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Changes in sirtuin 2 and sirtuin 3 mRNA expressions in
rheumatoid arthritis
Murat Kara1, Servet Yolbaş2, Cem Şahin3, Süleyman Serdar Koca2

Abstract
Objective: Sirtuins (SIRTs) play a prominent role in metabolism, apoptosis, aging, inflammation, and epigenetics. Inflammation,
apoptosis, and epigenetics are pathogenic issues in rheumatoid arthritis (RA). This study aimed to evaluate SIRT2 and SIRT3 mRNA
expressions in patients with RA.
Material and Methods: Fifty-four patients with RA and 26 healthy controls were enrolled. Disease activity was determined using
the disease activity score (DAS) 28-erythrocyte sedimentation rate (ESR) (score of >2.6 was considered to be active). SIRT2 and SIRT3
mRNA expressions in the extracellular plasma were investigated by real-time PCR.
Results: SIRT3 mRNA expression was higher in the RA group than in the healthy control group (4.64 fold, p<0.001), whereas SIRT2
mRNA expression was relatively lower in the RA group than in the healthy control group (0.55 fold, p=0.109). However, SIRT2 (1.73
fold, p=0.065) and SIRT3 (3.58 fold, p=0.051) mRNA expressions were relatively higher in patients with active RA than in those with
inactive RA.
Conclusion: In RA, SIRT3 mRNA expression is increased, whereas SIRT2 mRNA expression is decreased. Conversely, SIRT2 and SIRT3
mRNA expressions increase in active RA. Therefore, the fate of each SIRT may differ in RA.
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Introduction
Rheumatoid arthritis (RA) is a chronic inflammatory disease that is characterized by synovial and systemic
inflammation and joint destruction; however, its pathogenesis and cure remain to be completely elucidated
(1, 2). It is well known that activated synovial fibroblasts (SFs) play a key role in the pathogenesis of RA (1, 2).
It is currently accepted that epigenetic modifications activate SFs and contribute to the inflammatory phenotype in SFs (3-5).
Class III histone deacetylase (HDAC) is also known as sirtuins (SIRTs), and the mammalian SIRT family has
seven members (SIRT1-SIRT7). SIRTs are nicotinamide adenine dinucleotide (NAD+)-dependent deacetylases, and class I, II, and IV HDACs are zinc dependent (6, 7). SIRTs are involved in epigenetics via histone modifications, and the pathogenic effects of SIRTs on metabolic, cardiovascular, and neurological processes have
been widely evaluated previously (6, 7). In addition to epigenetic effects, SIRTs alter several intracellular
signaling pathways (8, 9).
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It has been reported that SIRT inhibitors decrease the activity of nuclear factor-kappa B (NF-κB) and phosphorylation of the inhibitor of kappa kinase B-alpha, thereby inhibiting the production of tumor necrosis
factor alpha (TNF-α) and interleukin (IL)-6 in macrophage cell cultures (8). It has also been documented
that the inhibition of SIRT1 and SIRT2 decreases the toll-like receptor (TLR)-induced activation of macrophages and the production of pro-inflammatory cytokines and other mediators by blocking the activation of mitogen-activated protein kinase (MAPK) and MAPK/extracellular signal-regulated kinase (9).
In summary, accumulated data (8, 9) indicate that SIRTs can affect both the innate and adaptive immune
responses.
Engler et al. (10) demonstrated that SIRT1 modulates the activity of RA SFs. SIRT2 protein and mRNA levels
are reported to be significantly decreased in joint tissues of mice with collagen-induced arthritis (CIA) (11).
In contrast, SIRT6 protein levels are reported to be moderately increased in the same arthritis experimental
model (12). The effect of SIRTs on epigenetics, intracellular pathways, and cytokines suggests that they play
a role in the pathogenesis of RA (8, 9). This study aimed to evaluate SIRT2 and SIRT3 mRNA expressions in
patients with RA and to determine their potential effects on the disease phenotype.
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Material and Methods
Participants
Fifty-four patients with RA and 26 healthy controls
(HCs) were included in this study. Patients with RA
were diagnosed according to the 2010 ACR-EULAR criteria (13). The study protocol was approved
by the institutional ethics committee, and all the
participants provided informed consent before
enrolling in the study. Individuals aged <18 years,
>80 years, or pregnant were excluded.
Detailed history of all participants was obtained, and systemic and rheumatological
examinations were performed. Use of corticosteroids and disease-modifying anti-rheumatic
drugs was also recorded.
Determination of disease activity
In the RA group, the disease activity status was
determined by the disease activity score (DAS)
28-erythrocyte sedimentation rate (ESR) (14).
Patients with DAS28-ESR of >2.6 were considered to have active RA.
Laboratory analysis
Blood samples of all participants were collected
in tubes containing ethylenediaminetetraacetic
acid after overnight fasting. Plasma samples for
RNA isolation were stored at -70°C until further
analysis. Routine laboratory evaluation of complete blood cell count, fasting blood glucose,
lipid profile, hepatic and renal function, ESR,
C-reactive protein (CRP) levels, rheumatoid factor
(RF), and anti-cyclic citrullinated peptide (anti-CCP) antibodies were performed using standard laboratory methods for all the participants.
Total RNA isolation and qRT-PCR
Total RNA was isolated from plasma samples
using a genomic extraction kit (QIAamp RNA
Blood Mini kit; Qiagen, Hilden, Germany). Equal
amounts of RNA from the samples were reverse transcribed to cDNA using SuperScript
First-Strand cDNA Synthesis kit (Invitrogen;
San Diego, CA, USA). SIRT2 and SIRT3 (Qiagen;
Hilden, Germany) mRNA expressions were
quantified and normalized against glyceraldehyde-3-phosphate dehydrogenase (GAPDH).
SIRT2, SIRT3, and GAPDH mRNA expressions
were measured using a Rotor-Gene SYBR
green-based real-time PCR with a real-time
PCR system (Rotor-Gene Q; Qiagen, Hilden,
Germany). For analyzing qRT-PCR results, the
2-ΔCt (ΔCt=target gene-reference gene) formula was used (15). Changes in gene expressions
were reported as fold changes relative to those
in controls. Fold changes were analyzed using
the RT2 Profiler PCR Array Data Analysis Version
3.5 online software (http://pcrdataanalysis.
sabiosciences.com/pcr/arrayanalysis.php).
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Statistical analysis
Statistical analyses were performed using the
Statistical Package for the Social Sciences, version 21.0 (IBM Corp.; Armonk, NY, USA). Quantitative data with normal distribution were
reported as mean±standard deviation. The
normal distribution of the variables was evaluated by the Kolmogorov-Smirnov test, and
the logarithmic transformations were used to
normalize data with skewed distributions. Statistical differences among the groups were determined using the Student’s t-test. Categorical
variables were compared using the chi-square
test. Correlation analyses were performed with
the Pearson correlation coefficient. Variables
were adjusted for age by the analysis of covariance (ANCOVA). P values of <0.05 were considered to be statistically significant.

Results
Demographic and laboratory data for the RA
and HC groups are presented in Table 1. In the
RA group, the mean DAS28-ESR was 3.2±1.5,
and the mean disease duration was 8.2±7.9
years. In the RA group, 39 patients received
corticosteroids, 29 received methotrexate, 19
received antimalarial drugs, and 10 received
sulphasalazine.
SIRT3 mRNA expression was higher in the RA
group than in the HC group (p<0.001, Table 2).
However, SIRT2 mRNA expression was similar
in both the HC and RA groups (p=0.109). SIRT2
and SIRT3 mRNA expressions were relatively
higher in patients with active RA (n=28) than
in those with inactive RA (n=26) (p=0.065 and
p=0.051, respectively; Table 3). SIRT2 and SIRT3
mRNA expressions were not significantly correlated with ESR and CRP levels (p>0.05 for all).
SIRT2 and SIRT3 mRNA expressions were lower
in RF-positive patients (n=34) than in RF-negative patients (n=20) and were also lower
in anti-CCP-positive patients (n=33) than in
anti-CCP-negative patients (n=21) (Tables 4
and 5). However, SIRT3-mRNA expression decreases in RF-positive patients and SIRT2-mRNA expression decreases in anti-CCP-positive
patients were statistically significant (p=0.012
and p=0.028, respectively; Table 4, 5). Conversely, SIRT2 and SIRT3 mRNA expressions
showed no significant effect on the disease
duration (p>0.05).
SIRT3 mRNA expression was higher in patients
who received corticosteroids (n=39) than in
those who did not (n=15) (p<0.05), whereas
SIRT2 mRNA expression was not significantly
different (p>0.05). The use of methotrexate,
sulphasalazine, and antimalarial drugs did not
appear to alter SIRT2 and SIRT3 mRNA expres-
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Table 1. Demographic data of the HC and RA
groups
HC (n=26) RA (n=54)
Age (years)

p

43.8±12.5 49.7±16.1 0.085

Sex (F/M)

21/5

BMI (kg/m²)

43/11

0.590

27.4±4.8 27.5±5.5 0.798

Ever smokers [n (%)] 7 (26.9)

11 (20.4) 0.512

HC: healthy control; RA: rheumatoid arthritis; F: female;
M: male; BMI: Body Mass Index

Table 2. Sirtuin mRNA expressions in the HC
and RA groups
HC
(n=26)
2-

∆Ct

RA
Fold
(n=54) changes

p

2-

∆Ct

SIRT2

0.0675

0.0369

0.546

0.109

SIRT3

0.0560

0.2600

4.637

<0.001

SIRT: sirtuin; HC: healthy control; RA: rheumatoid
arthritis

Table 3. Effect of disease activity on sirtuin
mRNA expressions in the RA group
Inactive RA Active RA Fold
(n=26)
(n=28) Changes
2-

∆Ct

p

2-

∆Ct

SIRT2

0.067

0.116

1.729

0.065

SIRT3

0.177

0.633

3.575

0.051

SIRT: sirtuin; RA: rheumatoid arthritis

Table 4. Sirtuin mRNA expressions in RFnegative and RF-positive patients with RA
RF-negative RF-positive Fold
(n=20)
(n=34) Changes

p

2-∆Ct

2-∆Ct

SIRT2

0.1133

0.0743

0.655 0.523

SIRT3

0.5740

0.2272

0.395 0.012

SIRT: sirtuin; RF: rheumatoid factor; RA: rheumatoid
arthritis

Table 5. Sirtuin mRNA expressions in antiCCP-negative and anti-CCP-positive patients
with RA
Anti-CCP (n=21)

Anti-CCP + Fold
(n=33) changes

p

2-∆Ct

2-∆Ct

SIRT2

0.1181

0.0628

0.5319 0.028

SIRT3

0.3146

0.2173

0.6908 0.331

SIRT: sirtuin; RF: rheumatoid factor; RA: rheumatoid
arthritis
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sions (p>0.05 for all). Similarly, body mass index
and smoking were not correlated with SIRT2
and SIRT3 mRNA expressions (p>0.05 for both),
and their mRNA expressions were not directly
correlated with any laboratory and clinical parameters.

Discussion
In this study, increased SIRT3 mRNA expression
was observed in patients with RA. Moreover,
we found that SIRT2 and SIRT3 mRNA expressions were increased in active RA compared
with those in inactive RA.
The epigenetic phenomena encompass DNA
methylation, histone modifications, and microRNA expressions, and all those epigenetic mechanisms are documented to be altered in RA.
The abovementioned three epigenetic mechanisms are sensitive to external stimuli and affect
gene expression, thus leading to an association
between environmental stimuli and genetic
factors. Acetylation is the best-characterized
histone modification. Histone acetylation is
catalyzed by histone acetyltransferases (HATs),
whereas histone deacetylation is catalyzed by
HDACs. HDACs suppress gene transcription
via chromatin condensation, whereas HATs enhance it (16, 17). A reduced HDAC/HAT ratio has
been previously reported in SFs and PBMCs of
patients with RA (16-18).
Class III HDACs are members of the SIRT family. Neiderer et al. (19) reported an increased
SIRT1 mRNA expression in the synovial tissues
of patients with RA. Similarly, Lee et al. (12)
documented that SIRT6 mRNA expression is increased in the synovial tissues of mice with CIA.
Conversely, SIRT2 mRNA expression has been
reported to be decreased in CIA models (11). In
our study, an increased SIRT3 mRNA expression
was observed in patients with RA. These results
suggest that each SIRT may play different roles
in RA. Wendling et al. (20) reported that SIRT1
mRNA expression is significantly lower in patients with RA compared with HCs.
Subcellular localizations and functions are different for each SIRT. SIRT1, SIRT6, and SIRT7 are
found in the nucleus; SIRT3, SIRT4, and SIRT5
are found in the mitochondria; and SIRT2 is primarily found in the cytoplasm (21). The NAD+/
NADH ratio affects the activity of SIRTs (22).
Cells provide the necessary energy for aerobic glycolysis, which occurs in the cytoplasm,
and/or oxidative phosphorylation, which occurs in the mitochondria (22). Therefore, the
selective manner in which each inflammatory cell provides energy may differently alter
each SIRT because cellular localizations differ.
Pro-inflammatory Th17 cells provide energy
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by glycolysis, whereas anti-inflammatory Treg
cells provide energy by oxidative phosphorylation (22). Moreover, a metabolic switch from
oxidative phosphorylation to glycolysis has
been reported in activated macrophages and
dendritic cells, similar to in the Warburg effect
observed in cancer cells (22-24). This evidence
suggests that the expression of each SIRT may
be different in each inflammatory disease because different inflammatory cells are involved
in different diseases and in the different stages
of a disease.
Sirtuins target and deacetylate lysine residues
of histone proteins, leading to epigenetic modifications; however, they also target non-histone substrates such as transcription factors.
SIRT1, SIRT2, and SIRT6 have been reported
to suppress NF-κB activation by deacetylating
p65 (11, 12, 25, 26). Therefore, they have anti-inflammatory roles. It has been documented
that these anti-inflammatory SIRTs decrease
the pro-inflammatory cytokine and chemokine
levels and ameliorate experimentally induced
arthritis (11, 12, 19). In our study, SIRT3 mRNA
expression was high in RA. Moreover, increased
SIRT1 and SIRT6 mRNA expressions in RA have
been previously demonstrated (12, 19). However, the cause of overexpression remains unknown.
In our study, unlike SIRT3, SIRT2 mRNA expressions were not increased in RA. The cellular
localizations of SIRT3 and SIRT2 are different.
SIRT3 is localized in the mitochondria and is a
key regulator of mitochondrial protein acetylation (27, 28). Thus, it may be concluded that
increased SIRT3 mRNA expression is caused
by mitochondrial stress/destruction. It may
also be concluded that increased SIRT3 mRNA
expression causes metabolic complications
in RA such as insulin resistance, dyslipidemia,
accelerated atherosclerosis, and rheumatoid
cachexia. A chronic high-fat diet has been
demonstrated to affect hepatic SIRT3 activity
and levels (29, 30). SIRT3 mRNA expression has
been documented to be altered in pancreatic
islet cells harvested from patients with type 2
diabetes and mice with experimentally induced diabetes (31).
Decreased SIRT3 production in islet cells results
in increased reactive oxygen species (ROS) levels (31). The antioxidant effect of SIRT3 has also
been observed in malignant cells (32-34). In an
in vitro study in cardiomyocytes, Sundaresan
et al. (35) reported that the antioxidant role of
SIRT3 is associated with Forkhead box class O
(FoxO) transcription factors. SIRT3 deacetylates
FoxO3a and traps it inside the nucleus to enhance the transcription of FoxO-dependent

antioxidant genes, including manganese superoxide dismutase (MnSOD) and catalase.
Increased expression of MnSOD and catalase
suppresses ROS levels (35). Thus, the oxidant/
antioxidant balance has a prominent role on
the pathogenesis of RA (36). The cause of increased SIRT3 mRNA expression may be a response to suppress oxidative stress in RA.
In our study, patients with active RA had increased SIRT2 and SIRT3 mRNA expressions
compared with those with inactive RA. Pais et
al. (25) documented that lipopolysaccharide-induced inflammation decreases SIRT2 mRNA
expressions in the brain. Caton et al. (31) also
reported that the incubation of pancreatic islet
cells with pro-inflammatory cytokines, including
IL-1β and TNFα, decreases SIRT3 mRNA expression. Conversely, it has been demonstrated that
SIRT1 mRNA expression is increased in TNF-α-induced SFs (19). Therefore, it may be concluded
that the cause of SIRT2 and SIRT3 mRNA expressions in active RA remains unknown. However,
the anti-inflammatory action of SIRT2 and the
antioxidant effect of SIRT3 suggest that the increased expression in patients with active RA
aimed at suppressing the disease activity.
This present preliminary study has some limitations. First, SIRT2 and SIRT3 mRNA expressions
were only analyzed in the plasma, but their
expressions can also be analyzed in synovial
tissues. Second, SIRT mRNA expression in patients with active RA should be analyzed again
after remission because a prospective evaluation could be more informative.
In conclusion, SIRT3 mRNA expression increases in RA. Furthermore, SIRT2 and SIRT3 mRNA
expressions increase in active RA. Therefore,
the fate of each SIRT may differ in RA.
Ethics Committee Approval: Ethics committee approval was received for this study from the ethics committee of Muğla Sıtkı Koçman University.
Informed Consent: Written informed consent was obtained from patients who participated in this study.
Peer-review: Externally peer-reviewed.
Author Contributions: Concept - S.Y., S.S.K.; Design
- M.K., S.Y.; Supervision - C.Ş., S.S.K.; Resources - C.Ş.;
Materials - M.K., C.Ş.; Data Collection and/or Processing - S.Y.; Analysis and/or Interpretation - M.K.; Literature Search - C.Ş., S.Y.; Writing Manuscript - S.Y., S.S.K.;
Critical Review- S.S.K.; Other - C.Ş.
Conflict of Interest: No conflict of interest was declared by the authors.
Financial Disclosure: The authors declared that this
study has received no financial support.

85

Kara et al. Sirtuin-2 and sirtuin-3 in rheumatoid arthritis

References
1.

2.

3.

4.

5.

6.

7.

8.

9.

10.

11.

12.

13.

86

Picerno V, Ferro F, Adinolfi A, Valentini E, Tani C,
Alunno A. One year in review: the pathogenesis of rheumatoid arthritis. Clin Exp Rheumatol
2015; 33: 551-8.
Jutley G, Raza K, Buckley CD. New pathogenic
insights into rheumatoid arthritis. Curr Opin
Rheumatol 2015; 27: 249-55. [CrossRef ]
Klein K, Gay S. Epigenetic modifications in rheumatoid arthritis, a review. Curr Opin Pharmacol
2013; 13: 420-5. [CrossRef ]
Klein K, Gay S. Epigenetics in rheumatoid arthritis. Curr Opin Rheumatol 2015; 27: 76-82.
[CrossRef ]
Maciejewska Rodrigues H, Jüngel A, Gay RE,
Gay S. Innate immunity, epigenetics and autoimmunity in rheumatoid arthritis. Mol Immunol
2009; 47: 12-8. [CrossRef ]
Carafa V, Nebbioso A, Altucci L. Sirtuins and disease: the road ahead. Front Pharmacol 2012; 3:
4. [CrossRef ]
Vachharajani VT, Liu T, Wang X, Hoth JJ, Yoza BK,
McCall CE. Sirtuins link inflammation and metabolism. J Immunol Res 2016; 2016: 8167273.
[CrossRef ]
Fernandes CA, Fievez L, Neyrinck AM, Delzenne
NM, Bureau F, Vanbever R. Sirtuin inhibition attenuates the production of inflammatory cytokines in lipopolysaccharide-stimulated macrophages. Biochem Biophys Res Commun 2012;
420: 857-61. [CrossRef ]
Lugrin J, Ciarlo E, Santos A, Grandmaison G, dos
Santos I, Le Roy D, et al. The sirtuin inhibitor
cambinol impairs MAPK signaling, inhibits inflammatory and innate immune responses and
protects from septic shock. Biochim Biophys
Acta 2013; 1833: 1498-510. [CrossRef ]
Engler A, Tange C, Frank-Bertoncelj M, Gay
RE, Gay S, Ospelt C. Regulation and function
of SIRT1 in rheumatoid arthritis synovial fibroblasts. J Mol Med (Berl) 2016; 94: 173-82.
[CrossRef ]
Lin J, Sun B, Jiang C, Hong H, Zheng Y. Sirt2 suppresses inflammatory responses in collagen-induced arthritis. Biochem Biophys Res Commun
2013; 441: 897-903. [CrossRef ]
Lee HS, Ka SO, Lee SM, Lee SI, Park JW, Park BH.
Overexpression of sirtuin 6 suppresses inflammatory responses and bone destruction in
mice with collagen-induced arthritis. Arthritis
Rheum 2013; 65: 1776-85. [CrossRef ]
Aletaha D, Neogi T, Silman AJ, Funovits J, Felson DT, Bingham CO 3rd, et al. 2010 Rheumatoid arthritis classification criteria: an American
College of Rheumatology/European League
Against Rheumatism collaborative initiative.
Arthritis Rheum 2010; 62: 2569-81. [CrossRef ]

14. Prevoo ML, van ‘t Hof MA, Kuper HH, van Leeuwen MA, van de Putte LB, van Riel PL. Modified
disease activity scores that include twentyeight-joint counts. Development and validation
in a prospective longitudinal study of patients
with rheumatoid arthritis. Arthritis Rheum 1995;
38: 44-8. [CrossRef ]
15. Shen Z, Ajmo JM, Rogers CQ, Liang X, Le L, Murr
MM, et al. Role of SIRT1 in regulation of LPS- or
two ethanol metabolites-induced TNF-alpha
production in cultured macrophage cell lines.
Am J Physiol Gastrointest Liver Physiol 2009;
296: G1047-53. [CrossRef ]
16. Hawtree S, Muthana M, Wilson AG. The role of
histone deacetylases in rheumatoid arthritis
fibroblast-like synoviocytes. Biochem Soc Trans
2013; 41: 783-8. [CrossRef ]
17. Toussirot E, Abbas W, Khan KA, Tissot M, Jeudy
A, Baud L, et al. Imbalance between HAT and
HDAC activities in the PBMCs of patients with
ankylosing spondylitis or rheumatoid arthritis and influence of HDAC inhibitors on TNF
alpha production. PLoS One 2013; 8: e70939.
[CrossRef ]
18. Huber LC, Brock M, Hemmatazad H, Giger OT,
Moritz F, Trenkmann M, et al. Histone deacetylase/acetylase activity in total synovial tissue
derived from rheumatoid arthritis and osteoarthritis patients. Arthritis Rheum 2007; 56: 108793. [CrossRef ]
19. Niederer F, Ospelt C, Brentano F, Hottiger MO,
Gay RE, Gay S, et al. SIRT1 overexpression in
the rheumatoid arthritis synovium contributes
to proinflammatory cytokine production and
apoptosis resistance. Ann Rheum Dis 2011; 70:
1866-73. [CrossRef ]
20. Wendling D, Abbas W, Godfrin-Valnet M, Kumar A, Guillot X, Khan KA, et al. Dysregulated
serum IL-23 and SIRT1 activity in peripheral
blood mononuclear cells of patients with
rheumatoid arthritis. PLoS One 2015; 10:
e0119981. [CrossRef ]
21. de Oliveira RM, Sarkander J, Kazantsev AG, Outeiro TF. SIRT2 as a therapeutic target for age-related disorders. Front Pharmacol 2012; 3: 82.
[CrossRef ]
22. McGettrick AF, O’Neill LA. How metabolism
generates signals during innate immunity and
inflammation. J Biol Chem 2013; 288: 22893-8.
[CrossRef ]
23. Tannahill GM, Curtis AM, Adamik J, Palsson-McDermott EM, McGettrick AF, Goel G, et al. Succinate is an inflammatory signal that induces
IL-1β through HIF-1α. Nature 2013; 496: 238-42.
[CrossRef ]
24. Krawczyk CM, Holowka T, Sun J, Blagih J, Amiel
E, DeBerardinis RJ, et al. Toll-like receptor-induced changes in glycolytic metabolism reg-

Eur J Rheumatol 2017; 4: 83-6

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

ulate dendritic cell activation. Blood 2010; 115:
4742-9. [CrossRef ]
Pais TF, Szegő ÉM, Marques O, Miller-Fleming L,
Antas P, Guerreiro P, et al. The NAD-dependent
deacetylase sirtuin 2 is a suppressor of microglial activation and brain inflammation. EMBO J
2013; 32: 2603-16. [CrossRef ]
Rothgiesser KM, Erener S, Waibel S, Lüscher B,
Hottiger MO. SIRT2 regulates NF-κB dependent
gene expression through deacetylation of p65
Lys310. J Cell Sci 2010; 123: 4251-8. [CrossRef ]
Pillai VB, Sundaresan NR, Jeevanandam V, Gupta
MP. Mitochondrial SIRT3 and heart disease. Cardiovasc Res 2010; 88: 250-6. [CrossRef ]
Huang JY, Hirschey MD, Shimazu T, Ho L, Verdin
E. Mitochondrial sirtuins. Biochim Biophys Acta
2010; 1804: 1645-51. [CrossRef ]
Bao J, Scott I, Lu Z, Pang L, Dimond CC, Gius D,
Sack MN. SIRT3 is regulated by nutrient excess
and modulates hepatic susceptibility to lipotoxicity. Free Radic Biol Med 2010; 49: 1230-7.
[CrossRef ]
Kendrick AA, Choudhury M, Rahman SM, McCurdy CE, Friederich M, Van Hove JL, et al. Fatty
liver is associated with reduced SIRT3 activity
and mitochondrial protein hyperacetylation.
Biochem J 2011; 433: 505-14. [CrossRef ]
Caton PW, Richardson SJ, Kieswich J, Bugliani
M, Holland ML, Marchetti P, et al. Sirtuin 3 regulates mouse pancreatic beta cell function and
is suppressed in pancreatic islets isolated from
human type 2 diabetic patients. Diabetologia
2013; 56: 1068-77. [CrossRef ]
Finley LW, Haigis MC. Metabolic regulation by
SIRT3: implications for tumorigenesis. Trends
Mol Med 2012; 18: 516-23. [CrossRef ]
Kim HS, Patel K, Muldoon-Jacobs K, Bisht KS,
Aykin-Burns N, Pennington JD, et al. SIRT3 is a
mitochondria-localized tumor suppressor required for maintenance of mitochondrial integrity and metabolism during stress. Cancer Cell
2010; 17: 41-52. [CrossRef ]
Bell EL, Emerling BM, Ricoult SJ, Guarente L.
SirT3 suppresses hypoxia inducible factor 1a
and tumor growth by inhibiting mitochondrial
ROS production. Oncogene 2011; 30: 2986-96.
[CrossRef ]
Sundaresan NR, Gupta M, Kim G, Rajamohan
SB, Isbatan A, Gupta MP. Sirt3 blocks the cardiac hypertrophic response by augmenting
Foxo3a-dependent antioxidant defense mechanisms in mice. J Clin Invest 2009; 119: 2758-71.
[CrossRef ]
Desai PB, Manjunath S, Kadi S, Chetana K, Vanishree J. Oxidative stress and enzymatic antioxidant status in rheumatoid arthritis: a case control study. Eur Rev Med Pharmacol Sci 2010; 14:
959-67.

