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Introduction

I wish to express my gratitude to the Pre-
sident and the Council of the Academy
for the honour they have done me by
conferring the Golden Jubilee Commem-
oration medal. 1 have devoted the best
part of my research career towards the
understanding of the molecular mechan-
ism of aging with the objective that once it is
known it may be possible to extend the peri-
od of youthful life. Moreover, aging is an
intellectually challenging biological prob-
lem that awaits a break-through.

Aging as a phenomenon in the life
spans of organisms has intrigued mankind
from time immemorial. Why and how is it
that having attained a vigorous adulthood,
all functions should deteriorate? The du-
ration of this phase which is referred io
as aging or senescence, varies with spe-
cies. It can be as short as a few days as in
the female octopus which lays eggs only
once, broods them, reduces its food in-
take and dies soon after young hatch.
This is a sort of “sudden death” pheno-
menon that occurs soon after one-time
reproduction, and the duration of aging is
too brief to be perceptible in this species.

In most species, however, such a phen-
omenon is not seen. Mice and rats give
birth to a large number of young ones,

take care of them during their weaning
period, and are ready to breed again soon
after. In higher mammals such as humans
and elephants, only a few young ones are
produced during the entire life span with
long gaps, sufficient to take care of the
young ones during the crucial early deve-
lopmental period. These species have
long life spans, and live long after repro-
duction has ceased. For example, female
rats stop reproducing after about 1.5 ye-
ars, but they may live thereafter for an-
other 1.5 years. Human females do not
reproduce after 45 years, but they may
live up to 100 years.

Life span is a continuum. At one end is
growth and development, and at the other
end is deterioration of functions or aging.
In-between is the reproductive phase or
adult-hood. The time of onset, duration
and rate of aging are dependent on,the vi-
gour and vitality of the reproductive
phase, and those of the reproductive
phase are dependent on the vigour and
vitality of the growth phase. The three
phases are thus inter-related. Hence aging
or senescence should not be considered
as an independent phase of the life span.
Information on the mechanism of deve-
lopmental and adult phases may help in
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our understanding of the mechanism of
aging.

During growth, both the number and
sizes of cells increase. This is followed by
their specialisation or differentiation to
perform specific functions. The sizes of
the organs as also the size of the organ-
ism increase. Reproductive ability is at-
tained after a certain period of growth.
The reproductive phase is characterised
by the appearance of factors necessary for
reproduction such as sex hormones. The
rate of reproduction is high initially and
then gradually declines. Faster the repro-
duction rate, shorter is the generation
time of a species. Or, larger is the number
of off-springs produced, shorter is the life
span of the species. For example, mice
and rats reproduce much faster than larg-
er mammals like elephants, horses and
human beings, and they have shorter life
spans. It appears as if reproduction de-
pletes the organism of some essential sub-
stances which are not replenished as fast
as they are lost. Whether this loss is the
cause of aging and shortening of the life
span is not known. The duration of the
reproductive phase is more or less de-
fined, particularly in females. In female
rats reproductive ability is attained at
about 10 weeks of age and ends at about
70 weeks. In the human female, it starts
at about 12 years and ends at about 45
years.

Aging is a characteristic of all multicel-
lular organisms. It is marked by a gradual
decline in the functional ability of the or-
ganism which becomes perceptible tow-
ards the latter part of the reproductive
phase. The reproductive phase smoothly
merges into the phase of aging when the
organism does not reproduce and the ac-
tivities of all organs decline, some declin-
ing earlier than others. Several changes
occur at the molecular level resulting in
decreases in the functions of organs and
of the whole organism. The duration of
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senescence is not well defined as it is not
known at what stage of the life span dete-
rioration of functions of various organs
begins. If cessation of reproductive ability
is used as a criterion, then it begins at 70
weeks in female rats and at age 45 yrs in
human females. However, in human males
and females, several functions like the
muscular activity and breathing capacity
begin to decline even from age 30..The
senescence phase is of little consequence
for the perpetuation and evolution of the
species as the organism does not repro-
duce.

The Importance of Studying the Prob-
lem of Aging

In the early part of this century, infectious
diseases such as respiratory and intestinal
diseases that were caused by micro-organ-
isms, accounted for most of the deaths in
the human population. With the advent of
antibiotics against these micro-organisms,
and other advances in medical sciences,
these diseases have been more or less
controlled. The great benefit from these
advancements is the increase in the aver-
age or mean life span of the Indian popu-
lation from age 30 at the time of inde-
pendence to about 58 years now, and
from age 40 in 1900 to age 76 in the
USA now. The control of these diseases
has not, however, made human beings es-
cape from aging and death. The main kill-
ers during the last two decades have been
cardio-vascular diseases, cancer and cer-
ebrovascular diseases in the order men-
tioned.

The rapid strides made in genetic engi-
neering, molecular biology and medical
sciences have given hope to man to reach
the maximum life span of 100 vyears.
Nearly 15% of the population in deve-
loped countries is now over age 60. while
their average life span is about 76. By the
year 2000, the percentage of the popula-
tion over 60 years of age shall be about
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Figure 1 DNA fragments resolved on 2% dena-
turing polyacrylamide gel after digestion of nuclet
of cerebral hemisphere of 20- and Y7-week old
male rats by DNase I for 2, 5 and 15 min. n-nucle-
otides: w-week {Chaturvedi & Kanungo 1985a)

20. In the developing countries including
India, due to improper health care, infec-
tious diseases, malnutrition and undernu-
tritiont only about 6% of the population is
over 60. This percentage is continuing to
increase due to tmprovement in medicare
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One of the effects of birth control mea-
sures and attempts to attain zero popula-
tion growth ratc, particularly in developed
nations, is that the population is getting
older, and a smaller proportion of young-
er people is supporting an increasingly
larger proportion of older people. Older
people are susceptible to diseases, are
physically less capable of carrying out
their work and need financial, social and
medical support. The rapid increase in
the number of old people in every nation
and the problems associated with it have
generated a sense of urgency and interest
in all nations to tackle various aspects of
the problem of old age.

Aging is a universal phenomenon, and
the discovery of the causc of aging shall
be a fundamental finding. The aim of the
researchers is to “add life into years, not
years into life”. The questions that the re-
searchers are trying to answer are: Why
do all organisms show deterioration of
functions after attaining reproductive ma-
turity? Why do all members of a specics
have a more or less fixed life span? Why
does a rat live for only threc years, an
clephant 70 years, and a man 100 years?
At what age after attaining maturity does
the process of aging begin? Is there a trig-
ger, a switch, which scts in motion the
process of deterioration? If so, how is it
switched on? Or, arc there multiple
switches? Is this process programmed?

Answers 1o the above questions may
help in designing experiments to postpone
or defer the onset of the aging process,
and thus control aging. This would pro-
long the present active and youthful peri-
od from 20 to 40 years to say 20 to 60
years. This would greatly increase the ac-
tive period in humans, besides giving
them the satisfaction of being youthful
longer. The objective is to ensure better
health for a longer period, and not pro-
longation of the years lived. Prolongation
of the youthful period is also expected to
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postpone or defer the onset of ‘old age’
diseases like cardio-vascular and cerebro-
vascular diseases, cancer, arthritis, etc.
which set in largely between age 40 and
50 when the persons are at the peak of
their careers.

Observations such as: (a) fixed life
spans of all individuals of a species, (b)
more or less a similar pattern in deterior-
ation of various functions in all organisms
after a short period of reproduction, (¢}
long life span of progeny of long-lived
parents and short life span of progeny of
short-lived parents, and (d) similar life
span of identical twins, indicate that the
cause of aging lies at the level of genes.
However, factors like nutrition and hercd-
ity, and stresses of various kinds such as
temperature, pollution, radiation and so-
cial and psychological stresses influence
the rate of aging. This accounts for the
variability in the rate of aging and life
spans seen among individuals of a species.
Elucidation of the changes that occur in
genes after the reproductive phase or
adulthood may throw light on the basic
cause of aging.

Enzyme Changes During Aging

Enzymes carry out various reactions in
the cells of the body. They are coded by
genes. Also, many enzymes occur as di-
mers or tetramers, and exist in multiple
molecular forms or isoenzymes. An im-
portant example of such an enzyme is
lactate dehydrogenase (LDH). It is made
up of two types of protein chains, H and
M, each being coded by a separate gene.
It exists as tetramers and hence has five
isoenzymic forms, H4, H3M1, H2M2,
H1M3 and M4. LDH is essential for pro-
duction of ATP in the cell in anaerobic
condition. Studies in our laboratory have
shown that M4-LDH which is more effi-
cient for energy production in anaerobic
condition decreases with increasing age in

M S Kanungo

the heart, brain and skeletal muscle
(Singh & Kanungo 1968). This makes these
tissues more dependent on oxygen, and,
therefore, more vulnerable to functional
failure when oxygen supply is cut off due
to blockage of blood supply by a clot in
the blood vessel. This is one of the rea-
sons for the higher frequency of heart at-
tack and stroke in old age. Another im-
portant inference from this study is that
the decrease in M4-LDH in old age is
possibly due to the decrease in the activ-
ity or expression of the gene coding for
the M-subunit of LDH.

Another interesting finding is that
several cssential cnzymes such as acetyl-
cholinesterase  and cholineacciyltrans-
ferasc which are necessary for conduction
of nerve impulse at thc synapse get in-
duced by stcroid hormones, 17f-estradiol
and testosterone. The levels of these en-
zymes decrease with age in the brain of
the rat. However, administration of 17f-
cstradiol to old rats restores them to adult
levels (James & Kanungo 1978). The ster-
oid hormones, on entering the cell, bind
to promoter regions of specific gencs
and regulate their expression. So it is pos-
sible to maintain the desired levels of cn-
zymes in an old animal for its optimal
performance.

Proteins have been purified from young
and old animals and their primary struc-
tures examined by peptide mapping and
immunological studies. It has been found
that their structures in both young and
old animals are the same (Kanungo &
Gandhi 1972). Since the primary struc-
tures of enzymes are coded by respective
genes, and the former do not change with
age, the primary structures of their genes
or the DNA also do not change. The al-
terations in the levels of enzymes that are
seen with increasing age are, therefore,
due to changes in the regulation of the
expression of their genes.
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Changes in Gene Structure

A gene which codes for a protein is split into
exons (sequences that are expressed) and int-
rons (sequences that are notexpressed). The
coding sequence is preceded by a promo-
ter region which has several short se-
quences (cis-acting elements) that are in-
volved in the regulation of the expression
of the gene. These sequences, on binding
to proteins (frans-acting factors), cause
conformational changes in the promoter
leading to specific interactions with the
transcription factors (proteins) that bind
to the gene to carry out transcription or
production of messenger RNA (mRNA).
This interaction determines the rate and
level of mRNA production, and thus rc-
gulates gene activity.

Besides the above, it has also been
shown that methylation of cytosine {C) in
5 —CCGG — 3’ sequences located either
in the promoter or in exons and introns,
and regions of the gene that are hypersen-
sitive to the endonuclease, DNase 1 (DH-
sites), are involved in gene activity. Gen-
erally, if - CCGG — is methylated at inter-
nal cytosing{ —C"CGG—), a protein
binds to this sequence and inhibits the ac-
tivity of the gene . Usually the occurrence
of DH-sites in a gene signifies that it is
active, as inactive genes have no DH-sites.
Thus, using the. above criteria it is possi-
ble to find out the types of changes that occur
in a gene that make it inactive/active during
aging.

Another factor that influences the activ-
ity of a gene is the degree of its complex-
ity with the chromosomal proteins. Genes
(DNA) are located in chromosomes in-
side the nucleus of a cell, and are com-
plexed with proteins called histones which
have positively charged amino acids. Be-
cause DNA has negative charges due to
the presence of phosphate groups, his-
tones bind to the DNA to form DNA-his-
tone complexes to form bead-like nucleo-
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somes along the long DNA molecule.
This ‘beads on a string' like structure is
called chromatin which is the basic or
primary structure of chromosomes. An-
other group of proteins, non-histone
chromosomal (NHC) proteins, is also
present in the chromosomes. In order for
a gene to be transcribed into a mRNA it
is necessary for histones to dissociate par-
tially from the DNA so that RNA polym-
erase is able to glidc along the DNA
molecule reading its sequencc and tran-
scribing the mRNA. If the chromatin be-
comes compact or condensed, thc specd
of transcription is retarded. Such a situa-
tion may arise in old age, especially in
cells like the neurons of the brain, cardiac
and skeletal muscle cells. in which DNA
synthesis stops very early during develop-
ment and the cells stop dividing.

The possibility of the chromatin of the
brain becoming increasingly compact with
ingcreasing age was studied by us by digesting i
by DNase I that cuts chromatin DNA at
10 base pair (bp) intervals and its multi-
ples. It was found that less of 10 and 20
bp DNA fragments are produced from
the chromatin of the brain of old rats (fi-
gure 1; Chaturvedi & Kanungo 1985a).
This clearly shows that the chromatin be-
comes morc compact with increasing age.

Another method of testing whether the
chromatin becomes compact or not is 10
carry out replication or DNA synthesis
after nick-translation using labelled nucle-
otides (*H-dTTP). When DNA in the chro-
matin was nicked or cleaved by restriction
endonucleases. EcoR1 or Msp 1 or Hpa I1.
and then DNA synthesis was measured, the
incorporation of the label was far less in the
old (Chaturvedi & Kanungo 1985b). These
studies taken together clearly established
that one of the major causes of the decrease in
the expression of genes in non-dividing cells
during aging is the increasing compaction of
the chromatin.
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Changes in Gene Expression

Studies on the albumin gene of the liver
of the rat have revealed that the coding
region of the gene of the young rat is
more sensitive to DNase [ than that of the
old. Furthermore, the coding region of the
gene has a —CCGG— sequence, and its
digestion by the restriction enzymes, Msp
I and Hpa 1I, reveals that this sequence in
the old is not cleaved by Hpa II. Mspl
cleaves ~CCGG— and —C"CGG - se-
quences, but Hpall cleaves only
— CCGG— sequence. This clearly shows
that the — CCGG — sequences get methyla-
ted at internal cytosine in old age (Singh et al.
1990).

The degree of transcription of the gene
was examined by purifying RNA from the
liver of young and old rats, and hybridiz-
ing it with ¥*P-labelled albumin ¢cDNA by
dot blot (figure 2). A significant decrease in
hybndization was observed in the old as
compared 1o that of the young. These
studies show that transcription of the al-
bumin gene decreases as a function of
age, and methylation of its -~ CCGG—
sequences and its insensitivity to DNasc 1
contribute to the lower expression. Thus,
stnictural changes in the albumin gene
cause decrcase in its expression as the an-
imal ages.

Another gene of much importance is
the fibronectin (FNT) gene which is ex-
pressed in the liver. Tts product is FNT
protein which is secrcted to the blood for
transportation to other organs. FNT pro-
tein is made up of two subunits, each of
220 to 240 kDa. They are joined by
—8—8 - bonds at the C-terminal ends to
form the dimer. FNTs are involved in dif-
ferentiation, migration and adhesion of
cells, and also wound healing, hemostasis
and tumour metastasis (Hynes 1990). A
single FNT gene is present per haploid
genome in rodents and humans. The gene
is located in chromosome 2 in the rat,
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spans ~ 70 kilobasepairs (Kbp) and-has 50
exons. Subunit variants of FNTs are gen-
crated by alternative splicing of primary
transcripts. The promoter region of the gene
has several cis-acting elements sequences in-
cluding TATA. CCAAT and GGGCGG,
and responsive elements for cyclic AMP
(CRE), glucocorticoid (GRE) and heat
shock (HSRE) that are involved in its re-
gulation under appropriate conditions (fi-
gure 3),

Studies on the expression of the FNT
gene of the rat as a function of age has
been carried out by Kanungo and his as-
sociates. They have shown that the level of
FNT protein in the plasma of a 125 week
old rat is significantly lower than that of a
20 week old rat. This is due to a lower
rate of transcription of the gene. When nucl-
car run-on transcription was carried out
with nuclei from the liver of young and old
rats and 32P-labcelled UTP and other NTPs,
and the transcripts were hybridized to the
FNT complementary DNA (cDNA)
probe by slot-blot, the signal for the old
rat was far lower than that for the young
rat. Furthermore, digestion of nuclei by
DNase 1 followed by restriction digestion
of DNA fragments and Southern hybridi-

5 10 15

Figure 2 Dot-blot hybridization of total RNA with
#2Pp.jabelled albumin cDNA. Level of albumin
mRNA in the liver of young (A) and old (B) rats
{Singh et al. 1990)
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Figure 3 Map of the fibronectin gene ‘showing cis-acting elements. restriction sites, first two exons and
first intron (E. Eco RE P Pst I; Pv. Pvu 1I; A, Ava . E, Exon; + 1-Transcription start site; CRE, cAMP
response element; GRE, Glucocorticoid response element; CAT, CCAAT; HSRE, Heat shock response
clement: APPRE. Acute phase protein response element; /FNRE, Interferon response element; Sp 1. Sp
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zation with a 1.2 kb probe encompassing
the promoter region of the gene show
that there are three DH-sites, one over-
lapping the CRE, the second in the TATA
region and the third in the first intron
(Singh & Kanungo 1991). The DH-sites
in the promoter are more susceptible to
DNase I in the young than in the old.
FNT is not synthesised in the brain in
which it is neither ‘transcribed nor its
promoter has any DH-sites. There is no
difference in the methylation status of
—CCGG— sequences of the promoter
region of the gene between the liver of
young and old rats as seen by Msp I/Hpa

II digestion of nuclei followed by South- -

ern hybridization with a probe for the
promoter region. Thus, the lower tran-
scription of the FNT gene in old rats is
due to greater compaction of the chro-
matin encompassing the gene and its low-
er sensitivity to DNase 1. Methylation of
its —CCGG— sequences is not a factor
for its lower transcription.

Transcription of the FNT gene was
studied by purifying RNA from the liver
of immature, adult and old rats and hy-
bridizing it to its labelled cDNA by slot-

blot hybridization (figure 4; Singh & Kanun-
go 1991). A gradual decrease in the level
of mRNA was seen with increasing age.
Also, when dexamethasone was adminis-
tered to the rat and then the level of
mRNA was measured, an increase in its
level occurred in all ages, but it was the
lowest in the old. The promoter of the
gene has a GRE site which is involved in
its induction by dexamethasone. The hor-
mone binds to a rgceptor protein in the
cytoplasm to form a H-R complex which
then binds to the GRE of the FNT gene
located in the chromosome in the nucleus
to cause its induction. It is likely that the
level of the receptor decreases with age,
and hence the induction also decreases.

Our studies on the role of the cAMP
responsive element (CRE) on the regula-
tion of the FNT gene as a function of age
have thrown much light on the molecular
mechanisms involved in the expression of
the gene. The CRE has the sequence
—TGACGTCA— A synthetic 25-mer
oligonucleotide containing the CRE as
shown below was labelled with *2P.

CRE
S AATTCCCCOTOACETCACCCORACA - -3
3 ----GGGGCACTGCAGT GGGCCTGTTCGA--S
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It was incubated with increasing
amounts of nuclear extracts of immature,
adult and old rats to allow binding of
CRE-binding proteins (CREB} to the
CRE. This was followed by gel mobility
shift assay. Also, the same amount of 25-

mer DNA was labelled and incubated,

with a given amount of nuclear extract of
each age. It was then titrated with increas-
ing amount of cold 25-mer DNA and re-
solved by gel mobility shift assay (figure
5, Singh & Kanungo 1993). This tech-
nique is based on the principle that when
a DNA fragment gets bound to a protein
then its mobility during gel electrophore-
sis is retarded and is less than that of the
unbound DNA. From both the studies it
was found that the nuclear extract has
more than one frans-acting protein factors
that bind to the CRE, and that their le-
vels decrease with increasing age. Further-
more, not only their affinities for the
CRE change but also new CREBs of dif-
ferent sizes appear to he expressed in old
age (Singh & Kanungo 1993). Thus, the
decrease in the expression of the FNT
gene during aging is both duc to confor-
mational changes that occur in its promo-
ter, and deercase in the levels and affinit-
ies of frans-acting nuclear factors that arc
required for regulation of its transcription.

There are certain genes, which on the
other hand, show increase in cxpression
as a function of age. We have shown by
slot blot hybridization that the level of
mRNA for o-skeletal actin {a-SKA) of
the heart is significantly higher in old age.
However, its level does not change in the
skeletal muscle. a-SKA is important for
contraction of muscle. The continuous
pressure overload of the heart may lead
to its higher expressicn which may contri-
bute to its hypertrophy in old age (Jaiswal
& Kanungo 1990). We have also shown
that the expression of certain oncogenes,
particularly of c-myc and c-fos, increases
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in the heart and brain with increasing age
(Y K Jaiswal & P C Rath unpublished da-
ta).

The above studies show that the ex-
pression of all genes does not decrease
with increasing age. Certain genes dec-
rease in expression, whercas the expres-
sion of a few others increase. Though all
genes require the same transcription fac-
tors for transcription, the rcgulation of
their transcription is brought about by
different trans-acting factors. In a model
proposed to explain the molecular me-
chanism of aging (figure 6; Kanungo, 1975,
1980, 1993} it has been proposed that reproduc-
tion and other stresses such as tempera-
ture, pollution, radiation, etc. which an
organism encounters during its adult life
may deplete certain gene products (trans-
acting factors) that are necessary for regu-
lation of genes that are vital for normal
life. The factors are not replenished. Cer-
tain factors may also accumulate which
stimulate the expression of some genes in-
cluding undesirablc genes such as onco-
genes. Thesc factors are not rcmoved
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Figure 4 Slot-blot hybridization of total RNA with
32p.jabelled FNT c¢DNA. 2, 10 and 20 ug of total
RNA from liver was slot-blotted on nytrah mem-
brane and hybridized to cDNA of fibronectin [+ ve
control : 0.1, 0.5 and 1.0 pg cold probe. — ve control:
yeast tRNA (Singh & Kanungo 1993)]
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Figure § Mobility shift assay for binding of FNT gene to proteins in the nuclear
extracts of the liver of 2-, 25-, 110 week old rats. *2P-labelled 25-mer dsDNA
contyining the CRE was incubated with 10 pug of nuclear extract, 2 pg of poly d1-d¢
and different concentrations of cotd CRE as mentioned for each lane in regetion
mixture. It was resolved on 5% polyacrylamide gel in TBE buffer, C'1-C5 different

nucleo-protein  complexes:  F

The wans-acting factors modulate/regul-
ate the expression of a gene by binding to
cis-acting elements located in its promoter.
Though cis-acting elements and trans-act-
ing factors are limited in number, variations
in the regulation of genes are brought about
through different combinations of their inte-
ractions. Thus, their effects are modular in
nature. A decrease or increase in one or more
trans-acting factors may alter the expression
of a gene. Also regulation of a gene
by three frans-acting factors may be dif-
ferent from that of two factors. The levels

free DNA (Singh & Kanungo 1993}

of rrans-acting factors may vary among
diffcrent individuals of a species when
they are subjected to different types of
stress. This may affect the expression of
genes differently in different individuals of
the species. This may account for the variabi-
lity in the life spans of individuals with-
in a species. Thus, it should be possible
to modulate and maintain the expression
of certain vital genes by manipulating the
levels of their trans-acting factors by hor-
mones and other effectors, and thereby
extend the period of adulthood.
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Figure 6 Model for aging (Kanungo 1975, 1980 and 1993). Upper part representation of various
phases of the life span. Lower part—the number of active genes has been kept at 2 minimum for clarity.
Developmental and reproductive phases are dependent on unigue genes. A F and G L, respectively. No
specific genes for .aging are envisaged in this model. Development proceeds by sequential activation of
genes A-F through their by-products. Some of the unique genes, E and F, switch on some unique genes,
G and H, belonging to early reproductive phase. These then switch on sequentially other genes of the
reproductive phase. Continued reproduction causes depletion of certain gene products (trans-acting fac-
tors) which are essential for keeping some vital genes active. Also some gene products may accumulate
and activate certain undesirable genes, M and N. Such changes cause destabilisation of homeostatic
functiomng of genes of reproductive phase leading to aging.
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