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Abstract

Rheumatoid arthritis (RA) is a chronic debilitating disease of the joints. Both the innate and

adaptive immune responses participate in the development and progression of RA. While several

therapeutic reagents, such as TNF-α agonists, have been successfully developed for the clinical

use in the treatment of RA, more than half of the patients do not respond to anti-TNF therapy.

Therefore, new therapeutic reagents are needed. Recent studies have shown that sirtuin 1 (Sirt1), a

nicotinamide adenine dinucleotide (NAD)-dependent histone deacetylase, is a critical negative

regulator of both the innate and adaptive immune response in mice, and its altered functions are

likely to be involved in autoimmune diseases. Small molecules that modulate Sirt1 functions are

potential therapeutic reagents for autoimmune inflammatory diseases. This review highlights the

role of Sirt1 in immune regulation and RA.
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INTRODUCTION

Rheumatoid arthritis (RA) is a chronic debilitating disease of the joints characterized by

leukocyte infiltration, hyper-proliferation of synovial cells and bone destruction. The exact

causes of RA are unknown. However, it is well accepted that a combination of factors,

including abnormal autoimmune response, genetic susceptibility, and some environmental or

biologic triggers, such as viral infection or hormonal changes, is involved in RA

development.

T cell immune responses to self-antigens play important roles in RA development and

progression. Several auto-antigens have been identified in RA, including Ra33 (hnRNP A2),

fibrinogen, fibronectin, α-enolase, type II collagen, immunoglobulin binding protein (BiP),

annexins and glucose-6-phosphate isomerase (GPI). T cell activation is initiated by the
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binding of antigenic peptides presented by the major histocompatibility complexes (MHCs)

to the T cell receptor (TCR)/CD3 complex, which results in T cell proliferation and IL-2

production (Bach et al., 1976). In addition to antigen-specific interaction with the TCR, full-

scale T cell activation requires a co-stimulatory signal provided by the engagement of the T

cell co-receptor, CD28, with its ligands, B7 on antigen presenting cells (APCs) (Kang et al.,

1992; Powell et al., 1999). Activation of the IL-2 promoter in T cells requires the

cooperative interactions of several transcription factors, including activator protein 1 (AP-1),

nuclear factor of kappa-B (NF-κB) and nuclear factor of activated T cells (NFAT) (Jain et

al., 1992a, 1992b, 1992c; Ullman et al., 1993; Rincon and Flavell, 1994; Jung et al., 1995).

In addition to T cells, all other types of immune cells are either directly or indirectly

involved in RA both in human and in experimental arthritis rodent models. In particular,

macrophages appear to be a key mediator of inflammation in RA. Toll-like receptor (TLR)-

mediated signaling, when triggered by endogenous ligands, such as fibrinogen, and heat-

shock proteins 22, 60 and 70, initiates the production of inflammatory cytokines by

macrophages during RA (Roelofs et al., 2006; Sutmuller et al., 2007; Hu et al., 2008; Yavuz

et al., 2008; Huang et al., 2009). Macrophages have been used as therapeutic targets, either

by inhibiting TLR-mediated signaling or by blocking their trafficking into synovial tissues,

for RA treatment both in rodents and in humans with some success (Stamp et al., 2004;

McInnes et al., 2005;Morand, 2005; Sen, 2005; Tak, 2006; Ohori, 2008; Simmonds and

Foxwell, 2008; Bartok and Firestein, 2011; Fiocco et al., 2011). In addition to leukocytes,

chondrocytes and synoviocytes can also contribute to the inflammatory phenotype in RA.

Interestingly, recent studies suggest that sirtuin 1 (Sirt1) also functions in chondrocytes and

synoviocytes during inflammatory arthritis (Niederer et al., 2011; Huang et al., 2012;Moon

et al., 2013). Therefore, it is likely that Sirt1 modulates a variety of cell types during arthritis

disease development and progression.

The mammalian Sirtuin family proteins, which were initially identified as orthologs of the

yeast sir2 (silent information regulatory 2), have seven members, named Sirt1 to Sirt7. Like

sir2, Sirtuins possess NAD+-dependent deacetylase activity and belong to the type III

histone deacetylase (HDAC) (Imai et al., 2000). In addition, Sirt6 and Sirt4 have adenosine

diphosphate (ADP)-ribosyltransferase activity (Liszt et al., 2005). Besides histones, the

Sirtuin family can deacetylate a variety of non-histone substrates including transcription

factors, heat-shock proteins and metabolic enzymes. The substrates of Sirt1 are particularly

abundant and include p53, Nijmegen breakage syndrome 1 (NBS1), NF-κB transcription

factor RelA/p65, AP-1 family transcription factor c-Jun and c-Myc (Yeung et al., 2004;

Solomon et al., 2006; Yuan et al., 2007; Gao and Ye, 2008; Yuan et al., 2009). Sirt1 is

highly expressed in heart, brain and skeletal muscle and is expressed at very low levels in

kidney and lung (Afshar and Murnane, 1999). In the immune system, it is highly expressed

in thymus, particularly in the CD4+CD8+ stage, suggesting an involvement of Sirt1 in T cell

development (Cheng et al., 2003). CD4+CD8+ thymocytes from Sirt1−/− mice exhibit

increased sensitivity to γ-irradiation-induced apoptosis (Afshar and Murnane, 1999). We

have found that Sirt1 is expressed in the thymus, spleen and lymph nodes as well as purified

CD4+ T cells. As summarized below, recent studies have shown that Sirt1 is a critical

immune suppressor of both T cell and macrophage activation. Genetic deletion of Sirt1 in
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mice leads to lupus-like autoimmunity. Conversely, activation of Sirt1 by its activators, such

as resveratrol, has been shown to hold great therapeutic potential in the treatment of

autoimmune inflammatory diseases including RA.

Sirt1 IN T CELL ACTIVATION AND TOLERANCE

T cells that recognize self-antigens such as collagen have been considered to be initiators for

RA. Collagen-specific T cell clones have been isolated from the peripheral blood leucocytes

of RA patients (Ofosu-Appiah et al., 1989). Accumulated evidence indicates that Sirt1 is a

crucial negative regulator of T cell immunity. Although the inflammatory phenotype of

Sirt1-null mice varies in severity depending on genetic background (McBurney et al., 2003),

on certain genetic backgrounds such as DBA1, mice develop severe joint inflammation

when immunized with bovine collagen, an established arthritic experimental model known

as collagen-induced arthritis (CIA) (Holoshitz et al., 1984). CIA has been widely used as an

experimental mouse model for the study of human RA because it closely resembles human

RA. A closer look at the phenotype of Sirt1-null mice revealed that Sirt1−/− T cells are

hyperproliferative and produce significantly increased amount of cytokines including IL-2

when stimulated in vitro with anti-TCR and anti-CD28 antibodies (Zhang et al., 2009; Kong

et al., 2011). This observation is also reproducible in vivo, as T cells isolated from

ovalbumin (OVA)-immunized Sirt1−/− mice have significantly higher proliferation upon

OVA stimulation and produce more IL-2, IFN-γ and IL-5. OVA-specific antibodies in the

sera were also higher in Sirt1−/− OVA-immunized mice (Zhang et al., 2009). Therefore,

Sirt1 is a negative regulator of T cell activation both in vitro and in vivo.

Sirt1 inhibits AP-1 transcriptional activity in T cells

One of the underlying molecular mechanisms by which Sirt1 suppresses T cell immunity is

through inhibiting the transcription factor AP-1, whose transcriptional activity plays an

essential role in the activation of the immune response, particularly in T cells. AP-1 family

transcription factors comprises Jun and Fos proteins. The Jun family of proteins has three

members including c-Jun, JunB and JunD. Fos family proteins include four members, c-Fos,

FosB, Fra1 and Fra2. The promoter-binding activity of AP-1 requires the dimerization of

Jun and Fos family proteins. Jun family transcription factors can either form homodimers or

heterodimers with other Jun proteins or with Fos family transcription factors. In contrast,

Fos family transcription factors bind to promoter DNA only when they form heterodimers

with Jun family proteins. In particular, c-Jun and c-Fos heterodimers are up-regulated

shortly after T cell activation to induce proliferation, IL-2 production, and differentiation

(Foletta et al., 1998). Post-translational modification of AP-1 transcription factors mediated

by MAPK phosphorylation has been shown to play important roles in their nuclear

translocation and recruitment of transcription machinery for target gene transcription. In

addition to phosphorylation, acetylation of c-Jun by the histone acetyltransferase (HAT) has

been demonstrated to be required for AP-1 transcriptional activity. We have recently

discovered that Sirt1 opposes p300-mediated c-Jun acetylation in T cells to suppress AP-1

transcriptional activity (Zhang et al., 2009). This suppressive activity of Sirt1 requires its

interaction with c-Jun and its HDAC activity. More recently, interaction between Sirt1 and

AP-1 was also identified in macrophages (Zhang et al., 2010), where Sirt1 can interact with
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the leucine zipper (LZ) domains of both c-Fos and c-Jun (Gao and Ye, 2008; Zhang et al.,

2010), indicating that Sirt1, similar to its functions in T cells, is involved in suppressing

macrophage functions. To support this idea, Zhang et al. (2010) discovered that

overexpression of Sirt1 reduced the mRNA levels of Cox-2, a target gene of AP-1, in

peritoneal macrophages. The reduced production of prostaglandin E in macrophages as a

result of this suppression has broad implications in the inflammatory and tumoricidal

functions of macrophages. Since AP-1 is critical for T cell activation especially in the

induction of IL-2 transcription, Sirt-mediated suppression of AP-1 appears to be a critical

molecular mechanism in regulating T cell immune responses.

Sirt1 is a negative regulator of NF-κB

The NF-κB pathway is a central signaling node in inflammatory cytokine stimulation and

lymphocyte activation. Upon recognition of specific antigens by the T cell receptor, the NF-

κB transcription factor is activated and directly binds to the IL-2 promoter in T cells. NF-κB

transcription factors have five family members including p50 (NF-κB1), p52 (NF-κB2),

p65/RelA, RelB and c-Rel. The transcriptional activities of two NF-κB family members,

including RelA and c-Rel, have been shown to be regulated by acetylation and deacetylation

(Yeung et al., 2004). Sirt1 deacetylase was initially shown to deacetylate RelA/p65 at lysine

310 residue (K310), and this deacetylation of p65 leads to reduced NF-κB transcriptional

activity (Yeung et al., 2004). However, it should be noted that p65 can be acetylated at

multiple residues, and that Sirt1 might regulate p65 activity through deacetylation of

multiple lysine residues (Chen et al., 2002). More recently, we have discovered that Sirt1

inhibits T cell proliferation through Bclaf1 (BCL-associated factor 1) by antagonizing NF-

κB transcriptional activity at the Bclaf1 promoter. Bclaf1 was initially thought to be a pro-

apoptotic protein. A recent study using the gene targeted mutation in mice revealed that

Bclaf1 function is required for T cell proliferation. Interestingly, instead of direct

deacetylation of NF-κB transcription factors, Sirt1 is recruited to the Bclaf1 promoter

through its binding with RelA to deacetylate histone lysine residues, including H3K56 at the

promoter region of Bclaf1 (Kong et al., 2011). Similarly, Alvartez et al. (2012) recently

discovered that Sirt1 suppresses IL-12 production in human dendritic cells through a direct

interaction with the NF-κB transcription factor c-Rel. However, the authors did not obtain

evidence of a possible effect of Sirt1 through the deacetylation of c-Rel. Therefore, Sirt1

inhibits the transcriptional activity of NF-κB through two different mechanisms.

Sirt1 targets FoxO family transcription factors

While the effect of acetylation on the transcriptional activity of FoxO family transcription

factors is still arguable, it has been clear that Sirt1 functions as a deacetylase of multiple

FoxOs including FoxO1, 3 and 4 (Brunet et al., 2004; Motta et al., 2004). It has been shown

that IL-2 can signal through the PI3K/Akt pathway to suppress FoxO1, 3 and 4 and to

prevent activation-induced cell death (Stahl et al., 2002). Similar to Sirt1 knockout mice,

FoxO3-deficiency causes spontaneous lymphoproliferation, associated with inflammation of

several organs in mice (Lin et al., 2004). Therefore, it will be interesting to study the

crosstalk of Sirt1 with FoxO family transcription factors in immune regulation and

inflammation.
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Sirt1 is required for T cell tolerance

Anergy is the state in which T cells are alive but neither are capable of proliferating nor

initiate the transcription of IL-2 gene in response to optimal antigenic stimulation provided

by APCs (Sloan-Lancaster et al., 1994a, 1994b; Schwartz, 1997,2003). Anergy has been

considered to be the mechanism of self-tolerance in vivo (Mondino et al., 1996; Schwartz,

1997). Consequently, reversal of anergy by manipulation of the pathways involved in the

induction and maintenance of this state results in autoimmunity, tumor immunity and

allograft rejection (Lenschow et al., 1992; Turka et al., 1992; Chen et al., 1993; Guerder et

al., 1994; Mondino et al., 1996). Several studies have examined the mechanism by which

IL-2 gene transcription is blocked in T cell anergy (Kang et al., 1992; Schwartz, 2003).

Anergic cells cannot upregulate protein binding activity and transactivation of AP-1, a

critical IL-2 enhancer element (Kang et al., 1992). However, the molecular mechanisms

underlying how AP-1 transcriptional activity is inhibited in anergic T cells remain unknown.

Using an in vitro assay, our laboratory has recently discovered that T cells lacking Sirt1 are

hyperproliferative and can be activated without CD28 co-stimulation. In addition, OT-II

mice crossed with Sirt1−/− mice could not be tolerized by OVA323-339 peptide. Therefore,

Sirt1 proteins appear to be required for T cell immune tolerance as tested by both in vitro

and in vivo assays. It is known that T cells that receive a weak TCR signal without CD28 co-

stimulation normally undergo tolerance by specifically activating the NFAT pathway

without activation of AP-1 and NF-κB transcription factors (Macián et al., 2002). Since

Sirt1 protein suppresses the activation of the transcription factor AP-1, which is achieved by

interacting with and deacetylating c-Jun, Sirt1-mediated suppression of c-Jun acetylation

inhibits AP-1 transcriptional activity to maintain T cell immune tolerance (Fig. 1) (Zhang et

al., 2009).

As many other identified anergic genes, such as Itch, Ikaros and Cbl-b (Fang et al., 2001,

2002; Thomas et al., 2007; Venuprasad, 2010; Hoyne, 2011), TCR signaling alone induces

Sirt1 gene expression through NFAT pathway and the calcineurin inhibitor cyclosporine A

blocks Sirt1 gene transcription during anergy induction (Gao et al., 2012). However,

chromatin immunoprecipitation assay could not detect NFAT binding to Sirt1 promoter,

implying that factors downstream of NFAT mediate Sirt1 gene transcription. Interestingly,

the early growth responsive (EGR) genes 2 and 3 (EGR2 and EGR3), which have been

discovered as critical factors of immune tolerance (Droin et al., 2003; Harris et al., 2004;

Safford et al., 2005), directly bind to Sirt1 promoter upon TCR stimulation. Since both

EGR2 and EGR3 are the downstream target genes of NFAT transcription factors

(Rengarajan et al., 2000; Lazarevic et al., 2009), the TCR-NFAT-EGR2/3-Sirt1 pathway

appears to be an important signaling pathway for T cell anergy induction (Fig. 1).

Interestingly, IL-2 suppresses Sirt1 gene transcription in T cells by sequestering the

forkhead transcription factor 3a (FoxO3a) because FoxO3a interacts with EGR2/3 to

regulate Sirt1 gene transcription (Gao et al., 2012). Therefore, IL-2 cytokine breaks down T

cell tolerance by blocking Sirt1 expression. In addition, Sirt1 functions have been shown to

be regulated by post-translational regulation. We have recently shown that Sirt1 protein

stability is regulated by the ubiquitin pathway (Lin et al., 2012), and it will be interesting to
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study whether post-translational modifications are involved in regulating Sirt1 functions

during T cell activation and tolerance.

THE ROLE OF Sirt1 IN THE REGULATION OF MACROPHAGE FUNCTIONS

Macrophages are the major source of inflammatory cytokines during RA. Since Sirt1

antagonizes the transcriptional activity of AP-1 and NF-κB, both of which are critical

transcription factors in the expression of a variety of inflammatory cytokines, it is not

surprising that Sirt1 has a direct regulatory role in macrophage functions during

inflammation. In fact, Schug et al. (2010) elegantly showed that myeloid-specific deletion of

Sirt1 gene promotes the development of cardiovascular inflammation induced by high fat

diet, indicating the anti-inflammatory roles of Sirt1 in myeloid cells. To support this

observation, the production of pro-inflammatory cytokines TNF-α, IL-6, and IL-1β by

macrophages from the myeloid-specific Sirt1 knockout mice is dramatically increased in

response to infection and inflammation. In addition to pro-inflammatory cytokines, Sirt1 is

likely involved in the expression of cell surface molecules such as ICAM-1 to facilitate

macrophage trafficking during inflammatory response (Yang et al., 2007; Stein et al., 2010).

It remains to be characterized the role of AP-1 transcription factors in Sirt-mediated anti-

inflammatory activity in macrophages. In contrast, hyperacetylation of NF-κB transcription

factor RelA/p65 has been detected in macrophages from myeloid-specific Sirt1 knockout

mice, indicating that the anti-inflammatory activity of Sirt1 in macrophages is, at least

partially, through NF-κB suppression (Schug et al., 2010).

Another signaling pathway that has been recently linked to inflammation is the endoplasmic

reticulum (ER) response (Hu et al., 2006). ER stress leads to the activation of inositol-

requiring enzyme 1 (IRE1), which splices X-box binding protein 1 (Xbp-1) into its

functional message, and ultimately leads to suppressed global translation and increased

chaperone activity. If the cells fail to reduce the ER load, they will undergo apoptosis

(Calfon et al., 2002). Recent studies suggest that IRE1α-Xbp-1 pathway is critical for TLR-

induced inflammatory cytokine production by macrophages (Martinon et al., 2010). Xbp-1

is regulated by post-translational acetylation and deacetylation mediated by the

acetyltransferase p300 and deacetylase Sirt1, respectively (Wang et al., 2010). Further study

is needed to understand the differential effects of Sirt1 on the dynamic regulation of NF-κB,

Xbp-1 and AP-1 pathways in macrophages.

THE ROLES OF Sirt1 IN CHONDROCYTES AND SYNOVIAL FIBROBLASTS

Several studies have detected elevated Sirt1 expression levels in human synovial fibroblasts

and chondrocytes from patients with RA or mice with CIA. Further in vitro studies suggest

that TNF-α is responsible for the elevated Sirt1 expression (Niederer et al., 2011; Huang et

al., 2012; Moon et al., 2012). Interestingly, TNF-α also induces Sirt1 protein cleavage

through protease cathepsin B activity, leading to the production of a HDAC inactive

truncation of Sirt1 with a molecular weight of about 75 kDa instead of the original 110 kDa

(Dvir-Ginzberg et al., 2011). This 75 kDa Sirt1 blocks TNF-α-induced apoptosis of

chondrocytes through its association with cytochrome c in mitochondria (Oppenheimer et

al., 2012), suggesting a feedback regulatory mechanism of TNF-α-induced Sirt1 expression
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during inflammation. While the suppressive functions of Sirt1 in T cells and macrophages

have been relatively well-established, the discoveries of Sirt1 functions in chondrocytes and

synovial fibroblasts during inflammatory arthritis are controversial. Some studies suggest

that Sirt1 inhibits the productions of inflammatory cytokines, such as TNF-α, IL-1β and

IL-6, largely through antagonizing NF-κB transcriptional activity (Huang et al., 2012; Kok

et al., 2013; Moon et al., 2013), indicating that Sirt1 activation by its activators like

resveratrol has therapeutic roles in inflammatory arthritis treatment. However, Niederer et

al. (2011) showed that TNF-α-induced Sirt1 expression has a positive role in the production

of inflammatory cytokines including IL-6 and IL-8 by RA synovial fibroblasts as well as by

peripheral blood monocytes. Knockdown of Sirt1 expression resulted in a reduction of these

inflammatory cytokines analyzed. Further studies are needed to define the roles of Sirt1 in

synovial fibroblasts and chondrocytes during inflammatory arthritis.

THE Sirt1 ACTIVATOR RESVERATROL IN RA THERAPY

Resveratrol (trans-3,4,5-trihydroxystillbene) is a polyphenol naturally found in various plant

species (Recio et al., 2012). The use of resveratrol in treating various inflammatory diseases

has been studied extensively due to its anti-inflammatory and pro-apoptotic properties

(Elmali et al., 2007; Imler Jr and Petro, 2009; Sánchez-Fidalgo et al., 2010; Lee et al., 2011;

Nakayama et al., 2012; Xuzhu et al., 2012). One of its most well-known pharmacological

targets is Sirt1 (Borra et al., 2005; Alcaín and Villalba, 2009). Resveratrol specifically

enhances the deacetylase activity of Sirt1 without affecting the activities of any other sirtuin

family members including Sirt2–7. Structural studies indicate that resveratrol binding to

Sirt1 modulates the conformation of Sirt1 and enhances binding activity to its substrates

(Borra et al., 2005). Due to its ability to activate Sirt1 and suppress inflammation,

resveratrol has been shown to alleviate inflammatory symptoms in several experimental

autoimmune disease models, such as colitis, type I diabetes, encephalomyelitis and RA

(Elmali et al., 2007; Imler Jr and Petro, 2009; Sánchez-Fidalgo et al., 2010; Lee et al., 2011;

Xuzhu et al., 2012). In both CIA and LPS-induced acute inflammatory arthritis models,

resveratrol treatment before or after disease onset was able to reduce synovial hyperplasia,

cartilage destruction, leukocyte infiltration, macrophage and T cell activation, and collagen-

specific immunoglobulin levels (Elmali et al., 2007;Xuzhu et al., 2012).

A key function of resveratrol is to inhibit the production of inflammatory factors through

activation of Sirt1. One of the main substrates of Sirt1 is NF-κB member p65/RelA (Yeung

et al., 2004), which is a master regulator of leukocyte activation and inflammatory cytokine

signaling and is found to be up-regulated in RA patients (Fujisawa et al., 1996; Bonizzi and

Karin, 2004). Sirt1 deacetylation of RelA inhibits its transcriptional activity, resulting in loss

of inflammatory cytokine production. The activation of Sirt1 by resveratrol results in the

inhibition of RelA acetylation, and a reduction in NF-κB-induced expression of

inflammatory factors such as TNF-α, IL-1β, IL-6, metalloproteases MMP1 and MMP3, and

cyclooxygenase 2 (Cox-2), all of which have been implicated in the pathogenesis of RA

(Fujisawa et al., 1996; Marok et al., 1996; Yamamoto and Gaynor, 2001). In addition, the

activation of Sirt1 and inhibition of NF-κB by resveratrol result in reduced responsiveness

to inflammatory cytokine signaling. Resveratrol-treated cells are less responsive to TNF-α-

induced NF-κB signaling and apoptosis induction, acting as a double block on the NF-κB
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signaling pathway (Manna et al., 2000). Similarly, resveratrol-treated bone-derived cells

showed reduced receptor activator of nuclear factor kappa-B ligand (RANKL)-induced NF-

κB acetylation and activation, as well as reduced osteoblastic activity associated with RA

(Shakibaei et al., 2011). In addition, Sirt1 mRNA levels were reported to be elevated in

resveratrol-treated cells, serving as a positive feedback for its activity (Shakibaei et al.,

2011).

Besides Sirt1, resveratrol has been proposed to work through other targets, all of which

similarly result in the reduction of autoimmune symptoms. One of the mechanisms of

resveratrol for the alleviation of RA is the induction of apoptosis of synovial cells. Human

RA synovial cell lines treated with resveratrol underwent rapid apoptosis, which required the

activation of caspases 3, 8 and 9, but not Sirt1-target p53 (Byun et al., 2008; Nakayama et

al., 2012). Resveratrol treatment has also been discovered to inhibit p300 expression and

promote IkBa degradation, but it is not clear whether this process is through Sirt1 activation

(Shakibaei et al., 2011). In addition, other known substrates of resveratrol include AMPK,

an essential energy sensor in cells which incidentally regulates the activity of Sirt1 by

regulating the cellular levels of available NAD+ (Price et al., 2012). Nevertheless, the

function of resveratrol is definitely mediated in part by Sirt1, as the anti-inflammatory

properties of resveratrol are abrogated by the genetic deletion of Sirt1, or the addition of

Sirt1 inhibitors such as Sirtinol (Nakayama et al., 2012;Price et al., 2012). Similarly, small

molecule activators of Sirt1 are currently used in clinical trials toward the treatment of

autoimmune diseases such as RA by Sirtris, a GSK company. In view of the recent

successes of specific Sirt1 activators and resveratrol in experimental and clinical

autoimmune disease settings, there is definitely potential for the development of resveratrol

and similar Sirt1 activators as therapeutic targets against inflammation-related diseases

including RA.

CLOSING REMARKS

In addition to T cells, macrophages, chondrocytes and synovial fibroblasts, Sirt1 may play

important roles in other immune cells, such as B cells and neutrophils, both of which are

involved in RA. In particular, the destructive capacity of neutrophils has long been

appreciated, and the presence of extraordinary numbers of neutrophils in the synovial fluid

of patients with RA supports a role for these cells in the pathogenesis of joint destruction.

Several transcription factors, including NF-κB, STAT3 and IRF3, which are involved in the

expression of chemotaxins produced by neutrophils, have been discovered as Sirt1

substrates in other cell types. It is possible that Sirt1 may regulate the production of

chemotaxins, such as IL-8 and IFN-γ, by neutrophils during RA. It will be also interesting

to study whether Sirt1 participates in regulating the phagocytosis activity of neutrophils. In

addition, Sirt1 is a ubiquitously expressed protein in mammals. The investigation on how

Sirt1 affects the activation of the immune system might also shed light on novel genes and

pathways which could contribute to the proliferation and differentiation of various cell

types. Importantly but not surprisingly, Sirt1 activators, such as SRT1720, which have

significantly improved specificity and activity in activating Sirt1, have been found to hold

great therapeutic efficacy in autoimmune therapy and are currently used in clinical tails

(www.sirtris.com). However, further studies are needed to characterize whether SRT1720
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and its orthologs achieve their anti-inflammatory activity in a Sirt1-dependent manner using

experimental arthritis models as well as in patients.

While we discussed the anti-inflammatory roles of Sirt1 in RA, some studies have implied

that Sirt1 may have inflammatory roles during inflammation. In particular, it has been

shown that administration of HDAC inhibitors, including those more specific to Sirt1

deacetylase activity, such as sirtinol, protects mice from different types of inflammatory

diseases including arthritis (Grabiec et al., 2011; Villalba and Alcain, 2012). Therefore,

while the specificity of small molecular inhibitors is always a reasonable concern, the

inflammatory roles of Sirt1 may exist and further efforts in the study are needed.

In summary, while there are still many questions to be answered, much progress has been

made to explore and establish the role of Sirt1 in regulating the immune response. Further

investigation, along with the development of new models and techniques for probing the

role of Sirt1, will move a step forward to the clinical application of Sirt1 targeting in treating

RA.
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Fig. 1. A model of Sirt1 in T cell tolerance
A: recognition of self-antigen (Ag) by TCR in the absence of co-stimulation induces Sirt1 gene transcription through NFAT

pathway. B: balanced TCR/CD28 signaling activates both AP-1 and NFAT to induce IL-2 production for T cell activation. Up-

regulated Sirt1 inhibits AP-1 transcription to block the activation of tolerized T cells when they receive both TCR and CD28

stimuli.
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