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However, it has been reported that mean arterial blood pressure
in mice heterozygous for the APEI/REF-1 allele (APEl/
REF-1*/") was higher than that in wild-type mice (APE1/REF-
1+/+).l0,11

Hypertension affects 25% of adults in most populations
and is a major risk factor for death from cerebral infraction,
myocardial infarction, and congestive heart failure.!? The
most prevalent form of hypertension is EH. EH is consid-
ered to be a polygenic disease resulting from the inheritance
of a number of susceptibility genes. The causal genes identi-
fied may account for 30-50% of the variations in blood pres-
sure seen among individuals.!’ These genetic determinants
interact with environmental factors, such as dietary salt,
obesity, drinking, and smoking to produce the final disease
phenotype. !4

The aim of this study was to investigate the relationship
between EH and the human APEI/REF-1 gene through a
haplotype-based case-control study using single-nucleotide
polymorphisms (SNPs).

METHODS

Subjects. EH subjects were 265 patients diagnosed with EH
according to the following criteria: seated systolic blood pres-
sure 2160 mm Hg or diastolic blood pressure 2100 mm Hg, on
two occasions within 2 months after the first medical exami-
nation. None of the EH subjects were using antihypertensive
medication or Coxinhibitors (nonsteroidal anti-inflammatory
drugs). Patients with secondary forms of hypertension
were excluded based on the results of clinical and labora-
tory examinations: (i) measurement of fasting blood sugar,
glycosylated hemoglobin A, plasma aldosterone, plasma
renin activity, and plasma catecholamine; and (ii) computed
tomography and magnetic resonance imaging to assess the
condition of adrenal glands and check for pituitary tumors.
These tests were performed in all patients. For comparison,
we included 266 healthy normotensive (NT) controls. None
of the NT subjects had a family history of hypertension, and
all NT subjects had a systolic blood pressure of <130 mm Hg
and diastolic blood pressure of <85 mmHg. A family history
of hypertension was defined as prior diagnosis of hyper-
tension in a grandparent, uncle, aunt, parent, or sibling.
Hypercholesterolemia was defined as plasma total choles-
terol >220 mg/dl, or current use of a lipid-lowering drug in
addition to a confirmed diagnosis of hypercholesterolemia.
Both groups were recruited from the northern area of Tokyo,
Japan. Informed consent was obtained from each subject, in
accordance with the protocol approved by the Human Studies
Committee of Nihon University.!®

Biochemical analysis. Blood samples were obtained from sub-
jects on the morning after a rest in the sitting position, and
after at least 30 min without eating. In the clinical laboratory
department of our university hospital, these blood samples
were subjected to tests for plasma concentrations of total cho-
lesterol and high-density lipoprotein cholesterol, and serum
concentrations of creatinine and uric acid.!®
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Genotyping. As detailed data of SNPs in the APEI/REF-1 gene
on the Web site of HapMap were not clear, information on
the allelic frequencies of SNPs registered on the Web site of
the NCBI (National Center for Biotechnology Information)
was used. We screened for SNPs among the NCBI data
using a cut-off level of minor allele frequency 20.05 to iden-
tify useful genetic markers. However, there are a few SNPs
in the APEI/REF-1 gene with minor allele frequency >0.05.
Therefore, we also studied rs3136814, which has minor allele
frequency of almost 0.05 (0.044 in Asian populations accord-
ing to NCBI Web site). Furthermore, we selected at least one
SNP from each of the promoter, intron, and exon regions.
rs1130409 (Aspl48Glu (GAT—GAG)) is located in the
amino-acid coding region in the human APEI/REF-1 gene,
is nonsynonymous, and has been studied previously.!6-18
Therefore, we selected rs1130409 for the present association
study. Based on the above criteria, we selected rs1760944,
rs3136814, rs17111967, rs3136817, and rs1130409 (Figure 1),
We then examined the associations between EH and these five
SNPs. Genotypes were determined using Assays-on-Demand
kits (Applied Biosystems, Branchburg, NJ) together with
TaqMan PCR (Applied Biosystems).!® TagMan SNP geno-
typing assays were also performed using the method of Taq
amplification. In the 5"-nuclease assay, discrimination occurs
during PCR, as the allele-specific fluorogenic probes are
hybridized to the template and are cleaved by the 5’-nuclease
activity of Taq polymerase. The probes contain a 3’-minor
groove-binding group that hybridizes to single-stranded
targets with increased sequence specificity when compared
with ordinary DNA probes. This reduces nonspecific probe
hybridization and results in low background fluorescence
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Figure 1| Organization of the human apurinic/apyrimidinic endonuclease
1/redox effector factor-1 (APE1/REF-1) gene with location of single-nucleotide
polymorphisms (SNPs) used in the present association study, and pair-wise
tinkage disequilibrium (LD) in the APE1/REF-1 gene, as evaluated by |D'| and 12,
Closed boxes indicate exons, and lines represent introns. Pair-wise LD values
among the four marker pairs studied in the human APE1/REF-1 gene were
computed, and pairs in LD (D'} 20.5 or 12 20.5} are shown as shaded values,
and pairs in LD (D'} 20.2 or r 20.2) are light shaded values. kbp, kilobase pair.
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during the 5’-nuclease PCR assay (TaqMan). Cleavage results
in the increased emission of a reporter dye. Each 5-nuclease
assay requires two unlabeled PCR primers and two allele-spe-
cific probes. Each probe was labeled with two reporter dyes at
the 5'-end; in this study, VIC and FAM were used as reporter
dyes. Primers and probes in the TagMan SNP genotyping
assays (Applied Biosystems) were chosen from the informa-
tion available on the Applied Biosystems Web site (http://
www3.appliedbiosystems.com/AB_Home/index.htm).

PCR amplification was performed using 2.5ul of TagMan
Universal Master Mix, No AmpErase UNG (2x) (Applied
Biosystems) in 5-pl final reaction volumes, with 2 ng of DNA,
2.375 of ultrapure water, 0.079pl of Tris-EDTA buffer (1x),
0.046 l of TagMan SNP genotyping assay mix (40x) contain-
ing primers at a final concentration of 331.2 nmol/l, and probes
at a final concentration of 73.6 nmol/l. Thermal cycling con-
ditions were 95°C for 10min, 50 cycles of 92°C for 15s, and
finally 60 °C for 1 min, and was performed using the GeneAmp
9700 system (Applied Biosystems).!?

Each 96-well plate contained 80 samples of an unknown
genotype and four samples with no DNA but with reagents
(control). Control samples without DNA were necessary in the
SDS (Sequence Detection System} 7700 for signal processing, as
outlined in the TagMan Allelic Discrimination Guide (Applied
Biosystems). Plates were read on the SDS 7700 instrument using
the end-point analysis mode of the SDS, version 1.6.3, software
package (Applied Biosystems). Genotypes were determined
visually based on the dye-component fluorescent emission data
depicted in the X-Y scatter plot of the SDS software. Genotypes
were all determined automatically by the signal processing algo-
rithms of the software. The results of each scoring method were
saved in two separate output files for later comparison.?
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Statistical analysis. Data are shown as means * s.d. Hardy~
Weinberg equilibrium was assessed using x? analysis. The over-
all distribution of alleles was analyzed using 2 x 2 contingency
tables, and the distribution of genotypes between EH patients
and NT control subjects was analyzed using a two-sided Fisher
exact test. To assess the contribution of confounding factors,
multiple logistic regression analysis was performed.?!?2 Based
on the genotype data of the genetic variations, linkage dise-
quilibrium analysis and a haplotype-based case-control study
were performed using the expectation maximization algorithm
of the SNPAlyze software program, version 3.2 (Dynacom,
Yokohama, Japan). Pair-wise linkage disequilibrium analysis
was performed using SNP pairs. [D’] values 20.5 were used
to assign SNP locations to one haplotype block. Tagged SNPs
were selected by omitting one SNP from an SNP'pair show-
ing r? 20.25 for each haplotype block. In this haplotype-based
case~control study, haplotypes with a frequency of <0.02 were
excluded. The association of haplotype frequencies with phe-
notype was assessed by x° test. A probability level of P < 0.05
was considered to indicate statistical significance. Differences
in clinical data between the EH and NT groups were assessed
using analysis of variance followed by Fisher’s protected least-
significant difference test.?* Diplotype construction was also
analyzed by the SNPAlyze software program, version 3.2. In
addition, logistic regression analysis was performed to assess
the contribution of the major risk factors.

RESULTS

Table 1 shows the clinical features of EH patients and NT con-
trol subjects. There were no significant differences in age, serum
concentrations of creatinine, and plasma concentrations of
high-density lipoprotein cholesterol and uric acid between the
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two groups. However, body mass index, systolic blood pressure,
diastolic blood pressure, pulse rate, plasma concentration of
total cholesterol, and frequencies of hypercholesterolemia and
diabetes differed significantly between the two groups.

Table 2 shows the distribution of genotypic and allelic fre-
quencies of the SNPs in each group. rs1711967 was excluded
because there was no heterogeneity; all of the participants
were genotyped as C/C. The observed and expected genotypic
frequencies in each SNP in all subjects and among both men
and women in the NT group were in good agreement with
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the predicted Hardy-Weinberg equilibrium values (data not
shown). There were no significant differences in the overall
distribution of genotype or allele for all four SNPs between the
EH and NT groups.

Linkage disequilibrium patterns are shown with their |D’}
and r* values (Figure 1). Most |D’| values were large, thus indi-
cating that all polymorphisms were located in one haplotype
block. As the 2 of all pairs of four SNPs was <0.25, we con-
structed a haplotype-based association study using rs1760944,
rs3136814, rs3136817, and rs1130409.
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' Table 4| Odds ratic (OR) and 95% confidence intervals (Cls)
~for each risk factor and haplotype assoctated with essential

In the haplotype-based case—control study, 11 possible com-
binations of SNPs were predicted using these four SNPs. For
these SNP combinations, Table 3 shows the combinations that
give significant differences. The overall distribution was signif-
icantly different between the EH group and the control group
(? = 15.72, P = 0.008). After applying Bonferroni correction
to the four SNPs, a P value of 0.008 was noted, thus indicat-
ing a significant difference (P < 0.05/4). The G-T-T haplotype
constructed with the rs1760944-rs3136817-rs1130409 in the
EH group had a significantly higher distribution than in the
NT groups (} = 10.74, P = 0.001). After applying Bonferroni
correction using the eight haplotypes, a P value of 0.001 was
noted, thus indicating a significant difference (P < 0.05/8).

Table 4 shows the results of logistic regression analy-
sis. Logistic regression was performed using each of the risk
factors and diplotypes associated with EH (Yable 4). After
adjustments for body mass index, total cholesterol, hyper-
cholesterolemia, and diabetes, the frequency of the G-T-T
diplotype (G-T-T heterozygote) was found to be significantly
higher in EH patients than in NT subjects (OR = 8.600, 95%
CI: 1.073-68.951, P = 0.043).

DISCUSSION

Although therehavebeen reports showing that the APEI/REF-1
gene is related to the pathophysiology of hypertension,!%!!
there have been no previous association studies regarding EH
and APE1/REF-1 gene. Thus, this is the first time a haplotype-
based association study between the human APE1/REF-1 gene
and EH has been reported in the literature.

Among the SNPs used in the association study, rs1130409
(Asp148Glu (GAT—>GAG)) is located in the amino-acid cod-
ing region in the human APEI/REF-1 gene, is nonsynonymous,
and has been studied previously.!6-18 Therefore, we selected
rs1130409 for the present association study. Although there
were no significant differences in the overall distribution of
genotypic and allelic frequencies using all four SNPs between
the EH and NT groups, the haplotype-based case-control
study based on rs1760944-rsrs3136817-rs1130409 showed sig-
nificant differences.

APE1/REF-1 is involved in the repair of DNA damage as
well as in the reductive activation of transcriptional regulation
of genes. Therefore, we investigated whether the endonuclease
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function, the reducing function, or both, are important in
blood pressure. Jeon ef al.!9 reported that expression of the
redox-deficient mutant APE1/REF-1 (cysteine to alanine
mutations at codons 65 and 93) did not result in increased
e-NOS-catalyzed NO production, in contrast to wild-type
APE1/REF-1. They also showed that the reducing function
for APE1/REF-1 governed NO production, which is associ-
ated with hypertension. In their study, however, they did not
experiment with APE1/REF-1 lacking only the DNA repair
function. It is therefore unknown whether the endonuclease
function is important for blood pressure. However, it has been
reported that elevated levels of DNA repair enzyme are asso-
ciated with human atherosclerosis.”* Therefore, further stud-
ies are needed in order to clarify which factors are important
for blood pressure control. Here, we performed a case~control
association study using the rs1760944-rs3136817-rs1130409
haplotype (G-T-T haplotype), and we found that the G-T-T
haplotype was significantly more frequent in the EH group
than in the NT group (2.1% vs. 0.0%, x* = 10.74, P = 0.001),
thus suggesting that this haplotype could be a genetic marker
for EH, irrespective of whether the haplotype itself acts on the
factors of EH: arterial pressure, NO production, and oxidative
stress. It is possible that this mutation affects endonuclease
activity, redox effector activity, or both in APE1/REF-1, which
then affects vascular function.

Since the draft sequence of the human genome was com-
pleted in 2001, the methodologies and strategies for perform-
ing genetic research have changed markedly. SNPs are now
used for the positional cloning of susceptibility genes after
carrying out genome-wide scanning.?’> Haplotype analysis has
changed particularly markedly. Recent studies have shown that
the human genome has a haplotype block structure that can be
divided into discrete blocks of limited haplotype diversity. In
each block, a small fraction of SNPs, referred to as “tag SNPs,”
can be used to distinguish a large fraction of these haplotypes.
These tag SNPs have the potential to be extremely useful for
association studies, as they make it unnecessary to genotype
all SNPs. Haplotype-based case-control studies are consid-
ered to be much more effective than marker-by-marker analy-
ses.26 In genes with multiple susceptibility alleles, particularly
when the linkage disequilibrium between the polymorphisms
is weak, a haplotype-based association study has advantages
over an analysis based on individual polymorphisms.?” In the
present study, the haplotype-based case-control study was
based on rs1760944-rs3136817-rs1130409, which exhibited a
significant difference. Haplotype analysis has been used to suc-
cessfully localize the susceptibility genes for some multifacto-
rial diseases.?®?° Based on such findings, we hypothesized that
haplotype analysis would be useful in assessing the association
between haplotypes and EH, and performed the present study,
in which we attempted to use SNPs to establish the haplotypes
of the EC-SOD gene. We found that the low-frequency haplo-
type in the EH group exhibited a significant difference in the
haplotype-based case-control study. As several studies have
indicated that this phenomenon may occur frequently, we
believe that our results confirm the usefulness of case-control
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studies in the examination of multifactorial diseases.!”-0

Although some case-control studies have identified gene vari-
ants associated with gender-specific susceptibility to EH,’!
we found no significant differences related to gender in the
present study.

Although Bonferroni’s correction is often used to cope with
such a problem, it may yield too conservative conclusions
because all of the tests are assumed to be independent.?? For
statistical analysis in a haplotype-based case-control study, we
insist that Bonferroni correction shauld be basically applied
to a number of SNPs because the selection of an SNP from
many SNPs is independent, whereas a haplotype constructed

" with some alleles on the same chromosome is not thought to
be independent in many cases. Therefore, we concluded that
a number of haplotype combinations should not be applied to
Bonferroni correction.

In conclusion, the G-T-T haplotype may be a genetic marker
for EH, and the human APEI/REF-1 gene could be a suscep-
tibility gene for EH in Japanese. Further studies need to be
done in order to isolate the functional mutations in the human
APE1/REF-1 gene that modulate the process of atherosclero-
sis, and to evaluate the function of the APE1/REF-1 variants
that are involved in the metabolism of the sex hormones.
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Silent information regulator,
Sirtuin 1, and age-related
diseases
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Sirtuin 1 (SIRT1), a member of the silent information regulator 2 in mammals, has recently
been found to be involved in age-related diseases, such as cancer, metabolic diseases,
cardiovascular disease, neurodegenerative diseases, osteoporosis and chronic obstructive
pulmonary disease (COPD), mainly through deacetylation of substrates such as pS3,
forkhead box class O, peroxisome proliferator activated receptor y co-activator 1a, and
nuclear factor-xB. It is widely reported that SIRT1 can promote not only carcinogenesis
but also metastasis and insulin resistance, andhave beneficial effects in metabolic diseases,
mediate high-density lipoprotein synthesis and regulate endothelial nitric oxide to protect
against cardiovascular disease, have a cardioprotective role in heart failure, protect against
neurodegenerative pathological changes, promote osteoblast differentiation, and also play
a pivotal role as an anti-inflammatory mediator in COPD. However, there are controversial
results suggesting that SIRT1 has an effect in protecting against DNA damage and
accumulation of mutations, and preventing tumorigenesis. In addition, a high level of
SIRT1 can induce cardiomyopathy and even heart failure. This article reviews recent
developments relating to these issues.
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Introduction

Sirtuin 1 (SIRT1), the family member with the greatest
homology to the silent information regulator 2 (Sir2),
has recently been pinpointed as one good candidate to
regulate the process of caloric restriction, a beneficial
regimen for aged people to increase the resistance to
oxidative and stress, inhibit fat storage, ameliorate neu-
rodegeneration and so on, thereby mitigating disease
processes in many tissues and extend lifespan.’ Its gene
encodes a nicotinamide adenine dinucleotide (NADY)-
dependent histone deacetylase (HDAC).? Several lines
of evidence suggest that the SIRT1 protein plays a
role in regulating different cellular processes through
deacetylation of important substrates such as pS3,

doi: 10.1111/j.1447-0594.2008.00504 .x | 7
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Table 1 Substrates of Sirtuin 1 and their main effects on age-related diseases

Substrate Regulation type Main effects Reference
Ku70 + DNA repair activity/suppression of apoptosis i
hTERT - Suppression of cell growth 3
pS3 - Inhibition of pS3-dependent apoptosis &7
FOXO-3 +/~ Stress resistance/reduction of apoptosis 4
NF-xB - Promotion of carcinogenesis etc. 0
FOXO-1 +H- Metastasis/carcinogenesis Ha
PGC-1a + Promotion of gluconeogenesis b
IRS-2 + Regulation of insulin signaling pathway "‘
UCP-2 - Enhanced insulin secretion by pancreas 1
LXR + Promotion of HDL synthesis 1
eNOS + Regulation of NO and vascular tone v
PARP - Protection of cardiac myocytes in heart failure W1

+, Positive regulation; —, negative regulation. hTERT, human telomerase reverse transcriptase; FOXO, forkhead box class O
transcription factor; NF-kB, nuclear factor-kB; PGC-1«, peroxisome proliferator activated receptor y co-activator 1o IRS-2,
insulin receptor substrate 2; UCP-2, uncoupling protein-2; LXR, liver X receptors; HDL, high-density lipoprotein; eNOS,
endothelial nitric oxide synthase; NO, nitric oxide; PARP, poly(ADP-ribose) polymerase.

forkhead box class O (FOXO) transcription factors,
peroxisome proliferator activated receptor (PPAR)y
co-activator 1. (PGC-10), nuclear factor (NF)-xB and
others, which are closely linked to some age-related
diseases (Table 1). This paper reviews the published
work dealing with issues surrounding these effects and
the mechanisms of actions of SIRT1 in age-related dis-
eases such as cancer, metabolic diseases, cardiovascular
disease, neurodegenerative diseases, osteoporosis and
chronic obstructive pulmonary disease (COPD).

Cancer

Cancer is an age-related disease caused mainly by age-
related accumulation of gene mutations due to errors
during DNA replication. In addition, tumor growth
mainly depends on loss of control of differentiation and
inhibition of apoptosis. Normal expression of SIRT1
has a protective effect against DNA damage, enhancing
DNA repair capacity and guarding against accumula-
tion of mutations, to prevent tumorigenesis.” However,
overexpression of SIRT1, such as in human prostate
cancer cells?! and colon carcinoma,? which allows rapid
proliferation and loss of checkpoints, promotes contin-
.ued propagation of the progress of cancer. In order to
clarify the effect of SIRT1 in cancer cells in detail,
several aspects should be considered carefully.

Beneficial effects in carcinogenesis

Sirtuin 1 has a protective effect on the limited replicative
lifespan, protecting against DNA damage, enhancing
DNA repair capacity and guarding against accumu-
lation of mutations and against genomic instability
through its normal expression. Loss of SIRT1 expres-

sion, activity or regulation can bypass replicative
senescence, allow cell division to proceed without the
proper repair of DNA, and promote accumulation of
mutations and genomic instability, leading to tumor
development.®®

Its protective effect against DNA damage is associated
with Ku70, a heterodimer of a polypeptide of appro-
ximately 70 kDa that binds strongly to DNA double-
strand breaks. Its homolog, yKu70, promotes genomic
stability both by promoting accurate DNA repair and by
serving as a batrier to error-prone repair processes.”
Once DNA is damaged, SIRT1 physically complexes
with Ku70, leading to subsequent deacetylation and
DNA repair activity to prevent the formation of tumor
cell.?

Human telomerase reverse transcriptase (WTERT)
is a catalytic subunit of the mammalian telomerase. It is
the first tumor antigen identified to have a global expres-
sion in more than 85% of human cancer cells and its
continuing expression is necessary to the oncogenic
process.?* Narala et al.® found that there was a small
increase in hTERT mRNA level and a significant
increase in levels of hTERT protein in some cell
lineages when SIRT1 was inhibited. Therefore, SIRT1
might act as a growth suppressor cooperating with
hTERT. Nevertheless, it is still uncertain whether
SIRT1 cooperates with hTERT to suppress the cell
growth in tumor cells.

Hence, resveratrol, a plant polyphenol that stimulates
SIRT1 activity, was purified and shown to have cancer
chemopreventive activity in assays representing three
major stages of carcinogenesis. It was found to act
as an antioxidant, antimutagen and anti-initiation.”
This was supported by the study of Bickenbach et al.?®
who found that resveratrol can activate the radio-
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and chemo-inducible cancer gene therapy vector
Ad.Egr'TNF, a replication-deficient adenovirus that
expresses human tumor necrosis factor-o (TNF-g)
under control of the Egr-1 promoter, which suggested
its anti-neoplasia activity.

Adverse effects on tumor growth

In several human cancers, overexpression of SIRT1 has
been found to stimulate rapid proliferation and promote
continued propagation.”’* This adverse effect is mainly
associated with the negative regulation of apoptosis-
dependent factors and the promotion of neovasculariza-
tion in tumors.

The most widely known substrate of SIRT1 is p53, a
tumor suppressor with a critical role in cancer cell-cycle
regulation and apoptosis that responds to various bio-
logical signals. The key role of pS3 in regulating cell
proliferation and stress response is highlighted by
inactivation or loss-of-function of pS3 in over 50% of
human tumors.” It regulates expression of genes,
including p21, pS3-upregulated modulator of apoptosis
and Bax, to initiate cell-cycle arrest, senescence or apo-
ptosis. SIRT1 binds to and deacetylates pS3 on lysine
382 (K379 in mouse pS3), thereby negatively regulating
pS3-mediated transcriptional activation, repressing
pS3-dependent apoptosis and promoting tumor
growth.®7

Forkhead box class O transcription factors, including
FOXO-1, FOXO-3a, FOXO-4 and FOXO-6, respond
to DNA damage and oxidative stress and regulate
expression of cell-cycle, DNA repair and apoptosis
genes.” FOXO proteins can regulate cell fate by modu-
lating the expression of genes involved in apoptosis,
cell-cycle transitions, DNA repair, and oxidative stress,
as well as cell differentiation in cancer, after regulation
by phosphorylation and acetylation.” During the
process of tumor growth, SIRT1 appears to shift
FOXO-induced responses away from apoptosis towards
cell survival by deacetylation.?

Nuclear factor-xB is a dimeric transcription factor
that regulates the expression of numerous genes con-
trolling immune and inflammatory responses, cell pro-
liferation, differentiation and apoptosis. Recent in vivo
data have indicated that inhibition of NF-kB in hepato-
cytes may actually promote hepatocarcinogenesis.** In
addition, SIRT1 can inhibit NF-xB-mediated transcrip-
tion through interacting with transducin-like enhancer
of split-1.> Moreover, gankyrin is an oncoprotein com-
monly overexpressed in some human carcinomas. It
directly binds to RelA (p65), one of the NF-xB subunits.
In human uterine cancer HeLa and embryonic kidney
293 cells, overexpression of gankyrin suppresses the
basal as well as TNF-o-induced transcriptional activity
of NF-xB, whereas downregulation of gankyrin can
increase it. Importantly, the inhibitory effect of gankyrin

© 2009 Japan Geriatrics Society

is abrogated by nicotinamide as well as downregulation
of SIRT1.1

E2F1 also has important roles in regulating cell
proliferation and apoptosis in neoplasia, mainly by
stimulating the transcription of several genes in the
apoptotic pathway.” Similarly to p53, E2F1 is stabilized
and activated by DNA damage® Once DNA is
damaged, E2F1 is overexpressed to induce premature
S-phase entry and often results in apoptosis.* SIRT1 is
a direct transcriptional target of E2F1 and its expression
protects cells from death by regulating E2F1.%

Though Ku 70 can promote genomic stability and
prevent the change from normal cells to cancer cells,
Ku70 can also suppress Bax-mediated apoptosis. The
acetylation level of Ku70 is regulated by the result of a
dynamic equilibrium between the activity of acetyltrans-
ferases and the opposing deacetylases. According to the
report of Cohen etul.* treatments by increasing Ku70
acetylation, either by treating cells with SIRT1 inhibitor
nicotinamide or by overexpressing acetyltransferases
CBP or PCAF, are capable of abrogating the ability of
endogenous Ku70 to suppress Bax-mediated apoptosis.
Hence, SIRT1 might increase the anti-apoptotic ability
of endogenous Ku70 and play as harmful role in the
treatment of tumor.

Neovascularization is one of the important charac-
teristics of neoplasia. SIRT1 is highly expressed in the
vasculature during blood vessel growth in tumors,
where it promotes the angiogenic activity of endothelial
cells. Loss of SIRT1 function blocks sprouting angio-
genesis and branching morphogenesis of endothelial
cells, with consequent downregulation of genes
involved in blood vessel development and vascular
remodeling. Disruption of SIRT1 gene expression
in zebrafish and mice results in defective blood
vessel formation and blunts ischemia-induced
neovascularization.

Harmful effects in metastasis

Sirtuin 1 plays a very important role in metastasis,
mainly by activating FOXO-1 to induce transcription
of vascular endothelial growth factor-C (VEGF-C).
VEGF-C has been identified as being involved in lymph
node metastasis of several cancers including colorectal
cancer, human pancreatic endocrine tumors, esoph-
ageal carcinoma, head and neck squamous cell carci-
noma, uterine cervical cancer, primary non-small-cell
lung cancer, gastric carcinoma, and laryngeal squamous
carcinoma. FOXO-1 is a potential transcription factor
for VEGF-C and is activated by SIRT1."

Now that SIRT1 has been shown to have such
adverse effects on tumor growth and metastasis,
SIRT1-specific inhibitors may be useful chemothera-
peutic agents for some SIRT1-dependent tumors.
Cambinol, a SIRT1 inhibitor, inactivates the critical
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oncogene B-cell lymphoma 6 protein (BCL6) in Bur-
kitt’s lymphoma cells by promoting its acetylation, and
leads to induction of apoptosis. In mouse xenograft
models, cambinol alone was effective specifically against
tumors expressing BCL6. Interestingly, inhibition of
SIRT1 by cambinol sensitizes cells to DNA-damage-
induced apoptosis independently of p53.*7 BML-210,
another specific SIRTT inhibitor, can abrogate FOXO-
1-dependent VEGF-C transcription, which is beneficial
for inhibiting metastasis.!’ Nevertheless, SIRT1-specific
inhibitors have not yet been used in the clinical
treatment of carcinoma, perhaps mainly because of
SIRT1's protective effect against DNA damage and
gene mutation,

Metabolic diseases

In low and middle income countries, the majority of
people with diabetes are in the age range of 45-64 years,
according to World Health Organization reports. Other
metabolic diseases are mostly associated with age-
related changes of body function as well, for instance,
the imbalance of food intake and energy expenditure,
which results in abdominal fat accumulation, causing
insulin resistance. It is known that the SIRT1 protein
level is increased after fasting and returns to nearly the
control level upon re-feeding."* Resveratrol can protect
mice against diet-induced obesity.3® All these findings
indicate that SIRT1 may be a regulator of energy and
metabolic homeostasis, and may even regulate some key
points in age-related metabolic diseases, such as insulin
resistance. ’

To define the role of SIRT1, Milne et 1l*’ identified
and characterized novel small molecule activators of
SIRT1 both in vitre and in vive. These SIRTT activators
ablated insulin resistance and diabetes in diet-induced
obese mice fed a high-fat diet and in diabetic Lep™®
mice. In addition, these new SIRT1 activators amelio-
rated the metabolic disturbances in Zucker fa/fa rats.
Moreover, SIRT1 activators improved glucose homeo-
stasis and insulin sensitivity in key metabolic tissues
including liver, muscle and fat.

The mechanisms of SIRT1 in ameliorating insulin
resistance and improving glucose and lipid homeos-
tasis are mainly associated with PGC-1a, PPARy and
FOXO-1. PGC-1a is a key regulator of glucose produc-
tion in the liver through activation of the entire gluco-
neogenic pathway.”** SIRT1 induces gluconeogenic
genes and hepatic glucose output through PGC-1a. In
addition, SIRT1 modulates the effects of PGC-la
repression of glycolytic genes in response to fasting.
Thus, SIRT1 acts as a modulator of PGC-1a in regu-
lating glucose homeostasis.’® Moreover, SIRT1 and
PPARy bind to the same DNA sequences and SIRT1 is
a co-repressor of PPARy. Adipogenesis in a cell model,
3T3-L1, with lipid accumulation is promoted by the
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nuclear receptor PPARy. SIRT1 acts a negative modu-
lator of adipogenesis in this cell model by docking
with the PPARY cofactor, nuclear receptor co-repressor
(NcoR).* FOXO-1 is not only involved in insulin's inhi-
bition of hepatic glucose production and stimulation of
B-cell proliferation in insulin-resistant mice,* but also
plays an important role in coupling insulin signaling to
adipocyte differentiation.* The regulation of adipocyte
differentiation by FOXO-1 can potentially affect insulin
sensitivity by regulating adipocyte size.*® Furthermore,
FOXO-1 and PGC-lo interact in insulin-regulated
gluconeogenesis.‘“ SIRT1 binds FOXO-1, decreases its
acetylation and inhibits its transcriptional activity,™
which might be another pathway for intervention in
metabolic diseases.

As a critical component of overall energy homeostasis,
the insulin signaling pathway has been well studied and
the key steps have been characterized.* The insulin
signaling pathway is initiated by auto-tyrosine phospho-
rylation of the insulin receptor upon insulin binding, and
subsequently tyrosine phosphorylation of several key
adaptor proteins including insulin receptor substrate 1
(IRS-1) and IRS-2. The phosphorylated IRS proteins
further transmit insulin signaling to downstream events,
mainly through two kinase cascades, the mitogen-
activated protein kinase cascade and the phosphatidy-
linositol 3-kinase-Akt cascade. SIRT1 protein may,
through regulation of the acetylation level of IRS-2
protein, directly regulate insulin-induced IRS-2 tyrosine
phosphorylation and its downstream Akt activation.'

Insulin secretion by pancreatic B cell plays a very
important role in the pathophysiology of type 2 diabe-
tes. An age-associated impairment of B-cell function has
also been demonstrated in rodents.”” Increasing SIRT1
dosage or activity in pancreatic P cells can provide life-
long beneficial effects of enhanced B-cell function on
glucose homeostasis in the process of aging. One of the
mechanisms is that SIRT1 mediates the repression of
uncoupling protein (UCP)2Z expression and thereby
increases adenosine triphosphate (ATP) content, result-
ing in the enhancement of glucose-stimulated insulin
secretion.’

Additionally, adiponectin is secreted by adipose tissue
in response to metabolic effectors in order to sensitize
the liver and muscle to insulin. Reduced circulating
levels of adiponectin that usually accompany obesity
contribute to the associated insulin resistance.® Adi-
ponectin secretion is regulated by SIRT1. A lower level
of SIRT1 increases adiponectin transcription by acti-
vating FOXO-1 and enhancing FOXO-1 and CCAAT/
enhancer binding protein (C/EBP)a interaction in
adipocytes in patients with obesity or type 2 diabetes.*
However, in the study of Qiang etul., the secretion
of high molecular weight adiponectin was decreased by
the treatment of SIRT1 activator resveratrol, whereas
it was enhanced by SIRT1 inhibitor nicotinamide.™
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Heart disease

Cardiovascular disease

Sirtuin 1 has protective effects against cardiovascular
disease. Genetic analysis of SIRT1 haplotypes revealed a
tendency for decreased cardiovascular mortality in hap-
lotype 2 carriers.” This observation is in accordance
with other genetic and clinical studies. It is well known
that plasma high-density lipoprotein (HDL) level is
inversely associated with risk of cardiovascular events,
as HDL-mediated reverse cholesterol transport can
protect against atherosclerosis by clearing excess cho-
lesterol from arterial cells.*** SIRT1 activates transcrip-
tion of the liver X receptors (LXR) target gene encoding
the ATP-binding cassette transporter A1, which medi-
ates HDL synthesis, reverses cholesterol transport and
decreases the risk of atherosclerosis and cardiovascular
events.'®

Moreover, SIRT1 plays a fundamental role in regu-
lating endothelial nitric oxide (NO) and endothelium-
dependent vascular tone by deacetylating endothelial
nitric oxide synthase (eNOS), which is closely associ-
ated with blood pressure. SIRT1 and eNOS co-localize
and co-precipitate in endothelial cells, and SIRT1
deacetylates eNOS, stimulating eNOS activity and
increasing endothelial NO. Inhibition of SIRT1 in
the endothelium of arteries inhibits endothelium-
dependent vasodilation and decreases bioavailable
NOA* On the contrary, resveratrol, a SIRT1 activator,
can activate eNOS," improve endothelial function,
prevent elevation of blood pressure and restore vascular
eNOS activity in animal models of endothelial
dysfunction.®

Heart failure

Increasing lines of evidence suggest that the balance
between growth and death of cardiac myocytes plays
an important role in determining long-term cardiac
function in heart failure patients*¢ SIRT1 plays a very
important role in cardiac development and the growth
of myocardial cells to maintain cardiac function. In
SIRT1-null embryos, developmental defects in the heart
have been observed in a previous study,” while in wild-
type embryos, the expression pattern of SIRT1 protein
and mRNA is high during cardiogenesis in embryogen-
esis.®® Moreover, in isolated neonatal cardiomyocytes,
inhibitors of SIRT1 activity cause a moderate increase
in basal cell death and upregulation of the expression
of the hypertrophy-associated gene, atrial natriuretic
factor, even though cell size actually decreases. Like-
wise, an increased SIRT1 level protects myocytes
from serum starvation-associated cell death, while also
increasing overall cell size."

In addition, overexpression of SIRT1 in the heart of
dogs with heart failure protected cardiac myocytes from
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apoptosis in response to serum starvation and signifi-
cantly increased the size of cardiac myocytes, which
suggest that endogenous SIRT1 plays an essential role
in mediating cell survival and maintaining modest
hypertrophy.® Hence, an increase in SIRT1 expression
may have a cardioprotective role in pathological hearts.

Pillai ef al.' reported more evidence for the protective
effect of SIRT1 against heart failure. Poly(ADP-ribose)
polymerase-1 (PARP) is a multifunctional DNA-bound
enzyme located in the nuclei of various cells, including
cardiac myocytes. Robust activation of PARP by oxida-
tive stress and other factors has been demonstrated to
be a major cause of myocyte cell death contributing to
heart failure. In both cultured cardiac myocytes and
failing hearts, increased activity of PARP was associated
with reduced SIRT1 deacetylase activity, and myocyte
cell death induced by PARP activation was prevented
only when SIRT1 was intact, which indicates that
SIRT1 is a beneficial factor leading to cardiac myocyte
protection in heart failure.

Nevertheless, the opposite result was reported, that a
high level of SIRT1 can induce cardiomyopathy and
even heart failure, possibly through induction of mito-
chondrial dysfunction in the heart in viv0.* The mecha-
nism may be linked to NAD* consumption. A high level
of SIRT1 causes depletion of NAD* which is required
for mitochondrial respiration. Depletion of NAD* could
lead to deficiency of ATP and, consequently, myocardial
cellular dysfunction and eventual cardiac cell death.
Hence, although stimulation of SIRT1 may be consid-
ered as anti-aging therapy for the heart, careful evalua-
tion regarding the dosage seems essential to best use the
therapeutic potential of SIRT1.

Neurodegenerative diseases

Neurodegenerative diseases like Alzheimer’s disease
(AD), Parkinson’s disease, Huntington’s disease and
amyotrophic lateral sclerosis are increasingly prevalent
in aging societies because of a progressive loss of
neurons with age. Recent studies demonstrated that
activation of SIRT1 could attenuate neuronal degenera-
tion and death in animal models of neurodegenerative
disease and exert a neuroprotective effect.

According to the study of Kim et al.,** SIRT1 is not
only enriched in the nucleus but also localized in the
cytoplasm in AD patients and mouse models, acting as
a protective response to neurodegenerative conditions.
Its activating molecule, resveratrol, can slow in vitro
neuron death as well as in vivo neurodegeneration. In a
mouse model of Parkinson’s disease, SIRT1 also pro-
tects against neurodegenerative pathological changes.®
The mechanisms of the neuroprotection by SIRT1 may
be associated with its downregulation of the pro-
apoptotic factors, pS3,7%* FOXO® and NF:kB,
and the deacetylation and activation of PGC-1e.
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Figure 1 Different substrates of Sirtuin 1 (SIRT1) in different target organs. SIRT1 plays an important role in age-related
diseases, such as cancer, metabolic diseases, cardiovascular disease and neurodegenerative diseases, mainly through

deacetylation of substrates such as p53, FOXO, PGC-1o and NF-xB. AMPK, adenosine monophosphate-activated protein
kinase; AR, androgen receptor; eNOS, endothelial nitric oxide synthase; FOXO, forkhead box class O transcription factor;
LXR, liver X receptors; NF-xB, nuclear factor xB; PARP, poly (ADP-ribose) polymerase-1; PPARY, peroxisome proliferator
activated receptor ¥, PGC-1a, PPARY co-activator 1a; UCP-2, uncoupling protein-2; VEGF-C, vascular endothelial growth
factor-C. +, Positively regulated by SIRT1; —, negatively regulated by SIRT1; ?, uncertain regulation type by SIRT1.

Furthermore, SIRT1 may be involved in the axonal
protection observed in the wallerian strain of mice,
which have a translocation that increases the level of
the NAD biosynthetic enzyme nicotinamide mono-
nucleotide adenylyl-transferase 1 and renders peripheral
axons more stable after a neuronal insult. One study
showed that the effects of NAD and the wallerian strain
are dependent on SIRTT1, leading to the conclusion that
SIRT1 is a neuroprotective factor.s’

There have been many studies focusing on mitochon-
drial dysfunction in the etiology and pathogenesis of
neurodegenerative diseases.®*™ SIRT1 acts as a func-
tional regulator of PGC-1a that induces a metabolic
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gene transcription program of mitochondrial fatty acid
oxidation and promotes mitochondrial function in skel-
etal muscle.”" Its activator, resveratrol, can also improve
mitochondrial function through the SIRT1/PGC-1a
pathway in muscle.® However, the modulation of the
SIRT1/PGC-1 pathway in the central nervous system is
not well documented, and requires further study.

Osteoporosis
Osteoporosis is widespread in elderly people, and

age-related deficiency of osteoblast differentiation is
one well-known pathogenetic mechanism. Inhibiting
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adipocyte formation and promoting osteoblast differen-
tiation to enhance bone formation is a promising
therapy for osteoporosis.” PPARY is an important regu-
lator of adipocyte differentiation. pS53 is one of the key
factors in osteoblast differentiation. Both of their activi-
ties are regulated by SIRT1. Activation of SIRT1 in
mesenchymal stem cells can decrease adipocyte and
increase osteoblast differentiation.”

COPD

Chronic obstructive pulmonary disease is also a major
cause of disability, morbidity and mortality in elderly
patients. It is characterized by progressive and largely
irreversible airflow limitation, which is associated with
an abnormal inflammatory response in the lung™
Increased NF-kB activation and acetylation of histone
proteins have been identified as important inducers of
local secretion of pro-inflammatory cytokines. SIRTT is
an important protein involved in deacetylation of
histone proteins and negatively regulates NF-xB activa-
tion to decrease pro-inflammatory cytokine release.”

Conclusions

The core role of SIRT1 in age-related diseases is
associated with different substrates in different organs
(Fig. 1), which regulate carcinogenesis, metastasis,
metabolic homeostasis, anti-inflammatory effects, vas-
cular tone, cardiac function, neurodegeneration and
others. Sometimes, SIRT1 has dual effects on its sub-
strate, such as FOX0O-3% and FOXO-1,"""* and induces
conflicting promotion. Additional insights into the
biological actions of SIRT1 are required to identify the
precise roles of different members of its substrate family
in different age-related diseases, especially in vivo. Then,
its inhibitors or activators can be safely used for the
treatment of age-related diseases.
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