
In our previous review [1], we discussed the role of

poly(ADP�ribosyl)ation system in the maintenance of

genome stability (repair of DNA damage, prevention of

chromosome breaks, etc.), as well as the interaction of

poly(ADP�ribose) polymerase�1 (PARP�1) with specific

proteins of progeria. In particular, based on numerous

data indicating an important role of PARPs in an organ�

ism’s reaction to DNA damage when the organism is

exposed to damaging factors, we supposed that PARP�1

could prevent tumorigenesis. PARP is especially interest�

ing for investigations because its “positive” functioning as

an enzyme involved in the DNA repair is observed under

“normal” conditions, i.e. in the absence of pathologies.

Inactivation and knockout of PARP�1 lead to a decrease

in genetic stability and increased disposition for tumori�

genesis. In the case of development of acute or chronic

pathologies, such as inflammation, ischemia, etc., the

role of PARP becomes “negative”, and its activation

aggravates the course of disease. PARP inhibitors are used

in such cases as pharmaceuticals reducing the duration

and severity of the pathological process. This “dualism”

seems promising for discriminating the development of

age�related diseases and “successful” aging. Moreover,

the data were summarized and analyzed on the role of

protein poly(ADP�ribosyl)ation in determination of lifes�

pan (correlation between maximal lifespan and PARP

activity) and on the influence on lifespan of the expres�
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Abstract—It is well known that the number of dividing cells in an organism decreases with age. The average rate of cell divi�

sion in tissues and organs of a mature organism sharply decreases, which is probably a trigger for accumulation of damage

leading to disturbance of genome integrity. This can be a cause for the development of many age�related diseases and

appearance of phenotypic and physiological signs of aging. In this connection, the protein poly(ADP�ribosyl)ation system,

which is activated in response to appearance of various DNA damage, attracts great interest. This review summarizes and

analyzes data on changes in the poly(ADP�ribosyl)ation system during development and aging in vivo and in vitro, and due

to restriction of cell proliferation. Special attention is given to methodological aspects of determination of activity of

poly(ADP�ribose) polymerases (PARPs). Analysis of relevant publications and our own data has led us to the conclusion

that PARP activity upon the addition of free DNA ends (in this review referred to as stimulated PARP activity) is steadily

decreasing with age. However, the dynamics of PARP activity measured without additional activation of the enzyme (in this

review referred to as unstimulated activity) does not have such a clear trend: in many studies, the presented differences are

statistically non�significant, although it is well known that the number of unrepaired DNA lesions steadily increases with

aging. Apparently, the cell has additional regulatory systems that limit its own capability of reacting to DNA damage. Special

attention is given to the influence of the cell proliferative status on PARP activity. We have systematized and analyzed data

on changes in PARP activity during development and aging of an organism, as well as data on differences in the dynamics

of this activity in the presence/absence of additional stimulation and on cellular processes that are associated with activa�

tion of these enzymes. Moreover, data obtained in different models of cellular aging are compared.
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sion of the gene encoding the PARP�1 protein, as well as

of single�nucleotide polymorphisms in the relevant gene

[1].

The present review considers age�related changes in

PARP activity and the influence on it of cell proliferative

status, methodologies of its determination, and different

approaches to activation of the enzymes by biologically

active substances (DNA�damaging agents and mitogens)

in vivo and in vitro.

AGE�RELATED CHANGES IN THE PROTEIN

POLY(ADP�RIBOSYL)ATION SYSTEM in vivo

On the boundary of the 1990s, the first works

appeared about the connection of PARP with aging. In

these studies, the role of these transferases was studied in

age�related changes of the eye lens [2, 3]. Then many

reports were published on age�related changes in activity

and expression of PARP�1 [4�12].

Before analyzing these works, we mention some

methodological problems concerning the choice of

approaches for determination of PARP activity in investi�

gations of different authors. In particular, in publications

about studies on cultures of an organism’s tissues and

cells, there are significant differences in use of such term

as “the PARP activity”, and there is no standard general�

ly accepted procedure for its measurement. Moreover,

there are many specific methodical problems associated

with gerontological studies on enzymes. Kanungo [13]

listed the following difficulties associated with compari�

son of age�related changes in the enzyme activity: using

different methods for its measurement and expression of

parameters in different units (per gram wet weight,

per gram dry weight, per mg protein, or per mg DNA) –

and all these “denominators” can change with age, as well

as the enzyme activity; activities of the enzymes are inves�

tigated under conditions that are far from physiological;

existence of circadian and other rhythms of activity; dif�

ferences in heterogeneity of animal cohorts studied

among strains and laboratories. Moreover, there is no

general opinion of what age animals can be considered

old [13]. The proliferative status of studied tissue (pres�

ence and proportion of proliferating cells) is an addition�

al factor influencing PARP activity (see section

“Influence of cell proliferative status on activity of

poly(ADP�ribose) polymerases” for detail).

Age�related changes in PARP activity in vivo. Careful

consideration of methodical aspects of procedures on

determination the PARP activity (or of what it is desig�

nated by the term) revealed that all methods used in

gerontological studies led to one of two parameters: (i)

“stimulated activity of PARP” (SA PARP), which repre�

sents the rate of poly(ADP�ribosyl)ation determined

under external stimulation of PARP by DNA breaks

induced in various ways. In this case, on PARP saturation

with substrate and excess DNA breaks this parameter

reaches maximal values limited by the amount of PARP;

(ii) “unstimulated activity of PARP” (UnSA PARP),

which represents the rate of poly(ADP�ribosyl)ation

determined without additional stimulation of PARP by

DNA breaks. With excess PARP, it is limited by the num�

ber of DNA breaks.

It should be noted that virtually all the literature data

about PARP activity are results not of longitudinal, but of

cross�sectional studies; therefore, although we follow the

tradition established in the literature and use the term

“age�dependent changes in PARP activity”, it is neces�

sary to emphasize that it would be more correct to speak

about age�related differences.

Since PARP�1 is a protein containing “zinc fingers”,

decrease in its enzymatic activity could be associated with

age�related deficit of zinc ions caused by inadequate diet

and/or disturbance of intestinal absorption in elderly

people [14]. In fact, in a work by Kunzmann et al. [15] a

correlation (although a weak one) was found between SA

PARP and zinc concentration in human peripheral blood

mononuclear cells (PBMC) (r2 = 0.1779, p < 0.05) [15].

Moreover, an age�related decrease in PARP activity in a

population of Italians (r2 = 0.3965, p < 0.05), but not of

Poles or Greeks, was revealed. However, no significant

age�related changes were found in the combined group.

Grube and Burkle determined SA PARP in human and

rat PBMC over a wide age range: from 0 to 100% of the

maximal lifespan in rats (BN/BiRj strain) and from 0 to

85% of maximal lifespan in humans [6]. In both cases, an

inverse correlation was found between age and PARP

activity: the correlation coefficients were −0.54 (p <
0.001) and −0.34 (p < 0.005) for humans and rats, respec�

tively. Decrease in maximal PARP activity during the life

in humans and rats was 59 and 39%, respectively. The

most significant differences were found on comparison of

PARP activity in PBMC of young (about 30 years old)

and old (about 80 years old) people. Zaremba et al. found

great dispersion of individual values of SA PARP in

PBMC, as well as gender differences, including those

probably caused by differences in hormonal regulation

[16].

Many more studies have compared UnSA PARP in

preparations from tissues of Wistar rats of different age

(see figure). As mentioned above, this parameter charac�

terizes the number of DNA breaks in specimens taken for

analysis.

In Mandel’s laboratory, where PARP was first dis�

covered, age�related changes in UnSA PARP (termed

simply as “PARP activity”) in nuclei of bovine lens

epithelial cells were also studied [2, 3]. These studies are

especially interesting because the lens is one of the best�

known objects for modeling aging and age�related dis�

eases [17]. The researchers showed that UnSA PARP in

old bulls (113 months) was six times higher than in young

animals (4.5 months) [2]. The number of DNA breaks in
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the adult animals (54 months) was only slightly higher

than in the young bulls (24 months) (the difference is

12.9%, p < 0.05). At the same time in the old animals (94

months), the number of DNA breaks was 2.3�fold higher

(p < 0.02) than in the young ones (24 months), and this

was expected because of the direct interrelation of these

parameters. In another study performed in the same lab�

oratory and with the same approaches, UnSA PARP was

found to significantly increase with age in neurons and

astrocytes of Wistar rat brain [8]. It was found that UnSA

PARP in neurons and astrocytes of old rats (30 months)

was, respectively, 3.5� and 3.9�fold higher than in young

animals (3 months). The level of DNA damage in the old

rats was also significantly higher: 2.7�fold in neurons and

1.3�fold in astrocytes.

Strosznajder et al. compared UnSA PARP in nuclei

isolated from different parts of the brain of young (4

months), adult (14 months), and old (24�27 months)

Wistar rats [9]. Significant age�related changes in UnSA

PARP were detected only in the hippocampus: in the

adult rats, it was two times higher than in the young ani�

mals, and in old rats it was 2.1 times lower than in the

adult rats (p < 0.02). In brain cortex and cerebellum, there

were no significant differences in UnSA PARP in the

young and old rats [9]. In another work, the same group

of researchers did not find differences of UnSA PARP in

brain of young and old rats [18].

Summarizing the data on UnSA PARP shown in the

figure, we note that the graphs are of two groups: a group

characterized by increase in UnSA PARP with age

(according to the initial hypothesis, because the number

of DNA breaks in tissues accumulates with age), and a

group without such increase. We also note that the second

group mainly includes tissues with low proliferative index,

whereas in the upper part there are tissues that mainly

have high index. However, these differences in UnSA

PARP between tissues with low and high proliferative

index described in different works are lower than differ�

ences between tissues described within the same work.

This is likely due to methodology (specimen preparation,

conditions of analyzing, choice of age of control and

experimental animals).

Age�related dynamics of UnSA PARP can be

explained based on results of a work by Strosznajder [9] in

which UnSA PARP was compared not in two, but in three

age groups: young, adult, and old animals. The figure

shows that it increases in adult animals and decreases in

old animals to the level characteristic for young animals.

Since the number of DNA breaks does not decrease with

age, it can be supposed that the ability of cells to react to

DNA damage becomes worse.

Moreover, it was shown that in nuclear fraction from

old rat hippocampus, SA PARP did not increase in

response to strong oxidative/genotoxic stress induced by

FeCl2 and ascorbate, whereas in young rats this parame�

ter significantly increased [11]. DNA damage caused by

the alkylating agent N�methyl�N′�nitro�N�nitrosoguani�

dine also caused strong, 2.6�fold, increase (p < 0.05) in

level of poly(ADP�ribosyl)ation of proteins in hippocam�

pus of young but not of old rats [11]. Moreover, it was

shown that in hippocampus the amyloid peptide and N�

methyl�D�aspartate caused (apparently indirectly) DNA

damage that in turn led to nearly 80% increase in PARP

activity in brain cortex and hippocampus of young (4

months) rats. However, these preparations did not influ�

ence this parameter in old (24�27 months) animals [9].

Malanga et al. reported similar results: they showed

that in cerebellum of old rats (20�27 months) the ability

to activate PARP in response to enzymatic cleavage of

DNA by DNase I (SA PARP) was lower than in young (2

months) animals [19]. However, UnSA PARP in fore�

brain and cerebellum was almost the same in young and

old rats [19].

In a work of Gaziev et al., UnSA PARP (termed

“constitutive activity of PARP”) and maximal SA PARP

(synthesis of poly(ADP�ribose) (PAR) stimulated by

gamma�irradiation (10 Gy)) were studied in nuclear frac�

tion of brain and spleen from young (2 months) and old

(29 months) rats [10]. Irradiation of the animals with

dose 10 Gy was sufficient for full activation of PARP (i.e.

they showed that it was the correct and maximal SA

PARP; this is very seldom done in studies on SA PARP).

The UnSA PARP in nuclei from brain and spleen cells

was, respectively, 13 and 25% lower in old rats than in

young rats [10]. Maximal SA PARP in brain and spleen
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Age�related changes in unstimulated PARP activity in Wistar rats.

PARP activity in young animals is taken as 100%. The data are

from the following works: 1) Ushakova et al. [10], spleen;

2) Ushakova et al. [10], brain; 3) Messripour et al. [8], brain, neu�

rons; 4) Messripour et al. [8], brain, astrocytes; 5) Strosznajder et

al. [9], brain, cortex; 6) Strosznajder et al. [11], brain, cortex;

7) Mishra et al. [7], brain; 8) Mishra et al. [7], liver; 9) Braidy et

al. [12], liver; 10) Braidy et al. [12], kidneys; 11) Braidy et al.

[12], heart; 12) Quesada et al. [5], prostate
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nuclei from young rats was about two times higher than in

nuclei from old rats.

Thus, literature data on decrease in efficiency of

repair of DNA damage induced by gamma�irradiation in

old animals can be attributed to decrease in ability of cells

for poly(ADP�ribosyl)ation of nuclear proteins [10].

In some other studies, age�dependent decrease in

UnSA PARP was reported (SA PARP was not investigat�

ed). Thus, Mishra and Das reported that UnSA PARP in

brain and liver nuclei of old rats (110�115 weeks) was

∼30% lower than in young rats (20 weeks, p < 0.001). Age�

related decrease was also observed in degree of

poly(ADP�ribosyl)ation of both histone and non�histone

proteins [7].

Age�related changes associated with the system of

chromatin poly(ADP�ribosyl)ation were also detected by

Schroder et al. [4]; they reported that UnSA PARP

(termed “PARP activity”) in chromatin fraction from

oviduct of old (3�3.5 years) quail Coturnix coturnix females

was two times lower than in young birds (7�10 months).

However, activity of DNA topoisomerase II increased

with age. They supposed that PARP could play an impor�

tant role in age�related changes of topoisomerase II activ�

ity through its posttranslational modification [4].

In this connection, results reported by Thakur and

Prasad are also interesting: they studied poly(ADP�ribo�

syl)ation of nonhistone proteins in nuclei of liver from

adult (14 weeks) and old (113 weeks) Wistar rats [20]. It

turned out that UnSA PARP in combined fraction of

nonhistone proteins was the same in both groups,

although spectra of PAR�modified proteins were differ�

ent. Perhaps not only level and activity of PARP family

proteins can change with age, but also direction of their

action (which determines the spectrum of PAR�modified

proteins, length and branching of PAR chains, etc.).

Thus, studies of UnSA PARP in tissues from animals

of different age gave contradictory results (see figure). In

some works, it was reported that UnSA PARP in nuclear

fraction increased the age, which could be associated with

accumulation of unrepaired DNA damage [12]. At the

same time decreased ability of cells from old animals to

synthesize PAR in response to induction of such damage

(SA PARP) can be explained by decrease in amount of

active enzyme capable of interacting with newly produced

DNA breaks. However, in some works the result was

opposite − UnSA PARP decreased with age (figure).

Braidy et al. [12] compared levels of PAR, UnSA

PARP, and intracellular NAD+ in liver, heart, kidneys, and

lungs of female Wistar rats of ages from 3 to 24 months, i.e.

embracing all age groups (young, adult, and old animals).

UnSA PARP was shown to significantly increase with age

in all organs: 1.1�1.2�fold (p < 0.01) by 12 months old and

2�2.2�fold (p < 0.01) by 24 months old as compared to age

of 3 months. Moreover, it was reported that PAR accumu�

lated with age, intracellular level of NAD+ was significant�

ly decreased, and amount of DNA damage increased in all

studied tissues. They supposed that high intracellular con�

tent of NAD+ could be an important biochemical factor

positively affecting lifespan [12].

The same group of researchers investigated UnSA

PARP in human skin samples from non�sun exposed

areas of the bodies of people of different age. The level of

DNA damage was reported to have good correlation with

age in both men (p = 0.029, r = 0.490) and women (p =

0.003, r = 0.600). At the same time UnSA PARP signifi�

cantly increased with age in men only and if the samples

were taken from 0 to 77 years old individuals (p < 0.0001,

n = 27, r = 0.768). On considering men only during post�

puberty and women at the age of 36�76 years, significant

changes in UnSA PARP were not found [21]. It can be

supposed that the presence/absence of age�related corre�

lations in this case strongly depends on intensity of the

organism’s growth and, respectively, on the proliferative

status of cells (about this see below in detail). Obviously,

growth is very active during the postnatal�prepubescent

period, whereas during postpubertal period, especially

during late post�puberty, there is no active growth. Thus,

we conclude that the available data are insufficient for

explaining decrease in SA PARP with age. From the con�

sidered data, it follows that observed decrease in this

parameter with age, along with increase in the amount of

DNA damage, can lower the ability of cells to react to

DNA lesions and, as a result, cause different disturbances

in the genome. Therefore, it is reasonable to suppose that

growth of the number of DNA breaks during aging will be

associated with increase in level of poly(ADP�ribosyl)ated

proteins and that consistently increasing fraction of PARP

will be inactivated at any moment, especially if we consid�

er age�related decrease in activity of poly(ADP�ribose)

glycohydrolase as reported by Bizec et al. [2]. However,

other pathways for regulation of PARP activity may exist,

e.g. due to formation of complexes with other proteins or

other posttranslational modifications of proteins (acetyla�

tion, phosphorylation, mono(ADP�ribosyl)ation, includ�

ing modifications of PARPs themselves).

Age�related changes in level of PARP�1 expression.
Messripour et al. reported that in brain of old (30 months)

rats the content of PARP�1 protein was nearly 3.5�fold

higher than in young (3 months) rats [8]. In another study

on PARP�1 immunoreactivity in young (4 months) and

old (27 months) rats, no differences were found in PARP�

1 expression in hippocampus and cerebellum, whereas in

brain cortex and especially in striatum of old rats the con�

tent of PARP�1 was lowered [1]. However, in a work by

Malanga et al., no significant difference was found in the

amount of PARP�1 protein in cerebellum of young

(2 months) and old (20�27 months) rats [19].

Age�related changes in PARP�1 content were found

in humans by O’Valle et al. [22]. They showed immuno�

histochemically that PARP�1 level in kidneys destined for

transplantation increased with the donor’s age (r = 0.408,

p = 0.006) and positively correlated with the period of
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functional activity recovery (effective diuresis) in recipi�

ents (r = 0.386, p < 0.01). At the same time the donor’s

age varied in narrow limits – from 53 to 64.8 years (on

average, 58.9 years). Thus, these data do not allow us to

firmly conclude that there is distinct age�related dynam�

ics of PARP�1 expression.

INFLUENCE OF CELL PROLIFERATIVE STATUS

ON ACTIVITY OF POLY(ADP�RIBOSE)

POLYMERASES

Proliferative status and cell aging. It is known that

many parameters used in investigations of aging can be in

good correlation with the organism’s age but be quite

unrelated with increase in death probability with age [23,

24], which is necessarily included in classical determina�

tion of aging of living organisms (see for example [25,

26]). Therefore, it is recommended to perform geronto�

logical studies either in longitudinal experiments or in

experiments using so�called “gist”/essential models [27,

28]. These imply model systems that are based not only

on correlations identified in gerontological studies (for

example, the well�known Hayflick model), but on specif�

ic mechanisms of aging postulated by the authors. One of

such models is the “stationary phase aging” model that

was proposed already 30�40 years ago [29�31]. It is based

on the concept that the fraction of proliferating cells

decreases in an organism with age, which promotes accu�

mulation of macromolecular damage and subsequent dis�

orders in functioning of organs and tissues leading to

increase in death probability.

Similar destructive changes accumulate also in the

cell culture if its proliferation is restricted. This has been

called “stationary phase aging”. It was supposed that cell

culture growth and monolayer formation could be com�

pared to growth and development of the whole organism

[32�34]. In the framework of this concept, it was pro�

posed to use stationary cell cultures for studies on age�

related changes that occur in cells of an aging organism

[24, 26, 28, 31, 35].

It is supposed [27, 31, 35] that treatment with a gero�

protector (from the standpoint of aging deceleration)

would be optimal on accumulation in cells of DNA dam�

age initiated by preventing dilution of such lesions at the

level of the whole cell population (in the body or in the

cell culture) due to slowing or complete cessation of

appearance of new cells. If we use a geroprotector in the

stage of implementation of already accumulated DNA

damage resulting in all other “age�related” changes and

diseases, the efficiency of such treatment will be much

lower because it changes the rate of aging only for a short

time. Thus, differences in lifespan (including species�

specific ones), most likely, will be determined only by dif�

ferences in the programs responsible for reliability of sys�

tems (cells, organs, tissues) of a given organism [23].

Influence of cell proliferative status on PARP activity.
There are many hypotheses [35, 36] about triggering

destructive ontogenetic changes leading to increase in

death probability with age (and just this is aging). As pos�

sible causes of such increase, there are the action of free

radicals, accumulation of somatic mutations, the genetic

program, etc. [25]. According to the viewpoint of most

modern molecular gerontologists, aging of a living organ�

ism (which seems to be determined by destructive

changes in cells) is based on accumulation of DNA dam�

age, because DNA is a matrix for renovation of virtually

all elements of the cell [37]. In many organisms studied,

aging is associated with genetic instability [38]. It is very

likely that DNA damage caused by exogenous and

endogenous agents that are always attacking the genome

of living organisms (e.g. free oxygen radicals, reducing

sugars, other physiological metabolites of cells, environ�

mental carcinogens or radiation) play an important role

in triggering the aging process.

This viewpoint is confirmed by positive correlation

between lifespan of mammals and level of DNA repair:

DNA repair more efficiently counteracts accumulation

of damage in long�living species and, thus, in such

species genome integrity and stability can be maintained

more efficiently during the whole lifespan [39]. This can

be a factor that determines the appearance of tumors in

long�living species later than in species with short life�

span [38]. The intensity of PAR metabolism was com�

pared in proliferating and resting cells isolated from

mouse mammary gland tumor [40], and it was shown that

both UnSA PARP (termed as “baseline activity” in the

paper) and SA PARP did not correlate either with sur�

vival or with repair of DNA breaks. It is interesting that

under activation by DNase I, SA PARP in one cell line

studied was two times higher in proliferating cells than in

resting ones, whereas in another line its values were near�

ly equal. In another series of experiments, under radia�

tion with 50 Gy dose, SA in one cell line was two times

higher in proliferating cells than in resting ones, whereas

in another cell line the difference was 3.5�fold. Results of

analysis of UnSA PARP in resting and actively dividing

cell cultures were not so uniform. In one line, this param�

eter in resting cells was 2.5�fold lower than in proliferat�

ing ones, whereas in another line, the picture was oppo�

site – this parameter in resting cells was three times high�

er, although these two lines were initially received from

the same tumor. This indicates once more difficulties in

interpretation of data on UnSA PARP. Note that prolif�

erating and resting cells were not different in rate of PAR

cleavage. It was also shown that UnSA PARP was higher

in proliferating cells of CV�1 line (kidney epithelium of

African green monkey) before reaching confluent mono�

layer state than in these cells after it, but lower than in

ERas�transformed cells whose proliferation cannot be

stopped by contact inhibition [41]. It was concluded that

the activation of PARP�1 and increase in DNA synthesis



1396 SHILOVSKY et al.

BIOCHEMISTRY  (Moscow)   Vol.  82   No.  11   2017

are the most striking diagnostic parameters of cancer cells

[41].

Salminen at al. also reported that immortalization of

cells with SV40 virus (i.e. abolishment of the Hayflick limit

and activation of proliferation) leads to increase in PARP

expression in culture of human diploid fibroblasts [42].

Spina Purello et al. investigated influence of some

mitogenically active growth factors on UnSA PARP in

cultures of “young”, “mature”, and “aged” cells of rat

astroglia obtained by cultivation for 30, 90, and 190 days

(DIV, days in vitro), respectively. Treatment for 12 h of

“young” cells with insulin�like growth factor I and basic

fibroblast growth factor and treatment of “aged” cells

with epidermal growth factor, insulin, or basic fibroblast

growth factor significantly increased UnSA PARP [43].

However, none of the above�listed growth factors changed

UnSA PARP on treatment of “mature” cells.

Tanigawa et al. studied the influence of protein

ADP�ribosylation on DNA synthesis in nuclei from the

livers of chick embryo and of adult hens [44]. They found

that activation of PARP by addition of 5 mM NAD stim�

ulated DNA synthesis in nuclei of the embryo, but sup�

pressed it in nuclei of adult hens. Based on these results,

it was supposed that in nuclei of embryo and adult hen,

proteins differently influencing DNA replication could be

ADP�ribosylated. Moreover, Porteous et al. found that

UnSA PARP in nondifferentiated epithelial cells of the

lower part of guinea pig small intestine crypta was nearly

10�fold higher than in differentiated maturing epithelial

cells of upper crypta of villi [45]. Analyzing data on age�

dependent changes in SA PARP and UnSA PARP with

age, we note that these parameters are influenced not

only by expression level of PARP family members, main�

ly of PARP�1 and PARP�2, but also by the character and

degree of PARP modification and, possibly, by some

other factors. Thus, on activation of PARP�1, the enzyme

itself is pronouncedly poly(ADP�ribosyl)ated, which

results in its inactivation and dissociation of

DNA–PARP�1 complex.

Role of cell proliferative status in changes of the pro�
tein poly(ADP�ribosyl)ation system during organism devel�
opment. It is known that PARP activity is much higher in

active chromatin, i.e. in actively proliferating or differen�

tiating cells [44, 46]. This is explained by easier availabil�

ity of unpacked chromatin to various enzymes including

PARPs. Poly(ADP�ribosyl)ation of nuclear proteins dis�

turbs their association with DNA, which promotes DNA

replication in S�phase [13]. Model systems are especially

interesting that provide analysis of changes in PARP

activity (functioning of the cellular poly(ADP�

ribosyl)ation system) in germline cells and in relevant tis�

sues and organs (testes, prostate, oviducts, etc.) in

response to biologically active substances (hormones,

mitogens, etc.).

Muller et al. reported that stimulation with estrogen

of 35�day�old Japanese quail (Coturnix japonica) females

increases the rate of cell proliferation and differentiation

and sixfold increases oviduct weight, accompanied by

increase in activity of DNA polymerase and UnSA PARP

[47].

It has been established that in rat testes the major

acceptor protein is the specific histone H1T [48].

Poly(ADP�ribosyl)ation of histone proteins was very low

in isolated intact nuclei of testes of 8�day�old animals (in

seminiferous tubules there were only spermatogonia), sig�

nificantly increased by the age of 16 days (pachytene

spermatocytes were formed), and by 32 days reached the

state characteristic for adult rats (condensed spermatids

were present) [48]. In the same laboratory, it was found

that in testes of rats at age 28�130 days, the maximum SA

PARP was reached by the age of 30 days in tetraploid

spermatocytes and in haploid and diploid spermatids, and

then it decreased [49]. At the same time the maximal

amount of SA PARP was observed in tetraploid sperma�

tocytes subjected to meiotic division, whereas activity of

poly(ADP�ribose) glycohydrolase was the same in all

studied germ cells. Moreover, expression maxima of

PARP�1 and SA PARP in rat testes did not match, but

corresponded to the age of 60 and 30 days, respectively

[49]. The authors suggested that the protein poly(ADP�

ribosyl)ation system is controlled by several regulatory

mechanisms during spermatogenesis.

It was shown that in nuclear fraction of Sprague–

Dawley rat brain, UnSA PARP fell steadily with fetal

maturation [50]. The authors suggested that decrease in

UnSA PARP is associated with slowing of cell prolifera�

tion, and its increase after birth is associated with activa�

tion of brain cell differentiation.

UnSA PARP in cardiomyocytes of 90�day�old rats

was lower than in 5�day�old animals [51]. The observed

decrease in UnSA PARP can be explained not by “aging”

of cardiomyocytes (90�day�old rats can be considered as

young animals), but by change in their proliferative status

during postnatal development of the organism (see below

for details).

Thus, we suppose that during the early period of

development of an organism, when soon after birth

growth rate decreases and, accordingly, the average

mitotic activity of cells also decreases, SA PARP, which

reflects the general ability of the cell for poly(ADP�ribo�

syl)ation, will only decrease. UnSA PARP also decreases,

and we suppose that this reflects decrease in DNA avail�

ability for PARP because of its compactization, and lower

intensity of cell metabolism in the already formed organ�

ism and decrease in transcription level. Then, already in

resting cells, UnSA for some time will increase, but not

due to functional realignments in DNA but due to age�

related or pathological processes that increase the level of

DNA damage. The accumulation of such damage will

increase UnSA only to a certain time, because the

poly(ADP�ribosyl)ation capacity decreases with age, as

noted above.
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THE POLY(ADP�RIBOSYL)ATION SYSTEM

IN DIFFERENT MODELS OF CELL AGING

Concerning studies on cell cultures, in populations

of intensively proliferating cells (including transformed

cells) no accumulation of destructive damage is really

observed. This can be explained as follows: if even in rap�

idly proliferating cells some damage to DNA structure

appears because of the effect of free radicals, some chem�

ical agents, or simply temperature�associated movement

of molecules, they are either eliminated during replicative

repair, or cells with life�incompatible damage simply die,

and the population is constantly replenished with young

undamaged cells [34]. Therefore, the average amount of

DNA damage in the cell population (calculated per cell)

does not change. We conclude that restriction of prolifer�

ation rate is a trigger for accumulation in the cell popula�

tion of destructive lesions, including DNA damage. It

seems that this situation is adequate to events that occur

in an aging organism (decrease in number of proliferating

cells and worsening of cell nutrition) [24].

It looks like the widely used Hayflick model [52] based

on exhaustion of mitotic potential of a cell culture after

approximately 50 passages (for human diploid fibroblasts)

does not very accurately represent the situation in a whole

organism. Thus, the fraction of dividing cells in an organ�

ism is not very high. Moreover, the organism dies not

because of exhaustion of mitotic potential or decrease in

cell proliferation rate, whereas according to Hayflick, the

population of cultured cells is considered “aged” on its

inability to double their number within a definite period

(two weeks). Comparison of results obtained in models of

replicative and “stationary phase aging” can significantly

increase our knowledge about cell aging mechanisms.

Thus, in the yeast Saccharomyces cerevisiae, the mean

replicative lifespan is about 15 divisions [53], but already

after termination of two�three cell cycles resistance of

mother cells to some stresses, e.g. heat shock and salt

stress, decreases [54]. This may be due to decreased ability

of cells after four and more divisions of realigning their

defense systems compared with newly produced mother

cells with replicative “age” of two�three divisions [55].

However, yeast cells that were passed into stationary

state by immobilization in a special system providing full�

value nutrition realigned their phenotype and gene

expression pattern, became more resistant to stress, and

retained viability >95% for 17 days [56]. In the absence of

such system (with usual “chronological aging” (see [57,

58]) the cells die, apparently not only because of stepwise

accumulation of internal damage but also because of

stress caused by acidification of the medium with prod�

ucts of metabolism; however, the second factor does not

seem to be decisive in this phenomenon [58].

Changes in the protein poly(ADP�ribosyl)ation sys�
tem during cell replicative aging in culture. We already

mentioned that in “stationary phase aging” cells restric�

tion of proliferation, as in an organism, does not cause

cell death but only triggers accumulation of different

lesions [24]. It seems that accumulation of unrepaired

DNA damage which was shown to occur, first in nondi�

viding cells, plays the fundamental role in aging [59]. The

damage can be very different: DNA–protein cross�links,

depurination, substitution of one base for another,

demethylation, etc. [13, 60, 61]. DNA strand breaks are

the most serious damage. DNA repair enzymes work in

senescent cells less efficiently than in young cells, and this

leads to disturbances in structure and, correspondingly,

worsening of the functional state of DNA.

Dell’Orco and Anderson [62] studied changes in

UnSA PARP and SA PARP during “Hayflick�type” aging

in permeabilized human diploid fibroblasts obtained from

fetal lung (IMR�91 strain) and from newborn foreskin

(CF3 strain). In both cell strains, number of cells in late

passages (60�80% of maximal number of cell population

doublings (CPD)) decreased by 30�60% compared to the

decrease in early passages (<60% of maximal number of

CPD). SA PARP (stimulated by DNase I) did not depend

on cell strain and number of CPD, and the authors con�

cluded that “age�related” changes in PARP�1 protein

level were absent [62]. However, this statement contra�

dicts data of Salminen et al. that PARP�1 content dra�

matically decreased in late passages in a culture of human

diploid fibroblasts [42]. To resolve this contradiction,

additional studies must be performed with concurrent

measurement of the two parameters. It is most likely that

PARP activation with DNase I in the experiments of

Dell’Orco and Anderson had some methodical errors.

This is another argument in favor of using for PARP acti�

vation double�strand oligonucleotides as a source of

DNA free ends.

Changes in protein poly(ADP�ribosyl)ation system in
“stationary phase aging” of cultured cells. It was already

mentioned that on slowing of proliferation, PARP activi�

ty (and, consequently, ability to react to DNA breaks)

changes. These data are especially important because in

case of both replicative aging and “stationary phase

aging” the appearance of “senescent” phenotype is asso�

ciated with restriction of proliferation. Populations of

postmitotic or very slowly propagating cells inevitably

appear during development, and just the presence of such

populations in an organism triggers aging; therefore,

aging can be considered a “byproduct” of the develop�

ment program [27, 63]. In a report of Zaniolo et al. [64],

SA PARP and expression of PARP�1 in nuclear fractions

were compared before and somewhat after monolayer for�

mation in primary cultures of rabbit cornea epithelial

cells (RCEC), human cornea epithelial cells (HCEC),

human derma keratinocytes (HDK), human umbilical

vein endothelial cells (HUVEC), smooth muscle cells

from human umbilical vein (HVSMC), and retinal pig�

mented epithelium from rabbit eye (RPE). All these cells

were grown to submonolayer state (about 70% monolay�
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er) or monolayer state (100% monolayer) and then were

cultured for 2, 4, 5, 15 days (5% CO2, 37°C). On long�

term resting after reaching the monolayer state, SA PARP

decreased 2�12�fold in all the cell cultures. Moreover,

PARP�1 protein level significantly decreased after mono�

layer state was reached.

Similar results were obtained earlier by Salminen et

al. [42] on cultures of human diploid fibroblasts. They

observed significant decrease in PARP�1 protein level on

cell transition to resting state in early passages. They

showed that this decrease was not associated with increase

in apoptosis or with activation of proteolytic enzymes

cleaving PARP�1.

In the mentioned work of Spina Purello et al. [43],

influence of serum deprivation for 36 h on UnSA PARP

in primary culture of rat astrocytes during different

growth stages, “young” (30�DIV), “mature” (90�DIV),

and “aged” (190�DIV), was studied. As markers of cell

“age”, cytoskeleton proteins were used: vimentin present

mainly in immature astrocytes and glial fibrillar acidic

protein, which is the major protein of intermediate fila�

ments in mature astrocytes. In “young” culture (30�DIV)

mainly vimentin was expressed, whereas in 90�DIV and

190�DIV cultures glial fibrillar acidic protein was most

strongly expressed. In “aged” cells (190�DIV), specific

morphological changes were observed, which indicated

degenerative processes in the culture. UnSA PARP was

strongly increased in “aged” cells (190�DIV) compared

to this parameter in 90�DIV cells, which clearly indicat�

ed accumulation of DNA damage with “age”.

We studied changes in UnSA PARP and SA PARP at

different stages of “stationary phase aging” in culture of

transformed fibroblast�like strain B11dii�FAF28 of

Chinese hamster cells, i.e. on arresting culture growth

and further being in stationary phase during cultivation

without changing the medium [65]. After cultivation of

the cells for 9�10 days, the amounts of both SA and UnSA

PARP decreased almost to zero. Thus, SA decreased 2.5�

fold after 5 days of cultivation, i.e. after transition of the

culture to stationary phase. By the “age” of 10 days, SA

PARP decreased nearly 10�fold, and by 13 days it was vir�

tually undetectable [65]. Number of living cells

(unstained with trypan blue) lowered only to slightly less

than 50%. Thus, similarly to in vivo experiments (see

above), SA PARP was shown to decrease with age also in

the “stationary phase aging” model.

Moreover, we showed that in the Chinese hamster

cell culture the number of attached cells decreased, and

among the cells maintained on the growth surface the

percentage of dead cells increased, which was revealed by

staining with trypan blue (from 3% on the 5th day to 50%

after 10 days of cultivation). Moreover, the culture medi�

um state changed: pH decreased and debris appeared.

Such “exogenous” processes could play a noticeable role

in aging, although their role must not be overestimated.

We found earlier that with increase in “age” of the culture

medium (0�24 days) during “stationary phase aging”, its

ability to stimulate proliferation of “young” cells

decreased by 30�40%. This is not a full explanation of the

“stationary phase aging” phenomenon, because even for

the “oldest” medium (24 days) the labeling index (calcu�

lated as percent of cells with nuclei labeled on incubation

in [3H]thymidine�containing medium) was 65%, whereas

for “young” medium (3 days) this index was 100% [66].

Based on these results, we have concluded that the “sta�

tionary phase aging” phenomenon is based only on inter�

nal factors.

Summarizing our results and literature data, we sup�

posed that PARP activity and cell culture viability are

closely related parameters. Decrease in cell culture via�

bility with “age” is accompanied by activation of cell

death processes, which can cause a decrease in PARP

activity. And by contrast – a gradual increase in level of

protein poly(ADP�ribosyl)ation caused by increase in

level of DNA damage can decrease cell viability through

regulation of activity of factors involved in transcription

and through enhancement of signals triggering cell

death.

As stated above, decrease in proliferation rate is

accompanied by accumulation of defects in biological

macromolecules including DNA. The idea of DNA dam�

age as a major cause of age�dependent degradation of an

organism underlies many concepts of aging, e.g. the free

radical theory of Harman [67]. In this connection, many

authors have noted that load on systems acting as “sen�

sors” of DNA damage also increases with age, and for

their correct functioning their number or activity must be

increased [68, 69]. Undoubtedly, the poly(ADP�ribo�

syl)ation system is such a “sensor”. The literature data

suggest that accumulation of damage to macromolecules

in a cell can be caused by decrease in activity of enzymes

responsible for cleavage of PAR, which in turn leads to

accumulation of poly(ADP�ribosyl)ated proteins includ�

ing PARPs themselves. Thus, accumulation of PAR�

modified proteins accompanies aging.

Thus, it seems that PARP activity correlates with

both species�specific lifespan (this finding motivated

active studies of PARPs) and age of animals, as well as

with duration of cell cultivation during the “stationary

phase aging” and replicative aging. However, we cannot

yet conclude that there is any essential relation between

poly(ADP�ribosyl)ation and mechanisms underlying

age�related increase in death probability, although its

involvement in mechanisms of cell death directly is now

obvious. However, there are many data indicating that

PARP activation aggravates the condition in very differ�

ent pathologies (ischemic brain stroke, Alzheimer’s dis�

ease, Parkinson’s disease, diabetes mellitus, psoriasis,

etc.) [70�72].

In total, during the early period of life, SA PARP

decreases accompanied by slowing of proliferation and

activation of cell differentiation. In the presence of mito�
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gens, UnSA PARP (at least) increases. Thus, PARP

activity in a cell both in vivo and in vitro seems to be reg�

ulated not only by external and internal DNA�damaging

agents, but also by factors influencing proliferation,

including intercellular interactions and action of mito�

gens. During aging of an organism, SA PARP steadily

decreases. It is reasonable to suppose that accumulation

of automodified PARPs can be a cause of SA PARP

decrease with age. This worsens the ability of PARPs to

react to newly arising DNA damage and leads to

decrease in efficiency of repair of this damage. From this

standpoint, it is very informative to determine in aging

biological systems DNA breaks and PARP activity as

parameters of a cell’s ability to function normally. As to

UnSA PARP, it decreases on restriction of prolifera�

tion – apparently because of chromatin compactization

and decrease in fraction of DNA available for PARP, but

later it grows to a certain level – due to accumulation of

DNA damage during aging. This is accompanied by

accumulation with age of poly(ADP�ribosyl)ated pro�

teins (including PARPs themselves) with partially or

complete impaired functioning because of this modifica�

tion.

However, then the “cost” of reaction to DNA dam�

age becomes “exorbitantly high” for cells of an aging

organism (because this is associated with expenditure of

great amounts of NAD and ATP). As a result, cells grad�

ually lose their ability to synthesize PAR, possibly not

only because of decrease in expression of the enzyme but

also due to its inactivation through different posttransla�

tional modifications and decrease in activity of enzymes

cleaving this polymer. This is indirectly confirmed by the

finding that SA PARP (i.e. total amount of the enzyme

that can be activated) is steadily decreasing with age both

in vitro and in vivo. Respectively, data on “age�related”

changes in SA and UnSA PARP in the models of replica�

tive aging and “stationary phase aging” suggest that simi�

lar changes in cells of an aging organism are determined,

at least partially, by change in proliferative status of the

cells and not, for example, by the genetic program of

aging.

The similarity of changes in the poly(ADP�ribo�

syl)ation system during aging and on restriction of cell

proliferation (both in vivo and in model systems) is

another indication of viability of the concept asserting

that restriction of proliferation is a major cause of accu�

mulation in cells of age�related macromolecular changes

leading further, through the chain of various events, to

increase in probability of an organism’s death, i.e. to

aging [27, 73]. However, it must be taken into consider�

ation that just the process of proliferation restriction

itself, even unrelated with subsequent accumulation of

macromolecular damage, can lead to changes in cell sta�

tus (intensity of metabolism, etc.), which in turn can

influence parameters of the poly(ADP�ribosyl)ation sys�

tem.

REFERENCES

1. Shilovsky, G. A., Khokhlov, A. N., and Shram, S. I. (2013)

The protein poly(ADP�ribosyl)ation system: its role in

genome stability and lifespan determination, Biochemistry

(Moscow), 78, 433�444.

2. Bizec, J. C., Klethi, J., and Mandel, P. (1989) Regulation

of protein adenosine diphosphate ribosylation in bovine

lens during aging, Ophthalmic Res., 21, 175�183.

3. Mandel, P. (1991) ADP�ribosylation: approach to molecu�

lar basis of aging, Adv. Exp. Med. Biol., 296, 329�343.

4. Schroder, H. C., Steffen, R., Wenger, R., Ugarkovic, D.,

and Muller, W. E. (1989) Age�dependent increase of DNA

topoisomerase II activity in quail oviduct; modulation of

the nuclear matrix�associated enzyme activity by protein

phosphorylation and poly(ADP�ribosyl)ation, Mutat. Res.,

219, 283�294.

5. Quesada, P., Faraone�Mennella, M. R., Jones, R.,

Malanga, M., and Farina, B. (1990) ADP�ribosylation of

nuclear proteins in rat ventral prostate during ageing,

Biochem. Biophys. Res. Commun., 170, 900�907.

6. Grube, K., and Burkle, A. (1992) Poly(ADP�ribose) poly�

merase in mononuclear leukocytes of 13 mammalian

species correlates with species�specific life span, Proc. Natl.

Acad. Sci. USA, 82, 11759�11763.

7. Mishra, S. K., and Das, B. R. (1992) (ADP�ribosyl)ation

pattern of chromosomal proteins during ageing, Cell. Mol.

Biol., 38, 457�462.

8. Messripour, M., Weltin, D., Rastegar, A., Ciesielski, L.,

Kopp, P., Chabert, M. D., and Mandel, P. (1994) Age�asso�

ciated changes of rat brain neuronal and astroglial poly(ADP�

ribose) polymerase activity, J. Neurochem., 62, 502�506.

9. Strosznajder, J. B., Jesko, H., and Strosznajder, R. P.

(2000b) Age�related alteration of poly(ADP�ribose) poly�

merase activity in different parts of the brain, Acta Biochim.

Pol., 47, 331�337.

10. Ushakova, T. E., Ploskonosova, I. I., Guliaeva, N. A.,

Rasskazova, E. A., and Gaziev, A. I. (2004) ADP�ribosyla�

tion of proteins in nuclei and mitochondria from tissues rats

of various age exposed gamma�radiation, Radiats. Biol.

Radioekol., 44, 509�525.

11. Strosznajder, R. P., Jesko, H., and Adamczyk, A. (2005)

Effect of aging and oxidative/genotoxic stress on

poly(ADP�ribose) polymerase�1 activity in rat brain, Acta

Biochim. Pol., 52, 909�914.

12. Braidy, N., Guillemin, G. J., Mansour, H., Chan�Ling, T.,

Poljak, A., and Grant, R. (2011) Age�related changes in

NAD+ metabolism oxidative stress and Sirt1 activity in

Wistar rats, PLoS One, 6, 191�194.

13. Kanungo, M. (1980) Biochemistry of Aging, Academic

Press, London.

14. Mocchegiani, E. (2007) Zinc and ageing: third Zincage

conference, Immun. Ageing, 4, 5.

15. Kunzmann, A., Dedoussis, G., Jajte, J., Malavolta, M.,

Mocchegiani, E., and Burkle, A. (2008) Effect of zinc on

cellular poly(ADP�ribosyl)ation capacity, Exp. Gerontol.,

43, 409�414.

16. Zaremba, T., Thomas, H. D., Cole, M., Coulthard, S. A.,

Plummer, E. R., and Curtin, N. J. (2011) Poly(ADP�

ribose) polymerase�1 (PARP�1) pharmacogenetics, activity

and expression analysis in cancer patients and healthy vol�

unteers, Biochem. J., 436, 671�679.



1400 SHILOVSKY et al.

BIOCHEMISTRY  (Moscow)   Vol.  82   No.  11   2017

17. Krasnov, M. S., Gurmizov, E. P., Iamskova, V. P.,

Gundorova, R. A., and Iamskov, I. A. (2005) New regula�

tory protein isolated from the bovine eye lens and its action

on the cataract development in rat in vitro, Vestn. Oftalmol.,

121, 37�39.

18. Strosznajder, J. B., Jesko, H., and Strosznajder, R. P.

(2000) Effect of amyloid beta peptide on poly(ADP�ribose)

polymerase activity in adult and aged rat hippocampus,

Acta Biochim. Pol., 47, 847�854.

19. Malanga, M., Romano, M., Ferone, A., Petrella, A.,

Monti, G., Jones, R., Limatola, E., and Farina, B. (2005)

Misregulation of poly(ADP�ribose) polymerase�1 activity

and cell type�specific loss of poly(ADP�ribose) synthesis

in the cerebellum of aged rats, J. Neurochem., 93, 1000�

1009.

20. Thakur, M. K., and Prasad, S. (1990) ADP�ribosylation of

HMG proteins and its modulation by different effectors in

the liver of aging rats, Mech. Ageing Dev., 53, 91�100.

21. Massudi, H., Grant, R., Braidy, N., Guest, J., Farnsworth,

B., and Guillemin, G. J. (2012) Age�associated changes in

oxidative stress and NAD+ metabolism in human tissue,

PLoS One, 7, e42357.

22. O’Valle, F., Del Moral, R. G., Benitez, M. C., Martin�

Oliva, D., Gomez�Morales, M., Aguilar, D., Aneiros�

Fernandez, J., Hernandez�Cortes, P., Osuna, A., Moreso,

F., Seron, D., Oliver, F. J., and Del Moral, R. G. (2004)

Correlation of morphological findings with functional

reserve in the aging donor: role of the poly(ADP�ribose)

polymerase, Transplant. Proc., 36, 733�735.

23. Khokhlov, A. N. (2010) From Carrel to Hayflick and back,

or what we got from the 100�year cytogerontological stud�

ies, Biophysics, 55, 859�864.

24. Khokhlov, A. N., and Morgunova, G. V. (2017) Testing of

geroprotectors in experiments on cell cultures: pros and

cons, in Anti�aging Drugs: From Basic Research to Clinical

Practice, RSC Drug Discovery (Vaiserman, A. M., ed.) Royal

Society of Chemistry, pp. 53�74.

25. Comfort, A. (1979) The Biology of Senescence, Churchill

Livingstone, Edinburgh�London.

26. Khokhlov, A. N. (2010) Does aging need an own program

or the existing development program is more than enough,

Russ. J. Gen. Chem., 80, 1507�1513.

27. Khokhlov, A. N. (2013) Impairment of regeneration in

aging: appropriateness or stochastics? Biogerontology, 14,

703�708.

28. Khokhlov, A. N., Klebanov, A. A., Karmushakov, A. F.,

Shilovsky, G. A., Nasonov, M. M., and Morgunova, G. V.

(2014) Testing of geroprotectors in experiments on cell cul�

tures: choosing the correct model system, Moscow Univ.

Biol. Sci. Bull., 69, 10�14.

29. Dell’Orco, R. T. (1975) The use of arrested populations of

human diploid fibroblasts for the study of senescence in

vitro, Adv. Exp. Med. Biol., 53, 41�49.

30. Vorsanova, S. G. (1977) Stationary cell populations as a

model of aging, in Gerontology and Geriatrics, 1977. Annual

[in Russian], Institute of Gerontology, Kiev, pp. 118�123.

31. Khokhlov, A. N. (1988) Cell Proliferation and Aging.

Advances in Science and Technology, VINITI Akad. Sci.

USSR, Ser. General Problems of Physicochemical Biology,

Vol. 9 [in Russian], VINITI, Moscow.

32. Petrov, Y. P., and Tsupkina, N. V. (2013) Growth character�

istics of CHO cells in culture, Cell Tiss. Biol., 7, 72�78.

33. Khokhlov, A. N. (2013) Decline in regeneration during

aging: appropriateness or stochastics? Russ. J. Dev. Biol.,

44, 336�341.

34. Khokhlov, A. N. (2014) On the immortal hydra. Again,

Moscow Univ. Biol. Sci. Bull., 69, 153�157.

35. Khokhlov, A. N. (2013) Does aging need its own program,

or is the program of development quite sufficient for it?

Stationary cell cultures as a tool to search for anti�aging

factors, Curr. Aging Sci., 6, 14�20.

36. Wei, L., Li, Y., He, J., and Khokhlov, A. N. (2012)

Teaching the cell biology of aging at the Harbin Institute of

Technology and Moscow State University, Moscow Univ.

Biol. Sci. Bull., 67, 13�16.

37. Morgunova, G. V., Klebanov, A. A., and Khokhlov, A. N.

(2016) Some remarks on the relationship between

autophagy, cell aging, and cell proliferation restriction,

Moscow Univ. Biol. Sci. Bull., 71, 207�211.

38. Burkle, A., Muller, M., Wolf, I., and Kupper, J.�H. (1994)

Poly(ADP�ribose) polymerase activity in intact or perme�

abilized leukocytes from mammalian species of different

longevity, Mol. Cell. Biochem., 138, 85�90.

39. Hart, R. W., and Setlow, R. B. (1974) Correlation between

deoxyribonucleic acid excision�repair and life�span in a

number of mammalian species, Proc. Natl. Acad. Sci. USA,

71, 2169�2173.

40. Sweigert, S. E., Marston, J. M., and Dethlefsen, L. A.

(1990) Poly(ADP�ribose) metabolism in proliferating ver�

sus quiescent cells and its relationship to their radiation

responses, Int. J. Radiat. Biol., 58, 111�123.

41. Kun, E., Kirsten, E., Bauer, P. I., and Ordahl, C. P. (2006)

Quantitative correlation between cellular proliferation and

nuclear poly(ADP�ribose) polymerase (PARP�1), Int. J.

Mol. Med., 17, 293�300.

42. Salminen, A., Helenius, M., Lahtinen, T., Korhonen, P.,

Tapiola, T., Soininen, H., and Solovyan, V. (1997) Down�

regulation of Ku autoantigen, DNA�dependent protein

kinase, and poly(ADP�ribose) polymerase during cellular

senescence, Biochem. Biophys. Res. Commun., 38, 712�

716.

43. Spina Purello, V., Cormaci, G., Denaro, L., Reale, S.,

Costa, A., Lalicata, C., Sabbatini, M., Marchetti, B., and

Avola, R. (2002) Effect of growth factors on nuclear and

mitochondrial ADP�ribosylation processes during

astroglial cell development and aging in culture, Mech.

Ageing Dev., 123, 511�520.

44. Tanigawa, Y., Kawamura, M., Kitamura, A., and

Shimoyama, M. (1978) Suppression and stimulation of

DNA synthesis by ADP�ribosylation of nuclear proteins

from adult hen and chick embryo liver, Biochem. Biophys.

Res. Commun., 81, 1278�1285.

45. Porteous, J. W., Furneaux, H. M., Pearson, C. K., Lake, C.

M., and Morrison, A. (1979) Poly(adenosine diphosphate

ribose) synthetase activity in nuclei of dividing and of non�

dividing but differentiating intestinal epithelial cells,

Biochem. J., 180, 455�461.

46. Rastl, E., and Swetly, P. (1978) Expression of poly(adeno�

sine diphosphate�ribose) polymerase activity in ery�

throleukemic mouse cells during cell cycle and erythropoi�

etic differentiation, J. Biol. Chem., 253, 4333�4340.

47. Muller, W. E., Totsuka, A., Nusser, I., Obermeier, J.,

Rhode, H. J., and Zahn, R. K. (1974) Poly(adenosine

diphosphate�ribose) polymerase in quail oviduct. Changes



POLY(ADP�RIBOSYL)ATION, AGING, AND CELL PROLIFERATION RESTRICTION 1401

BIOCHEMISTRY  (Moscow)   Vol.  82   No.  11   2017

during estrogen and progesterone induction, Nucleic Acids

Res., 1, 1317�1327.

48. Quesada, P., Farina, B., and Jones, R. (1989) Poly(ADP�

ribosylation) of nuclear proteins in rat testis correlates with

active spermatogenesis, Biochim. Biophys. Acta, 1007, 167�

175.

49. Quesada, P., Atorino, L., Cardone, A., Ciarcia, G., and

Farina, B. (1996) Poly(ADP�ribosyl)ation system in rat

germinal cells at different stages of differentiation, Exp. Cell

Res., 226, 183�190.

50. Shambaugh, G. E., III, Koehler, R. R., and Radosevich, J.

A. (1988) Developmental pattern of poly(ADP�ribose) syn�

thetase and NAD glycohydrolase in the brain of the fetal

and neonatal rat, Neurochem. Res., 13, 973�981.

51. Jackowski, G., and Kun, E. (1981) Age�dependent varia�

tion of rates of polyadenosine�diphosphoribose synthesis by

cardiocytes nuclei and the lack of correlation of enzymatic

activity with macromolecular size distribution of DNA, J.

Biol. Chem., 256, 3667�3670.

52. Hayflick, L. (1976) The cell biology of human aging, N.

Engl. J. Med., 295, 1302�1308.

53. Kennedy, B. K., Austriaco, N. R., Jr., and Guarente, L.

(1994) Daughter cells of Saccharomyces cerevisiae from old

mothers display a reduced life span, J. Cell Biol., 127, 1985�

1993.

54. Knorre, D. A., Kulemzina, I. A., Sorokin, M. I.,

Kochmak, S. A., Bocharova, N. A., Sokolov, S. S., and

Severin, F. F. (2010) Sir2�dependent daughter�to�mother

transport of the damaged proteins in yeast is required to

prevent high stress sensitivity of the daughters, Cell Cycle, 9,

4501�4505.

55. Sorokin, M. I., Knorre, D. A., and Severin, F. F. (2014)

Early manifestations of replicative aging in the yeast

Saccharomyces cerevisiae, Microb. Cell, 1, 37�42.

56. Nagarajan, S., Kruckeberg, A. L., Schmidt, K. H., Kroll,

E., Hamilton, M., McInnerney, K., Summers, R., Taylor,

T., and Rosenzweig, F. (2014) Uncoupling reproduction

from metabolism extends chronological lifespan in yeast,

Proc. Natl. Acad. Sci. USA, 111, 1538�1547.

57. Chen, Q., Ding, Q., and Keller, J. N. (2005) The stationary

phase model of aging in yeast for the study of oxidative

stress and age�related neurodegeneration, Biogerontology,

6, 1�13.

58. Morgunova, G. V., Klebanov, A. A., Marotta, F., and

Khokhlov, A. N. (2017) Culture medium pH and stationary

phase/chronological aging of different cells, Moscow Univ.

Biol. Sci. Bull., 72, 47�51.

59. Gensler, H. L., and Bernstein, H. (1981) DNA damage as

the primary cause of aging, Q. Rev. Biol., 56, 279�303.

60. Khokhlov, A. N., Kirnos, M. D., and Vaniushin, B. F.

(1988) The level of DNA methylation and “stationary�

phase aging” in cultured cells, Izv. Akad. Nauk SSSR Biol.,

3, 476�478.

61. Vilenchik, M. M., Khokhlov, A. N., and Grinberg, K. N.

(1981) Study of spontaneous DNA lesions and DNA repair

in human diploid fibroblasts aged in vitro and in vivo, Stud.

Biophys., 85, 53�54.

62. Dell’Orco, R. T., and Anderson, L. E. (1991) Decline of

poly(ADP�ribosyl)ation during in vitro senescence in

human diploid fibroblasts, J. Cell. Physiol., 146, 216�221.

63. Holliday, R. (2007) Aging: The Paradox of Life: Why We

Age, Springer, Dordrecht.

64. Zaniolo, K., Rufiange, A., Leclerc, S., Desnoyers, S., and

Guerin, S. L. (2005) Regulation of the PARP�1 gene

expression by the transcription factors Sp1 and Sp3 is under

the influence of cell density in primary cultured cells,

Biochem. J., 389, 423�433.

65. Shram, S. I., Shilovsky, G. A., and Khokhlov, A. N. (2006)

Poly(ADP�ribose)�polymerase�1 and aging: experimental

study of possible relationship on stationary cell cultures,

Bull. Exp. Biol. Med., 141, 628�632.

66. Khokhlov, A. N., Prokhorov, L. Iu., Akimov, S. S.,

Shilovskii, G. A., Shcheglova, M. V., and Soroka, A. E.

(2005) “Stationary phase aging” of cell culture: an attempt

of evaluation of growth medium “age” effect, Tsitologiia,

47, 318�322.

67. Harman, D. (1956) Aging: a theory based on free radical

and radiation chemistry, J. Gerontol., 11, 298�300.

68. Akif’ev, A. P., and Potapenko, A. I. (2001) Nuclear genetic

material as an initial substrate for animal aging, Genetika,

37, 1445�1458.

69. Anisimov, V. N. (2008) Molecular and Physiological

Mechanisms of Aging [in Russian], Nauka, SPb.

70. D’Amours, D., Desnoyers, S., D’Silva, I., and Poirier, G.

G. (1999) Poly(ADP�ribosyl)ation reactions in the regula�

tion of nuclear functions, Biochem. J., 342, 249�268.

71. Cuzzocrea, S., McDonald, M. C., Mazzon, E., Dugo, L.,

Serraino, I., Threadgill, M., Caputi, A. P., and

Thiemermann, C. (2002) Effects of 5�aminoisoquinoli�

none, a water�soluble, potent inhibitor of the activity of

poly(ADP�ribose) polymerase, in a rodent model of lung

injury, Biochem. Pharmacol., 63, 293�304.

72. Rouleau, M., Patel, A., Hendzel, M. J., Kaufmann, S. H.,

and Poirier, G. G. (2010) PARP inhibition: PARP1 and

beyond, Nat. Rev. Cancer, 10, 293�301.

73. Khokhlov, A. N. (2013) Evolution of the term “cellular

senescence” and its impact on the current cytogerontolog�

ical research, Moscow Univ. Biol. Sci. Bull., 68, 158�161.


