxidative stress in
N, N W HepG2 cells
HOOC COOH
Caffeine 9 CcH, e Skin protection from 215
6 HsC.y N UV irradiation-induced
A ([ oxidative stress
o
CH,
Kp=0.69 uM
Celastrol e Age-related macular 125
7 degeneration
Sesamin e Cardiac remodeling 225
8
Oroxylin A e  Metabolic 91,234,
9 reprogramming in 235
cancer
trans-(-)-epsilon- e  Huntington disease 171
Viniferin
10
Metformin e  Atherosclerosis 244
11
Adjudin e  Gentamicin-induced 246
12 ototoxicity
N
N
Cl
Cl
Melatonin [o] e  Heart diseases 4,126
13 HNJ(CH e  Liver injury
3 e  Atherosclerosis
H;CO. \ e  Ovarian diseases
N
H
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Table 2. continued

name

7-hydroxy-3-(4-

methoxyphenyl)

coumarin (C12)
14

1-
methylbenzylamino
amiodarone (MA)
15

amiodarone
(ZINC03830212)
16

17

MC2652
18

MC2791
19

MC2789
20

22¢

chemical structure

[0 20 OH
O

e

AcK68SOD2 ICso=75.78 uM

MDA-MB-231 1Cso= 33.43 uM

Emax=0.36
EC50 =3.25 HM
CH,

5

o Q Io’\/\N\j

MDA-MB-2311Csp=2.19 uM

Enax= 1.00
ECs=021 uM

SIRT1 154% at 100 uM
SIRT3 176% at 100 uM

SIRT1 179% at 100 uM
SIRT3 329% at 100 uM
Kp=41uM

o OCH,
OCH;

OCH,3

SIRT3 > 400% at 100 uM

Kp =47 uM

o
OCH;

OCH,
SIRT3 387% at 100 pM
Kp =29 uM
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disease/cell

e Deacetylation of
K68AcK SOD2 in rats’
astrocytes

e Inhibition of
proliferation, induction
of autophagy in breast
MCF7 cancer cells

e Inhibition of
proliferation in breast
MDA-MB-231 cancer
cells

e  SIRT3-dependent
K68SOD2
deacetylation, inhibition
of proliferation and
migration, induction of
autophagy in breast
MDA-MB-231 cancer
cells

e Increase of
mitochondrial function
in murine C2C12
myoblasts

o  SIRT3-dependent GDH
activation, K68SOD2
deacetylation in breast
MDA-MB-231 cancer
cells

e  SIRT3-dependent GDH
activation in breast
MDA-MB-231 cancer
cells

e  SIRT3-dependent GDH
activation,
downregulation of
hypoxia-related factors,
and of EMT master
regulator genes
expression in breast
MDA-MB-231 cancer
cells

e Inhibition of migration
in breast MDA-MB-231
cancer cells

ref
251

252

265

265

44, 45

44,45

44, 45
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Table 2. continued

name
22d

OCH;
SIRT3 178% at 100
Kp=79 uM

chemical structure

OCH;

uM

ref
45

disease/cell

e  SIRT3-dependent GDH
activation and
K68SOD2
deacetylation,
downregulation of
hypoxia-related factors,
and of EMT master
regulator genes
expression in breast
MDA-MB-231 and
thyroid CAL-62 cancer
cells

e Inhibition of
proliferation, colony
formation, and
migration in breast
MDA-MB-231 and
thyroid CAL-62 cancer
cells

cardiomyopathy, 1 was able to activate SIRT3 promotlng
mitochondrial fusion and inhibiting apoptosis.'”> Dynamin-
related protein 1 (DRP1) is a protein involved in
mitochondrial fragmentation and cell death, while Mfnl and
OPAL are important players for outer and inner mitochondrial
membrane fusion.'”> Doxorubicin therapy reduces OPA1 and
Minl and increases DRP1, while under HKL therapy, these
proteins return to normal levels."”* The process of
mitochondrial fusion allows for the merging of mitochondrial
contents, enhancing the ability of human cells to withstand
high levels of detrimental mitochondrial DNA (mtDNA)
damage (Figure 8).'”® For this reason, 1 seems to rescue the

N ~ Cancer
e | . .
A/‘“’)/-' ¥ Liver diseases
- ' §
- -
- *‘2 J ‘-"l'-
o }sy 4 Infectious diseases
A2
Sy R
~"‘&¢ ‘&1‘ X 4% Heart diseases
-
<Y

N Age-related diseases

‘ Kidney diseases
S I RT3 ‘

Figure 8. SIRT3 and human diseases.

healthy cardiac cells in tumor-xenograft mice while maintaining
the effectiveness of doxorubicin as an antitumor treatment.
Furthermore, 1 treatment can potentially block the prolifer-
ation of fibroblasts and their transition to myofibroblasts.
Consequently, 1 can be used as an adjuvant in chemo-
therapy.'”* Moreover, 1 stimulated SIRT3 activity, resulting in

a blockage of the NF-kB-TGF-f#1/Smad regulated inflamma-
tion and fibrosis signaling pathway in a renal fibrosis mouse
model."”> A study by Ye et al.'” reported that by activating
SIRT3 and consequently decreasing ROS and inhibiting
apoptosis, compound 1 intervention could potentially enhance
cognitive function in mlce experlencmg surgery- or anesthesia-
related cognitive decline.'® Vitiligo is a condition for which
some skin parts have no pigmentation. Activation of the
SIRT3-OPALl axis with 1 inhibited melanocyte apoptosis and
ameliorated skin conditions.'”*

Another natural molecule with SIRT3 activating properties
that could serve as an adjuvant in chemotherapy is Sylibin (2).
2 is a secondary metabolite derived from the seeds of blessed
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milk thistle (Silybum marianum), which is especially known for
its antioxidant and anti-inflammatory properties in the liver."””
2 has been shown to improve mitochondrial function by
controlling SIRT3 levels, resulting in a protectlve activity
against cisplatin-induced AKI. A study by Li et al."*” reports
that SIRT3 levels are lowered in tubular epithelial cells in a
mouse model of cisplatin-induced acute kidney injury and that
administration of 2 increased its expression, improving
mitochondrial bioenergetics and kidney function. For this
reason, 2 might be beneficial in the clinics in patients with
cisplatin-induced AKI. Regrettably, the fundamental role that
mitochondria play in safeguarding renal tubular epithelial cells
during cisplatin-induced AKI is not yet fully understood."*’

Osteoarthritis (OA) is a disease that affects a large part of
the population."” In this pathology, chondrocytes are
degenerating due to several causes,'””*% such as mitochon-
drial dysfunction.””"*”” Wang et al.'** demonstrated that
SIRT3 very likely possesses protective properties in OA by
maintaining mitochondrial homeostasis. They found signifi-
cantly decreased levels of SIRT3 in degenerative knee articular
cartilage and TNF-a treated chondrocytes. SIRT3 deficiency
causes a decreased MMP, a reduced mitochondrial membrane
permeability, and a reduced concentration of intracellular ATP,
all being features of mitochondrial dysfunction.'** Dihydro-
myricetin (DHM, 3), also known as ampelopsin, has anti-
inflammatory, antioxidant, and antitumor activities.”>> This
compound exerts its neuroprotective effects under oxidative
stress conditions via upregulating SIRT3 levels under
hypobaric hypoxia.””* Considering the protective effects of
compound 3 mediated by SIRT3 against chondrocyte
degeneration, it is highly probable that compound 3 safeguards
chondrocytes from degeneration by mitigating mitochondrial
dysfunction. 3 seems to reduce oxidative stress by deacetylat-
ing K68 of SOD2 and thus promoting SOD2 enzymatic
activity via SIRT3 activation in chondrocytes. Wang et al.
reported that 3 was capable of upregulating the level of
mitophagic markers in chondrocytes, indeed in chondrocytes
treated with TNF-a 3 promotes the interaction between
mitochondria and autophagosomes; thus, 3 can probably
promote mitophagy via SIRT3 activation.'** Additionally,
damaged mitochondria can be the prlor source of ROS once
they cannot be eliminated in time.”” To maintain mitochon-
drial homeostasis, mitophagy is mandatory. Moreover, in
chondrocytes, SIRT3 can be positively regulated by 3 via the
AMPK-PGC-1a-SIRT3 axis, knowing that PGC-1a can be an
endogenous regulator of SIRT3.'*

https://doi.org/10.1021/acs.jmedchem.3c01979
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Polydatin (4), a combination of resveratrol and glucose, is a
potent antioxidant derived from the root stem of Polygonum
cuspidatum, a traditional Chinese herbal medicine,”’ and has a
longer half-life than resveratrol used alone.””” Many
researchers claim that 4 can be used to treat oxidative stress-
related diseases.””**” Autophagy is an essential cellular
process that maintains organelle function and protein
quality.”'*"" Zhang et al*'*> demonstrate that pretreatment
with 4 alleviated cardiac dysfunctions after myocardial
infarction (MI) by increasing autophagy. 4 can improve
cardiac function, decrease cardiomyocyte apoptosis, increase
autophagy levels, and alleviate mitochondrial injury solely in
the WT mice subjected to MI injury but not in the SIRT3~/~
ones. For these reasons, 4 seems to perform its effects against
MI via SIRT3 activation.”">

Pyrroloquinoline quinone (PQQ, §), an aromatic hetero-
cyclic anionic orthoquinone, can be found in various edible
plants. This molecule can neutralize superoxide and hydroxyl
radicals, protecting mitochondria from oxidative stress.”"> In
HepG2 cells, compound 5 increases SIRT1 and SIRT3 levels,
thus enhancing their mitochondrial function. It is worthwhile
to investigate further the potential of 5 to serve as a therapeutic
nutraceutical. Moreover, its chemical stability and solubility in
water make § attractive as a therapeutic agent.”'*

Recently, caffeine (6) was also found to interact with SIRT3,
displaying a Ky of 0.69 uM and promoting the binding of
SIRT3 to its substrate. 6 enhanced the SOD2 activity through
its lysines (K68 and K122) specific deacetylation and shielded
skin cells from oxidative stress triggered by UV radiation both
in vitro and in vivo model.”"

Age-related macular degeneration (AMD) is a disease that
leads to age-related irreversible vision loss. Pathogenesis of
AMD is attributable to oxidative stress, autophagy, and
apoptosis of retinal pigment epithelial (RPE) cells. The
damage of RPE cells leads to foveal photoreceptor loss.*'®
Another natural compound, celastrol (7), is a pentacyclic
triterpene compound derived from the Tripterygium wilfordii
root bark.”'” Previous studies report some anti-inflammatory
and antioxidant activities for this compound.”'®*'” Du et al.'*
show that 7 can have a protective effect on human ARPE-19
cells (a RPE cell line that spontaneously developed®*’) under
H,0,-induced oxidative stress conditions, protecting them
from apogjcosis induction by activating the SIRT3 signaling
pathway.'”> When ARPE-19 cells are treated with 7, the MTT
assay shows an increase in survival in a dose- and time-
dependent manner, decreasing oxidative stress. These effects
could be ascribed to SIRT3 because there has been observed
an increase in SIRT3 mRNA and protein exlz)ression levels in
H,0,-induced ARPE-19 cells treated with 7.'*> Sesamin (8) is
a lignin derived from sesame seeds belonging to the furo[3,4-
c]furan class.”*' Compound 8 ameliorates oxidative stress and
death in brain injury models,”*> improves cardiac function in
doxorubicin-induced cardiotoxicity model,”** and attenuates
nutritional fibrosing steatohepatitis.”** For these reasons, Fan
et al.”** have studied the protective effects that 8 could have
against cardiac remodeling. In an in vivo study, they found that
8 attenuates cardiac hypertrophy induced by an increase in
pressure and fibrosis by upregulating SIRT3. The upregulation
suppresses ROS production, which is one of the causes of
cardiac fibrosis and vascular dysfunction processes underlying
cardiac hypertrophy.”*® In their study, they found that 8
abolishes TGF-f/Smad signaling in hypertrophied hearts, thus
blocking cardiac fibrosis. Moreover, 8 normalizes inflammatory
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cytokines that promote the advancement of cardiac hyper-
trophy and heart failure. Using a selective SIRT3 inhibitor 3-
TYP, 8's effects were blocked, suggesting that 8 acts by
activating SIRT3 and thus by decreasing ROS, which are the
key features of maladaptive cardiac remodeling.”*> Oroxylin A
(9) is a flavonoid derived from Scutellaria baicalensis Georgi
root with anti—inﬂammatory,227 antiviral,**® and antitumor
features.”**® Wei et al.,”! in an in vitro study, found that 9
augments the expression and the relocation of SIRT3 in
mitochondria. This results in the deacetylation of CypD and in
the dissociation of hexokinase IT (HK II), an enzyme involved
in the glycolysis and in the regulation of the transcription from
the mitochondria and thus in the glycolysis inhibition. HK II
binds to the outer mitochondrial membrane protein voltage-
dependent anion channel (VDAC) to mediate glycolysis of
cancer cells,”** and CypD is mandatory to enhance the binding
of HK II to VDAC. The HK II mitochondria binding is
controlled by SIRT3, AKT, and GSK33.*"*** 9 seems to
influence only SIRT3 and not the other two factors. Moreover,
9 seems to facilitate the SIRT3 relocation in mitochondria:
remembering that SIRT3 translocates to the mitochondria
after various stressors,”> this translocation could be linked
with the boosted oxidative stress caused by 9. Increased
binding of HK II results in mitochondria-mediated apoptosis
and can be linked to augmented cancer cell resistance to
chemotherapeutic agents.””***> 9 might have a role in
metabolic reprogramming by activating SIRT3.”" Fu et al.'”’
screened a library of 22 stilbene-based compounds, including
resveratrol monomers, oligomers, and some semisynthetic
derivatives, to develop novel efficacious neuroprotective agents
able to activate SIRT3. They focused on HD, which is a
hereditary neurodegenerative condition resulting from an
anomalous expansion of polyglutamine in the protein known
as Huntingtin (Htt).”****” The pathogenesis of HD is not yet
well understood, but it seems that energy metabolism,
oxidative stress, excitotoxicity, and transcriptional dysregula-
tion are involved.”****" Several studies reported that mutant
Htt-induced neurotoxicity is mediated by mitochondrial
dysfunction.”**** Because SIRT3 is implicated in the
regulation of several mitochondrial enzymes, its activation
could play a protective role in neurodegeneration. Moreover,
in HD, aberrant Htt depletes SIRT3 protein levels. From the
screening above mentioned, a stilbene resveratrol dimer with a
five-member oxygen heterocyclic ring called trans-(—)-epsilon-
viniferin (10) has been identified to increase SIRT3 protein
levels. This increase might be due to enhanced protein
translation or slowed down protein degradation, resulting in
neuroprotection. 10 promotes mitochondrial biogenesis via
SIRT3-driven activation of AMP-activated kinase and main-
tains mitochondrial function. Further, ROS production is
associated with the pathogenesis of HD, and thus, SIRT3,
through the induction of SOD2 activity, could reduce ROS
levels.'”!

Recently, there has been a growing interest in drug
repurposing toward the discovery of novel SIRT3 activators.
Indeed, metformin (11), a well-known AMPK activator used as
the initial treatment for individuals with type 2 diabetes, was
shown to ameliorate type 2 diabetes-related atherosclerosis via
SIRT3 upregulation.”**

Adjudin (12) is a potent blocker of Cl™-channels extensively
studied preclinically and clinically as a male contraceptive.”*
12 safeguards cochlear hair cells in rodents from gentamicin-
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Pocket U

Figure 9. Crystal structure of SIRT3 in complex with carbaNAD (in green) and acetylated ACS2 peptide (in red). Pocket U is depicted in cyan,
while pocket L is depicted in magenta with a surface style. F157 and E323 are residues in common with the two pockets and are depicted in orange

(PDB 4FVT).

induced hearing damage through the SIRT3—ROS pathway,
both in laboratory experiments and in living subjects.246

Melatonin (13), a hormone derived from serotonin and
produced in the pineal gland, has been discovered to boost the
expression of SIRT3 and serves as a protective factor in the
context of heart disease,”*’ liver injury,248 and atheroscle-
rosis.*** Furthermore, in an atherosclerosis mouse model, 13
proved to activate SIRT3—FOXO3a—Parkin regulated mi-
tophagy, thus preventing inflammation and atherosclerotic
progression.””*” 13 upregulated the SIRT3 expression after
transient middle cerebral artery occlusion, thus ameliorating
cerebral ischemia/reperfusion injury.”>° An in wvivo study
reports that 13 can ameliorate mitochondrial oxidative damage
apoptosis and can preserve mitochondrial function in the aged
ovarian. In particular, 13 seems to enhance SIRT3 activity and
FOXO3a nuclear translocation, which leads to transactivation
of the antioxidant genes, resulting in the inhibition of
mitochondrial oxidative damage.'”® As already mentioned
above, SOD2 is inhibited by constitutive acetylation, and
SIRT3 can modulate its activity.

Lu et al.”®' resolved the first crystal structure of
SOD2K68AcK. Based on the latter, they built a compound-
screening model by using the SIRT3—SOD2K68AcK reaction
system. A screening of a compound library using this reaction
system allowed to disclose 7-hydroxy-3-(4’-methoxyphenyl)-
coumarin (C12, 14) able to promote SOD2K68 deacetylation
by binding the SIRT3 complex. Through ITC assay, the
authors found that 14 displayed a Ky, of 3.9 uM. Moreover,
they also found the SOD2K68AcK deacetylation ICs, value of
75.78 uM.>>" By docking study, these researchers studied the
14 binding mode to the SOD2K68AcK—SIRT3 complex, and
they discovered that 14 can form H-bonds with Ser253 and
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Asn229. These interactions allow the SIRT3 conformational
change and, therefore, the contact of AcK68 with the NAD*
binding pocket of SIRT3. Finally, 14 was able to reduce
superoxide levels within the cell by directly activating
endogenous SIRT3. However, a very high concentration
(300 M) of 14 was needed to activate endogenous SIRT3.>!

In 2021, Zhang et al»®? studied the role of SIRT3 in
autophagy. They found that overexpression of SIRT3 could
stimulate autophagy and then the cellular homeostatic
mechanism. Primarily, they found out that the overexpression
of SIRT3 may be a promising therapeutic strategy for the
treatment of invasive breast cancer in which autophagy is
known to be deregulated.”>>*>* Through a multiple docking
strategy applied to 212, 255 compounds followed by a
structure-based molecular docking, the authors discovered a
new SIRT3 activator, 1-methylbenzylamino amiodarone (MA)
(18). The in silico data are further supported by the results of
autophagic and SIRT3 activation experiments. In MCF-7 cells,
15 lowered the acetylation levels on K68 and K122 of SOD2
and was able to increase the expression of some genes that
promote autophagy, such as ATG4B, ATGS, and beclin-1.
Moreover, 15 suppressed the migration of MCF-7 cells by
increasing the E-cadherin expression. Finally, the researchers
decided to extend their studies on 15 with in vivo experiments
using a xenograft MCF-7 breast cancer model, confirming the
in vitro data. Furthermore, the reduction of Ki-67 expression as
a result of 15 treatment proved its capability to hamper tumor
growth.252

The mentioned compounds (1—13) include natural
compounds or those derived from drug repurposing or in
the case of 14 and 15 from a focused virtual screening
approach. For several of these compounds (2, 6, 10, 12, 14,
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Figure 10. Focus on the residues of SIRT3 with which the diethylamino group of 16 interacts. Amiodarone (16) is depicted in pink, while NAD" is

depicted in green (PDB SH4D).

17
ECs9=0.21 pM
Emax = 1.00
MDA-MB-231 IC5y=2.19 uM

Amiodarone or ZINC03830212 (16)
ECs50=3.25uM
Emax = 0.36
MDA-MB-231 1Csy = 33.43 uM

ECsp=16.21 uM
Emax = 0.69 :
MDA-MB-231 ICs, = 20.43 pM

SIRT3 inhibition
MDA-MB-231 ICs5,>50 uM

R,=-Br R;=-Cl
ECsp=5.41 yM ECs50=0.81 uM
Emax = 0.63 Emax = 0.76

R;=-CH;
ECs50=3.50 uM
Emax =0.19

Figure 11. Development and main SAR study of 17.

and 15), no data regarding their activity on other sirtuin
isoforms could be found in the literature. The other mentioned
compounds are often not selectively activating SIRT3.
Specifically, natural compounds 1,759 32507258 4 299,260 g 214
8,723201 922 and drug 11, demonstrate the capability to
also activate SIRT'1. Compound 7 exhibits the direct induction
of the SIRT7 gene expression, whereas comgound 13 elicits
the expression of SIRT1, SIRT6, and SIRT?7. 4 However, all
these compounds (1—15) could be considered potential lead
compounds to be optimized through a med-chem approach.

The following compounds presented herein underwent, after
their hit discovery, various medicinal chemistry optimizations,
which led to highly selective SIRT3 activators.

To discover molecules that specifically modulate SIRT?3, it is
necessary to find differences in the sirtuins family structure. In
particular, SIRT3 seems to have two important pockets: L and
U. These two pockets could allow it to achieve a specific
binding for SIRT3. Pocket L is composed of T150, P151,
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F157, and E323, while pocket U is formed by F157, R1S58,
S159, P176, E177, and E323. F157, R158, and S159 that are
near the flexible region of SIRT3, allowing the NAD" binding
(Figure 9). Consequently, small molecules targeting pocket L
or U could allosterically regulate SIRT3. Through a screening
of 1.4 million small molecules against pocket U, Zhang et al.
found that compound ZINC03830212 (16), corresponding to
amiodarone, a well-known class III antiarrhythmic agent,
blocking the myocardial potassium channels in cardiac tissue,
displayed an activation ECs, of 3.25 uM toward SIRT3. The
cocrystal structure of 16 in complex with SIRT3 was solved.
The diethylamine tail interacts with F157, 1179, P176, F180,
and F294, while the benzofuran core functions as a support
(Figure 10). Further, in the same study and through a
combined structure-guided design and high-throughput screen-
ing approach, Zhang et al. have also disclosed a small molecule
as a specific SIRT3 activator, compound 33c (17), by
modifying the structure of compound 16.”°° Compound 17
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Figure 12. Development of novel 1,4-DHP-containing SIRT3 specific activators.

differs from 16 for the substituent at the 4 position of the
benzoyl group: 16 has a 2-(diethylamino)ethoxylic group,
while 17 replaces it with a 3-(pyrrolidin-1-yl)propoxy)phenylic
group. Compound 17 was able to inhibit the proliferation and
migration of human MDA-MB-231 triple-negative breast
cancer (TNBC) cells via SIRT3-driven autophagy/mitophagy
signaling pathways in vitro and in vivo. 17 has an ICs; in MDA-
MB-231 cells of 2.19 + 0.16 uM, Emax and ECy, respectively,
are 1.00 = 0.07 and 0.21 uM. Compound 17 was more
selective for SIRT3 with respect to SIRT1, SIRT2, and SIRTS
due to the interaction with F157, R158, and F294. For the in
vivo studies, an MDA-MB-231 TNBC xenograft model was
used. 17 shows an antiproliferative activity in a dose-dependent
(25, 50, and 100 mg/kg) manner after 16 days of treatment. 16
possesses a well-known lung toxicity.”*® Given the similarity of
17 to amiodarone structure, the authors studied its pulmonary
toxicity in the same MDA-MB-231 TNBC xenograft model. In
the high-dose group, 17 shows a certain level of toxicity
associated with the expansion of the pulmonary septum. The
study also reports a SAR analysis in which the authors changed
the halogen atom and the side chain of 17, but none of the
chemical modifications improved the biochemical activity
toward SIRT3 (Figure 11).7%°

Also, our research group has been working for almost 15
years on the discovery and development of SIRTSs activators.
Indeed, our group described the 1,4- dlhydropzrrldme (L,4-
DHP) nucleus as potent SIRTSs activators” and very
recently reported the identification and characterization of 1,4-
DHP-based compounds as specific activators of SIRT3 or
SIRTS (Figure 12).** To avoid artifacts and other nonspecific
effects, the SIRT3 or SIRTS activation by the most potent
compounds was confirmed through a PncA/GDH-coupled
deacylation assay instead of the “Fluor-de-Lys” (FdL)
substrate; moreover, the direct SIRT activation was also
validated by MS-based experiments and proved in cellular
settings. The development of the SIRT3-specific compounds
started from MC2562 (18), an activator of both SIRT1 and
SIRT3, on whose structure we added a carbonyl group at the
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methylene between the nitrogen atom of the 1,4-DHP and the
phenyl ring, thus obtaining MC2791 (19), an activator of
SIRT3 (over 300% at 100 yM) and to a lesser extent SIRT1
(below 200% at 100 uM). Next, by replacing the benzoyl
moiety at the N1 position with 3,4,5-trimethoxy benzoyl
group, we obtained the compound MC2789 (20), a very
strong SIRT3-specific activator (over 400% at 100 yM). In
triple-negative MDA-MB-231 breast cancer cells, 19 and 20
increased GDH activity, a known SIRT3 substrate activated by
deacetylation, similarly or better than the effect showed by
overexpressing SIRT3 cells. In addition, western blot analysis
proved the AcK68SOD2 deacetylation effect by compound 19
treatment.**

In a follow-up paper,” our group designed a novel small
series of 19 analogues by adding several functional groups at
the meta or para position of the phenyl ring or by substituting
the phenyl ring with some bioisosteres or saturated analogues
or by deleting the carbonyl group between the phenyl ring and
the 1,4-DHP. Furthermore, starting from 20, also analogues of
this compound were obtained by eliminating the methoxy
groups on the 3,4,5-trimethoxybenzoyl moiety one by one
(Figure 12). Among the novel compounds coming from the
deletion of the methoxy groups, the 3,4-dimethoxy substituted
22¢ was the strongest SIRT3 activator in biochemical
activation assays. 22c stimulated SIRT3 activity of 387% at
100 1M and displayed a K of 29 M (SPR assay). When tested
for assessing the target engagement in MDA-MB-231, it
emerged 22d with 175% GDH activation, comparable to the
reference compound 20 and more effective than the SIRT3-
overexpression. Moreover, 22d showed the highest time-
dependent activity in reducing the cell viability and colony
formation in both normoxia and hypoxia environments when
tested on MDA-MB-231 and thyroid CAL-62 cancer cells.
Particularly, 22d displayed ICs, values of 2.5—-16.8 uM
(normoxia) and 3.5-5.4 uM (hypoxia) in CAL-62 cells,
22-3.6 yM (normoxia), and 3.2—10.6 uM (hypoxia) in
MDA-MB-231 cells. 22d also showed a significant down-
regulation of HIF-la, EPAS-1 (HIF-2a), and carbonic
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anhydrase IX (CA-IX), all proteins involved in several
hallmarks of cancer. By evaluating the EMT master regulator
genes’ expression, it was found that 22c, and especially 22d,
lowered SNAIL, ZEB1, COL1A2, MMP2, and MMP9 genes
expression after 48 h of treatment at 50 yM. SLUG gene
expression was diminished only in hypoxia conditions.
Generally, the effect of the two compounds was clearly
stronger in hypoxic conditions, highlighting the function of
SIRT3 in the modulation of hypoxia-dependent gene
expression. Of note, 22¢ and, to a better extent, 22d reduced
the %IDA-MB-231 cell migration after 48h of treatment at SO
HM.™

B PERSPECTIVES

SIRT3 is a mitochondrial sirtuin able to regulate several
metabolic pathways such as OXPHOS, TCA, and urea cycle,
amino acid metabolism, fatty acid oxidation, mitochondrial
dynamics, and the mitochondrial unfolded protein response
(UPR).***** The most exciting role of SIRT3 lies in its ROS
scavenging capabilities because the accumulation of ROS
causes several health problems. Given the involvement of
SIRT3 in these important pathways, its deregulation can result
in several human diseases, such as cancer’> as well as
noncancer pathologies such as liver,"'%*'"*® heart,””*!5124
metabolic, 10813739186 o¢ rolated 125126 Lidney,123133-137
neurode§enera1tive162 diseases, neuropathic pain,'>* osteo-
arthritis, " and also infective disease caused by HBV''” and
COVID-19.'"?

In the present perspective, we have updated the SIRT3
biological functions and several positive modulators of SIRT3.
The latter include several natural compounds (1—10),
examples of molecules of pharmaceutical interest (11,12),
and even a hormone (13) compound. Among these,
compound 1 stands out as the most potent natural activator
of SIRT3; indeed, 1 activates SIRT3 and offers a range of
therapeutic benefits. It ameliorates cardiac hypertrophy and
inhibits fibroblast proliferation in a SIRT3-dependent man-
ner'”? but also protects against doxorubicin-induced cardio-
myopathy by promoting mitochondrial fusion and inhibiting
apoptosis via SIRT3 activation.'”” It also exhibits anti-
inflammatory and antifibrotic effects in renal fibrosis.'”
Moreover, 1 may enhance cognitive function'*® and improve
vitiligo by activating the SIRT3 pathway.'”* Most SIRT3
activators from natural origin or repurposed drugs such as
compounds 1, 3, 4, 5, 7, 8, 9, 11, 13, 14, and 15 are not
selective for SIRT3, while for the compounds 1, 2, 6, and 10
no data are yet available in the literature. From this, it can be
stressed that the great limitation of natural compounds and of
those deriving from drug repurposing is the lack of selectivity.
However, these compounds merit further studies as they
present promising opportunities as potential hit candidates for
a med-chem optimization.

Recently, Lu et al.”>' built a compound-screening model
using the SIRT3—SOD2K68AcK reaction system used to
discover 14. In 2021, Zhang et al.*** identified 15 that impedes
breast tumor growth both in vitro and in vivo via activation of
SIRT3.***

After a screening involving 1.4 million compounds by Zhang
et al,”® compound 16 was identified with a single-digit
micromolar ECs,. After a structure—activity relationship
investigation starting from 16, the researchers discovered the
above-mentioned compound 17 with a submicromolar ECs,
value. 17 inhibits the proliferation and the migration of human
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MDA-MB-231 cells via SIRT3-driven autophagy/mitophagy
signaling pathways both in vitro and in vivo. However, 17
displays some lung toxicity when tested in an MDA-MB-231
TNBC xenograft model. Of note 17 was not tested for off-
target effects, i.e., its antiarrhythmic effect, considering that 16
is an approved drug for that. This point is crucial in the process
of the med-chem optimization of repurposed drugs, as the
original targets should no longer be affected.

Based on our previous studies in which 1,4-DHP-based
compounds as specific activators of SIRT's were discovered and
developed,***"7>%° compounds 22c and 22d were developed.
The two compounds display an activation of SIRT3 greater
than 150% and a good binding affinity for the enzyme.
Notably, 22d shows reduced cell viability and colony
formation in normoxia and hypoxia environments when tested
on breast MDA-MB-231 and thyroid CAL-62 cancer cells with
single-digit micromolar ICy, values. 22d is also able to
downregulate hypoxia-induced factors (HIF-1q, EPAS-1, and
CA-IX) and epithelial-mesenchymal transition master regu-
lators and extracellular matrix components (SNAIL1, ZEBI,
SLUG, COL1A2, MMP2, and MMP9), other than impairing
MDA-MB-231 cell migration.45

Most SIRT3 positive modulators described so far are rather
unspecific pleiotropic natural compounds or repurposed drugs
not yet optimized for the new target, thus their application in
preclinical or even clinical settings is rather limited. Despite
numerous efforts over the past decade to develop positive
modulators, very few compounds can be considered as
promising leads toward potent and selective activators. As
summarized in Table 1, SIRT3 is involved in numerous
diseases, but the lack of proper tools limited the possibility to
study small molecule activation in these pathologies.

The problem is related to a lack of structural information on
how to develop a SIRT3 activator. The design of inhibitors is
easier for medicinal chemists as they are mainly trained for
inhibition, as most targets require this. Furthermore, for a
more comprehensive understanding of enzyme activation it
would be useful to consider the application of enzyme kinetic
models, in addition to the activation percentage. Indeed, as
outlined in foundational textbooks, such as that authored by
Leskovac,””’ enzyme activation can be systematically quanti-
fied using specific kinetic models, resulting in a more objective
and universally applicable description of the activation
mechanism of a compound. It would be helpful to evaluate
some kinetic parameters such as the f§ parameter that measures
the magnitude of the increase of the catalytic reaction constant
as well as the activator binding constant.””" The development
of activators is even more challenging because the interaction
mechanism between SIRT3 and agonists is not yet known.
Therefore, hopefully, in the future, with the help of
technologies/methodologies such as fluoHTS or/and DNA
encoded library and more useful information about the binding
mechanism of activators, it will be possible to develop
molecules with high potency and specificity worthy of
therapeutic application. As our research team contribution,
the aim will be addressed to optimization of our 1,4-DHP
scaffold, with the hope of obtaining a cocrystal structure
between our best molecules and SIRT3 in order to continue
the SAR investigation with a structure-based approach and to
obtain more potent and selective SIRT3 activators. In the years
to come, we can expect novel potent activators and
optimization of the currently known hit compounds, which
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can then be studied and hopefully applied in various disease
models in vitro and in vivo.
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B ABBREVIATIONS USED

1,4-DHP, 1,4-dihydropyridine; 3-TYP, 3-(1H-1,2,3-triazol-4-
yl) pyridine; 4-HNE, 4-hydroxynonenal; ACCI, acetyl-coA
carboxylase 1; AceCS2, acetyl-CoA synthase 2; AKI, acute
kidney injury; NAFLD, nonalcoholic fatty liver disease; AKT,
protein kinase B; AMD, age-related macular degeneration;
AMPK, AMP-activated protein kinase; Ang-2, angiopoietin-2;
ARNT, aryl hydrocarbon receptor nuclear translocator; ATGS,
7; 4B, autophagy related S, 7, 4B; CA-IX, carbonic anhydrase
IX; cccDNA, covalently closed circular DNA; CKD, chronic
kidney diseases; CLL, chronic lymphocytic leukemia;
COL1A2, collagen type I alpha 2 chain; CR, caloric restriction;
CypD, cyclophilin D; DHM, dihydromyricetin; DRPI,
dynamin-related protein 1; DRPI1, dynamin-related proteinl;
ECM, extracellular matrix; EMT, epithelial-mesenchymal
transition; ETC, electron transport chain; FAK, focal adhesion
kinase; FLSIRT3, full length SIRT3; GAPDH, glyceraldehyde-
3-P-dehydrogenase; GBC, gallbladder cancer; GDH, glutamate
dehydrogenase; GDH, glutamate dehydrogenase; GLUTI,
glucose transporter 1; GOT, glutamate oxaloacetate trans-
aminase; GOT2, glutamate oxaloacetate transaminase 2; GPX,
glutathione peroxidase; GSH, reduced glutathione; GSK3p,
glycogen synthase kinase 3f; GSSG, oxidized glutathione;
HBV, hepatitis B virus; HCC, hepatocellular carcinoma; HD,
Huntington’s disease; HFD, high fat diet; HIFla, hypoxia-
inducible factor-la; HIFs, hypoxia-inducible factors; HK II,
hexokinase II; VDAC, voltage-dependent anion channel; HKL,
Honokiol; FOXO, forkhead box O; HMGCS2, 3-hydroxy-3-
methylglutaryl CoA synthase 2; HNSCC, head and neck
sqamous cell carcinoma; HO-1, hemoxygenase 1; HRE, HIF
response element; HSP90, heat shock protein 90; Hitt,
Huntingtin; IDH2, isocitrate dehydrogenase 2; ISCU, iron—
sulfur cluster assembly protein; ITC, isothermal titration
calorimetry; JNK, Jun N-terminal kinase; KO, knockout;
LCAD, long-chain acyl CoA dehydrogenase; LKBI, liver
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kinase Bl; LncRNAs, long noncoding RNA; MA, 1-
methylbenzylamino amiodarone; MAFLD, metabolic dysfunc-
tion-associated fatty liver disease; MDA, malondialdehyde;
MEFs, mouse embryonic fibroblasts; Mfn2, mitofusin-2;
ERK1/2, extracellular signal-regulated kinases; mHtt, mutant
huntingtin; MI, myocardial infarction; miRNA, microRNA;
MMP, mitochondrial membrane potential; MPP, matrix
processing peptidase; MPTP, 1-methyl-4-phenyl-1,2,3,6-tetra-
hydropyridine; mPTP, mitochondrial permeability transition
pore; mtDNA, mitochondrial DNA; mTOR, mammalian target
of rapamycin; MTT, 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-
2H-tetrazolium bromide; NF-kB, nuclear factor kappa B;
NMNAT?2, nicotinamide mononucleotide adenylyltransferase
2; NMNATS3, nicotinamide mononucleotide adenylyltransfer-
ase 3; NRF2, erythroid 2-related factor; O-AADPR, O-acyl
ADP-ribose; OA, osteoarthritis; OGG1, 8-oxoguanine-DNA
glycosylase 1; OPAl, optic atrophy 1; OTC, ornithine
transcarbamoylase; OXPHOS, oxidative phosphorylation;
PARP1, poly ADP-ribose polymerase 1; PD, Parkinson’s
disease; PDAC, pancreatic ductal adenocarcinoma; PDC,
pyruvate dehydrogenase complex; PDH, pyruvate dehydrogen-
ase; PGC-1a, PPARy coactivator 1; PHD, prolyl hydroxylase
domain; PINK1, PTEN-induced kinasel, phosphatase and
tensin homologue-induced kinase 1; PQQ, pyrroloquinoline
quinone; PYCRI1, pyrroline-S-carboxylate reductase 1; RIP,
receptor-interacting protein; ROS, reactive oxygen species;
RPE cells, retinal pigmenti epithelial cells; SDH, succinate
dehydrogenase; SENP1, sentrin-specific protease 1; SETD1A,
SET domain containing protein 1A; SHMT2, serine
hydroxymethyltransferase 2; SIRT3, sirtuin 3; SNAII, snail
family transcriptional repressor 1; SNI, spared nerve injury;
SOD2, manganous superoxide dismutase 2; STAT3, signal
transducer and activator of transcription 3; --BOOH, tert-butyl
hydroperoxide; TBI, traumatic brain injury; TCA, tricarboxylic
acid; TGF-a, transforming growth factor a; TGF-f, trans-
forming growth factor f#; TNBC, triple negative breast cancer;
UBF, upstream binding factor; UCP2, mitochondrial uncou-
pling protein 2; ULKI, Unc-51-like autophagy-activating
kinases 1; UPR, unfolded protein response; VEGF, vascular
endothelial growth factor; VLDL, very low-density lipoprotein;
WT, wild-type; ZEB1, zinc finger E-box-binding homeobox 1.

B REFERENCES

(1) Jing, H; Lin, H. Sirtuins in Epigenetic Regulation. Chem. Rev.
2018, 115, 2350—2375.

(2) Dang, W. The Controversial World of Sirtuins. Drug Discov
Today Technol. 2014, 12, e9—el7.

(3) Zhao, E; Hou, J.; Ke, X.; Abbas, M. N.; Kausar, S.; Zhang, L.;
Cui, H. The Roles of Sirtuin Family Proteins in Cancer Progression.
Cancers (Basel) 2019, 11, 1949.

(4) Zhang, J; Xiang, H.; Liu, J; Chen, Y,; He, R. R; Liu, B.
Mitochondrial Sirtuin 3: New Emerging Biological Function and
Therapeutic Target. Theranostics 2020, 10, 8315—8342.

(5) Rauh, D.; Fischer, F.; Gertz, M.; Lakshminarasimhan, M.;
Bergbrede, T.; Aladini, F.; Kambach, C.; Becker, C. F.,; Zerweck, J.;
Schutkowski, M.; Steegborn, C. An Acetylome Peptide Microarray
Reveals Specificities and Deacetylation Substrates for All Human
Sirtuin Isoforms. Nat. Commun. 2013, 4, 2327.

(6) Carafa, V.; Rotili, D.; Forgione, M.; Cuomo, F.; Serretiello, E.;
Hailu, G. S.; Jarho, E.; Lahtela-Kakkonen, M.; Mai, A; Altucci, L.
Sirtuin Functions and Modulation: From Chemistry to the Clinic.
Clin Epigenetics 2016, 8, 61.

(7) Kosciuk, T.; Wang, M.; Hong, J. Y,; Lin, H. Updates on the
Epigenetic Roles of Sirtuins. Curr. Opin Chem. Biol. 2019, 51, 18—29.

1681

(8) Wang, Y.; He, J; Liao, M.; Hu, M; Li, W.; Ouyang, H.; Wang,
X,; Ye, T.; Zhang, Y.; Ouyang, L. An Overview of Sirtuins as Potential
Therapeutic Target: Structure, Function and Modulators. Eur. J. Med.
Chem. 2019, 161, 48—77.

(9) Dy, J; Zhou, Y; Su, X; Yy, J. J; Khan, S.; Jiang, H.; Kim, J;
Woo, J; Kim, J. H; Choi, B. H; He, B,; Chen, W.; Zhang, S.;
Cerione, R. A.; Auwers, J.; Hao, Q.; Lin, H. SirtS Is a Nad-Dependent
Protein Lysine Demalonylase and Desuccinylase. Science 2011, 334,
806—809.

(10) Peng, C.; Lu, Z.; Xie, Z.; Cheng, Z.; Chen, Y,; Tan, M,; Luo,
H.; Zhang, Y.; He, W.; Yang, K,; Zwaans, B. M,; Tishkoff, D.; Ho, L,;
Lombard, D.; He, T. C.; Dai, J.; Verdin, E.; Ye, Y.; Zhao, Y. The First
Identification of Lysine Malonylation Substrates and Its Regulatory
Enzyme. Mol. Cell Proteomics 2011, 10, No. M111.012658.

(11) Roessler, C.; Nowak, T.; Pannek, M.; Gertz, M.; Nguyen, G. T.;
Scharfe, M.; Born, L; Sippl, W.; Steegborn, C,; Schutkowski, M.
Chemical Probing of the Human Sirtuin S Active Site Reveals Its
Substrate Acyl Specificity and Peptide-Based Inhibitors. Angew. Chem.,
Int. Ed. Engl. 2014, 53, 10728—10732.

(12) Mautone, N.; Zwergel, C.; Mai, A; Rotili, D. Sirtuin
Modulators: Where Are We Now? A Review of Patents from 2015
to 2019. Expert Opin Ther Pat 2020, 30, 389—407.

(13) Anderson, K. A.; Green, M. F.; Huynh, F. K, Wagner, G. R;;
Hirschey, M. D. Snapshot: Mammalian Sirtuins. Cell 2014, 159, 956.

(14) McGlynn, L. M.; Zino, S.; MacDonald, A. L; Curle, J.; Reilly, J.
E.; Mohammed, Z. M.; McMillan, D. C.; Mallon, E.; Payne, A. P,;
Edwards, J.; Shiels, P. G. Sirt2: Tumour Suppressor or Tumour
Promoter in Operable Breast Cancer? Eur. J. Cancer 2014, 50, 290—
301.

(15) Li, Z.; Xie, Q. R;; Chen, Z; Lu, S.; Xia, W. Regulation of Sirt2
Levels for Human Non-Small Cell Lung Cancer Therapy. Lung Cancer
2013, 82, 9—15.

(16) Jing, E.; Gesta, S; Kahn, C. R. Sirt2 Regulates Adipocyte
Differentiation through Foxol Acetylation/Deacetylation. Cell Metab
2007, 6, 105—114.

(17) Fiorentino, F.; Castiello, C.; Mai, A.; Rotili, D. Therapeutic
Potential and Activity Modulation of the Protein Lysine Deacylase
Sirtuin S. . Med. Chem. 2022, 65, 9580—9606.

(18) Walter, M.; Chen, L P.; Vallejo-Gracia, A.; Kim, L-J.; Bielska,
O.; Lam, V. L.; Hayashi, J. M,; Cruz, A,; Shah, S.; Soveg, F. W.; Gross,
J. D,; Krogan, N. J.; Jerome, K. R.; Schilling, B.; Ott, M.; Verdin, E.
SirtS Is a Proviral Factor That Interacts with Sars-Cov-2 Nspl4
Protein. PLoS Pathog 2022, 18, e1010811.

(19) Fiorentino, F; Mai, A; Rotili D. Emerging Therapeutic
Potential of Sirt6Modulators. J. Med. Chem. 2021, 64, 9732—9758.

(20) 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.

(21) Feldman, J. L.; Dittenhafer-Reed, K. E.; Denu, J. M. Sirtuin
Catalysis and Regulation. J. Biol. Chem. 2012, 287, 42419—42427.

(22) Jin, L.; Wei, W.; Jiang, Y,; Peng, H.; Cai, ]J.; Mao, C; Dai, H,;
Choy, W,; Bemis, J. E.; Jirousek, M. R.; Milne, J. C.; Westphal, C. H,;
Perni, R. B. Crystal Structures of Human Sirt3 Displaying Substrate-
Induced Conformational Changes. J. Biol. Chem. 2009, 284, 24394—
24408S.

(23) Samant, S. A;; Zhang, H. J.; Hong, Z.; Pillai, V. B.; Sundaresan,
N. R;; Wolfgeher, D.; Archer, S. L.; Chan, D. C.; Gupta, M. P. Sirt3
Deacetylates and Activates Opal to Regulate Mitochondrial
Dynamics During Stress. Mol. Cell. Biol. 2014, 34, 807—819.

(24) Papa, L.; Germain, D. Correction for Papa and Germain, " Sirt3
Regulates a Novel Arm of the Mitochondrial Unfolded Protein
Response”. Mol. Cell. Biol. 2017, 37, ¢00191-17.

(25) Schwer, B.; North, B. J.; Frye, R. A;; Ott, M.; Verdin, E. The
Human Silent Information Regulator (Sir)2 Homologue Hsirt3 Is a
Mitochondrial Nicotinamide Adenine Dinucleotide-Dependent De-
acetylase. J. Cell Biol. 2002, 158, 647—657.

https://doi.org/10.1021/acs.jmedchem.3c01979
J. Med. Chem. 2024, 67, 1662—1689


https://doi.org/10.1021/cr500457h?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.ddtec.2012.08.003
https://doi.org/10.3390/cancers11121949
https://doi.org/10.7150/thno.45922
https://doi.org/10.7150/thno.45922
https://doi.org/10.1038/ncomms3327
https://doi.org/10.1038/ncomms3327
https://doi.org/10.1038/ncomms3327
https://doi.org/10.1186/s13148-016-0224-3
https://doi.org/10.1016/j.cbpa.2019.01.023
https://doi.org/10.1016/j.cbpa.2019.01.023
https://doi.org/10.1016/j.ejmech.2018.10.028
https://doi.org/10.1016/j.ejmech.2018.10.028
https://doi.org/10.1126/science.1207861
https://doi.org/10.1126/science.1207861
https://doi.org/10.1074/mcp.M111.012658
https://doi.org/10.1074/mcp.M111.012658
https://doi.org/10.1074/mcp.M111.012658
https://doi.org/10.1002/anie.201402679
https://doi.org/10.1002/anie.201402679
https://doi.org/10.1080/13543776.2020.1749264
https://doi.org/10.1080/13543776.2020.1749264
https://doi.org/10.1080/13543776.2020.1749264
https://doi.org/10.1016/j.cell.2014.10.045
https://doi.org/10.1016/j.ejca.2013.10.005
https://doi.org/10.1016/j.ejca.2013.10.005
https://doi.org/10.1016/j.lungcan.2013.05.013
https://doi.org/10.1016/j.lungcan.2013.05.013
https://doi.org/10.1016/j.cmet.2007.07.003
https://doi.org/10.1016/j.cmet.2007.07.003
https://doi.org/10.1021/acs.jmedchem.2c00687?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jmedchem.2c00687?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jmedchem.2c00687?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1371/journal.ppat.1010811
https://doi.org/10.1371/journal.ppat.1010811
https://doi.org/10.1021/acs.jmedchem.1c00601?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jmedchem.1c00601?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1152/physrev.00022.2011
https://doi.org/10.1152/physrev.00022.2011
https://doi.org/10.1074/jbc.R112.378877
https://doi.org/10.1074/jbc.R112.378877
https://doi.org/10.1074/jbc.M109.014928
https://doi.org/10.1074/jbc.M109.014928
https://doi.org/10.1128/MCB.01483-13
https://doi.org/10.1128/MCB.01483-13
https://doi.org/10.1128/MCB.01483-13
https://doi.org/10.1128/MCB.00191-17
https://doi.org/10.1128/MCB.00191-17
https://doi.org/10.1128/MCB.00191-17
https://doi.org/10.1083/jcb.200205057
https://doi.org/10.1083/jcb.200205057
https://doi.org/10.1083/jcb.200205057
https://doi.org/10.1083/jcb.200205057
pubs.acs.org/jmc?ref=pdf
https://doi.org/10.1021/acs.jmedchem.3c01979?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Journal of Medicinal Chemistry

pubs.acs.org/jmc

(26) Cooper, H. M.; Spelbrink, J. N. The Human Sirt3 Protein
Deacetylase Is Exclusively Mitochondrial. Biochem. J. 2008, 411, 279—
28S.

(27) Jin, L.; Galonek, H.; Israelian, K.; Choy, W.; Morrison, M.; Xia,
Y.; Wang, X; Xu, Y.; Yang, Y.,; Smith, J. J.; Hoffmann, E.; Carney, D.
P.; Perni, R. B.; Jirousek, M. R.; Bemis, J. E.; Milne, J. C.; Sinclair, D.
A.; Westphal, C. H. Biochemical Characterization, Localization, and
Tissue Distribution of the Longer Form of Mouse Sirt3. Protein Sci.
2009, 18, 514—525.

(28) Wallace, D. C. A Mitochondrial Paradigm of Metabolic and
Degenerative Diseases, Aging, and Cancer: A Dawn for Evolutionary
Medicine. Annu. Rev. Genet 2008, 39, 359—407.

(29) Ahn, B. H; Kim, H. S; Song, S; Lee, I H,; Liu, J;
Vassilopoulos, A.; Deng, C. X, Finkel, T. A Role for the
Mitochondrial Deacetylase Sirt3 in Regulating Energy Homeostasis.
Proc. Natl. Acad. Sci. U. S. A. 2008, 105, 14447—14452.

(30) Cimen, H.; Han, M. J,; Yang, Y.; Tong, Q.; Koc, H; Koc, E. C.
Regulation of Succinate Dehydrogenase Activity by Sirt3 in
Mammalian Mitochondria. Biochemistry 2010, 49, 304—311.

(31) Finley, L. W.; Haas, W.; Desquiret-Dumas, V.; Wallace, D. C,;
Procaccio, V.; Gygi, S. P.; Haigis, M. C. Succinate Dehydrogenase Is a
Direct Target of Sirtuin 3 Deacetylase Activity. PLoS One 2011, 6,
e2329S.

(32) Jing, E.; Emanuelli, B.; Hirschey, M. D.; Boucher, J.; Lee, K. Y,;
Lombard, D.; Verdin, E. M.; Kahn, C. R. Sirtuin-3 (Sirt3) Regulates
Skeletal Muscle Metabolism and Insulin Signaling Via Altered
Mitochondrial Oxidation and Reactive Oxygen Species Production.
Proc. Natl. Acad. Sci. U. S. A. 2011, 108, 14608—14613.

(33) Wise, D. R;; Ward, P. S; Shay, J. E.; Cross, J. R;; Gruber, J. J.;
Sachdeva, U. M,; Platt, J. M.; DeMatteo, R. G.; Simon, M. C,;
Thompson, C. B. Hypoxia Promotes Isocitrate Dehydrogenase-
Dependent Carboxylation of Alpha-Ketoglutarate to Citrate to
Support Cell Growth and Viability. Proc. Natl. Acad. Sci. U. S. A.
2011, 108, 19611—19616.

(34) Bell, E. L,; Guarente, L. The Sirt3 Divining Rod Points to
Oxidative Stress. Mol. Cell 2011, 42, 561—568.

(35) Hirschey, M. D.; Shimazu, T.; Goetzman, E.; Jing, E.; Schwer,
B.; Lombard, D. B.; Grueter, C. A.; Harris, C.; Biddinger, S.; Ilkayeva,
0. R;; Stevens, R. D.; Li, Y.; Saha, A. K;; Ruderman, N. B; Bain, J. R;;
Newgard, C. B,; Farese, R. V,, Jr.; Alt, F. W,; Kahn, C. R;; Verdin, E.
Sirt3 Regulates Mitochondrial Fatty-Acid Oxidation by Reversible
Enzyme Deacetylation. Nature 2010, 464, 121—125.

(36) Schlicker, C.; Gertz, M.; Papatheodorou, P.; Kachholz, B;
Becker, C. F.; Steegborn, C. Substrates and Regulation Mechanisms
for the Human Mitochondrial Sirtuins Sirt3 and SirtS. J. Mol. Biol.
2008, 382, 790—801.

(37) Shimazu, T.; Hirschey, M. D.; Hua, L.; Dittenhafer-Reed, K. E.;
Schwer, B.; Lombard, D. B.; Li, Y.; Bunkenborg, J.; Alt, F. W.; Denu,
J. M,; Jacobson, M. P.; Verdin, E. Sirt3 Deacetylates Mitochondrial 3-
Hydroxy-3-Methylglutaryl Coa Synthase 2 and Regulates Ketone
Body Production. Cell Metab 2010, 12, 654—661.

(38) Hallows, W. C.; Lee, S.; Denu, J. M. Sirtuins Deacetylate and
Activate Mammalian Acetyl-Coa Synthetases. Proc. Natl. Acad. Sci. U.
S. A. 2006, 103, 10230—10235.

(39) 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,; Zhao, S.; Guan, K.-L.; Denu, J. M. Sirt3 Promotes the Urea Cycle
and Fatty Acid Oxidation During Dietary Restriction. Mol. Cell 2011,
41, 139—149.

(40) Finley, L. W.; Haigis, M. C. Metabolic Regulation by Sirt3:
Implications for Tumorigenesis. Trends Mol. Med. 2012, 18, S16—523.

(41) Zhu, Y.; Zou, X;; Dean, A. E.; Brien, J. O.; Gao, Y.; Tran, E. L.;
Park, S. H; Liu, G.; Kieffer, M. B,; Jiang, H.; Stauffer, M. E.; Hart, R;
Quan, S.; Satchell, K. J. F.; Horikoshi, N.; Bonini, M.; Gius, D. Lysine
68 Acetylation Directs Mnsod as a Tetrameric Detoxification
Complex Versus a Monomeric Tumor Promoter. Nat. Commun.
2019, 10, 2399.

1682

(42) Singh, C. K.; Chhabra, G.; Ndiaye, M. A.; Garcia-Peterson, L.
M.; Mack, N. J.; Ahmad, N. The Role of Sirtuins in Antioxidant and
Redox Signaling. Antioxid Redox Signal 2018, 28, 643—661.

(43) Qiu, X;; Brown, K; Hirschey, M. D.; Verdin, E.; Chen, D.
Calorie Restriction Reduces Oxidative Stress by Sirt3-Mediated Sod2
Activation. Cell Metab 2010, 12, 662—667.

(44) Suenkel, B.; Valente, S.; Zwergel, C.; Weiss, S.; Di Bello, E;
Fioravanti, R.; Aventaggiato, M.; Amorim, J. A.; Garg, N.; Kumar, S.;
Lombard, D. B.; Hu, T.; Singh, P. K; Tafani, M.; Palmeira, C. M,;
Sinclair, D.; Mai, A.; Steegborn, C. Potent and Specific Activators for
Mitochondrial Sirtuins Sirt3 and SirtS. J. Med. Chem. 2022, 65,
14015—14031.

(4S) Zwergel, C.; Aventaggiato, M.; Garbo, S.; Di Bello, E.; Fassari,
B.; Noce, B.; Castiello, C.; Lambona, C.; Barreca, F.; Rotili, D.;
Fioravanti, R.;; Schmalz, T.; Weyand, M.; Niedermeier, A.; Tripodi,
M,; Colotti, G.; Steegborn, C.; Battistelli, C.; Tafani, M.; Valente, S.;
Mai, A. Novel 1,4-Dihydropyridines as Specific Binders and Activators
of Sirt3 Impair Cell Viability and Clonogenicity and Downregulate
Hypoxia-Induced Targets in Cancer Cells. J. Med. Chem. 2023, 66,
9622—9641.

(46) Tao, R.; Coleman, M. C.; Pennington, J. D.; Ozden, O.; Park, S.
H.; Jiang, H.; Kim, H. S.; Flynn, C. R;; Hill, S.; Hayes McDonald, W;
Olivier, A. K;; Spitz, D. R.; Gius, D. Sirt3-Mediated Deacetylation of
Evolutionarily Conserved Lysine 122 Regulates Mnsod Activity in
Response to Stress. Mol. Cell 2010, 40, 893—904.

(47) Hafner, A. V.; Dai, J.; Gomes, A. P.; Xiao, C. Y.; Palmeira, C.
M.; Rosenzweig, A.; Sinclair, D. A. Regulation of the Mptp by Sirt3-
Mediated Deacetylation of Cypd at Lysine 166 Suppresses Age-
Related Cardiac Hypertrophy. Aging (Albany NY) 2010, 2, 914—923.

(48) Zhang, M; Deng, Y. N; Zhang, J. Y.; Liu, J.; Li, Y. B; Su, H;
Qu, Q. M. Sirt3 Protects Rotenone-Induced Injury in Sh-SySy Cells
by Promoting Autophagy through the Lkbl-Ampk-Mtor Pathway.
Aging Dis 2018, 9, 273—286.

(49) Warr, M. R.; Binnewies, M.; Flach, J.; Reynaud, D.; Garg, T;
Malhotra, R,; Debnath, J.; Passegue, E. Foxo3a Directs a Protective
Autophagy Program in Haematopoietic Stem Cells. Nature 2013, 494,
323-327.

(50) Fan, Z.; Liu, Z.; Zhang, N.; Wei, W.; Cheng, K; Sun, H,; Hao,
Q. Identification of Sirt3 as an Eraser of H4k16la. iScience 2023, 26,
107757.

(51) Zhang, D; Tang, Z.; Huang, H.; Zhou, G; Cui, C.; Weng, Y.;
Liu, W,; Kim, S,; Lee, S.; Perez-Neut, M,; Ding, J.; Czyz, D.; Hy, R;;
Ye, Z.; He, M.; Zheng, Y. G.; Shuman, H. A,; Dai, L.; Ren, B.; Roeder,
R. G; Becker, L.; Zhao, Y. Metabolic Regulation of Gene Expression
by Histone Lactylation. Nature 2019, 574, 575—580.

(52) Fritz, K. S.; Galligan, J. J.; Smathers, R. L.; Roede, J. R.; Shearn,
C. T,; Reigan, P.; Petersen, D. R. 4-Hydroxynonenal Inhibits Sirt3 Via
Thiol-Specific Modification. Chem. Res. Toxicol. 2011, 24, 651—662.

(53) Neeli, P. K; Gollavilli P. N.; Mallappa, S; Hari, S. G;
Kotamraju, S. A Novel Metadherindelta7 Splice Variant Enhances
Triple Negative Breast Cancer Aggressiveness by Modulating
Mitochondrial Function Via Nfkb-Sirt3 Axis. Oncogene 2020, 39,
2088—2102.

(54) Giralt, A.; Hondares, E.; Villena, J. A.; Ribas, F.; Diaz-Delfin, J.;
Giralt, M.; Iglesias, R.; Villarroya, F. Peroxisome Proliferator-
Activated Receptor-Gamma Coactivator-lalpha Controls Transcrip-
tion of the Sirt3 Gene, an Essential Component of the Thermogenic
Brown Adipocyte Phenotype. J. Biol. Chem. 2011, 286, 16958—16966.

(55) Zhang, J.; Wang, G.; Zhou, Y,; Chen, Y.,; Ouyang, L.; Liu, B.
Mechanisms of Autophagy and Relevant Small-Molecule Compounds
for Targeted Cancer Therapy. Cell. Mol. Life Sci. 2018, 75, 1803—
1826.

(56) Xu, W. Y,; Hu, Q. S;; Qin, Y,; Zhang, B,; Liu, W. S;; Ni, Q. X;
Xu, J; Yu, X. J. Zinc Finger E-Box-Binding Homeobox 1 Mediates
Aerobic Glycolysis Via Suppression of Sirtuin 3 in Pancreatic Cancer.
World ]. Gastroenterol 2018, 24, 4893—4905.

(57) Jiang, Y; Liu, J; Chen, D.; Yan, L; Zheng, W. Sirtuin
Inhibition: Strategies, Inhibitors, and Therapeutic Potential. Trends
Pharmacol. Sci. 2017, 38, 459—472.

https://doi.org/10.1021/acs.jmedchem.3c01979
J. Med. Chem. 2024, 67, 1662—1689


https://doi.org/10.1042/BJ20071624
https://doi.org/10.1042/BJ20071624
https://doi.org/10.1002/pro.50
https://doi.org/10.1002/pro.50
https://doi.org/10.1146/annurev.genet.39.110304.095751
https://doi.org/10.1146/annurev.genet.39.110304.095751
https://doi.org/10.1146/annurev.genet.39.110304.095751
https://doi.org/10.1073/pnas.0803790105
https://doi.org/10.1073/pnas.0803790105
https://doi.org/10.1021/bi901627u?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/bi901627u?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1371/journal.pone.0023295
https://doi.org/10.1371/journal.pone.0023295
https://doi.org/10.1073/pnas.1111308108
https://doi.org/10.1073/pnas.1111308108
https://doi.org/10.1073/pnas.1111308108
https://doi.org/10.1073/pnas.1117773108
https://doi.org/10.1073/pnas.1117773108
https://doi.org/10.1073/pnas.1117773108
https://doi.org/10.1016/j.molcel.2011.05.008
https://doi.org/10.1016/j.molcel.2011.05.008
https://doi.org/10.1038/nature08778
https://doi.org/10.1038/nature08778
https://doi.org/10.1016/j.jmb.2008.07.048
https://doi.org/10.1016/j.jmb.2008.07.048
https://doi.org/10.1016/j.cmet.2010.11.003
https://doi.org/10.1016/j.cmet.2010.11.003
https://doi.org/10.1016/j.cmet.2010.11.003
https://doi.org/10.1073/pnas.0604392103
https://doi.org/10.1073/pnas.0604392103
https://doi.org/10.1016/j.molcel.2011.01.002
https://doi.org/10.1016/j.molcel.2011.01.002
https://doi.org/10.1016/j.molmed.2012.05.004
https://doi.org/10.1016/j.molmed.2012.05.004
https://doi.org/10.1038/s41467-019-10352-4
https://doi.org/10.1038/s41467-019-10352-4
https://doi.org/10.1038/s41467-019-10352-4
https://doi.org/10.1089/ars.2017.7290
https://doi.org/10.1089/ars.2017.7290
https://doi.org/10.1016/j.cmet.2010.11.015
https://doi.org/10.1016/j.cmet.2010.11.015
https://doi.org/10.1021/acs.jmedchem.2c01215?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jmedchem.2c01215?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jmedchem.3c00337?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jmedchem.3c00337?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jmedchem.3c00337?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.molcel.2010.12.013
https://doi.org/10.1016/j.molcel.2010.12.013
https://doi.org/10.1016/j.molcel.2010.12.013
https://doi.org/10.18632/aging.100252
https://doi.org/10.18632/aging.100252
https://doi.org/10.18632/aging.100252
https://doi.org/10.14336/AD.2017.0517
https://doi.org/10.14336/AD.2017.0517
https://doi.org/10.1038/nature11895
https://doi.org/10.1038/nature11895
https://doi.org/10.1016/j.isci.2023.107757
https://doi.org/10.1038/s41586-019-1678-1
https://doi.org/10.1038/s41586-019-1678-1
https://doi.org/10.1021/tx100355a?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/tx100355a?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1038/s41388-019-1126-6
https://doi.org/10.1038/s41388-019-1126-6
https://doi.org/10.1038/s41388-019-1126-6
https://doi.org/10.1074/jbc.M110.202390
https://doi.org/10.1074/jbc.M110.202390
https://doi.org/10.1074/jbc.M110.202390
https://doi.org/10.1074/jbc.M110.202390
https://doi.org/10.1007/s00018-018-2759-2
https://doi.org/10.1007/s00018-018-2759-2
https://doi.org/10.3748/wjg.v24.i43.4893
https://doi.org/10.3748/wjg.v24.i43.4893
https://doi.org/10.1016/j.tips.2017.01.009
https://doi.org/10.1016/j.tips.2017.01.009
pubs.acs.org/jmc?ref=pdf
https://doi.org/10.1021/acs.jmedchem.3c01979?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Journal of Medicinal Chemistry

pubs.acs.org/jmc

(58) Guan, X,; Lin, P.; Knoll, E.; Chakrabarti, R. Mechanism of
Inhibition of the Human Sirtuin Enzyme Sirt3 by Nicotinamide:
Computational and Experimental Studies. PLoS One 2014, 9,
el107729.

(59) Wang, T.; Cao, Y.; Zheng, Q.; Tu, J.; Zhou, W.; He, J.; Zhong,
J.; Chen, Y.; Wang, J.; Cai, R;; Zuo, Y.; Wei, B.; Fan, Q.; Yang, J.; Wu,
Y,; Yi, J; Li, D.; Liu, M.; Wang, C.; Zhou, A,; Li, Y.; Wu, X,; Yang, W,;
Chin, Y. E; Chen, G.; Cheng, J. Senpl-Sirt3 Signaling Controls
Mitochondrial Protein Acetylation and Metabolism. Mol. Cell 2019,
75, 823—834.

(60) Zhang, X;; Ji, R;; Liao, X; Castillero, E.; Kennel, P. J.; Brunjes,
D. L.; Franz, M.; Mobius-Winkler, S.; Drosatos, K,; George, L; Chen,
E. I; Colombo, P. C.; Schulze, P. C. Microrna-195 Regulates
Metabolism in Failing Myocardium Via Alterations in Sirtuin 3
Expression and Mitochondrial Protein Acetylation. Circulation 2018,
137, 2052—-2067.

(61) Cheng, Y.; Mai, J.; Hou, T.; Ping, J. 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.

(62) Geng, L.; Zhang, T.; Liu, W.; Chen, Y. Mir-494—3p Modulates
the Progression of in Vitro and in Vivo Parkinson’s Disease Models by
Targeting Sirt3. Neurosci. Lett. 2018, 675, 23—30.

(63) Huang, S.; Guo, H,; Cao, Y.; Xiong, J. Mir-708—S5p Inhibits the
Progression of Pancreatic Ductal Adenocarcinoma by Targeting Sirt3.
Pathol Res. Pract 2019, 215, 794—800.

(64) Kao, Y. Y.; Chou, C. H.; Yeh, L. Y.; Chen, Y. F.; Chang, K. W,;
Liu, C. J.; Fan Chiang, C. Y,; Lin, S. C. Microrna Mir-31 Targets Sirt3
to Disrupt Mitochondrial Activity and Increase Oxidative Stress in
Oral Carcinoma. Cancer Lett. 2019, 456, 40—48.

(65) Zeng, B; Ye, H; Chen, J.; Cheng, D.; Cai, C.; Chen, G.; Chen,
X,; Xin, H.; Tang, C.; Zeng, J. Lncrna Tugl Sponges Mir-145 to
Promote Cancer Progression and Regulate Glutamine Metabolism
Via Sirt3/Gdh Axis. Oncotarget 2017, 8, 113650—113661.

(66) Li, Y,; Sun, T.; Shen, S.; Wang, L.; Yan, J. Lncrna Dynlrb2—2
Inhibits Thp-1 Macrophage Foam Cell Formation by Enhancing
Autophagy. Biol. Chem. 2019, 400, 1047—1057.

(67) Sun, W.; Zhao, L.; Song, X,; Zhang, J.; Xing, Y.; Liu, N.; Yan,
Y,; Li, Z; Lu, Y;; Wy, J; Li, L;; Xiao, Y,; Tian, X; Li, T.; Guan, Y.;
Wang, Y,; Liu, B. Microrna-210 Modulates the Cellular Energy
Metabolism Shift During H2o02-Induced Oxidative Stress by
Repressing Iscu in H9c2 Cardiomyocytes. Cell Physiol Biochem
2017, 43, 383—394.

(68) Yao, W,; Ji, S.; Qin, Y.; Yang, J.; Xu, J.; Zhang, B.; Xu, W.; Liu,
J.; Shi, S.; Liu, L;; Liu, C.; Long, J.; Ni, Q; Li, M,; Yu, X. Profilin-1
Suppresses Tumorigenicity in Pancreatic Cancer through Regulation
of the Sirt3-Hiflalpha Axis. Mol. Cancer 2014, 13, 187.

(69) Jiang, W.; He, T.; Liu, S.; Zheng, Y.; Xiang, L.; Pei, X.; Wang,
Z.; Yang, H. The Pik3ca E542k and ES4Sk Mutations Promote
Glycolysis and Proliferation Via Induction of the Beta-Catenin/Sirt3
Signaling Pathway in Cervical Cancer. J. Hematol Oncol 2018, 11, 139.

(70) Verdin, E.; Hirschey, M. D.; Finley, L. W.; Haigis, M. C. Sirtuin
Regulation of Mitochondria: Energy Production, Apoptosis, and
Signaling. Trends Biochem. Sci. 2010, 35, 669—675.

(71) Chen, Y.; Fu, L. L; Wen, X,; Wang, X. Y.; Liu, J.; Cheng, Y,;
Huang, J. Sirtuin-3 (Sirt3), a Therapeutic Target with Oncogenic and
Tumor-Suppressive Function in Cancer. Cell Death Dis 2014, §,
e1047.

(72) Martinez-Pastor, B.; Mostoslavsky, R. Sirtuins, Metabolism, and
Cancer. Front Pharmacol 2012, 3, 22.

(73) Alhazzazi, T. Y.; Kamarajan, P.; Verdin, E.; Kapila, Y. L. Sirtuin-
3 (Sirt3) and the Hallmarks of Cancer. Genes Cancer 2013, 4, 164—
171.

(74) Sengupta, A.; Haldar, D. Human Sirtuin 3 (Sirt3) Deacetylates
Histone H3 Lysine 56 to Promote Nonhomologous End Joining
Repair. DNA Repair (Amst) 2018, 61, 1-16.

(75) Cheng, Y.; Ren, X.; Gowda, A. S.; Shan, Y.; Zhang, L.; Yuan, Y.
S.; Patel, R;; Wu, H.; Huber-Keener, K;; Yang, J. W,; Liu, D.; Spratt,
T. E; Yang, J. M. Interaction of Sirt3 with Oggl Contributes to

1683

Repair of Mitochondrial DNA and Protects from Apoptotic Cell
Death under Oxidative Stress. Cell Death Dis 2013, 4, e731.

(76) Mahjabeen, 1; Kayani, M. A. Loss of Mitochondrial Tumor
Suppressor Genes Expression Is Associated with Unfavorable Clinical
Outcome in Head and Neck Squamous Cell Carcinoma: Data from
Retrospective Study. PLoS One 2016, 11, No. e0146948.

(77) Sundaresan, N. R;; Samant, S. A; Pillai, V. B.; Rajamohan, S. B.;
Gupta, M. P. Sirt3 Is a Stress-Responsive Deacetylase in
Cardiomyocytes That Protects Cells from Stress-Mediated Cell
Death by Deacetylation of Ku70. Mol. Cell. Biol. 2008, 28, 6384—
6401.

(78) Semenza, G. L. Hypoxia-Inducible Factors: Mediators of
Cancer Progression and Targets for Cancer Therapy. Trends
Pharmacol. Sci. 2012, 33, 207—214.

(79) Fan, J.; Shan, C.; Kang, H. B,; Elf, S.; Xie, J.; Tucker, M; Gu, T.
L.; Aguiar, M.; Lonning, S.; Chen, H.; Mohammadi, M.; Britton, L.
M.; Garcia, B. A,; Aleckovic, M.; Kang, Y.; Kaluz, S.; Devi, N.; Van
Meir, E. G.; Hitosugi, T.; Seo, J. H.; Lonial, S.; Gaddh, M.; Arellano,
M.; Khoury, H. J.; Khuri, F. R;; Boggon, T. J.; Kang, S.; Chen, J. Tyr
Phosphorylation of Pdpl Toggles Recruitment between Acatl and
Sirt3 to Regulate the Pyruvate Dehydrogenase Complex. Mol. Cell
2014, 53, 534—548.

(80) Allison, S. J.; Milner, J. Sirt3 Is Pro-Apoptotic and Participates
in Distinct Basal Apoptotic Pathways. Cell Cycle 2007, 6, 2669—2677.

(81) Ashraf, N.; Zino, S.; Macintyre, A.; Kingsmore, D.; Payne, A. P.;
George, W. D.; Shiels, P. G. Altered Sirtuin Expression Is Associated
with Node-Positive Breast Cancer. Br. J. Cancer 2006, 95, 1056—1061.

(82) Frisch, S. M.; Francis, H. Disruption of Epithelial Cell-Matrix
Interactions Induces Apoptosis. J. Cell Biol. 1994, 124, 619—626.

(83) Kamarajan, P.; Bunek, J.; Lin, Y.; Nunez, G.; Kapila, Y. L.
Receptor-Interacting Protein Shuttles between Cell Death and
Survival Signaling Pathways. Mol. Biol. Cell 2010, 21, 481—488.

(84) Torrens-Mas, M.; Oliver, J.; Roca, P.; Sastre-Serra, J. Sirt3:
Oncogene and Tumor Suppressor in Cancer. Cancers (Basel) 2017, 9,
90.

(85) Finley, L. W.; Carracedo, A; Lee, J.; Souza, A.; Egia, A.; Zhang,
J.; Teruya-Feldstein, J.; Moreira, P. L; Cardoso, S. M,; Clish, C. B;
Pandolfi, P. P.; Haigis, M. C. Sirt3 Opposes Reprogramming of
Cancer Cell Metabolism through Hiflalpha Destabilization. Cancer
Cell 2011, 19, 416—428.

(86) Wang, G. L; Jiang, B. H,; Rue, E. A.; Semenza, G. L. Hypoxia-
Inducible Factor 1 Is a Basic-Helix-Loop-Helix-Pas Heterodimer
Regulated by Cellular O2 Tension. Proc. Natl. Acad. Sci. U. S. A. 1995,
92, 5510—5514.

(87) Semenza, G. L. Targeting Hif-1 for Cancer Therapy. Nat. Rev.
Cancer 2003, 3, 721-732.

(88) Bell, E. L.; Emerling, B. M.; Ricoult, S. J.; Guarente, L. Sirt3
Suppresses Hypoxia Inducible Factor lalpha and Tumor Growth by
Inhibiting Mitochondrial Ros Production. Oncogene 2011, 30, 2986—
2996.

(89) Bell, E. L,; Klimova, T. A.; Eisenbart, J.; Schumacker, P. T.;
Chandel, N. S. Mitochondrial Reactive Oxygen Species Trigger
Hypoxia-Inducible Factor-Dependent Extension of the Replicative
Life Span During Hypoxia. Mol. Cell. Biol. 2007, 27, 5737—574S.

(90) Kaelin, W. G,, Jr.; Ratcliffe, P. J. Oxygen Sensing by Metazoans:
The Central Role of the Hif Hydroxylase Pathway. Mol. Cell 2008, 30,
393—402.

(91) Wei, L.; Zhou, Y.; Dai, Q.; Qiao, C.; Zhao, L.; Hui, H,; Lu, N.;
Guo, Q. L. Oroxylin a Induces Dissociation of Hexokinase Ii from the
Mitochondria and Inhibits Glycolysis by Sirt3-Mediated Deacetyla-
tion of Cyclophilin D in Breast Carcinoma. Cell Death Dis 2013, 4,
e601.

(92) Yang, H; Zhou, L.; Shi, Q;; Zhao, Y.; Lin, H.; Zhang, M.; Zhao,
S; Yang, Y,; Ling, Z. Q; Guan, K. L,; Xiong, Y.; Ye, D. Sirt3-
Dependent Got2 Acetylation Status Affects the Malate-Aspartate
Nadh Shuttle Activity and Pancreatic Tumor Growth. EMBO J. 2018,
34, 1110—1128.

(93) Xiong, Y.; Wang, M.; Zhao, J.; Han, Y,; Jia, L. Sirtuin 3: A Janus
Face in Cancer (Review). Int. J. Oncol. 2016, 49, 2227—2238.

https://doi.org/10.1021/acs.jmedchem.3c01979
J. Med. Chem. 2024, 67, 1662—1689


https://doi.org/10.1371/journal.pone.0107729
https://doi.org/10.1371/journal.pone.0107729
https://doi.org/10.1371/journal.pone.0107729
https://doi.org/10.1016/j.molcel.2019.06.008
https://doi.org/10.1016/j.molcel.2019.06.008
https://doi.org/10.1161/CIRCULATIONAHA.117.030486
https://doi.org/10.1161/CIRCULATIONAHA.117.030486
https://doi.org/10.1161/CIRCULATIONAHA.117.030486
https://doi.org/10.1016/j.bbrc.2016.04.065
https://doi.org/10.1016/j.bbrc.2016.04.065
https://doi.org/10.1016/j.bbrc.2016.04.065
https://doi.org/10.1016/j.neulet.2018.03.037
https://doi.org/10.1016/j.neulet.2018.03.037
https://doi.org/10.1016/j.neulet.2018.03.037
https://doi.org/10.1016/j.prp.2019.01.026
https://doi.org/10.1016/j.prp.2019.01.026
https://doi.org/10.1016/j.canlet.2019.04.028
https://doi.org/10.1016/j.canlet.2019.04.028
https://doi.org/10.1016/j.canlet.2019.04.028
https://doi.org/10.18632/oncotarget.21922
https://doi.org/10.18632/oncotarget.21922
https://doi.org/10.18632/oncotarget.21922
https://doi.org/10.1515/hsz-2018-0461
https://doi.org/10.1515/hsz-2018-0461
https://doi.org/10.1515/hsz-2018-0461
https://doi.org/10.1159/000480417
https://doi.org/10.1159/000480417
https://doi.org/10.1159/000480417
https://doi.org/10.1186/1476-4598-13-187
https://doi.org/10.1186/1476-4598-13-187
https://doi.org/10.1186/1476-4598-13-187
https://doi.org/10.1186/s13045-018-0674-5
https://doi.org/10.1186/s13045-018-0674-5
https://doi.org/10.1186/s13045-018-0674-5
https://doi.org/10.1016/j.tibs.2010.07.003
https://doi.org/10.1016/j.tibs.2010.07.003
https://doi.org/10.1016/j.tibs.2010.07.003
https://doi.org/10.1038/cddis.2014.14
https://doi.org/10.1038/cddis.2014.14
https://doi.org/10.3389/fphar.2012.00022
https://doi.org/10.3389/fphar.2012.00022
https://doi.org/10.1177/1947601913486351
https://doi.org/10.1177/1947601913486351
https://doi.org/10.1016/j.dnarep.2017.11.003
https://doi.org/10.1016/j.dnarep.2017.11.003
https://doi.org/10.1016/j.dnarep.2017.11.003
https://doi.org/10.1038/cddis.2013.254
https://doi.org/10.1038/cddis.2013.254
https://doi.org/10.1038/cddis.2013.254
https://doi.org/10.1371/journal.pone.0146948
https://doi.org/10.1371/journal.pone.0146948
https://doi.org/10.1371/journal.pone.0146948
https://doi.org/10.1371/journal.pone.0146948
https://doi.org/10.1128/MCB.00426-08
https://doi.org/10.1128/MCB.00426-08
https://doi.org/10.1128/MCB.00426-08
https://doi.org/10.1016/j.tips.2012.01.005
https://doi.org/10.1016/j.tips.2012.01.005
https://doi.org/10.1016/j.molcel.2013.12.026
https://doi.org/10.1016/j.molcel.2013.12.026
https://doi.org/10.1016/j.molcel.2013.12.026
https://doi.org/10.4161/cc.6.21.4866
https://doi.org/10.4161/cc.6.21.4866
https://doi.org/10.1038/sj.bjc.6603384
https://doi.org/10.1038/sj.bjc.6603384
https://doi.org/10.1083/jcb.124.4.619
https://doi.org/10.1083/jcb.124.4.619
https://doi.org/10.1091/mbc.e09-06-0530
https://doi.org/10.1091/mbc.e09-06-0530
https://doi.org/10.3390/cancers9070090
https://doi.org/10.3390/cancers9070090
https://doi.org/10.1016/j.ccr.2011.02.014
https://doi.org/10.1016/j.ccr.2011.02.014
https://doi.org/10.1073/pnas.92.12.5510
https://doi.org/10.1073/pnas.92.12.5510
https://doi.org/10.1073/pnas.92.12.5510
https://doi.org/10.1038/nrc1187
https://doi.org/10.1038/onc.2011.37
https://doi.org/10.1038/onc.2011.37
https://doi.org/10.1038/onc.2011.37
https://doi.org/10.1128/MCB.02265-06
https://doi.org/10.1128/MCB.02265-06
https://doi.org/10.1128/MCB.02265-06
https://doi.org/10.1016/j.molcel.2008.04.009
https://doi.org/10.1016/j.molcel.2008.04.009
https://doi.org/10.1038/cddis.2013.131
https://doi.org/10.1038/cddis.2013.131
https://doi.org/10.1038/cddis.2013.131
https://doi.org/10.15252/embj.201591041
https://doi.org/10.15252/embj.201591041
https://doi.org/10.15252/embj.201591041
https://doi.org/10.3892/ijo.2016.3767
https://doi.org/10.3892/ijo.2016.3767
pubs.acs.org/jmc?ref=pdf
https://doi.org/10.1021/acs.jmedchem.3c01979?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Journal of Medicinal Chemistry

pubs.acs.org/jmc

(94) Xiao, K,; Jiang, J.; Wang, W.,; Cao, S,; Zhu, L.; Zeng, H,;
Ouyang, R.; Zhou, R.; Chen, P. Sirt3 Is a Tumor Suppressor in Lung
Adenocarcinoma Cells. Oncol. Rep. 2013, 30, 1323—1328.

(95) Yu, W,; Denu, R. A; Krautkramer, K. A.; Grindle, K. M.; Yang,
D. T.; Asimakopoulos, F.; Hematti, P.; Denu, J. M. Loss of Sirt3
Provides Growth Advantage for B Cell Malignancies. J. Biol. Chem.
2016, 291, 3268—3279.

(96) Song, C. L; Tang, H; Ran, L. K; Ko, B. C; Zhang, Z. Z;
Chen, X;; Ren, J. H; Tao, N. N; Li, W. Y,; Huang, A. L.; Chen, J.
Sirtuin 3 Inhibits Hepatocellular Carcinoma Growth through the
Glycogen Synthase Kinase-3beta/Bcl2-Associated X Protein-Depend-
ent Apoptotic Pathway. Oncogene 2016, 35, 631—641.

(97) Liu, Y; Liu, Y. L; Cheng, W,; Yin, X. M,; Jiang, B. The
Expression of Sirt3 in Primary Hepatocellular Carcinoma and the
Mechanism of Its Tumor Suppressing Effects. Eur. Rev. Med.
Pharmacol Sci. 2017, 21, 978—998.

(98) Dixon, S. J; Lemberg, K. M.; Lamprecht, M. R.; Skouta, R;
Zaitsev, E. M,; Gleason, C. E.; Patel, D. N.; Bauer, A. J.; Cantley, A.
M.; Yang, W. S.; Morrison, B., 3rd; Stockwell, B. R. Ferroptosis: An
Iron-Dependent Form of Nonapoptotic Cell Death. Cell 2012, 149,
1060—1072.

(99) Su, Y,; Zhao, B; Zhou, L; Zhang, Z; Shen, Y; Lv, H;
AlQudsy, L. H. H.; Shang, P. Ferroptosis, a Novel Pharmacological
Mechanism of Anti-Cancer Drugs. Cancer Lett. 2020, 483, 127—136.

(100) Dolma, S.; Lessnick, S. L.; Hahn, W. C.; Stockwell, B. R.
Identification of Genotype-Selective Antitumor Agents Using
Synthetic Lethal Chemical Screening in Engineered Human Tumor
Cells. Cancer Cell 2003, 3, 285—296.

(101) Dixon, S. J.; Patel, D. N.; Welsch, M.; Skouta, R; Lee, E. D.;
Hayano, M.; Thomas, A. G.; Gleason, C. E.; Tatonetti, N. P.; Slusher,
B. S; Stockwell, B. R. Pharmacological Inhibition of Cystine-
Glutamate Exchange Induces Endoplasmic Reticulum Stress and
Ferroptosis. Elife 2014, 3, No. e02523.

(102) Liu, L.; Li, Y;; Cao, D,; Qiu, S; Li, Y,; Jiang, C; Bian, R;;
Yang, Y,; Li, L; Li, X; Wang, Z.; Ju, Z; Zhang, Y,; Liu, Y. Sirt3
Inhibits Gallbladder Cancer by Induction of Akt-Dependent
Ferroptosis and Blockade of Epithelial-Mesenchymal Transition.
Cancer Lett. 2021, 510, 93—104.

(103) Yoeli-Lerner, M.; Toker, A. Akt/Pkb Signaling in Cancer: A
Function in Cell Motility and Invasion. Cell Cycle 2006, S, 603—605.

(104) Wei, Z,; Song, J.; Wang, G.; Cui, X.; Zheng, J.; Tang, Y,;
Chen, X;; Li, J.; Cuj, L.; Liu, C. Y.; Yu, W. Deacetylation of Serine
Hydroxymethyl-Transferase 2 by Sirt3 Promotes Colorectal Carcino-
genesis. Nat. Commun. 2018, 9, 4468.

(105) Xu, L. X;; Hao, L. J;; Ma, J. Q; Liu, J. K; Hasim, A. Sirt3
Promotes the Invasion and Metastasis of Cervical Cancer Cells by
Regulating Fatty Acid Synthase. Mol. Cell. Biochem. 2020, 464, 11—20.

(106) Chen, S.; Yang, X,; Yu, M.; Wang, Z.; Liu, B.; Liu, M,; Liu, L.;
Ren, M,; Qi, H; Zou, J; Vucenik, I; Zhu, W. G,; Luo, J. Sirt3
Regulates Cancer Cell Proliferation through Deacetylation of Pycrl in
Proline Metabolism. Neoplasia 2019, 21, 665—675.

(107) Wu, T,; Liu, Y. H; 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.

(108) Hirschey, M. D.; Shimazu, T; Jing, E.; Grueter, C. A.; Collins,
A. M.,; Aouizerat, B.; Stancakova, A.; Goetzman, E.; Lam, M. M,;
Schwer, B.; Stevens, R. D.; Muehlbauer, M. J.; Kakar, S.; Bass, N. M.;
Kuusisto, J.; Laakso, M.; Alt, F. W.; Newgard, C. B.; Farese, R. V., Jr.;
Kahn, C. R.; Verdin, E. Sirt3 Deficiency and Mitochondrial Protein
Hyperacetylation Accelerate the Development of the Metabolic
Syndrome. Mol. Cell 2011, 44, 177—190.

(109) 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.; Sack, M. N,; Jing, E.; Kahn, C. R; Friedman, ]. E.; Jonscher,
K. R. Fatty Liver Is Associated with Reduced Sirt3 Activity and
Mitochondrial Protein Hyperacetylation. Biochem. J. 2011, 433, 505—
S514.

(110) Barroso, E.; Rodriguez-Rodriguez, R.; Zarei, M.; Pizarro-
Degado, ].; Planavila, A.; Palomer, X,; Villarroya, F.; Vazquez-Carrera,

1684

M. Sirt3 Deficiency Exacerbates Fatty Liver by Attenuating the
Hiflalpha-Lipin 1 Pathway and Increasing Cd36 through Nrf2. Cell
Commun. Signal 2020, 18, 147.

(111) Zheng, Y.; Wang, S; Wu, J; Wang, Y. Mitochondrial
Metabolic Dysfunction and Non-Alcoholic Fatty Liver Disease: New
Insights from Pathogenic Mechanisms to Clinically Targeted Therapy.
J. Transl Med. 2023, 21, 510.

(112) Ren, J. H,; Hy, J. L; Cheng, S. T; Yu, H. B.; Wong, V. K. W,;
Law, B. Y. K; Yang, Y. F.; Huang, Y,; Liu, Y,; Chen, W. X,; Cai, X. F,;
Tang, H,; Hy, Y,; Zhang, W. L,; Liu, X,; Long, Q. X,; Zhou, L.; Tao,
N. N,; Zhou, H. Z,; Yang, Q. X,; Ren, F,; He, L.; Gong, R.; Huang, A.
L; Chen, J. Sirt3 Restricts Hepatitis B Virus Transcription and
Replication through Epigenetic Regulation of Covalently Closed
Circular DNA Involving Suppressor of Variegation 3—9 Homolog 1
and Set Domain Containing la Histone Methyltransferases.
Hepatology 2018, 68, 1260—1276.

(113) Zhang, P.; Zhao, T.; Zhou, W. The Clinical Significance of
Sirt3 in Covid-19 Patients: A Single Center Retrospective Analysis.
Ann. Clin Lab Sci. 2021, 51, 686—693.

(114) Koentges, C.; Pfeil, K; Schnick, T.; Wiese, S.; Dahlbock, R.;
Cimolai, M. C.; Meyer-Steenbuck, M.; Cenkerova, K.; Hoffmann, M.
M.; Jaeger, C.; Odening, K. E.,; Kammerer, B.; Hein, L.; Bode, C;
Bugger, H. Sirt3 Deficiency Impairs Mitochondrial and Contractile
Function in the Heart. Basic Res. Cardiol 20185, 110, 36.

(115) Koentges, C.; Cimolai, M. C.; Pfeil, K.;; Wolf, D.; Marchini, T.;
Tarkhnishvili, A.; Hoffmann, M. M.; Odening, K. E.; Diehl, P.; von
Zur Muhlen, C.; Alvarez, S.; Bode, C,; Zirlik, A.; Bugger, H. Impaired
Sirt3 Activity Mediates Cardiac Dysfunction in Endotoxemia by
Calpain-Dependent Disruption of Atp Synthesis. J. Mol. Cell Cardiol
2019, 133, 138—147.

(116) Yang, W.; Nagasawa, K,; Munch, C.; Xu, Y,; Satterstrom, K;
Jeong, S.; Hayes, S. D.; Jedrychowski, M. P.; Vyas, F. S.; Zaganjor, E,;
Guarani, V.; Ringel, A. E.; Gygi, S. P.; Harper, J. W.; Haigis, M. C.
Mitochondrial Sirtuin Network Reveals Dynamic Sirt3-Dependent
Deacetylation in Response to Membrane Depolarization. Cell 2016,
167, 985—1000.

(117) Pillai, V. B.; Sundaresan, N. R; Kim, G; Gupta, M,;
Rajamohan, S. B.; Pillai, J. B.; Samant, S.; Ravindra, P. V.; Isbatan, A,;
Gupta, M. P. Exogenous Nad Blocks Cardiac Hypertrophic Response
Via Activation of the Sirt3-Lkbl-Amp-Activated Kinase Pathway. J.
Biol. Chem. 2010, 285, 3133—3144.

(118) Skurk, C.; Izumiya, Y.; Maatz, H.; Razeghi, P.; Shiojima, I;
Sandri, M,; Sato, K; Zeng, L.; Schiekofer, S.; Pimentel, D.; Lecker, S.;
Taegtmeyer, H.; Goldberg, A. L.; Walsh, K. The Foxo3a Transcription
Factor Regulates Cardiac Myocyte Size Downstream of Akt Signaling.
J. Biol. Chem. 2005, 280, 20814—20823.

(119) Joseph, J; Ametepe, E. S.; Haribabu, N.; Agbayani, G;
Krishnan, L.; Blais, A,; Sad, S. Inhibition of Ros and Upregulation of
Inflammatory Cytokines by Foxo3a Promotes Survival against
Salmonella Typhimurium. Nat. Commun. 2016, 7, 12748.

(120) Pillaj, V. B.; Samant, S.; Sundaresan, N. R;; Raghuraman, H.;
Kim, G.; Bonner, M. Y.; Arbiser, J. L.; Walker, D. L; Jones, D. P,;
Gius, D.; Gupta, M. P. Honokiol Blocks and Reverses Cardiac
Hypertrophy in Mice by Activating Mitochondrial Sirt3. Nat.
Commun. 2015, 6, 6656.

(121) Chen, T.; Liy, J.; Li, N.; Wang, S.; Liu, H; Li, J.; Zhang, Y,;
Bu, P. Mouse Sirt3 Attenuates Hypertrophy-Related Lipid Accumu-
lation in the Heart through the Deacetylation of Lcad. PLoS One
20185, 10, No. e0118909.

(122) Yue, Z.; Ma, Y.; You, J; Li, Z.; Ding, Y.; He, P.; Lu, X,; Jiang,
J.; Chen, S.; Liu, P. Nmnat3 Is Involved in the Protective Effect of
Sirt3 in Ang Ili-Induced Cardiac Hypertrophy. Exp. Cell Res. 2016,
347, 261-273.

(123) Sundaresan, N. R; Bindu, S.; Pillai, V. B.; Samant, S.; Pan, Y.;
Huang, J. Y.; Gupta, M.; Nagalingam, R. S.; Wolfgeher, D.; Verdin, E.;
Gupta, M. P. Sirt3 Blocks Aging-Associated Tissue Fibrosis in Mice by
Deacetylating and Activating Glycogen Synthase Kinase 3beta. Mol.
Cell. Biol. 2016, 36, 678—692.

https://doi.org/10.1021/acs.jmedchem.3c01979
J. Med. Chem. 2024, 67, 1662—1689


https://doi.org/10.3892/or.2013.2604
https://doi.org/10.3892/or.2013.2604
https://doi.org/10.1074/jbc.M115.702076
https://doi.org/10.1074/jbc.M115.702076
https://doi.org/10.1038/onc.2015.121
https://doi.org/10.1038/onc.2015.121
https://doi.org/10.1038/onc.2015.121
https://doi.org/10.1016/j.cell.2012.03.042
https://doi.org/10.1016/j.cell.2012.03.042
https://doi.org/10.1016/j.canlet.2020.02.015
https://doi.org/10.1016/j.canlet.2020.02.015
https://doi.org/10.1016/S1535-6108(03)00050-3
https://doi.org/10.1016/S1535-6108(03)00050-3
https://doi.org/10.1016/S1535-6108(03)00050-3
https://doi.org/10.7554/eLife.02523
https://doi.org/10.7554/eLife.02523
https://doi.org/10.7554/eLife.02523
https://doi.org/10.1016/j.canlet.2021.04.007
https://doi.org/10.1016/j.canlet.2021.04.007
https://doi.org/10.1016/j.canlet.2021.04.007
https://doi.org/10.4161/cc.5.6.2561
https://doi.org/10.4161/cc.5.6.2561
https://doi.org/10.1038/s41467-018-06812-y
https://doi.org/10.1038/s41467-018-06812-y
https://doi.org/10.1038/s41467-018-06812-y
https://doi.org/10.1007/s11010-019-03644-2
https://doi.org/10.1007/s11010-019-03644-2
https://doi.org/10.1007/s11010-019-03644-2
https://doi.org/10.1016/j.neo.2019.04.008
https://doi.org/10.1016/j.neo.2019.04.008
https://doi.org/10.1016/j.neo.2019.04.008
https://doi.org/10.1016/j.molcel.2011.07.019
https://doi.org/10.1016/j.molcel.2011.07.019
https://doi.org/10.1016/j.molcel.2011.07.019
https://doi.org/10.1042/BJ20100791
https://doi.org/10.1042/BJ20100791
https://doi.org/10.1186/s12964-020-00640-8
https://doi.org/10.1186/s12964-020-00640-8
https://doi.org/10.1186/s12967-023-04367-1
https://doi.org/10.1186/s12967-023-04367-1
https://doi.org/10.1186/s12967-023-04367-1
https://doi.org/10.1002/hep.29912
https://doi.org/10.1002/hep.29912
https://doi.org/10.1002/hep.29912
https://doi.org/10.1002/hep.29912
https://doi.org/10.1007/s00395-015-0493-6
https://doi.org/10.1007/s00395-015-0493-6
https://doi.org/10.1016/j.yjmcc.2019.06.008
https://doi.org/10.1016/j.yjmcc.2019.06.008
https://doi.org/10.1016/j.yjmcc.2019.06.008
https://doi.org/10.1016/j.cell.2016.10.016
https://doi.org/10.1016/j.cell.2016.10.016
https://doi.org/10.1074/jbc.M109.077271
https://doi.org/10.1074/jbc.M109.077271
https://doi.org/10.1074/jbc.M500528200
https://doi.org/10.1074/jbc.M500528200
https://doi.org/10.1038/ncomms12748
https://doi.org/10.1038/ncomms12748
https://doi.org/10.1038/ncomms12748
https://doi.org/10.1038/ncomms7656
https://doi.org/10.1038/ncomms7656
https://doi.org/10.1371/journal.pone.0118909
https://doi.org/10.1371/journal.pone.0118909
https://doi.org/10.1016/j.yexcr.2016.07.006
https://doi.org/10.1016/j.yexcr.2016.07.006
https://doi.org/10.1128/MCB.00586-15
https://doi.org/10.1128/MCB.00586-15
pubs.acs.org/jmc?ref=pdf
https://doi.org/10.1021/acs.jmedchem.3c01979?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Journal of Medicinal Chemistry

pubs.acs.org/jmc

(124) Guo, X; Yan, F; Li, J.; Zhang, C.; Bu, P. Sirt3 Attenuates
AnglI-Induced Cardiac Fibrosis by Inhibiting Myofibroblasts Trans-
differentiation Via Stat3-Nfatc2 Pathway. Am. J. Transl Res. 2017, 9,
3258—-3269.

(125) Du, Z.; Zhang, W.; Wang, S.; Zhang, J.; He, J.; Wang, Y,;
Dong, Y,; Huo, M. Celastrol Protects Human Retinal Pigment
Epithelial Cells against Hydrogen Peroxide Mediated Oxidative Stress,
Autophagy, and Apoptosis through Sirtuin 3 Signal Pathway. J. Cell
Biochem 2019, 120, 10413—10420.

(126) Song, C.; Peng, W.; Yin, S.; Zhao, J.; Fu, B.; Zhang, J.; Mao,
T.; Wu, H,; Zhang, Y. Melatonin Improves Age-Induced Fertility
Decline and Attenuates Ovarian Mitochondrial Oxidative Stress in
Mice. Sci. Rep 2016, 6, 35168S.

(127) Li, Y.; Ma, Y; Song, L.; Yu, L.; Zhang, L.; Zhang, Y.; Xing, Y.;
Yin, Y.; Ma, H. Sirt3 Deficiency Exacerbates P53/Parkin-Mediated
Mitophagy Inhibition and Promotes Mitochondrial Dysfunction:
Implication for Aged Hearts. Int. J. Mol. Med. 2018, 41, 3517—3526.

(128) Harper, J. W.,; Ordureau, A; Heo, J. M. Building and
Decoding Ubiquitin Chains for Mitophagy. Nat. Rev. Mol. Cell Biol.
2018, 19, 93—108.

(129) 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.

(130) Someya, S.; Yu, W.; Hallows, W. C; Xu, J,; Vann, J. M,;
Leeuwenburgh, C.; Tanokura, M.; Denu, J. M, Prolla, T. A
Sirt3Mediates Reduction of Oxidative Damage and Prevention of
Age-Related Hearing Loss under Caloric Restriction. Cell 2010, 143,
802—812.

(131) Wang, Q;; Xu, J.; Li, X,; Liu, Z.; Han, Y.; Xu, X,; Li, X;; Tang,
Y,; Liy, Y,; Yu, T.; Li, X. Sirt3Modulate Renal Ischemia-Reperfusion
Injury through Enhancing Mitochondrial Fusion and Activating the
Erk-Opal Signaling Pathway. J. Cell Physiol 2019, 234, 23495—23506.

(132) Levey, A. S.; James, M. T. Acute Kidney Injury. Ann. Int. Med.
2017, 167, ITC66—ITC80.

(133) Zhang, Q.; Liu, X;; Li, N.; Zhang, J.; Yang, J.; Bu, P. Sirtuin 3
Deficiency Aggravates Contrast-Induced Acute Kidney Injury. J.
Transl Med. 2018, 16, 313.

(134) Si, Y;; Bao, H.; Han, L,; Chen, L; Zeng, L.; Jing, L.; Xing, Y.;
Geng, Y. Dexmedetomidine Attenuation of Renal Ischaemia-
Reperfusion Injury Requires Sirtuin 3 Activation. Br J. Anaesth
2018, 121, 1260—1271.

(135) Ouyang, J.; Zeng, Z.; Fang, H; Li, F.; Zhang, X.; Tan, W. Sirt3
Inactivation Promotes Acute Kidney Injury through Elevated
Acetylation of Sod2 and P53. J. Surg Res. 2019, 233, 221-230.

(136) Morigi, M.; Perico, L.; Benigni, A. Sirtuins in Renal Health
and Disease. ]. Am. Soc. Nephrol 2018, 29, 1799—1809.

(137) Xi, J.; Jing, J.; Zhang, Y.; Liang, C.; Hao, Z.; Zhang, L.; Chen,
Y. Sirt3 Inhibited the Formation of Calcium Oxalate-Induced Kidney
Stones through Regulating Nrf2/Ho-1 Signaling Pathway. J. Cell
Biochem 2019, 120, 8259—8271.

(138) Nastase, M. V.; Zeng-Brouwers, J.; Wygrecka, M.; Schaefer, L.
Targeting Renal Fibrosis: Mechanisms and Drug Delivery Systems.
Adv. Drug Deliv Rev. 2018, 129, 295-307.

(139) Porter, L. C.; Franczyk, M. P.; Pietka, T.; Yamaguchi, S.; Lin,
J. B.; Sasaki, Y.; Verdin, E; Apte, R. S; Yoshino, J. Nad(+)-
Dependent Deacetylase Sirt3 in Adipocytes Is Dispensable for
Maintaining Normal Adipose Tissue Mitochondrial Function and
Whole Body Metabolism. Am. . Physiol Endocrinol Metab 2018, 315,
ES20—ES30.

(140) Huh, J. E.; Shin, J. H; Jang, E. S.; Park, S. J.; Park, D. R; Ko,
R.; Seo, D. H,; Kim, H. S.; Lee, S. H,; Choi, Y.; Kim, H. S.; Lee, S. Y.
Sirtuin 3 (Sirt3) Maintains Bone Homeostasis by Regulating Ampk-
Pgc-1beta Axis in Mice. Sci. Rep 2016, 6, 22511.

(141) Zeng, H.; He, X;; Tuo, Q. H,; Liao, D. F.; Zhang, G. Q.; Chen,
J. X. Lps Causes Pericyte Loss and Microvascular Dysfunction Via
Disruption of Sirt3/Angiopoietins/Tie-2 and Hif-2alpha/Notch3
Pathways. Sci. Rep 2016, 6, 20931.

(142) Wang, J.; Wang, K; Huang, C,; Lin, D,; Zhou, Y,; Wu, Y,;
Tian, N; Fan, P; Pan, X,; Xu, D.; Hu, J.; Zhou, Y.; Wang, X.; Zhang,

1685

X. Sirt3 Activation by Dihydromyricetin Suppresses Chondrocytes
Degeneration Via Maintaining Mitochondrial Homeostasis. Int. J. Biol.
Sci. 2018, 14, 1873—1882.

(143) Xing, S. S.; Li, J.; Chen, L,; Yang, Y. F.; He, P. L; Li, J.; Yang,
J. Salidroside Attenuates Endothelial Cellular Senescence Via
Decreasing the Expression of Inflammatory Cytokines and Increasing
the Expression of Sirt3. Mech Ageing Dev 2018, 175, 1—6.

(144) Yamashita, A.; Matsuoka, Y.; Matsuda, M.; Kawai, K.; Sawa,
T.; Amaya, F. Dysregulation of P53 and Parkin Induce Mitochondrial
Dysfunction and Leads to the Diabetic Neuropathic Pain. Neuroscience
2019, 416, 9—19.

(145) Chen, X. J; Wang, L.; Song, X. Y. Mitoquinone Alleviates
Vincristine-Induced Neuropathic Pain through Inhibiting Oxidative
Stress and Apoptosis Via the Improvement of Mitochondrial
Dysfunction. Biomed Pharmacother 2020, 125, 110003.

(146) Dai, C. Q; Guo, Y,; Chu, X. Y. Neuropathic Pain: The
Dysfunction of Drpl, Mitochondria, and Ros Homeostasis. Neurotox
Res. 2020, 38, 553—563.

(147) Shi, H,; Tang, H.; Ai, W.; Zeng, Q.; Yang, H,; Zhu, F.; Wei,
Y.; Feng, R; Wen, L; Pu, P;; He, Q. Schisandrin B Antagonizes
Cardiotoxicity Induced by Pirarubicin by Inhibiting Mitochondrial
Permeability Transition Pore (Mptp) Opening and Decreasing
Cardiomyocyte Apoptosis. Front Pharmacol 2021, 12, 733805.

(148) Kim, W. S.; Park, J. Y.; Kim, T. K.; Baik, S. W. The Changes of
Mitochondrial Cytochrome C and Gabaergic Neuron in Neuropathic
Pain Model. Korean ]. Anesthesiol 2012, 62, 365—370.

(149) Yowtak, J.; Lee, K. Y,; Kim, H. Y.; Wang, J; Kim, H. K;
Chung, K; Chung, J. M. Reactive Oxygen Species Contribute to
Neuropathic Pain by Reducing Spinal Gaba Release. Pain 2011, 152,
844—852.

(150) Gwak, Y. S.; Hassler, S. E.; Hulsebosch, C. E. Reactive Oxygen
Species Contribute to Neuropathic Pain and Locomotor Dysfunction
Via Activation of Camkii in Remote Segments Following Spinal Cord
Contusion Injury in Rats. Pain 2013, 154, 1699—1708.

(151) Mao, Y. F,; Yan, N.; Xu, H.; Sun, J. H; Xiong, Y. C.; Deng, X.
M. Edaravone, a Free Radical Scavenger, Is Effective on Neuropathic
Pain in Rats. Brain Res. 2009, 1248, 68—75.

(152) Yan, B; Liu, Q; Ding, X,; Lin, Y.; Jiao, X,; Wu, Y.; Miao, H,;
Zhou, C. Sirt3-Mediated Cypd-K166 Deacetylation Alleviates Neuro-
pathic Pain by Improving Mitochondrial Dysfunction and Inhibiting
Oxidative Stress. Oxid Med. Cell Longev 2022, 2022, 4722647.

(153) Linkermann, A.; Brasen, J. H,; Darding, M,; Jin, M. K;; Sanz,
A. B,; Heller, J. O.; De Zen, F.; Weinlich, R.; Ortiz, A.; Walczak, H,;
Weinberg, J. M.; Green, D. R.; Kunzendorf, U,; Krautwald, S. Two
Independent Pathways of Regulated Necrosis Mediate Ischemia-
Reperfusion Injury. Proc. Natl. Acad. Sci. U. S. A. 2013, 110, 12024—
12029.

(154) Halestrap, A. P.; McStay, G. P.; Clarke, S. J. The Permeability
Transition Pore Complex: Another View. Biochimie 2002, 84, 153—
166.

(155) Bernardi, P.; Rasola, A.; Forte, M.; Lippe, G. The
Mitochondrial Permeability Transition Pore: Channel Formation by
F-Atp Synthase, Integration in Signal Transduction, and Role in
Pathophysiology. Physiol Rev. 2018, 95, 1111—1155.

(156) Halestrap, A. Biochemistry: A Pore Way to Die. Nature 2005,
434, S78=S579.

(157) Daiber, A. Redox Signaling (Cross-Talk) from and to
Mitochondria Involves Mitochondrial Pores and Reactive Oxygen
Species. Biochim. Biophys. Acta 2010, 1797, 897—906.

(158) Crompton, M. The Mitochondrial Permeability Transition
Pore and Its Role in Cell Death. Biochem. J. 1999, 341, 233—249.

(159) Daiber, A; Di Lisa, F.; Oelze, M.; Kroller-Schon, S.; Steven,
S.; Schulz, E;; Munzel, T. Crosstalk of Mitochondria with Nadph
Oxidase Via Reactive Oxygen and Nitrogen Species Signalling and Its
Role for Vascular Function. Br. J. Pharmacol. 2017, 174, 1670—1689.

(160) Piskernik, C.; Haindl, S.; Behling, T.; Gerald, Z.; Kehrer, I;
Redl, H.; Kozlov, A. V. Antimycin a and Lipopolysaccharide Cause
the Leakage of Superoxide Radicals from Rat Liver Mitochondria.
Biochim. Biophys. Acta 2008, 1782, 280—28S.

https://doi.org/10.1021/acs.jmedchem.3c01979
J. Med. Chem. 2024, 67, 1662—1689


https://doi.org/10.1002/jcb.28326
https://doi.org/10.1002/jcb.28326
https://doi.org/10.1002/jcb.28326
https://doi.org/10.1038/srep35165
https://doi.org/10.1038/srep35165
https://doi.org/10.1038/srep35165
https://doi.org/10.3892/ijmm.2018.3555
https://doi.org/10.3892/ijmm.2018.3555
https://doi.org/10.3892/ijmm.2018.3555
https://doi.org/10.1038/nrm.2017.129
https://doi.org/10.1038/nrm.2017.129
https://doi.org/10.1016/j.molmed.2017.02.005
https://doi.org/10.1016/j.molmed.2017.02.005
https://doi.org/10.1016/j.cell.2010.10.002
https://doi.org/10.1016/j.cell.2010.10.002
https://doi.org/10.1002/jcp.28918
https://doi.org/10.1002/jcp.28918
https://doi.org/10.1002/jcp.28918
https://doi.org/10.7326/AITC201711070
https://doi.org/10.1186/s12967-018-1690-5
https://doi.org/10.1186/s12967-018-1690-5
https://doi.org/10.1016/j.bja.2018.07.007
https://doi.org/10.1016/j.bja.2018.07.007
https://doi.org/10.1016/j.jss.2018.07.019
https://doi.org/10.1016/j.jss.2018.07.019
https://doi.org/10.1016/j.jss.2018.07.019
https://doi.org/10.1681/ASN.2017111218
https://doi.org/10.1681/ASN.2017111218
https://doi.org/10.1002/jcb.28109
https://doi.org/10.1002/jcb.28109
https://doi.org/10.1016/j.addr.2017.12.019
https://doi.org/10.1152/ajpendo.00057.2018
https://doi.org/10.1152/ajpendo.00057.2018
https://doi.org/10.1152/ajpendo.00057.2018
https://doi.org/10.1152/ajpendo.00057.2018
https://doi.org/10.1038/srep22511
https://doi.org/10.1038/srep22511
https://doi.org/10.1038/srep20931
https://doi.org/10.1038/srep20931
https://doi.org/10.1038/srep20931
https://doi.org/10.7150/ijbs.27746
https://doi.org/10.7150/ijbs.27746
https://doi.org/10.1016/j.mad.2017.12.005
https://doi.org/10.1016/j.mad.2017.12.005
https://doi.org/10.1016/j.mad.2017.12.005
https://doi.org/10.1016/j.neuroscience.2019.07.045
https://doi.org/10.1016/j.neuroscience.2019.07.045
https://doi.org/10.1016/j.biopha.2020.110003
https://doi.org/10.1016/j.biopha.2020.110003
https://doi.org/10.1016/j.biopha.2020.110003
https://doi.org/10.1016/j.biopha.2020.110003
https://doi.org/10.1007/s12640-020-00257-2
https://doi.org/10.1007/s12640-020-00257-2
https://doi.org/10.3389/fphar.2021.733805
https://doi.org/10.3389/fphar.2021.733805
https://doi.org/10.3389/fphar.2021.733805
https://doi.org/10.3389/fphar.2021.733805
https://doi.org/10.4097/kjae.2012.62.4.365
https://doi.org/10.4097/kjae.2012.62.4.365
https://doi.org/10.4097/kjae.2012.62.4.365
https://doi.org/10.1016/j.pain.2010.12.034
https://doi.org/10.1016/j.pain.2010.12.034
https://doi.org/10.1016/j.pain.2013.05.018
https://doi.org/10.1016/j.pain.2013.05.018
https://doi.org/10.1016/j.pain.2013.05.018
https://doi.org/10.1016/j.pain.2013.05.018
https://doi.org/10.1016/j.brainres.2008.10.073
https://doi.org/10.1016/j.brainres.2008.10.073
https://doi.org/10.1155/2022/4722647
https://doi.org/10.1155/2022/4722647
https://doi.org/10.1155/2022/4722647
https://doi.org/10.1073/pnas.1305538110
https://doi.org/10.1073/pnas.1305538110
https://doi.org/10.1073/pnas.1305538110
https://doi.org/10.1016/S0300-9084(02)01375-5
https://doi.org/10.1016/S0300-9084(02)01375-5
https://doi.org/10.1152/physrev.00001.2015
https://doi.org/10.1152/physrev.00001.2015
https://doi.org/10.1152/physrev.00001.2015
https://doi.org/10.1152/physrev.00001.2015
https://doi.org/10.1038/434578a
https://doi.org/10.1016/j.bbabio.2010.01.032
https://doi.org/10.1016/j.bbabio.2010.01.032
https://doi.org/10.1016/j.bbabio.2010.01.032
https://doi.org/10.1042/bj3410233
https://doi.org/10.1042/bj3410233
https://doi.org/10.1111/bph.13403
https://doi.org/10.1111/bph.13403
https://doi.org/10.1111/bph.13403
https://doi.org/10.1016/j.bbadis.2008.01.007
https://doi.org/10.1016/j.bbadis.2008.01.007
pubs.acs.org/jmc?ref=pdf
https://doi.org/10.1021/acs.jmedchem.3c01979?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Journal of Medicinal Chemistry

pubs.acs.org/jmc

(161) Kent, A. C.; El Baradie, K. B. Y.; Hamrick, M. W. Targeting
the Mitochondrial Permeability Transition Pore to Prevent Age-
Associated Cell Damage and Neurodegeneration. Oxid Med. Cell
Longev 2021, 2021, 6626484.

(162) Mishra, Y.; Kaundal, R. K. Role of Sirt3 in Mitochondrial
Biology and Its Therapeutic Implications in Neurodegenerative
Disorders. Drug Discov Today 2023, 28, 103583.

(163) Perone, L; Ghena, N.; Wang, J.; Mackey, C.; Wan, R.; Malla,
S.; Gorospe, M,; Cheng, A.; Mattson, M. P. Mitochondrial Sirt3
Deficiency Results in Neuronal Network Hyperexcitability, Accel-
erates Age-Related Abeta Pathology, and Renders Neurons Vulner-
able to Abeta Toxicity. Neuromolecular Med. 2023, 25, 27—39.

(164) Han, P.; Tang, Z.; Yin, J.; Maalouf, M.; Beach, T. G.; Reiman,
E. M,; Shi, J. Pituitary Adenylate Cyclase-Activating Polypeptide
Protects against Beta-Amyloid Toxicity. Neurobiol Aging 2014, 35,
2064—2071.

(165) Hayashi, T.; Matsushita, T.; Hisahara, S.; Iwahara, N.; Kuno,
A.; Kunimoto, R.;; Hosoda, R.; Tanno, M.; Shimohama, S.; Horio, Y.
Ubiquitin-Dependent Rapid Degradation Conceals a Cell-Protective
Function of Cytoplasmic Sirt3 against Oxidative Stress. J. Biochem
2022, 171, 201-213.

(166) Shi, H.; Deng, H. X; Gius, D.; Schumacker, P. T.; Surmeier,
D. J; Ma, Y. C. Sirt3 Protects Dopaminergic Neurons from
Mitochondrial Oxidative Stress. Hum. Mol. Genet. 2017, 26, 1915—
1926.

(167) Cui, X. X;; Li, X; Dong, S. Y;; Guo, Y. J; Liu, T.; Wy, Y. C.
Sirt3 Deacetylated and Increased Citrate Synthase Activity in Pd
Model. Biochem. Biophys. Res. Commun. 2017, 484, 767—773.

(168) Shen, Y.; Wu, Q.; Shi, J; Zhou, S. Regulation of Sirt3 on
Mitochondrial Functions and Oxidative Stress in Parkinson’s Disease.
Biomed Pharmacother 2020, 132, 110928.

(169) Gleave, J. A.; Arathoon, L. R; Trinh, D.; Lizal, K. E.; Giguere,
N.; Barber, J. H. M,; Najarali, Z.; Khan, M. H.; Thiele, S. L.; Semmen,
M. S.; Koprich, J. B.; Brotchie, J. M.; Eubanks, J. H.; Trudeauy, L. E;
Nash, J. E. Sirtuin 3 Rescues Neurons through the Stabilisation of
Mitochondrial Biogenetics in the Virally-Expressing Mutant Alpha-
Synuclein Rat Model of Parkinsonism. Neurobiol Dis 2017, 106, 133—
146.

(170) Zhang, J. Y.; Deng, Y. N.; Zhang, M.; Su, H.; Qu, Q. M. Sirt3
Acts as a Neuroprotective Agent in Rotenone-Induced Parkinson Cell
Model. Neurochem. Res. 2016, 41, 1761—1773.

(171) By, J; Jin, J.; Cichewicz, R. H.; Hageman, S. A;; Ellis, T. K;
Xiang, L.; Peng, Q.; Jiang, M.; Arbez, N.; Hotaling, K; Ross, C. A,;
Duan, W. Trans-(—)-Epsilon-Viniferin Increases Mitochondrial
Sirtuin 3 (Sirt3), Activates Amp-Activated Protein Kinase (Ampk),
and Protects Cells in Models of Huntington Disease. J. Biol. Chem.
2012, 287, 24460—24472.

(172) Herskovits, A. Z.; Guarente, L. Sirtuin Deacetylases in
Neurodegenerative Diseases of Aging. Cell Res. 2013, 23, 746—758.

(173) Yuan, L;; Yang, J; Li, Y.; Yuan, L;; Liu, F,; Yuan, Y.; Tang, X.
Matrine Alleviates Cisplatin-Induced Acute Kidney Injury by
Inhibiting Mitochondrial Dysfunction and Inflammation Via Sirt3/
Opal Pathway. J. Cell Mol. Med. 2022, 26, 3702—3715.

(174) Yi, X.; Guo, W.; Shi, Q;; Yang, Y.; Zhang, W.; Chen, X,; Kang,
P.; Chen, J; Cui, T.; Ma, J.; Wang, H,; Guo, S.; Chang, Y,; Liu, L;
Jian, Z.; Wang, L,; Xiao, Q; Li, S,; Gao, T.; Li, C. Sirt3-Dependent
Mitochondrial Dynamics Remodeling Contributes to Oxidative
Stress-Induced Melanocyte Degeneration in Vitiligo. Theranostics
2019, 9, 1614—1633.

(175) Chen, T.; Wang, Y.; Wang, Y. H,; Hang, C. H. The Mfnl-
Betaiipkc Interaction Regulates Mitochondrial Dysfunction Via Sirt3
Following Experimental Subarachnoid Hemorrhage. Transl Stroke Res.
2022, 13, 845—857.

(176) He, Z.; Ning, N.; Zhou, Q.; Khoshnam, S. E.; Farzaneh, M.
Mitochondria as a Therapeutic Target for Ischemic Stroke. Free Radic
Biol. Med. 2020, 146, 45—58.

(177) Kaur, M. M.; Sharma, D. S. Mitochondrial Repair as Potential
Pharmacological Target in Cerebral Ischemia. Mitochondrion 2022,
63, 23-31.

1686

(178) Song, M.; Zhou, Y.; Fan, X. Mitochondrial Quality and
Quantity Control: Mitophagy Is a Potential Therapeutic Target for
Ischemic Stroke. Mol. Neurobiol 2022, 59, 3110—3123.

(179) Zhou, Z. W.; Ren, X; Zheng, L. J,; Li, A. P.; Zhou, W. S.
Lncrna Neatl Ameliorate Ischemic Stroke Via Promoting Mfn2
Expression through Binding to Nova and Activates Sirt3. Metab Brain
Dis 2022, 37, 653—664.

(180) Li, Y.; Hu, K; Liang, M,; Yan, Q.; Huang, M,; Jin, L.; Chen,
Y,; Yang, X,; Li, X. Stilbene Glycoside Upregulates Sirt3/Ampk to
Promotes Neuronal Mitochondrial Autophagy and Inhibit Apoptosis
in Ischemic Stroke. Adv. Clin Exp Med. 2021, 30, 139—146.

(181) Dai, S. H; Chen, T.; Li, X.; Yue, K. Y.; Luo, P,; Yang, L. K;
Zhu, J.; Wang, Y. H; Fei, Z.; Jiang, X. F. Sirt3 Confers Protection
against Neuronal Ischemia by Inducing Autophagy: Involvement of
the Ampk-Mtor Pathway. Free Radic Biol. Med. 2017, 108, 345—353.

(182) Yin, J.; Han, P.; Tang, Z.; Liu, Q.; Shi, J. Sirtuin 3 Mediates
Neuroprotection of Ketones against Ischemic Stroke. J. Cereb Blood
Flow Metab 2018, 35, 1783—1789.

(183) Chen, T.; Liu, W. B; Qian, X; Xie, K. L; Wang, Y. H. The
Ampar Antagonist Perampanel Protects the Neurovascular Unit
against Traumatic Injury Via Regulating Sirt3. CNS Neurosci Ther
2021, 27, 134—144.

(184) Wang, T; Zhu, M; He, Z. Z. Low-Molecular-Weight
Fucoidan Attenuates Mitochondrial Dysfunction and Improves
Neurological Outcome after Traumatic Brain Injury in Aged Mice:
Involvement of Sirt3. Cell Mol. Neurobiol 2016, 36, 1257—1268.

(185) Rangarajan, P.; Karthikeyan, A.; Lu, J.; Ling, E. A;; Dheen, S.
T. Sirtuin 3 Regulates Foxo3a-Mediated Antioxidant Pathway in
Microglia. Neuroscience 2015, 311, 398—414.

(186) Haigis, M. C.; Guarente, L. P. Mammalian Sirtuins—Emerging
Roles in Physiology, Aging, and Calorie Restriction. Genes Dev. 2006,
20, 2913-2921.

(187) Lombard, D. B; Alt, F. W.; Cheng, H. L.; Bunkenborg, J;
Streeper, R. S.; Mostoslavsky, R.; Kim, J.; Yancopoulos, G;
Valenzuela, D.; Murphy, A.; Yang, Y.,; Chen, Y,; Hirschey, M. D,;
Bronson, R. T.; Haigis, M,; Guarente, L. P.; Farese, R. V., Jr;
Weissman, S.; Verdin, E.; Schwer, B. Mammalian Sir2 Homolog Sirt3
Regulates Global Mitochondrial Lysine Acetylation. Mol. Cell. Biol.
2007, 27, 8807—8814.

(188) Schwer, B.; Bunkenborg, J.; Verdin, R. O.; Andersen, J. S.;
Verdin, E. Reversible Lysine Acetylation Controls the Activity of the
Mitochondrial Enzyme Acetyl-Coa Synthetase 2. Proc. Natl. Acad. Sci.
U. S. A. 2006, 103, 10224—10229.

(189) Li, Y.; Ye, Z.; Lai, W.; Rao, J.; Huang, W.; Zhang, X,; Yao, Z,;
Lou, T. Activation of Sirtuin 3 by Silybin Attenuates Mitochondrial
Dysfunction in Cisplatin-Induced Acute Kidney Injury. Front
Pharmacol 2017, 8, 178.

(190) Li, H; Feng, Z; Wu, W,; Li, J; Zhang, J; Xia, T. Sirt3
Regulates Cell Proliferation and Apoptosis Related to Energy
Metabolism in Non-Small Cell Lung Cancer Cells through
Deacetylation of Nmnat2. Int. J. Oncol. 2013, 43, 1420—1430.

(191) Chatterjee, K,; Zhang, J; Honbo, N.; Karliner, J. S.
Doxorubicin Cardiomyopathy. Cardiology 2010, 115, 155—162.

(192) Ichikawa, Y.; Ghanefar, M.; Bayeva, M.; Wu, R.; Khechaduri,
A.; Prasad, S. V. N,; Mutharasan, R. K; Naik, T. J.; Ardehali, H.
Cardiotoxicity of Doxorubicin Is Mediated through Mitochondrial
Iron Accumulation. J. Clin Invest 2014, 124, 617—630.

(193) Youle, R. J; van der Bliek, A. M. Mitochondrial Fission,
Fusion, and Stress. Science 2012, 337, 1062—1065.

(194) Pillai, V. B.; Kanwal, A;; Fang, Y. H.; Sharp, W. W.; Samant,
S.; Arbiser, J.; Gupta, M. P. Honokiol, an Activator of Sirtuin-3 (Sirt3)
Preserves Mitochondria and Protects the Heart from Doxorubicin-
Induced Cardiomyopathy in Mice. Oncotarget 2017, 8, 34082—34098.

(195) Quan, Y.; Park, W,; Jin, J.; Kim, W.; Park, S. K; Kang, K. P.
Sirtuin 3 Activation by Honokiol Decreases Unilateral Ureteral
Obstruction-Induced Renal Inflammation and Fibrosis Via Regulation
of Mitochondrial Dynamics and the Renal Nf-Kappabtgf-Betal/Smad
Signaling Pathway. Int. J. Mol. Sci. 2020, 21, 402.

https://doi.org/10.1021/acs.jmedchem.3c01979
J. Med. Chem. 2024, 67, 1662—1689


https://doi.org/10.1155/2021/6626484
https://doi.org/10.1155/2021/6626484
https://doi.org/10.1155/2021/6626484
https://doi.org/10.1016/j.drudis.2023.103583
https://doi.org/10.1016/j.drudis.2023.103583
https://doi.org/10.1016/j.drudis.2023.103583
https://doi.org/10.1007/s12017-022-08713-2
https://doi.org/10.1007/s12017-022-08713-2
https://doi.org/10.1007/s12017-022-08713-2
https://doi.org/10.1007/s12017-022-08713-2
https://doi.org/10.1016/j.neurobiolaging.2014.03.022
https://doi.org/10.1016/j.neurobiolaging.2014.03.022
https://doi.org/10.1093/jb/mvab119
https://doi.org/10.1093/jb/mvab119
https://doi.org/10.1093/hmg/ddx100
https://doi.org/10.1093/hmg/ddx100
https://doi.org/10.1016/j.bbrc.2017.01.163
https://doi.org/10.1016/j.bbrc.2017.01.163
https://doi.org/10.1016/j.biopha.2020.110928
https://doi.org/10.1016/j.biopha.2020.110928
https://doi.org/10.1016/j.nbd.2017.06.009
https://doi.org/10.1016/j.nbd.2017.06.009
https://doi.org/10.1016/j.nbd.2017.06.009
https://doi.org/10.1007/s11064-016-1892-2
https://doi.org/10.1007/s11064-016-1892-2
https://doi.org/10.1007/s11064-016-1892-2
https://doi.org/10.1074/jbc.M112.382226
https://doi.org/10.1074/jbc.M112.382226
https://doi.org/10.1074/jbc.M112.382226
https://doi.org/10.1038/cr.2013.70
https://doi.org/10.1038/cr.2013.70
https://doi.org/10.1111/jcmm.17398
https://doi.org/10.1111/jcmm.17398
https://doi.org/10.1111/jcmm.17398
https://doi.org/10.7150/thno.30398
https://doi.org/10.7150/thno.30398
https://doi.org/10.7150/thno.30398
https://doi.org/10.1007/s12975-022-00999-5
https://doi.org/10.1007/s12975-022-00999-5
https://doi.org/10.1007/s12975-022-00999-5
https://doi.org/10.1016/j.freeradbiomed.2019.11.005
https://doi.org/10.1016/j.mito.2022.01.001
https://doi.org/10.1016/j.mito.2022.01.001
https://doi.org/10.1007/s12035-022-02795-6
https://doi.org/10.1007/s12035-022-02795-6
https://doi.org/10.1007/s12035-022-02795-6
https://doi.org/10.1007/s11011-021-00895-1
https://doi.org/10.1007/s11011-021-00895-1
https://doi.org/10.17219/acem/130608
https://doi.org/10.17219/acem/130608
https://doi.org/10.17219/acem/130608
https://doi.org/10.1016/j.freeradbiomed.2017.04.005
https://doi.org/10.1016/j.freeradbiomed.2017.04.005
https://doi.org/10.1016/j.freeradbiomed.2017.04.005
https://doi.org/10.1038/jcbfm.2015.123
https://doi.org/10.1038/jcbfm.2015.123
https://doi.org/10.1111/cns.13580
https://doi.org/10.1111/cns.13580
https://doi.org/10.1111/cns.13580
https://doi.org/10.1007/s10571-015-0323-2
https://doi.org/10.1007/s10571-015-0323-2
https://doi.org/10.1007/s10571-015-0323-2
https://doi.org/10.1007/s10571-015-0323-2
https://doi.org/10.1016/j.neuroscience.2015.10.048
https://doi.org/10.1016/j.neuroscience.2015.10.048
https://doi.org/10.1101/gad.1467506
https://doi.org/10.1101/gad.1467506
https://doi.org/10.1128/MCB.01636-07
https://doi.org/10.1128/MCB.01636-07
https://doi.org/10.1073/pnas.0603968103
https://doi.org/10.1073/pnas.0603968103
https://doi.org/10.3389/fphar.2017.00178
https://doi.org/10.3389/fphar.2017.00178
https://doi.org/10.3892/ijo.2013.2103
https://doi.org/10.3892/ijo.2013.2103
https://doi.org/10.3892/ijo.2013.2103
https://doi.org/10.3892/ijo.2013.2103
https://doi.org/10.1159/000265166
https://doi.org/10.1172/JCI72931
https://doi.org/10.1172/JCI72931
https://doi.org/10.1126/science.1219855
https://doi.org/10.1126/science.1219855
https://doi.org/10.18632/oncotarget.16133
https://doi.org/10.18632/oncotarget.16133
https://doi.org/10.18632/oncotarget.16133
https://doi.org/10.3390/ijms21020402
https://doi.org/10.3390/ijms21020402
https://doi.org/10.3390/ijms21020402
https://doi.org/10.3390/ijms21020402
pubs.acs.org/jmc?ref=pdf
https://doi.org/10.1021/acs.jmedchem.3c01979?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Journal of Medicinal Chemistry

pubs.acs.org/jmc

(196) Ye, J. S.; Chen, L,; Lu, Y. Y.; Lei, S. Q; Peng, M.; Xia, Z. Y.
Sirt3 Activator Honokiol Ameliorates Surgery/Anesthesia-Induced
Cognitive Decline in Mice through Anti-Oxidative Stress and Anti-
Inflammatory in Hippocampus. CNS Neurosci Ther 2019, 25, 355—
366.

(197) Loguercio, C.; Festi, D. Silybin and the Liver: From Basic
Research to Clinical Practice. World J. Gastroenterol 2011, 17, 2288—
2301.

(198) He, B. H.; Christin, M.; Mouchbahani-Constance, S.;
Davidova, A.; Sharif-Naeini, R. Mechanosensitive Ion Channels in
Articular Nociceptors Drive Mechanical Allodynia in Osteoarthritis.
Osteoarthritis Cartilage 2017, 25, 2091—2099.

(199) Qu, R; Chen, X; Wang, W,; Qiu, C; Ban, M;; Guo, L;
Vasilev, K; Chen, J; Li, W.; Zhao, Y. Ghrelin Protects against
Osteoarthritis through Interplay with Akt and Nf-Kappab Signaling
Pathways. FASEB J. 2018, 32, 1044—1058.

(200) Song, W.; Zhang, Y.; Wang, J.; Ma, T.; Hao, L.; Wang, K.
Antagonism of Cysteinyl Leukotriene Receptor 1 (Cysltrl) by
Montelukast Suppresses Cell Senescence of Chondrocytes. Cytokine
2018, 103, 83—89.

(201) Kim, W. S; Lee, K. S.; Kim, J. H.; Kim, C. K.; Lee, G.; Choe,
J; Won, M. H,; Kim, T. H.; Jeoung, D.; Lee, H.; Kim, J. Y.; Ae Jeong,
M,; Ha, K S; Kwon, Y. G; Kim, Y. M. The Caspase-8/Bid/
Cytochrome C Axis Links Signals from Death Receptors to
Mitochondrial Reactive Oxygen Species Production. Free Radic Biol.
Med. 2017, 112, 567—577.

(202) Shen, Y. L; Shi, Y. Z.; Chen, G. G.; Wang, L. L.; Zheng, M.
Z; Jin, H. F; Chen, Y. Y. Tnf-Alpha Induces Drpl-Mediated
Mitochondrial Fragmentation During Inflammatory Cardiomyocyte
Injury. Int. J. Mol. Med. 2018, 41, 2317—-2327.

(203) Zhou, Y; Liang, X.; Chang, H.; Shu, F.; Wy, Y.; Zhang, T.; Fu,
Y.; Zhang, Q.; Zhu, J. D.; Mi, M. Ampelopsin-Induced Autophagy
Protects Breast Cancer Cells from Apoptosis through Akt-Mtor
Pathway Via Endoplasmic Reticulum Stress. Cancer Sci. 2014, 105,
1279—-1287.

(204) Liy, P.; Zou, D.; Chen, K; Zhou, Q.; Gao, Y.; Huang, Y.; Zhu,
J; Zhang, Q; Mi, M. Dihydromyricetin Improves Hypobaric
Hypoxia-Induced Memory Impairment Via Modulation of Sirt3
Signaling. Mol. Neurobiol 2016, 53, 7200—7212.

(205) Dagda, R. K; Cherra, S. J., 3rd; Kulich, S. M.; Tandon, A;
Park, D.; Chu, C. T. Loss of Pinkl Function Promotes Mitophagy
through Effects on Oxidative Stress and Mitochondrial Fission. J. Biol.
Chem. 2009, 284, 13843—1385S5.

(206) Baur, J. A; Pearson, K. J.; Price, N. L.; Jamieson, H. A.; Lerin,
C.; Kalra, A.; Prabhu, V. V,; Allard, J. S.; Lopez-Lluch, G.; Lewis, K;;
Pistell, P. J.; Poosala, S.; Becker, K. G.; Boss, O.; Gwinn, D.; Wang,
M.,; Ramaswamy, S.; Fishbein, K. W.; Spencer, R. G.; Lakatta, E. G;
Le Couteur, D.; Shaw, R. J.; Navas, P.; Puigserver, P.; Ingram, D. K;;
de Cabo, R;; Sinclair, D. A. Resveratrol Improves Health and Survival
of Mice on a High-Calorie Diet. Nature 2006, 444, 337—342.

(207) Hosoda, R.; Kuno, A.; Hori, Y. S.; Ohtani, K.; Wakamiya, N.;
Oohiro, A.; Hamada, H.; Horio, Y. Differential Cell-Protective
Function of Two Resveratrol (Trans-3,5,4-Trihydroxystilbene)
Glucosides against Oxidative Stress. J. Pharmacol Exp Ther 2013,
344, 124—132.

(208) Li, R. P; Wang, Z. Z.; Sun, M. X,; Hou, X. L,; Sun, Y.; Deng,
Z. F; Xiao, K. Polydatin Protects Learning and Memory Impairments
in a Rat Model of Vascular Dementia. Phytomedicine 2012, 19, 677—
681.

(209) Zhang, H.; Chen, Y.; Pei, Z.; Gao, H.; Shi, W.; Sun, M.; Xu,
Q;; Zhao, J; Meng, W,; Xiao, K. Protective Effects of Polydatin
against Sulfur Mustard-Induced Hepatic Injury. Towxicol. Appl.
Pharmacol. 2019, 367, 1—-11.

(210) Gustafsson, A. B.; Gottlieb, R. A. Autophagy in Ischemic
Heart Disease. Circ. Res. 2009, 104, 150—158.

(211) Maejima, Y.; Kyoi, S.; Zhai, P.; Liu, T,; Li, H; Ivessa, A;
Sciarretta, S.; Del Re, D. P.; Zablocki, D. K.; Hsu, C. P.; Lim, D. S.;
Isobe, M.; Sadoshima, J. Mstl Inhibits Autophagy by Promoting the

1687

Interaction between Beclinl and Bcl-2. Nat. Med. 2013, 19, 1478—
1488.

(212) Zhang, M.; Zhao, Z.; Shen, M.; Zhang, Y.; Duan, J.; Guo, Y.;
Zhang, D.; Hu, J; Lin, J,; Man, W.; Hou, L.; Wang, H,; Sun, D.
Polydatin Protects Cardiomyocytes against Myocardial Infarction
Injury by Activating Sirt3. Biochim Biophys Acta Mol. Basis Dis 2017,
1863, 1962—1972.

(213) Chowanadisai, W.; Bauerly, K. A.; Tchaparian, E.; Wong, A,;
Cortopassi, G. A.; Rucker, R. B. Pyrroloquinoline Quinone Stimulates
Mitochondrial Biogenesis through Camp Response Element-Binding
Protein Phosphorylation and Increased Pgc-lalpha Expression. J. Biol.
Chem. 2010, 285, 142—152.

(214) Zhang, J.; Meruvy, S; Bedi, Y. S;; Chau, J.; Arguelles, A;
Rucker, R.; Choudhury, M. Pyrroloquinoline Quinone Increases the
Expression and Activity of Sirtl and —3 Genes in Hepg2 Cells. Nutr.
Res. (N.Y.) 2015, 35, 844—849.

(215) Xu, H,; Gan, C; Gao, Z,; Huang, Y.; Wy, S,; Zhang, D.; Wang,
X.; Sheng, J. Caffeine Targets Sirt3 to Enhance Sod2 Activity in
Mitochondria. Front Cell Dev Biol. 2020, 8, 822.

(216) Votruba, M.; Gregor, Z. Neovascular Age-Related Macular
Degeneration: Present and Future Treatment Options. Eye (Lond)
2001, 15, 424—429.

(217) Zhang, H; Li, J; Li, G; Wang, S. Effects of Celastrol on
Enhancing Apoptosis of Ovarian Cancer Cells Via the Down-
regulation of Microrna-21 and the Suppression of the Pi3k/Akt-Nf-
Kappab Signaling Pathway in an in Vitro Model of Ovarian
Carcinoma. Mol. Med. Rep 2016, 14, 5363—5368.

(218) Allison, A. C.; Cacabelos, R.; Lombardi, V. R.; Alvarez, X. A.;
Vigo, C. Celastrol, a Potent Antioxidant and Anti-Inflammatory Drug,
as a Possible Treatment for Alzheimer’s Disease. Prog. Neuro-
psychopharmacol Biol. Psychiatry 2001, 25, 1341—1357.

(219) Kannaiyan, R; Shanmugam, M. K; Sethi, G. Molecular
Targets of Celastrol Derived from Thunder of God Vine: Potential
Role in the Treatment of Inflammatory Disorders and Cancer. Cancer
Lett. 2011, 303, 9—20.

(220) Dunn, K. C; Aotaki-Keen, A. E.; Putkey, F. R;; Hjelmeland, L.
M. Arpe-19, a Human Retinal Pigment Epithelial Cell Line with
Differentiated Properties. Exp. Eye Res. 1996, 62, 155—169.

(221) Ono, E.; Nakai, M,; Fukui, Y.; Tomimori, N.; Fukuchi-
Mizutani, M.; Saito, M.; Satake, H.; Tanaka, T.; Katsuta, M.;
Umezawa, T.; Tanaka, Y. Formation of Two Methylenedioxy Bridges
by a Sesamum Cyp8lq Protein Yielding a Furofuran Lignan,
(+)-Sesamin. Proc. Natl. Acad. Sci. U. S. A. 2006, 103, 10116—10121.

(222) Hsieh, P. F.; Hou, C. W,; Yao, P. W,; Wu, S. P,; Peng, Y. F,;
Shen, M. L,; Lin, C. H; Chao, Y. Y,; Chang, M. H,; Jeng, K. C.
Sesamin Ameliorates Oxidative Stress and Mortality in Kainic Acid-
Induced Status Epilepticus by Inhibition of Mapk and Cox-2
Activation. J. Neuroinflammation 2011, 8, 57.

(223) Sy, S.; Li, Q; Liu, Y, Xiong, C; Li, J.; Zhang, R; Niu, Y,;
Zhao, L; Wang, Y,; Guo, H. Sesamin Ameliorates Doxorubicin-
Induced Cardiotoxicity: Involvement of Sirtl and Mn-Sod Pathway.
Toxicol. Lett. 2014, 224, 257—263.

(224) Periasamy, S.; Hsu, D. Z.; Chang, P. C.; Liu, M. Y. Sesame Oil
Attenuates Nutritional Fibrosing Steatohepatitis by Modulating
Matrix Metalloproteinases-2, 9 and Ppar-Gamma. J. Nutr Biochem
2014, 25, 337—-344.

(225) Fan, D;; Yang, Z.; Liu, F. Y,; Jin, Y. G.; Zhang, N.; Nj, J.; Yuan,
Y.,; Liao, H. H,; Wu, Q. Q.;; Xu, M,; Deng, W.; Tang, Q. Z. Sesamin
Protects against Cardiac Remodeling Via Sirt3/Ros Pathway. Cell
Physiol Biochem 2018, 44, 2212—2227.

(226) Munzel, T.; Gori, T.; Keaney, J. F., Jr.; Maack, C.; Daiber, A.
Pathophysiological Role of Oxidative Stress in Systolic and Diastolic
Heart Failure and Its Therapeutic Implications. Eur. Heart J. 20185, 36,
2555—-2564.

(227) Lee, J. Y.; Park, W. Anti-Inflammatory Effects of Oroxylin a on
Raw 264.7 Mouse Macrophages Induced with Polyinosinic-Poly-
cytidylic Acid. Exp Ther Med. 2016, 12, 151—156.

(228) Jin, J.; Chen, S.; Wang, D.; Chen, Y.; Wang, Y.; Guo, M,;
Zhou, C.; Dou, J. Oroxylin a Suppresses Influenza a Virus Replication

https://doi.org/10.1021/acs.jmedchem.3c01979
J. Med. Chem. 2024, 67, 1662—1689


https://doi.org/10.1111/cns.13053
https://doi.org/10.1111/cns.13053
https://doi.org/10.1111/cns.13053
https://doi.org/10.3748/wjg.v17.i18.2288
https://doi.org/10.3748/wjg.v17.i18.2288
https://doi.org/10.1016/j.joca.2017.08.012
https://doi.org/10.1016/j.joca.2017.08.012
https://doi.org/10.1096/fj.201700265R
https://doi.org/10.1096/fj.201700265R
https://doi.org/10.1096/fj.201700265R
https://doi.org/10.1016/j.cyto.2017.12.021
https://doi.org/10.1016/j.cyto.2017.12.021
https://doi.org/10.1016/j.freeradbiomed.2017.09.001
https://doi.org/10.1016/j.freeradbiomed.2017.09.001
https://doi.org/10.1016/j.freeradbiomed.2017.09.001
https://doi.org/10.3892/ijmm.2018.3385
https://doi.org/10.3892/ijmm.2018.3385
https://doi.org/10.3892/ijmm.2018.3385
https://doi.org/10.1111/cas.12494
https://doi.org/10.1111/cas.12494
https://doi.org/10.1111/cas.12494
https://doi.org/10.1007/s12035-015-9627-y
https://doi.org/10.1007/s12035-015-9627-y
https://doi.org/10.1007/s12035-015-9627-y
https://doi.org/10.1074/jbc.M808515200
https://doi.org/10.1074/jbc.M808515200
https://doi.org/10.1038/nature05354
https://doi.org/10.1038/nature05354
https://doi.org/10.1124/jpet.112.198937
https://doi.org/10.1124/jpet.112.198937
https://doi.org/10.1124/jpet.112.198937
https://doi.org/10.1016/j.phymed.2012.03.002
https://doi.org/10.1016/j.phymed.2012.03.002
https://doi.org/10.1016/j.taap.2019.01.013
https://doi.org/10.1016/j.taap.2019.01.013
https://doi.org/10.1161/CIRCRESAHA.108.187427
https://doi.org/10.1161/CIRCRESAHA.108.187427
https://doi.org/10.1038/nm.3322
https://doi.org/10.1038/nm.3322
https://doi.org/10.1016/j.bbadis.2016.09.003
https://doi.org/10.1016/j.bbadis.2016.09.003
https://doi.org/10.1074/jbc.M109.030130
https://doi.org/10.1074/jbc.M109.030130
https://doi.org/10.1074/jbc.M109.030130
https://doi.org/10.1016/j.nutres.2015.06.014
https://doi.org/10.1016/j.nutres.2015.06.014
https://doi.org/10.3389/fcell.2020.00822
https://doi.org/10.3389/fcell.2020.00822
https://doi.org/10.1038/eye.2001.147
https://doi.org/10.1038/eye.2001.147
https://doi.org/10.3892/mmr.2016.5894
https://doi.org/10.3892/mmr.2016.5894
https://doi.org/10.3892/mmr.2016.5894
https://doi.org/10.3892/mmr.2016.5894
https://doi.org/10.3892/mmr.2016.5894
https://doi.org/10.1016/S0278-5846(01)00192-0
https://doi.org/10.1016/S0278-5846(01)00192-0
https://doi.org/10.1016/j.canlet.2010.10.025
https://doi.org/10.1016/j.canlet.2010.10.025
https://doi.org/10.1016/j.canlet.2010.10.025
https://doi.org/10.1006/exer.1996.0020
https://doi.org/10.1006/exer.1996.0020
https://doi.org/10.1073/pnas.0603865103
https://doi.org/10.1073/pnas.0603865103
https://doi.org/10.1073/pnas.0603865103
https://doi.org/10.1186/1742-2094-8-57
https://doi.org/10.1186/1742-2094-8-57
https://doi.org/10.1186/1742-2094-8-57
https://doi.org/10.1016/j.toxlet.2013.10.034
https://doi.org/10.1016/j.toxlet.2013.10.034
https://doi.org/10.1016/j.jnutbio.2013.11.008
https://doi.org/10.1016/j.jnutbio.2013.11.008
https://doi.org/10.1016/j.jnutbio.2013.11.008
https://doi.org/10.1159/000486026
https://doi.org/10.1159/000486026
https://doi.org/10.1093/eurheartj/ehv305
https://doi.org/10.1093/eurheartj/ehv305
https://doi.org/10.3892/etm.2016.3320
https://doi.org/10.3892/etm.2016.3320
https://doi.org/10.3892/etm.2016.3320
https://doi.org/10.1016/j.biopha.2017.10.140
pubs.acs.org/jmc?ref=pdf
https://doi.org/10.1021/acs.jmedchem.3c01979?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Journal of Medicinal Chemistry

pubs.acs.org/jmc

Correlating with Neuraminidase Inhibition and Induction of Ifns.
Biomed Pharmacother 2018, 97, 385—394.

(229) Yang, Y.; Hu, Y,; Gu, H. Y,; Lu, N,; Liu, W,; Qi, Q; Zhao, L.;
Wang, X. T.; You, Q. D.; Guo, Q. L. Oroxylin a Induces G2/M Phase
Cell-Cycle Arrest Via Inhibiting Cdk7-Mediated Expression of Cdc2/
P34 in Human Gastric Carcinoma Bgc-823 Cells. J. Pharm. Pharmacol
2010, 60, 1459—1463.

(230) Pedersen, P.; Warburg, L. Me and Hexokinase 2: Multiple
Discoveries of Key Molecular Events Underlying One of Cancers’
Most Common Phenotypes, the “"Warburg Effect”, LE., Elevated
Glycolysis in the Presence of Oxygen. ]. Bioenerg Biomembr 2007, 39,
211-222.

(231) Gottlob, K.; Majewski, N.; Kennedy, S.; Kandel, E.; Robey, R.
B.; Hay, N. Inhibition of Early Apoptotic Events by Akt/Pkb Is
Dependent on the First Committed Step of Glycolysis and
Mitochondrial Hexokinase. Genes Dev. 2001, 15, 1406—1418.

(232) Korzick, D. H.; Kostyak, J. C.; Hunter, J. C.; Saupe, K. W.
Local Delivery of Pkcepsilon-Activating Peptide Mimics Ischemic
Preconditioning in Aged Hearts through Gsk-3beta but Not F1-
Atpase Inactivation. Am. J. Physiol Heart Circ Physiol 2007, 293,
H2056—2063.

(233) Scher, M. B.; Vaquero, A.; Reinberg, D. Sirt3 Is a Nuclear Nad
+-Dependent Histone Deacetylase That Translocates to the
Mitochondria Upon Cellular Stress. Genes Dev. 2007, 21, 920—928.

(234) Abu-Hamad, S.; Zaid, H.; Israelson, A.; Nahon, E.; Shoshan-
Barmatz, V. Hexokinase-I Protection against Apoptotic Cell Death Is
Mediated Via Interaction with the Voltage-Dependent Anion
Channel-1: Mapping the Site of Binding. J. Biol. Chem. 2008, 283,
13482—13490.

(235) Shoshan-Barmatz, V.; Keinan, N.; Zaid, H. Uncovering the
Role of Vdac in the Regulation of Cell Life and Death. J. Bioenerg
Biomembr 2008, 40, 183—191.

(236) Harper, P. S. New Genes for Old Diseases: The Molecular
Basis of Myotonic Dystrophy and Huntington’s Disease. The
Lumleian Lecture 199S. J. R. Coll. Physicians Lond 1996, 30, 221—-231.

(237) MacDonald, M. E.; Ambrose, C. M.; Duyao, M. P.; Myers, R.
H.; Lin, C,; Srinidhi, L.; Barnes, G.; Taylor, S. A.; James, M.; Groot,
N.; MacFarlane, H; Jenkins, B.; Anderson, M. A;; Wexler, N. S;
Gusella, J. F; Bates, G. P.; Baxendale, S.; Hummerich, H.; Kirby, S.;
North, M.; Youngman, S.; Mott, R;; Zehetner, G.; Sedlacek, Z,;
Poustka, A.; Frischauf, A.; Lehrach, H.; Buckler, A. J,; Church, D,;
Doucette-Stamm, L.; C, O. D. M,; Riba-Ramirez, L.; Shah, M,; P, S.
V.; Strobel, S. A.; Draths, K. M.; Dervan, P.; Housman, D. E.; Altherr,
M.; Shiang, R,; Thompson, L.; Fielder, T.; Wasmuth, J.; Tagle, D.;
Valdes, J.; Elmer, L.; Allard, M.; Castilla, L.; Swaroop, M.; Blanchard,
K,; Collins, F. S.; Snell, R.;; Holloway, T.; Gillespie, K.; Datson, N.;
Shaw, D.; Harper, P. S. A Novel Gene Containing a Trinucleotide
Repeat That Is Expanded and Unstable on Huntington’s Disease
Chromosomes. The Huntington’s Disease Collaborative Research
Group. Cell 1993, 72, 971—-983.

(238) Mochel, F.; Haller, R. G. Energy Deficit in Huntington
Disease: Why It Matters. J. Clin Invest 2011, 121, 493—499.

(239) Stack, E. C.; Matson, W. R,; Ferrante, R. J. Evidence of
Oxidant Damage in Huntington’s Disease: Translational Strategies
Using Antioxidants. Ann. N.Y. Acad. Sci. 2008, 1147, 79—92.

(240) Beal, M. F.; Kowall, N. W,; Ellison, D. W.; Mazurek, M. F,;
Swartz, K. J; Martin, J. B. Replication of the Neurochemical
Characteristics of Huntington’s Disease by Quinolinic Acid. Nature
1986, 321, 168—171.

(241) Jin, Y. N.; Johnson, G. V. The Interrelationship between
Mitochondrial Dysfunction and Transcriptional Dysregulation in
Huntington Disease. J. Bioenerg Biomembr 2010, 42, 199—205.

(242) Milakovic, T.; Johnson, G. V. Mitochondrial Respiration and
Atp Production Are Significantly Impaired in Striatal Cells Expressing
Mutant Huntingtin. J. Biol. Chem. 2008, 280, 30773—30782.

(243) Song, W.; Chen, J.; Petrilli, A.; Liot, G.; Klinglmayr, E.; Zhou,
Y.; Poquiz, P.; Tjong, J.; Pouladi, M. A.; Hayden, M. R.; Masliah, E,;
Ellisman, M.; Rouiller, I.; Schwarzenbacher, R.; Bossy, B.; Perkins, G.;
Bossy-Wetzel, E. Mutant Huntingtin Binds the Mitochondrial Fission

1688

Gtpase Dynamin-Related Protein-1 and Increases Its Enzymatic
Activity. Nat. Med. 2011, 17, 377—382.

(244) Diaz-Morales, N.; Rovira-Llopis, S.; Banuls, C.; Lopez-
Domenech, S.; Escribano-Lopez, L; Veses, S.; Jover, A.; Rocha, M,;
Hernandez-Mijares, A.; Victor, V. M. Does Metformin Protect
Diabetic Patients from Oxidative Stress and Leukocyte-Endothelium
Interactions? Antioxid Redox Signal 2017, 27, 1439—1445.

(245) Wang, L,; Yan, M; Li, H; Wy, S;; Ge, R;; Wong, C. K. C;
Silvestrini, B.; Sun, F.; Cheng, C. Y. The Non-Hormonal Male
Contraceptive Adjudin Exerts Its Effects Via Maps and Signaling
Proteins Mtorcl/Rps6 and Fak-Y407. Endocrinology 2021, 162,
bqaal9e.

(246) Quan, Y.; Xia, L.; Shao, J.; Yin, S.; Cheng, C. Y.; Xia, W.; Gao,
W. Q. Adjudin Protects Rodent Cochlear Hair Cells against
Gentamicin Ototoxicity Via the Sirt3-Ros Pathway. Sci. Rep 20185,
s, 8181.

(247) Zhai, M; Li, B.; Duan, W,; Jing, L.; Zhang, B.; Zhang, M.; Yu,
L.; Liu, Z.; Yu, B.; Ren, K,; Gao, E.; Yang, Y.; Liang, H,; Jin, Z.; Yu, S.
Melatonin Ameliorates Myocardial Ischemia Reperfusion Injury
through Sirt3-Dependent Regulation of Oxidative Stress and
Apoptosis. J. Pineal Res. 2017, 63, e12419.

(248) Pi, H.; Xu, S.; Reiter, R. J.; Guo, P.; Zhang, L;; Li, Y,; Li, M,;
Cao, Z.; Tian, L.; Xie, J.; Zhang, R;; He, M.; Lu, Y.; Liy, C.; Duan, W,;
Yu, Z.; Zhou, Z. Sirt3-Sod2-Mros-Dependent Autophagy in
Cadmium-Induced Hepatotoxicity and Salvage by Melatonin.
Autophagy 2015, 11, 1037—1051.

(249) Ma, S; Chen, J; Feng, J.; Zhang, R.; Fan, M; Han, D; Li, X;
Li, C; Ren, J; Wang, Y,; Cao, F. Melatonin Ameliorates the
Progression of Atherosclerosis Via Mitophagy Activation and Nlrp3
Inflammasome Inhibition. Oxid Med. Cell Longev 2018, 2018,
9286458.

(250) Liu, L.; Chen, H,; Jin, J.; Tang, Z; Yin, P.; Zhong, D.; Li, G.
Melatonin Ameliorates Cerebral Ischemia/Reperfusion Injury
through Sirt3 Activation. Life Sci. 2019, 239, 117036.

(251) Ly, J.; Zhang, H.; Chen, X; Zou, Y.; Li, J.; Wang, L.; Wu, M,;
Zang, J; Yu, Y.,; Zhuang, W.,; Xia, Q; Wang, J. A Small Molecule
Activator of Sirt3 Promotes Deacetylation and Activation of
Manganese Superoxide Dismutase. Free Radic Biol. Med. 2017, 112,
287-297.

(252) Zhang, S.; Zhang, J.; An, Y.; Zeng, X.; Qin, Z.; Zhao, Y.; Xu,
H,; Liu, B. Multi-Omics Approaches Identify Sf3b3 and Sirt3 as
Candidate Autophagic Regulators and Druggable Targets in Invasive
Breast Carcinoma. Acta Pharm. Sin B 2021, 11, 1227—124S.

(253) Wei, Y.; Zou, Z.; Becker, N.; Anderson, M.; Sumpter, R.; Xiao,
G.; Kinch, L.; Koduru, P.; Christudass, C. S.; Veltri, R. W.; Grishin, N.
V.; Peyton, M.; Minna, J.; Bhagat, G.; Levine, B. Egfr-Mediated Beclin
1 Phosphorylation in Autophagy Suppression, Tumor Progression,
and Tumor Chemoresistance. Cell 2013, 154, 1269—1284.

(254) Cicchini, M.; Chakrabarti, R.; Kongara, S.; Price, S.; Nahar, R;;
Lozy, F.; Zhong, H.; Vazquez, A.; Kang, Y.; Karantza, V. Autophagy
Regulator Becnl Suppresses Mammary Tumorigenesis Driven by
Wntl Activation and Following Parity. Autophagy 2014, 10, 2036—
2052.

(255) Zhang, B.; Zhai, M.; Li, B; Liu, Z.; Li, K; Jiang, L.; Zhang,
M,; Yi, W; Yang, J; Yi, D,; Liang, H; Jin, Z.; Duan, W,; Yu, S.
Honokiol Ameliorates Myocardial Ischemia/Reperfusion Injury in
Type 1 Diabetic Rats by Reducing Oxidative Stress and Apoptosis
through Activating the Sirt1-Nrf2 Signaling Pathway. Oxid Med. Cell
Longev 2018, 2018, 3159801.

(256) Silva, J.; Spatz, M. H.; Folk, C.; Chang, A.; Cadenas, E.; Liang,
J.; Davies, D. L. Dihydromyricetin Improves Mitochondrial Outcomes
in the Liver of Alcohol-Fed Mice Via the Ampk/Sirt-1/Pgc-lalpha
Signaling Axis. Alcohol 2021, 91, 1-9.

(257) Sun, Z.; Lu, W,; Lin, N; Lin, H,; Zhang, J.; Ni, T.; Meng, L.;
Zhang, C.; Guo, H. Dihydromyricetin Alleviates Doxorubicin-Induced
Cardiotoxicity by Inhibiting Nlrp3 Inflammasome through Activation
of Sirtl. Biochem. Pharmacol. 2020, 175, 113888.

(258) Sun, P,; Yin, J. B; Liu, L. H.; Guo, J.; Wang, S. H;; Qu, C. H;
Wang, C. X. Protective Role of Dihydromyricetin in Alzheimer’s

https://doi.org/10.1021/acs.jmedchem.3c01979
J. Med. Chem. 2024, 67, 1662—1689


https://doi.org/10.1016/j.biopha.2017.10.140
https://doi.org/10.1211/jpp.60.11.0006
https://doi.org/10.1211/jpp.60.11.0006
https://doi.org/10.1211/jpp.60.11.0006
https://doi.org/10.1007/s10863-007-9094-x
https://doi.org/10.1007/s10863-007-9094-x
https://doi.org/10.1007/s10863-007-9094-x
https://doi.org/10.1007/s10863-007-9094-x
https://doi.org/10.1101/gad.889901
https://doi.org/10.1101/gad.889901
https://doi.org/10.1101/gad.889901
https://doi.org/10.1152/ajpheart.00403.2007
https://doi.org/10.1152/ajpheart.00403.2007
https://doi.org/10.1152/ajpheart.00403.2007
https://doi.org/10.1101/gad.1527307
https://doi.org/10.1101/gad.1527307
https://doi.org/10.1101/gad.1527307
https://doi.org/10.1074/jbc.M708216200
https://doi.org/10.1074/jbc.M708216200
https://doi.org/10.1074/jbc.M708216200
https://doi.org/10.1007/s10863-008-9147-9
https://doi.org/10.1007/s10863-008-9147-9
https://doi.org/10.1016/0092-8674(93)90585-E
https://doi.org/10.1016/0092-8674(93)90585-E
https://doi.org/10.1016/0092-8674(93)90585-E
https://doi.org/10.1016/0092-8674(93)90585-E
https://doi.org/10.1172/JCI45691
https://doi.org/10.1172/JCI45691
https://doi.org/10.1196/annals.1427.008
https://doi.org/10.1196/annals.1427.008
https://doi.org/10.1196/annals.1427.008
https://doi.org/10.1038/321168a0
https://doi.org/10.1038/321168a0
https://doi.org/10.1007/s10863-010-9286-7
https://doi.org/10.1007/s10863-010-9286-7
https://doi.org/10.1007/s10863-010-9286-7
https://doi.org/10.1074/jbc.M504749200
https://doi.org/10.1074/jbc.M504749200
https://doi.org/10.1074/jbc.M504749200
https://doi.org/10.1038/nm.2313
https://doi.org/10.1038/nm.2313
https://doi.org/10.1038/nm.2313
https://doi.org/10.1089/ars.2017.7122
https://doi.org/10.1089/ars.2017.7122
https://doi.org/10.1089/ars.2017.7122
https://doi.org/10.1210/endocr/bqaa196
https://doi.org/10.1210/endocr/bqaa196
https://doi.org/10.1210/endocr/bqaa196
https://doi.org/10.1038/srep08181
https://doi.org/10.1038/srep08181
https://doi.org/10.1111/jpi.12419
https://doi.org/10.1111/jpi.12419
https://doi.org/10.1111/jpi.12419
https://doi.org/10.1080/15548627.2015.1052208
https://doi.org/10.1080/15548627.2015.1052208
https://doi.org/10.1155/2018/9286458
https://doi.org/10.1155/2018/9286458
https://doi.org/10.1155/2018/9286458
https://doi.org/10.1016/j.lfs.2019.117036
https://doi.org/10.1016/j.lfs.2019.117036
https://doi.org/10.1016/j.freeradbiomed.2017.07.012
https://doi.org/10.1016/j.freeradbiomed.2017.07.012
https://doi.org/10.1016/j.freeradbiomed.2017.07.012
https://doi.org/10.1016/j.apsb.2020.12.013
https://doi.org/10.1016/j.apsb.2020.12.013
https://doi.org/10.1016/j.apsb.2020.12.013
https://doi.org/10.1016/j.cell.2013.08.015
https://doi.org/10.1016/j.cell.2013.08.015
https://doi.org/10.1016/j.cell.2013.08.015
https://doi.org/10.4161/auto.34398
https://doi.org/10.4161/auto.34398
https://doi.org/10.4161/auto.34398
https://doi.org/10.1155/2018/3159801
https://doi.org/10.1155/2018/3159801
https://doi.org/10.1155/2018/3159801
https://doi.org/10.1016/j.alcohol.2020.10.002
https://doi.org/10.1016/j.alcohol.2020.10.002
https://doi.org/10.1016/j.alcohol.2020.10.002
https://doi.org/10.1016/j.bcp.2020.113888
https://doi.org/10.1016/j.bcp.2020.113888
https://doi.org/10.1016/j.bcp.2020.113888
https://doi.org/10.1042/BSR20180902
pubs.acs.org/jmc?ref=pdf
https://doi.org/10.1021/acs.jmedchem.3c01979?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Journal of Medicinal Chemistry

pubs.acs.org/jmc

Disease Rat Model Associated with Activating Ampk/Sirtl Signaling
Pathway. Biosci Rep 2019, 39, BSR20180902.

(259) Bian, H,; Xiao, L.; Liang, L.; Xie, Y.; Wang, H.; Slevin, M.; Tu,
W. J.; Wang, G. Polydatin Prevents Neuroinflammation and Relieves
Depression Via Regulating Sirtl/Hmgbl/Nf-Kappab Signaling in
Mice. Neurotox Res. 2022, 40, 1393—1404.

(260) Bheereddy, P.; Yerra, V. G.; Kalvala, A. K.; Sherkhane, B.;
Kumar, A. Sirtl Activation by Polydatin Alleviates Oxidative Damage
and Elevates Mitochondrial Biogenesis in Experimental Diabetic
Neuropathy. Cell Mol. Neurobiol 2021, 41, 1563—1577.

(261) Ruankham, W.; Suwanjang, W.; Wongchitrat, P;
Prachayasittikul, V.; Prachayasittikul, S.; Phopin, K. Sesamin and
Sesamol Attenuate H(2)O(2)-Induced Oxidative Stress on Human
Neuronal Cells Via the Sirtl-Sirt3-Foxo3a Signaling Pathway. Nutr
Neurosci 2021, 24, 90—101.

(262) Zhang, W. B.; Zheng, Y. F.; Wu, Y. G. Protective Effects of
Oroxylin a against Doxorubicin-Induced Cardiotoxicity Via the
Activation of Sirtl in Mice. Oxid Med. Cell Longev 2021, 2021,
6610543.

(263) Arunachalam, G.; Lakshmanan, A. P.; Samuel, S. M.; Triggle,
C. R; Ding, H. Molecular Interplay between Microrna-34a and
Sirtuinl in Hyperglycemia-Mediated Impaired Angiogenesis in
Endothelial Cells: Effects of Metformin. J. Pharmacol Exp Ther
2016, 356, 314—323.

(264) Martin-Ramirez, R.; Gonzalez-Fernandez, R.; Hernandez, J.;
Martin-Vasallo, P.; Palumbo, A.; Avila, J. Celastrol and Melatonin
Modify Sirtl, Sirt6 and Sirt7 Gene Expression and Improve the
Response of Human Granulosa-Lutein Cells to Oxidative Stress.
Antioxidants (Basel) 2021, 10, 1871.

(265) Zhang, J.; Zou, L.; Shi, D.; Liu, J.; Zhang, J.; Zhao, R.; Wang,
G.; Zhang, L; Ouyang, L; Liu, B. Structure-Guided Design of a
Small-Molecule Activator of Sirtuin-3 That Modulates Autophagy in
Triple Negative Breast Cancer. . Med. Chem. 2021, 64, 14192—
14216.

(266) Feduska, E. T.; Thoma, B. N; Torjman, M. C.; Goldhammer,
J. E. Acute Amiodarone Pulmonary Toxicity. J. Cardiothorac Vasc
Anesth 2021, 35, 1485—1494.

(267) Spallotta, F.; Cencioni, C.; Straino, S.; Nanni, S.; Rosati, J;
Artuso, S.; Manni, I; Colussi, C.; Piaggio, G.; Martelli, F.; Valente, S.;
Mai, A.; Capogrossi, M. C.; Farsetti, A.; Gaetano, C. A Nitric Oxide-
Dependent Cross-Talk between Class I and Iii Histone Deacetylases
Accelerates Skin Repair. J. Biol. Chem. 2013, 288, 11004—11012.

(268) Mai, A; Valente, S.; Meade, S.; Carafa, V.; Tardugno, M,;
Nebbioso, A.; Galmozzi, A.; Mitro, N.; De Fabiani, E.; Altucci, L,
Kazantsev, A. Study of 1,4-Dihydropyridine Structural Scaffold:
Discovery of Novel Sirtuin Activators and Inhibitors. J. Med. Chem.
2009, 52, 5496—5504.

(269) Valente, S.; Mellini, P.; Spallotta, F.; Carafa, V.; Nebbioso, A.;
Polletta, L.; Carnevale, L; Saladini, S.; Trisciuoglio, D.; Gabellini, C.;
Tardugno, M.; Zwergel, C.; Cencioni, C.; Atlante, S.; Moniot, S.;
Steegborn, C.; Budriesi, R;; Tafani, M.; Del Bufalo, D.; Altucci, L,;
Gaetano, C.; Mai, A. 1,4-Dihydropyridines Active on the Sirtl/Ampk
Pathway Ameliorate Skin Repair and Mitochondrial Function and
Exhibit Inhibition of Proliferation in Cancer Cells. J. Med. Chem.
2016, 59, 1471—1491.

(270) Leskovac, V. Comprehensive Enzyme Kinetics. Springer Science
& Business Media, 2003.

(271) Saboury, A. A. Enzyme Inhibition and Activation: A General
Theory. Journal of the Iranian Chemical Society 2009, 6, 219—229.

1689

https://doi.org/10.1021/acs.jmedchem.3c01979
J. Med. Chem. 2024, 67, 1662—1689


https://doi.org/10.1042/BSR20180902
https://doi.org/10.1042/BSR20180902
https://doi.org/10.1007/s12640-022-00553-z
https://doi.org/10.1007/s12640-022-00553-z
https://doi.org/10.1007/s12640-022-00553-z
https://doi.org/10.1007/s10571-020-00923-1
https://doi.org/10.1007/s10571-020-00923-1
https://doi.org/10.1007/s10571-020-00923-1
https://doi.org/10.1080/1028415X.2019.1596613
https://doi.org/10.1080/1028415X.2019.1596613
https://doi.org/10.1080/1028415X.2019.1596613
https://doi.org/10.1155/2021/6610543
https://doi.org/10.1155/2021/6610543
https://doi.org/10.1155/2021/6610543
https://doi.org/10.1124/jpet.115.226894
https://doi.org/10.1124/jpet.115.226894
https://doi.org/10.1124/jpet.115.226894
https://doi.org/10.3390/antiox10121871
https://doi.org/10.3390/antiox10121871
https://doi.org/10.3390/antiox10121871
https://doi.org/10.1021/acs.jmedchem.0c02268?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jmedchem.0c02268?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jmedchem.0c02268?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1053/j.jvca.2020.10.060
https://doi.org/10.1074/jbc.M112.441816
https://doi.org/10.1074/jbc.M112.441816
https://doi.org/10.1074/jbc.M112.441816
https://doi.org/10.1021/jm9008289?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jm9008289?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jmedchem.5b01117?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jmedchem.5b01117?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jmedchem.5b01117?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1007/BF03245829
https://doi.org/10.1007/BF03245829
pubs.acs.org/jmc?ref=pdf
https://doi.org/10.1021/acs.jmedchem.3c01979?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

