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Nephroprotective action of sirtuin 1 (SIRT1)
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Abstract Sirtuins, silent information regulator 2 (Sir 2)
proteins, belong to the family of NAD"-dependent en-
zymes with deacetylase or mono-ADP-ribosyltransferase
activity. These enzymes are responsible for processes of
DNA repair or recombination, chromosomal stability and
gene transcription. In mammals, sirtuins occur in seven
varieties, from 1 to 7 (SIRT1-SIRT7), differing among
themselves with location. SIRT1, the best known variety,
exerts its effects on proteins via NAD" coenzymes, being
thus associated with cellular energetic metabolism and the
‘red—ox’ state. Its deficits are, among others, concomitant
with stressful situations and associated with pathophysiol-
ogies of many medical conditions, including diabetes
mellitus, cardiovascular diseases, neurodegenerative syn-
dromes and kidney diseases. In kidney disorders, it pro-
motes (stimulates) the survival of cells in an affected
kidney by modulating their responses to various stress
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stimuli, takes part in arterial blood pressure control, pro-
tects against cellular apoptosis in renal tubules by catalase
induction and triggers autophagy. More and more available
in vitro and in vivo data indicate SIRT1 activity to be
oriented, among others, towards nephroprotection. Thus,
SIRT1 may become a novel element in the therapy of age-
related renal diseases, including diabetic nephropathy.
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Abbreviations

ACE Angiotensin-converting-enzyme
Atg5 Autophagy protein 5

Atg7 Autophagy protein 7

ATP Adenosine-5'-triphosphate

COX,  Cyclooxygenase-II enzyme

CR Caloric restriction

DNA Deoxyribonucleic acid

Dotl Disruptor of telomeric silencing-1
ENaC  Epithelial sodium channel

ERK Extracellular signal-regulated kinases

FOXO; Forkhead box O;

FXR farnesoid X receptor

HIF-2a  hypoxia-inducible factor

Ku70 Protein that, in humans, is encoded by the
XRCC6 gene

LC3 protein light chain 3

LXR liver X receptor

Lys310  lysine 310

NAD"  Nicotinamide adenine dinucleotide
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NAM Generating nicotinamide
NF-kB  Nuclear factor kappa B

NO Nitrogen oxide

PGE, prostaglandin E,

ATIR angiotensin II receptor, type 1
SIRT Silent information regulator

Smad3  Mothers against decapentaplegic homolog 3
SREBP  sterol regulatory element binding proteins
TGF-31 Transforming growth factor beta

UCP2  uncoupling protein 2

Introduction

The Sirtuin family

Sirtuins, i.e. silent information regulator 2 proteins, belong
to an old, evolutionary conservative family of nicotinamide
adenine dinucleotide (NAD")-dependent enzymes with
deacetylase or mono-ADP-ribosyltransferase [17, 18].
Sirtuins control the processes of DNA repair and recom-
bination, chromosomal stability and gene transcription,
and are responsible for health-promoting effects of caloric
restriction (CR), including delays of ageing processes in
the organism. It is assumed that sirtuins, via evolution, sort
of translate the availability of NAD" (which is a sort of
‘currency’ of the energetic metabolism) into a transcriptive
control of the genes, which are important for the metabolic
adaptation of cells and of the organism.

In mammals, 1-7 sirtuins (SIRT1-SIRT7) are
observed, differing in their localisation: SIRTI1—cell
nucleus and cytoplasm; SIRT2—cytoplasm and cell
nucleus; SIRT3—mitochondria, cell nucleus and cyto-
plasm; SIRT4 and SIRT5—mitochondria; and SIRT6
and SIRT7—cell nucleus [17, 18]. A big proportion of
SIRT1 is localised in euchromatin, while SIRT6 is found
in heterochromatin and SIRT7 is identified mainly in the
nucleolus.

Sirtuins have been divided into four classes (SIRT1, 2
and 3 constitute class I; SIRT4 is in class II; SIRTS, class
III; SIRT6 and 7 are in class IV); however, there is no
relationship between the class assignment of particular
sirtuins and their biological function. Sirtuin features
have successively transformed to adjust the functions
of cells to the ongoing changes in metabolism and envi-
ronment. Sirtuin activity is mainly related to its post-
translational modifications, as well as to the expression
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of various proteins, including the modulators, and its
enzymatic capability.

Metabolic functions of SIRT1 in kidneys

SIRT] is the most thoroughly studied and evaluated sirtuin. It
exerts its effects onto proteins via the NAD" coenzyme, thus
being related with the cellular energetic metabolism and the
‘red—ox’ state. Its deficit in stressful situations (e.g. metabolic
and oxidative stress or hypoxia) is associated with pathophys-
iologies of many diseases, including diabetes mellitus, car-
diovascular conditions, neurodegenerative syndromes and
renal diseases. See Fig. 1 for an illustration of SIRT1 meta-
bolic functions in the kidney.

Results of in vitro and in vivo studies demonstrate that
sirtuins control metabolic pathways in renal cells [8, 17].
SIRT1 promotes the survival of kidney cells by modulating
their response to various stress stimuli (oxidative, genotoxic
or hypoxic), thus significantly preventing the ageing process-
es. Any ageing process is inseparably associated with stress-
induced increase of apoptosis. SIRT1 activation reduces the
process of apoptosis in renal cells of human embryos. In
mesangial cells, SIRT1 reduces apoptosis induced by oxida-
tive stress, also protecting them against transforming growth
factor beta (TGF-{31)-dependent apoptosis.

The results of studies by Kume et al., published in
2010, demonstrated that the reduced SIRT1 expression
rates in aged kidneys of mice was associated with in-
creased oxidative stress and with morphological changes
in the mitochondria, such as swelling and disintegration
of mitochondrial crests [10]. It has been proven that
mitochondrial destruction, as observed in the aged kid-
neys, could result from Sirt1 deficiency, as Sirtl enhances
cell adaptation to autophagy-stimulating hypoxia. In turn,
impaired autophagic flux and deteriorated renal function
lead to age-related disability of renal proximal tubular
cells in fighting various harmful factors, e.g. drugs or
proteinuria.

High SIRT1 concentrations were found in the inter-
stitial cells of the renal medulla, while its low levels were
traced in the renal cortex. Some in vitro studies demon-
strate protective effects of SIRT1 on the cortex, follow-
ing hydrogen peroxide administration (protection against
oxidative stress). It has been found that a pharmacolog-
ical induction of SIRT1 exerts a protective effect onto the
renal medulla by activating the antioxidative pathways,
which increases renal immunity to hypoxia conditions or
to oncotic pressure changes [4, 7].
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Fig. 1 Metabolic functions
of SIRT 1 in the kidney
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Beside SIRT! levels, it is, among others, NAD" con-
centration that is of fairly high significance. According to
Hao and Haase, the NAD" salvage pathway plays a critical
role in the regulation of SIRT! enzymatic activity by
lowering the concentration of inhibitory NAM and by
increasing levels of sirtuin co-substrate NAD" [4].

He et al. found large quantities of SIRT1 in the inter-
stitial cells of murine renal medulla, where it probably
increases the resistance to oxidative stress [7]. It is known
that renal medulla is under a high risk of oxidative stress
because of particular local hypoxia and hypertonicity.

In mice deprived of the SIRT1 gene, increased quan-
tities of apoptosis and fibrosis were found following an
experimental kidney injury (unilateral occlusion of the
ureter). SIRT1 activation, for example by an administra-
tion of resveratrol (3,5,4-trihydroxystilbene), improves
the survival of cells and reduces the number of apoptoses
and the degree of fibrosis in response to oxidative stress.
Additionally, SIRT1 deficit decreases the level of in-
duced COX, in the parenchyma of renal medulla under
oxidative stress (exogenous PGE2 decreases apoptosis in
oxidative stress in SRT1-deprived cells), which proves
COX, to be one of the mediators of SIRT1 activity [7].
The authors proposed that Sirt] should be treated as a
therapeutic goal for reducing the possible damage of
kidney medullary cells resulting from oxidative stress [7].

The TGF-31-Smad3 signal pathway plays a key
role in the pathogenesis of kidney fibrosis process,
which accompanies renal diseases. TGF-31 activa-
tion, both in kidney fibroblasts and tubules epithelium,
triggers Smad3 acetylation and phosphorylation.

Li et al. have demonstrated that SIRT1 activation
with resveratrol inhibits Smad3 acetylation, resulting

Other functions
of SIRT1:

» Decreasing of vascular tone

= Enhanced EPC synthesis

» Improvement of glucose

= Genotoxic stress

Renoprotective
functions of SIRT 1:
= Suppression of TGFB signaliing

= Cellular stresses resistance

= Regulsting blood pressure

—decreased vascular tone

= Renal lipid metabolism

» Decreased Na* reabsorption
= Interstiial fibrosis reducing

= Inducing autophagy inhibiting
glomerular and tubular cell
apoptosis and

inflammation

in reduced expression of collagen IV and fibronectin
induced by TGF-f31 in model animals as well as in
tissue cultures of rat fibroblasts [12]. In opinion of the
quoted authors, the process of Smad3 deacetylation
could be perceived as a new therapeutic means to treat
fibrotic diseases [12].

In experiments of Hasegawa et al., they found out that
SIRT1 protected the cells in the renal tubules against apopto-
sis by inducing catalase (via deacetylation of FOXOs) in
culture of cells from proximal renal tubules [5, 6].

SIRT1 induces autophagy by deacetylating various
factors, such as Atg5, Atg7 and LC3, contributing to
the adaptation of cells to stress conditions, thus to their
survival [11, 16]. SIRT1 reduces the number of oxi-
dative stress-induced apoptotic processes in mesangial
cells by suppressing the activity of p53 protein and
attenuates the signalling pathway induced by TGF-{3.
Therefore, it is assumed that SIRT1 may, in some
future perspective, be used as a pharmacotherapy to
treat diabetic nephropathy [8, 17].

Some studies have demonstrated that SIRT1-level re-
duction leads to an increased inflammatory response in
adipocytes, monocytes/macrophages and endothelial
cells. SIRT1 probably acts as a negative regulator of the
nuclear factor kappa B (NF-kB) pathway by Lys310
deacetylation of p65 protein [4, 8]. In their article, Kitada
et al. reported anti-inflammatory effects of caloric restric-
tion, noting decreased levels of SIRT1 and elevated levels
of acetylated NF-kB in Wistar fatty (fa/fa) rats and in-
crease in SIRT1 levels followed by higher percentage of
deacetylated NF-kB after caloric restriction [9].

Some presence of SIRT1 was also identified in
podocytes, but, thus far, its role in influence on podocyte
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metabolism has not yet been studied [8]. SIRT1 modu-
lates the cellular response to hypoxia via an interaction
with the o subunit of the HIF-2 factor (an oxygen sensi-
tive transcriptive factor). It is then associated with the
induction of erythropoietin under hypoxia (and the
hypoxia-associated induction of the endothelial growth
factor of vessels and of other oxygen-associated genes)
[4, 13]. The deacetylating goals, which mediate this task,
include, among others, FOXO, p53, thermal shock pro-
teins 1, NF-kb, Ku70 and Smad7 [4, 13].

A reduction of SIRT1 level may lead to impaired
reaction to hypoxia via an inactivation of HIF-2a,
resulting in chronic renal failure [7, 8]. Studies on the
role of SIRT1 suggest also its participation in arterial
blood pressure control. This control probably occurs on
two planes: vascular tension control and renal control of
atrium reabsorption. The observations of Miyazaki et al.
have demonstrated that SIRT1 overexpression reduces
the expression of AT1 receptor of angiotensin II (AT1R)
in cells of vascular smooth muscles, while the inhibitor of
SIRT1 (nicotinamide-NAM) increases this expression
[15]. The quoted Japanese investigators were the pioneers
in showing a downregulation of vascular ATIR by res-
veratrol [15]. Their published results revealed that resver-
atrol suppressed AT1R gene expression at the transcrip-
tional level rather than at the post-transcriptional level.
The authors stated that resveratrol may suppress renin—
angiotensin system not via ACE downregulation but via
ATIR downregulation and inhibition of ATIR signalling
[15].

It was found out by Miyazaki et al. that an over-
expression of SIRT1 inhibits AT1R expression and sup-
presses angiotensin Il-induced ERK phosphorylation;
thus, a downregulation of ATIR may attenuate ATIR
signalling [15]. In turn, nicotinamide, a natural inhibitor
of SIRT1, turned out to increase ATIR expression and,
simultaneously, to upregulate the expression level of
AT1R mRNA; the overexpression of SIRT1 proved to
significantly suppress AT1R protein expression. It was
also documented that resveratrol downregulated vascu-
lar AT1R by reducing AT1R promoter activity without
influencing mRNA stability. Furthermore, resveratrol-
induced suppression of AT1R was found to be reversed
by nicotinamide. In conclusion, the quoted authors have
stated that ‘resveratrol suppresses AT1R expression
through SIRT1 activation at least in part’ [15].

Deacetylating the endothelial synthesis of nitrogen
oxide, SIRT1 increases the endothelial concentrations
of NO, thus promoting vasodilatation [7, 8]. In the
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kidney, SIRT1 participates in sodium metabolism con-
trol, suppressing the transcription of « subunit of the
endothelial natrium channel (ENaC). It has been con-
firmed in some in vitro studies on medullary cells of
collecting tubules. Such an activity, rather untypical
for sirtuins, is independent of the deacetylating func-
tion of SIRT1. It occurs via an interaction with Dot1—
methyltransferase, methylating the medullary domain
of histone H3 (SIRT1/Dotl interaction), leading to
hypermethylation of chromatin and suppressed ex-
pression of the ENaC alpha subunit. This control is
also independent of mineralocorticoid signalling [4].

Clinical observations and studies on animals have
demonstrated that SIRT1 controls lipid metabolism in
the kidneys by inducing LXR (cholesterol level control)
and FXR, and inhibiting SREBP, thus suppressing pro-
gression of kidney disease [8]. A large group of non-
histone proteins serve for a substrate for SIRT1, includ-
ing transcriptive factors and transcriptive co-regulatory
proteins. The influence of NAD" on deacetylation re-
actions is considered to bind the deacetylating activity of
sirtuins with cell metabolism.

SIRT1 controls energetic metabolism, thus mediat-
ing the life-span increasing effect of CR, by promoting
gluconeogenesis and suppressing glycolysis in the
liver. McCay et al. reported in 1935, and for the first
time at all, that rats (submitted to CR) revealed longer,
mean life-span values [14], while in laboratory mice
(deprived of SIRT1 gene), degenerative changes were
observed much earlier (already after 12 months) and
CR had no protective value at all [1]. In subsequent
years, numerous studies demonstrated that CR delays
the ageing process in various species (fungi, worms,
flies and rats). Colman et al. also observed CR to have
delayed the occurrence of age-related conditions, in-
cluding diabetes mellitus, cancer, cardiovascular dis-
eases and atrophy of brain neurons, decreasing the
mortality rates among apes [3]. Cohen et al. assume
that a chronic limitation of calorie supply increases
SIRT1 levels [2]. They have stated that a process of
SITR1 induction via caloric restriction is an ‘evolu-
tionarily ancient biological stress response that slows
ageing by increasing the long-term function and sur-
vival of critical cell types’ [2].

It has also been demonstrated that SIRT1 increases the
sensitivity to insulin via the modulation of the insulin-
related information cascade. Additionally, SIRT1 may
control phosphorylation of tyrosine of insulin-induced
substrate of the insulin receptor 2 by affecting its
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acetylation. SIRT1 activity is also correlated with insulin
secretion. SIRT1 overexpression in B cells of the pancre-
atic islets increases the production of ATP by suppressing
the expression of the mitochondrial UCP2, thus leading
to closure of the ATP-sensitive potassium channels and,
in consequence, to insulin secretion. This is why such a
big role is assigned to SIRTI in the pathogenesis of
diabetic nephropathy [4].

Numerous scientific observations demonstrate SIRT1
expression in the kidney, as well as its function as a renal
survival stimulating factor, although is mediatory character
in the CR renoprotective effects has not yet been fully
unveiled. Studies on age-related nephropathy and diabetic
nephropathy models indicate less renal lesions after CR,
probably in result of its systemic and local (tissue-specific)
activity, including improved glucose and lipid metabolism
profiles, reduced accumulation of advanced glycosylation
products, reduced oxidative stress, improved nitrogen ox-
ide balance and lower activity of angiotensin II.

Summing up, it should be emphasised that in path-
ophysiology of systemic ageing, including the kid-
neys, a significant role is assigned to factors that
influence the signalling pathways associated with cel-
lular energetic metabolism and the ‘red—ox’ state. The
recent years of studies on SIRT1 have confirmed its
beneficial effects on oxidative stress-induced immuni-
ty of cells, reduction of fibrosis, suppression of apo-
ptosis and inflammatory process, induction of autoph-
agy and arterial blood pressure control. The general
effect of these processes is nephroprotection; thus,
SIRT1 has all the perspectives to be considered a
novel therapeutic element in age-related kidney dis-
eases, including diabetic nephropathy.
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