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Abstract: A large body of evidence reports about the positive effects of physical activity in
pathophysiological conditions associated with aging. Physical exercise, alone or in combination with other
medical therapies, unquestionably causes reduction of symptoms in chronic non-transmissible diseases often
leading to significant amelioration or complete healing. The molecular basis of this exciting outcome,
however, remain largely obscure. Epigenetics, exploring at the interface between environmental signals and
the remodelling of chromatin structure, promises to shed light on this intriguing matter possibly
contributing to the identification of novel therapeutic targets. In this review, we shall focalize on the role of
sirtuins (Sirts) a class III histone deacetylases (HDACs) which function has been frequently associated, often
with a controversial role, to the pathogenesis of aging-associated pathophysiological conditions including
cancer, cardiovascular, muscular, neurodegenerative, bones and respiratory diseases. Numerous studies, in
fact, demonstrate that Sirt-dependent pathways are activated upon physical and cognitive exercises linking
mitochondrial function, DNA structure remodelling and gene expression regulation to designed medical
therapies leading to tangible beneficial outcomes. However, in similar conditions, other studies assign to
sirtuins a negative pathophysiological role. In spite of this controversial effect, it is doubtless that studying
sirtuins in chronic diseases might lead to an unprecedented improvement of life quality in the elderly.

Keywords: epigenetics, rehabilitation, DNA methylation, histone modification, HDAC, exercise, health span,
heart failure, neurodegeneration, cancer, lung fibrosis, bone formation.

1

© 2018 by the author(s). Distributed under a Creative Commons CC BY license.

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 27 August 2018

doi:10.20944/preprints201807.0246.v2

Peer-reviewed version available at Int. J. Mol. Sci. 2018, 19, 3080; doi:10.3390/ijms19103080

Summary:
✓ Sirtuins (Sirts) belong to the III class of histone deacetylases. They are evolutionally conserved and
require NAD+ as cofactor. Sirts deacetylate lysines in histone and non-histone proteins and generate a
molecule of nicotinamide and one of O-acetyl-ADP ribose. Importantly, in response to stress
conditions Sirts’ function as cellular redox sensor and activate protection mechanisms. They can be
nuclear, cytosolic or mitochondrial. Sirt1 is probably the best characterised among all sirtuins.
✓ In cancer cells, the role of Sirt1 is controversial. Some evidences suggest a tumour suppressor activity,
while other observations confer to them an oncogenic potential. This heterogeneous response seems
context-dependent.
✓ In some tumours such as breast cancer an intense physical exercise decreases tumour biomarkers.
✓ In cardiovascular disease (CVD) cardiac rehabilitation often combined to a pharmacological treatment
achieves significant positive effects. At molecular level, physical training induces an increase in Sirt1
and antioxidant catalases while superoxide dismutase is decreased resulting in reduction of
intracellular reactive oxidant species (ROS) production.
✓ In chronic obstructive pulmonary disease (COPD,) physical exercise ameliorates clinical symptoms
and increases Sirt1 activity which negatively regulate NFκB pathway and metallo-proteinases
secretion significantly decreasing inflammation.
✓ In Alzheimer disease (AD), Sirt1 is decreased. As a consequence, Tau protein is acetylated and
accumulates. The physical exercise enhances Sirt1 activity reducing Tau storage and Sirt3 has a
neuroprotective effect deacetylating mitochondrial p53.
✓ In Parkinson’s disease (PD) Sirt1 level is down-regulated by Cdk5 through ubiquitin-proteasome
pathway which is up-regulated. After physical exercise Sirt1 and mitochondrial complex I activities
are increased and PD symptoms are ameliorated.
✓ In Huntington disease (HD), Sirt1 is not able to deacetylate TORC1 that in consequence does not bind
CREB due to the presence of mutated huntingtin protein interfering with TORC1-CREB complex. As a
result, factors that regulates neuronal growth are not transcribed. Physical rehabilitation program has
been reported to increase Sirt1 expression improving HD symptoms. However, this is a palliative
intervention awaiting for the definitive genetic correction of the disease.

1. About Sirtuins and their pleiotropic properties: an overview
Sirtuins (Sirts) are a family of evolutionarily conserved class III histone deacetylases originally
discovered in S. Cerevisiae, named Silent Information Regulator 2 (Sir2) and conserved to humans [1].
Biochemically, they act predominantly as ADP-ribosyl-transferases requiring NAD+ and an acetylated lysine
substrate to produce a molecule of nicotinamide and O-acetyl-ADP ribose, which in turn can be used as a
metabolic messenger by the cell [2, 3]. The mammalian Sir2 family is composed by seven members (Sirt1-7)
that differ from each other for specificity, catalytic activity and cellular localization depending on cell, tissue
type, metabolism and stress conditions. All Sirts share a conserved domain called Sirtuin Core Domain,
formed by 250-260 amino acids, which retain catalytic activity and NAD+-binding site. Sirts differ at their N
and C terminus domains that confer differences in molecular weight and perhaps substrate specificity. These
HDACs are involved in multiple functions controlling chromatin structure and integrity [4], inhibition of
senescence and apoptosis [5], metabolic homeostasis [6], cell differentiation and development. Despite all of
these activities, Sirts' main role seems that of cellular redox sensors. In response to stress signals, in fact, they
get activated and most of them deacetylate lysine residues on histones, especially H4K16Ac and H3K9Ac [7],
but they can also remove acetyl groups on non-histone proteins such as p53 [8] and tubulin [9]. More in
detail, Sirt1, the best characterized Sirt member, is the only one with a clear role in genomic silencing
through its effect on heterochromatin formation. The Sirt1 main biochemical form is that of a homo-trimer
which is localized predominantly in the nucleus [10]. Here, Sirt1 deacetylases not only H4K16Ac and
H3K9Ac but also H1K26Ac [10], the di-trimethyltransferase Suv39h1 [11], FOXO [12], NfkB [13], p53 [14],
Ku70 [15], eNOS [16], PGC-1α [17], MyoD, PCAF [18], UCP2 [19] and PPARγ [20] to name few of the most
common targets. As a result, cell survival and DNA repair are enhanced. In addition, in some
pathophysiological conditions including cardiac hypertrophy and tumour progression, Sirt1 clearly activates
protective signaling pathways controlled by AKT and PDK1 [21].
The main function assigned to another Sirt member, Sirt2, at least in HeLa and HEK293T cells, is the
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deacetylation of cytosolic α-tubulin via HDAC6 interaction [9] which causes inhibition of the active
intracellular transport [22]. Besides this cytosolic function, a temporary nuclear Sirt2 localization was found
during G2/M transition marked by H4K16Ac deacetylation [7]. Moreover, in mouse erythrocytes, it has been
demonstrated that Sirt2-dependent deacetylation activates glucose six phosphate dehydrogenase (G6PDH)
which stimulates the pentose phosphate pathway to supply cytosolic NADPH under oxidative stress [23].
In response to the insulin signal, Sirt2 is activated by AMPK stimulating Akt and leading to its
deacetylation and activation [24]. Noteworthy, Sirt2 has been found involved in the regulation of some other
biological stress-tolerance pathways. When Sirt2 is down-regulated, in H9c2 cells, the chaperonin 14-3-3 ζ is
increased and sequesters the pro-apoptotic protein BAD into the cytoplasm preventing localization to
mitochondria, a necessary step towards apoptosis [25]. In vivo, Sirt2 inactivation has been found to
deacetylate and stabilize BubR1, a mitotic checkpoint kinase which activation leads to an increase in lifespan
[26].
Mitochondria are another relevant cellular compartment in which Sirts play important regulatory roles.
Sirt3 deacetylates some mitochondrial proteins involved in crucial metabolic pathways [27]. For example,
under stress conditions, Sirt3 migrates from the nucleus to mitochondria where, by deacetylation, this sirtuin
increases the enzymatic activity of Acetyl-CoA Synthase 2 which becomes active and enhances the ratio of
mitochondrial/nuclear protein localization in favor of mitochondria [27]. In normal growth conditions, Sirt3
coexists in both nuclear and mitochondria compartments [28], but in the nucleus, Sirt3 is predominantly
associated with Sirt2 contributing to H4K16Ac deacetylation and chromatin remodelling [28].
Sirt4 and Sirt5 are other mitochondrial specific sirtuins. In particular, Sirt5 acts as a protein modifier
removing succinyl and malonyl groups from lysine [29, 30]. Similarly, Sirt4 does not have any deacetylating
function, but it acts on mitochondrial proteins, such as glutamate dehydrogenase (GDH), as ADP-ribosylase.
In consequence of Sirt4 function, GDH results inactivated [31].
Sirt6 and Sirt7 are localized into the nucleus where their activity is that of an ADP-ribosyltransferase.
Specifically, Sirt7 is nucleolar and interacts with RNA Polymerase I for the transcription of ribosomal genes
[32], activates the nuclear respiratory factor (NRF) isoform α/β complex via deacetylation of NRFβ1
regulating mitochondrial biogenesis and function [33]. Sirt7 also activates the testicular nuclear receptor 4
(TR4) which transcribes genes involved in lipid metabolism increasing fatty acid uptake and triglyceride
synthesis/storage [34]. Meanwhile, Sirt6 is involved in genomic integrity, it is a chromatin-associated
deacetylase and is ubiquitously expressed from early to adult stages [35]. Sirt6 interacts with a putative
tumor suppressor and negative regulator of cell proliferation known as a GCIP factor. As a result, Sirt6
stimulates DNA repair or proliferation arrest when genomic integrity is compromised [36].
2. Sirtuins and physical exercise in cancer.
The role of Sirt1 in cancer remains unclear probably in consequence of the heterogeneity that
characterizes the disease. Some evidences, in fact, support a Sirt1 role as tumor suppressor while others
suggest for an oncogenic potential. In colon cancer, Sirt1 suppresses cancer development via a feedback loop
in which c-Myc is involved. c-Myc binds Sirt1 gene promoter increasing sirtuin expression, while Sirt1
deacetylases c-Myc that loses its DNA affinity [37]. This tumor suppressor activity has been confirmed in
vivo after Sirt1 overexpression in a mouse model of colon cancer. In this setting, the animals showed a fourfold reduction in size and number of adenomas in the small intestine and colon [38]. On the contrary, in
human colon cancer Sirt1 is often overexpressed, especially in advanced stages [39]. This contradiction might
be perhaps explained by Sirt1 deacetylase activity on p53 which determines a weak DNA-p53 interaction
that might cause loss of DNA repair capacity [14]. Furthermore, Sirt1 negatively controls the expression of
p16/INK4A while promoting Rb phosphorylation, cell proliferation and reduction in cellular senescence as
seen in human embryonic lung fibroblasts [40]. Recently, it has been demonstrated that Sirt1 has a
pathogenic role in breast cancer in which it is upregulated promoting cell proliferation. In this context, Sirt1
modulates the p-AKT/AKT ratio in favour of the phosphorylated form of the molecule which becomes active
and promotes cellular division. Again, in breast cancer Sirt7 expression has been found elevated in early
disease stages compared to advanced cancer [41]. In addition, prostate, bladder carcinoma, glioblastoma,
and ovarian cancers with mutated BRCA1, all show a reduction of Sirt1 expression compared to normal
tissues [42]. The biological consequences of this down-regulation are still unclear. Interestingly, it has been
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reported that physical activity has a positive effect on people affected by colon cancer. A study reports that
the beneficial effects of exercise are dose-dependent [43]. Aerobic exercise up to 300 minutes per week, in
fact, significantly decreased tumor biomarkers such as the prognostic vascular adhesion molecule 1
compared to patients whose followed a low dose exercise program [43]. Whether this positive effect on
cancer patients might be dependent on sirtuins activation it is still controversial. However, the activation of
sirtuins that occurs upon exercise might play an important role in this condition. In fact, in spite of its
apparent pro-oncogenic properties, Sirt1 seems important for an efficient DNA-break repair. Cells and mice
knocked down for Sirt1, exhibited DNA damage–induced aneuploidy with an efficiency of DNA break
repair reduced by approximately 50% [42]. Based on these evidences, although still very speculative, the
genetic targeting by siRNA or other approaches of Sirt1, Sirt7 or other Sirts in combination with physical
exercise might represent an innovative therapeutic approach potentially beneficial in cancer (see Table 1).
This is an important question worth of further investigations. In line with this consideration, in a recent
meta-analysis, Sirt3 emerged as a negative prognostic biomarker for tumors such as chronic lymphocytic
leukemia, breast cancer, colon cancer, hepatocellular carcinoma and renal carcinoma [44]. For Sirt4, 5, 6, and
7, there is only incomplete evidence about whether they may be relevant in cancer or not [45].
Table 1: Sirtuins regulation and function in selected cancers.
Sirtuin
1

3

7

Cancer type
Colorectal
Colorectal
Breast
Prostate
Bladder
Glioblastoma
Ovarian BRCA1 mutated
Lymphocytic leukemia
Breast
Colorectal
Renal
Hepatocarcinoma
Breast

Expression
Down
Up
Up
Down
Down
Down
Down
Up
Up
Up
Up
Up
Up

Effects
Tumour suppressor
Oncogene
Oncogene
Tumour suppressor
Tumour suppressor
Tumour suppressor
Tumour suppressor
Oncogene
Oncogene
Oncogene
Oncogene
Oncogene
Oncogene

Cell type
Mouse colorectal cancer
Human colorectal cancer cell line
Human diploid fibroblast
Mouse prostate cancer
Mouse bladder cancer
Mouse glioblastoma
Mouse ovarian cancer
Tumoural B-cells
Human breast cancer
Human colon cancer epithelium
Human cancer renal
Human hepatic carcinoma
Human breast cancer

ref
38
39
40
42
42
42
42
44
44
44
44
44
41

3. Exercise and sirtuins in cardiovascular diseases.
Of the 56.4 million estimated worldwide deaths in 2015, about 54% occurred in consequence of
cardiovascular diseases (CVD) [46]. In this context, it has been clearly shown that physical activity and a
healthy lifestyle significantly decrease the risk of CVDs and their worsening [47]. Accordingly, a large
number of cardiac rehabilitation (CR) programs have been developed to treat CVDs in an attempt of
preventing secondary events. In CVDs, CR consists of at least three phases [48]. The first, is performed
during the acute phase, and is aimed at preventing/reducing immediate complications. In a second phase,
operators stabilize patient’s symptoms and conditions. Finally, patients enter in a long term CR and followup program [48]. Nowadays, the most important CVD that may interest old people is chronic heart failure
(CHF) and a body of literature demonstrates the beneficial effects of physical activity in this category of
patients [49]. In fact, to take under control this severe pathophysiological condition, for which an effective
cure does not exist, it is important to follow a detailed exercise program at least for two/five times per week,
45/60 minutes each session [49]. After this training, an improvement of the quality of life and physical
function has been consistently reported [49]. Notably, in untrained CHF patients, Sirt1 in significantly downregulated, a phenomenon that has been seen also in cardiac hypertrophy and in the presence of pressure
overload [50]. In a recent study, the beneficial effect of exercise in CHF patients has been investigated
throughout and at the end of an intense rehabilitation program. Blood samples were collected to evaluate
Sirt1, superoxide dismutase (SOD) and antioxidant catalase (Cat) activity in peripheral blood mononucleated cells and in plasma samples respectively [51]. The result of this trial showed an increase of Sirt1
and Cat compared to control levels, while SOD was reduced [51]. Additionally, this study evaluated the
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effect of patients’ serum on the senescence process of endothelial cells (EC). Specifically, ECs were challenged
with serum of HF patients taken at the end of rehabilitation training. In this condition, a strong reduction of
senescence biomarkers was observed compared to controls [51]. To better understand the role of Sirt1 in this
process, Sirt1 was inhibited determining an increase of EC senescence and a decrease in Cat activity [51].
These data clearly contribute the evidence that Sirt1 is activated during CR in CHF patients, however, further
experiments on a larger cohort of subjects should be performed to better understand the contribution of Sirt1
in CHF.
Biologically, Sirt1 results pivotal during heart development, especially during the second heart field
formation in which Sirt1 silences ISL1 driving the differentiation of cardiac progenitor cells into
cardiomyocytes [52]. Afterwards, Sirt1 level declines by at least 80% since the beginning of organogenesis,
remaining at that level during adulthood [53]. In contrast, Sirt1 remains highly expressed in endothelial cells
in which it upregulates endothelial nitric oxide synthase (eNOS) expression and function, contrasting the
development of atherosclerosis, smooth muscle cells senescence, inflammation and accumulation of ROS in
arteries thus supporting vascular growth [16]. Once activated, Sirt1 reduces cholesterol biosynthesis in
hepatocytes and macrophages [54] and upregulates the X receptor (LXR) in liver [55]. The deacetylation
mediated by Sirt1 on LXR results in a decrease of plasma HDL levels due to enhancement of reverse
cholesterol transport and balancing of fatty acids metabolism which lead to a global reduction lipids in
serum [55]. Moreover, in macrophages and endothelial cells a functioning Sirt1 decreases expression of
inflammatory molecules including TNFα, intercellular adhesion molecule (ICAM)-1, interleukin (IL)-6, IL-1,
and inducible NOS (iNOS) [56, 57]. In this context, when Sirt1 deacetylases FOXO (a negative regulator of
blood vessels) this transcription factor became inactive and the generation of new blood vessels is facilitated
[58]. Other evidence shows that Sirt1 is downregulated during ischemia/reperfusion injury (I/R) [59]. In
experiments performed on cardiac specific Sirt1-deficient mice, the animals exhibited heart damage similar
to that caused in humans by I/R [60].
In spite of the unquestionable evidence about a positive role for Sirt1 activation during heart
development or in the slowdown of CVDs worsening during adult life, Sirt1 upregulation has also been
associated with the onset of pathophysiological conditions such as those determined by nutrient starvation,
pressure overload, and ischemic preconditioning. In pressure overload, nuclear Sirt1 activates PPARα which
binds to the oestrogen-related response element, resulting in the repression of genes controlling
mitochondrial function and cardiac contraction [50]. In cardiac hypertrophy, Sirt1 may act in the cytosol,
where it deacetylases Akt and PDK1, PDK1 phosphorylates Akt which becomes active and promotes
hypertrophy [21]. Consistently with these observations, in Sirt1-deficient mice it has been shown that after
physical exercise cardiac hypertrophy was prevented or reduced [21]. Furthermore, in the presence of heart
failure it has been demonstrated that the Sirt1-PPARα complex is able to downregulate targets of the
oestrogen related receptor response element targets promoting mitochondrial dysfunction [50]. Hence,
similarly to what has been observed in cancer, Sirt1 might have protective or deleterious effects on the heart
depending on the specific pathophysiological environment or in consequence of specific stressor triggers
such as lipids. To achieve positive therapeutical effects, additional experience seems necessary in order to
understand under what condition Sirts function is beneficial and when, instead, they should be silenced.
To pharmacologically modulate Sirts activity, some derivatives of natural molecules are other synthetic
products are now available. At present, only natural products are approved for human use. Resveratrol (Res)
is so far the best characterized Sirts activator. It is a polyphenol found abundant in grapes, blueberries,
raspberries, and mulberries, which seems to have a protective effect on the heart [61]. Whether this
protective effect depends on the activation of Sirts remains unclear. However, it is clear that through direct
and indirect mechanisms, Res may stimulate Sirt1 to exert PGC-1α deacetylation [62] achieving improved
fatty acid storage and glucose metabolism regulation. As part of its effects, Res can activate AMPK which
directly phosphorylates eNOS causing an increase of nitric oxide (NO) production, vessel dilatation [63] and
reduction of ROS levels. In fact, a Res-activated Sirt1 physically interacts with eNOS and deacetylates lysines
in the calmodulin-binding domain of eNOS, leading to enhanced eNOS activity [64]. Recently, it has been
demonstrated the Res activity on renin-angiotensin system in which the polyphenol decreases the activity of
prorenin receptor (PRR)-angiotensin converting enzyme (ACE)-Ang II axis in the aorta. The action of Res,
enhancing ACE2 -Ang-(1 and 7)-Ang II type 2 receptor (AT2R)- Mas receptor (MasR) axis, determines a
cardiovascular positive effect [65]. The combination of Res and exercise has been found beneficial on
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vascular function reducing inflammatory markers and enhancing vessel responsiveness [66]. However, a
recent work reported that the beneficial effect of resveratrol could be due to an antioxidant effect without
any evidence of Sirt1 activation [67].
For reasons still undetermined, Sirt2 has been found important maintaining cardiac homeostasis while
counteracting hypertrophy and failure. In fact, during pathological hypertrophy, Sirt2 levels were
significantly reduced in the human heart, and this observation has been confirmed by Sirt2 deficient animals
in which agonist-induced hypertrophy was exacerbated. In this condition, Sirt2 overexpression significantly
attenuated hypertrophy in cardiomyocytes [68]. In case of Sirt2 reduction, cardiac remodeling apparently
occurred in consequence of missing interaction between Sirt2, that cannot migrate into the nucleus in G2/M
phase, and the transcription factor NFAT isoform C2 (NFATc2) which is not deacetylated resulting in
increased transcription activity of foetal cardiac genes contributing to hypertrophy [68]. In vitro, the
downregulation of Sirt2 in embryonic myoblasts enhanced anoxia-reoxygenation stress tolerance
sequestering Bad and contrasting the progression of cell death [25]. In HeLa and HEK-293T cells, it has been
reported that Akt binds directly Sirt2 instead of PI3K activating Akt pathway during glucose deprivation
[24]. Moreover, the effect of Sirt2 on Akt activation, similar to that of Sirt1, suggests that its activation could
prevent cardiac hypertrophy [24]. However, as for other aforementioned pathophysiological conditions, in
adult tissues the protective role of Sirt2 is not well characterized yet.
In consequence of its important mitochondrial function, Sirt3 has been linked to congenital heart
diseases characterized by mitochondrial dysfunction. It has been shown, in fact, that in Friedreich’s ataxia
(FRDA), an early onset (at 10-15 years of age) autosomal recessive disease characterized by low levels of
NAD+, there is not enough Sirt3 activity. The normalization of the NAD+/NADH ratio in FRDA increases
Sirt3 function contributing to the amelioration of cardiac function. This evidence suggests that Sirt3 can be a
therapeutic target in pediatric FRDA patients [69]. In this direction, the mouse model of Sirt3 deficiency
shows that the increase of mitochondrial transition pore permeability (mPTP) [70] paralleled by a
dysregulated TGFβ1 signalling [71] is associated with cardiac hypertrophy and interstitial ﬁbrosis detectable
since early life stages.
In the presence of heart hypertrophy, Sirt3 results overexpressed causing an increase of MAPK/ERK,
PI3K/Akt and Ras pathway activity as well as an intracellular increase in ROS levels. In consequence, genes
involved in cell growth are activated while antioxidant genes, such as manganese superoxide dismutase
(MnSOD) and Cat, become repressed [72]. In contrast, a protective effect of Sirt3 on cardiomyocytes
apoptosis has been observed upon overexpression. Sirt3, in fact, may act on Ku70 which sequesters the proapoptotic protein Bax out from mitochondria [73]. Furthermore, Sirt3 contrasts doxorubicin-induced
cardiomyopathy activating the O-guanine-DNA glycosylase-1 (OGG1), an important mitochondrial DNA
repair enzyme [74]. Again, it appears that the protective or detrimental effects of Sirt3, as for other members
of the family, might depend on the specific pathophysiological context.
Little is known about Sirt4 and Sirt5 in CVDs. However, their protective effects on neonatal
cardiomyocytes have been recently reported. Specifically, Sirt4 overexpression in H9c2 cells leads to an
increase in procaspase/caspase ratio and a decrease of Bax translocation to mitochondrial membrane [75].
Sirt5 knockdown, instead, decreases the viability of neonatal cardiomyocytes, enhancing the activity of
caspase 3 and 7. In the presence of oxidative stress, Sirt5 binds Bcl-xl blocking the apoptotic cascade and
increasing cell survival [76] thus suggesting the regulation of its expression as a novel treatment of the
oxidative stress-related cardiac injury.
Sirt6 has been found to be downregulated in failing human hearts. Sirt6 is a key regulator of cardiac
hypertrophy and heart failure controlled by IGF-Akt signalling through c-Jun and the deacetylation of
histone 3 (H3) at lysine (K) 9 [77]. It has been shown, in fact, that Sirt6 overexpression protects against
cardiac hypertrophy by physical interaction with c-Jun which becomes inactivated and the transcription of
genes involved in IGF signalling is inhibited [77]. On the other hand, in a condition of Sirt6 deficiency, the
hyper-acetylation of H3K9 increases c-Jun activity and cardiac hypertrophy worsening heart failure [77]. In
hypoxia, the overexpression of Sirt6 activates AMPK pathway, increases Bcl2 protein level, inhibits NFκB,
decreases ROS formation and p-Akt activity [78]. In this condition, cardiomyocytes are protected from
hypoxic stress and apoptosis [78]. Moreover, in the presence of oxidative stress, Sirt6 deacetylates and ADPribosylates PARP1 activating non-homologous end joining and homologous recombination repairing of
DNA double-strand breaks (DSB) [79].
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About Sirt7, it has been associated with a cardioprotective role in consequence of its effects on Akt and
p53 in cardiomyocytes [80]. In mice, it has been shown that reduction of Sirt7 expression and activity leads to
Akt and p53 hyper-acetylation causing cardiac hypertrophy and cardiomyopathy accompanied by extensive
ﬁbrosis associated to heart failure [80]. However, the overall picture is still too fragmented and little or no
information is available about the effect of physical exercise on sirtuins in general and specifically on Sirt4, 5,
6, and 7 (see table 2).
Table 2: Regulation and functional role of sirtuins in cardiovascular disease.
Sirtuin
1

CVD type
Hearth failure

Expression
Down

Pressure overload

Up

Ischemia/reperfusion injury
Hypertrophy
Hypertrophy

Down
Up
Down

3

Hypertrophy
Friedrich ataxia

Up
Down

6

Hearth failure

Down

Hypoxia

Up

Hypertrophy

Down

2

7

Effects
Production of ROS, vessel
inflammation and
atherosclerosis.
Mitochondrial
dysfunction.
Heart damage.
Cellular growth.
Increasing cellular
growth & inhibiting
apoptosis.
Inhibiting apoptosis.
Increasing mitochondrial
permeability. Altered
TGFβ1 signaling.
Increasing of IGF1
signalling.
Stimulation of ROS and
induction of apoptosis.
Altered DNA repair and
cell growth.

Cell type
PBMCs & endothelial

ref
50

Endothelial

50

Cardiomyocyte
Cardiomyocyte
Cardiomyocyte

59,60
21
68

Cardiomyocyte
Cardiomyocyte

72;73
70;71

Cardiomyocyte

77

Cardiomyocyte

78

Cardiomyocyte

80

4. The involvement of sirtuins in other pathophysiological conditions relevant to rehabilitation
medicine: The Chronic Obstructive Pulmonary Disease (COPD)
The chronic obstructive pulmonary disease (COPD) is a progressive lung disease that includes
emphysema, chronic bronchitis, refractory (non-reversible) asthma, and some forms of bronchiectasis. COPD
is characterized by progressive and largely irreversible airﬂow limitation, which is associated in the lung to
an abnormal inﬂammatory response. Cigarette smoke (CS) is the major risk factor for COPD. CS, in fact,
increases the inflammatory state in lungs even in smokers without COPD [81]. Among other risk factors, a
major role is assigned to the environment (dust, air pollution, and second-hand smoke) or to associated
genetic conditions such as the alpha-1 deficiency-related emphysema [82]. At present, COPD treatment is
aimed at controlling/reducing dyspnoea by using bronchodilators [83]. Further, these patients can be
admitted to a pulmonary rehabilitation program in which they follow a specific physical activity made of
postural and aerobic exercises, breathing and respiratory muscle training and upper- and lower-body muscle
strength exercises [84]. At the end of such a training program some parameters are measured to compare
with the original values [84]. Usually, dyspnoea, duration of the exercise, walking distance and pulmonary
capacity are all objectively improved and all patients report about a general amelioration of their clinical
symptoms [84]. Of interest for this review, a recent study reported about a correlation between the physical
effect determined by COPD rehabilitation programs and the presence of specific epigenetic modifications
[85]. After an intense program of training sessions, in fact, it was found that HDACs activity increased [85] as
well as increased all anti-inflammatory signals associated with TGFβ reduction and upregulation of IL-6 [85].
A progressive worsening of inflammation is typical in COPD patients. Sirt1 seems to play a role in this
context negatively regulating NFκB through its deacetylation and inactivation. Sirt1 expression, in fact,
decreases under the effect of cigarette smoke, facilitating the release of pro-inﬂammatory cytokines [86].
Indeed, in the lungs of rats the exposure to cigarette smoke stimulates transcription of inflammatory genes
through a chromatin remodeling process [87]. However, in humans the most relevant cell types involved in
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COPD pathogenesis are macrophages and neutrophils, both secreting chemokines and matrix
metalloproteases [88]. To elucidate the role of Sirt1 in macrophages infiltrating the lung of COPD patients,
peripheral blood samples were collected and compared with those of non-smokers and smokers without
COPD [89]. Sirt1 level and activity significantly decreased in smokers, and COPD patients and this evidence
has been associated with the post-translational modification of Sirt1 including the introduction of 4-hydroxy2-nominal (4-HNE) modification and the nitration of tyrosines. In parallel, a significant increase of the
activity of NFκB subunit p65/RelA has been observed in macrophages and endothelial cells often associated
with the release of significant amounts of IL-8 [89]. Whether Sirt1 plays a central role in this context remains
to be determined. However, it must be noted that different results have been obtained studying cells coming
from large and small airways such as macrophages, lymphocytes and endothelial cells [90]. In a study, the
following groups of patients were compared: COPD smoker, smokers without COPD and healthy nonsmokers. It has been observed that in the large airways of COPD patients and smokers, Sirt1 expression was
lower than in healthy people. On the contrary, in the small airways of COPD patients, a significant reduction
of Sirt1 levels was found compared to the lung of smokers and healthy controls [90]. In addition, the
exposure to chronic CS, in COPD patients, enhanced the expression of matrix metallo-proteinases 2, 9 and 12
and this phenomenon was associated with further reduction in Sirt1 level [91]. Interestingly, the activity of
MMP9 is under control of the tissue inhibitors of MMP (TIMPs) which function is regulated at N-terminal
lysine acetylation level and depends on Sirt1 [92]. Hence, as for other chronic non-transmissible diseases, in
COPD Sirt1 and TIMPs could be considered as potential novel pharmacological targets [91].
Circulating endothelial progenitor cells (EPCs) have been studied in in the blood of COPD patients. Also
here, emerged clearly the downregulation of genes such as Sirt1 mRNAs, CD31, CD34, and miR-126-3p
while the overexpression of miR-34a, a markers often associate with aging, was observed only in comparison
with signals from healthy smokers [93]. Remarkably, Sirt1 protein and its fragments have been often found
in human COPD sera [94]. Specifically, Sirt1 120KDa (S120) has been found fragmented in COPD patients
compared with healthy smokers or non-smokers subjects [94]. Taken together, these observations suggest
that CD31, CD34, Sirt1 mRNAs, miR-126-3p, miR-34a [93] and the S120fraction of Sirt1 [94] could be used as
molecular biomarkers for a better diagnosis of COPD.
In human bronchial epithelial cells, the expression of an antioxidant enzyme, the heme-oxygenase-1
(HO-1), is normally very low [95]. However, the exposure to CS increases HO-1 level through activation of
the NFE2-related factor 2 (Nrf2) [95]. Remarkably, HO-1 level is controlled by Sirt1. Consistently, it has been
shown that the neutrophil elastase does not block Nrf2, but it can cleave Sirt1 in lung epithelial cells
resulting in a CS-induced downregulation of HO-1 [95].
Frequently, in COPD patients, cognitive impairment is observed. A study explored the use of Dl-3nButylphthalide (NBP), a plant extract known for its therapeutic effects on ischemic strokes, in a COPD
cognitive impairment rat model [96]. As a result, the Sirt1/PGC-1α pathway was activated and slowed the
progression of cognitive degeneration in animals [96]. In spite of its generally positive effect in COPD, it
must be said that a Sirt1 polymorphism, detected in Turkey in the Muğla population, has been recently
associated with COPD exacerbation. Specifically, the AG polymorphism in the rs7895833 locus and the CC in
rs2273773 have been found more frequently recurrent in COPD patients than the normal GG AG and TT TC
[97]. Hence, as anticipated for other conditions, also in COPD the role of Sirt1 remains controversial and
additional studies are necessary to achieve a better undestanding about the general involvment of Sirt1 in
the disease pathogenesis and, more in general, about the value of Sirts as targets for the develoment of novel
COPD therapeutic strategies.
About other sirtuins, Sirt4 was down-regulated in human pulmonary microvascular endothelial cells
treated with CS extract, meanwhile the expression of E-selectin, and that of the vascular cell adhesion
molecule 1 (VCAM1) significantly increased [98]. Once activated, the attachment of monocytes to lung
endothelium promotes the development of a pro-inflammatory environment [99]. In this context, the
overexpression of Sirt4 seems sufficient to prevent the inflammatory reaction. Indeed, Sirt4 inhibits the
degradation of IκBα, an inhibitor of NfκB [98] preventing the activation of the inflammatory cascade and
acting along its pathway may represent a novel therapeutic approach to COPD progression. Whether Sirt4
could be considered as a promising target for COPD treatments needs to be ascertained (see table 3).
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Table 3: Regulation and function of sirtuins in chronic obstructive pulmonary disease.
Sirtuin
1

4

Pulmonary disease
COPD

COPD

Expression
Down

Effects
Increasing inflammation.

Less Down
Significantly down

Increasing inflammation.
Induction of a severe
inflammatory state.
Increasing of inflammation

Down

Cell type
Macrophages
&
neutrophils
Large airway epithelium
Small airway epithelium

ref
89

Endothelium

98

90
90

5. Sirtuins in neurodegenerative disorders of interest for rehabilitation medicine.
The definition of neurodegenerative diseases encompasses a wide range of conditions in which neuronal
cells progressively lose their normal activity and die. This phenomenon alters mental function and often
limits motility causing a progressive and incurable debilitation. These diseases are of interest for
rehabilitation medicine although the molecular mechanisms underlying the positive effect that physical and
cognitive training has on these conditions are still unresolved. The most important mental disorder is
dementia which affects a significant number of older adults over age of 85. Alzheimer's disease represents
60-70% of all cases of dementia [100] whereas other relevant neurodegenerative pathologies are Parkinson’s
disease, motor neuron diseases, prion disease, Huntington’s disease, spinocerebellar ataxia and spinal
muscular atrophy, to mention only some of the most important neurodegenerative conditions. More in
detail, Alzheimer's disease (AD) is characterized by deposition of brain amyloid plaques and neurofibrillary
tangles which rise in consequence of amyloid precursor protein (APP), presenilin 1 (PS1), presenilin 2 (PS2),
tau protein deposition and apolipoprotein E (APO E) gene mutations or altered processing. These proteins
accumulate into the extracellular matrix forming deposits with consequences on matrix homeostasis and
interfere with physiological impulse transmission [100]. In this disorder, it has been suggested that Sirt1 is
probably the most important sirtuin involved in neuroprotection which prevents or reduces accumulation of
β amyloid. Here, neuronal Sirt1 overexpression or neuronal Sirt1 resveratrol-dependent activation decreased
a Ser/Thr Rho kinase, which is involved in amyloid β metabolism [101]. Additional studies demonstrated
that the deacetylating effect of Sirt1 on Tau's lysine made this molecule accessible to ubiquitin ligases driving
Tau to degradation significantly slowing the progression of the disease [102]. Further studies demonstrated
the direct effect of Sirt1 on PI3K/Akt pathway determining Tau hyper-phosphorylation in a human
neuroblastoma cell line. Here, Sirt1 downregulation by siRNA approach significantly decreased cell survival
in consequence of inhibition of Akt phosphorylation. In this work, it was found that Sirt1 localizes close to
the plasma membrane modulating Akt activity and decreasing β amyloid accumulation upon Tau hyperphosphorylation [103].
Along an independent line of research, a recent study demonstrated the effect of Sirt3 on p53. In
physiological condition deacetylated p53 prevents DNA damage and mitochondrial dysfunctions, however
Alzheimer's patients exhibit a decrease in Sirt3 associated with significant accumulation of acetylated p53 in
the mitochondria of frontal cortex neurons. In experimental models, the direct deacetylation of
mitochondrial p53 on lysine 320, exerted by Sirt3, seems to have neuroprotective effect on Alzheimer's
disease slowing its progression [104].
Interestingly new approaches to reduce AD symptoms may include physical and cognitive exercises. For
instance, a recent clinical trial evaluated the feasibility of a music-supported video-based exercise in AD
patients [105]. Exercises were progressively increased during a four weeks program, and physical
parameters such as warming up exercise, strength, static and dynamic balance, other functional exercises,
endurance, and flexibility were recorded [105]. It was observed an amelioration in the exercise quality and
at the end of the program patients were satisfied and enjoyed training [105]. Whether sirtuins activation,
which normally occurs upon physical exercise, played a positive role in this context it remains to be
ascertained.
In developed countries, in the population over 60 years of age, it is common to find symptoms of
Parkinson’s disease (PD). Typical signs of this pathology are tremors of head, hands and limbs, rigidity,
bradykinesia and postural instability associated with cognitive and psychiatric disorders [106] without real
therapeutic options. However, surgery and drugs can reduce symptoms and recently it was found that the
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application of transcranial alternating current stimuli significantly decreased motor symptoms [107]. As
known, Parkinson's disorder is determined by altered dopamine secretion caused by cell death in the
substantial nigra and by the formation of Lewy’s bodies (intracellular α synuclein accumulation) in living
neurons [108]. In this condition, Sirt1 seems acting as a neuroprotector through the activation of the heat
shock factor 1 (HSF1) which enhances transcription of molecular chaperones such as the heat shock protein
70 [109]. In PD, the effect of Res on Sirt1 and AMPK determines an increased mitophagy in dopaminergic
neurons. In fact, Res stimulates the clearance of injured mitochondria and enhances degradation of α
synuclein through autophagy thus inhibiting the formation of Lewy’s bodies [110]. In addition, in a PD
mouse model, it was demonstrated the regulation of Sirt1 by Cdk5 through the ubiquitin-proteasome
pathway. Here Cdk5 seems more expressed than in normal controls contributing to the loss of neuronal
reactivity [111]. Interestingly, a small molecule called AGK2, which was identified as a potent Sirt2 inhibitor,
showed a neuroprotective effect rescuing neurons from the toxicity consequent to α synuclein accumulation
[112]. The same effect was obtained in vivo in a Sirt2 deficient mouse model [113]. In light of this
contradictory results it remains unclear whether sirtuins play a positive or negative role in PD and further
studies are necessary to elucidate this point.
Recent in vivo and in vitro studies indicated that microRNAs (miRs) regulate Sirt3. Specifically, miR-4943p, which is enriched in PD neurons, binds Sirt3-3'UTR determining Sirt3 downregulation which is
associated with motor neuron impairment in a PD mouse model. The discovery of this Sirt3/miR-494-3p
circuitry can be of interest to find a treatment for PD by using miR-494-3p as a target [114].
A large body of evidence suggest for a significant improvement of PD symptoms after physical activity.
One of the most recent trials introduced “Ai Chi” exercises, a Japanese aquatic therapy, to the rehabilitation
program for mild and moderate PD patients [115]. After five weeks of training, significant improvement in
motility, balancing, and quality of life was observed compared to the group just following a land-based
program [115]. This study suggests that this discipline, instead of the traditional exercises, might have a
positive effect reducing PD symptoms. Whether molecular mechanisms leading to sirtuins activation are
involved in this effect remains to be clarified. However, recent studies realized in the PD mouse model
suggested for an involvement of Sirt1 as a neuro-protector agent activated by aerobics or some other
physical exercises [116]. In this case, it was shown that the activity of Sirt1 and that of the mitochondrial
complex I, both decreased in the hippocampus of PD mice, were rescued upon exercise improving the
general physical conditions of the animals [116]. Moreover, in trained PD mice, lower levels of proinflammatory cytokines were observed suggesting for an action of Sirt1 on NF-κB pathway which resulted
inhibited [116]. Taken all together, these findings positively indicate that physical exercise might have an
epigenetic effect increasing sirtuins activity in the presence of conclamate PD symptoms leading to their
amelioration.
Nowadays, the most common type of motor neuron disease is the amyotrophic lateral sclerosis (ALS).
ALS is caused by a slow and progressive neurodegenerative process of neurons in the brain and in spinal
cord resulting in loss of coordination, speech, eating and even breathing. The most common form of ALS is
the sporadic one which affects about 90-95 % of all ALS cases [117] although a less common familial form has
been reported [118]. The pathogenesis of ALS is still not well understood, but it seems linked to a wide
number of mutations detected in various genes including superoxide dismutase (SOD) [119], TAR DNAbinding protein 43 [120], FUS RNA binding protein [121] and C9orf72 [122] to name few of the most
commonly reported. To a better understanding of the role of sirtuins in ALS, some experiments were
performed in which Sirt1 was stimulated using Res. In these experiments, rat neuronal cells were incubated
with ALS patient cerebrospinal fluid (CSF) or with CSF from a healthy donor. As a result, rat neuronal cells
exposed to ALS fluid were more damaged than controls. However, whenever resveratrol had been added,
the toxic effect of ALS-CSF was greatly reduced [123]. As in Parkinson's disease, in ALS, it was demonstrated
that Sirt1 deacetylates the heat shock factor 1 (HSF1) upregulating hsp70 and hsp25 prolonging the lifespan
of motor neurons [124]. Another sirtuin, the mitochondrial Sirt3, was shown to be neuroprotective in ALS
studies. In particular, mutation in SOD1 causes mitochondrial dysfunction and fragmentation often
associated to ALS. A transgenic mouse model expressing a mutated SOD1 was used to test Sirt3 efficiency
[125]. Remarkably, in motor neurons, Sirt3 overexpression protected against the dysfunctional consequences
determined by a mutant SOD1 thus preventing mitochondrial damage and neuronal cell death [125].
A number of clinical trials showed the benefit of physical exercise in ALS patients. In a recent study, a
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significant increase of the score of the functional independence scale was observed in ALS patients after a
specific program training in which improvement of oxygen consumption, muscle strength and fatigue was
reported [126]. Moreover, in an ALS-like condition observed in old people [127], physical exercise
determined re-innervation of muscle fibers at neuromuscular junctions ameliorating symptoms [127].
Whether these beneficial effects might be consequence of sirtuin activation is still unclear. Similarly, as it will
emerge clearly from what discussed below, also in Huntington’s disease (HD) the role of sirtuins is still one
of the most controversial. HD is an autosomal dominant illness characterized by loss in coordination and
motility, variable personality and psychiatric disturbances combined with cognitive dysfunction. The
patients' genotype is characterized by CAG repeats expansion that encode glutamine residues in the
Huntingtin protein which aggregates in the cytoplasm of neurons [128]. This illness is highly disabling, and
first symptoms arise commonly in middle-aged adults (35-44 years) [129]. Some HD features are similar to
other neurodegenerative diseases of old people such as the accumulation of aggregates, cognitive decline
and behavior changing [129]. A significant neuroprotection effect was obtained from Sirt1 overexpression in
C. elegans after induction of polyglutamine cytotoxicity [130] However, in Drosophila, Sirt1 and Sirt2
downregulation was associated to neuron survival apparently suppressing the disease [131]. In contrast, in a
transgenic mouse model overexpressing a truncated N-terminal Huntingtin protein, deletion of the Sirt1
catalytic site worsened Huntington’s disease symptoms while the overexpression of Sirt1 reduced protein
aggregation improving physiological conditions [132]. Mechanistically, it has been proposed an effect of Sirt1
on TORC1 deacetylation, which normally interacts with CREB. In fact, in the Huntington mouse model,
TORC1-CREB complex is interfered by mutated huntingtin protein and transcription of the brain-derived
neurotrophic factor supporting neuronal growth, survival, and differentiation, cannot be transcribed [132].
The upregulation of Sirt1 rescues the formation of TORC1-CREB complex [132]. The role of Sirt2 was also
investigated in the Huntington mouse model, but its downregulation did not have effects on the disorder
and did not changed Huntingtin protein intracellular stacking [133]. However, Sirt3 activation upon stimuli
with viniferin increased AMPK function and in consequence the neurodegeneration was attenuated [134].
In the attempt of finding a therapy that could ameliorate HD symptoms, the effect of β-Lapachone (βL), a
naturally derived compound present in the roots of Tabebuia avellanedae, known to be beneficial as antibacterial, antiviral, anti-cancer, anti-inflammatory and beneficial for wound healing too, was verified in the
HD mouse model [135]. The HD animals were injected with βL, and Sirt1, CREB, and PGC-1α expression,
modification, and activity determined. In the brain of treated mice, it was found that Sirt1 and p-CREB
expression and function increased, while PGC-1α acetylation was reduced. Altogether, treated animals
showed an improvement of the rota-rod score compared to HD controls and reduction of Huntingtin protein
deposit with consequent amelioration of the HD phenotype [136].
Recently, the introduction of a rehabilitation program has been suggested for HD patients. A clinical trial
positively evaluated the effect of physical activity on speed, walking, balancing, muscular strength, and
pulmonary and cognitive functions [137]. It is currently unknown whether the exercise program activated
the sirtuin pathway. However, because HD is a genetic illness, the potential activation of Sirt1 could only
provide palliative effects awaiting for the definitive correction of the genetic defect. See table 4.
Table 4: Regulation and function of sirtuins in neurodegenerative disease
Sirtuin

Neurodegenerative
disease

Expression

Effects

Cell type

ref

1

Alzheimer

Down

Human CNS neuron

101;102;103

Parkinson

Down

Human
neuron

109;110

Amyotrophic lateral

Down

Inhibiting
amyloid
catabolism and
Tau degradation.
Inhibiting
transcription of
molecular
chaperones and
reducing αsynuclein
clearance.
Neuronal

dopaminergic

Human motor neuron

123
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sclerosis
Huntington

Down

Up
Down
2

Parkinson

Up
Down

3

Parkinson

Down

Amyotrophic lateral
sclerosis

Down

Huntington

Down

damage.
Reduction in
neuronal
differentiation,
survival and
growth.
Neuronal
survival.
Polyglutamine
cytotoxicity
Accumulation of
α-synuclein.
Accumulation of
α-synuclein.
Motorneuron
impairment.
Mitochondrial
damage
&
neuronal death
Decrease
of
AMPK
activity
and
neuronal
dysfunction.

Mouse and human neurons

132;133

Drosophila neurons

131

Worm neurons

130

Human
neuron
Mouse
neuron

dopaminergic

112

dopaminergic

113

Human
dopaminergic
neuron
Human motor neuron

114

Human neuron

134

125

6. Conclusions.
Epigenetics is a new field constantly under investigation in which DNA structure is involved in gene
regulation without altering the primary genomic sequence. During human development, DNA undergoes
numerous structural modifications such as cytosine methylation or chromatin remodeling by the addition of
multiple histone modifications among which the best characterized are certainly the
acetylation/deacetylation and methylation/demethylation of lysine residues. Physiologically, all of these
changes drive cells to differentiation or introduce modifications in their functional state.
In a large number of pathophysiological conditions, however, the alteration of chromatin structure ends
up with changes in the normal pattern of gene expression. To restore the physiological state, a body of
evidence supports that a disease-specific physical activity program may help modifying our epigenetic
landscape, improving cardiovascular and respiratory function, muscle strength, gastrointestinal absorption,
and the efficiency of the nervous and immune systems. Recent studies assigned a role for sirtuins, the class
III HDAC enzyme family, in a large number of diseases in which they were found down- or up-regulated but
in general not properly working. Hence, at least in specific pathophysiological conditions including cancer
or neurodegenerative diseases, the role of sirtuins seems quite controversial. Remarkably, numerous
observations report that sirtuins’ expression and activity increases upon intense exercise training
contributing to the amelioration of physical and cognitive parameters such as walking, memory, and
muscular strength. With this review, necessarily limited to those aspects of the role of sirtuins more easily
amenable to chronic non-transmissible diseases of interest for rehabilitation medicine, we attempted to raise
attention toward the regulation of these NAD+-dependent deacetylases combined with physical training. In
conclusion, more attention should be paid to sirtuins that should be investigated in greater detail in the
context of physical rehabilitation training programs of illnesses associated with aging.

12

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 27 August 2018

doi:10.20944/preprints201807.0246.v2

Peer-reviewed version available at Int. J. Mol. Sci. 2018, 19, 3080; doi:10.3390/ijms19103080

REFERENCES

1.

2.
3.
4.
5.
6.
7.

8.

9.

10.

11.
12.
13.

14.

15.

16.
17.

18.

19.

Frye, R. A., Characterization of five human cDNAs with homology to the yeast SIR2 gene:
Sir2-like proteins (sirtuins) metabolize NAD and may have protein ADP-ribosyltransferase
activity. Biochemical and biophysical research communications 1999, 260, (1), 273-9.
Frye, R. A., Phylogenetic classification of prokaryotic and eukaryotic Sir2-like proteins.
Biochemical and biophysical research communications 2000, 273, (2), 793-8.
Sauve, A. A.; Schramm, V. L., Sir2 regulation by nicotinamide results from switching
between base exchange and deacetylation chemistry. Biochemistry 2003, 42, (31), 9249-56.
Vaquero, A.; Sternglanz, R.; Reinberg, D., NAD+-dependent deacetylation of H4 lysine 16
by class III HDACs. Oncogene 2007, 26, (37), 5505-20.
Saunders, L. R.; Verdin, E., Sirtuins: critical regulators at the crossroads between cancer and
aging. Oncogene 2007, 26, (37), 5489-504.
Haigis, M. C.; Guarente, L. P., Mammalian sirtuins--emerging roles in physiology, aging,
and calorie restriction. Genes & development 2006, 20, (21), 2913-21.
Vaquero, A.; Scher, M. B.; Lee, D. H.; Sutton, A.; Cheng, H. L.; Alt, F. W.; Serrano, L.;
Sternglanz, R.; Reinberg, D., SirT2 is a histone deacetylase with preference for histone H4
Lys 16 during mitosis. Genes & development 2006, 20, (10), 1256-61.
Peck, B.; Chen, C. Y.; Ho, K. K.; Di Fruscia, P.; Myatt, S. S.; Coombes, R. C.; Fuchter, M.
J.; Hsiao, C. D.; Lam, E. W., SIRT inhibitors induce cell death and p53 acetylation through
targeting both SIRT1 and SIRT2. Molecular cancer therapeutics 2010, 9, (4), 844-55.
North, B. J.; Marshall, B. L.; Borra, M. T.; Denu, J. M.; Verdin, E., The human Sir2
ortholog, SIRT2, is an NAD+-dependent tubulin deacetylase. Molecular cell 2003, 11, (2),
437-44.
Vaquero, A.; Scher, M.; Lee, D.; Erdjument-Bromage, H.; Tempst, P.; Reinberg, D., Human
SirT1 interacts with histone H1 and promotes formation of facultative heterochromatin.
Molecular cell 2004, 16, (1), 93-105.
Trojer, P.; Reinberg, D., Facultative heterochromatin: is there a distinctive molecular
signature? Molecular cell 2007, 28, (1), 1-13.
van der Heide, L. P.; Smidt, M. P., Regulation of FoxO activity by CBP/p300-mediated
acetylation. Trends in biochemical sciences 2005, 30, (2), 81-6.
Yeung, F.; Hoberg, J. E.; Ramsey, C. S.; Keller, M. D.; Jones, D. R.; Frye, R. A.; Mayo, M.
W., Modulation of NF-kappaB-dependent transcription and cell survival by the SIRT1
deacetylase. The EMBO journal 2004, 23, (12), 2369-80.
Vaziri, H.; Dessain, S. K.; Ng Eaton, E.; Imai, S. I.; Frye, R. A.; Pandita, T. K.; Guarente, L.;
Weinberg, R. A., hSIR2(SIRT1) functions as an NAD-dependent p53 deacetylase. Cell 2001,
107, (2), 149-59.
Subramanian, C.; Opipari, A. W., Jr.; Bian, X.; Castle, V. P.; Kwok, R. P., Ku70 acetylation
mediates neuroblastoma cell death induced by histone deacetylase inhibitors. Proceedings of
the National Academy of Sciences of the United States of America 2005, 102, (13), 4842-7.
Borradaile, N. M.; Pickering, J. G., NAD(+), sirtuins, and cardiovascular disease. Current
pharmaceutical design 2009, 15, (1), 110-7.
Rodgers, J. T.; Lerin, C.; Haas, W.; Gygi, S. P.; Spiegelman, B. M.; Puigserver, P., Nutrient
control of glucose homeostasis through a complex of PGC-1alpha and SIRT1. Nature 2005,
434, (7029), 113-8.
Sartorelli, V.; Puri, P. L.; Hamamori, Y.; Ogryzko, V.; Chung, G.; Nakatani, Y.; Wang, J. Y.;
Kedes, L., Acetylation of MyoD directed by PCAF is necessary for the execution of the
muscle program. Molecular cell 1999, 4, (5), 725-34.
Bordone, L.; Motta, M. C.; Picard, F.; Robinson, A.; Jhala, U. S.; Apfeld, J.; McDonagh, T.;
Lemieux, M.; McBurney, M.; Szilvasi, A.; Easlon, E. J.; Lin, S. J.; Guarente, L., Sirt1
regulates insulin secretion by repressing UCP2 in pancreatic beta cells. PLoS biology 2006,
4, (2), e31.
13

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 27 August 2018

doi:10.20944/preprints201807.0246.v2

Peer-reviewed version available at Int. J. Mol. Sci. 2018, 19, 3080; doi:10.3390/ijms19103080

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

Picard, F.; Kurtev, M.; Chung, N.; Topark-Ngarm, A.; Senawong, T.; Machado De Oliveira,
R.; Leid, M.; McBurney, M. W.; Guarente, L., Sirt1 promotes fat mobilization in white
adipocytes by repressing PPAR-gamma. Nature 2004, 429, (6993), 771-6.
Sundaresan, N. R.; Pillai, V. B.; Wolfgeher, D.; Samant, S.; Vasudevan, P.; Parekh, V.;
Raghuraman, H.; Cunningham, J. M.; Gupta, M.; Gupta, M. P., The deacetylase SIRT1
promotes membrane localization and activation of Akt and PDK1 during tumorigenesis and
cardiac hypertrophy. Science signaling 2011, 4, (182), ra46.
Reed, N. A.; Cai, D.; Blasius, T. L.; Jih, G. T.; Meyhofer, E.; Gaertig, J.; Verhey, K. J.,
Microtubule acetylation promotes kinesin-1 binding and transport. Current biology : CB
2006, 16, (21), 2166-72.
Wang, Y. P.; Zhou, L. S.; Zhao, Y. Z.; Wang, S. W.; Chen, L. L.; Liu, L. X.; Ling, Z. Q.; Hu,
F. J.; Sun, Y. P.; Zhang, J. Y.; Yang, C.; Yang, Y.; Xiong, Y.; Guan, K. L.; Ye, D., Regulation
of G6PD acetylation by SIRT2 and KAT9 modulates NADPH homeostasis and cell survival
during oxidative stress. The EMBO journal 2014, 33, (12), 1304-20.
Ramakrishnan, G.; Davaakhuu, G.; Kaplun, L.; Chung, W. C.; Rana, A.; Atfi, A.; Miele, L.;
Tzivion, G., Sirt2 deacetylase is a novel AKT binding partner critical for AKT activation by
insulin. The Journal of biological chemistry 2014, 289, (9), 6054-66.
Lynn, E. G.; McLeod, C. J.; Gordon, J. P.; Bao, J.; Sack, M. N., SIRT2 is a negative
regulator of anoxia-reoxygenation tolerance via regulation of 14-3-3 zeta and BAD in H9c2
cells. FEBS letters 2008, 582, (19), 2857-62.
North, B. J.; Rosenberg, M. A.; Jeganathan, K. B.; Hafner, A. V.; Michan, S.; Dai, J.; Baker,
D. J.; Cen, Y.; Wu, L. E.; Sauve, A. A.; van Deursen, J. M.; Rosenzweig, A.; Sinclair, D. A.,
SIRT2 induces the checkpoint kinase BubR1 to increase lifespan. The EMBO journal 2014,
33, (13), 1438-53.
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.
Proceedings of the National Academy of Sciences of the United States of America 2006, 103,
(27), 10224-10229.
Scher, M. B.; Vaquero, A.; Reinberg, D., SirT3 is a nuclear NAD+-dependent histone
deacetylase that translocates to the mitochondria upon cellular stress. Genes & development
2007, 21, (8), 920-8.
Du, J.; Zhou, Y.; Su, X.; Yu, 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.; Auwerx, J.; Hao, Q.; Lin, H., Sirt5 is a
NAD-dependent protein lysine demalonylase and desuccinylase. Science 2011, 334, (6057),
806-9.
Rardin, M. J.; He, W.; Nishida, Y.; Newman, J. C.; Carrico, C.; Danielson, S. R.; Guo, A.;
Gut, P.; Sahu, A. K.; Li, B.; Uppala, R.; Fitch, M.; Riiff, T.; Zhu, L.; Zhou, J.; Mulhern, D.;
Stevens, R. D.; Ilkayeva, O. R.; Newgard, C. B.; Jacobson, M. P.; Hellerstein, M.;
Goetzman, E. S.; Gibson, B. W.; Verdin, E., SIRT5 regulates the mitochondrial lysine
succinylome and metabolic networks. Cell metabolism 2013, 18, (6), 920-33.
Haigis, M. C.; Mostoslavsky, R.; Haigis, K. M.; Fahie, K.; Christodoulou, D. C.; Murphy, A.
J.; Valenzuela, D. M.; Yancopoulos, G. D.; Karow, M.; Blander, G.; Wolberger, C.; Prolla, T.
A.; Weindruch, R.; Alt, F. W.; Guarente, L., SIRT4 inhibits glutamate dehydrogenase and
opposes the effects of calorie restriction in pancreatic beta cells. Cell 2006, 126, (5), 941-54.
Ford, E.; Voit, R.; Liszt, G.; Magin, C.; Grummt, I.; Guarente, L., Mammalian Sir2 homolog
SIRT7 is an activator of RNA polymerase I transcription. Genes & development 2006, 20,
(9), 1075-80.
Ryu, D.; Jo, Y. S.; Lo Sasso, G.; Stein, S.; Zhang, H.; Perino, A.; Lee, J. U.; Zeviani, M.;
Romand, R.; Hottiger, M. O.; Schoonjans, K.; Auwerx, J., A SIRT7-dependent acetylation
switch of GABPbeta1 controls mitochondrial function. Cell metabolism 2014, 20, (5), 856869.
Yoshizawa, T.; Karim, M. F.; Sato, Y.; Senokuchi, T.; Miyata, K.; Fukuda, T.; Go, C.; Tasaki,
14

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 27 August 2018

doi:10.20944/preprints201807.0246.v2

Peer-reviewed version available at Int. J. Mol. Sci. 2018, 19, 3080; doi:10.3390/ijms19103080

35.

36.

37.
38.

39.

40.

41.

42.

43.

44.

45.
46.

47.

M.; Uchimura, K.; Kadomatsu, T.; Tian, Z.; Smolka, C.; Sawa, T.; Takeya, M.; Tomizawa,
K.; Ando, Y.; Araki, E.; Akaike, T.; Braun, T.; Oike, Y.; Bober, E.; Yamagata, K., SIRT7
controls hepatic lipid metabolism by regulating the ubiquitin-proteasome pathway. Cell
metabolism 2014, 19, (4), 712-21.
Mostoslavsky, R.; Chua, K. F.; Lombard, D. B.; Pang, W. W.; Fischer, M. R.; Gellon, L.;
Liu, P.; Mostoslavsky, G.; Franco, S.; Murphy, M. M.; Mills, K. D.; Patel, P.; Hsu, J. T.;
Hong, A. L.; Ford, E.; Cheng, H. L.; Kennedy, C.; Nunez, N.; Bronson, R.; Frendewey, D.;
Auerbach, W.; Valenzuela, D.; Karow, M.; Hottiger, M. O.; Hursting, S.; Barrett, J. C.;
Guarente, L.; Mulligan, R.; Demple, B.; Yancopoulos, G. D.; Alt, F. W., Genomic instability
and aging-like phenotype in the absence of mammalian SIRT6. Cell 2006, 124, (2), 315-29.
Ma, W.; Stafford, L. J.; Li, D.; Luo, J.; Li, X.; Ning, G.; Liu, M., GCIP/CCNDBP1, a helixloop-helix protein, suppresses tumorigenesis. Journal of cellular biochemistry 2007, 100,
(6), 1376-86.
Yuan, J.; Minter-Dykhouse, K.; Lou, Z., A c-Myc-SIRT1 feedback loop regulates cell
growth and transformation. The Journal of cell biology 2009, 185, (2), 203-11.
Firestein, R.; Blander, G.; Michan, S.; Oberdoerffer, P.; Ogino, S.; Campbell, J.;
Bhimavarapu, A.; Luikenhuis, S.; de Cabo, R.; Fuchs, C.; Hahn, W. C.; Guarente, L. P.;
Sinclair, D. A., The SIRT1 deacetylase suppresses intestinal tumorigenesis and colon cancer
growth. PloS one 2008, 3, (4), e2020.
Lv, L.; Shen, Z.; Zhang, J.; Zhang, H.; Dong, J.; Yan, Y.; Liu, F.; Jiang, K.; Ye, Y.; Wang, S.,
Clinicopathological significance of SIRT1 expression in colorectal adenocarcinoma.
Medical oncology 2014, 31, (6), 965.
Huang, J.; Gan, Q.; Han, L.; Li, J.; Zhang, H.; Sun, Y.; Zhang, Z.; Tong, T., SIRT1
overexpression antagonizes cellular senescence with activated ERK/S6k1 signaling in
human diploid fibroblasts. PloS one 2008, 3, (3), e1710.
Aljada, A.; Saleh, A. M.; Alkathiri, M.; Shamsa, H. B.; Al-Bawab, A.; Nasr, A., Altered
Sirtuin 7 Expression is Associated with Early Stage Breast Cancer. Breast cancer : basic and
clinical research 2015, 9, 3-8.
Wang, R. H.; Sengupta, K.; Li, C.; Kim, H. S.; Cao, L.; Xiao, C.; Kim, S.; Xu, X.; Zheng,
Y.; Chilton, B.; Jia, R.; Zheng, Z. M.; Appella, E.; Wang, X. W.; Ried, T.; Deng, C. X.,
Impaired DNA damage response, genome instability, and tumorigenesis in SIRT1 mutant
mice. Cancer cell 2008, 14, (4), 312-23.
Brown, J. C.; Troxel, A. B.; Ky, B.; Damjanov, N.; Zemel, B. S.; Rickels, M. R.; Rhim, A.
D.; Rustgi, A. K.; Courneya, K. S.; Schmitz, K. H., Dose-response Effects of Aerobic
Exercise Among Colon Cancer Survivors: A Randomized Phase II Trial. Clinical colorectal
cancer 2018, 17, (1), 32-40.
Zhou, Y.; Cheng, S.; Chen, S.; Zhao, Y., Prognostic and clinicopathological value of SIRT3
expression in various cancers: a systematic review and meta-analysis. OncoTargets and
therapy 2018, 11, 2157-2167.
O'Callaghan, C.; Vassilopoulos, A., Sirtuins at the crossroads of stemness, aging, and cancer.
Aging cell 2017, 16, (6), 1208-1218.
Benjamin, E. J.; Blaha, M. J.; Chiuve, S. E.; Cushman, M.; Das, S. R.; Deo, R.; de Ferranti,
S. D.; Floyd, J.; Fornage, M.; Gillespie, C.; Isasi, C. R.; Jimenez, M. C.; Jordan, L. C.; Judd,
S. E.; Lackland, D.; Lichtman, J. H.; Lisabeth, L.; Liu, S.; Longenecker, C. T.; Mackey, R.
H.; Matsushita, K.; Mozaffarian, D.; Mussolino, M. E.; Nasir, K.; Neumar, R. W.;
Palaniappan, L.; Pandey, D. K.; Thiagarajan, R. R.; Reeves, M. J.; Ritchey, M.; Rodriguez,
C. J.; Roth, G. A.; Rosamond, W. D.; Sasson, C.; Towfighi, A.; Tsao, C. W.; Turner, M. B.;
Virani, S. S.; Voeks, J. H.; Willey, J. Z.; Wilkins, J. T.; Wu, J. H.; Alger, H. M.; Wong, S. S.;
Muntner, P.; American Heart Association Statistics, C.; Stroke Statistics, S., Heart Disease
and Stroke Statistics-2017 Update: A Report From the American Heart Association.
Circulation 2017, 135, (10), e146-e603.
de Gregorio, C., Physical Training and Cardiac Rehabilitation in Heart Failure Patients.
15

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 27 August 2018

doi:10.20944/preprints201807.0246.v2

Peer-reviewed version available at Int. J. Mol. Sci. 2018, 19, 3080; doi:10.3390/ijms19103080

48.

49.

50.

51.

52.

53.

54.

55.
56.

57.

58.

59.
60.

61.
62.

Advances in experimental medicine and biology 2018, 1067, 161-181.
Piepoli, M. F.; Corra, U.; Adamopoulos, S.; Benzer, W.; Bjarnason-Wehrens, B.; Cupples,
M.; Dendale, P.; Doherty, P.; Gaita, D.; Hofer, S.; McGee, H.; Mendes, M.; Niebauer, J.;
Pogosova, N.; Garcia-Porrero, E.; Rauch, B.; Schmid, J. P.; Giannuzzi, P., Secondary
prevention in the clinical management of patients with cardiovascular diseases. Core
components, standards and outcome measures for referral and delivery: a policy statement
from the cardiac rehabilitation section of the European Association for Cardiovascular
Prevention & Rehabilitation. Endorsed by the Committee for Practice Guidelines of the
European Society of Cardiology. European journal of preventive cardiology 2014, 21, (6),
664-81.
Palmer, K.; Bowles, K. A.; Paton, M.; Jepson, M.; Lane, R., Chronic Heart Failure and
Exercise Rehabilitation: A Systematic Review and Meta-Analysis. Archives of physical
medicine and rehabilitation 2018.
Oka, S.; Alcendor, R.; Zhai, P.; Park, J. Y.; Shao, D.; Cho, J.; Yamamoto, T.; Tian, B.;
Sadoshima, J., PPARalpha-Sirt1 complex mediates cardiac hypertrophy and failure through
suppression of the ERR transcriptional pathway. Cell metabolism 2011, 14, (5), 598-611.
Russomanno, G.; Corbi, G.; Manzo, V.; Ferrara, N.; Rengo, G.; Puca, A. A.; Latte, S.;
Carrizzo, A.; Calabrese, M. C.; Andriantsitohaina, R.; Filippelli, W.; Vecchione, C.;
Filippelli, A.; Conti, V., The anti-ageing molecule sirt1 mediates beneficial effects of cardiac
rehabilitation. Immunity & ageing : I & A 2017, 14, 7.
Cai, C. L.; Liang, X.; Shi, Y.; Chu, P. H.; Pfaff, S. L.; Chen, J.; Evans, S., Isl1 identifies a
cardiac progenitor population that proliferates prior to differentiation and contributes a
majority of cells to the heart. Developmental cell 2003, 5, (6), 877-89.
Sakamoto, J.; Miura, T.; Shimamoto, K.; Horio, Y., Predominant expression of Sir2alpha, an
NAD-dependent histone deacetylase, in the embryonic mouse heart and brain. FEBS letters
2004, 556, (1-3), 281-6.
Feige, J. N.; Lagouge, M.; Canto, C.; Strehle, A.; Houten, S. M.; Milne, J. C.; Lambert, P.
D.; Mataki, C.; Elliott, P. J.; Auwerx, J., Specific SIRT1 activation mimics low energy levels
and protects against diet-induced metabolic disorders by enhancing fat oxidation. Cell
metabolism 2008, 8, (5), 347-58.
Li, X.; Zhang, S.; Blander, G.; Tse, J. G.; Krieger, M.; Guarente, L., SIRT1 deacetylates and
positively regulates the nuclear receptor LXR. Molecular cell 2007, 28, (1), 91-106.
Nayagam, V. M.; Wang, X.; Tan, Y. C.; Poulsen, A.; Goh, K. C.; Ng, T.; Wang, H.; Song, H.
Y.; Ni, B.; Entzeroth, M.; Stunkel, W., SIRT1 modulating compounds from high-throughput
screening as anti-inflammatory and insulin-sensitizing agents. Journal of biomolecular
screening 2006, 11, (8), 959-67.
Shen, Z.; Ajmo, J. M.; Rogers, C. Q.; Liang, X.; Le, L.; Murr, M. M.; Peng, Y.; You, M.,
Role of SIRT1 in regulation of LPS- or two ethanol metabolites-induced TNF-alpha
production in cultured macrophage cell lines. American journal of physiology.
Gastrointestinal and liver physiology 2009, 296, (5), G1047-53.
Potente, M.; Urbich, C.; Sasaki, K.; Hofmann, W. K.; Heeschen, C.; Aicher, A.; Kollipara,
R.; DePinho, R. A.; Zeiher, A. M.; Dimmeler, S., Involvement of Foxo transcription factors
in angiogenesis and postnatal neovascularization. The Journal of clinical investigation 2005,
115, (9), 2382-92.
Matsushima, S.; Sadoshima, J., The role of sirtuins in cardiac disease. American journal of
physiology. Heart and circulatory physiology 2015, 309, (9), H1375-89.
Hsu, C. P.; Zhai, P.; Yamamoto, T.; Maejima, Y.; Matsushima, S.; Hariharan, N.; Shao, D.;
Takagi, H.; Oka, S.; Sadoshima, J., Silent information regulator 1 protects the heart from
ischemia/reperfusion. Circulation 2010, 122, (21), 2170-82.
Opie, L. H.; Lecour, S., The red wine hypothesis: from concepts to protective signalling
molecules. European heart journal 2007, 28, (14), 1683-93.
Lagouge, M.; Argmann, C.; Gerhart-Hines, Z.; Meziane, H.; Lerin, C.; Daussin, F.;
16

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 27 August 2018

doi:10.20944/preprints201807.0246.v2

Peer-reviewed version available at Int. J. Mol. Sci. 2018, 19, 3080; doi:10.3390/ijms19103080

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

Messadeq, N.; Milne, J.; Lambert, P.; Elliott, P.; Geny, B.; Laakso, M.; Puigserver, P.;
Auwerx, J., Resveratrol improves mitochondrial function and protects against metabolic
disease by activating SIRT1 and PGC-1alpha. Cell 2006, 127, (6), 1109-22.
Zordoky, B. N.; Robertson, I. M.; Dyck, J. R., Preclinical and clinical evidence for the role
of resveratrol in the treatment of cardiovascular diseases. Biochimica et biophysica acta
2015, 1852, (6), 1155-77.
Mattagajasingh, I.; Kim, C. S.; Naqvi, A.; Yamamori, T.; Hoffman, T. A.; Jung, S. B.;
DeRicco, J.; Kasuno, K.; Irani, K., SIRT1 promotes endothelium-dependent vascular
relaxation by activating endothelial nitric oxide synthase. Proceedings of the National
Academy of Sciences of the United States of America 2007, 104, (37), 14855-60.
Kim, E. N.; Kim, M. Y.; Lim, J. H.; Kim, Y.; Shin, S. J.; Park, C. W.; Kim, Y. S.; Chang, Y.
S.; Yoon, H. E.; Choi, B. S., The protective effect of resveratrol on vascular aging by
modulation of the renin-angiotensin system. Atherosclerosis 2018, 270, 123-131.
Han, S.; Bal, N. B.; Sadi, G.; Usanmaz, S. E.; Uludag, M. O.; Demirel-Yilmaz, E., The
effects of resveratrol and exercise on age and gender-dependent alterations of vascular
functions and biomarkers. Experimental gerontology 2018, 110, 191-201.
Aguilar-Alonso, P.; Vera-Lopez, O.; Brambila-Colombres, E.; Segura-Badilla, O.; AvalosLopez, R.; Lazcano-Hernandez, M.; Navarro-Cruz, A. R., Evaluation of Oxidative Stress in
Cardiomyocytes during the Aging Process in Rats Treated with Resveratrol. Oxidative
medicine and cellular longevity 2018, 2018, 1390483.
Sarikhani, M.; Maity, S.; Mishra, S.; Jain, A.; Tamta, A. K.; Ravi, V.; Kondapalli, M. S.;
Desingu, P. A.; Khan, D.; Kumar, S.; Rao, S.; Inbaraj, M.; Pandit, A. S.; Sundaresan, N. R.,
SIRT2 deacetylase represses NFAT transcription factor to maintain cardiac homeostasis. The
Journal of biological chemistry 2018, 293, (14), 5281-5294.
Martin, A. S.; Abraham, D. M.; Hershberger, K. A.; Bhatt, D. P.; Mao, L.; Cui, H.; Liu, J.;
Liu, X.; Muehlbauer, M. J.; Grimsrud, P. A.; Locasale, J. W.; Payne, R. M.; Hirschey, M. D.,
Nicotinamide mononucleotide requires SIRT3 to improve cardiac function and bioenergetics
in a Friedreich's ataxia cardiomyopathy model. JCI insight 2017, 2, (14).
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 2010, 2, (12), 914-23.
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.
Molecular and cellular biology 2015, 36, (5), 678-92.
Sundaresan, N. R.; Gupta, M.; Kim, G.; Rajamohan, S. B.; Isbatan, A.; Gupta, M. P., Sirt3
blocks the cardiac hypertrophic response by augmenting Foxo3a-dependent antioxidant
defense mechanisms in mice. The Journal of clinical investigation 2009, 119, (9), 2758-71.
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. Molecular and cellular biology 2008, 28, (20), 6384-401.
Pillai, V. B.; Bindu, S.; Sharp, W.; Fang, Y. H.; Kim, G.; Gupta, M.; Samant, S.; Gupta, M.
P., Sirt3 protects mitochondrial DNA damage and blocks the development of doxorubicininduced cardiomyopathy in mice. American journal of physiology. Heart and circulatory
physiology 2016, 310, (8), H962-72.
Liu, B.; Che, W.; Xue, J.; Zheng, C.; Tang, K.; Zhang, J.; Wen, J.; Xu, Y., SIRT4 prevents
hypoxia-induced apoptosis in H9c2 cardiomyoblast cells. Cellular physiology and
biochemistry : international journal of experimental cellular physiology, biochemistry, and
pharmacology 2013, 32, (3), 655-62.
Liu, B.; Che, W.; Zheng, C.; Liu, W.; Wen, J.; Fu, H.; Tang, K.; Zhang, J.; Xu, Y., SIRT5: a
safeguard against oxidative stress-induced apoptosis in cardiomyocytes. Cellular physiology
and biochemistry : international journal of experimental cellular physiology, biochemistry,
17

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 27 August 2018

doi:10.20944/preprints201807.0246.v2

Peer-reviewed version available at Int. J. Mol. Sci. 2018, 19, 3080; doi:10.3390/ijms19103080

77.

78.

79.

80.

81.
82.

83.
84.

85.

86.

87.

88.
89.

90.

91.

and pharmacology 2013, 32, (4), 1050-9.
Sundaresan, N. R.; Vasudevan, P.; Zhong, L.; Kim, G.; Samant, S.; Parekh, V.; Pillai, V. B.;
Ravindra, P. V.; Gupta, M.; Jeevanandam, V.; Cunningham, J. M.; Deng, C. X.; Lombard, D.
B.; Mostoslavsky, R.; Gupta, M. P., The sirtuin SIRT6 blocks IGF-Akt signaling and
development of cardiac hypertrophy by targeting c-Jun. Nature medicine 2012, 18, (11),
1643-50.
Maksin-Matveev, A.; Kanfi, Y.; Hochhauser, E.; Isak, A.; Cohen, H. Y.; Shainberg, A.,
Sirtuin 6 protects the heart from hypoxic damage. Experimental cell research 2015, 330, (1),
81-90.
Mao, Z. Y.; Hine, C.; Tian, X.; Van Meter, M.; Au, M.; Vaidya, A.; Seluanov, A.; Gorbunova,
V., SIRT6 Promotes DNA Repair Under Stress by Activating PARP1. Science 2011, 332,
(6036), 1443-1446.
Vakhrusheva, O.; Smolka, C.; Gajawada, P.; Kostin, S.; Boettger, T.; Kubin, T.; Braun, T.;
Bober, E., Sirt7 increases stress resistance of cardiomyocytes and prevents apoptosis and
inflammatory cardiomyopathy in mice. Circulation research 2008, 102, (6), 703-10.
Barnes, P. J., Chronic obstructive pulmonary disease. The New England journal of medicine
2000, 343, (4), 269-80.
Henao, M. P.; Craig, T. J., Recent advances in understanding and treating COPD related to
alpha1-antitrypsin deficiency. Expert review of respiratory medicine 2016, 10, (12), 12811294.
Anzueto, A.; Miravitlles, M., The Role of Fixed-Dose Dual Bronchodilator Therapy in
Treating COPD. The American journal of medicine 2018, 131, (6), 608-622.
Carone, M.; Patessio, A.; Ambrosino, N.; Baiardi, P.; Balbi, B.; Balzano, G.; Cuomo, V.;
Donner, C. F.; Fracchia, C.; Nava, S.; Neri, M.; Pozzi, E.; Vitacca, M.; Spanevello, A.,
Efficacy of pulmonary rehabilitation in chronic respiratory failure (CRF) due to chronic
obstructive pulmonary disease (COPD): The Maugeri Study. Respiratory medicine 2007,
101, (12), 2447-53.
da Silva, I. R. V.; de Araujo, C. L. P.; Dorneles, G. P.; Peres, A.; Bard, A. L.; Reinaldo, G.;
Teixeira, P. J. Z.; Lago, P. D.; Elsner, V. R., Exercise-modulated epigenetic markers and
inflammatory response in COPD individuals: A pilot study. Respiratory physiology &
neurobiology 2017, 242, 89-95.
Yang, S. R.; Wright, J.; Bauter, M.; Seweryniak, K.; Kode, A.; Rahman, I., Sirtuin regulates
cigarette smoke-induced proinflammatory mediator release via RelA/p65 NF-kappaB in
macrophages in vitro and in rat lungs in vivo: implications for chronic inflammation and
aging. American journal of physiology. Lung cellular and molecular physiology 2007, 292,
(2), L567-76.
Marwick, J. A.; Kirkham, P. A.; Stevenson, C. S.; Danahay, H.; Giddings, J.; Butler, K.;
Donaldson, K.; Macnee, W.; Rahman, I., Cigarette smoke alters chromatin remodeling and
induces proinflammatory genes in rat lungs. American journal of respiratory cell and
molecular biology 2004, 31, (6), 633-42.
Shapiro, S. D., The macrophage in chronic obstructive pulmonary disease. American journal
of respiratory and critical care medicine 1999, 160, (5 Pt 2), S29-32.
Rajendrasozhan, S.; Yang, S. R.; Kinnula, V. L.; Rahman, I., SIRT1, an antiinflammatory
and antiaging protein, is decreased in lungs of patients with chronic obstructive pulmonary
disease. American journal of respiratory and critical care medicine 2008, 177, (8), 861-70.
Isajevs, S.; Strazda, G.; Kopeika, U.; Taivans, I., Different patterns of lung sirtuin expression
in smokers with and without chronic obstructive pulmonary disease. Medicina 2012, 48,
(10), 552-7.
Yao, H.; Hwang, J. W.; Sundar, I. K.; Friedman, A. E.; McBurney, M. W.; Guarente, L.; Gu,
W.; Kinnula, V. L.; Rahman, I., SIRT1 redresses the imbalance of tissue inhibitor of matrix
metalloproteinase-1 and matrix metalloproteinase-9 in the development of mouse
emphysema and human COPD. American journal of physiology. Lung cellular and
18

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 27 August 2018

doi:10.20944/preprints201807.0246.v2

Peer-reviewed version available at Int. J. Mol. Sci. 2018, 19, 3080; doi:10.3390/ijms19103080

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.
104.

105.

106.
107.

molecular physiology 2013, 305, (9), L615-24.
Patruno, A.; Pesce, M.; Marrone, A.; Speranza, L.; Grilli, A.; De Lutiis, M. A.; Felaco, M.;
Reale, M., Activity of matrix metallo proteinases (MMPs) and the tissue inhibitor of MMP
(TIMP)-1 in electromagnetic field-exposed THP-1 cells. Journal of cellular physiology
2012, 227, (6), 2767-74.
Kato, R.; Mizuno, S.; Kadowaki, M.; Shiozaki, K.; Akai, M.; Nakagawa, K.; Oikawa, T.;
Iguchi, M.; Osanai, K.; Ishizaki, T.; Voelkel, N. F.; Toga, H., Sirt1 expression is associated
with CD31 expression in blood cells from patients with chronic obstructive pulmonary
disease. Respiratory research 2016, 17, (1), 139.
Yanagisawa, S.; Papaioannou, A. I.; Papaporfyriou, A.; Baker, J. R.; Vuppusetty, C.;
Loukides, S.; Barnes, P. J.; Ito, K., Decreased Serum Sirtuin-1 in COPD. Chest 2017, 152,
(2), 343-352.
Lee, K. H.; Jeong, J.; Koo, Y. J.; Jang, A. H.; Lee, C. H.; Yoo, C. G., Exogenous neutrophil
elastase enters bronchial epithelial cells and suppresses cigarette smoke extract-induced
heme oxygenase-1 by cleaving sirtuin 1. The Journal of biological chemistry 2017, 292,
(28), 11970-11979.
Min, J. J.; Huo, X. L.; Xiang, L. Y.; Qin, Y. Q.; Chai, K. Q.; Wu, B.; Jin, L.; Wang, X. T.,
Protective effect of Dl-3n-butylphthalide on learning and memory impairment induced by
chronic intermittent hypoxia-hypercapnia exposure. Scientific reports 2014, 4, 5555.
Kalemci, S.; Edgunlu, T. G.; Kara, M.; Turkcu, U. O.; Cetin, E. S.; Zeybek, A., Sirtuin gene
polymorphisms are associated with chronic obstructive pulmonary disease in patients in
Mugla province. Kardiochirurgia i torakochirurgia polska = Polish journal of cardiothoracic surgery 2014, 11, (3), 306-10.
Chen, Y.; Wang, H.; Luo, G.; Dai, X., SIRT4 inhibits cigarette smoke extracts-induced
mononuclear cell adhesion to human pulmonary microvascular endothelial cells via
regulating NF-kappaB activity. Toxicology letters 2014, 226, (3), 320-7.
Shen, Y.; Rattan, V.; Sultana, C.; Kalra, V. K., Cigarette smoke condensate-induced adhesion
molecule expression and transendothelial migration of monocytes. The American journal of
physiology 1996, 270, (5 Pt 2), H1624-33.
Tang, E. Y.; Harrison, S. L.; Errington, L.; Gordon, M. F.; Visser, P. J.; Novak, G.; Dufouil,
C.; Brayne, C.; Robinson, L.; Launer, L. J.; Stephan, B. C., Current Developments in
Dementia Risk Prediction Modelling: An Updated Systematic Review. PloS one 2015, 10,
(9), e0136181.
Zhou, Y.; Su, Y.; Li, B.; Liu, F.; Ryder, J. W.; Wu, X.; Gonzalez-DeWhitt, P. A.; Gelfanova,
V.; Hale, J. E.; May, P. C.; Paul, S. M.; Ni, B., Nonsteroidal anti-inflammatory drugs can
lower amyloidogenic Abeta42 by inhibiting Rho. Science 2003, 302, (5648), 1215-7.
Min, S. W.; Cho, S. H.; Zhou, Y.; Schroeder, S.; Haroutunian, V.; Seeley, W. W.; Huang, E.
J.; Shen, Y.; Masliah, E.; Mukherjee, C.; Meyers, D.; Cole, P. A.; Ott, M.; Gan, L.,
Acetylation of tau inhibits its degradation and contributes to tauopathy. Neuron 2010, 67,
(6), 953-66.
Li, H.; Wang, R., Blocking SIRT1 inhibits cell proliferation and promotes aging through the
PI3K/AKT pathway. Life sciences 2017, 190, 84-90.
Lee, J.; Kim, Y.; Liu, T.; Hwang, Y. J.; Hyeon, S. J.; Im, H.; Lee, K.; Alvarez, V. E.; McKee,
A. C.; Um, S. J.; Hur, M.; Mook-Jung, I.; Kowall, N. W.; Ryu, H., SIRT3 deregulation is
linked to mitochondrial dysfunction in Alzheimer's disease. Aging cell 2018, 17, (1).
Spildooren, J.; Speetjens, I.; Abrahams, J.; Feys, P.; Timmermans, A., A physical exercise
program using music-supported video-based training in older adults in nursing homes
suffering from dementia: a feasibility study. Aging clinical and experimental research 2018.
Blesa, J.; Phani, S.; Jackson-Lewis, V.; Przedborski, S., Classic and new animal models of
Parkinson's disease. Journal of biomedicine & biotechnology 2012, 2012, 845618.
Brittain, J. S.; Cagnan, H., Recent Trends in the Use of Electrical Neuromodulation in
Parkinson's Disease. Current behavioral neuroscience reports 2018, 5, (2), 170-178.
19

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 27 August 2018

doi:10.20944/preprints201807.0246.v2

Peer-reviewed version available at Int. J. Mol. Sci. 2018, 19, 3080; doi:10.3390/ijms19103080

108.
109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.
120.

121.

122.

Davie, C. A., A review of Parkinson's disease. British medical bulletin 2008, 86, 109-27.
Donmez, G.; Arun, A.; Chung, C. Y.; McLean, P. J.; Lindquist, S.; Guarente, L., SIRT1
protects against alpha-synuclein aggregation by activating molecular chaperones. The
Journal of neuroscience : the official journal of the Society for Neuroscience 2012, 32, (1),
124-32.
Wu, Y.; Li, X.; Zhu, J. X.; Xie, W.; Le, W.; Fan, Z.; Jankovic, J.; Pan, T., Resveratrolactivated AMPK/SIRT1/autophagy in cellular models of Parkinson's disease. Neuro-Signals
2011, 19, (3), 163-74.
Zhang, Q.; Zhang, P.; Qi, G. J.; Zhang, Z.; He, F.; Lv, Z. X.; Peng, X.; Cai, H. W.; Li, T. X.;
Wang, X. M.; Tian, B., Cdk5 suppression blocks SIRT1 degradation via the ubiquitinproteasome pathway in Parkinson's disease models. Biochimica et biophysica acta 2018,
1862, (6), 1443-1451.
Outeiro, T. F.; Kontopoulos, E.; Altmann, S. M.; Kufareva, I.; Strathearn, K. E.; Amore, A.
M.; Volk, C. B.; Maxwell, M. M.; Rochet, J. C.; McLean, P. J.; Young, A. B.; Abagyan, R.;
Feany, M. B.; Hyman, B. T.; Kazantsev, A. G., Sirtuin 2 inhibitors rescue alpha-synucleinmediated toxicity in models of Parkinson's disease. Science 2007, 317, (5837), 516-9.
Liu, L.; Arun, A.; Ellis, L.; Peritore, C.; Donmez, G., Sirtuin 2 (SIRT2) enhances 1-methyl4-phenyl-1,2,3,6-tetrahydropyridine (MPTP)-induced nigrostriatal damage via deacetylating
forkhead box O3a (Foxo3a) and activating Bim protein. The Journal of biological chemistry
2012, 287, (39), 32307-11.
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. Neuroscience letters 2018, 675,
23-30.
Kurt, E. E.; Buyukturan, B.; Buyukturan, O.; Erdem, H. R.; Tuncay, F., Effects of Ai Chi on
balance, quality of life, functional mobility, and motor impairment in patients with
Parkinson's disease<sup/>. Disability and rehabilitation 2018, 40, (7), 791-797.
Tuon, T.; Souza, P. S.; Santos, M. F.; Pereira, F. T.; Pedroso, G. S.; Luciano, T. F.; De Souza,
C. T.; Dutra, R. C.; Silveira, P. C.; Pinho, R. A., Physical Training Regulates Mitochondrial
Parameters and Neuroinflammatory Mechanisms in an Experimental Model of Parkinson's
Disease. Oxidative medicine and cellular longevity 2015, 2015, 261809.
Traynor, B. J.; Codd, M. B.; Corr, B.; Forde, C.; Frost, E.; Hardiman, O. M., Clinical
features of amyotrophic lateral sclerosis according to the El Escorial and Airlie House
diagnostic criteria: A population-based study. Archives of neurology 2000, 57, (8), 1171-6.
Jafari-Schluep, H. F.; Khoris, J.; Mayeux-Portas, V.; Hand, C.; Rouleau, G.; Camu, W.;
Groupe Francais d'Etude des Maladies du, M., [Superoxyde dismutase 1 gene abnormalities
in familial amyotrophic lateral sclerosis: phenotype/genotype correlations. The French
experience and review of the literature]. Revue neurologique 2004, 160, (1), 44-50.
Rosen, D. R., Mutations in Cu/Zn superoxide dismutase gene are associated with familial
amyotrophic lateral sclerosis. Nature 1993, 364, (6435), 362.
Arai, T.; Hasegawa, M.; Akiyama, H.; Ikeda, K.; Nonaka, T.; Mori, H.; Mann, D.; Tsuchiya,
K.; Yoshida, M.; Hashizume, Y.; Oda, T., TDP-43 is a component of ubiquitin-positive taunegative inclusions in frontotemporal lobar degeneration and amyotrophic lateral sclerosis.
Biochemical and biophysical research communications 2006, 351, (3), 602-11.
Kwiatkowski, T. J., Jr.; Bosco, D. A.; Leclerc, A. L.; Tamrazian, E.; Vanderburg, C. R.;
Russ, C.; Davis, A.; Gilchrist, J.; Kasarskis, E. J.; Munsat, T.; Valdmanis, P.; Rouleau, G. A.;
Hosler, B. A.; Cortelli, P.; de Jong, P. J.; Yoshinaga, Y.; Haines, J. L.; Pericak-Vance, M. A.;
Yan, J.; Ticozzi, N.; Siddique, T.; McKenna-Yasek, D.; Sapp, P. C.; Horvitz, H. R.; Landers,
J. E.; Brown, R. H., Jr., Mutations in the FUS/TLS gene on chromosome 16 cause familial
amyotrophic lateral sclerosis. Science 2009, 323, (5918), 1205-8.
Renton, A. E.; Majounie, E.; Waite, A.; Simon-Sanchez, J.; Rollinson, S.; Gibbs, J. R.;
Schymick, J. C.; Laaksovirta, H.; van Swieten, J. C.; Myllykangas, L.; Kalimo, H.; Paetau,
A.; Abramzon, Y.; Remes, A. M.; Kaganovich, A.; Scholz, S. W.; Duckworth, J.; Ding, J.;
20

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 27 August 2018

doi:10.20944/preprints201807.0246.v2

Peer-reviewed version available at Int. J. Mol. Sci. 2018, 19, 3080; doi:10.3390/ijms19103080

123.

124.
125.

126.

127.
128.

129.
130.

131.

132.

133.

134.

135.

Harmer, D. W.; Hernandez, D. G.; Johnson, J. O.; Mok, K.; Ryten, M.; Trabzuni, D.;
Guerreiro, R. J.; Orrell, R. W.; Neal, J.; Murray, A.; Pearson, J.; Jansen, I. E.; Sondervan, D.;
Seelaar, H.; Blake, D.; Young, K.; Halliwell, N.; Callister, J. B.; Toulson, G.; Richardson, A.;
Gerhard, A.; Snowden, J.; Mann, D.; Neary, D.; Nalls, M. A.; Peuralinna, T.; Jansson, L.;
Isoviita, V. M.; Kaivorinne, A. L.; Holtta-Vuori, M.; Ikonen, E.; Sulkava, R.; Benatar, M.;
Wuu, J.; Chio, A.; Restagno, G.; Borghero, G.; Sabatelli, M.; Consortium, I.; Heckerman, D.;
Rogaeva, E.; Zinman, L.; Rothstein, J. D.; Sendtner, M.; Drepper, C.; Eichler, E. E.; Alkan,
C.; Abdullaev, Z.; Pack, S. D.; Dutra, A.; Pak, E.; Hardy, J.; Singleton, A.; Williams, N. M.;
Heutink, P.; Pickering-Brown, S.; Morris, H. R.; Tienari, P. J.; Traynor, B. J., A
hexanucleotide repeat expansion in C9ORF72 is the cause of chromosome 9p21-linked
ALS-FTD. Neuron 2011, 72, (2), 257-68.
Wang, J.; Zhang, Y.; Tang, L.; Zhang, N.; Fan, D., Protective effects of resveratrol through
the up-regulation of SIRT1 expression in the mutant hSOD1-G93A-bearing motor neuronlike cell culture model of amyotrophic lateral sclerosis. Neuroscience letters 2011, 503, (3),
250-5.
Han, S.; Choi, J. R.; Soon Shin, K.; Kang, S. J., Resveratrol upregulated heat shock proteins
and extended the survival of G93A-SOD1 mice. Brain research 2012, 1483, 112-7.
Song, W.; Song, Y.; Kincaid, B.; Bossy, B.; Bossy-Wetzel, E., Mutant SOD1G93A triggers
mitochondrial fragmentation in spinal cord motor neurons: neuroprotection by SIRT3 and
PGC-1alpha. Neurobiology of disease 2013, 51, 72-81.
Merico, A.; Cavinato, M.; Gregorio, C.; Lacatena, A.; Gioia, E.; Piccione, F.; Angelini, C.,
Effects of combined endurance and resistance training in Amyotrophic Lateral Sclerosis: A
pilot, randomized, controlled study. European journal of translational myology 2018, 28,
(1), 7278.
Deschenes, M. R., Motor unit and neuromuscular junction remodeling with aging. Current
aging science 2011, 4, (3), 209-20.
Snell, R. G.; MacMillan, J. C.; Cheadle, J. P.; Fenton, I.; Lazarou, L. P.; Davies, P.;
MacDonald, M. E.; Gusella, J. F.; Harper, P. S.; Shaw, D. J., Relationship between
trinucleotide repeat expansion and phenotypic variation in Huntington's disease. Nature
genetics 1993, 4, (4), 393-7.
Walker, F. O., Huntington's Disease. Seminars in neurology 2007, 27, (2), 143-50.
Parker, J. A.; Arango, M.; Abderrahmane, S.; Lambert, E.; Tourette, C.; Catoire, H.; Neri, C.,
Resveratrol rescues mutant polyglutamine cytotoxicity in nematode and mammalian
neurons. Nature genetics 2005, 37, (4), 349-50.
Pallos, J.; Bodai, L.; Lukacsovich, T.; Purcell, J. M.; Steffan, J. S.; Thompson, L. M.; Marsh,
J. L., Inhibition of specific HDACs and sirtuins suppresses pathogenesis in a Drosophila
model of Huntington's disease. Human molecular genetics 2008, 17, (23), 3767-75.
Jeong, H.; Cohen, D. E.; Cui, L.; Supinski, A.; Savas, J. N.; Mazzulli, J. R.; Yates, J. R., 3rd;
Bordone, L.; Guarente, L.; Krainc, D., Sirt1 mediates neuroprotection from mutant
huntingtin by activation of the TORC1 and CREB transcriptional pathway. Nature medicine
2011, 18, (1), 159-65.
Bobrowska, A.; Donmez, G.; Weiss, A.; Guarente, L.; Bates, G., SIRT2 ablation has no effect
on tubulin acetylation in brain, cholesterol biosynthesis or the progression of Huntington's
disease phenotypes in vivo. PloS one 2012, 7, (4), e34805.
Fu, 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. The Journal of biological chemistry 2012,
287, (29), 24460-72.
Hussain, H.; Green, I. R., Lapachol and lapachone analogs: a journey of two decades of
patent research(1997-2016). Expert opinion on therapeutic patents 2017, 27, (10), 11111121.
21

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 27 August 2018

doi:10.20944/preprints201807.0246.v2

Peer-reviewed version available at Int. J. Mol. Sci. 2018, 19, 3080; doi:10.3390/ijms19103080

136.

137.

Lee, M.; Ban, J. J.; Chung, J. Y.; Im, W.; Kim, M., Amelioration of Huntington's disease
phenotypes by Beta-Lapachone is associated with increases in Sirt1 expression, CREB
phosphorylation and PGC-1alpha deacetylation. PloS one 2018, 13, (5), e0195968.
Fritz, N. E.; Rao, A. K.; Kegelmeyer, D.; Kloos, A.; Busse, M.; Hartel, L.; Carrier, J.; Quinn,
L., Physical Therapy and Exercise Interventions in Huntington's Disease: A Mixed Methods
Systematic Review. Journal of Huntington's disease 2017, 6, (3), 217-235.

22

