
Prevention or even reversal of aging have become

topics of numerous studies. The discovery of rejuvenating

factors, if they exist and are of chemical nature, would

become a breaking point in solving many problems in

gerontology. Scientists periodically report a discovery of

such factors; however, careful examination of their data

and technical details of these studies raise doubts if the

discovered factors indeed possess rejuvenating properties.

In particular, when the circulatory systems of two animals

of different ages are connected in a heterochronic para-

biotic model, the older partner undergoes rejuvenation

[1]. Some recent studies aimed to identify the chemical

factor that enters the older organism from the younger one

suggested that this rejuvenating factor is GDF11, a differ-

entiation growth factor that circulates in the common

blood stream of parabiotic partners [2-4]. However, more

detailed studies failed to unambiguously confirm that

GDF11 is responsible for the rejuvenating effect [5-7].

The rejuvenating effect of pregnancy remains a sub-

ject for discussion. We find it promising to view pregnan-

cy as a parabiotic system in which organisms of different

age (young fetus and mature mother) are functionally

connected and exchange factors that affect both, in

either positive or negative manner. Pregnancy is a great

burden for the maternal organism and carries a risk of

numerous complications. Hence, for many years, both

clinical medicine and academic research have concen-

trated mostly on negative effects of pregnancy on the

mother’s health. However, recent studies have shown

that pregnancy might have positive effects on the physio-

logical state of many organs and on maternal longevity in

general, especially in the absence of pregnancy-accom-

panying complications. Some studies even discussed the

“rejuvenating” effect of pregnancy on the maternal

organism.

In this article, we review and analyze current data on

the effect of pregnancy on aging.

REGENERATIVE CAPACITY

DURING PREGNANCY 

One of the main manifestations of aging is a dimin-

ished regenerative capacity of an organism. There is a

body of evidence that pregnancy can reverse the process,

at least in some organ systems.

ISSN 0006-2979, Biochemistry (Moscow), 2016, Vol. 81, No. 12, pp. 1480-1487. © Pleiades Publishing, Ltd., 2016.

Original Russian Text © V. A. Popkov, D. N. Silachev, S. S. Jankauskas, L. D. Zorova, I. B. Pevzner, V. A. Babenko, E. Y. Plotnikov, D. B. Zorov, 2016, published in

Biokhimiya, 2016, Vol. 81, No. 12, pp. 1763-1772.

REVIEW

1480

* To whom correspondence should be addressed.

Molecular and Cellular Interactions between Mother and Fetus.

Pregnancy as a Rejuvenating Factor

V. A. Popkov1,2, D. N. Silachev1, S. S. Jankauskas1, L. D. Zorova3, I. B. Pevzner1,

V. A. Babenko2,4, E. Y. Plotnikov1*, and D. B. Zorov1*

1Lomonosov Moscow State University, Belozersky Institute of Physico-Chemical Biology, 119991 Moscow, Russia;

E-mail: plotnikov@genebee.msu.ru, zorov@genebee.msu.su
2Lomonosov Moscow State University, Faculty of Bioengineering and Bioinformatics, 119991 Moscow, Russia

3Lomonosov Moscow State University, International Laser Center, 119991 Moscow, Russia
4Research Center of Obstetrics, Gynecology and Perinatology, 117997 Moscow, Russia

Received August 26, 2016

Revision received September 16, 2016

Abstract—Aging is associated with a decline of various body functions, including ability to regenerate. Over recent decades,

it has been demonstrated that some of these changes could be reversed in response to factors originating from a young organ-

ism, for example, fetal stem cells or “young blood” in models of heterochronic parabiosis. Pregnancy might be considered

as parabiotic model of the interaction between two organisms of different age. In this work, we analyzed and summarized

data on the effects of pregnancy on the maternal organism that confirm the hypothesis that pregnancy rejuvenates the moth-

er’s organism or slows its aging.
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The regenerative capacity of liver (estimated from

the rate of liver regeneration after removal of 2/3 of its

volume) in 10-12-month-old mice was four times lower

than in young (3-month-old) animals. In addition, the

mortality after partial hepatectomy was higher in aged

mice [8]. Aged animals had decreased blood-clotting

ability due to the decline of liver synthetic functions.

However, when old mice were in the third trimester of

pregnancy, their rate of liver regeneration after hepatecto-

my was like that in young animals: in both young non-

pregnant mice and aged pregnant mice, liver regenerated

to its initial volume ∼2 days after the surgery, while in old

non-pregnant animals, liver volume remained less than

50% of the original one. Moreover, pregnancy decreased

five-fold the post-surgery mortality in aged animals. The

blood-clotting activity in aged pregnant mice was within

the norm, which indicated that their liver not only regen-

erated to its initial volume, but restored its synthetic func-

tions as well. Gielchinsky et al. [8] analyzed the mecha-

nism of liver regeneration and found that in aged animals,

pregnancy activated cell hypertrophy, whereas in young

mice, liver regenerated mostly due to cell hyperplasia.

Hepatocytes in aged pregnant mice increased their vol-

ume five-fold compared to liver cells in non-pregnant

animals; less than 10% of these hepatocytes showed signs

of activated proliferation. Hyperplasia was also activated

after delivery in parous mice, which indicated that preg-

nancy shifts regenerative processes toward hypertrophy.

These changes might be related to activation of the

Akt/mTORC1 signaling pathway, since its inhibition

blocks hypertrophy, while its activation stimulates the

effects of pregnancy.

Another common object for studying regeneration

and its decline with age is a skeletal muscle. The regener-

ation index in 20-month-old mice was almost 10 times

lower than in 3-month-old mice [9]. The effects of preg-

nancy on skeletal muscles were like those observed in

liver: pregnancy enhanced two-fold the regeneration of

muscles in both aged (10-month-old) and young animals

[9]. The number of satellite cells (muscle stem cells) did

not differ between the groups, which indicates that dete-

rioration of the regenerative functions was not due to the

exhaustion of the pool of these cells. The decline in the

regenerative capacity of muscle tissue with aging is

believed to be related to changes in regulation, in partic-

ular, to inactivation of the Notch signaling pathway [10].

Pregnancy reverses these changes in aged animals and

restores the activity of this pathway to the levels typical for

young individuals. The effect of pregnancy on regenera-

tion of damaged heart muscle has not been studied direct-

ly; however, retrospective analysis of the data from

patients with cardiomyopathy showed that heart func-

tions were restored spontaneously in 50% of pregnant

women and those who had recently given birth – the

highest positive outcome among all heart pathologies [11-

13].

Another beneficial effect of pregnancy on the mater-

nal organism is the protection of the central nervous sys-

tem. Clinical studies on the effects of pregnancy on the

development of multiple sclerosis found a reduction in

the relapse rate during pregnancy [14, 15]. These results

correlated with an observed decrease in the number and

area of regions with active degradation of the brain white

matter [16]. It has been shown that parous women have

lower risk of multiple sclerosis than non-parous ones

[17]; moreover, the protective effect of several pregnan-

cies is cumulative [18]. Pregnant mice with multiple scle-

rosis induced by injection of lysolecithin into the spinal

cord central canal had 50% fewer lesions and displayed

considerable increase in the number of oligodendrocytes

and remyelinated axons in the damaged area [19]. It was

suggested that this phenomenon was partially because of

prolactin, since injection of this hormone stimulated

oligodendrocyte division in the zone of lesions.

PROPOSED MECHANISMS OF REGENERATIVE

EFFECT OF PREGNANCY

There are several mechanisms that could explain the

rejuvenating effects of pregnancy on the maternal organ-

ism. Most probably, these effects are related to a combi-

nation of several, or even all, factors described below. The

suggested mechanisms could be divided into two groups:

fetus-related and mother-related.

Fetus-derived regulatory signals. The rejuvenating

effect of pregnancy might be explained by the donation of

fetal cells capable to differentiate. The regenerative prop-

erties of stem cells are well known, and therapeutic effects

of stem cells injection after brain, liver, or kidney damage

have been well described [20, 21]. Some fetal cells enter

the maternal circulation and tissues – a phenomenon

known as microchimerism. Fetal cells could be found in

the mother’s blood and tissues several decades after preg-

nancy. Thus, cells bearing the Y chromosome were found

in the blood of a woman that had given birth to her son 27

years before her blood was tested [22]. At present, there is

no consensus on the mechanisms that would explain the

effects of microchimeric cells on the maternal organism.

Two main possibilities are discussed: the first one is regu-

latory interactions, and the second is direct differentia-

tion of microchimeric cells into a type of cells required

for the mother’s regeneration. In the first case, a limited

number of fetal cells act as coordinators of the regenera-

tive process. For example, fetal cells are believed to regu-

late inflammatory response by downregulating TGF-β

biosynthesis and by directing maternal regeneration

toward scar-less fetal-like wound healing [23].

A direct contribution of microchimeric multipotent

cells to regeneration has been demonstrated in a damaged

heart model. Fetal cells actively migrated into the damaged

area of the mother’s heart, where they differentiated into
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fully functional cardiomyocytes that contracted synchro-

nously with surrounding cells. In the absence of damage,

the number of fetal cells in the heart was 20-fold less [24].

Another study demonstrated the presence of

microchimeric cells that showed elements of neuronal

type differentiation in the brain of pregnant rats. The

number of such cells was higher in animals with

Parkinson’s disease [25]. Similarly, the number of

microchimeric cells in kidneys [26], liver [27], and lungs

[28] increased after damaging of the organs.

In the past few years, several studies have been pub-

lished that described positive effects of heterochronic

parabiosis on the older partner. When the circulatory sys-

tems of two animals of different age were converged, this

benefited the older animal. Parabiosis caused regenera-

tion and, probably, rejuvenation of the heart [4], skeletal

muscles [29], liver [30], and brain [31-33] and promoted

myelination of the spinal cord [34]. A similar but less pro-

nounced effect was induced by injecteion of blood from

young animals. At present, it is believed that this effect is

related to the “rejuvenating” regulatory factors that are

“donated” to the aged organism by the young one.

GDF11, which is supposedly one of these factors, has

been extensively studied and discussed [2, 4, 35]. We

believe that pregnancy can be considered as a specific

form of parabiosis in which an aged organism (mother) is

tightly joined to a young organism (fetus). Obviously,

their bloodstreams do not mix together, but it does not

exclude the possibility of the regulatory factor exchange.

Mother-derived regulatory signals. The mother can

also be a source of rejuvenating factors. First, pregnancy

activates production of “standard” female sex hormones,

in particular estradiol. We have already discussed in detail

the effect of female sex and female hormones on health

and longevity [36]. In this article, we describe phenome-

na important for understanding the role of pregnancy in

the modulation of lifespan. The life expectancy of women

is 5-10 years longer than life expectancy of men [37].

Female mortality caused by almost any types of the dis-

eases is lower than male mortality [37]; moreover, many

diseases manifest themselves in women 5-10 years later

than in men [38-43]. Most works in the field of gerontol-

ogy suggest that women age more slowly than men. At

least some of these differences are related to female sex

hormones. Firstly, the “protective effect” against many

diseases disappears after menopause, i.e. when produc-

tion of female hormones decreases significantly [44-48].

Hormone replacement therapy protects women from cer-

tain disorders [49]. Moreover, estrogens directly protect

organs from ischemic damage [45, 50-53]. Therefore,

increased “femininity” caused by the elevated production

of female sex hormones contributes to the total effect of

pregnancy on rejuvenation.

False pregnancy can be induced by mating with an

infertile male. It is typical for some animal species in

which mating induces hormonal changes like those

observed in early pregnancy (e.g. increased levels of prog-

esterone [54]). False pregnancy induces hepatocyte

hypertrophy typical for early pregnancy stages, but it is

less pronounced at late pregnancy stages [8]. False preg-

nancy also activates muscle regeneration, like what hap-

pens in actual pregnancy [9]. It should be noted that

injections of progesterone, one of the main pregnancy

hormones, does not affect muscle regeneration. However,

injections of another pregnancy hormone, prolactin,

activate oligodendrocyte proliferation and promote

regeneration of damaged myelin sheaths in multiple scle-

rosis models, an effect like one caused by pregnancy [19].

In this case, no fetal factors are involved because of the

absence of a fetus.

The effects of pregnancy on the maternal organism

are undoubtedly mediated by signaling cascades. It is not

surprising that cascades associated with the protective

effect of pregnancy are also associated with other protec-

tive mechanisms. Thus, protective effect of pregnancy on

heart and liver is mediated by the Akt signaling pathway

[8, 55]. The same signaling pathway is involved in a broad

spectrum of regenerative and protective mechanisms,

such as organ protection from ischemic damage [55] and

tissue regeneration [56]. These processes involve changes

in the activity of multiple regulatory proteins [55] whose

roles in the development of various pathologies have been

extensively described in numerous studies: eNOS [57],

GSK-3β [58], VEGF [59], NF-κB [60], Nrf2 [61],

mTOR [62], and Bcl2 [63]. The protective properties of

the Akt signaling pathway are determined by its central

role in regenerative process via regulating proliferation,

migration, differentiation, and survival of mesenchymal

stem and progenitor cells [56]. Moreover, mTOR directly

regulates the aging rate and affects longevity; although the

latter remains debatable, considering the number of com-

plexes formed by mTOR [64-66]. Increased regeneration

of muscles in aged pregnant animals is believed to be

related to the reversal of age-related changes in the Notch

signaling cascade [9], which is another major signaling

pathway traditionally associated with embryonic develop-

ment. Over recent years, the role of Notch signaling in

aging and development of age-related disorders has been

actively discussed [67].

The above-described mechanisms of the regenerative

effects of pregnancy on the maternal organism are not

mutually exclusive. For example, heterochronic parabio-

sis significantly activates regeneration of muscles in aged

animals. Joining the circulatory systems of a pregnant

young female and an aged animal doubles the effect, sim-

ilarly to pregnancy-induced activation of muscle regener-

ation in aged and young females [9]. This suggests that

activation of muscle regeneration in an animal sharing

blood with a young pregnant female is caused not only by

regulatory juvenile factors from the young animal’s blood,

but also by additional contribution of pregnancy-associ-

ated factors.



MOLECULAR AND CELLULAR INTERACTIONS BETWEEN MOTHER AND FETUS 1483

BIOCHEMISTRY  (Moscow)   Vol.  81   No.  12   2016

A major question remains: what exactly is the contri-

bution of each of the factors to the rejuvenating effect of

pregnancy on the maternal organism? The answers to this

question will allow to develop clinical approaches for pro-

tection of pregnant women and health improvement in

the human population in general.

EFFECTS OF PREGNANCY ON LONGEVITY

The discussion of pregnancy effects on the maternal

organism would be incomplete without analysis of the

longevity of parous animals.

Ecology and gerontology often describe the phe-

nomenon of inverse correlation between reproductive

potential and longevity: the higher the reproductive activ-

ity, the shorter the expected lifespan. Based on these

observations, in 1997 Kirkwood proposed his disposable

soma theory [68], which considered ecological and evolu-

tionary strategies for the distribution of resources between

reproductive functions and somatic maintenance in an

organism. Undoubtedly, this theory is not absolute and

can be applied primarily to analysis of reproductive types

and strategies, but not of individual subjects within a

species. Nevertheless, a body of evidence indicates that

this model can be used for comparing populations of the

same species [69, 70]. Moreover, several studies suggest

that the disposal soma theory can be applied to humans as

well. Retrospective analysis of the longevity in eunuchs at

the Korean Royal Court (more than 80 peoples within the

period from the XIV to XX centuries) showed that their

average lifespan exceeded the lifespan of common people

by 14-19 years [71]. Genealogical studies of English aris-

tocracy found that childless women lived longer than

those with children [72]. On the other hand, statistical

studies of human populations produced the opposite

results: analysis of 15,000 twins revealed that the lifespan

of twins with children (both men and women) was longer

than of their childless brothers or sisters [73].

Unfortunately, these studies have many flaws that

prevent extrapolation of the results to the whole popula-

tion. Thus, we cannot ignore the effects of decreased

testosterone production in castrates or social help from

children to their aged parents. Such studies do not distin-

guish between disease-caused infertility and conscious

refusal to have children.

Genealogical statistics helps to partially circumvent

these obstacles, since for certain human populations it is

very detailed and based on large samples. For obvious rea-

sons, these studies mostly consider childbirth in women.

First, the number of children can be estimated with a high

degree of reliability for women; second, the maternal

organism undergoes considerably more significant physio-

logical changes during reproduction; third, because of

menopause, there is a possibility to compare the lifespans

of women who lived beyond their reproductive period,

which excludes the inverse effect of longevity on the pos-

sibility to conceive more children.

Retrospective analyses of various human populations

that involved up to 10,000 people (Sami [74], Amish [75],

inhabitants of Quebec [76], Utah [77], and Wales [78])

and a time from XVII century to our days result in the

same conclusion: late age of the last childbirth positively

correlates with longer lifespan [79]; large number of chil-

dren (above 10-14) or their absence decrease longevity;

the age of the first pregnancy does affect longevity.

The results of these works, as well as of any correla-

tional studies, do not reflect direct dependence between

the studied phenomena. For example, correlation

between the age of birth of the last child and maternal

longevity can reflect the reverse cause-and-effect rela-

tion: the healthier the mother is and the slower is her

aging, the later she can give a birth to her last child.

Nevertheless, despite ambiguous interpretation, the

above-described facts are important for understanding the

relations between pregnancy, health, and longevity in

women.

POSSIBLE EVOLUTIONARY REASONS

FOR REJUVENATING EFFECT OF PREGNANCY

To understand the phenomenon of the rejuvenating

effect of pregnancy, we will discuss evolutionary process-

es that might underlie it. There are two ecological repro-

ductive strategies – the K and the r strategies [80]. The r

strategy involves high fertility, low probability of survival

in the offspring, short in time pregnancy, and thus, rapid

replacement of one generation with another. Typical rep-

resentatives of animals with the r strategy among mam-

mals are most rodents. The K strategy, on the contrary,

implies reduced number of offspring with increased

parental investment, slow maturing, low mortality, high

longevity, and slow generation replacement. Animals with

the K strategy are usually large mammals, such as

humans, tigers, elephants, and whales. It is important to

note that longevity in the r strategy animals is a subject of

negative evolutionary pressure aimed to ease the compe-

tition between parents and their progeny. This pressure

hardly exists for the K strategy animals: low number of

individuals, fertility, and long maturing period relieve the

competition between the generations and “allow” them

to have longer lifespans or even to live beyond their repro-

ductive periods (as in animals with menopause).

Childbirth (or compensation of its negative conse-

quences) might be evolutionarily rewarded by increase in

longevity. However, this phenomenon manifests itself dif-

ferently in animals with different reproductive strategies.

First, in animals with the r strategy, increased longevity of

the elder generation will heighten intraspecies competi-

tion. Second, additional pregnancy at later age will give

more advantages to animals with the K strategy, but not to
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those with the r strategy, because in the latter case it will

be more beneficial to let the younger generation repro-

duce using the same resources but avoiding negative con-

sequences of late pregnancy. Despite these negative

effects, animals with the K strategy will benefit by allow-

ing an older, but “trusted” (i.e. already parous) subjects to

reproduce, since the younger generation takes a long time

to mature and to reach reproductive age. Also, increased

longevity of the elder generation might be beneficial in K

strategy animals even if they do not reproduce. For exam-

ple, postmenopausal females can take care of other’s off-

spring or protect youngsters from predators (for example,

the so-called “grannies” in groups of killer whales [81]).

Animals with the r strategy do not usually demonstrate

such complex social behavior and receive no benefits

from the presence of older individuals in the population.

All these facts lead to the conclusion that increased

longevity of “reproductively validated” organisms are

more beneficial for animals with the K strategy than for

animals with the r strategy, for whom the populational

value of a single subject is insignificant.

These theoretical considerations have high practical

significance. Unlike humans, mice and rats use the r

strategy of reproduction. It puts significant limitations on

the already complicated extrapolation of results obtained

in these animals to humans. It is probable that experi-

ments in dogs or other available laboratory animals with

the K strategy will be more reliable for such extrapolations

of results.

In all previous issues of Biochemistry (Moscow) dedi-

cated to phenoptosis, we aimed to reveal fundamental

rather than particular processes that happen between

birth and death and determine the quality of life in this

period. We emphasize the word “quality”, since aging can

be accelerated by numerous diseases (although this is not

the case when some “not serious” diseases activate the

immune system, and this activation counteracts the

effects of further, more serious illnesses that could speed

aging and initiate death). However, it is extremely diffi-

cult to understand which diseases exacerbate aging.

Moreover, we are trying to answer the question if aging

could be decelerated (in the ideal case, reversed) by

developing strategies that would affect the course of these

diseases. In our previous works, we discussed the ambigu-

ities in the definition of causes of death [82], analyzed the

role of mitochondria in death and diseases [83, 84], and

estimated the role of sexes in susceptibility to diseases

[36]. Here, we attempted to prove the commonly accept-

ed role of pregnancy as a rejuvenating factor. This role

seems obvious if we ignore the complications that occur

when preexisting pathologies in the maternal organism

are exacerbated by pregnancy and can result in death. All

studies of aging, as well as anti-aging strategies have the

same flaw – they lack exact definition of aging. Even

longevity cannot serve as an indicator of the aging rate,

since it is impossible to determine for how long an organ-

ism has been “young” or “old”. These considerations are

important, because health and life quality and productiv-

ity depend on the “youthfulness” of an organism.

Humankind is interested in prolonging years of youth and

maturity, but not in adding more time to old age.

Rejuvenation studies do not decipher the “rejuvenating”

effect per se; they only describe restoration of organismal

functions to their “young” state. We are aware that the use

of the term “rejuvenation” for the described pregnancy-

related phenomena can raise many questions, as well as

other studies on aging and rejuvenation. Nevertheless,

putting in good order factors associated with aging and its

modulation will make it possible one day to understand

exact mechanisms of aging and to find ways to affect this

process. If we believe that pregnancy “rejuvenates” an

organism, then studies of its effects on aging will give a

unique opportunity to observe (at least partially) the

functioning of the aging machinery within a short time

period with the desired process of returning to the young

state.

Acknowledgements

This work was supported by the Russian Foundation

for Basic Research (projects Nos. 14-04-00542, 14-04-

00300, 15-34-20074, and 16-34-01314).

REFERENCES

1. McCay, C. M., Pope, F., Lunsford, W., Sperling, G., and

Sambhavaphol, P. (1957) Parabiosis between old and young

rats, Gerontologia, 1, 7-17.

2. Sinha, M., Jang, Y. C., Oh, J., Khong, D., Wu, E. Y.,

Manohar, R., Miller, C., Regalado, S. G., Loffredo, F. S.,

Pancoast, J. R., Hirshman, M. F., Lebowitz, J., Shadrach,

J. L., Cerletti, M., Kim, M. J., Serwold, T., Goodyear, L.

J., Rosner, B., Lee, R. T., and Wagers, A. J. (2014)

Restoring systemic GDF11 levels reverses age-related dys-

function in mouse skeletal muscle, Science, 344, 649-652.

3. Poggioli, T., Vujic, A., Yang, P., Macias-Trevino, C.,

Uygur, A., Loffredo, F. S., Pancoast, J. R., Cho, M.,

Goldstein, J., Tandias, R. M., Gonzalez, E., Walker, R. G.,

Thompson, T. B., Wagers, A. J., Fong, Y. W., and Lee, R. T.

(2016) Circulating growth differentiation factor 11/8 levels

decline with age, Circ. Res., 118, 29-37.

4. Loffredo, F. S., Steinhauser, M. L., Jay, S. M., Gannon, J.,

Pancoast, J. R., Yalamanchi, P., Sinha, M., Dall’Osso, C.,

Khong, D., Shadrach, J. L., Miller, C. M., Singer, B. S.,

Stewart, A., Psychogios, N., Gerszten, R. E., Hartigan, A. J.,

Kim, M. J., Serwold, T., Wagersm, A. J., and Lee, R. T. (2013)

Growth differentiation factor 11 is a circulating factor that

reverses age-related cardiac hypertrophy, Cell, 153, 828-839.

5. Hinken, A. C., Powers, J. M., Luo, G., Holt, J. A., and

Billin, A. N. (2016) Lack of evidence for GDF11 as a reju-

venator of aged skeletal muscle satellite cells, Aging Cell, 15,

582-584.



MOLECULAR AND CELLULAR INTERACTIONS BETWEEN MOTHER AND FETUS 1485

BIOCHEMISTRY  (Moscow)   Vol.  81   No.  12   2016

6. Glass, D. J. (2016) Elevated GDF11 is a risk factor for age-

related frailty and disease in humans, Cell Metab., 24, 7-8.

7. Freitas-Rodriguez, S., Rodriguez, F., and Folgueras, A. R.

(2016) GDF11 administration does not extend lifespan in a

mouse model of premature aging, Oncotarget, doi:

10.18632/oncotarget.11096.

8. Gielchinsky, Y., Laufer, N., Weitman, E., Abramovitch, R.,

Granot, Z., Bergman, Y., and Pikarsky, E. (2010)

Pregnancy restores the regenerative capacity of the aged

liver via activation of an mTORC1-controlled hyperpla-

sia/hypertrophy switch, Genes Dev., 24, 543-548.

9. Falick Michaeli, T., Laufer, N., Sagiv, J. Y., Dreazen, A.,

Granot, Z., Pikarsky, E., Bergman, Y., and Gielchinsky, Y.

(2015) The rejuvenating effect of pregnancy on muscle

regeneration, Aging Cell, 14, 698-700.

10. Conboy, I. M., Conboy, M. J., Smythe, G. M., and Rando,

T. A. (2003) Notch-mediated restoration of regenerative

potential to aged muscle, Science, 302, 1575-1577.

11. Felker, G. M., Thompson, R. E., Hare, J. M., Hruban, R.

H., Clemetson, D. E., Howard, D. L., Baughman, K. L.,

and Kasper, E. K. (2000) Underlying causes and long-term

survival in patients with initially unexplained cardiomyopa-

thy, N. Engl. J. Med., 342, 1077-1084.

12. James, P. R. (2004) A review of peripartum cardiomyopa-

thy, Int. J. Clin. Pract., 58, 363-365.

13. Ro, A., and Frishman, W. H. (2006) Peripartum cardiomyo-

pathy, Cardiol. Rev., 14, 35-42.

14. Vukusic, S., and Confavreux, C. (2006) Pregnancy and

multiple sclerosis: the children of PRIMS, Clin. Neurol.

Neurosurg., 108, 266-270.

15. Vukusic, S., Hutchinson, M., Hours, M., Moreau, T.,

Cortinovis-Tourniaire, P., Adeleine, P., and Confavreux, C.

(2004) Pregnancy and multiple sclerosis (the PRIMS

study): clinical predictors of post-partum relapse, Brain,

127, 1353-1360.

16. Van Walderveen, M. A., Tas, M. W., Barkhof, F., Polman,

C. H., Frequin, S. T., Hommes, O. R., and Valk, J. (1994)

Magnetic resonance evaluation of disease activity during

pregnancy in multiple sclerosis, Neurology, 44, 327-329.

17. Runmarker, B., and Andersen, O. (1995) Pregnancy is

associated with a lower risk of onset and a better prognosis

in multiple sclerosis, Brain, 118 (Pt. 1), 253-261.

18. Ponsonby, A. L., Lucas, R. M., Van der Mei, I. A., Dear,

K., Valery, P. C., Pender, M. P., Taylor, B. V., Kilpatrick, T.

J., Coulthard, A., Chapman, C., Williams, D., McMichael,

A. J., and Dwyer, T. (2012) Offspring number, pregnancy,

and risk of a first clinical demyelinating event: the

AusImmune Study, Neurology, 78, 867-874.

19. Gregg, C., Shikar, V., Larsen, P., Mak, G., Chojnacki, A.,

Yong, V. W., and Weiss, S. (2007) White matter plasticity

and enhanced remyelination in the maternal CNS, J.

Neurosci., 27, 1812-1823.

20. Liu, S., Zhou, J., Zhang, X., Liu, Y., Chen, J., Hu, B.,

Song, J., and Zhang, Y. (2016) Strategies to optimize adult

stem cell therapy for tissue regeneration, Int. J. Mol. Sci.,

17, doi: 10.3390/ijms17060982.

21. Ishii, T., and Eto, K. (2014) Fetal stem cell transplantation:

Past, present, and future, World J. Stem Cells, 6, 404-420.

22. Bianchi, D. W., Zickwolf, G. K., Weil, G. J., Sylvester, S.,

and DeMaria, M. A. (1996) Male fetal progenitor cells per-

sist in maternal blood for as long as 27 years postpartum,

Proc. Natl. Acad. Sci. USA, 93, 705-708.

23. Nassar, D., Khosrotehrani, K., and Aractingi, S. (2012)

Fetal microchimerism in skin wound healing, Chimerism, 3,

45-47.

24. Kara, R. J., Bolli, P., Karakikes, I., Matsunaga, I., Tripodi,

J., Tanweer, O., Altman, P., Shachter, N. S., Nakano, A.,

Najfeld, V., and Chaudhry, H. W. (2012) Fetal cells traffic

to injured maternal myocardium and undergo cardiac dif-

ferentiation, Circ. Res., 110, 82-93.

25. Zeng, X. X., Tan, K. H., Yeo, A., Sasajala, P., Tan, X., Xiao,

Z. C., Dawe, G., and Udolph, G. (2010) Pregnancy-asso-

ciated progenitor cells differentiate and mature into neu-

rons in the maternal brain, Stem Cells Dev., 19, 1819-1830.

26. Wang, Y., Iwatani, H., Ito, T., Horimoto, N., Yamato, M.,

Matsui, I., Imai, E., and Hori, M. (2004) Fetal cells in

mother rats contribute to the remodeling of liver and kidney

after injury, Biochem. Biophys. Res. Commun., 325, 961-967.

27. Khosrotehrani, K., Reyes, R. R., Johnson, K. L., Freeman,

R. B., Salomon, R. N., Peter, I., Stroh, H., Guegan, S.,

and Bianchi, D. W. (2007) Fetal cells participate over time

in the response to specific types of murine maternal hepat-

ic injury, Hum. Reprod., 22, 654-661.

28. Kleeberger, W., Versmold, A., Rothamel, T., Glockner, S.,

Bredt, M., Haverich, A., Lehmann, U., and Kreipe, H.

(2003) Increased chimerism of bronchial and alveolar

epithelium in human lung allografts undergoing chronic

injury, Am. J. Pathol., 162, 1487-1494.

29. Conboy, I. M., and Rando, T. A. (2005) Aging, stem cells

and tissue regeneration: lessons from muscle, Cell Cycle, 4,

407-410.

30. Conboy, I. M., Conboy, M. J., Wagers, A. J., Girma, E. R.,

Weissman, I. L., and Rando, T. A. (2005) Rejuvenation of

aged progenitor cells by exposure to a young systemic envi-

ronment, Nature, 433, 760-764.

31. Villeda, S. A., Plambeck, K. E., Middeldorp, J.,

Castellano, J. M., Mosher, K. I., Luo, J., Smith, L. K.,

Bieri, G., Lin, K., Berdnik, D., Wabl, R., Udeochu, J.,

Wheatley, E. G., Zou, B., Simmons, D. A., Xie, X. S.,

Longo, F. M., and Wyss-Coray, T. (2014) Young blood

reverses age-related impairments in cognitive function and

synaptic plasticity in mice, Nat. Med., 20, 659-663.

32. Villeda, S. A., Luo, J., Mosher, K. I., Zou, B., Britschgi,

M., Bieri, G., Stan, T. M., Fainberg, N., Ding, Z., Eggel,

A., Lucin, K. M., Czirr, E., Park, J. S., Couillard-Despres,

S., Aigner, L., Li, G., Peskind, E. R., Kaye, J. A., Quinn, J.

F., Galasko, D. R., Xie, X. S., Rando, T. A., and Wyss-

Coray, T. (2011) The ageing systemic milieu negatively reg-

ulates neurogenesis and cognitive function, Nature, 477,

90-94.

33. Katsimpardi, L., Litterman, N. K., Schein, P. A., Miller, C.

M., Loffredo, F. S., Wojtkiewicz, G. R., Chen, J. W., Lee,

R. T., Wagers, A. J., and Rubin, L. L. (2014) Vascular and

neurogenic rejuvenation of the aging mouse brain by young

systemic factors, Science, 344, 630-634.

34. Ruckh, J. M., Zhao, J. W., Shadrach, J. L., van

Wijngaarden, P., Rao, T. N., Wagers, A. J., and Franklin, R.

J. (2012) Rejuvenation of regeneration in the aging central

nervous system, Cell Stem Cell, 10, 96-103.

35. Olson, K. A., Beatty, A. L., Heidecker, B., Regan, M. C.,

Brody, E. N., Foreman, T., Kato, S., Mehler, R. E., Singer,

B. S., Hveem, K., Dalen, H., Sterling, D. G., Lawn, R. M.,

Schiller, N. B., Williams, S. A., Whooley, M. A., and Ganz,

P. (2015) Association of growth differentiation factor 11/8,



1486 POPKOV et al.

BIOCHEMISTRY  (Moscow)   Vol.  81   No.  12   2016

putative anti-ageing factor, with cardiovascular outcomes

and overall mortality in humans: analysis of the Heart

and Soul and HUNT3 cohorts, Eur. Heart J., 36, 3426-

3434.

36. Popkov, V. A., Plotnikov, E. Y., Silachev, D. N., Zorova, L.

D., Pevzner, I. B., Jankauskas, S. S., Zorov, S. D.,

Babenko, V. A., and Zorov, D. B. (2015) Diseases and

aging: gender matters, Biochemistry (Moscow), 80, 1560-

1570.

37. World Health Organization (2012) Annual report.

38. Anand, S. S., Islam, S., Rosengren, A., Franzosi, M. G.,

Steyn, K., Yusufali, A. H., Keltai, M., Diaz, R.,

Rangarajan, S., Yusuf, S., and INTERHEART

Investigators (2008) Risk factors for myocardial infarction

in women and men: insights from the INTERHEART

study, Eur. Heart J., 29, 932-940.

39. Hochman, J. S., McCabe, C. H., Stone, P. H., Becker, R.

C., Cannon, C. P., DeFeo-Fraulini, T., Thompson, B.,

Steingart, R., Knatterud, G., and Braunwald, E. (1997)

Outcome and profile of women and men presenting with

acute coronary syndromes: a report from TIMI IIIB. TIMI

Investigators. Thrombolysis in myocardial infarction, J.

Am. Coll. Cardiol., 30, 141-148.

40. Heer, T., Gitt, A. K., Juenger, C., Schiele, R., Wienbergen,

H., Towae, F., Gottwitz, M., Zahn, R., Zeymer, U.,

Senges, J., and ACOS Investigators (2006) Gender differ-

ences in acute non-ST-segment elevation myocardial

infarction, Am. J. Cardiol., 98, 160-166.

41. Deswal, A., and Bozkurt, B. (2006) Comparison of mor-

bidity in women versus men with heart failure and preserved

ejection fraction, Am. J. Cardiol., 97, 1228-1231.

42. Dimitrow, P. P., Czarnecka, D., Jaszcz, K. K., and Dubiel,

J. S. (1997) Sex differences in age at onset of symptoms in

patients with hypertrophic cardiomyopathy, J. Cardiovasc.

Risk, 4, 33-35.

43. Humphries, K. H., Kerr, C. R., Connolly, S. J., Klein, G.,

Boone, J. A., Green, M., Sheldon, R., Talajic, M., Dorian,

P., and Newman, D. (2001) New-onset atrial fibrillation:

sex differences in presentation, treatment, and outcome,

Circulation, 103, 2365-2370.

44. Costenbader, K. H., Feskanich, D., Stampfer, M. J., and

Karlson, E. W. (2007) Reproductive and menopausal fac-

tors and risk of systemic lupus erythematosus in women,

Arthritis Rheum., 56, 1251-1262.

45. Sandberg, K. (2008) Mechanisms underlying sex differ-

ences in progressive renal disease, Gend. Med., 5, 10-23.

46. Grodstein, F., Stampfer, M. J., Manson, J. E., Colditz, G.

A., Willett, W. C., Rosner, B., Speizer, F. E., and

Hennekens, C. H. (1996) Postmenopausal estrogen and

progestin use and the risk of cardiovascular disease, N. Engl.

J. Med., 335, 453-461.

47. Harrison-Bernard, L. M., and Raij, L. (2000) Postmeno-

pausal hypertension, Curr. Hypertens. Rep., 2, 202-207.

48. Rosen, C. J. (2005) Clinical practice. Postmenopausal

osteoporosis, N. Engl. J. Med., 353, 595-603.

49. Szekacs, B., Vajo, Z., Varbiro, S., Kakucs, R., Vaslaki, L.,

Acs, N., Mucsi, I., and Brinton, E. A. (2000) Postmeno-

pausal hormone replacement improves proteinuria and

impaired creatinine clearance in type 2 diabetes mellitus

and hypertension, BJOG, 107, 1017-1021.

50. Cavasin, M. A., Tao, Z. Y., Yu, A. L., and Yang, X. P. (2006)

Testosterone enhances early cardiac remodeling after

myocardial infarction, causing rupture and degrading car-

diac function, Am. J. Physiol. Heart Circ. Physiol., 290,

H2043-2050.

51. Singh, H., Cheng, J., Deng, H., Kemp, R., Ishizuka, T.,

Nasjletti, A., and Schwartzman, M. L. (2007) Vascular

cytochrome P450 4A expression and 20-hydroxyeicosate-

traenoic acid synthesis contribute to endothelial dysfunc-

tion in androgen-induced hypertension, Hypertension, 50,

123-129.

52. Bae, S., and Zhang, L. (2005) Gender differences in car-

dioprotection against ischemia/reperfusion injury in adult

rat hearts: focus on Akt and protein kinase C signaling, J.

Pharmacol. Exp. Ther., 315, 1125-1135.

53. Hsieh, Y. C., Choudhry, M. A., Yu, H. P., Shimizu, T.,

Yang, S., Suzuki, T., Chen, J., Bland, K. I., and Chaudry, I.

H. (2006) Inhibition of cardiac PGC-1alpha expression

abolishes ERbeta agonist-mediated cardioprotection fol-

lowing trauma-hemorrhage, FASEB J., 20, 1109-1117.

54. Gold, J. J., and Josimovich, J. B. (eds.) (1987) Gynecologic

Endocrinology, 4th Edn., Plenum Press, N.Y.-London.

55. Xiao, J., Li, J., Xu, T., Lv, D., Shen, B., Song, Y., and Xu,

J. (2014) Pregnancy-induced physiological hypertrophy

protects against cardiac ischemia-reperfusion injury, Int. J.

Clin. Exp. Pathol., 7, 229-235.

56. Chen, J., Crawford, R., Chen, C., and Xiao, Y. (2013) The

key regulatory roles of the PI3K/Akt signaling pathway in

the functionalities of mesenchymal stem cells and applica-

tions in tissue regeneration, Tissue Eng. Part B Rev., 19,

516-528.

57. Lee, J., Bae, E. H., Ma, S. K., and Kim, S. W. (2016)

Altered nitric oxide system in cardiovascular and renal dis-

eases, Chonnam Med. J., 52, 81-90.

58. Pandey, M. K., and DeGrado, T. R. (2016) Glycogen

Synthase Kinase-3 (GSK-3)-targeted therapy and imaging,

Theranostics, 6, 571-593.

59. Smith, G. A., Fearnley, G. W., Harrison, M. A.,

Tomlinson, D. C., Wheatcroft, S. B., and Ponnambalam, S.

(2015) Vascular endothelial growth factors: multitasking

functionality in metabolism, health and disease, J. Inherit.

Metab. Dis., 38, 753-763.

60. Sun, X. F., and Zhang, H. (2007) NF-κB and NF-κBI

polymorphisms in relation to susceptibility of tumour and

other diseases, Histol. Histopathol., 22, 1387-1398.

61. Hybertson, B. M., and Gao, B. (2014) Role of the Nrf2 sig-

naling system in health and disease, Clin. Genet., 86, 447-452.

62. Johnson, S. C., Sangesland, M., Kaeberlein, M., and

Rabinovitch, P. S. (2015) Modulating mTOR in aging and

health, Interdiscip. Top. Gerontol., 40, 107-127.

63. Sorenson, C. M. (2004) Bcl-2 family members and disease,

Biochim. Biophys. Acta, 1644, 169-177.

64. Vellai, T., Takacs-Vellai, K., Zhang, Y., Kovacs, A. L.,

Orosz, L., and Muller, F. (2003) Genetics: influence of

TOR kinase on lifespan in C. elegans, Nature, 426, 620.

65. Chen, C., Liu, Y., Liu, Y., and Zheng, P. (2009) mTOR reg-

ulation and therapeutic rejuvenation of aging hematopoiet-

ic stem cells, Sci. Signal., 2, ra75.

66. Harrison, D. E., Strong, R., Sharp, Z. D., Nelson, J. F.,

Astle, C. M., Flurkey, K., Nadon, N. L., Wilkinson, J. E.,

Frenkel, K., Carter, C. S., Pahor, M., Javors, M. A.,

Fernandez, E., and Miller, R. A. (2009) Rapamycin fed late

in life extends lifespan in genetically heterogeneous mice,

Nature, 460, 392-395.



MOLECULAR AND CELLULAR INTERACTIONS BETWEEN MOTHER AND FETUS 1487

BIOCHEMISTRY  (Moscow)   Vol.  81   No.  12   2016

67. Balistreri, C. R., Madonna, R., Melino, G., and Caruso, C.

(2016) The emerging role of Notch pathway in ageing:

focus on the related mechanisms in age-related diseases,

Ageing Res. Rev., 29, 50-65.

68. Kirkwood, T. B. (1977) Evolution of ageing, Nature, 270,

301-304.

69. Austad, S. N. (1993) Retarded senescence in an insular

population of Virginia opossums (Didelphis virginiana), J.

Zool., 229, 695-708.

70. Reznick, D., Butler Iv, M. J., and Rodd, H. (2001) Life-histo-

ry evolution in guppies. VII. The comparative ecology of high-

and low-predation environments, Am. Nat., 157, 126-140.

71. Min, K. J., Lee, C. K., and Park, H. N. (2012) The lifespan

of Korean eunuchs, Curr. Biol., 22, 792-793.

72. Westendorp, R. G., and Kirkwood, T. B. (1998) Human

longevity at the cost of reproductive success, Nature, 396,

743-746.

73. Chereji, E., Gatz, M., Pedersen, N. L., and Prescott, C. A.

(2013) Reexamining the association between fertility and

longevity: testing the disposable soma theory in a modern

human sample of twins, J. Gerontol. A Biol. Sci. Med. Sci.,

68, 499-509.

74. Helle, S., Lummaa, V., and Jokela, J. (2005) Are reproduc-

tive and somatic senescence coupled in humans? Late, but

not early, reproduction correlated with longevity in histori-

cal Sami women, Proc. Biol. Sci., 272, 29-37.

75. McArdle, P. F., Pollin, T. I., O’Connell, J. R., Sorkin, J. D.,

Agarwala, R., Schaffer, A. A., Streeten, E. A., King, T. M.,

Shuldiner, A. R., and Mitchell, B. D. (2006) Does having

children extend lifespan? A genealogical study of parity and

longevity in the Amish, J. Gerontol. A Biol. Sci. Med. Sci.,

61, 190-195.

76. Gagnon, A., Smith, K. R., Tremblay, M., Vezina, H., Pare,

P. P., and Desjardins, B. (2009) Is there a trade-off between

fertility and longevity? A comparative study of women from

three large historical databases accounting for mortality

selection, Am. J. Hum. Biol., 21, 533-540.

77. Smith, K. R., Mineau, G. P., and Bean, L. L. (2002)

Fertility and post-reproductive longevity, Soc. Biol., 49,

185-205.

78. Grundy, E., and Tomassini, C. (2005) Fertility history and

health in later life: a record linkage study in England and

Wales, Soc. Sci. Med., 61, 217-228.

79. Jaffe, D., Kogan, L., Manor, O., Gielchinsky, Y., Dior, U.,

and Laufer, N. (2015) Influence of late-age births on

maternal longevity, Ann. Epidemiol., 25, 387-391.

80. Sarkar, S., and Plutynski, A. (eds.) (2008) A Companion to

the Philosophy of Biology, Wiley, London.

81. Whitehead, H. (2015) Life history evolution: what does

a menopausal killer whale do? Curr. Biol., 25, R225-

227.

82. Zorov, D. B., Plotnikov, E. Y., Jankauskas, S. S., Isaev, N.

K., Silachev, D. N., Zorova, L. D., Pevzner, I. B., Pulkova,

N. V., Zorov, S. D., and Morosanova, M. A. (2012) The

phenoptosis problem: what is causing the death of an

organism? Lessons from acute kidney injury, Biochemistry

(Moscow), 77, 742-753.

83. Zorov, D. B., Isaev, N. K., Plotnikov, E. Y., Silachev, D. N.,

Zorova, L. D., Pevzner, I. B., Morosanova, M. A.,

Jankauskas, S. S., Zorov, S. D., and Babenko, V. A. (2013)

Perspectives of mitochondrial medicine, Biochemistry

(Moscow), 78, 979-990.

84. Zorov, D. B., Plotnikov, E. Y., Silachev, D. N., Zorova, L.

D., Pevzner, I. B., Zorov, S. D., Babenko, V. A.,

Jankauskas, S. S., Popkov, V. A., and Savina, P. S. (2014)

Microbiota and mitobiota. Putting an equal sign between

mitochondria and bacteria, Biochemistry (Moscow), 79,

1017-1031.


