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Abstract Caloric restriction prolongs the lifespan of
many species. Therefore, investigators have researched the
usefulness of caloric restriction for healthy lifespan exten-
sion. Sirtl, an NAD+-dependent deacetylase, was identified
as a molecule necessary for caloric restriction-related anti-
aging strategies. Sirtl functions as an intracellular energy
sensor to detect the concentration of NAD™, and controls
in vivo metabolic changes under caloric restriction and
starvation through its deacetylase activity to many targets
including histones, nuclear transcriptional factors, and
enzymes. During the past decade, investigators have
reported the relationship between disturbance of Sirtl
activation and the onset of aging- and obesity-associated
diseases such as diabetes, cardiovascular disease and neu-
rodegenerative disorders. Consequently, a calorie restric-
tion-mimetic action of Sirtl is now expected as a new
therapy for these diseases. In addition, recent studies have
gradually clarified the role of Sirtl in the onset of kidney
disease. Its activation may also become a new target of
treatment in the patients with chronic kidney disease
including diabetic nephropathy. In this article, we would
like to review the role of Sirtl in the onset of kidney disease
based on previous studies, and discuss its possibility as the
target of treatment in diabetic nephropathy.
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Introduction

Previous studies on the pathogenesis of diabetic nephropathy
have indicated that hyperglycemia-related alterations of
intracellular metabolism (Brownlee 2005; Koya and King
1998) and glomerular hypertension with the hyper-activa-
tion of the renin-angiotensin system (RAS) influence the
deterioration of diabetic nephropathy (Fig. 1). These find-
ings are supported by the results of many large-scale clinical
studies: close blood glucose control and the use of RAS
inhibitors improve the renal prognosis in the patients with
diabetic nephropathy (DCCT 1993; Brenner et al. 2001;
UKPDS 1998; Ohkubo et al. 1995). However, the efficacy of
RAS inhibitors is not realized in all patients, and there are
still a large number of patients in whom blood glucose
control is not favorable; therefore, the number of patients
with the deterioration of diabetic nephropathy to end-stage of
renal disease will increase in the future. As future research
issues in diabetic nephropathy, a more potent correction of
intracellular metabolic errors, or exploration of a new ther-
apeutic target to inhibit the RAS-independent progression of
diabetic nephropathy is urgently required.

In 1934, McCay et al. successfully prolonged the lifespan
of rats with caloric restriction, and first reported the advan-
tage of caloric restriction for healthy lifespan extension
(McCay and Crowell 1934). Subsequently, researches on the
relationship between caloric restriction and lifespan pro-
longation/anti-aging were aggressively promoted. In 2009,
its effects were also demonstrated in rhesus monkeys, higher
mammals (Colman et al. 2009; Fontana et al. 2010). More
than 10 years ago, a molecular mechanism involved in the
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Fig. 1 Proposed pathogenesis
of diabetic nephropathy. Both
hyperglycemia-mediated
intracellular metabolic
alterations, renin-angiotensin II
system-dependent
hemodynamic changes and
renal hypoxia coordinately
contribute to the development
of diabetic nephropathy.
NAD-dependent Sirtl
deacetylase may improve
diabetic nephropathy through
the amelioration of these
metabolic and hemodynamic
pathological changes

. Glomerular
Hypoxia .
hypertension

Sirtl activation

lifespan-prolonging effects of caloric restriction was clari-
fied, and silent information regulator 2 (a mammalian
homolog: Sirt1) was newly identified as a caloric restriction-
related anti-aging molecule (Lin et al. 2000). Initially, Sirt1
was identified as an NAD"-dependent histone deacetylase.
However, a subsequent study regarding Sirtl conducted over
the decade showed that Sirtl controls fasted organ-energy
metabolism and stress responses by regulating the acetyla-
tion of many intra-nuclear transcription factors in an NAD -
concentration-dependent manner (Liang et al. 2009)
(Fig. 2). In addition, several studies reported the effects of
caloric restriction on renal lesions in animal aging-related
renal lesion/glomerular kidney disease models (Cherry
1998; McKiernan et al. 2007). Recently, the involvement of
Sirtl in a caloric restriction-related renoprotective mecha-
nism has been particularly emphasized. Basic research on its
involvement in the pathogenesis or its possibility as the
target of treatment is being promoted.

Sirtl Expression in the Kidney

The intra-renal localization of Sirtl expression in the kidney
has not yet been clarified although Sirtl is ubiquitously
expressed in all tissues. A study indicated that Sirtlwas
strongly expressed in the medullary tubular cells, and it was
also confirmed in the cortical proximal tubular cells (He et al.
2010). In another study with kidney tissue, Sirtl protein
expression in an isolated glomerulus, that is, in cultured
mesangial, epithelial, and endothelial cells, was confirmed,
although its detailed expression pattern in glomerulus was
not clarified (Kume et al. 2006). Other studies regarding
changes in Sirtl expression reported that 40 % caloric
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restriction in rats increased Sirtl expression in the kidney
(Cohen et al. 2004), and Sirtl expression decreased in the
kidneys from streptozotocin-induced diabetic rats and
24-month-old mice (Tikoo et al. 2008; Kume et al. 2010).
Deacetylation activity of Sirtl declined with age in mice and
Sirtl expression decreased in the kidney of type 2 diabetic
rats, and these changes were ameliorated by calorie restric-
tion (Kitada et al. 2011; Kume et al. 2010). According to a
study (He et al. 2010), Sirtl expression was enhanced in
acute kidney injury model, represented by a unilateral ure-
teral obstruction (UUO). Sirtl expression not only in the
kidney but also in multiple organs is altered in response to
changes in the metabolic state or stress conditions. As a
humoral factor influencing such changes in Sirt1 expression,
insulin/IGF-1 (Cohen et al. 2004), nitric oxide (NO) (Nisoli
et al. 2005), and aldosterone (Fan et al. 2011) have been
reported. However, the presence of an evident humoral
factor involved in changes in Sirtl expression and a mole-
cule-regulating mechanism remain to be clarified.

Involvement of Sirtl in the Pathogenesis of Kidney
Disease Models

Sirtl expression in the kidney depends on each condition.
Based on previous studies, we review how this change
contributes to the pathogenesis of kidney disease as follows
(Table 1):

Role of Sirtl in Aging-related Renal Lesions

The kidney is one of organs showing aging-related dys-
function, and aging is recognized as a risk factor for the
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Fig. 2 Sirtl regulates various
metabolic response to starvation
and has a tissue-protective
effects against aging-related and
metabolic diseases in different
tissues including the kidneys
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deterioration of diabetic nephropathy. Therefore, the
pathogenesis of aging-related renal disorder, a common
background factor of patients with diabetic nephropathy,
should be clarified. We have previously reported that Sirtl
activity was significantly reduced in the kidneys of
24-month-old wild-type mice, and that its reduction led to
mitochondrial dysfunction and enhancement of oxidative
stress in the proximal tubular cells, resulting in aging-
related renal lesions. On the other hand, it was confirmed
that Sirtl activity was maintained by 40 % caloric
restriction for 12 months, starting from 12 months of age,
reducing aging-related mitochondrial abnormalities and
subsequent renal lesions (Kume et al. 2010). In addition, in
the kidneys from Sirtl hetero-knockout mice (Sirtl™~
mice), the deterioration of aging-related renal lesions was
observed in the early phase (12 months of age), as dem-
onstrated in the kidneys from 24-month-old wild-type
mice. Interestingly, phenotype of premature renal aging in
Sirt1 ™~ mice was not ameliorated despite long-term
caloric restriction. These results suggest that Sirtl expres-
sion and activity reduction are involved in aging of the
renal tubular cells, and that restoration of Sirtl activity is
essential for the anti-renal-aging effects of caloric restric-
tion (Kume et al. 2010).

@ Springer
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Role of Sirtl for Renal Hypoxia

The hypoxic state of the renal tubular cells is closely
involved in the pathogenesis of diabetic nephropathy
(Mimura and Nangaku 2010). Our study with aged mice
also showed that the hypoxic state of the renal tubular cells
played an important role in the pathogenesis of renal aging.
In the cells, a mechanism to induce autophagy against
hypoxic stimulation and maintain intracellular homeosta-
sis, including the removal of abnormal mitochondria, is
present. Proximal tubular cells also have this mechanism to
maintain their homeostasis against hypoxia. However, in
kidneys of aged mice, autophagy activity under hypoxia is
significantly altered, causing the accumulation of abnormal
mitochondria, an increase in oxidative stress, and
enhancement of apoptosis (Kume et al. 2010). The acti-
vation of a Sirtl-mediated transcription factor, Foxo3, is
essential for such hypoxia-induced autophagy control in
proximal tubular cells (Fig. 2). Therefore, aging-mediated
Sirtl inactivation leads to inhibition of autophagy activity
against hypoxia. Thus, Sirtl may play a role as a stress
response factor under a hypoxic state in the topical area of
the kidney (Kume et al. 2010). Currently, the response of
autophagy to renal hypoxia observed in a diabetic
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nephropathy model is unclear. In the future, it may be
important to clarify the role of autophagy in diabetic
nephropathy, involvement of Sirtl as an autophagy-con-
trolling mechanism, and association with mitochondrial
abnormalities, for developing the target of treatment for
proximal tubular cells protection.

The kidney controls systemic oxygen metabolism by
producing erythropoietin and regulating the erythrocyte
count in response to systemic hypoxic stimulation. A recent
study reported that Sirtl activated a transcription factor
involved in erythropoietin production, Hif2a, through its
deacetylation, enhancing erythropoietin production in a
hypoxic state (Dioum et al. 2009). Collectively, Sirt]l may
be responsible for topical renal and systemic oxygen
metabolism control.

Role of Sirtl in Renal Interstitial Fibrosis/tubular Cell
Apoptosis

Renal fibrosis is a final histological abnormality in the var-
ious kidney diseases including diabetic nephropathy. Fur-
thermore, the importance of tubular cell apoptosis in the
deterioration of diabetic nephropathy has also been reported.
Recently, the role of Sirtl in renal fibrosis and apoptosis has
been clarified. A mouse UUO model is experimentally used
as a renal fibrosis model. Interestingly, UUO in Sirtl1 ™'~
mice showed the significant deterioration of fibrosis/apop-
tosis in comparison with wild-type mice (He et al. 2010). As
the molecular mechanism, it was important that Sirtl posi-
tively regulates cyclooxygenase 2 (COX2) expression and
subsequent prostaglandin E2 production, leading to reno-
protection against oxidative stress (He et al. 2010).

Therapeutic Potency of Sirtl Activation in Kidney
Disease Models

Anti-fibrotic Effect of Sirtl

Several studies reported that Sirtl activators, resveratrol or
SRT1720, reduced UUO-related renal tubular lesions by
inhibiting the TGFB-Smad3 pathway and enhancing COX2
expression (Li et al. 2010; He et al. 2010). In addition,
another study indicated that cisplatin-induced renal tubular
damage was ameliorated in mice with over-expression of
proximal tubule-specific Sirtl through the protection of the
peroxisome function (Hasegawa et al. 2010). The results of
a study with cultured proximal tubular cells also showed
that Sirtl induced the expression of an anti-oxidant
enzyme, catalase, through the activation of a transcription
factor, Foxo3a, inhibiting apoptosis in an oxidative stress
(Hasegawa et al. 2008). Recent study has shown that cat-
alase-deficiency in mice significantly exacerbated the

@ Springer

development of diabetic nephropathy, suggesting that
peroxisomal oxidative stress is strongly associated with the
pathogenesis and a therapeutic target in diabetic nephrop-
athy (Hwang et al. 2012). Thus, Sirtl activation may be
applied for new treatment to protect the proximal tubular
cells through an anti-oxidant effect via protecting peroxi-
some as well as a direct anti-fibrotic action.

Anti-inflammatory Effect of Sirtl

As a mechanism involved in the onset of diabetic
nephropathy or the target of treatment, microinflammation
has recently been emphasized (Shikata 2007). Sirtl
exhibits anti-inflammatory actions in many organs (Yo-
shizaki et al. 2010). This suggests the involvement of Sirtl
in a caloric restriction-related anti-inflammatory molecular
mechanism, as previously reported. As a molecular
mechanism involved in the anti-inflammatory actions of
Sirt1, this molecule was shown to inhibit the activation of a
common pathway of inflammatory signals, NFxB, through
deacetylation of an NFxB subunit (p65) (Yeung et al. 2004;
Yoshizaki et al. 2010). If this phenomenon is observed in
the kidney, especially in the presence of diabetic
nephropathy, Sirtl activation targeting anti-inflammatory
actions may become interesting. Actually, with significant
reduction of Sirtl expression, acetylation (activation) of
p65 was marked in the kidneys from Wistar fatty rats with
type 2 diabetes, showing severe renal lesions with inflam-
matory cell infiltration (Kitada et al. 2011). Interestingly,
caloric restriction in the same rats induced p65 deacetyla-
tion, leading to anti-inflammatory actions (Kitada et al.
2011). This finding suggests that the reactivation of Sirt] is
involved in the caloric restriction-mediated anti-inflam-
matory actions on diabetic nephropathy.

Other Roles of Sirtl in the Kidney
Role of Sirtl in Blood Pressure Control

There is a close relationship between energy balance and
blood pressure (Uzu et al. 2006). Some studies indicated
the influence of Sirtl on blood pressure control. Sirtl
decreases the number of angiotensin II type 1 receptors in
the vascular smooth muscle cells, inhibiting an angiotensin
II elevation-related increase in the blood pressure (Miya-
zaki et al. 2008). Furthermore, Sirtl increases NO pro-
duction in the vascular endothelium through endothelial
NO synthase (eNOS) activation mediated by deacetylation
(Mattagajasingh et al. 2007). In addition, Sirtl inhibits the
expression of the o-subunit of a sodium channel ENaC
existing in the collecting tubule cells in the renal medullary
region, resulted in suppressing sodium reabsorption in the
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kidney (Zhang et al. 2009). Thus, Sirt] may control sys-
temic vascular functions, and influence salt-sensitive
hypertension in obese patients with type 2 diabetics by
controlling sodium reabsorption in the kidney.

Role of Sirtl in the Glomerulus

Previously, a few studies with cultured mesangial cells and
podocytes reported the role of Sirtl in the glomerular cells.
In cultured mesangial cells, Sirtl inhibits oxidative stress-
related apoptosis through p53 deacetylation (Kume et al.
2006). Furthermore, it suppresses TGFf-related apoptosis
through smad7 deacetylation (Kume et al. 2007). A recent
study reported that exposure to high glucose decreased the
mesangial cell concentration of NAD™", causing cellular
hypertrophy through the reduction of Sirtl activity (Zhuo
et al. 2011). In the cultured podocytes, Sirtl protects cells
from advanced glycated end-products (AGE)-mediated cell
death (Chuang et al. 2011). The results suggest that Sirtl
may be involved in the regulation of apoptosis or hyper-
trophy of the mesangial cells and podocytes in the forma-
tion of initial lesions diabetic nephropathy. Its inhibition
may contribute to the subsequent prevention of sclerotic
lesions. In the future, the role of Sirtl in the glomerulus
must be further examined.

Possibility of Sirtl as a Nephropathy-associated Gene

Interestingly, gene polymorphism study also indicated that
Sirtl may play a role in susceptibility to diabetic
nephropathy in Japanese subjects with type 2 diabetes
(Maeda et al. 2011). This study revealed 4 SNPs in Sirtl
that were nominally associated with diabetic nephropathy,
and subsequent haplotype analysis revealed that a haplo-
type consisting of the 11 SNPs within Sirtl locus had a
stronger association with diabetic nephropathy. It would be
interesting to clarify the gene polymorphism-related mor-
bid molecular mechanism in diabetic nephropathy.

Conclusion

Investigators in the field of diabetes have focused on Sirtl
research based on the features of Sirtl which is activated
through caloric restriction. As a result, studies on some Sirt1
activators, resveratrol or small molecule activator, have
reached the phase of clinical application in type 2 diabetics
and other ageing-related diseases. Considering the previ-
ously reported role of Sirtl in kidney disease, Sirtl may
become the therapeutic target of diabetic nephropathy.
However, currently, there is little direct evidence regarding
nephropathy. Many issues remain to be reviewed: Sirtl
activity/expression in the human kidney tissue, examination

with cell-specific-gene-modified mice, and the development
of Sirtl activators. However, we hope that this article will
help Sirtl research development in diabetic nephropathy. In
the future, Sirt1 activators will be applied in clinical practice,
contributing to improvement in the prognosis of patients
with diabetic nephropathy.
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