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Chapter 5:Caloric restriction retards the progression of AHL by induction of

Sirt1

Introduction

AHL is an important problem in society . In the US, it is estimated

that approximately 30-35 percent of people between 65 and 75 years of age ,

and 40-50 percent of people over 75 years of age, have a hearing loss (NIDCD ,

2004; Seidman, 2002). Nonetheless, no preventive or therapeutic

interventions have been established for AHL (NIDCD , 2004; Seidman, 2002;

Seidman, 2000; Seidman et al., 2000; Seidman et al., 2002) . CR retards the

aging process in laboratory animals as characterized by a delayed occurrence

or complete prevention of a broad spectrum of age-associated

pathophysiological changes, such as reduced weight (Figure 5-1), and a

30-50% increase in maximum lifespan (Lee et al ., 2002; Lee et al., 1999; Lee

et al., 1999; Prolla, 2002; Kayo et al ., 2001). The maximum lifespan of fish,

rotifers, spiders, and other non-mammals is also extended by CR (Lee et al .,

2002; Prolla, 2002). CR is the only intervention known to retard aging in

mammals, and results in delayed onset of age-associated pathological

alterations (Lee et al., 1999a, 1999b, 2002; Prolla, 2002). Fowler et al .

examined effects of caloric restriction on the auditory function of rohesus

monkeys and showed that CR resulted in delayed onset of hearing loss

(Fowler et al., 2000). To understand how AHL can be retarded , I examined
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Figure 5-1. CR C57BL/6mouse showing reduced weight. The 15-month-old

calorie-restricted C57BL/6(B6) mouse appears leaner and smaller than the

15-month-old control B6 mouse.
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effects of CR on the progression of AHL by conducting ABR analysis ,

histological analysis, and gene expression profiting using B6 mice .

ABR analysis

To assess hearing impairment, ABR thresholds were measured at 4

kHz, 8kHz, and 16kHz. The mean of ABR thresholds for the control B6 mice

(15 months of age)were 59.2dB SPL at 4kHz, 41.7dB SPL at 8kHz, and

35.0dB SPL at 16kHz, exhibiting moderate hearing loss(Figure 5-2). The

mean of ABR thresholds for the CR B6 mice(15 months of age)were 20 .8dB

SPL at 4kHz, 22.5dB SPL at 8kHz, and 14.2dB SPL at 16kHz, indicating

preservation of good hearing(Figure 5-2). These results suggest that CR

retards the progression of AHL.

Histology

Histological analysis revealed that CR B6 mice exhibited virtually no

degeneration of the organ of Corti, whereas control B6 mice exhibited

degeneration of tissue integrity of the organ of Corti, and marked loss of

spiral ganglion cells in the cochlea(Figure 5-3). These results support the

ABR findings, and indicate that CR retards the progression of AHL.

Gene expression analysis

To examine transcriptional changes induced by CR, we used

oligonucleotide arrays representing 45,037 genes and ESTs. A comparison of

cochlea from the control B6 mice and the CR B6 mice revealed that CR is
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Figure 5-2. Comparison of ABR thresholds. ABR thresholds were measured

at 4kHz, 8kHz, and 16kHz. The 15-month-old control C57BL/6(B6)mice(n

=6)showed moderate hearing loss , whereas the 15-month-old CR C57BL/6

(B6)mice(n=6)retained good hearing.
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Figure 5-3. Comparison of Cochleae. Representative light micrographs of the

lower basal cochlear turn from the 15-month-old control C57BL/6(B6)mouse

and the 15-month-old CR B6 mouse. The control B6 mouse exhibited severe

loss of outer hair cells(OHC), inner hair cells(IHC), and supporting cells in

the organ of Corti, and severe loss of spiral ganglion cells(SGC)in the

cochlea, whereas the CR B6 mouse showed no degeneration of the organ of

Corti, and spiral ganglion cells in the cochlea.
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associated with significant alterations in mRNA levels . Of the 45, 037 genes

and ESTs surveyed in the oligonucleotide arrays , we identified 164 genes

up-regulated by CR and 48 genes down-regulated by CR (Table 5-1) . The

gene expression profile results revealed that AHL-related changes in the

gene expression were remarkably reversed by CR. CR induced 17

hearing-related genes, including solute carrier family 1 (glial high affinity

glutamate transporter), member 3 (Slc1a3), myosin 1B (Myo1b), gap junction

membrane channel protein beta 6 (Gjb6) , gap junction membrane channel

protein beta 2 (Gjb2), otospiralin (Otos), and coagulation factor C homolog

(Limulus Polyphemus) (Coch). These results were consistent with those of

the ABR and the histology analysis. The gene with the largest upregulation

in this transcriptional class was Slc1a3 gene (fold change=9 .5). Slc1a3

protein is a glutamate transporter highly expressed in the cochlea, and plays

an important role in neurotransmission for afferent synapses in the

peripheral auditory system (Kanai and Hediger, 2004; Hakuba et al, 2000).

Slc1a3-deficient mice show increased accumulation of glutamate in

perilymphs, resulting in hearing loss. Myo1b gene is expressed at apical

surfaces of Deiter's cells, the supporting cells which surround hair cells in

the cochlea (Dumont et al., 2002; Sherr et al., 1993). Myo1b protein is a

calmodulin-and actin-associated molecular motor, and may mediate

adaptation of mechanoelectrical transduction in response to sound (Dumont

et al., 2002; Sheri et al., 1993; Avraham et al., 1995)) . Gjb6 gene is expressed

in supporting cells in the organ of Corti. Gjb6 protein is a member of

connexins involved in formation of gap junctions between cells (Forge et al .,
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2003; Kelley et al., 1999). Mutations in this gene are thought to cause

non-syndromic autosomal recessive deafness (Forge et al ., 2003; Kelley et al.,

1999). Gjb2 protein is also a member of connexins involved in formation of

gap junctions between cells (Lin et al., 2001). Gjb2 gene is also expressed in

supporting cells in the organ of Corti, and mutations in human GJB2 , which

is homologous to mouse Gjb2, are responsible for the autosomal recessive

isolated deafness, DFNB1 (Frenz and Van De Water, 2000; Cohen-Salmon et

al., 2002; Kelsell et al., 1997). Otos gene is expressed in glical cells

surrounding the spiral ganglion cells in the cochlea, and Otos protein is

essential for survival of neurosensory epithelium (Delprat et al., 2002) .

Downregulation of this gene are thought to causes hair cells degeneration

and deafness (Delprat et al., 2002). Coch gene is highly expressed in the

cochlea, and Coch protein may play a structural role in the extracellular

matrix in the cochlea (Robertson et al. , 1998; Yvette et al., 1999). Mutations

in human COCH, which is homologous to mouse Coch , are considered to

cause non-syndromic, progressive hearing loss (Robertson et al ., 1998; Yvette

et al., 1999). Eighteen genes involved in energy metabolism , including solute

carrier family 25 (mitochondrial carrier, adenine nucleotide translocator) ,

member 5 (Slc25a5), ATPase, H+transporting, VI subunit A , isoform 1

(Atp6v1a1), ATPase, H+transporting, VI subunit D (Atp6v1d), cytochrome c

oxidase, subunit VIa, polypeptide 1 (Cox6a1) , and sirtuin 1 ((silent mating

type information regulation 2, homolog) 1 (S . cerevisiae) (Slrtl) also

displayed an increase in the gene expression . These results correlate well

with the studies of calorie restriction on energy metabolism , which show that
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CR may induce increased energy metabolism (Lin et al., 2002; Koubova and

Guarente; 2003). The gene with the largest upregulation in this

transcriptional class was Slc25a5 gene (fold change=2.3). Slc25a5 protein is

involved in adenine nucleotide translocation in mitochondria (Cozens et al.,

1989). Atp6v1a1 protein is involved in ATP biosynthesis in mitochondria

(Mootha et al., 2003), and Cox6a1 protein is involved in cytochrome c oxidase

activity in the mitochondria (Mootha et al., 2003). CR also induced the gene

expression of Sirtl gene. CR extends lifespan in numerous species (Lee et al.,

2002; Lee et al., 1999; Lee et al., 1999; Prolla, 2002). In yeast, the SIR2 gene

mediates the life-extending effects of CR (Lin et al., 2002; Vaziri et al., 2001;

Tissenbaum et al., 2001; Gasser et al., 2001; Lin et al., 2000; Kenyon, 2001).

The mammalian SIR2 orthologue, Sirtl also mediates cell survival in

mammals, and Sirtl protein represses p53-dependent apoptosis in response

to DNA damage in mammals (Koubova et al., 2003; Luo et al., 2001; Picard et

al., 2004). Thus, this result suggests that CR retards the progression of AHL

by induction of Sirt1 gene.

CR lowered the gene expression of 8 apoptosis-related genes, such as

interleukin 6 (I16), transformed mouse 3T3 cell double minute 2 (Mdm2), and

Fas-associated factor 1 (Faf1). These results were consistent with the

histological findings. These results also correlate well with the studies of

apoptosis and AHL, which show that apoptosis may be associated with AHL

(Fischel-Ghodsian, 1999). The gene with the largest downregulation in this

transcriptional class was 116 gene (fold change=-16.8). Il6 protein is a
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proinflammatory cytokine, and 116 may induce apoptosis in human

neutrohils (Afford et al., 1992; Margulies and Sehgal, 1993). Mdm2 is an

oncoprotein that controls apoptosis through pss-dependent mechanisms

(Prives and Hall, 1999; Vogelstein et al., 2000). Mdm2 protein binds to p53,

inactivates the ability of p53 to function as a transcription factor, and

induces apoptosis (Prives and Hall, 1999; Vogelstein et al., 2000). Mdm2

mRNA level is transcriptinally regulated by p53 in response to stress, such

as DNA damage, and Mdm2 mRNA level is dependent of p53 (Prives and

Hall, 1999; Chang et al., 2004). Therefore, reduced p53 activity should lead

to reduced Mdm2 mRNA level (Chang et al., 2004). Fas, a member of the

tumor necrosis factor receptor family, can induce apoptosis when activated

by Fas ligand binding or anti-Fas antibody crosslinking. A Fas-associated

protein factor, FAFl, potentiates Fas-mediated apoptosis (Chu et al., 1995).

CR lowered the gene expression of seven genes involved in stress response,

such as solute carrier family 6 (neurotransmitter transporter, noradrenalin),

member 2 (Slc6a2), thyroid peroxidase (Tpo), and trefoil factor 1 (Tffl). The

norepinephrine (NE) transporter, Slc6a2 protein, regulates noradrenergic

neurotransmission by efficiently clearing NE from synaptic spaces after

release, and is involved in pain response (Fritz et al., 1998). Tpo enzyme is

involved in response to oxidative stress, a state often resulting from exposure

to high levels of reactive oxygen species (Isozaki et al., 1989). Tffl protein is

involved in response to wounding as a result of damage in the cochlea (Otto

and pater, 1999). CR also lowered the gene expression of 22 inflammatory

response genes, such as interleukin 9 (I19) and interleukin 1 receptor
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Table 5-1. List of selected genes altered in the expression by CR. This table

lists genes of selected classes that were significantly (P value =0 .01>, FC=

1.2≦)  altered in gene expression with CR. 45,037 genes and ESTs were

screened using GeneChips (Mouse Genome 4302.0). The fold change shown

represents the average of all nine possible pairwise comparisons among

individual samples (n=3 for each group, two mice were used for one

GeneChip) determined using the Microarray Suit Expression Analysis

software. GenBank accession numbers are listed under Gene ID.
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accessory protein (II1rap), which are involved in cytokine activity (Erpenbeck

et al., 2003).

CR induced the gene expression of 11 proteolysis-related genes,

including elastase 2 and cathepsin M. Elastase 2, or neutrophil elastase (NE)

is a potent serine pro tease, and is required for maximal intracellular killing

of Gram negative bacteria by neutrophils (Belaaouaj et al., 1998). CR

induced the gene expression of 13 neurotransmission-related genes,

including 4-aminobutyrate aminotransferase (Abat) and

gamma-aminobutyric acid (GABA-A) receptor, subunit alpha 1 (Gabral).

Gabral is involved in neurotransmitter GABA-A activity, and functions as

chloride channels (Buckle et al., 1989). CR induced the gene expression of 14

ion transport-related genes including solute carrier family 4 (anion

exchanger), member 4 and ATPase, H+ transporting, lysosomal VO subunit a

isoform2. CR also induced transcripts associated with muscle contraction ,

such as caldesmon 1 and calponin 3, acidic. CR was characterized by

induction of structural modulation, growth factor, biosynthesis, DNA

synthesis, DNA repair, protein synthesis, and fatty acid metabolism.

Summary of findings

ABR results show that CR retards the progression of AHL. Histology

results also show CR prevented degeneration of the organ of Corti in the CR

cochlea, supporting the ABR finding. The gene expression profile results

revealed that AHL-related changes in the gene expression were remarkably
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reversed by CR. A summary of global view of transcriptional changes induced

by CR is shown in Table 5-1. These data indicate that CR induced

hearing-related genes and energy metabolism-related gene such as Sirt1. CR

also lowered the gene expression of apoptosis-related genes such as Mdm2

and I16 which mediate p53-dependent apoptosis (Prives and Hall, 1999;

Vogelstein et al., 2000; Afford et al., 1992; Margulies and Sehgal, 1993) , and

stress response. CR extends lifespan in numerous species (Lee et al ., 2002;

Lee et al., 1999; Lee et al., 1999; Prolla, 2002; Drew et al., 2002). In yeast ,

the SIR2 gene mediates the life-extending effects of CR (Lin et al., 2002;

Vaziri et al., 2001; Tissenbaum et al., 2001; Gasser et al., 2001; Lin et al .,

2000). The mammalian SIR2 orthologue, Sirt1 also mediates cell survival in

mammals, and Sirt1 protein represses p53-dependent apoptosis in response

to DNA damage in mammals (Koubova et al., 2003; Luo et al., 2001; Picard et

al., 2004). Thus, taken together, these suggest that CR retards the

progression of AHL by mechanisms that may be related to induction of

energy metabolism-related genes such as Sirt1, and suppression of

apoptosis.
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Table 5-2. Global view of transcriptional changes induced by CR. This table

lists selected classes of transcriptional changes induced by CR.
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